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Abstract 
In electric vehicle production, the high cost of battery manufacture motivates investment 

in energy efficient and lightweight vehicle designs. A common lightweighting strategy is to 
substitute Advanced High Strength Steel (AHSS) or aluminum in place of traditional mild steel. 
Aluminum is a lighter weight than AHSS, leading to greater reduction of battery and motor 
costs. However, it is more expensive to manufacture the vehicle body using aluminum compared 
to AHSS. This thesis is an attempt to answer the question of which material is less expensive 
from a total vehicle cost point of view, and how that might change as technological learning 
affects the various vehicle subsystems.  

A fully designed vehicle with an Advanced High Strength Steel (AHSS) body serves as 
the basis for an aluminum “comparator” design. For each design, the cost of manufacturing each 
part in the body structure and closures, the cost of each assembly joining step, and the cost of 
painting the assembled body is calculated using process-based cost modeling. Assembled and 
painted body and closures manufacturing cost for the steel design is $923 and $1798 for 
aluminum due to higher aluminum material costs and more expensive aluminum part 
manufacturing, assembly and paint process costs.  

Lighter body structures require smaller motors, batteries, chassis, and other subsystems in 
the rest of the vehicle. Secondary weight savings factors derived from statistical mass 
benchmarking studies are used to calculate changes in curb mass based on the difference in body 
mass between the steel and aluminum designs. For a 23% weight saving assumption, the 
aluminum design was 58 kg lighter in the body and closures, and 93 kg lighter in the full curb 
weight.  

The lighter vehicle weight was used to scale costs of batteries, motors, and chassis. In 
total, the cost of these subsystems was $12,467 in the steel design and $11,754 in the aluminum 
design. This base case result found that the full vehicle cost of the steel design was $330 less 
expensive than the aluminum design.  

Sensitivity and variation of parameters found that the cost advantage of the steel design 
shrinks with larger assumed weight savings or larger assumed battery sizes. An analysis of how 
costs are likely to change with time shows that decreasing battery and motor costs will likely 
outpace decreasing aluminum manufacturing costs such that the steel design may be as much as 
$500 less than the full cost of the aluminum design by 2030. 
 
Thesis Supervisor: Richard Roth 
Title: Research Associate, Director of Materials Systems Laboratory 
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Introduction 
 
Automotive Industry 
 
 With increasing media focus on the growing technology industry, legacy industries such 
as automotive manufacturing are often treated with less importance. But automakers directly 
employ more than 2 million people, manufacturing suppliers employ another 3 million, and 
when combined with dealerships, advertising, and other supporting industries, the automotive 
sector employs more than 7.5 million people in the United States, accounting for 4% of total jobs 
(Menk, Cregger, & Schultz, 2015). With 12 million vehicles produced yearly by the 8000 vehicle 
part manufacturing and assembly factories in the United States, this industry should not be 
overlooked (“Annual U.S. Motor Vehicle Production and Factory (Wholesale) Sales | Bureau of 
Transportation Statistics,” 2018).  
 One of the most important trends in the automotive industry is the shift to electric 
powertrains from internal combustion engines. Battery electric vehicles offer similar costs of 
ownership and lower life-cycle greenhouse gas emissions than all non-hybrid internal 
combustion engine vehicles in all locations in the United States (Miotti, Supran, Kim, & Trancik, 
2016). Expensive sticker prices, smaller vehicle sizes, and range anxiety are key challenges faced 
by automakers in marketing this new class of vehicles (Bellan, 2018). In addition, vehicle body 
design changes are required to optimize the space and fuel efficiency of electric vehicles, which 
adds significant cost of production compared to other models due to engineering costs and 
production platforming (EDAG, 2011).   
 
Lightweighting 
 
 Lighter vehicles are desirable for consumers, who see a decline in the cost of ownership 
when fuel efficiency rises. A 10% decrease in vehicle weight is correlated with a 6-8% fuel 
efficiency increase (Lewis, Kelly, & Keoleian, 2014). 

Lightweighting was traditionally viewed as a cost versus weight tradeoff. Reducing the 
weight of the vehicle meant more expensive materials and more complicated manufacturing 
processes.1 Of course, lighter weight vehicles meant that smaller, less expensive drivetrain 
systems could be used. In internal combustion engine vehicles, the cost savings of the smaller 
drivetrain does not come close to making up for the cost increase from lightweighting in the 
body structure.  

The cost of electric drivetrains is much more than internal combustion engine drivetrains. 
In a long-range battery electric vehicle, the battery alone can be about half the total 
manufacturing cost of the vehicle.  

Battery manufacturers are working to reduce the cost of manufacturing, but automakers 
are also changing designs of vehicles in order to reduce the size of batteries required and thus 
reduce their costs. This usually involves making the vehicle lighter which not only can reduce 
the size of the battery but also yield cost savings in the motors, suspension, and other areas of the 
vehicle. 
                                                
1 The term “lightweighting” refers to the process of decreasing the curb mass of a vehicle. In this thesis, a focus is 
given to reducing the weight of the body structure and closures of an electric vehicle. 
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 These incentives have made vehicle lightweighting one of the most important goals of 
recent electric vehicle design. This can be achieved through slow attrition in which vehicle 
designs are changed slightly overtime such as in the 2019 GMC Sierra pickup truck, which is 88 
pounds lighter than its preceding models by changing the design of just one part 
(“Lightweighting All the Rage as Trucks Race to Shed Pounds | Trucks.com,” n.d.). Reducing 
weight can also be achieved through material substitution, a more aggressive process in which 
the vehicle design material is changed from the traditional mild steel to a stronger or lighter 
material.  

Using a stronger material reduces weight by requiring less material to have the same 
material properties and safety levels. For instance, transitioning to advanced high strength steel 
(AHSS) can reduce vehicle body mass by 20 to 25%. The frame of the 2019 Dodge Ram is 98% 
AHSS. Combined with aluminum hood and liftgate designs, its body weight is 225 pounds less 
than the 2018 model. (“Lightweighting All the Rage as Trucks Race to Shed Pounds | 
Trucks.com,” n.d.).  

It is also possible to use a lighter material even if its material properties make it less 
strong than mild steel on a volume to volume basis. Such is the case with aluminum. In order to 
lightweight using aluminum, more volume of material is required by the design to give the same 
strength and safety ratings. Table 1 contains basic material properties of aluminum, AHSS, and 
mild steel showing differences in density and strength parameters. But because aluminum is so 
much less dense than steel, the larger volume required to maintain a safe design still weighs less. 
Substituting aluminum for mild steel can lead to weight savings of 40-50%, and substituting 
aluminum for AHSS can lead to weight savings of 25%. The most industrially important 
example of aluminum substitution was the aluminum body-2014 Ford F-1502, which weighed 
700 pounds less than the 2013 steel body F-150 (“Lightweighting All the Rage as Trucks Race to 
Shed Pounds | Trucks.com,” n.d.). Ford has sold more than 800,000 F-150s per year, and this 
successful redesign was seen as proof that aluminum was a good candidate for lightweighting 
vehicles (White, 2018). 

Given the incentives to reduce fuel consumption and drivetrain size, many automakers 
have implemented changes to use either high strength steel or aluminum. Because high strength 
steel uses similar manufacturing practices as aluminum, AHSS is often seen as a stepping stone 
to greater weight savings (“Lightweight Materials for Cars and Trucks | Department of Energy,” 
n.d.).  
  
Political and Industrial Importance of Steel and Aluminum 
 

When an automaker chooses to manufacture vehicle bodies out of a particular material, it 
must balance several factors. Economic factors include the prices of steel and aluminum raw 
materials, the cost of manufacturing each of the items, the engineering cost of re-designing a 
vehicle, and the need to purchase new equipment if existing equipment is not suited to work with 
the new material.  

There are many differences between the manufacturing processes required to make a 
body out of aluminum versus steel. Manufacturing with aluminum can be slower, with higher 
                                                
2 See Discussion for explanation of why high margin, high performance heavy vehicles such as pickup trucks may 
be particularly good candidates for lightweighting.  
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reject rates, friction stir welding instead of laser welding, rivet connections instead of resistance 
spot welding, and extra protective coating processes. In addition, some aluminum parts are 
manufactured with very different methods – aluminum can be extruded and die cast, while steel 
parts cannot.  

Political and environmental considerations include the improved fuel economy of lighter 
aluminum vehicles and the ability to offer longer range electric vehicles at lower prices. Tariffs 
increase the prices of raw materials, and differential tariffs like the 10% tariff on aluminum and 
25% tariff on steel enacted in 2018 will increase manufacturing costs differently. It should be 
noted that aluminum is much more expensive to begin with, balancing the relative difference to 
some extent.  

In addition, the choice of material in a vehicle design is a 10+ year commitment, and 
automakers need to be wary of making decisions about material choice based on frequently 
changing policies.   

 
Figure 1 Left: shows the % of people employed in the aluminum and steel industry by county, grey = 0%, red = >45%. Right: 

Results of the 2016 election, red for Republican county wins, blue for Democratic county wins. (Porter & Gates, 2018) 

Furthermore, this choice can have a significant effect on the aluminum and steel 
production industry. For instance, a small sedan of reasonable popularity could require 100,000 
metric tons per year of steel. This thesis is based on research funded by World Auto Steel, a 
consortium of steel producers, who collaborate to encourage and facilitate the use of steel in 
automotive vehicle bodies. The aluminum production industry has a similar consortium, Drive 
Aluminum. These two industries compete to convince automakers to lightweight using either 
high strength steel or aluminum.  

These design choices represent a changing landscape of the industrial economy which is 
complex and important to our nation’s politics. In comparing the maps in Figure 1 showing 
percent employment in steel and aluminum production by county and a map of the results of the 
2016 election, we can see that issues affecting manufacturing in the heartland may be important 
to counties where the Republican party won in 2016.  
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Table 1: Difference in material properties between mild steel, AHSS and aluminum (EDAG, 
2011). 

Material Density 
(g/cm3) 

Modulus of 
Elasticity 

(GPa) 
YS3 (MPa) UTS4 (MPa) Price ($/kg) 

Mild Steel 7.85 20 150 300 0.85 
AHSS 7.85 23 500-1200 600-1500 1.5 

Aluminum 2.7 70 130 245 5.0 
 

Research Question 
 

This thesis is an attempt to answer some of questions facing automakers about material 
substitution. Should auto companies build from steel or aluminum? A large part of that question 
depends on the differences in cost of manufacturing using each material. The general narrative is 
that switching the vehicle body material to aluminum is more expensive to manufacture but may 
be worth it because it leads to so much savings in battery and motor costs.  

 
Figure 2: Falling battery costs over time in $ per kilowatt-hour (Goldie-Scot, 2019) 

However, this may change over time as battery costs decrease. If batteries and motors 
become less expensive due to cost reduction through the learning that comes with increased 
production, then the relative savings from lighter weight vehicles decrease. Given the current and 
future outlook for battery and motor costs, will aluminum lightweighting still be worth it in the 
near future? This thesis is an attempt to answer the question of which material is less expensive 

                                                
3 Yield Strength 
4 Ultimate Tensile Strength 
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from a total vehicle cost point of view, and how that might change as technological learning 
affects the various vehicle subsystems.  

Methods 
 

In order to answer this question, estimations of the costs of manufacturing, assembling 
and painting all the parts in a vehicle body structure, as well as the cost of batteries and motors 
will be made for a steel body design and a functionally equivalent aluminum comparison design. 

Separate approaches were taken in estimating the cost of different parts of total 
manufacturing. For manufacture and assembly of body structure and closure costs, detailed 
process-based cost models were developed. For estimation of battery costs, equations were fit to 
3000 outputs from the BatPac 3.0 model. BatPac is a cost model developed by Argonne National 
Labs commonly used in literature to study battery chemistries and their costs (Nelson, Gallagher, 
Bloom, & Dees, 2011). An estimation of a base motor cost and scaling assumptions were used to 
estimate the cost of an electric motor based on different weights.  

Information about relative manufacturing costs found in existing literature were used to 
estimate the costs of chassis and the rest of vehicle (Kochhan et al., 2014). The different levels of 
specificity correspond to the relative importance of the cost to material choice. Parts 
manufacturing and assembly are directly affected by material choice and therefore modeled in 
detail. Battery and motor costs are only affected by different weights of body structures, so 
estimates are designed to scale with weight. Finally, the chassis and the rest of vehicle cost are 
not expected to change very much if the body material changes, and therefor are estimated with 
the least detail.  

 
 

 
Figure 3: Cost Structure of a Vehicle, highlighting the aspects of manufacture that will change cost significantly when the body 

material substitution leads to mass changes.  

Process based cost modeling 
 

Process Based Cost Modeling (PBCM) is a modeling strategy that calculates costs 
associated with each action taken to manufacture a part. In the MIT Material Systems 
Laboratory, PBCM is used to estimate costs when information about design of parts is limited 
(Field, Kirchain, & Roth, 2007). Even without detailed engineering drawings or production 
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plans, it is possible to estimate cost based on size, general shape of part, and a knowledge of the 
steps required to manufacture it. In this work, the manufacture of each part in the body structure 
and the assembly of the body structure are each treated as separate process-based cost models.  

Many process based cost models for use in the automotive industry were developed by 
Rich Roth, Randy Kirchain, Frank Fields and others in the MIT Materials Systems Laboratory 
(MSL) in conjunction with a variety of automaker and materials supplier partners. In the late 
1990’s, MSL used that modeling expertise to develop a model specifically tailored to a 
lightweight steel design for the Ultralight Steel Autobody (ULSAB) consortium (Field et al., 
2007).  That model was updated numerous times by both MSL and other parties, most notably 
EDAG in their version for a 2011 study with World Auto Steel looking at a Future Steel Vehicle 
design. This work took the EDAG 2011 version of those models and further updated  and 
expanded them to represent current manufacturing practice that could be applied to steel and 
aluminum body structures today (EDAG, 2011). The structure of these models is outlined in 
Figure 4 and Figure 6 below. 

In the parts manufacturing model, each part is treated as a separate, parallel calculation. 
For each part in the vehicle, the model calculates material costs based on size, material type, and 
scrap %. Then, manufacturing requirements and costs are calculated for up to 8 sequential 
process steps. Examples of process steps and their common combinations are shown in Figure 5. 
For each step, required time is used to calculate the level of equipment, energy, and labor 
needed. This time requirement is also used to calculate the number of parallel lines required and 
thus how many separate tools may be required to produce a part. All of those manufacturing 
requirements are then given costs based on costs of labor, energy, or allocation of fixed multi-
year payments. Each of these will be developed in more detail in the next section.  

 
Figure 4: Parts Manufacturing Model Structure – Beige colored blocks represent types of data, gold blocks represent 
manufacturing/intermediate calculations, and orange blocks represent the financial model which assigns costs to all 

manufacturing processes. 
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Body Production Cost Model 
 
The model takes four classes of inputs – global, process specific, part specific, and 

material. Global inputs include the factory production volume, wages, and electricity costs. 
These inputs will be constant across the parts manufacturing, assembly, and paint models. 
Process specific inputs correspond to each piece of equipment in the factory. This data includes 
the investment costs of the equipment, the speed at which they run, and the number of workers 
required to operate them. 

Part specific data contains generic information about each part such as its weight, its 
blank or shot dimensions, the manufacturing steps required, and optional override for line rate 
and tool cost.  

Materials data include the base price of mild steel5 and additive cost premiums for each 
grade of steel and aluminum. The materials data also includes manufacturing process factors for 
line rates, tool costs, and reject rates. These factors are multiplied times the base line rate listed 
in the process specific data table for a part that is made with that material. These factors embody 
the notion that high strength steels result in slower line rates, more rejects, and higher tooling 
costs. Aluminum material factors are even more severe than those for high strength steel, one of 
the ways the model adapts to accommodate an aluminum comparison.  

 
Materials:  
 

Calculating the cost of materials requires knowing the number of parts that need to be 
produced, the material needed for each part and any credits for leftover and scrap materials. The 
first step is to estimate the impact of reject rates on the number of parts to be produced. In order 
to produce x parts, the facility must do the manufacturing operation x * (1+r), where r is a reject 
rate. When multiple processes happen in sequence, the first step must be done enough times that 
enough parts are created in the end accounting for all future rejects. In the “effective production 
volume”6 for each process, the number of times each process happens is calculated by 
sequentially applying reject rates for each assumed step to the base production volume.7  

𝑽𝒆𝒇𝒇,𝒊 = 𝑽𝒑𝒓𝒐𝒅 ∗ ,𝟏 +/ 𝒓𝒊
𝟖1𝒊

𝟖
2 

 

                                                
5 The baseline assumed price of mild steel is $0.85 per kg. 
6 The term “production volume” refers to the number of vehicles produced each year. 
7 Note: Variables are defined in Appendix 1. Single bars over variables represent part specific override and double 
represent equipment specific information. Bracketed equations represent conditional statements. Logic is included to 
prioritize the equations higher in the bracketed list. If enough information is provided for the equation at the top of 
the list, that is the equation used. 
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The total quantity of material required is calculated by multiplying the volume of the part 
blank8 times the effective production volume for that part.  

 

𝑴𝒓𝒆𝒒 = 	𝑽𝒆𝒇𝒇,𝟏 ∗6 𝒍𝒃𝒍𝒂𝒏𝒌	𝒍𝒆𝒏𝒈𝒕𝒉,𝒋 ∗ 𝒍𝒃𝒍𝒂𝒏𝒌	𝒘𝒊𝒅𝒕𝒉,𝒋 ∗ 𝒍𝒃𝒍𝒂𝒏𝒌	𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔,𝒋 ∗ 𝑫𝒎𝒂𝒕

𝟔

𝟏
 

 
Scrap quantity is calculated by subtracting the mass of the final part design times the base 

production volume.  
𝑴𝒔𝒄𝒓𝒂𝒑 = 𝑴𝒓𝒆𝒒 − 𝑽𝒑𝒓𝒐𝒅 ∗ 𝑴𝒑𝒂𝒓𝒕 

 
The cost of material in one part is then equal to the total mass of material purchased times 

the material price9 minus the scrap quantity times the scrap price, all divided by the base 
production volume.  

𝑪𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 = (𝑽𝒆𝒇𝒇,𝟏 ∗6 𝒍𝒃𝒍𝒂𝒏𝒌	𝒍𝒆𝒏𝒈𝒕𝒉,𝒋 ∗ 𝒍𝒃𝒍𝒂𝒏𝒌	𝒘𝒊𝒅𝒕𝒉,𝒋 ∗ 𝒍𝒃𝒍𝒂𝒏𝒌	𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔,𝒋 ∗ 𝑫𝒎𝒂𝒕

𝟔

𝟏
∗ 𝑷𝒎𝒂𝒕) −	𝑴𝒔𝒄𝒓𝒂𝒑 ∗ 𝑷𝒔𝒄𝒓𝒂𝒑 

 
In addition to the material cost calculations, the costs of manufacturing each part is 

considered. Data input for each part lists up to 8 manufacturing process steps and includes key 
information about that step such as the size of equipment required, the distance of welding, or the 
number of stamping hits. For each of these steps, a time required will be calculated and used to 
estimate the magnitude of other costs. The process steps required to manufacture a part can be 
chosen separately for each part, although several combinations for process steps are most 
common. The categories “cold stamping”, “hot stamping”, “roll-forming”, “casting”, and 
“extrusion” refer to different types of main forming steps that might be used to manufacture a 
part.10 Each of these categories have a set of process steps that are likely to be involved with the 
production of a part, although the process steps for any given part may include an extra or one 
less step. Figure 5 lists the process steps for these categories.  

 
 

                                                
8 The materials for casting are calculated differently – the cost of materials is equal to 1.1 * part weight * material 
price – 0.1*part weight * scrap cost.  
9 The price of material is separately calculated and applied to each blank, since a tailor welded blank can be made 
from several grades of steel welded together. The price of each material is calculated by adding grade premiums to 
the baseline steel price.  
10 “Warm forming” refers to a process that is similar to hot stamping but for aluminum. In this analysis, they are 
treated as the same process.  
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Figure 5: Descriptions of several common types of manufacturing included in steel and aluminum designs. Each small arrow is 

an example of a “process step”, for which required time and costs will be calculated 

Cycle Time/Required Time: 
 
Time is a critical scaling factor for the amount of equipment, tooling, energy and labor required 
to build a part. The process-based cost model can interpret seven different types of time inputs.  
 

• If a cycle time for a process step is known for a particular part (for instance a 35 second 
aluminum casting), then the model just uses that cycle time.  

𝑻𝒄𝒚𝒄𝒍𝒆, = 𝑻M𝒄𝒚𝒄𝒍𝒆 
• If a line rate for a process step in the manufacture of a specific part is step is input to the 

model, then the cycle time is calculated as the reciprocal of the cycle time. If the process 
step is blanking, the total cycle time is the sum of cycle times for each blank.   

