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Design Advisor-Component Shaping Cost
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Part mass (kg)
Matenal
Matenial cost ($/kg)

Component shaping process
Select batch size, nI 100, 000_'
cost per part $23.65 $37.33 $13.68
matenal .
tooling HOW IS
squiement part shaping cost

C=[(m*Cm)/(1 =] +[Ctn] +I/n’ [Ca/(L%two )] +1/n'(Coh) estimated?
C=part cost (8) 1000000 - " Original part high

m=part mass (kg) 100000 - \ — Original part regress
10000 4 Original part low

Cm= material cost per unit mass (8/kg)
1000 \\ N

f=scrap fraction
Crt=shaping tool cost (§)

Material and shaping
cost per unit, C ($)

Competitor part high
n=batch size (life time) 100 A \\\_ \\_' i " s
-~ .
n'=rate of production for process (units/hr) 10 4 - — Competitor part regress
Ce=cost of equipment
L =eau'pm-ZJ:; u:."""uwzﬁ'afz'm: (100%) L ' ' ' ' Competitor part low
T » . ) 1 100 10000 1000000 1E+08

two=productive life of equipment (yrs) (10yr)

Coh=overhead (S/hour) = 0 for this estimate total batch size, n

WorldAutoSteel Workshop
Donald E Malen, dmalen@umich.edu



First Order Cost Modeling

Note: Design Advisor cost is limited to Material and Part Shaping cost

Cc - material N tooling N equipment overhead
~ cost cost cost + cost
. Steel Stamping BB NonFerrous Stamping
Eﬁ Steel Tailor Welded Blank Stamping
Steel Hot Stamping ¥  NonFerrous Forging
ﬁ Steel Open Roll Form % NonFerrous Extrusion
«Z7  Steel Tubular Hydroforming - NonFerrous Die Casting
= <]
’U__t
g Steel Forging
<. === Composite Sheet Molding
! «0ed! Iron Casting olv Compound

Composite Resin Transfer

CES Process Selection Software, 2011
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Shaping cost estimation

_ {m CM:| |:(CT)i| " l[ Cc j n l.COH
1-f n n\ L-t,, n
material tooling equipment overhead
cost cost cost cost
C =Cost per part ($)
Cy =Cost of material ($/kg)
f =Scrap fraction for process and material note. (vield=1-f)
Ce =Cost of equipment (§)
Cr =Cost of tooling (%)
n =Production rate (number of units made per year)
n =Batch size (number of parts made over life of design)
m =Part mass (kg)
two =Capital write-off time (years equipment will be productive)
L =Load factor (fraction of time equipment is productive)
Con =Overhead rate ($/yr)
(all other costs of production not allocated directly to part)
Cop=0 for this analysis

WorldAutoSteel Workshop
Donald E Malen, dmalen@umich.edu



Economic Analysis of Part Shaping

Each cost area is related to part mass
Specific Reusable
Material Tools Machinery
_ {m CM:| |:(CT)i| + 1 Cc
1-f n n\ L-t,,
= B
[, | =
E— E—
Cy, is C, can be C. can be
related to related to related to
part mass part mass part mass
heavier parts heavier parts
have greater require greater
volume to shape loads to shape
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First Order Cost Modeling

All costs depend on part mass
Al jo
i $/k
Material Cost ( 9)0 21 lied
ong -
NonFerrous Stamping NonFerrous Extrusion
6/
4
Equipment Cost 1% »
0o 10 20 30 0 10 20 30
part mass (kg) part mass (kQ)
= 200,000
Tooling Cost . / /S
10 20 30 00 10 20 30
part mass (kg) part mass (kQ)
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Material Cost per unit mass

C, s
Material Cost
($/kg)
42.15 3.96
0.70 0.94 0.95 1.27 1.48 1.90 0.60 3.16 2.56 7.29 4.94 4.94 6.143.00  20.40 85.25
> & > X & S
P o < L o0 QO . < K
S Lo TSP E PP L ESE P
PR > & R Q0 O o X S P &S
Q\é\ S Q\é\ v & \6% o ®$ SIS ®$ Q‘\Qc}
\g SN S e . 3
L2 S O S K
S TR W S o
P P bal