𝑻𝒄𝒚𝒄𝒍𝒆, =

⎩
⎨

⎧ 𝟏 𝑹R𝒍𝒊𝒏𝒆⁄

6(𝟏/𝑹R𝒍𝒊𝒏𝒆,𝒃𝒍𝒂𝒏𝒌	𝒊

𝟔

𝒊U𝟏

) 

• If the line rate is not known for a particular part, a material specific line rate is calculated 
by multiplying a material line rate penalty (between 0.75 and 1) times the base line rate 
for the specified machinery type used in the process. The material line rate penalty is 
stronger for higher grades of steel and strongest for aluminum. The list of material line 
rates is given in Appendix 2.  

𝑻𝒄𝒚𝒄𝒍𝒆, =

⎩
⎪
⎨

⎪
⎧ 𝟏 (𝑹M𝒍𝒊𝒏𝒆 ∗ 𝜉XYZ[,\)	⁄

6(𝟏/(𝑹M𝒍𝒊𝒏𝒆,𝒃𝒍𝒂𝒏𝒌	𝒊 ∗ 𝜉XYZ[,\)	
𝟔

𝒊U𝟏

)
 

• If instead of a line rate or cycle time, a continuous movement speed, distance traveled 
and time between actions is known, then the cycle time is calculated by adding the 
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quantity (number of actions minus one) multiplied by the time between actions to the 
distance traveled divided by continuous movement speed. Laser and friction stir welding 
as well as rollforming and extrusion use this method of calculating cycle time. 
Continuous movement speed can be input to the model on a part specific basis, or the 
model will calculate a material specific movement speed to use in the equation.  

𝑻𝒄𝒚𝒄𝒍𝒆, = ] (𝑯 − 𝟏) ∗ 𝑻M𝑩𝒆𝒕𝒘𝒆𝒆𝒏 + 𝟏 𝑹R𝒍𝒊𝒏𝒆⁄
(𝑯 − 𝟏) ∗ 𝑻M𝑩𝒆𝒕𝒘𝒆𝒆𝒏 + 𝟏 (𝑹M𝒍𝒊𝒏𝒆 ∗∗ 𝜉XYZ[,\)⁄

	 

• Finally, it is also possible to link cycle times for processes which must run at the same 
rate. In this case, the first cycle time is set equal to the later cycle time.  

 
In order to find the total time dedicated to a particular process step for one part in one 

year, the cycle time is multiplied times the effective product volume for that step. A notion of die 
change time is embedded in the model by multiplying a setup time by the effective production 
volume for that step and dividing by a 1500-part lot size. 

𝑻𝒓𝒆𝒒 = 	𝑻𝒄𝒚𝒄𝒍𝒆 ∗ 	𝑽𝒆𝒇𝒇 +	
𝑽𝒆𝒇𝒇 ∗ 𝑻M𝒔𝒆𝒕𝒖𝒑

𝑽M𝒍𝒐𝒕
 

Generally, in automotive parts manufacturing, equipment such as die presses are versatile 
enough that when they are not used for one task, they will be used in the production of another 
part. In this model, we assume that the costs associated with a machine should only count for the 
fraction of time that the machine runs compared to the maximum amount of time that it could 
run. This leads to the calculation of total yearly available time for a process step, and the percent 
allocation of cost that should be given to one part. This approach assumes a completely efficient 
usage of machinery and that the conceptual factory produces other parts and cars not modeled, 
which will absorb some cost of investment.  

 
𝑻𝑨 = b𝟐𝟒 −	𝑻𝒔𝒉𝒖𝒕𝒅𝒐𝒘𝒏 − 𝑻𝒃𝒓𝒆𝒂𝒌 − 𝑻𝒑𝒍𝒂𝒏𝒏𝒆𝒅 − 𝑻𝒖𝒏𝒑𝒍𝒂𝒏𝒏𝒆𝒅e ∗ 𝑵𝒅𝒂𝒚𝒔

11 
 

The percent allocated time for a particular part is often greater than 100%. This indicates 
that more than one line of equipment is required to operate at full capacity all year in order to 
produce that part. In such cases, the appropriate amount of labor, tooling, energy and investment 
can still be calculated by multiplication times this allocation.  

𝑨 = 𝑻𝒓𝒆𝒒
𝑻𝑨

 
Once a required time and percent allocation is calculated, the required quantities and 

costs of equipment, tooling, building space, energy, labor, overhead, and process materials are 
calculated and summed.  
 
                                                

11 The available time calculation is based on a 235-day year with two 8-hour shifts, 30 minutes of break on 
each shift, and 30 minutes each of planned/unplanned maintenance down time. 
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Equipment Cost: 
 

The reported yearly cost of equipment is based on a calculation of the allocated 
investment cost of a part, and the assumption that equipment will be paid through a 20-year 
lifetime, 10% annual interest loan. We are interested in finding the cost of manufacturing per car, 
so the allocated investment cost per part uses an input cost of equipment divided by the desired 
production volume. The model offers the option to augment the cost of equipment if installation 
and auxiliary equipment costs are known but can also accept direct inputs of total installed cost.   
 

𝑷𝒆𝒒 = 𝑷𝑴𝑻,𝑰, 𝑳𝒆𝒒,
−𝑨 ∗ 𝑪M𝒆𝒒 ∗ (𝟏 + 𝑪M%𝒊𝒏𝒔𝒕𝒂𝒍𝒍 + 𝑪M%𝒂𝒖𝒙

𝑽𝒑𝒓𝒐𝒅
2 

 
One of the types of equipment modeled is a tandem stamping press. In a tandem press 

line up, several sequential and independent presses apply a series of “hits” to the part. In this 
model, the listed investment cost is for a single press, so the total investment cost required to 
product a part is cost of one press times the number of hits required by the design of that part. 
 

𝑷𝒆𝒒 = 𝑷𝑴𝑻,𝑰, 𝑳𝒆𝒒,
−𝑯 ∗ 	𝑨 ∗ 𝑪M𝒆𝒒 ∗ (𝟏 + 𝑪M%𝒊𝒏𝒔𝒕𝒂𝒍𝒍 + 𝑪M%𝒂𝒖𝒙

𝑽𝒑𝒓𝒐𝒅
2	

 
Tool Cost:12 
 
 The term “tool” is used to describe equipment which must be fabricated specifically to 
aid in the production of one type of part. These include the dies that are used in stamping and 
hydroforming, the extrusion and casting dies, and the fixtures used to line up welds. These tools 
typically have long lifetimes but can wear out over the course of millions of uses.  Some tools 
such as flat cutting blades are generic and can be used for multiple types of parts. These generic 
tools also have limited lifetimes.  
 Generic tool costs are calculated in the same way as equipment costs, with the addition of 
a multiplier for the number of tools required per year given by the effective production volume 
divided by the tool lifetime in units of # of parts per tool.  

𝑷𝒕𝒐𝒐𝒍,			𝒈𝒆𝒏𝒆𝒓𝒊𝒄 = 𝑃𝑀𝑇

⎝

⎜
⎛
𝐼, 𝐿[s,

−𝐴 ∗ 𝐶Z̿wwx,y ∗
𝑉[{{
𝐿|Zwwx,y

𝑉}Xw~
⎠

⎟
⎞ 

 Most of the tooling cost in a vehicle comes from part specific tools such as stamping dies. 
Die sets for a large stamped part can cost as much several million dollars. For part specific tools, 
the percent allocated time is rounded up to the nearest integer because the cost of part specific 

                                                
12 Double attached parts are handled by allocating half of the tooling to each part.  
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equipment cannot be allocated to other tasks. Multiplication times the allocation also ensures that 
if multiple production lines are required to run in parallel in order to produce the required 
number of parts per year, multiple tool sets will be purchased. The payment lifetime for part 
specific tools is only 5 years, which is roughly the length of time that the design of a vehicle 
body structure part might remain in the final design of a vehicle before being re-designed.   
If the cost of tooling for a particular part is known, then the model uses that direct input. Because 
EDAG designed the AHSS vehicle in detail, most steel parts in the following analysis include 
tool costs as direct inputs. If the cost of tooling for a particular part is not known, then a baseline 
cost of tooling for a medium sized part is multiplied times a material adjustment factor. These 
material adjustment factors range from 1 to 1.4 and are stronger for higher grades of steel and 
strongest for aluminum. Tools for aluminum are more expensive than tools for steel parts 
because aluminum is more prone to tearing and so often requires extra design costs or even an 
extra hit. 

𝑷𝒕𝒐𝒐𝒍,𝒔𝒑𝒆𝒄𝒊𝒇𝒊𝒄 =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑃𝑀𝑇

⎝

⎜
⎛
𝐼, 𝐿}Xw~,

−𝑅𝑜𝑢𝑛𝑑𝑈𝑝(𝐴) ∗ �̅�Zwwx,\ ∗ 𝑅𝑜𝑢𝑛𝑑𝑈𝑝,
𝑉�

𝐿|Zwwx,\
2

𝑉}Xw~
⎠

⎟
⎞

𝑃𝑀𝑇

⎝

⎜
⎛
𝐼, 𝐿}Xw~,

−𝑅𝑜𝑢𝑛𝑑𝑈𝑝(𝐴) ∗ �̿�Zwwx,\ ∗ 	𝜉Zwwx,\ ∗ 𝑅𝑜𝑢𝑛𝑑𝑈𝑝 ,
𝑉�

𝐿|Zwwx,\
2

𝑉}Xw~
⎠

⎟
⎞

	 

 
 Building costs are estimated based on the space required for each piece of equipment in 
the model. The cost allocated to each part is the yearly payment on 25 year, 10% interest, loan 
for the quantity of space required by that part’s allocated equipment times the cost per square 
meter of space divided by the number of vehicles produced per year.   

𝑷𝒃𝒖𝒊𝒍𝒅 = 𝑷𝑴𝑻,𝑰, 𝑳𝒃𝒖𝒊𝒍𝒅,
−𝑨 ∗ 𝑪𝒔𝒒𝒎 ∗ 𝑺M𝒇𝒍𝒐𝒐𝒓

𝑽𝒑𝒓𝒐𝒅
2 

 Maintenance costs on each process step are calculated as a percentage of the costs of 
equipment, tooling, and building. Each piece of equipment has its own percentage (usually 10%). 

𝑷𝒎𝒂𝒊𝒏𝒕𝒆𝒏𝒂𝒏𝒄𝒆 = (𝑷𝒆𝒒 + 𝑷𝒕𝒐𝒐𝒍 + 𝑷𝒃𝒖𝒊𝒍𝒅) ∗ 	𝝁M 
 The cost of energy is a simple calculation based on the total amount of time equipment is 
used. Each piece of equipment is given a power rating, multiplied times the total line up time and 
the cost of energy in $/kW-hr and divided by the production volume to find the cost of energy 
associated with each car.13 This analysis does not include the costs of lighting and heating the 
building, the energy associated with conveying parts the production line, and third tier energy 
costs such as the energy use in raw material production and completed product transportation to 
subsequent facilities or points of sale in the energy cost calculations, but these are accounted for 

                                                
13 A cost of electricity of $0.08/kW-hr was used in this report.  
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by including a generalized overhead cost calculation. These costs are not likely to be severely 
affected by the choice of body material and are better left to a formal life cycle analysis (LCA).  

𝑷𝒆𝒏𝒆𝒓𝒈𝒚 = 𝑻𝒓𝒆𝒒 ∗ 𝑪𝑬 ∗ 	𝑬	/	𝑽𝒑𝒓𝒐𝒅 
In order to calculate the labor cost, the model first calculates the number of workers 

required for each process step. If the number of workers required for that process step for that 
part is known, then it can be directly input into the model. If not, then the model uses a baseline 
estimate of the number of workers required to operate each piece of equipment. If the part is 
marked as “visible” (meaning that it is visible from the outside of car), and if it also weighs more 
than 3.5 kg, then the baseline number of workers required is increased by 25%. This reflects the 
common manufacturing practice of using an extra team of workers to examine the surface of 
visible parts. 

𝑾 = � 𝑾���
𝑾||| ∗ 𝜼	 

The cost of labor is then calculated by multiplying the allocated number of workers times the 
wage and yearly paid time. Shown as 𝜸 below, the model also includes a binary option to pay 
workers at OEM wages or a decreased wage associated with a supplier earlier in the supply 
chain. In the subsequent analysis, all workers are treated as OEM employees paid at $44/hr for 
3525 hours per year.  

𝑷𝒍𝒂𝒃𝒐𝒓 = 𝑨 ∗𝑾 ∗	𝑪𝒘𝒂𝒈𝒆 ∗ 𝑻𝒔𝒂𝒍𝒂𝒓𝒚	 ∗ 	𝜸/𝑽𝒑𝒓𝒐𝒅 
Indirect labor costs are calculated by assuming overhead levels for the number of workers 
(𝛀M𝒘𝒐𝒓𝒌𝒆𝒓) and the number of parallel production lines (𝛀M𝒍𝒊𝒏𝒆). These assumptions can vary 
depending on the type of equipment and process. Generally, it is assumed that one overhead 
employee is required for every four direct workers and one overhead employee is required for 
every ten separate process step production lines. This number of overhead employees is 
multiplied times the wage and paid time, then divided by the yearly production volume to give 
the labor cost in each car.  

𝑷𝒐𝒗𝒆𝒓𝒉𝒆𝒂𝒅 = b𝑾 ∗	𝛀M𝒘𝒐𝒓𝒌𝒆𝒓 + 𝑨 ∗	𝛀M𝒍𝒊𝒏𝒆e ∗ 	𝑪𝒘𝒂𝒈𝒆,𝛀 ∗ 𝑻𝒔𝒂𝒍𝒂𝒓𝒚	/	𝑽𝒑𝒓𝒐𝒅 
  
Different amounts of consumable process materials are required depending on whether the 
manufactured material is steel or aluminum. In this model, consumable process materials are 
calculated on a volumetric basis. In parts manufacturing, these relatively small costs come from 
lubricant applied to blanks before stamping and protective coating applied to extruded and cast 
aluminum. An assumption of mass of process material required per surface area of part is 
multiplied times the cost of material and calculated surface area. Dividing by the production 
volume yields the cost of process materials. Note that this is not the cost of raw steel or 
aluminum.   

𝑷𝒑𝒓𝒐	𝒎𝒂𝒕 = 	
𝑸M ∗	𝑪𝒎𝒂𝒕 ∗ ∑

𝒘𝒊
𝒕𝒊

𝟔
𝒊U𝟏

𝑫𝒎𝒂𝒕 ∗ 	 	𝑽𝟏
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Assembly: 
 

The assembly process works in a similar manner to the part manufacturing model, with 
the expectation that it is a single, serial process instead of many parallel processes for each part. 
As a consequence of this serial design, each piece of equipment is dedicated, meaning that its 
costs are fully allocated to the production of this vehicle. For simplicity, we have chosen to 
model this assembly line as fully dedicated to the production of one vehicle only, which is 
indeed appropriate at the assumed production volume of 250,000 vehicles per year.  
 

 
Figure 6: Assembly Model Structure - Beige colored blocks represent types of data, gold blocks represent 
manufacturing/intermediate calculations, and orange blocks represent the financial model which assigns costs to all 
manufacturing processes.  

 In real manufacturing operations, vehicle assembly lines are often platformed, meaning 
that they include extra equipment that allows them to handle multiple different vehicles. Later 
analysis of sensitivity to production volume will estimate costs higher than may be realistic 
because platforming is used in low production volume circumstances (Yang & Kirchain, 2009).  

In the same way that the parts manufacturing model has multiple methods for calculating 
cycle time, the assembly model also allows users to input machine rates for both continuous 
processes such as laser welding, friction stir welding, roller hemming, and adhesive application 
and also discrete processes such as riveting, resistance spot welding, and die hemming.   
Continuous Process: 

𝒕𝒄𝒚𝒄𝒍𝒆 =
�̅�𝒄𝒐𝒏𝒏𝒆𝒄𝒕
𝒔|𝒄𝒐𝒏𝒏𝒆𝒄𝒕

+ 𝒏R𝒄𝒐𝒏𝒏𝒆𝒄𝒕 ∗ �̿�𝒊𝒏𝒕𝒆𝒓𝒋𝒐𝒊𝒏 

Discrete Process: 

𝒕𝒄𝒚𝒄𝒍𝒆 =
𝒏R𝒄𝒐𝒏𝒏𝒆𝒄𝒕
𝒓|𝒄𝒐𝒏𝒏𝒆𝒄𝒕

+ 𝒏R𝒄𝒐𝒏𝒏𝒆𝒄𝒕 ∗ �̿�𝒊𝒏𝒕𝒆𝒓𝒋𝒐𝒊𝒏 
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The calculated cycle time only represents the time the machine requires to actually make 

the join. Total time for each assembly process is calculated by adding part loading and inter-join 
times to the cycle time. The (n-1) assumption comes from the notion that there is a large 
assembly in the conveyor, and the only time required is to add the new parts.  

𝒕𝒕𝒐𝒕𝒂𝒍 = 𝒕𝒄𝒚𝒄𝒍𝒆 + 𝟐 ∗ �̿�𝒄𝒚𝒄𝒍𝒆𝒆𝒙𝒕𝒓𝒂 + 𝑻𝒍𝒐𝒂𝒅 ∗ b𝒏R𝒑𝒂𝒓𝒕𝒔 − 𝟏e 
  The assembly model has a different notion of available time than the parts manufacturing 
model. In a serial assembly process, a conveyor moves the semi-assembled body to a station, 
where joins occur for a limited amount of time before the conveyor moves again. That available 
station time is equal to the production divided by the amount of time that the production facility 
runs per year. The time available for joining is further decreased by the time required for transit 
on the conveyor and clamping/unclamping of the part into an automatic loading/calibrating 
apparatus.  

𝒕𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆 = 	 𝒕𝒔𝒕𝒂𝒕𝒊𝒐𝒏𝒄𝒚𝒄𝒍𝒆 − 𝑻𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 − 𝑻𝒄𝒍𝒂𝒎𝒑 
 Dividing the total required joining time by the available station time and rounding up 
gives the number of pieces of equipment operating in parallel are required to complete the 
assembly step. Each station has limited space, and so can only fit so many pieces of equipment at 
each one. In many cases, multiple stations must operate in parallel in order to complete all the 
joins for one assembly process in the available time. Number of equipment per line is an input 
specified for each type of equipment. “Idle stations” are added at each joining process and are 
added to the investment cost but have no operating costs.14 

𝒏𝒆𝒒 = 𝒓𝒐𝒖𝒏𝒅	𝒖𝒑	 �
𝒕𝒕𝒐𝒕𝒂𝒍

𝒕𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆
� 

  

𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 = 𝒓𝒐𝒖𝒏𝒅	𝒖𝒑	 �
𝒏𝒆𝒒

𝒏M𝒆𝒒𝒑𝒆𝒓𝒍𝒊𝒏𝒆
� 

 

𝒏𝒊𝒅𝒍𝒆 = 𝒓𝒐𝒖𝒏𝒅	𝒖𝒑	 �
𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏

𝒏M𝒊𝒅𝒍𝒆𝒑𝒆𝒓𝒔𝒕𝒂𝒕𝒊𝒐𝒏
� 

 
 Vehicle assembly includes the purchase of several types of consumables including 
welding electrodes and cover gas, adhesive, and rivets. Each of these costs is specified on a 
$/quantity basis and is multiplied by a quantity of material per join.  
 
𝒄𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 = 𝒏𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 ∗ 𝒑M𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 + 𝒒𝑨𝒅𝒉𝒆𝒔𝒊𝒗𝒆 ∗ 𝒑M𝑨𝒅𝒉𝒆𝒔𝒊𝒗𝒆 + 𝒒𝒈𝒂𝒔 ∗ 𝒑M𝒈𝒂𝒔 + 𝒏R𝒄𝒐𝒏𝒏𝒆𝒄𝒕 ∗ 𝒑M𝒇𝒂𝒔𝒕𝒆𝒏𝒆𝒓 

 
𝒏𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 =

𝒏R𝒄𝒐𝒏𝒏𝒆𝒄𝒕
𝑳|𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆
𝒄𝒐𝒏𝒏𝒆𝒄𝒕

  𝒒𝑨𝒅𝒉𝒆𝒔𝒊𝒗𝒆 =
𝒍�̅�𝒐𝒏𝒏𝒆𝒄𝒕
𝒒M𝑨𝒅𝒉𝒆𝒔𝒊𝒗𝒆
𝒄𝒐𝒏𝒏𝒆𝒄𝒕

  𝒒𝒈𝒂𝒔 =
�̅�𝒄𝒐𝒏𝒏𝒆𝒄𝒕
𝒒M 𝒈𝒂𝒔
𝒄𝒐𝒏𝒏𝒆𝒄𝒕

 

                                                
14 The number of idle stations assumed depends on the type and size of joining process. These idle stations can be 
thought of as inline spare units.  
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Equipment, tooling, building, maintenance, energy, labor, and overhead costs in assembly mirror 
the parts production model. 
 
Equipment Cost: 

Equipment costs are calculated in much the same way as for parts manufacturing, except 
they are considered to be dedicated to the vehicle(s) to be produced on that line. 

𝒄𝒆𝒒 = 𝑷𝑴𝑻,𝟏𝟎%, 𝟐𝟎	𝒚𝒆𝒂𝒓𝒔,
𝒊𝒆𝒒
𝒏𝒑𝒓𝒐𝒅

2 

𝒊𝒆𝒒 = 	𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 ∗ 	𝒑M𝒔𝒕𝒂𝒕𝒊𝒐𝒏 + 𝒏𝒆𝒒 ∗ 	𝒑M𝒆𝒒 + 𝒏𝒊𝒅𝒍𝒆 ∗ 	𝒑M𝒊𝒅𝒍𝒆 + 𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 ∗ 𝑷𝒕𝒓𝒂𝒏𝒔𝒑𝒐𝒓𝒕 
Tool Cost:15 

The tooling investment for an assembly process step is based on the number of active and 
idle station times a generic fixture price for the type and size of equipment chosen. It then 
modifies the generic fixture price with a fixture complexity (	𝒇�). If a join requires a large number 
of parts to be held together, or if the join is otherwise complex, then the base cost of the holding 
fixture can be augmented by up to 50%. The fixture complexity is a parameter that is specified 
for every join method16.  

𝒄𝒕𝒐𝒐𝒍 = 𝑷𝑴𝑻,𝟏𝟎%, 𝟓	𝒚𝒆𝒂𝒓𝒔,
𝒊𝒕𝒐𝒐𝒍
𝒏𝒑𝒓𝒐𝒅

2 

𝒊𝒕𝒐𝒐𝒍 = 	 (𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 + 𝒏𝒊𝒅𝒍𝒆) ∗ 	𝒑M𝒇𝒊𝒙𝒖𝒓𝒆 ∗ 𝒇� 
𝒇� = fixture complexity 

Building Cost 

𝒄𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈 = 𝑷𝑴𝑻,𝟏𝟎%, 𝟐𝟎	𝒚𝒆𝒂𝒓𝒔, 𝑷𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈 ∗
𝒂𝒓𝒆𝒒
𝒏𝒑𝒓𝒐𝒅

2 

𝒂𝒓𝒆𝒒 = 	 (𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 + 𝒏𝒊𝒅𝒍𝒆) ∗ 𝒂M𝒓𝒆𝒒 
Maintenance Cost 

𝒄𝒎𝒂𝒊𝒏𝒕𝒆𝒏𝒂𝒏𝒄𝒆 = 𝟏𝟎% ∗ b𝒄𝒆𝒒 + 𝒄𝒕𝒐𝒐𝒍 + 𝒄𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈e 
Energy Cost 

𝒄𝒆𝒏𝒆𝒓𝒈𝒚 = 𝒆𝒓𝒆𝒒 ∗ 𝑷𝒆𝒏𝒆𝒓𝒈𝒚 
Discrete Process: 

𝒆𝒓𝒆𝒒 = 𝒏𝒄𝒐𝒏𝒏𝒆𝒄𝒕 ∗ 𝒆|𝒓𝒆𝒒 
Continuous Process: 

𝒆𝒓𝒆𝒒 = 𝒕𝒕𝒐𝒕𝒂𝒍 ∗ 𝒆|𝒓𝒆𝒒 
Labor 

𝒄𝑳𝒂𝒃𝒐𝒓 = 𝒏𝒘𝒐𝒓𝒌𝒆𝒓𝒔 ∗ 𝑷𝒘𝒂𝒈𝒆 ∗
𝑻𝒑𝒂𝒊𝒅
𝑵𝒑𝒓𝒐𝒅

 

𝒏𝒘𝒐𝒓𝒌𝒆𝒓𝒔 = 𝒓𝒐𝒖𝒏𝒅	𝒖𝒑	 �𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏𝒔 ∗ 	𝒏M𝒘𝒐𝒓𝒌𝒆𝒓𝒔
𝒔𝒕𝒂𝒕𝒊𝒐𝒏

� 

                                                
15 In this model, tool costs are considered to be part specific and therefore dedicated.  However, in some low 
volume manufacturing environments, flexible tooling that could be used for different vehicles is used, although 
these are not considered in this model. 
 
16 See appendix 4. 
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Overhead Cost 

𝒄𝑶𝒗𝒆𝒓𝒉𝒆𝒂𝒅 = 𝒏𝒊𝒏𝒅.𝒘𝒐𝒓𝒌𝒆𝒓𝒔 ∗ 𝑷𝒘𝒂𝒈𝒆 ∗
𝑻𝒑𝒂𝒊𝒅
𝑵𝒑𝒓𝒐𝒅

 

𝒏𝒊𝒏𝒅.𝒘𝒐𝒓𝒌𝒆𝒓𝒔 = 	𝒏𝒘𝒐𝒓𝒌𝒆𝒓𝒔 ∗ 𝛀M𝒘𝒐𝒓𝒌𝒆𝒓 + (𝒏𝒔𝒕𝒂𝒕𝒊𝒐𝒏 + 𝒏𝒊𝒅𝒍𝒆) ∗ 𝛀M𝒔𝒕𝒂𝒕𝒊𝒐𝒏 
 

Paint Model 
 

The cost of painting the assembly is also estimated using a process-based cost model. The 
model accounts for costs associated with a series of coating dips and subsequent rinses followed 
by the application of sealer, primer, two base coats and a clear coat, and oven curing (Akafuah et 
al., 2016; Hilt, 2011). The model includes the costs of equipment, consumables (paints and 
coatings), building space, maintenance, energy, labor, and overhead for each of these steps.   

In the paint model, different body materials might affect various inputs to the paint model 
including which steps are needed and the cost and quantities of the consumables required. For 
instance, in the aluminum comparator, it was assumed that paint and other consumables for 
aluminum cost 20% more than that required for steel (Akafuah et al., 2016).17 In addition, 
alkaline cleaning and degreasing steps were included in the cost estimation of aluminum (Hilt, 
2011; D. E. Malen, 2011). 
 
Weight Scaling 
 
 In order to calculate the required size of the battery, motors, and chassis, the total weight 
savings in the curb mass needs to be estimated. This happens in a two-step process. First, the 
weight savings that can be achieved in the body structure and closures is used to find the amount 
of secondary savings that comes from the brakes, suspension and other non-drivetrain areas.  
 Including the brakes, steering, suspension, wheels and tires, a total factor of .112 
secondary savings was used to estimate weight savings off the curb mass based on the decrease 
in body system mass (D. Malen, 2018). 

Then an initial estimate of the mass savings in the battery and motor is used to give a 
scaled curb mass estimate. The initial estimate of the mass savings was calculated using a 
secondary savings factor for the drivetrain of 0.384 (D. Malen, 2018).  

All of the secondary savings are added together, and then subtracted from the curb mass 
and the gross vehicle mass of the steel vehicle. This curb mass is then used to calculate a scaled 
size and weight of the motor, battery and chassis. This calculated mass of motor and battery is 
used to iteratively update the scaled curb weight.  

In order to give a more accurate estimate the weight savings from the smaller battery and 
motor size, fifteen iterations of binary search algorithm were used to ensure that assumed savings 
and calculated battery/motor mass were equal. 

                                                
17 While the final steps of paint are not significantly affected by the base material, the initial steps are strongly 
affected by the difference in adhesion between steel and aluminum to the coatings. 
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Battery Model 
 

Modeling of battery manufacturing is a complex and difficult topic requiring access to 
up-to-date costs of materials and a deep understanding of battery design and manufacturing 
practices. For this work, we are mostly interested in understanding differences in cost between 
batteries sized to support a steel-framed and a lighter aluminum-framed vehicle. Argonne 
National Labs developed and regularly updates the BatPac automotive battery pack 
manufacturing cost model (Dai, Kelly, Dunn, & Benavides, 2018; Nelson et al., 2011). Since this 
model is considered state of the art for estimating costs of batteries (Berg, Villevieille, Streich, 
Trabesinger, & Novák, 2015; Patry, Romagny, Martinet, & Froelich, 2015; Safoutin, McDonald, 
& Ellies, 2018), this research used BatPac to generate a table of battery cost data based on 
varying inputs of desired range and energy requirement to move a vehicle. While BatPac is a 
powerful tool, it was too large to import for local calculations which only vary basic parameters. 
For ease of use, many iterations of BatPac were calculated and out data were then fit to response 
surfaces given by the following equations: 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(𝑘𝑊ℎ𝑟) = 𝐶 = 0.00114524 ∗ 𝑅𝑎𝑛𝑔𝑒	(𝑚𝑖𝑙𝑒𝑠) ∗ 𝐸X[s ´
µ¶
·¸x[

¹   ; R2 = 0.998 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝑊𝑒𝑖𝑔ℎ𝑡	(𝑘𝑔) = 0.002129 ∗	𝐶» + 3.1947 ∗ 𝐶 + 36.664	  ; R2 = 0.999 
𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝐶𝑜𝑠𝑡	($/𝑘𝑊ℎ𝑟) = 2382.631 ∗ �

Á
+ 59.2921  ; R2 = 0.968 

 The 2011 FSV report stated that this vehicle was designed for a 35kW-hr battery which 
was assumed to weigh 207 kg, and which would give the vehicle a range of 155 miles. By 
dividing the battery capacity by the range, we were able to calculate an energy requirement to 
move the vehicle of 225 W-hr/mile. The energy requirement of an aluminum vehicle was scaled 
linearly by the same proportion as the difference in vehicle test mass (Bull, n.d.).18  
 Since the 2011 report, the energy density of batteries has increased. BatPac calculated 
that a 207 kg NMC622 battery would be 51.7 kW-hr. This size battery could carry a car with a 
225 W-hr/mile energy requirement 200 miles. So, the constant range was set at 200 miles and 
battery capacities, weights, and costs were calculated based on the equations given above.  
 The BatPac model represents manufacturing costs that are slightly futuristic. For the steel 
vehicle, the model yielded a pack cost of $105/kW-hr, which is right in line with the most 
optimistic industry reports (Holland, 2018). However, experts are skeptical that costs will reach 
that low for a least another couple of years, and we chose to scale the cost of the steel battery 
pack to match the 2020 industry average estimated by Bloomberg in early 2019 - $144/kW-hr 
(Goldie-Scot, 2019). This scaling applies to steel and to other sized batteries in order to preserve 
the effect of pack size on pack cost/kW-hr given by BatPac. The final equation for battery cost is 
as follows:  

                                                
18 The EPA test mass is between the GVM and the curb mass, modeled here as Test = (GVM-Curb)*0.667+Curb 
(US EPA, n.d.) 
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𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝐶𝑜𝑠𝑡	 ,
$

𝑘𝑊ℎ𝑟2 = �2382.631 ∗
1
𝐶 + 59.2921� ∗

144
105 

Motor Model 
 

The motor model takes a simplified cost model approach rather than addressing 
individual production process step.  This was done because of lack of data about the complete 
motor manufacturing process.  Instead, costs were divided into two categories, materials costs 
and all other costs.  Materials costs are determined by first calculating the quantity of each 
material in the motor and then multiplying them by a material price.  The mass of each material 
is done by inputting the total mass of the motor and a weight distribution among the various 
components and their materials.  These include permanent magnets, copper winding wires, steel 
cores, etc.  Non-materials costs are estimated as a constant fraction of the total cost and are based 
on average data from other modeling exercises.  This approach was used for the “rotor system” 
(the main mechanical portion of the motor).  The remainder of the motor is an input and 
represents all other components such as electronic controls, packaging, etc. 

It is important that the motor cost model accurately addresses the ways in which motor 
costs change with the mass of the vehicle. In the estimation of electric motor cost, a base case 
brushed permanent magnet DC brushless motor of 50 peak hp, weighing 143 kg was considered. 
The DC brushless motor design was chosen for the base case because it is most widely used in 
light-duty electric vehicles (Adams, 2018; Rippel, 2007). While AC induction motors can offer 
better performance, higher manufacturing costs lead automakers to choose permanent magnet 
DC designs, as Tesla recently explained related to their switch from AC to DC in the Model 3 
(Ruoff, 2018).  

For the rotor system, the constituent weights of cast aluminum, copper, NdFeB magnet, 
non-oriented steel, and mild steel were calculated based on a weight breakdown of a motor 
whose cost was previously studied by the Materials Systems Lab, the GM X26R Motor A 
(Mechler, 2010). The subsequent cost of these materials was calculated for the base case, 143 kg 
motor. The cost of the full rotor was estimated from the assumption that the material in the rotor 
system comprises 1/3 of the full cost of the rotor system (Lipman, 1999). The cost of the non-
rotor system was assumed to be $2000 for the base case.  

In order to scale the cost of the motor, separate scaling measures were implemented for 
the material and non-material costs. For the material cost, a logarithmic regression of motor 
system mass based on body system mass was obtained for 11 permanent magnet DC vehicles, 
controlling for vehicle range and 0 to 60 mph acceleration time. Vehicles with extreme 
performance capabilities or AC induction motors such as Tesla Models S and X p110d were 
excluded from the dataset. Data was based on mass benchmarking teardowns of 2016-2017 
vehicles by A2Mac and compiled by Don Malen (D. Malen, 2018). This regression yielded the 
following equation: 
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𝑀𝑜𝑡𝑜𝑟	𝑆𝑦𝑠𝑡𝑒𝑚	𝑀𝑎𝑠𝑠 = 	0.265 ∗ 	𝐺𝑉𝑀�.»ÄÅ ∗ 𝑅𝑎𝑛𝑔𝑒1.ÆÇ» ∗ 𝑡YÈÈ	Ç1ÉÇ1Ç.ÊÄÊ 
 

For a differently sized motor, it was assumed that 90% of the change in motor system 
mass occurred in the rotor system. The scaled cost of the rotor system materials was calculated 
using the same constituent percentages of materials, and the manufacturing cost of the rotor 
system was scaled from the base case rotor system manufacturing with the change in motor 
system weight to the 0.6 power. The cost of the non-rotor system was scaled from the base case 
based on non-rotor system weight change to the 0.2 power.  

 
Chassis and Rest of Vehicle 
 

The cost of the rest of vehicle is not expected to change significantly due to the potential 
change in body material and so is estimated based on assumptions taken from previous literature. 
The rest of the vehicle includes electronics, steering, braking, seating, windows, upholstery, 
accessories, and final assembly.19 

A 2014 report by the Institute of Automotive Technology estimated that for an electric 
vehicle with $10,000 battery, and a total manufacturing cost of $23,800, the cost of the rest of 
the vehicle would be 29%, or $6,905 (Kochhan et al., 2014). We subsequently use this cost as a 
constant in comparisons of vehicles of different body materials.  

The chassis system weight and cost are expected to scale only slightly with the weight of 
the body structure, so a similar approach is taken in estimating its cost. Assuming that the vehicle 
cost discussed in the Kochhan report is based on a vehicle of moderate size such as the 2017 
Chevy Spark, its chassis, which includes the suspension, wheels, and tires, would weigh 165 kg. 
The report estimates chassis cost represents 6.5% of total manufacturing cost or $1550. A study 
of secondary weight savings conducted by Don Malen found that the secondary mass saving 
factor20 for the chassis is 0.42 (D. Malen, 2018). Secondary mass savings are used to the scale 
the cost of the chassis with a 0.8 exponent.  

 
  

                                                
19 Note that the weight scaling calculations above do account for changes in weight to the rest of vehicle. The 
assumption here is that despite small changes in mass, the cost of the rest of the vehicle is not likely to change.  
20 Secondary mass savings factors are defined as the change in system component weight in kg for every kg change 
in gross vehicle mass.  
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Results 
 
EDAG Future Steel Vehicle 
 

The source of data for the body structure in the advanced high strength steel case is the 
2011 Future Steel Vehicle (FSV) Report, and the source of data for the closure parts 
manufacturing and assembly are the more recent, 2018 designs from EDAG (EDAG, 2011). This 
vehicle is a small, light, battery electric hatchback with a curb weight of 958 kg, a gross vehicle 
mass of 1433 kg, a 35 kW battery (weighing 207 kg) and a range of 155 miles. The FSV was 
originally designed for 100,000 vehicle per year production levels, but in this analysis, it is 
assumed that production volume is 250,000 to simulate the expected growth of the electric 
vehicle market.  

Detailed part design and manufacturing process sheets for the manufacture of 161 parts in 
the body and closures were mined for data on part weight, material grade, blank size, process 
steps, tool costs, and line rates. EDAG specifically designed the FSV to be lightweight by using 
higher grades of steel in place of mild steel. In Figure 7, the quantity of each grade of high 
strength steel is shown by number of parts and weight. Considering the similarity in density 
across grades of steel, from this breakdown we see that the trends in design are that TRIP and CP 
grades are used in larger parts, while mild and martensitic steels are used in parts with low 
weights. We can see this result by dividing the sections of the weight graph by the sections of the 
part graph. Note also that in the 250 kg body structure, only 7 kg are mild steel. The largest 
fraction of steel by grade, and the largest contributor by cost is bake hardenable steel, which was 
comprised of mostly BH 210/340 grade, but also small amounts of BH 260/370 and BH 380/400. 
 

 
Figure 7: Summary of material breakdown in the FSV advanced high strength steel vehicle body design. The vehicle is comprised 

of 161 parts weighing 249.7 kg and includes mild steel, Bake-Hardenable (BH), High Strength Low Alloy (HSLA), 
Transformation Induced Plasticity (TRIP), Dual-Phase (DP), Complex-Phase (CP), Martensitic (MS), Twinning Inducted 

Plasticity (TWIP), and Hot-Formed (HF) steel. The cost of purchasing material and manufacturing parts is approximately $923. 
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The 2011 EDAG FSV report also included the assembly tree and assembly process 
requirements in laser weld (93 meters), adhesive bonding distance (40.2 meters), and number of 
spot welds (1400). The assembly tree input separated these requirements into separate joining 
methods for each step in the tree. Appendix 3 gives the list of assembly processes required to 
assemble the steel vehicle body and closures. This quantity of assembly processes would require 
an estimated $145 million of equipment, $31 million of fixtures and tooling, and 44 paid workers 
per year.  

Implementing an Aluminum Comparison 
 
 In order to compare an aluminum design to the AHSS design discussed above, a less 
detailed “comparator” design was developed. The goal is to model an aluminum-bodied vehicle 
that has similar performance and is the otherwise the same as the steel-bodied vehicle. It was not 
possible to develop a fully engineered aluminum comparator, so instead an incremental approach 
was taken in which the steel parts were changed to aluminum and decisions were made about 
whether to keep the same process as used in steel (typically stamping) or move to an alternate 
approach better suited to aluminum (such as casting or extrusion).  Parts consolidation was 
considered on a limited basis when applicable. 

First, a weight saving level was assumed for several subsystems of the design (23% for 
the body structure, 25% for the front and back doors, 35% for the hood, and 17% for the 
liftgate21). These assumptions were based on a statistical mass benchmarking study which 
compared steel and aluminum vehicle parts of existing vehicles controlling for size and 
performance (D. Malen, 2018). These savings were applied to each part or in the limited cases 
with parts consolidation to the combined parts. This led to a 191.5 kg vehicle body + closures, a 
23.3% decrease from the advanced high strength steel design. While this is less than the 40% 
reduction often discussed in aluminum literature, the advanced high strength steel vehicle is an 
optimized design with almost no mild steel. Using this assumption of savings, a new weight of 
each part in the design was scaled by the savings factor of its system.  

 
Figure 8: Breakdown of materials in the aluminum comparator.  

The next step was to choose aluminum grades for the parts in the comparator. We relied 
on reports of common industry practice to develop the rule that that exterior panels would be Al-
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611122, interior stampings would be Al-575423, extrusions will be 6061-T6, and aluminum 
castings are in A35624 (Benedyk, 2010; D. E. Malen, 2011). The pie charts in Figure 7 are shown 
in comparison to those in Figure 8 in order to illustrate the difference in gradation between the 
steel and aluminum. Due to the detailed and optimized nature of the steel design, more 
specificity of grades is included. A highly detailed aluminum design would include likely 
optimize alloy use and may yield a lower cost.  

The aluminum comparator design also required new assumptions about the parts 
manufacturing processes. Most parts which were stamped in the steel design are still stamped in 
the aluminum design. High speed cold stamping of sheet aluminum is a widespread industrial 
practice (Mao & Altan, 2013). All the parts that were rollformed in the steel design were 
changed to aluminum extrusions. EDAG and World Auto Steel advised several changes from 
expensive hot-stamping processes to more cost-effective stampings.25 Some limited aluminum 
casting re-design was also incorporated. Aluminum castings allow large complex systems of 
stamped parts be cast in one simple step, but does require long cycle times and an extra step to 
re-apply a protective coating.  