WorldAutoSteel Workshop
Donald E Malen, dmalen@umich.edu



Tooling Cost

sheet / tube prismatic bulk bulk
forming forming forming forming
metals metals metals composites
==Steel Stamping ==Steel Open Roll Form ==|ron Casting —Composite Smc
— NonFerrous Stamping NonFerrous Extrusion ~ =Steel Forging —Composite
==Steel Tubular Hydroforming Resin Transfer
NonFerrous
band for complexity Die Casting
folded, shallow, deep draw
$3
200,000
2 150000
106
100000
1
‘/ 50000 /
0 =
0
0 5 10 15 20 25 30 0 51015202530 O 20 40 60 O 10 20 30

part mass (kg)

Data from CES material database, MIT, EDAG
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Equipment Cost

sheet / tube prismatic bulk bulk
forming forming forming forming
metals metals metals composites
==Steel| Tailor Welded ==Steel Open Roll Form ==|ron Casting —Composite Smc
Blank Stamping NonFerrous Extrusion ==Steel Forging —Composite
Steel Stamping Resin Transfer
— . NonFerrous
NonFerrous Stamping Die Casting
~"Steel Hot Stamping
= Steel Tubular Hydroforming
$10
8 /
S6
6
0 — -~ —————————
0O 10 20 30 0O 10 20 30 0O 10 20 30 0 10 20 30

part mass (kg)
Data from CES material database, MIT, EDAG
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The Math

Example for Stamping

Process Y =5, (Mass )ﬂl + /3,

Equipment Cost

Steel Stamping Y = 2478928(Mass">)(0.6494 57 )1 220220

Hot Stamping Y =2478928(Mass "> )(0.64947*\(1.2202%#7 ™) 11 0 E06
Tailor Welded Blank Stamping | ¥ = 2478928(Mass"***)(0.6494%7")(1.22022#7 ) + 3.8 E06
Non Ferrous Stamping Y =3167177(Mass">*)(0.64947<")(1.2202%%7")

Tooling Cost

Steel Stamping Y = 506037(Mass"*)(0.50817")(1.26437#7")

.

Hot Stamping Y =506037(Mass"*")(0.5081%")(1.2643%#7*) +1.0E06
Tailor Welded Blank Stamping | ¥ = 506037(Mass"*)(0.50817* )(1.26437*#”*") +- 3 8 E06

Non Ferrous Stamping Y = 779106(Mass"*)(0.50817 (1264377 )
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Design Advisor Solution Map
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Design Advisor-Resized Subsystem Cost

'-)Workii\umSu-d

User defined cost coefficients?

e
kg kg )

Shkg Shkg

Subsystem User Consider Cost: Resized

Cost defined cost Resizing Nominal Resized relative to

Subsystem Coefficient coefficient Cost?  Vehicle Mass Vehicle Mass —nominal (S}
4*®  Body Non-structure | ! 0.000
o Body Structure v -0.270
l Front Suspension v -0.121
<4, Rear Suspension v -0.105
o Braking V. -0.098
- Powertrain v -0.409
- Fuel & Exhaust v -0.037
= Steering v -0.028
Tires & Wheels v -0.214
nd Electrical 0.000
Cooling v 0.000
S Bumpers v 0.000
& Closures 0.000
Battery (electric car) 2 0.000
totals -1.281

How is cost change due
to resizing each

L subsystem estimated?
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Cost change due to subsystem resizing

Original subsystem Resized subsystem

Myowm MgREesizED

.{‘J AM=mggs;7ep~ Myom 'KJ

Consider only

Material material cost
difference
Reusable
Machinery | | reasonable to [ |
assume machinery
Specific g and tools will not L]
Tools change significantly —