Again on the advice of EDAG and World Auto Steel, the B-Pillar Reinforcement part 
was not changed to aluminum but kept in Hot-Formed (HF) steel. This required special assembly 
techniques to connect the two metal types but is a more realistic vehicle design. In the aluminum 
comparator, parts which had a laser welded blanking step in their manufacturing process were 
assumed to do the same weld distance with friction stir welding equipment (Smith et al., 2001). 
In addition to the assembly change when bonding the steel B-pillar to the rest of the aluminum 
body, several other changes to the assembly methods were required. The part castings decreased 
the total number of parts but required new assembly assumptions for connecting the cast parts to 
the rest of the vehicle. Since resistance spot welding is not an industry practice in aluminum 
vehicle assembly, all spot welds were replaced with “riv-bonds”, a two-step process in which 
parts are bonded together with adhesive and then riveted together (Hewitt, 2014). These 
assembly process changes led to investment and labor requirements summarized in Table 4. The 
slightly lower investment cost comes from the fewer number of separate joining actions required 
in aluminum. Since the aluminum castings reduced the total number of parts, fewer stations and 
therefore fewer equipment pieces must be purchased. However, while the initial investment cost 
of aluminum is lower, the rivets add significantly to the overall cost of assembling the aluminum 
design. Figure 12 shows the accounting breakdown of the costs of the assembled, painted body 
and closures. Note that the costs of rivets in the “Mat.” column drive the total consumables for 
assembly to $167 per vehicle.   
 

                                                
22 6111 grade was developed specifically for automotive paneling, the 6xxx series is an alloy of aluminum, silicon, 
and magnesium 
23 5xxx series contains aluminum and magnesium, used for corrosion resistance 
24 The 3xx series is has a separate naming convention consistent with other cast aluminum grades. The 3xx series is 
alloyed with manganese metal. 
25 The Shotgun Inner and Shotgun Outer parts are examples of parts that changed from hot-stamped steel to cold-
stamped aluminum. 
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Table 3 lists the changes in manufacturing processes, and Figure 26 in Appendix 3 
summarizes the manufacturing process requirements in the aluminum comparator. These 
requirements lead to investment and labor estimates given in Table 2. Note that the equipment 
investment cost for aluminum is significantly higher, due to aluminum’s slower line rates and 
thus higher % allocation. The total quantity of investment was calculated and presented in this 
manner to a group of experts on the World Auto Steel advisory team and approved as reasonable 
investment costs for the development of a large parts manufacturing operation.  

 
Table 2: Investment costs, estimated from process based cost model. 

 Allocated Parts Manufacturing 
Bldg. & Equipment Investment Tooling Person-hours per vehicle 

Steel $310,000,000 $76,000,000 86 
Aluminum $451,000,000 $79,000,000 101 

     
In the aluminum comparator, parts which had a laser welded blanking step in their 

manufacturing process were assumed to do the same weld distance with friction stir welding 
equipment (Smith et al., 2001). In addition to the assembly change when bonding the steel B-
pillar to the rest of the aluminum body, several other changes to the assembly methods were 
required. The part castings decreased the total number of parts but required new assembly 
assumptions for connecting the cast parts to the rest of the vehicle. Since resistance spot welding 
is not an industry practice in aluminum vehicle assembly, all spot welds were replaced with “riv-
bonds”, a two-step process in which parts are bonded together with adhesive and then riveted 
together (Hewitt, 2014). These assembly process changes led to investment and labor 
requirements summarized in Table 4. The slightly lower investment cost comes from the fewer 
number of separate joining actions required in aluminum. Since the aluminum castings reduced 
the total number of parts, fewer stations and therefore fewer equipment pieces must be 
purchased. However, while the initial investment cost of aluminum is lower, the rivets add 
significantly to the overall cost of assembling the aluminum design. Figure 12 shows the 
accounting breakdown of the costs of the assembled, painted body and closures. Note that the 
costs of rivets in the “Mat.” column drive the total consumables for assembly to $167 per 
vehicle.   
 
Table 3: Changes to manufacturing process types for parts in the aluminum comparator – developed by EDAG and the World 
Auto Steel Core Team 

Manufacturing Process Change Steel to Aluminum 
Part Name Manufacturing Change 
Shock Tower Front RH & LH Stamping to Die Cast with Reinforcement Part 
Shotgun Inner RH & LH Hot Stamping (Laser Welded Blank) to Stamping 
Shotgun Outer RH & LH Hot Stamping (Laser Welded Blank) to Stamping 

Front Rail Lower RH & LH 
Stamping (Laser Welded Blank) to Die Cast + Extrusion 
(Back half cast with closeout part, front half extruded as tube) 
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Front Rail Upper 
Stamping (Laser Welded Blank) to Stamping + Extrusion 
(Back half stamped, front half extruded as tube) 

Frame Rail Inner Rail RH & LH 
Stamping to Stamping + Die Casting (Front half cast, back 
half stamped) 

Front and Rear Cross Member 
Front Seat RH&LH 

Rollform to Extrusion with post extrusion operations, same 
profile for RH and LH.  

A-Pillar Brace RH & LH 
Rollform to Extrusion, with post extrusion edge trim, same 
profile for RH and LH 

Header Front Rollform to Extrusion with post extrusion bending operation 
Roof Bow Rollform to Extrusion with post extrusion bending operation 

Rocker LH & RH 
Rollform to Extrusion, with post extrusion edge trim, same 
profile for LH and RH 

B-Pillar Inner RH & LH Remains hot stamped in HF Steel 
B-Pillar Reinforcement LH & 
RH Remains hot stamped in HF Steel 

 
Table 4: Assembly Investment and Labor Requirements for Steel and Aluminum at 250,000 vehicles per year production level.  

 Assembly Eq. & 
Building Investment 

Tooling 
Investment Workers Stations Idle 

Stations 
Steel $145,000,000 $32,000,000 44 152 68 

Aluminum $122,000,000 $27,000,000 31 123 64 
 

The cost of manufacturing the painted and assembled body and closures including the 
cost of raw materials comprises the group of manufacturing costs in which the AHSS design has 
a strong advantage. Raw materials, parts manufacturing, assembly, and paint are each more 
expensive in aluminum than steel. From Figure 9, note that the difference in material cost alone 
accounts for $755 of the $1044 total calculated difference. As a reminder, the parts 
manufacturing and assembly are more expensive in aluminum because of slower line rates, 
higher tool costs, reject rates, maintenance and consumable materials. Penalties on these 
manufacturing parameters, which are large for aluminum are also added to each of the grades of 
AHSS, with harder steels being penalized more. See Appendix 2 for material penalty allocations. 

In order to be economically favorable, the aluminum design will need to make up for its 
premium on manufacturing through savings in other parts of the vehicle that derive from its 
lighter weight body structure. Before we consider the costs of the rest of the vehicle, it is 
important to discuss the sensitivity of model output to key assumptions. These will be handled in 
two sections. The first considers the variation in the base model which will affect the cost of both 
steel and aluminum. This includes all the fixed costs of equipment, the parameters which affect 
operating costs, the parameters which calculate process times, and sensitivity to material costs. 
The second type of sensitivity relates to the assumptions made in developing the aluminum 
comparison, such as extra maintenance, tooling, material costs, and line rate penalties. 
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Figure 9: Summary of the costs of producing the painted, assembled body and closures. Steel total: $1276.89, Aluminum total: 

$2320.40, Difference: -$1044.50 

Figure 10 shows the results of a comprehensive sensitivity analysis of the steel vehicle 
body manufacturing cost, in which all equipment and global level parameters in the model were 
varied by +/- 10%. In the top three diagrams, each bar represents the change in body 
manufacturing cost associated with changing one parameter. In the bottom diagram, groups of 
parameters are all set to maximize potential deviations associated with +/- 10% changes in the 
parameters shown in the top three graphs. Note that for this worst case, varying many parameters 
at one time only changes the estimated cost by -$65/+$85 compared to the base case of $1277.  

In general, we observe a skew to higher costs when varying parameters, due to the non-
linearity of fixed cost payment allocation calculations.  

The primary takeaway is that the effects of varying any one parameter is small ($5-15). 
This implies that the model is robust to small changes in inputs. The bottom diagram shows that 
compounding these 10% differences can strongly amplify the difference. This can be considered 
a worst case of input deviation. Of particular importance are the parameters affecting the timing 
of manufacturing operations. The variation in time parameters produces the most deviation in 
cost and these variations will compound with the deviations in fixed and variable cost 
parameters. Included in the analysis but not shown in Figure 10 is the effect of 10% faster line 
rates and 10% less fixed and variable cost parameters, which can decrease the calculated 
manufacturing cost by more than $200. While differences in cost of that magnitude are 
significant to automakers, the effects of these parameter changes would influence both steel and 
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aluminum in the same direction. This means that the change in difference between steel and 
aluminum would remain relatively small.  
 

 
Figure 10: Tornado diagrams showing deviation from the base cost of materials, parts manufacturing, assembly, and painting 

the body structure and closures of the steel vehicle design. The base cost is $1277. The top three diagrams show results of 
varying individual parameters in the model +/- 10% of their original value. The bottom graph shows the combined sensitivity of 

the model, representing the unlikely worst case that all parameters are +/- 10% at the same time.    

The parameters that are more likely to affect the difference between steel and aluminum 
are the parameters used in generating the aluminum comparator design and cost. Sensitivity 
analyses similar to those conducted for the modeled steel design were conducted on the 
assumptions made about the difference between steel and aluminum process parameters. These 
included increased equipment and tool costs, higher maintenance costs, slower line rates, higher 
reject rates, and higher scrap rates. However, the results are not as sensitive to these parameters 
as they are to the parameters in the underlying model. Varying all these parameters +/-10% at 
once, yielded an aluminum minus steel cost difference of range of $1005 and $1067 (compared 
to the base case difference of $1044). 

This sensitivity analysis was expanded to a probabilistic uncertainty analysis. This type 
of analysis is more realistic, since it is not likely that all parameters would deviate in the worst 
case. Assuming triangular distributions around +/- 10% of all parameters in the base case steel 
and those generating the aluminum comparator, a 1000-iteration Monte-Carlo analysis yielded a 
50% probability of $987 cost difference (See Figure 11, right side). This analysis shows that with 
10% deviations, we see in that there is an 80% chance that the cost premium of aluminum 
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manufacturing will be between $800 and $1075. In terms of total cost of manufacturing the body 
of each design type, this analysis found that the expected value of the steel body cost was $1280, 
and the aluminum was $2267. 

 
Table 5: Comparison of the expected value of the cost function and the cost function evaluated at the expected input.  

x = triangular 
distributions Steel Aluminum ∆: Aluminum - Steel 

F(EV(x)) $1277 $2320 $1044 
EV(f(x)) $1282 $2270 $988 
 
As with the previous discussion of sensitivity, the deviation to higher cost is stronger than 

to lower cost, shown by the expected costs from the Monte-Carlo analysis giving higher costs 
than the cost generated by the expected inputs.26 See Figure 11 and Table 5. Crucially, this 
implies that for more uncertain cases, the difference between steel and aluminum will be smaller 
on average (De Neufville & Scholtes, 2011).  

 

 

Figure 11: Cumulative Distribution Function (CDF) generated from 1000 trials of the model, with parameters randomly drawn 
from triangular distributions +/- 10% the original value of the parameters. LEFT: The assembled and painted body structure 

cost of aluminum (red) and steel (steel). RIGHT: The difference between the assembled and painted body structure costs.  

The accounting costs ($/car) of parts manufacturing, assembly, and paint are shown in 
Figure 12. This breakdown shows that for each of the process-based cost models, the relative 
magnitude of costs similar – equipment, tools, labor are the largest aspects of cost. This 
breakdown also demonstrates that in all aspects of cost, parts manufacturing > assembly > paint. 
This is true for equipment, tooling, labor and energy. The main deviation from these trends is the 
in the paint cost, where the primary cost is the consumable material. While paint overall is only 

                                                
26 This analysis is based on the method presented by Professor Richard de Neufville in the fall 2018 MITcourse, 
“Flexibility In Engineering Design”.   
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$139, the cost of the paint alone is almost as much as the yearly cost of parts manufacturing 
equipment use.  

 
Figure 12: The accounting cost breakdown of steel and aluminum vehicle designs. Steel (St.) is to the left of aluminum (Al.) in 

each pairing. Parts manufacturing does not include raw material cost. “Mat.” represents the cost of consumable process 
materials such as lubrication, paint, protective coatings, welding electrodes and rivets. 

 
 
 

Figure 13 breaks down the cost of painting the body and closures into the cost per vehicle 
of each sequential step. Note that steps which require expensive consumables contribute most to 
the difference between steel and aluminum, and that early process steps require greater cost than 
compared to steel expensive process techniques. The alkaline cleaning and degreasing steps add 
~$14 to the price.  
 

 
Figure 13: Cost per vehicle of each step in the body and closures painting process. Steel price shown to the right in blue, 

aluminum shown to the left in orange. 

Iterating for Weight Savings 
 
 As discussed previously, when evaluating the cost savings from smaller batteries and 
motors, it is necessary to estimate the change in mass of the whole vehicle, not just the body 
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structure. In order to understand how the curb weight would scale with the body structure, 
secondary mass savings factors were employed. Including the brakes, steering, suspension, 
wheels and tires, a total factor of .112 secondary savings was used to estimate 7.10 kg extra 
savings off the curb mass based on the 58.2 kg decrease in body system mass (D. Malen, 2018). 
In order to estimate the weight savings from the smaller battery and motor size, a binary search 
algorithm was used to ensure that assumed savings and calculated battery/motor mass were 
equal. Table 6 lists the calculated gross vehicle mass, curb mass, and test mass27.  
 
Table 6: Steel and Aluminum Full Vehicle Mass (kg) 

 
Body 

System 
Mass 

Closures 
Mass 

Secondary 
Savings 

GVM Curb Test Mass 

Steel FSV 187.7 62 0 1433 958 1113 
Aluminum Comparator 144.8 46.7 31.9 1340 865 1020 

  
We now turn to an examination of battery, motor, and rest of vehicle cost to better 

understand the trade-off of lightweighting with aluminum.  
 
Battery Cost Results 
 

The steel vehicle designed in 2011 had a 35 kW-hr battery and a range of 155 miles, 
which means that it required 225 W-hr/mile of the UDDS circuit28 (US EPA, n.d.). According to 
BatPac calculations using the NCM 622 chemistry, the modern battery which weighs 207 kg is 
51 kW-hr, which would give the steel 225 W-hr/mile vehicle body a range of 220 miles. The 
NCM 622 chemistry was chosen because it is most widely used in current automotive battery 
packs (Zart, 2018).  

To calculate the size of battery required for each vehicle, the energy required to move the 
vehicle was scaled linearly with the change in test weight. The energy requirement of the 
aluminum vehicle was therefore calculated to be 205 W-hr/mile. Keeping the range constant in 
order to compare vehicles of similar performance, we find that the aluminum comparator would 
require a 47-kW-hr battery.  

BatPac was then run for each capacity to estimate the pack cost difference between the 
steel and aluminum.  BatPac’s preliminary result was a $105/kW-hr battery for steel and 
$109/kW-hr for aluminum as shown in Figure 16. While some companies claim that they can 
already produce battery packs at that price, a more thorough and conservative report by 

                                                
27 The EPA test mass is the mass loading of a vehicle used in EPA fuel efficiency testing. It always greater than the 
curb weight (cars need drivers) but lower than Gross Vehicle Mass (which is considered close to maximum loading 
of the vehicle). The test mass is modeled here as Test = (GVM-Curb)*0.667+Curb.     (US EPA, n.d.) 
28 The Urban Dynamometer Driving Schedule (UDDS) is the emissions and field efficiency test used by the US 
EPA to simulate light-duty vehicle handling, acceleration, and cruising in city traffic.  
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Bloomberg estimated the cost of batteries in 2020 to be $144/kW-hr (Goldie-Scot, 2019). In 
order to best capture the likely cost of batteries, both of BatPac’s estimated costs were scaled to 
the level suggested by Bloomberg. This put the cost of the steel battery at $144.43/kW-hr or 
$7451.80 total, and the cost of the aluminum battery at $149.97/kW-hr, or $7109.11 total. In this 
analysis, the aluminum design incorporates a battery that is $342.69 less than the steel battery. 
 
Motor Cost Results:  
 

The cost of the aluminum motor is calculated in the same manner as the steel motor. 
Using the calculated gross vehicle mass, the total cost of the motor in the aluminum design is 
scaled down from the motor base case through the motor system weight regression discussed in 
the methods section. The steel design motor cost $3487.28, and the aluminum motor cost 
$3180.83, a difference of $306.45.   
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Full Vehicle Cost 
 

Adding in the cost of the chassis and rest of vehicle, we find that the total costs of 
manufacturing are $20,671(steel) and $21,011(aluminum). While this $339 difference supports 
the notion that the steel design is more economically favorable than the aluminum design, it is 
small enough that sensitivity analyses should be employed to test the robustness of this result.  

 

 
Figure 14: Full cost of vehicle manufacture 

A Monte-Carlo analysis similar to the one employed in the sensitivity test of the parts 
manufacturing and assembly model was used to test the effects of varying assumed parameters in 
all cost estimates, including both body structure manufacture and battery and motors. We can see 
similar behavior in the cost of the aluminum and steel designs because so many of the model 
parameters affect them in the same way. Looking at the CDF of the difference between the two 
costs in Figure 15, we can see that the expected value is $280, slightly less than the deterministic 
result. We can also see that there is a 25% probability that the aluminum comparator will be less 
expensive overall than the steel.  
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Figure 15: Cumulative Distribution Function (CDF) generated from 1000 trials of the model, with parameters randomly drawn 
from triangular distributions +/- 10% the original value of the parameters. These analyses only vary non-chosen parameters in 
the model such as the base case assumptions in the motor model. It does not vary chosen inputs such as aluminum % savings or 
vehicle range. LEFT: The assembled and painted body structure cost of aluminum (red) and steel (steel). RIGHT: The difference 

between the assembled and painted body structure costs. 

 
 

Impact of Different Vehicle Assumptions on Full Vehicle Results 
 
 Because the total cost of battery scales near-linearly with capacity, assumed range of the 
vehicle is a very influential assumption. In the primary analysis discussed here, we assume that 

 
Figure 16: BatPac output – cost of battery pack by total battery capacity. 
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the range is held constant between the two vehicles. But it should be noted that one benefit of the 
lighter vehicle is that the incremental cost of adding more range to a vehicle is less expensive 
than steel – and the larger the range, the larger the comparative benefit of the lighter body.  
  One result of the regression used to calculate motor system mass is the strong negative 
dependence on range. This naturally derived from the regression of motor system mass on 
electric vehicle performance features. Indeed, it seems generally true that longer range electric 
vehicles have smaller, lighter motors. As a result of the reduced weight, our cost model estimates 
that longer range vehicles have less expensive motors. It is statistically true that automakers have 
made decisions to use smaller motors (with worse performance) in long range vehicles, so these 
features correlate. However, increasing the range in this model while holding performance 
constant also decreases the size of the motor. One should be skeptical of the accuracy of this 
dependence on range, but it is encouraging that the difference between aluminum and steel motor 
costs is not changing significantly over the variation of considered driving distances.  

 
Figure 17 Left: The total cost of DC permanent magnet motor manufacture for vehicles of different ranges. Right: The cost of an 
NCM 622 battery pack for vehicles of different driving ranges. The steel and aluminum lines represent the cost of an additional 
mile of range for a vehicle of that weight. The black X’s represent the reported range and estimated costs of a group of electric 

vehicles already available on the market. 
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We should consider what these changes in battery and motor cost imply for the difference 
between the full cost of steel and aluminum bodied vehicles. For instance, if we return to the 
choice of driving range, we find increasing range and keeping other parameters constant 
decreases the advantage of steel. In fact, above the 300-mile range, the aluminum design has a 
lower full vehicle cost. A similar effect occurs when considering more aggressive designs of 
aluminum comparator. While the mass benchmarking study suggested a 24% overall weight 
decrease, if we assume a 30% overall weight decrease, we find that the full vehicle cost of 
aluminum manufacture and steel manufacture are the same. See Figure 18. 
  

 
Figure 18 Left: Aluminum full vehicle cost minus steel full vehicle cost vs vehicle range. Crossover occurs at 310 miles. Right 
Top: Full vehicle cost of aluminum (red) and steel (blue) for a range of assumed weight savings levels in the transition from 
AHSS design to aluminum design. Right Bottom aluminum full vehicle cost minus steel full vehicle cost vs assumed weight 

savings level. Crossover occurs at 30%. 
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Of course, varying multiple parameters at the same time yields a multi-dimensional space 
in which steel and aluminum prices hover around a boundary. Continuing with the case 
discussed above, varying range and percent savings at the same time yields a crossover space in 
which aluminum is less expensive for higher percent savings and ranges, shown in Figure 19.  

 

 
Figure 19: Crossover space for the two inputs – “percent weight saved” and “range” in miles. Blue space is the area where the 
steel design is less expensive, and purple space is the area where aluminum is less expensive. The red shaped marker represents 
the initial case discussed throughout the report. The red line represents the crossovers when steel and aluminum have equal full 

vehicle costs.  