Subsystem resizing cost difference is due to
change in cost of Materials in the subsystem

AC=Am (cost / kg for subsystem)
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Cost Modeling Secondary Changes

Fuel & Exhaust

Tires & Wheels

Steering  [OIN0A NG NGN0

Vehicle Bill of Materials

» =
= S
S . @S
2 3 O =
= o e £
E E > 3
=S - | N N e
Cost of 1 kg change in steering subsystem= o 3
Body Non- structure LL 'g
O @
i B‘t’dsy S”“Ct“re o5 010 { 0.1 (cost/kg of conv. flat steel)+ E
ront Suspension .
o P +0.4 (cost/kg of conv. long & special steel)+ °* °
ear Suspension 920 020 0.00 0.05
Braking 0.60 0.10 ..t 0.00 0.05
Powertrain R +0.1(C0$t/kg of rubber) } B

0.il5 0.80 "RUT TRy U e O RO G O D O e O O M DO o OO (0).(010) - (0)(010)

. o @00 000 OO0 000 00 OOy 000 @O0 ©O00 000
0 0 0 0 O 0005 0 0 01
oA 000 000 000 000 009 000 000 000 000 050

0.79 (0,0 «nsdSSTT00) (000

050 000 000 0.0

Electrical 0.00 0.00 0.00 0.00 g@ o ‘_“ - '_“ S
0.00 0.00 000 0.00 000 fractlon of steering system made of Cast Iron

100%
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Subsystem Cost savings per unit mass reduction

Subsystem Cost per
unit mass change

($/kg)
3.0 0.7 1.2 1.1 0.7, 1.3 09 10 24 73 31 12 22 853
@ @ S QO S O &) )
P &L & {8&9 Y x\’z’\? \\(\Q(g},} & &\Qq g &
o f & 8 Npd P o
%O Oc \% K"o > .@e @
S ¥ S P < < &
S A X
Q &
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The math

Vehicle Bill of Material and subsystem material cost

a,;, ap

a;

where
o =fraction of subsystem i composed of material j

Note that rows will sum to 1

¢

¢
where ‘

c;=cost per unit mass of material j (8/kg)
Material cost of subsystem i in vehicle

G, a, a, .. |c¢

1]
I
I
Q|
G
N—

.=0521

G, ey |l

where
[,=total material cost of subsystem i in vehicle
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Battery Cost

MAKE/
MODEL

Chevrolet Volt
Mitsubishi iMIEV

Nissan Leaf

Aptera 2e
BYD e6

Ford Focus
Smart ED
Tesla Model S
Toyota Prius
Volvo C30

ESTIMATED
TYPE* DATE
PHEV  In production
EV In production
EV In production
EV 2011
EV 2011
EV 2011
EV 2012
EV 2012
PHEV 2012
EV 2012

Benchmark Cost

PRODUCTION TOTAL ELECTRIC
RANGE (miles)

35
80
73
20
250
100
85
160/230/300
13

90

Notes (vehicles table): *EV= electric vehicle (battery), PHEV = plug-in hybrid electric vehicle
Sources: Sentech and manufacturers

BATTERY
e oL S $/kWh | $/kg
16 $41,000. 2562 397
16 $40,000 2500 387
24 $32,780 1365 210
21 $25 000-$45000 1190-2143 184-332
48 or 72 $650/mo. lease
23 N/A

165 N/A
42/65/85 $56,500 and up 1345 208
52 N/A
24 N/A

Notes (emissions chart): Coal figures are based on highest-emitting coal plants in 2010; natural-gas figures are based
on new combined cycle plants in 2010. Source: Electric Power Research Institute, 2007

Technology Review, January/February, 2011, pg 61
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Battery Cost

Estimates of electric-vehicle battery costs

$ per kilowatt-hour

$1,105—4 ESTIMATES
Highest
w= | owest
®
. e [ndividual
»