In general, larger production volumes will naturally decrease the cost per vehicle by 
spreading the fixed investment costs over a larger denominator. Note that the equipment 
investment costs in the parts manufacturing model are only allocated to this car for the amount of 
time they are used, so their cost per vehicle will not change with production volume. However, 
all the non-dedicated sources of investment costs such as tooling and assembly equipment will 
have larger costs per vehicle at smaller production volumes. The yearly payment function makes 
that decrease superlinear, shown by the asymptotically decreasing behavior of cost in Figure 20. 
The asymptote for each curve represents the summation of flat material, labor, energy and non-
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dedicated equipment plus the quantity of fixed costs associated with usage of fixed infrastructure 
at full operating capacity.  

The phenomenon of high costs for low production volumes is usually mitigated to some 
extent by manufacturing process design choice. For smaller production volumes, non-dedicated 
equipment costs should be avoided. Often manufacturers will purchase less automated machinery 
and tools with shorter lifetimes. In order to incorporate the effect of those changing designs, 
several changes to base parameters were made, increasing in magnitude over the decreasing 
range of 100,000 to 50,000 parts per year. These included decreasing line rates and increasing set 
up times by up to 15%, decreasing assembly equipment costs and stamping tooling costs by up to 
20%, and increasing direct worker requirements by up to 30%. These changes occur only in the 
50,000 to 100,000 vehicles per year region in order to more realistically predict costs in that 
region.  

These manufacturing process changes are still not adequate for using this model to 
estimate costs at low production volumes, however. At low production volumes, other changes in 
vehicle design would also likely be used by automakers to limit investment costs. More cast and 
extruded aluminum parts can reduce the amount of dedicated cost by eliminating expensive 
stamping tool sets.    

The aluminum and steel designs also have different dependences on production volume. 
Because the aluminum design has larger proportion of variable costs from materials, the effect of 
low production volume fixed cost allocation is less acute than it is in the steel design. In addition, 
aluminum can utilize casting and extrusions to lower dedicated fixed costs. Figure 20 shows the 
how both steel and aluminum depend on production volume.  
 

 
Figure 20: Full Vehicle Cost vs Production Volume for Steel (blue) and Aluminum (red) 
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Expected Changes – Manufacturing Learning Through 2030 
 

A final consideration in trying to understand the economic advantages of the steel and 
aluminum design is how the changing costs of manufacturing will affect each case.  

It is assumed that aluminum manufacturing learning is faster than steel but is still 
essentially linear and on the order of 3-7% for any given parameter. The assumed line rates, the 
amount of assumed down time, tool investment costs, the number of workers and overhead 
required, and the quantity of consumables used are the parameters which are assumed to have 
slight changes over the next ten years.  

In addition, aluminum learning should include diminishing effects of penalties given to it 
in comparison to steel manufacturing. The approach in estimating learning in the aluminum body 
manufacturing, assembly and paint costs is that the penalties given to aluminum (slower line 
rates, higher reject rates, more maintenance) will slowly be relaxed over time. The magnitude of 
penalty for line rates, tooling costs, reject rates and maintenance over steel all decrease by 75% 
of their original penalty. Note that these parameters reflect the fact that aluminum manufacturing 
will be more challenging than steel manufacturing, but the cost difference should be much 
smaller.  

Applying this approach, we find that if learning in aluminum is optimistically fast, the 
total aluminum body cost may be reduced to $210029, and the difference in body manufacturing 
cost may be reduced to ~$900. This is still a significant premium, as shown in Figure 21. 

 

 
Figure 21: Learning in body and closures parts manufacturing, assembly, and paint. In the left chart, red indicates aluminum 
costs, blue indicates steel costs. In the right graph, the green dotted line represents a fast learning scenario, the gold solid line 

represents a median learning scenario, and the red dotted line represents a slow learning scenario. 

However, the concurrent phenomenon that battery prices are rapidly declining coupled 
with modest declines in motor cost reduces the lightweighting cost benefit of aluminum. The 
partially linear, partially exponential forecast of battery costs is modeled after the prediction 

                                                
29 All future costs are given in current (2019) dollars.  
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given by Bloomberg (Goldie-Scot, 2019). The equation used to fit Bloomberg predictions 
through 2030 is shown below.  

𝑐𝑜𝑠𝑡Z = 6(𝑦𝑒𝑎𝑟Z1� + (𝑐𝑜𝑠𝑡ËZYXZ − 𝑐𝑜𝑠𝑡	[Ì~) ∗ ´21Í.ÆÅ» ∗ (2030 − 𝑦𝑒𝑎𝑟Z)¹ ∗ 0.996 +
1 − 0.996

10

Z

»Ç»Ç

)							 

 
The net change, shown in the right side of Figure 22, is a widening gap between the steel 

cost and aluminum cost over the next ten years. The key take away is that battery and motors are 
learning at a faster pace. This makes sense considering the changing parameters for aluminum 
manufacturing represent a more mature learning curve, while battery cost trends have continually 
fallen faster than expected (Berg et al., 2015; Goldie-Scot, 2019). The changes in parameters 
likely to occur over the next 10 years decreased the difference in body manufacturing costs by 
$100 (Figure 21,right) but decreased the difference in battery cost by $250 (Figure 22, right).  

 

 
Figure 22: Learning in motor and battery manufacture. In the left chart, red indicates aluminum costs, blue indicates steel costs. 

In the right graph, the green dotted line represents a fast learning scenario, the gold solid line represents a median learning 
scenario, and the red dotted line represents a slow learning scenario. 

Figure 23 shows how the costs of the full vehicle change with time. The key highlight is 
that over time, the economic advantage of the steel vehicle design will likely increase from $330 
to $500.  

In addition, note that the full costs of the vehicles estimated in the year 2020, 
$20,671(steel) and $21,011(aluminum) fall to $15,000 to $18,000 by the year 2030, depending 
on the assumed learning rate. This drop in magnitude is significant because direct manufacturing 
costs are key components of how automakers set MSRPs. Estimates by Argonne National Labs 
find that direct manufacturing costs account for roughly 55% of a vehicle’s final MSRP (Vyas, 
Santini, & Cuenca, 2000). Table 7 lists how the estimated MSRPs for steel and aluminum may 
each drop each drop ~$10,000 from $37,000 to $27,000. These potential future MSRP decreases 
are key to helping grow consumer demand for vehicles. Currently, the high sticker prices of 
electric vehicles can be prohibitively high for consumers, even though they are offset but lower 
operating expenses (Berman, 2019).  
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Figure 23: Net effects on total cost considering learning in aluminum and steel manufacturing combined with declining battery 
and motor costs. In the left chart, red indicates aluminum costs, blue indicates steel costs. In the right graph, the green dotted 

line represents a fast learning scenario, the gold solid line represents a median learning scenario, and the red dotted line 
represents a slow learning scenario.  

In Table 7, costs of non-manufacturing activities are estimated using the percentages of MSRP 
from the same study by Argonne National Labs30. While these provide a first level estimate, they 
represent costs associated with average vehicle production, not the aggressive lightweighting 
scenario studied in this thesis. Actual engineering and R&D costs are likely to be higher for the 
AHSS design and even higher for the aluminum design.  
Table 7: Estimation of MSRP for 2020 and 2030 model years 

Estimation of MSRP and Non-Manufacturing Costs 

  

%(Vy
as et 
al., 

2000) 

Steel 2020 Aluminum 
2020 

Steel 
2030 

Aluminum 
2030 

Total Manufacturing Cost:  $20,646 $20,979 $15,024 $15,510 
Argonne NL - Manufacturing % of 

MSRP 55.5%         

MSRP   $37,201 $37,800 $27,070 $27,946 
R&D/Engineering 6.5% $2,418 $2,457 $1,760 $1,816 

Warranty 5.0% $1,860 $1,890 $1,354 $1,397 
Corporate Overhead, Retirement, Health 7.0% $2,604 $2,646 $1,895 $1,956 
Distribution, Marketing, Dealer Support 23.5% $8,742 $8,883 $6,362 $6,567 

Profit 2.5% $930 $945 $677 $699 
The 2030 manufacturing cost estimate shown in Table 7 is based on 23% percent weight 

savings in aluminum over AHSS and a 200-mile range vehicle calculated for “learned 

                                                
30 Estimation of MSRP also serves as a validation of manufacturing modeling costs, in that market prices for EVs 
with similar ranges (~200 mi) have 2019 base MSRPs of $35,000-$40,000 (“A Price-to-Range Comparison of 
Electric Vehicles | The Zebra,” 2019). For example, the as of May 2019, the Tesla Model 3 has a base range of 220 
miles and an MSRP of $39,000 (Labert, 2019).  
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parameters” in the models. At the 2030 state of manufacturing learning, changing the assumption 
of percent weight savings or range still affects the cost difference between aluminum and steel. 
Figure 24 shows the aluminum body design full vehicle cost minus the steel body design full 
vehicle parts for a set of possible weight percent differences at a set of possible vehicle ranges. 
This analysis shows the crossover inputs have shifted. Compared to the 2020 cost parity line 
(shown in red), higher percent weight savings are required for aluminum to reach cost parity at a 
constant range. If constant percent weight savings are considered, steel vehicles are still less 
expensive than aluminum vehicles at higher ranges compared to the 2020 cost parity line.     

 

 
Figure 24 Crossover space for the two inputs – “percent weight saved” and “range” in miles. Blue space is the area where the 
steel design is less expensive, and purple space is the area where aluminum is less expensive. The red shaped marker represents 
the initial case discussed throughout the report. The red line represents the crossovers when steel and aluminum have equal full 
vehicle costs at 2020 levels.  The white line represents the crossover points at which steel and aluminum have equal full vehicle 

costs at 2030 levels.   
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Discussion 
 

In this thesis, I have attempted to understand the economic tradeoffs associated with 
choosing AHSS or aluminum as a material for lightweighting a small battery electric light-duty 
vehicle. By analyzing the costs of a detailed steel design, modifying the model to accommodate 
an aluminum comparator, and estimating the effects of lightweighting on other vehicle 
components such as the battery and motors, the total cost of manufacturing a steel-bodied and a 
similar aluminum-bodied vehicle is reported.  

The results showed that it is more expensive to manufacture the aluminum body. This is 
primarily because of higher material costs and cost penalties placed on aluminum manufacturing 
processes. A mass reduction of 93 kg in the curb mass is estimated using statistical 
benchmarking and iterative secondary savings calculations. This reduction corresponds with 
$350 savings in the battery and $311 savings in the motor. Adding a small $53 reduction in 
chassis cost, the net difference between the cost of the steel and aluminum design is $330. These 
results are summarized in Table 8. 

 
Table 8: 2020 Results Summary for 200-mile range and 23% weight savings 

 Materials Parts 
Manufacturing Assembly Paint Battery Motor Chassis Rest of 

Vehicle 
 

Steel B&C $565 $358 $215 $139 $7,430 $3,490 $1,548 $6,905  
Aluminum B&C $1,320 $479 $345 $177 $7,080 $3,179 $1,495 $6,905  

Difference -$755 -$121 -$130 -$38 $350 $311 $53 $0  

 Painted and Assembled Body + Closures TOTAL Cost Scaling Systems TOTAL 

Non- 
Scaling 
Systems 
TOTAL 

Full 
Vehicle 
TOTAL 

Steel B&C $1,277 $12,467 $6,905 $20,649 
Aluminum B&C $2,320 $11,754 $6,905 $20,979 

Difference -$1,044 $713 $0 -$330 

 
Sensitivity analysis shows that the expected value of a Monte Carlo analysis with 10% 

deviations on key parameters is smaller than the deterministic result. However, the expected 
effects of manufacturing learning will increase the advantage that steel has on aluminum from 
~$280-320 in 2020 to $400-600 in 2030.  

If an industry decision maker wants to build a light duty vehicle these data indicates that 
AHSS is economically favored over aluminum. This consideration may have factored into 
Tesla’s decision to switch from aluminum, which it used in its Models X and S to steel in the 
Model 3.  

 
Switching Costs 

 
A major aspect of this problem which is not captured by this analysis is switching costs. 

If an OEM already owns equipment compatible with a material, it will clearly be more costly to 
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reinvest in equipment. Total investment costs in the steel vehicle design were >$200 million. If 
equipment is already purchased and paid off, the real cost of manufacturing may decrease as 
much as $200.  

In addition, re-design and troubleshooting a new line is an extremely risky and costly 
process. Ford reported that it spent $1 billion in engineering and design in the years leading up to 
its switch from steel to aluminum in the body of the F-150 truck (Lippert, 2016). Re-design also 
implies new tools must be purchased, when in many cases stamping tools which were used in 
previously produced models can be re-used and the investment costs avoided if a redesign is not 
aggressive.  

Switching materials is also a challenging sell to the personnel who work in the 
organization. Momentum of supply chains and expertise gather around the details of how one 
material works. Former Ford CEO Mark Fields famously struggled to coax management to get 
behind the F-150 switch. 

The recommendation might best be amended to state that the relative cost saving of either 
steel or aluminum may not be worth the high cost of switching. It does happen to be the case that 
most OEMs and tier 1 suppliers are heavily invested in steel manufacturing equipment and 
expertise. In the information era, it is important to be reminded that technological lock-in can 
occur in any industry (Cowan, 1990). 

 
High Performance Vehicles 
 

The variation of desired range and the identification of a cost parity crossover at 310 
miles is also a significant consideration. While manufacturing learning in the next ten years will 
decrease the incentive to lightweight, increasing consumer demand for 300-500 mile ranged cars 
may outpace the rate of battery cost reduction. Surveys continue to find that range anxiety is a 
primary reason preventing people from buying electric vehicles.  

Even at the end of the battery learning curve, it remains the case that the lighter 
aluminum vehicle is more energy efficient, and the marginal cost of performance improvements 
such as range are less expensive. This might help to explain why high cost cars which are heavily 
invested in performance such as the Cadillac CTS, the Jaguar I-pace, and the Tesla models X and 
S are made with aluminum intensive body structures.  

 
A Role for Public Policy 
 

A nearly balanced economic analysis like the one between steel and aluminum body 
designs is an opportunity for low-cost policy to have an outsized impact.  

Polices that affect the price of steel and aluminum raw materials will affect the economic 
outcome in the automotive industry. The structure of the price levers is important, however. 
Tariffs on steel or aluminum or different levels of tariffs on both are not necessarily helpful 
because they raise the prices of materials, ultimately straining electric vehicle manufacturing and 
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other low margin industries, as well as threatening jobs and passing price increases on to 
consumers. Another way of affecting material prices is to change supply by providing capital to 
raw material producers. In 2016, the department of energy gave ALCOA, a prominent aluminum 
producer, a $259 million low interest loan to help them increase capacity at their Tennessee 
based smelting facility (Beene, 2015).  

Targeted R&D can either speed up battery learning, and/or aluminum learning. National 
labs and universities around the countries are already heavily investing in battery research. 
Industry-facing research organizations like Lightweight Innovations For Tomorrow (LIFT) are 
working to improve technical capability in many sectors but could be directed to target some 
industries as a matter of policy.  

Assuming that a reasonable policy could catalyze a favorable economic environment for 
either design choice, which should be picked by policy makers?  Which design represents a 
larger social benefit?  

Economically, continuing with steel would yield less job turnover and economic unrest. 
Environmentally, steel production is much less carbon intensive than aluminum. But the lighter 
aluminum car is more energy efficient on the road. An LCA conducted by World Auto Steel 
found that the production of aluminum required to produce a vehicle of the size discussed in this 
thesis would emit 2600 g/CO2 eq. more than the production of raw AHSS material. Assuming 
that the vehicle would be driven 250000 km (155,000 mi), aluminum designs would make up 
900 g/CO2 eq toward recovering the gap during the drive cycle will and can avert an additional 
1500 g/CO2 eq if recycled (Steel, 2017). This analysis suggests that an aluminum vehicle whose 
material is recycled at the end of life is has roughly equal life cycle emissions as a steel vehicle. 
Other LCA of comparing steel and aluminum automotive designs similarly find that steel and 
aluminum vehicle life cycles have roughly equal emissions (Ungureanu, Das, & Jawahir, 2007). 
This highlights the need for policy to consider LCA rather than fuel efficiency in environmental 
evaluations of new vehicles.  

The balance of carbon emissions from material and vehicle production and emissions 
from driving depend heavily on the assumptions about electricity sources. The World Auto Steel 
LCA discussed above assumes that aluminum production and drive cycles use the US-national 
average energy source mix. Future changes to the energy mix will decrease both the emissions 
from aluminum production and from the aluminum drive cycle, while these changes will only 
affect the drive cycle emissions of the steel vehicle, production of which involves less reliance 
on grid electricity.     

A separate matter that should be considered is that high criticality metals like cobalt in 
the battery are problematic because of the environmentally unfriendly and unsafe mining 
practices. Weighing the costs and benefits of these issues would be necessary to make the best 
decision about which body type to favor with policy.  
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Appendix 1: Key 
 
𝑇ÈÎÈx[ = Calculated cycle time 
𝑇�ÈÎÈx[	= Cycle time part specific override 
𝑇|ÈÎÈx[	= Cycle time equipment estimation 
𝑅�x¸Ì[  = Line rate part specific override 
𝑅|x¸Ì[	 = Line rate equipment estimation 
𝐻         = Number of weld actions 
𝑇|Ð[Zµ[[Ì = Estimate of the time between weld actions for a particular piece of weld equipment 
 
𝑇X[s   = Total time required for a process per year 
𝑉 	      = Effective process volume for process I per year 
𝑉}Xw~ = Intended production volume for the car 
𝑇|Ë[Z\}= Equipment specific set up time estimate 
𝑉|xwZ    = Equipment specific lot size estimate 
 
𝑇Ñ	               = Total annual time available 
𝑇Ë¶\Z~wµÌ			= Time that the line is shutdown during one day (this will depend on # of shifts) 
 𝑇ÒX[YÓ        = Time that the line is on break during one work day 
𝑇}xYÌÌ[~							= Time during one day allotted for planned maintenance 
𝑇\Ì}xYÌÌ[~		= Time during one day estimated spent on unplanned maintenance 
𝑁~YÎË		= Number of operating days per year 
𝐴                  = Percent of line allocated to the production of one part 
 
𝑃[s       = Equipment cost for one process for one part 
𝐼				 = Annual Interest 
𝐿[s = Lifetime of equipment purchased in years 
𝐶[̿s = Cost of one machine to be purchased 
𝐶̿%¸ÌËZYxx= Percent of machine cost assumed to be required for installation. 
𝐶̿%Y\Õ = Percent of machine cost assumed to be required for auxiliary equipment 
 
𝑃Zwwx = Tooling cost for one process for one part 
𝐿}Xw~ = Product lifetime 
𝐶Z̅wwx,\ = Cost of a tool override (if known for a specific part) 
𝐿|Zwwx,\ = Tool lifetime of a unique tool for making a part 
𝐶Z̿wwx,y = Assumed cost of a generic tool for a specified equipment type used for making all kinds 
of parts 
𝐿|Zwwx,y = Tool lifetime of a generic tool for a specified equipment type used for making all kinds 
of parts 
𝐶Z̿wwx,\ = Assumed cost of a unique tool for a specified equipment type used for making just one 
part 
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𝜉Zwwx,\ = Material tooling factor – used to adjust equipment specific tool cost estimates based on 
material  
 
𝑃Ò\¸x~ = Building cost for one process for one part 
𝐶Ës· = Assumed cost of one square meter of building space 
𝑆{̿xwwX = Space required for equipment footprint as well as safe use 
𝑃·Y¸ÌZ[ÌYÌÈ[ = Maintenance cost for one process for one part 
�̿�  = Assumed maintenance factor for a particular piece of equipment 
 
𝑃[Ì[XyÎ = Assumed energy factor for a particular piece of equipment 
𝐶×  = Cost of electricity per kW-hr 
𝐻  = Number of actions for one process for one part 
𝐸  = Power required for operation of a specified piece of equipment 
 
𝑊 = Number of direct workers required for one process for one part 
𝑊M  = Estimate of number of workers required to operate a piece of equipment 
𝑊R  = Number of workers part specific override for one process of one part  
𝜂 = Visibility factor:  𝜂 = 1.5 if part is visible, 𝜂 = 1 if part is not visible. 
𝑃xYÒwX = Direct labor cost for one process for one part 
𝐶µYy[ = Assumed wage of a union worker in an OEM  
𝑇ËYxYXÎ	= Annual paid time 
𝛾 = Factor which decreases the wage of a worker if they are non-union, non-OEM.  
 
ΩMµwXÓ[X	= Assumed number of indirect workers per direct worker 
ΩMx¸Ì[	   = Assumed number of indirect workers per equipment line not scaling with number of 

direct workers 
𝐶µYy[,Û	= Assumed wage of an overhead worker  
 
𝑃}Xw	·YZ = Cost of consumable process material for one process for one part 
𝑄|   = Volumetric quantity of consumable process material used to make a certain area 

of part 
𝐶·YZ  = Cost of a volume of process material  
𝑤¸  = Weight of blank i 
𝑡¸  = Thick of blank i 
𝐷·YZ  = Density of material 
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Appendix 2: Material Data  
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Appendix 3 Manufacturing Process Breakdown and Parts List: 
 
In Figure 25 we can see that the hot-stamped parts are more expensive per kilogram and per part 
while roll-formed parts are less expensive per kilogram and per part than cold stamped parts. 
Figure 26 shows the same breakdown for the aluminum comparator. 

 
Figure 25: Breakdown of the FSV vehicle design by part manufacturing process type. In the steel design, parts are either 

stamped, hot stamped, or rollformed.  

 
Figure 26: Breakdown of manufacturing process type in the aluminum comparator. 
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Steel Parts List        (EDAG, 2011)  

Part Name Group Process 
Classification 

 
Final 
Part 

Weight 

Number 
of 

Blanks 
Blank Material Cost / 

Part  

Roof Rail Inner Rear RH FSV Body Hot Stamping 0.372 1 HF 1050/1500 
(22MnB5) $4.56  

Roof Rail Inner Rear LH FSV Body Hot Stamping 0.372 1 HF 1050/1500 
(22MnB5) $4.56  

Roof Rail Reinf RH FSV Body Hot Stamping 2.049 1 HF 1050/1500 
(22MnB5) $18.10  

Roof Rail Reinf LH FSV Body Hot Stamping 2.049 1 HF 1050/1500 
(22MnB5) $18.10  

Shotgun Inner RH FSV Body Hot Stamping 2.149 3 HF 1050/1500 
(22MnB5) $10.90  

Shotgun Inner LH FSV Body Hot Stamping 2.149 3 HF 1050/1500 
(22MnB5) $10.90  

Roof Rail Inr Frt RH FSV Body Hot Stamping 1.171 2 HF 1050/1500 
(22MnB5) $7.69  

Roof Rail Inr Frt LH FSV Body Hot Stamping 1.171 2 HF 1050/1500 
(22MnB5) $7.69  

B-Pillar Reinf RH FSV Body Hot Stamping 1.491 3 HF 1050/1500 
(22MnB5) $9.47  

B-Pillar Reinf LH FSV Body Hot Stamping 1.491 3 HF 1050/1500 
(22MnB5) $9.47  

B-Pillar Inner RH FSV Body Hot Stamping 1.491 4 HF 1050/1500 
(22MnB5) $11.29  

B-Pillar Inner LH FSV Body Hot Stamping 1.491 4 HF 1050/1500 
(22MnB5) $11.29  

Shotgun Outer RH FSV Body Hot Stamping 2.088 3 HF 1050/1500 
(22MnB5) $10.75  

Shotgun Outer LH FSV Body Hot Stamping 2.088 3 HF 1050/1500 
(22MnB5) $10.75  

Door Beam Lower RH Front Door Hot Stamping 0.5099 1 MS 1250/1500 $6.23  

Door Beam Lower LH Front Door Hot Stamping 0.5099 1 MS 1250/1500 $6.23  

Door Beam Upper LH (rear) Rear Door Hot Stamping 0.525 1 MS 1250/1500 $8.49  

Door Beam Upper RH (rear) Rear Door Hot Stamping 0.525 1 MS 1250/1500 $8.49  

Bulkhead Lower  - Tunnel FSV Body Stamping 0.679 1 DP 700/1000 $2.93  

Bulkhead Upper - Tunnel FSV Body Stamping 0.543 1 DP 700/1000 $2.30  

Panel - Tunnel Side RH FSV Body Stamping 2.342 1 BH 280/400 $4.91  

Panel - Tunnel Side LH FSV Body Stamping 2.342 1 BH 280/400 $4.75  

Reinf - Tunnel Top FSV Body Stamping 1.713 1 BH 280/400 $3.79  

Tunnel Rail Bulkhead RH FSV Body Stamping 0.381 1 DP 500/800 $1.46  

Tunnel Rail Bulkhead LH FSV Body Stamping 0.381 1 DP 500/800 $1.46  

Heel Board FSV Body Stamping 1.603 1 BH 210/340 $3.92  

Seat Pan Rear FSV Body Stamping 2.919 1 BH 210/340 $6.97  
Panel Seat Side- RH FSV Body Stamping 0.359 1 DP 700/1000 $1.86  
Panel Seat Side- LH FSV Body Stamping 0.359 1 DP 700/1000 $1.83  
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Mounting Plate - Crush Can 
Rear RH FSV Body Stamping 0.132 1 DP 500/800 $1.43  

Mounting Plate - Crush Can 
Rear LH FSV Body Stamping 0.132 1 DP 500/800 $1.33  

Cross-Mbr Battery-Susp FSV Body Stamping 2.944 1 CP 800/1000 $9.13  
Rear Cargo Box FSV Body Stamping 1.326 1 Mild 140/270 $3.23  

Rear Suspension Brkt RH FSV Body Stamping 0.342 1 CP 800/1000 $2.03  
Rear Suspension Brkt LH FSV Body Stamping 0.342 1 CP 800/1000 $2.01  

Rear Gusset RH FSV Body Stamping 0.465 1 BH 210/340 $2.85  
Rear Gusset LH FSV Body Stamping 0.465 1 BH 210/340 $2.29  

Rail - Side to Side FSV Body Stamping 1.074 1 DP 500/800 $4.29  
Rail Extension - Tunnel RH FSV Body Stamping 2.201 1 DP 700/1000 $6.42  
Rail Extension - Tunnel LH FSV Body Stamping 2.201 1 DP 700/1000 $5.57  
Battery Close Off Otr RH FSV Body Stamping 0.805 1 BH 210/340 $3.46  
Battery Close Off Otr LH FSV Body Stamping 0.805 1 BH 210/340 $3.46  
Battery Close Off Inr RH FSV Body Stamping 1.195 1 BH 210/340 $3.68  
Battery Close Off Inr LH FSV Body Stamping 1.195 1 BH 210/340 $3.68  
Pnl Rear Liftgate Lower FSV Body Stamping 1.866 1 BH 210/340 $5.05  

Pnl - Rear Liftgate Lower Inr 
RH FSV Body Stamping 0.585 1 BH 210/340 $3.01  

Pnl - Rear Liftgate Lower Inr 
LH FSV Body Stamping 0.585 1 BH 210/340 $3.01  

Back Panel Outboard - RH FSV Body Stamping 0.577 1 BH 210/340 $3.33  
Back Panel Outboard LH FSV Body Stamping 0.577 1 BH 210/340 $3.33  

Back Panel - Lower FSV Body Stamping 1.405 1 BH 210/340 $4.06  
Mount Rear Shock RH FSV Body Stamping 0.566 1 DP 500/800 $3.32  
Mount Rear Shock LH FSV Body Stamping 0.566 1 DP 500/800 $3.44  
Reinf Rear Shock RH FSV Body Stamping 0.176 1 DP 500/800 $1.80  
Reinf Rear Shock LH FSV Body Stamping 0.176 1 DP 500/800 $1.92  

Mount - Trailing Arm RH FSV Body Stamping 0.37 1 DP 500/800 $2.40  
Mount - Trailing Arm LH FSV Body Stamping 0.37 1 DP 500/800 $2.52  

Dash - Toe Pan FSV Body Stamping 2.839 1 BH 280/400 $6.63  
Mounting Plate - Crush Can 

Front RH FSV Body Stamping 0.121 1 DP 500/800 $1.33  

Mounting Plate - Crush Can 
Front LH FSV Body Stamping 0.121 1 DP 500/800 $1.31  

Closeout - Lower Rail RH FSV Body Stamping 0.309 1 DP 700/1000 $2.25  
Closeout - Lower Rail LH FSV Body Stamping 0.309 1 DP 700/1000 $2.25  

Closeout - Upper Rail FSV Body Stamping 0.616 1 DP 700/1000 $3.52  
Shock Tower Front RH FSV Body Stamping 1.457 1 TWIP 500/980 $5.78  
Shock Tower Front LH FSV Body Stamping 1.457 1 TWIP 500/980 $5.78  

Shotgun Brace RH FSV Body Stamping 0.206 1 BH 210/340 $2.34  
Shotgun Brace LH FSV Body Stamping 0.206 1 BH 210/340 $2.38  
FBHP Inner RH FSV Body Stamping 1.667 1 DP 500/800 $5.60  
FBHP Inner LH FSV Body Stamping 1.667 1 DP 500/800 $5.60  

Panel - Wheel House Outer 
RH FSV Body Stamping 1.732 1 DP 500/800 $9.14  

Panel - Wheel House Outer 
LH FSV Body Stamping 1.732 1 DP 500/800 $8.09  

C-Pillar Inner RH FSV Body Stamping 1.428 1 DP 500/800 $5.32  
C-Pillar Inner LH FSV Body Stamping 1.428 1 DP 500/800 $4.47  

Bracket - Roof Bow to Roof 
Rail RH FSV Body Stamping 0.254 1 BH 210/340 $2.39  
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Bracket - Roof Bow to Roof 
Rail LH FSV Body Stamping 0.254 1 BH 210/340 $1.87  

Bracket - Roof Rail to 
Header RH FSV Body Stamping 0.103 1 BH 210/340 $2.09  

Bracket - Roof Rail to 
Header LH FSV Body Stamping 0.103 1 BH 210/340 $1.63  

Rocker Cap RH FSV Body Stamping 0.244 1 BH 210/340 $2.11  

Rocker Cap LH FSV Body Stamping 0.244 1 BH 210/340 $2.11  

Panel - Gutter Rear RH FSV Body Stamping 0.795 1 BH 210/340 $3.06  

Panel - Gutter Rear LH FSV Body Stamping 0.795 1 BH 210/340 $2.36  

Panel Rear Quarter Lower 
RH FSV Body Stamping 0.198 1 BH 210/340 $1.92  

Panel Rear Quarter Lower 
LH FSV Body Stamping 0.198 1 BH 210/340 $1.92  

Rear Header FSV Body Stamping 1.662 1 BH 210/340 $4.25  
Roof Support RH FSV Body Stamping 0.463 1 Mild 140/270 $2.09  

Roof Support LH FSV Body Stamping 0.463 1 Mild 140/270 $1.58  

Roof Panel FSV Body Stamping 9.011 1 DP 350/600 $17.12  
Rear Cargo Box Side RH FSV Body Stamping 0.611 1 Mild 140/270 $2.60  
Rear Cargo Box Side LH FSV Body Stamping 0.611 1 Mild 140/270 $2.60  
Reinf Shock Tower Front 

RH FSV Body Stamping 0.691 1 TWIP 500/980 $4.65  

Reinf Shock Tower Front LH FSV Body Stamping 0.691 1 TWIP 500/980 $4.63  

Panel Tunnel Top FSV Body Stamping 3.067 1 DP 1150/1270 $7.88  

Reinf - FBHP RH FSV Body Stamping 0.453 1 DP 700/1000 $2.41  

Reinf - FBHP LH FSV Body Stamping 0.453 1 DP 700/1000 $2.41  
Rocker Filler Front RH FSV Body Stamping 0.199 1 BH 210/340 $1.77  
Rocker Filler Front LH FSV Body Stamping 0.199 1 BH 210/340 $1.77  

Floor Front RH FSV Body Stamping 4.61 2 DP 300/500 $15.46  
Floor Front LH FSV Body Stamping 4.61 2 DP 300/500 $15.46  

Frame Rail - Reinf RR RH FSV Body Stamping 1.555 3 CP 1000/1200 $7.71  
Frame Rail - Reinf RR LH FSV Body Stamping 1.555 3 CP 1000/1200 $7.71  

Frame Rail - Outer Rear RH FSV Body Stamping 1.037 3 HSLA 350/450 $6.14  
Frame Rail - Outer Rear LH FSV Body Stamping 1.037 3 HSLA 350/450 $5.42  

Frame Rail - Inr Rear RH FSV Body Stamping 2.635 4 HSLA 350/450 $11.13  
Frame Rail - Inr Rear LH FSV Body Stamping 2.635 4 HSLA 350/450 $11.13  

Front Rail Lower RH FSV Body Stamping 5.998 4 TRIP 600/980 $24.57  
Front Rail Lower LH FSV Body Stamping 5.998 4 TRIP 600/980 $23.61  

Front Rail - Upper FSV Body Stamping 5.743 5 TRIP 600/980 $26.14  
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Body Side Outer RH FSV Body Stamping 10.928 3 BH 210/340 $36.89  
Body Side Outer LH FSV Body Stamping 10.928 3 BH 210/340 $36.89  

Wheelhouse Inner RH FSV Body Stamping 2.58 2 BH 210/340 $7.25  

Wheelhouse Inner LH FSV Body Stamping 2.58 2 BH 210/340 $6.32  

Cowl Upper FSV Body Stamping 2.268 3 BH 210/340 $6.98  
Cowl Lower FSV Body Stamping 1.494 3 BH 210/340 $5.99  

Rear Header Reinf FSV Body Stamping 3.775 3 BH 210/340 $10.19  
Crossmember Cradle Frt 

Lower Suspension Stamping 1.017 1 Mild 140/270 $3.84  

Crossmember Cradle Frt Upr Suspension Stamping 1.806 1 Mild 140/270 $5.45  
Crossmember Cradle RR 

Lower Suspension Stamping 1.055 1 Mild 140/270 $3.50  

Crossmember Cradle RR Upr Suspension Stamping 1.209 1 Mild 140/270 $3.10  
Bracket Lower Control Arm Suspension Stamping 0.256 1 BH 280/400 $1.08  

Bracket Radiator Mount Suspension Stamping 0.065 1 Mild 140/270 $0.99  
Bracket Cradle Mount LH Suspension Stamping 0.494 1 Mild 140/270 $1.94  
Bracket Cradle Mount RH Suspension Stamping 0.494 1 Mild 140/270 $1.94  

LCA Connecting Arm LH Suspension Stamping 0.451 1 BH 280/400 $2.42  

LCA Connecting Arm RH Suspension Stamping 0.451 1 BH 280/400 $2.42  

Panel Door Front Outer RH Front Door Stamping 4.909 1 BH 260/370 $9.40  

Panel Door Front Outer LH Front Door Stamping 4.909 1 BH 260/370 $9.40  

Panel Door Front Inner RH Front Door Stamping 4.14254
9 2 HSLA 350/450 $13.72  

Panel Door Front Inner LH Front Door Stamping 4.14254
9 2 HSLA 350/450 $13.72  

Reinf Waist Line Inner RH Front Door Stamping 0.416 1 BH 210/340 $1.46  

Reinf Waist Line Inner LH Front Door Stamping 0.416 1 BH 210/340 $1.46  

Reinf Waist Line Outer RH Front Door Stamping 0.54183
5 1 BH 210/340 $1.57  

Reinf Waist Line Outer LH Front Door Stamping 0.54183
5 1 BH 210/340 $1.57  

Reinf Door Lock RH Front Door Stamping 0.028 1 HSLA 350/450 $0.67  

Reinf Door Lock LH Front Door Stamping 0.028 1 HSLA 350/450 $0.67  

Door Beam Upper RH Front Door Stamping 0.75196
4054 1 HSLA 350/450 $3.12  

Door Beam Upper LH Front Door Stamping 0.75196
4054 1 HSLA 350/450 $3.12  

Panel Door Rear LH Rear Door Stamping 3.329 1 BH 210/340 $6.86  

Panel Door Rear RH Rear Door Stamping 3.329 1 BH 210/340 $6.86  

Panel Door Inner LH (rear) Rear Door Stamping 3.5 1 BH 210/340 $8.26  

Panel Door Inner RH (rear) Rear Door Stamping 3.5 1 BH 210/340 $8.26  
Reinf Waist Line Inner LH 

(rear) Rear Door Stamping 0.215 1 BH 210/340 $1.24  

Reinf Waist Line Inner RH 
(rear) Rear Door Stamping 0.215 1 BH 210/340 $1.24  
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Reinf Waitline Line Outer 
LH (rear) Rear Door Stamping 0.323 1 BH 210/340 $1.37  

Reinf Waitline Line Outer 
RH (rear) Rear Door Stamping 0.323 1 BH 210/340 $0.38  

Panel Liftgate Outer Lift Gate Stamping 4.944 1 BH 260/370 $14.81  

Panel Liftgate Inner Lift Gate Stamping 6.631 1 BH 210/340 $13.70  

Reinf Liftgate Hinge Lh Lift Gate Stamping 0.242 1 BH 210/340 $1.45  

Reinf Liftgate Hinge Rh Lift Gate Stamping 0.242 1 BH 210/340 $1.45  

Reinf Liftgate Latch Lift Gate Stamping 0.188 1 BH 210/340 $1.12  

Panel Front Hood Outer Hood Stamping 3.329 1 BH 260/370 $11.41  

Panel Front Hood Inner Hood Stamping 3.5 1 BH 210/340 $11.72  

Reinf Panel Hood Front Hood Stamping 0.278 1 BH 210/340 $1.73  

Reinf Hinge RH Hood Stamping 0.323 1 BH 210/340 $1.93  

Reinf Hinge LH Hood Stamping 0.323 1 BH 210/340 $1.93  

Reinf Latch Hood Stamping 0.083 1 HSLA 350/450 $0.84  

Roof Bow FSV Body Rollforming 0.941 1 BH 210/340 $1.34  

Header - Roof Front FSV Body Rollforming 1.131 1 BH 210/340 $1.50  
Crossmember - Front Seat 

RH Front FSV Body Rollforming 0.542 1 MS 950/1200 $1.31  

Crossmember - Front Seat 
LH Front FSV Body Rollforming 0.542 1 MS 950/1200 $1.28  

Crossmember - Front Seat 
RH Rear FSV Body Rollforming 0.688 1 MS 950/1200 $1.49  

Crossmember - Front Seat 
LH Rear FSV Body Rollforming 0.688 1 MS 950/1200 $1.46  

A-Pillar Brace LH FSV Body Rollforming 0.695 1 HSLA 350/450 $3.12  

A-Pillar Brace RH FSV Body Rollforming 0.695 1 HSLA 350/450 $3.12  

Rocker RH FSV Body Rollforming 6.032 1 CP 1050/1470 $13.07  

Rocker LH FSV Body Rollforming 6.032 1 CP 1050/1470 $13.07  

Door Frame Upper Front LH Rear Door Rollforming 0.477 1 Mild 140/270 $1.22  

Door Frame Upper Front RH Rear Door Rollforming 0.48 1 Mild 140/270 $1.22  

Door Frame Upper Rear LH Rear Door Rollforming 0.418 1 Mild 140/270 $1.22  

Door Frame Upper Rear RH Rear Door Rollforming 0.418 1 Mild 140/270 $1.22  

Door Frame Upper LH Rear Door Rollforming 0.807 1 Mild 140/270 $1.59  

Door Frame Upper RH Rear Door Rollforming 0.807 1 Mild 140/270 $1.59  

Bushing Body Mount Suspension Stamping 0.212 1 Mild 140/270 $0.81  
Lower Control Arm Mtg 

Tube Suspension Rollforming 0.105 1 Mild 140/270 $0.71  

LCA Connecting Post Suspension Rollforming 0.052 1 BH 210/340 $0.70  

Frame Engine Cradle LH Suspension Tube 
Hydroforming 1.553 1 BH 260/370 $7.18  

Frame Engine Cradle RH Suspension Tube 
Hydroforming 1.553 1 BH 260/370 $7.18  

Lower Control Arm Tube 
LH Suspension Tube 

Hydroforming 1.176 1 BH 260/370 $6.53  
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Lower Control Arm Tube 
RH Suspension Tube 

Hydroforming 1.176 1 BH 260/370 $6.53  

Rear Trailing Arm RH Suspension Tube 
Hydroforming 1.682 1 BH 260/370 $7.16  

Rear Trailing Arm LH Suspension Tube 
Hydroforming 1.682 1 BH 260/370 $7.16  

Twist Beam Suspension Tube 
Hydroforming 1.806 1 Mild 140/270 $8.32  

Latch Lock Bar Hood Bending 0.1 1 Mild 140/270 $0.43  
RR Trailing Arm Hub Mtg 

RH Suspension Iron Die Casting 5.206 1 Ductile Cast Iron 
376/552 $10.50  

Upper suspension Link Suspension Stock 0.53 1 BH 280/400 $0.82  

Suspension Link End Suspension Stock 0.047 1 Mild 140/270 $0.21  

Lower Suspension Link Suspension Stock 0.692 1 BH 280/400 $1.01  

Suspension Link End Suspension Stock 0.047 1 Mild 140/270 $0.21  
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Aluminum Parts List   

Part Name Group Process 
Classification 

Final Part 
Weight 

Number 
of Blanks Blank Material Cost/ 

Part 
Roof Rail Inner Rear RH Al Body Hot Stamping 0.28644 1 Al 5754 $5.25  

Roof Rail Inner Rear LH Al Body Hot Stamping 0.28644 1 Al 5754 $5.25  

Roof Rail Reinf RH Al Body Hot Stamping 1.57773 1 Al 5754 $24.83  

Roof Rail Reinf LH Al Body Hot Stamping 1.57773 1 Al 5754 $24.83  

Shotgun Inner RH Al Body Stamping 1.65473 3 Al 5754 $14.61  

Shotgun Inner LH Al Body Stamping 1.65473 3 Al 5754 $14.61  

Roof Rail Inr Frt RH Al Body Hot Stamping 0.90167 2 Al 5754 $10.28  

Roof Rail Inr Frt LH Al Body Hot Stamping 0.90167 2 Al 5754 $10.28  

B-Pillar Reinf RH Al Body Hot Stamping 1.491 3 HF 1050/1500 
(22MnB5) $11.99  

B-Pillar Reinf LH Al Body Hot Stamping 1.491 3 HF 1050/1500 
(22MnB5) $13.91  

B-Pillar Inner RH Al Body Hot Stamping 1.491 4 HF 1050/1500 
(22MnB5) $16.94  

B-Pillar Inner LH Al Body Hot Stamping 1.491 4 HF 1050/1500 
(22MnB5) $16.42  

Shotgun Outer RH Al Body Stamping 1.60776 3 Al 5754 $14.41  

Shotgun Outer LH Al Body Stamping 1.60776 3 Al 5754 $14.59  

Door Beam Lower RH Al Front 
Door Hot Stamping 0.382425 1 Al 5754 $7.38  

Door Beam Lower LH Al Front 
Door Hot Stamping 0.382425 1 Al 5754 $7.38  

Door Beam Upper LH (rear) Al Rear 
Door Hot Stamping 0.39375 1 Al 5754 $9.56  

Door Beam Upper RH (rear) Al Rear 
Door Hot Stamping 0.39375 1 Al 5754 $9.56  

Bulkhead Lower  - Tunnel Al Body Stamping 0.52283 1 Al 5754 $4.76  

Bulkhead Upper - Tunnel Al Body Stamping 0.41811 1 Al 5754 $3.87  

Panel - Tunnel Side RH Al Body Stamping 1.80334 1 Al 6111 $12.99  

Panel - Tunnel Side LH Al Body Stamping 1.80334 1 Al 6111 $12.81  

Reinf - Tunnel Top Al Body Stamping 1.31901 1 Al 6111 $9.79  

Tunnel Rail Bulkhead RH Al Body Stamping 0.29337 1 Al 6111 $2.89  

Tunnel Rail Bulkhead LH Al Body Stamping 0.29337 1 Al 6111 $2.89  

Heel Board Al Body Stamping 1.23431 1 Al 6111 $10.66  

Seat Pan Rear Al Body Stamping 2.24763 1 Al 6111 $19.57  

Panel Seat Side- RH Al Body Stamping 0.27643 1 Al 6111 $3.48  

Panel Seat Side- LH Al Body Stamping 0.27643 1 Al 6111 $3.45  
Mounting Plate - Crush Can 

Rear RH Al Body Stamping 0.10164 1 Al 5754 $2.27  

Mounting Plate - Crush Can 
Rear LH Al Body Stamping 0.10164 1 Al 5754 $2.16  

Cross-Mbr Battery-Susp Al Body Stamping 2.26688 1 Al 5754 $16.66  
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Rear Cargo Box Al Body Stamping 1.02102 1 Al 6111 $8.05  

Rear Suspension Brkt RH Al Body Stamping 0.26334 1 Al 5754 $3.36  

Rear Suspension Brkt LH Al Body Stamping 0.26334 1 Al 5754 $3.33  

Rear Gusset RH Al Body Stamping 0.35805 1 Al 6111 $5.72  

Rear Gusset LH Al Body Stamping 0.35805 1 Al 6111 $5.07  

Rail - Side to Side Al Body Stamping 0.82698 1 Al 5754 $7.53  

Rail Extension - Tunnel RH Al Body Stamping 1.69477 1 Al 5754 $11.84  

Rail Extension - Tunnel LH Al Body Stamping 1.69477 1 Al 5754 $10.94  

Battery Close Off Otr RH Al Body Stamping 0.61985 1 Al 6111 $7.40  

Battery Close Off Otr LH Al Body Stamping 0.61985 1 Al 6111 $7.40  

Battery Close Off Inr RH Al Body Stamping 0.92015 1 Al 6111 $8.45  

Battery Close Off Inr LH Al Body Stamping 0.92015 1 Al 6111 $8.45  

Pnl Rear Liftgate Lower Al Body Stamping 1.43682 1 Al 6111 $12.08  
Pnl - Rear Liftgate Lower 

Inr RH Al Body Stamping 0.45045 1 Al 6111 $6.46  

Pnl - Rear Liftgate Lower 
Inr LH Al Body Stamping 0.45045 1 Al 6111 $6.46  

Back Panel Outboard - RH Al Body Stamping 0.44429 1 Al 6111 $7.00  

Back Panel Outboard LH Al Body Stamping 0.44429 1 Al 6111 $7.00  

Back Panel - Lower Al Body Stamping 1.08185 1 Al 5754 $8.92  

Mount Rear Shock RH Al Body Stamping 0.43582 1 Al 5754 $5.93  

Mount Rear Shock LH Al Body Stamping 0.43582 1 Al 5754 $6.06  

Reinf Rear Shock RH Al Body Stamping 0.13552 1 Al 5754 $2.96  

Reinf Rear Shock LH Al Body Stamping 0.13552 1 Al 5754 $3.09  

Mount - Trailing Arm RH Al Body Stamping 0.2849 1 Al 5754 $4.24  

Mount - Trailing Arm LH Al Body Stamping 0.2849 1 Al 5754 $4.37  

Dash - Toe Pan Al Body Stamping 2.18603 1 Al 6111 $17.06  
Mounting Plate - Crush Can 

Front RH Al Body Stamping 0.09317 1 Al 5754 $2.18  

Mounting Plate - Crush Can 
Front LH Al Body Stamping 0.09317 1 Al 5754 $2.16  

Rear Frame Rail Casting RH Al Body Die Casting 0.851835
6 1 A356 $14.09  

Rear Frame Rail Casting RH Al Body Die Casting 0.851835
6 1 A356 $14.09  

Closeout - Upper Rail Al Body Stamping 0.47432 1 Al 5754 $6.03  

Shock Tower Front RH Al Body Die Casting 1.12189 1 A356 $15.41  

Shock Tower Front LH Al Body Die Casting 1.12189 1 A356 $15.41  

Shotgun Brace RH Al Body Stamping 0.15862 1 Al 5754 $3.79  

Shotgun Brace LH Al Body Stamping 0.15862 1 Al 5754 $3.84  

FBHP Inner RH Al Body Stamping 1.28359 1 Al 6111 $12.12  

FBHP Inner LH Al Body Stamping 1.28359 1 Al 6111 $12.12  
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Panel - Wheel House Outer 
RH Al Body Stamping 1.33364 1 Al 6111 $18.87  

Panel - Wheel House Outer 
LH Al Body Stamping 1.33364 1 Al 6111 $17.76  

C-Pillar Inner RH Al Body Stamping 1.09956 1 Al 5754 $9.55  

C-Pillar Inner LH Al Body Stamping 1.09956 1 Al 5754 $8.66  
Bracket - Roof Bow to Roof 

Rail RH Al Body Stamping 0.19558 1 Al 5754 $3.95  

Bracket - Roof Bow to Roof 
Rail LH Al Body Stamping 0.19558 1 Al 5754 $3.34  

Bracket - Roof Rail to 
Header RH Al Body Stamping 0.07931 1 Al 5754 $3.16  

Bracket - Roof Rail to 
Header LH Al Body Stamping 0.07931 1 Al 5754 $2.63  

Rocker Cap RH Al Body Stamping 0.18788 1 Al 5754 $3.61  

Rocker Cap LH Al Body Stamping 0.18788 1 Al 5754 $3.61  

Panel - Gutter Rear RH Al Body Stamping 0.61215 1 Al 6111 $7.22  

Panel - Gutter Rear LH Al Body Stamping 0.61215 1 Al 6111 $6.42  
Panel Rear Quarter Lower 

RH Al Body Stamping 0.15246 1 Al 6111 $3.72  

Panel Rear Quarter Lower 
LH Al Body Stamping 0.15246 1 Al 6111 $3.72  

Rear Header Al Body Stamping 1.27974 1 Al 6111 $11.00  

Roof Support RH Al Body Stamping 0.35651 1 Al 5754 $4.10  

Roof Support LH Al Body Stamping 0.35651 1 Al 5754 $3.49  

Roof Panel Al Body Stamping 6.93847 1 Al 6111 $39.77  

Rear Cargo Box Side RH Al Body Stamping 0.47047 1 Al 6111 $5.56  

Rear Cargo Box Side LH Al Body Stamping 0.47047 1 Al 6111 $5.56  

Cast Front Rail Lower LH Al Body Die Casting 3.652687
5 1 A356 $24.39  

Cast Front Rail Lower RH Al Body Die Casting 3.652687
5 1 A356 $24.39  

Panel Tunnel Top Al Body Stamping 2.36159 1 Al 6111 $17.32  

Reinf - FBHP RH Al Body Stamping 0.34881 1 Al 6111 $4.41  

Reinf - FBHP LH Al Body Stamping 0.34881 1 Al 6111 $4.41  

Rocker Filler Front RH Al Body Stamping 0.15323 1 Al 6111 $2.97  

Rocker Filler Front LH Al Body Stamping 0.15323 1 Al 6111 $2.97  

Floor Front RH Al Body Stamping 3.5497 2 Al 6111 $33.48  

Floor Front LH Al Body Stamping 3.5497 2 Al 6111 $33.48  

Frame Rail - Reinf RR RH Al Body Stamping 1.19735 3 Al 6111 $14.64  

Frame Rail - Reinf RR LH Al Body Stamping 1.19735 3 Al 6111 $14.64  

Frame Rail - Outer Rear RH Al Body Stamping 0.79849 3 Al 6111 $10.76  

Frame Rail - Outer Rear LH Al Body Stamping 0.79849 3 Al 6111 $9.92  

Frame Rail - Inr Rear RH Al Body Stamping 1.176344
4 4 Al 6111 $11.87  

Frame Rail - Inr Rear LH Al Body Stamping 1.176344
4 4 Al 6111 $11.87  
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Front Rail Lower RH Al Body Extrusion 1.912264
2 4 6061-T6 $11.50  

Front Rail Lower LH Al Body Extrusion 1.912264
2 4 6061-T6 $11.50  

Front Rail - Upper Al Body Stamping 3.004986
6 5 Al 6111 $27.64  

Body Side Outer RH Al Body Stamping 8.41456 3 Al 6111 $82.00  

Body Side Outer LH Al Body Stamping 8.41456 3 Al 6111 $82.00  

Wheelhouse Inner RH Al Body Stamping 1.9866 2 Al 6111 $17.46  

Wheelhouse Inner LH Al Body Stamping 1.9866 2 Al 6111 $16.40  

Cowl Upper Al Body Stamping 1.74636 3 Al 6111 $16.18  

Cowl Lower Al Body Stamping 1.15038 3 Al 6111 $12.86  

Rear Header Reinf Al Body Stamping 2.90675 3 Al 5754 $24.17  

Panel Door Front Outer RH Al Front 
Door Stamping 3.68175 1 Al 6111 $24.02  

Panel Door Front Outer LH Al Front 
Door Stamping 3.68175 1 Al 6111 $24.02  

Panel Door Front Inner RH Al Front 
Door Stamping 3.106911

75 2 Al 6111 $31.77  

Panel Door Front Inner LH Al Front 
Door Stamping 3.106911

75 2 Al 6111 $31.77  

Reinf Waist Line Inner RH Al Front 
Door Stamping 0.312 1 Al 6111 $2.82  

Reinf Waist Line Inner LH Al Front 
Door Stamping 0.312 1 Al 6111 $2.82  

Reinf Waist Line Outer RH Al Front 
Door Stamping 0.406376

25 1 Al 6111 $3.23  

Reinf Waist Line Outer LH Al Front 
Door Stamping 0.406376

25 1 Al 6111 $3.23  

Reinf Door Lock RH Al Front 
Door Stamping 0.021 1 Al 6111 $1.03  

Reinf Door Lock LH Al Front 
Door Stamping 0.021 1 Al 6111 $1.03  

Door Beam Upper RH Al Front 
Door Stamping 0.563973

041 1 Al 5754 $5.89  

Door Beam Upper LH Al Front 
Door Stamping 0.563973

041 1 Al 5754 $5.89  

Panel Door Rear LH Al Rear 
Door Stamping 2.49675 1 Al 6111 $18.42  

Panel Door Rear RH Al Rear 
Door Stamping 2.49675 1 Al 6111 $18.42  

Panel Door Inner LH (rear) Al Rear 
Door Stamping 2.625 1 Al 6111 $22.83  

Panel Door Inner RH (rear) Al Rear 
Door Stamping 2.625 1 Al 6111 $22.83  

Reinf Waist Line Inner LH 
(rear) 

Al Rear 
Door Stamping 0.16125 1 Al 6111 $2.16  

Reinf Waist Line Inner RH 
(rear) 

Al Rear 
Door Stamping 0.16125 1 Al 6111 $2.16  

Reinf Waitline Line Outer 
LH (rear) 

Al Rear 
Door Stamping 0.24225 1 Al 6111 $2.60  

Reinf Waitline Line Outer 
RH (rear) 

Al Rear 
Door Stamping 0.24225 1 Al 6111 $1.39  

Panel Liftgate Outer Al Lift Gate Stamping 4.10352 1 Al 6111 $41.37  
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Panel Liftgate Inner Al Lift Gate Stamping 5.50373 1 Al 6111 $45.37  

Reinf Liftgate Hinge Lh Al Lift Gate Stamping 0.20086 1 Al 5754 $2.42  

Reinf Liftgate Hinge Rh Al Lift Gate Stamping 0.20086 1 Al 5754 $2.42  

Reinf Liftgate Latch Al Lift Gate Stamping 0.15604 1 Al 5754 $1.96  

Panel Front Hood Outer Al Hood Stamping 2.16385 1 Al 6111 $24.98  

Panel Front Hood Inner Al Hood Stamping 2.275 1 Al 6111 $29.63  

Reinf Panel Hood Front Al Hood Stamping 0.1807 1 Al 6111 $2.88  

Reinf Hinge RH Al Hood Stamping 0.20995 1 Al 5754 $2.89  

Reinf Hinge LH Al Hood Stamping 0.20995 1 Al 5754 $2.89  

Reinf Latch Al Hood Stamping 0.05395 1 Al 5754 $1.25  

Roof Bow Al Body Extrusion 0.72457 1 6061-T6 $6.58  

Header - Roof Front Al Body Extrusion 0.87087 1 6061-T6 $5.65  
Crossmember - Front Seat 

RH Front Al Body Extrusion 0.41734 1 6061-T6 $3.19  

Crossmember - Front Seat 
LH Front Al Body Extrusion 0.41734 1 6061-T6 $3.19  

Crossmember - Front Seat 
RH Rear Al Body Extrusion 0.52976 1 6061-T6 $3.56  

Crossmember - Front Seat 
LH Rear Al Body Extrusion 0.52976 1 6061-T6 $3.56  

A-Pillar Brace LH Al Body Extrusion 0.53515 1 6061-T6 $3.65  

A-Pillar Brace RH Al Body Extrusion 0.53515 1 6061-T6 $3.65  

Rocker RH Al Body Extrusion 4.64464 1 6061-T6 $24.32  

Rocker LH Al Body Extrusion 4.64464 1 6061-T6 $24.32  

Door Frame Upper Front LH Al Rear 
Door Extrusion 0.35775 1 6061-T6 $2.72  

Door Frame Upper Front 
RH 

Al Rear 
Door Extrusion 0.36 1 6061-T6 $2.72  

Door Frame Upper Rear LH Al Rear 
Door Extrusion 0.3135 1 6061-T6 $2.67  

Door Frame Upper Rear RH Al Rear 
Door Extrusion 0.3135 1 6061-T6 $2.67  

Door Frame Upper LH Al Rear 
Door Extrusion 0.60525 1 6061-T6 $4.53  

Door Frame Upper RH Al Rear 
Door Extrusion 0.60525 1 6061-T6 $4.53  

Latch Lock Bar Al Hood Bending 0.065 1 Al 6111 $0.71  
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Assembly Process List for Steel/Aluminum:     (EDAG, 2011)      
 

Assembly/Sub-Assembly Name Group Assembly Equipment 

A
ssem

bly 
Length (m

)  

N
um

ber of 
A

ssem
bly 

Connections 

Fixture 
Com

plexity 

Cost vehicle 

Body Side Inner Sub Asm RH 
(1) 

FSV 
Body 10-RSW (Large)  42 1.25 $2.76 

Body Side Inner Sub Asm LH 
(1) 

FSV 
Body 10-RSW (Large)  42 1.25 $2.76 

Body Side Inner Sub Asm RH 
(2) 

FSV 
Body 10-RSW (Large)  10 1 $1.12 

Body Side Inner Sub Asm LH 
(2) 

FSV 
Body 10-RSW (Large)  10 1 $1.12 

Body Side Inner Sub Asm RH 
(3) 

FSV 
Body 

5-Laser - Robotic 
(Medium) 2.72  1.25 $1.86 

Body Side Inner Sub Asm LH 
(3) 

FSV 
Body 

5-Laser - Robotic 
(Medium) 2.72  1.25 $1.86 

Body Side Outer Sub Asm RH FSV 
Body 9-RSW (Medium)  27 1.1 $2.32 

Body Side Outer Sub Asm LH FSV 
Body 9-RSW (Medium)  27 1.1 $2.32 

Body Side Asm RH FSV 
Body 

5-Laser - Robotic 
(Medium) 11.626  1.5 $5.27 

Body Side Asm LH FSV 
Body 

5-Laser - Robotic 
(Medium) 11.626  1.5 $5.27 

Body Side Asm RH FSV 
Body 

1-Adhesive 
(Small/Medium) 1.025  0 $0.73 

Body Side Asm LH FSV 
Body 

1-Adhesive 
(Small/Medium) 1.025  0 $0.73 

Body Side Asm RH FSV 
Body 12-Hemming (Die)  1 0 $0.65 

Body Side Asm LH FSV 
Body 12-Hemming (Die)  1 0 $0.65 

Dash Asm (2) FSV 
Body 9-RSW (Medium)  62 1.25 $6.23 

Dash Asm (1) FSV 
Body 9-RSW (Medium)  15 0 $0.66 

Dash Asm (1.1) FSV 
Body 

1-Adhesive 
(Small/Medium) 1.412  0 $0.80 

Rail Asm Front Lower LH FSV 
Body 7-RSW - Small (static)  8 1 $1.81 

Rail Asm Front Lower RH FSV 
Body 7-RSW - Small (static)  8 1 $1.81 

Rail Asm Upper FSV 
Body 9-RSW (Medium)  30 1 $2.29 

Rail Asm Front FSV 
Body 

5-Laser - Robotic 
(Medium) 2.942  1.25 $1.87 

Shock Tower Frt RH FSV 
Body 9-RSW (Medium)  23 1 $2.15 

Shock Tower Frt LH FSV 
Body 9-RSW (Medium)  23 1 $2.15 
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Front Structure Asm (1) FSV 
Body 10-RSW (Large)  32 1 $1.31 

Front Structure Asm (2) FSV 
Body 10-RSW (Large)  32 1 $2.49 

Front Structure Asm (2.1) FSV 
Body 

5-Laser - Robotic 
(Medium) 0.24  0 $0.74 

Front Structure Asm (3) FSV 
Body 

5-Laser - Robotic 
(Medium) 1.224  1 $1.44 

Front Floor Sub-Asm RH FSV 
Body 7-RSW - Small (static)  3 1 $1.79 

Front Floor Sub-Asm LH FSV 
Body 7-RSW - Small (static)  3 1 $1.79 

Front Floor Sub Asm FSV 
Body 9-RSW (Medium)  58 1 $5.78 

Bulkhead Tunnel Sub-Asm FSV 
Body 8-RSW (Small)  28 1 $4.81 

Tunnel Sub Asm FSV 
Body 9-RSW (Medium)  64 1 $6.05 

Tunnel Sub Asm FSV 
Body 10-RSW (Large)  10 1 $1.12 

Front Floor Sub Asm FSV 
Body 

1-Adhesive 
(Small/Medium) 5.034  0 $1.54 

Front Floor Sub Asm FSV 
Body 10-RSW (Large)  58 0 $2.14 

Floor Front Asm FSV 
Body 

1-Adhesive 
(Small/Medium) 3.34 80 1 $1.55 

Floor Front Asm FSV 
Body 10-RSW (Large)  80 0 $3.72 

Rail Asm Longitudional RH FSV 
Body 8-RSW (Small)  30 1 $4.82 

Rail Asm Longitudional LH FSV 
Body 8-RSW (Small)  30 1 $4.82 

Rail Asm Rear Fram RH FSV 
Body 

4-Laser - Robotic 
(Small) 1.236  1 $1.32 

Rail Asm Rear Fram LH FSV 
Body 

4-Laser - Robotic 
(Small) 1.236  1 $1.32 

Panel Asm Liftgate Lower FSV 
Body 9-RSW (Medium)  12 1 $1.09 

Panel Asm Back Lower FSV 
Body 9-RSW (Medium)  14 1 $1.10 

Mount Rear Shck Asm RH FSV 
Body 7-RSW - Small (static)  2 1 $0.93 

Mount Rear Shck Asm LH FSV 
Body 7-RSW - Small (static)  2 1 $0.93 

Rear Floor Asm (1) FSV 
Body 9-RSW (Medium)  71 1.2 $8.16 

Rear Floor Asm (2) FSV 
Body 9-RSW (Medium)  76 1 $7.98 

Rear Floor Asm (3) FSV 
Body 10-RSW (Large)  65 1.2 $3.06 

Rear Floor Asm (3) FSV 
Body 

5-Laser - Robotic 
(Medium) 1.977  0 $0.82 

Rear Floor Asm (4) FSV 
Body 

5-Laser - Robotic 
(Medium) 4.702  1.2 $4.30 
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Rear Floor Asm (5) FSV 
Body 

6-Laser - Robotic 
(Large with Framer) 5.128  1 $3.80 

Rear Floor Asm (6) FSV 
Body 

6-Laser - Robotic 
(Large with Framer) 5.278  1 $3.81 

Underbody Asm FSV 
Body 

11-RSW (Large with 
Framer) 

 87 1.04 $6.73 

Underbody Asm FSV 
Body 

6-Laser - Robotic 
(Large with Framer) 3.029  0 $1.20 

Body Structure Asm (1) FSV 
Body 

6-Laser - Robotic 
(Large with Framer) 19.102  1 $10.75 

Body Structure Asm (2) FSV 
Body 

6-Laser - Robotic 
(Large with Framer) 7.988  1 $4.20 

Body Structure Asm (2) FSV 
Body 

3-Laser Braze (Large 
with Framer) 3.348  0 $2.15 

Body Structure Asm (2) FSV 
Body 

3-Laser Braze (Large 
with Framer) 6.542  0 $4.96 

Panel Front Door Inner RH Front 
Door 9-RSW (Medium)  51 1 $5.75 

Panel Front Door Inner LH Front 
Door 9-RSW (Medium)  51 1 $5.75 

Reinf Waist Line Inner RH Front 
Door 

1-Adhesive 
(Small/Medium) 4.966  0 $1.53 

Reinf Wasit Line Inner LH Front 
Door 

1-Adhesive 
(Small/Medium) 4.966  0 $1.53 

Panel Front Door Outer RH Front 
Door 9-RSW (Medium)  28 0 $1.67 

Panel Front Door Outer LH Front 
Door 9-RSW (Medium)  28 0 $1.67 

Panel Front Door Outer Asm 
RH (Anti Flutter) 

Front 
Door 

1-Adhesive 
(Small/Medium) 0.435  0 $0.62 

Panel Front Door Outer Asm 
LH (Anti Flutter) 

Front 
Door 

1-Adhesive 
(Small/Medium) 0.435  0 $0.62 

Panel Front Door Inner Asm RH 
(Hem Flange) 

Front 
Door 

1-Adhesive 
(Small/Medium) 3.756  1 $1.63 

Panel Front Door Inner Asm LH 
(Hem Flange) 

Front 
Door 

1-Adhesive 
(Small/Medium) 3.756  1 $1.63 

Panel Rear Door Inner LH Asm Rear 
Door 9-RSW (Medium)  30 0 $1.68 

Rear Door Frame LH Asm Rear 
Door 

5-Laser - Robotic 
(Medium) 0.153  0 $0.77 

Panel Rear Door Inner LH Asm Rear 
Door 15-MIG (Medium) 0.4  1 $0.99 

Panel Rear Door Outer LH Asm Rear 
Door 

1-Adhesive 
(Small/Medium) 2.772  0 $1.09 

Panel Rear Door Auter LH Asm 
(1) 

Rear 
Door 9-RSW (Medium)  24 1 

$2.15 
Panel Rear Door Auter LH Asm 

(2) 
Rear 
Door 

1-Adhesive 
(Small/Medium) 0.6  0 

$0.65 

Panel Rear Door Outer LH Asm Rear 
Door 

1-Adhesive 
(Small/Medium) 1.672  1 $1.20 
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Rear Door LH Asm Rear 
Door 12-Hemming (Die)  1 0 

$0.65 

Panel Rear Door Inner rH Asm Rear 
Door 9-RSW (Medium)  30 0 

$1.68 

Rear Door Frame rH Asm Rear 
Door 

5-Laser - Robotic 
(Medium) 0.153  0 

$0.77 

Panel Rear Door Inner rH Asm Rear 
Door 15-MIG (Medium) 0.4  1 

$0.99 

Panel Rear Door Outer rH Asm Rear 
Door 

1-Adhesive 
(Small/Medium) 2.772  0 

$1.09 
Panel Rear Door Auter rH Asm 

(1) 
Rear 
Door 9-RSW (Medium)  24 1 $2.15 

Panel Rear Door Auter rH Asm 
(2) 

Rear 
Door 

1-Adhesive 
(Small/Medium) 0.6  0 $0.65 

Panel Rear Door Outer rH Asm Rear 
Door 

1-Adhesive 
(Small/Medium) 1.672  1 $1.20 

Rear Door rH Asm Rear 
Door 12-Hemming (Die)  1 0 

$0.65 
Reinf Latch Asm Hood 15-MIG (Medium) 0.088  0 $0.55 
Reif Latch Asm Hood 8-RSW (Small)  10 1 $2.14 

Panel Hood Inner Asm Hood 9-RSW (Medium)  40 1 $3.63 
Panel Hood Inner Asm Hood 2-Adhesive (Large) 5.875  0 $1.72 

Hood Outer Asm Hood 2-Adhesive (Large) 3.85  1 $1.67 

Hood Asm Hood 12-Hemming (Die)  1 0 
$0.65 

Panel Liftgate Inner Asm Liftgate 10-RSW (Large)  28 1 
$1.30 

Panel Liftgate Inner Asm Liftgate 2-Adhesive (Large) 3.99  0 $1.34 
Panel Liftfgate Outer Asm Liftgate 2-Adhesive (Large) 3.8  1 $1.66 

Liftgate Asm Liftgate 10-RSW (Large)  80 0.0 $3.72 
Frame Rail Wngine Cradle 

LH/RH 
Suspensi

on 9-RSW (Medium)  8 0.0 $0.64 

CrossMember Rear Asm Suspensi
on 9-RSW (Medium)  44 0.0 $3.04 

CrossMember Rear Asm (2) Suspensi
on 15-MIG (Medium) 0.076  0.0 $0.55 

Engine Cradle Asm Suspensi
on 

5-Laser - Robotic 
(Medium) 2.162  1.2 $1.84 

Engine Cradle Asm Suspensi
on 

5-Laser - Robotic 
(Medium) 0.92  0 $0.81 

Lw Control arm Tube Asm Suspensi
on 15-MIG (Medium) 0.44  0 $0.55 

Lwr Control Arm LH Asm Suspensi
on 15-MIG (Medium) 0.352  0 $0.55 

Lwr Control Arm RH Asm Suspensi
on 15-MIG (Medium) 0.352  1 $0.99 

Lwr Control Arm Asm Suspensi
on 15-MIG (Medium) 0.12  1 $0.99 

Trailing Arm Asm LH Suspensi
on 15-MIG (Medium) 0.252  1 $0.99 



 
 
 

79 

Trailing Arm Asm RH Suspensi
on 15-MIG (Medium) 0.252  0 $0.55 

Upper/Lower Susp Link LH Suspensi
on 

5-Laser - Robotic 
(Medium) 0.24  1 $1.43 

Upper/Lower Susp Link RH Suspensi
on 

5-Laser - Robotic 
(Medium) 0.24  0 $0.84 

Rear Suspension Asm Suspensi
on 15-MIG (Medium) 0.436  1 $0.99 

Body Side Inner Sub Asm RH 
Steel to Al Al Body 17-Steel to Aluminum 

Riv-Bond 
 12 1.25 

$3.74 
Body Side Inner Sub Asm LH 

Steel to Al Al Body 17-Steel to Aluminum 
Riv-Bond 

 12 1.25 $3.74 

Body Side Asm RH Steel to Al Al Body 5-Laser - Robotic 
(Medium) 1.382  1.5 $1.64 

Body Side Asm LH Steel to Al Al Body 5-Laser - Robotic 
(Medium) 1.382  1.5 $1.64 

Body Side Inner Sub Asm RH 
(1) Al Body 19-Rivet (Large)  30 1.25 $3.77 

Body Side Inner Sub Asm LH 
(1) Al Body 19-Rivet (Large)  30 1.25 $3.77 

Body Side Inner Sub Asm RH 
(2) Al Body 19-Rivet (Large)  10 1 $1.51 

Body Side Inner Sub Asm LH 
(2) Al Body 19-Rivet (Large)  10 1 $1.51 

Body Side Inner Sub Asm RH 
(3) Al Body 5-Laser - Robotic 

(Medium) 2.72 0 1.25 $4.41 
Body Side Inner Sub Asm LH 

(3) Al Body 5-Laser - Robotic 
(Medium) 2.72 0 1.25 $4.41 

Body Side Outer Sub Asm RH Al Body 18-Rivet 
(Small/Medium) 

 27 1.1 $1.62 

Body Side Outer Sub Asm LH Al Body 18-Rivet 
(Small/Medium) 

 27 1.1 $1.62 

Body Side Asm RH Al Body 5-Laser - Robotic 
(Medium) 10.244 0 1.5 $0.83 

Body Side Asm LH Al Body 5-Laser - Robotic 
(Medium) 10.244 0 1.5 $0.83 

Body Side Asm RH Al Body 1-Adhesive 
(Small/Medium) 1.025 0 0 $0.66 

Body Side Asm LH Al Body 1-Adhesive 
(Small/Medium) 1.025 0 0 $0.66 

Body Side Asm RH Al Body 12-Hemming (Die)  1 0 $8.76 
Body Side Asm LH Al Body 12-Hemming (Die)  1 0 $2.41 

Dash Asm (2) Al Body 18-Rivet 
(Small/Medium) 

 62 1.25 $0.80 

Dash Asm (1) Al Body 18-Rivet 
(Small/Medium) 

 15 0 $4.17 

Dash Asm (1.1) Al Body 1-Adhesive 
(Small/Medium) 1.412 0 0 $3.03 

Rail Asm Front Lower LH - 
MOD Al Body 18-Rivet 

(Small/Medium) 
 16 1 $5.90 
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Rail Asm Front Lower RH - 
MOD Al Body 18-Rivet 

(Small/Medium) 
 16 1 $1.50 

Rail Asm Upper Al Body 18-Rivet 
(Small/Medium) 

 30 1 $6.54 

Rail Asm Front Al Body 5-Laser - Robotic 
(Medium) 1.471 0 1.25 $3.89 

Shock Tower Frt RH Al Body 18-Rivet 
(Small/Medium) 

 23 1 $5.23 

Shock Tower Frt LH Al Body 18-Rivet 
(Small/Medium) 

 23 1 $5.23 
Front Structure Asm (1) Al Body 19-Rivet (Large)  32 1 $0.73 
Front Structure Asm (2) Al Body 19-Rivet (Large)  32 1 $1.40 

Front Structure Asm (2.1) Al Body 5-Laser - Robotic 
(Medium) 0.24 0 0 $1.43 

Front Structure Asm (3) Al Body 5-Laser - Robotic 
(Medium) 1.224 0 1 $1.43 

Front Floor Sub-Asm RH Al Body 18-Rivet 
(Small/Medium) 

 3 1 $8.20 

Front Floor Sub-Asm LH Al Body 18-Rivet 
(Small/Medium) 

 3 1 $4.51 

Front Floor Sub Asm Al Body 18-Rivet 
(Small/Medium) 

 58 1 $14.00 

Bulkhead Tunnel Sub-Asm Al Body 18-Rivet 
(Small/Medium) 

 28 1 $3.77 

Tunnel Sub Asm Al Body 18-Rivet 
(Small/Medium) 

 64 1 $1.53 
Tunnel Sub Asm Al Body 19-Rivet (Large)  10 1 $7.77 

Front Floor Sub Asm Al Body 1-Adhesive 
(Small/Medium) 5.034 0 0 $1.62 

Front Floor Sub Asm Al Body 19-Rivet (Large)  58 0 $11.96 

Floor Front Asm Al Body 1-Adhesive 
(Small/Medium) 3.34 80 1 $14.36 

Floor Front Asm Al Body 19-Rivet (Large)  80 0 $14.36 

Rail Asm Longitudional RH Al Body 18-Rivet 
(Small/Medium) 

 30 1 $1.28 

Rail Asm Longitudional LH Al Body 18-Rivet 
(Small/Medium) 

 30 1 $1.28 

Rail Asm Rear Fram RH Al Body 4-Laser - Robotic 
(Small) 1.236 0 1 $2.53 

Rail Asm Rear Fram LH Al Body 4-Laser - Robotic 
(Small) 1.236 0 1 $2.78 

Panel Asm Liftgate Lower Al Body 18-Rivet 
(Small/Medium) 

 12 1 $1.36 

Panel Asm Back Lower Al Body 18-Rivet 
(Small/Medium) 

 14 1 $2.45 

Mount Rear Shck Asm RH Al Body 18-Rivet 
(Small/Medium) 

 2 1 $9.92 

Mount Rear Shck Asm LH Al Body 18-Rivet 
(Small/Medium) 

 2 1 $10.42 

Rear Floor Asm (1) Al Body 18-Rivet 
(Small/Medium) 

 71 1.2 $12.95 
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Rear Floor Asm (2) Al Body 18-Rivet 
(Small/Medium) 

 76 1 $0.75 
Rear Floor Asm (3) Al Body 19-Rivet (Large)  65 1.2 $1.83 

Rear Floor Asm (3) Al Body 5-Laser - Robotic 
(Medium) 1.977 0 0 $3.48 

Rear Floor Asm (4) Al Body 5-Laser - Robotic 
(Medium) 4.702 0 1.2 $3.88 

Rear Floor Asm (5) Al Body 6-Laser - Robotic 
(Large with Framer) 5.128 0 1 $11.83 

Rear Floor Asm (6) Al Body 6-Laser - Robotic 
(Large with Framer) 5.278 0 1 $1.62 

Underbody Asm Al Body 19-Rivet (Large)  87 1.04 $3.28 

Underbody Asm Al Body 6-Laser - Robotic 
(Large with Framer) 3.029 0 0 $3.56 

Body Structure Asm (1) Al Body 6-Laser - Robotic 
(Large with Framer) 19.102 0 1 $19.38 

Body Structure Asm (2) Al Body 6-Laser - Robotic 
(Large with Framer) 7.988 0 1 $5.77 

Body Structure Asm (2) Al Body 3-Laser Braze (Large 
with Framer) 3.348 0 0 $7.34 

Body Structure Asm (2) Al Body 3-Laser Braze (Large 
with Framer) 6.542 0 0 $7.34 

Panel Front Door Inner RH Al Front 
Door 

18-Rivet 
(Small/Medium) 

 51 1 $1.52 

Panel Front Door Inner LH Al Front 
Door 

18-Rivet 
(Small/Medium) 

 51 1 $1.52 

Reinf Waist Line Inner RH Al Front 
Door 

1-Adhesive 
(Small/Medium) 4.966 0 0 $4.01 

Reinf Wasit Line Inner LH Al Front 
Door 

1-Adhesive 
(Small/Medium) 4.966 0 0 $4.01 

Panel Front Door Outer RH Al Front 
Door 

18-Rivet 
(Small/Medium) 

 28 0 $0.62 

Panel Front Door Outer LH Al Front 
Door 

18-Rivet 
(Small/Medium) 

 28 0 $0.62 
Panel Front Door Outer Asm 

RH (Anti Flutter) 
Al Front 

Door 
1-Adhesive 

(Small/Medium) 0.435 0 0 $1.62 
Panel Front Door Outer Asm 

LH (Anti Flutter) 
Al Front 

Door 
1-Adhesive 

(Small/Medium) 0.435 0 0 $1.62 
Panel Front Door Inner Asm RH 

(Hem Flange) 
Al Front 

Door 
1-Adhesive 

(Small/Medium) 3.756 0 1 $4.26 
Panel Front Door Inner Asm LH 

(Hem Flange) 
Al Front 

Door 
1-Adhesive 

(Small/Medium) 3.756 0 1 $1.18 

Panel Rear Door Inner LH Asm Al Rear 
Door 

18-Rivet 
(Small/Medium) 

 30 0 $0.99 

Rear Door Frame LH Asm Al Rear 
Door 

5-Laser - Robotic 
(Medium) 0.153 0 0 $1.08 

Panel Rear Door Inner LH Asm Al Rear 
Door 15-MIG (Medium) 0.4 0 1 $4.01 

Panel Rear Door Outer LH Asm Al Rear 
Door 

1-Adhesive 
(Small/Medium) 2.772 0 0 $0.65 

Panel Rear Door Auter LH Asm 
(1) 

Al Rear 
Door 

18-Rivet 
(Small/Medium) 

 24 1 $1.20 
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Panel Rear Door Auter LH Asm 
(2) 

Al Rear 
Door 

1-Adhesive 
(Small/Medium) 0.6 0 0 $0.66 

Panel Rear Door Outer LH Asm Al Rear 
Door 

1-Adhesive 
(Small/Medium) 1.672 0 1 $4.26 

Rear Door LH Asm Al Rear 
Door 12-Hemming (Die)  1 0 $0.77 

Panel Rear Door Inner rH Asm Al Rear 
Door 

18-Rivet 
(Small/Medium) 

 30 0 $0.99 

Rear Door Frame rH Asm Al Rear 
Door 

5-Laser - Robotic 
(Medium) 0.153 0 0 $1.08 

Panel Rear Door Inner rH Asm Al Rear 
Door 15-MIG (Medium) 0.4 0 1 $4.01 

Panel Rear Door Outer rH Asm Al Rear 
Door 

1-Adhesive 
(Small/Medium) 2.772 0 0 $0.65 

Panel Rear Door Auter rH Asm 
(1) 

Al Rear 
Door 

18-Rivet 
(Small/Medium) 

 24 1 $1.20 
Panel Rear Door Auter rH Asm 

(2) 
Al Rear 

Door 
1-Adhesive 

(Small/Medium) 0.6 0 0 $0.66 

Panel Rear Door Outer rH Asm Al Rear 
Door 

1-Adhesive 
(Small/Medium) 1.672 0 1 $0.62 

Rear Door rH Asm Al Rear 
Door 12-Hemming (Die)  1 0 $2.29 

Reinf Latch Asm Al Hood 15-MIG (Medium) 0.088 0 0 $5.98 

Reif Latch Asm Al Hood 18-Rivet 
(Small/Medium) 

 10 1 $1.70 

Panel Hood Inner Asm Al Hood 18-Rivet 
(Small/Medium) 

 40 1 $1.67 
Panel Hood Inner Asm Al Hood 2-Adhesive (Large) 5.875 0 0 $0.66 

Hood Outer Asm Al Hood 2-Adhesive (Large) 3.85 0 1 $4.55 
Hood Asm Al Hood 12-Hemming (Die)  1 0 $1.33 

Panel Liftgate Inner Asm Al 
Liftgate 19-Rivet (Large)  28 1 $1.66 

Panel Liftgate Inner Asm Al 
Liftgate 2-Adhesive (Large) 3.99 0 0 $10.42 

Panel Liftfgate Outer Asm Al 
Liftgate 2-Adhesive (Large) 3.8 0 1 $1.67 

Liftgate Asm Al 
Liftgate 19-Rivet (Large)  80 0.0 $1.27 

Rear Frame Rail Assembly LH Al Body 4-Laser - Robotic 
(Small) 0.36  1 $2.76 

Rear Frame Rail Assembly RH Al Body 4-Laser - Robotic 
(Small) 0.36  1 $2.76 
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Appendix 4: Global Assumptions and Equipment Information  
 

Global Inputs 
Production 
Volume: 250000 per year 

Wage: 44 $ USD/hr 
Overhead Wage 44 $ USD /hr 

Unit energy Cost: 0.08 $ USD 
/kWh 

Interest 10%  

Equip Life: 20 years 
Product Life: 5 years 
Building Life: 25 years 
Building unit 

cost: 1500 $ USD/sqm 

Hours Per Day 16 hours 
Days per year 235 years 

 



Equipment Inputs: Blanking, Welding, Stamping 
  



 
 
 

85 

Equipment Inputs: Blanking, Welding, Stamping 
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Assembly Equipment Inputs 
 

 
 