600 — »
[$550 / KWh] [155 Whikg] [KW/1000W] mah— =
500

—S

85.25 $ / kg

225

Sources: Advanced Automotive Batteries, Boston Con
sulting Group, Deutsche Bank, Electrification Coalition,
National Research Council, and Pike Research

Technology Review, January/February, 2011, pg 61
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Cost Correlation with FSV design alternatives

Future Steel Vehicle
Design Alternatives
having cost analysis

Future Steel Vehicle
Process Operations

Component Design Alternative
1. Rocker Steel rolled formed closed
@ Steel hydroform
Aluminum extruded
) 2. B Pillar Steel rolled formed closed
Steel hydroform
Steel stamped
E Aluminum extruded
3. Tunnel Steel rolled formed open
3 Steel hydroform
4. Rear rall Steel Hot stamped
/— Aluminum stamped
Stamping Extrusion Hydroform
1. blanking extrusion % bending
2. stamping-k straightening preform
3. stamping-2 (holes, flanges) holes, local forming  hydroform %
4. trimming trimming trimming

% indicates primary shaping process used in Design Advisor
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Cost Correlation-Absolute values

CoetaiLen = 1.9Cpa

Part Cost $

Detailed analysis FSV

inputs: detailed process sheets

R2=10.72
0=14.95
30 ¢ Rocker
. N=100,000 .
Design = B-Pillar
Advisor . / Tunnel
Part Cost 20 / M Rear Rail
[
|
inputs: part 10 . /,//u‘/ \
mass, material, /./ ¢
and process =il Al Extr B Pillar
0 — has significant
0 10 20 30 40 50 60 operations after

primary shaping
increasing cost
for detailed
analysis
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Pair-wise comparisons

Purpose of Design Advisor cost estimate is NOT for an absolute cost,
but for an A-B RELATIVE comparison

Alt. A Alt. B Alt. C
S7 18 19 <«— estimate of absolute performance
for each alternative

Alt. A $7 11 12

T performance of alternative in
Alt.B 18 1 column (C) relative to
alternative in row (A)

Alt.C 19
Better alternative is based on sign
For cost, lower is better so
+ choose row alternative
- choose column alternative
B-Pillar Hot
Closed Stamp Hydro
6.42 16.92 15.82
Closed 6.42 10.5 9.4 Column alternative worse
Hot Stamp 16.92 -1.1 Column alternative better
Hydro 15.82
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Cost Correlation-Paired comparisons

Design Advisor
Closed Hydro Al Ext
$7.83 18.11 19.8
Closed $7.83 10.28 11.97
Rocker Hydro 18.11 1.69
Al Ext 19.77
Hot
Closed Stamp  Hydro Al Ext
6.42 16.92 15.82 12.37
Closed 6.42 10.5 9.4 5.95
. Hot Stamp 16.92 -1.1 -4.55
B-Pillar Hydro 15.82 -3.45
Al Ext 12.37
Al Ext
3.31 14.96
Tunnel Open 3.37 11.59
Al Ext 14.96
Stamp Al Stamp
Rear Rail 15.96 27.02
Hot Stamp 15.96 11.06
Al Stamp 27.02
N=100,000 row worse than column

14.27
22.88
39.78

15.4
30.44
27.91
58.95

11.56
47.78

17.88
43.89

Detailed Analysis
FSV Report
Closed Hydro Al Ext
14.27 22.88 39.78
8.61 25.51
16.9
Hot
Closed Stamp  Hydro Al Ext
154 30.44 27.91 58.95
15.04 12.51 .55
-2.53 28.5
31.0
Open Al Ext
11.56 47.78 9 out of 11
36.22 agree
(post processes
not considered
Hot for these two)
Stamp Al Stamp
17.88 43.89
26.01

row better than column
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I [ | I i I_ Lightweight Vehicle Consortium
J. Dahmus and R. Roth, September 11, 2008

Results Summary — Hatchback closure

Case Study 3 — Hatchback closure Data

Material Primary | Total | Total | material

Process | Cost | Mass | oSt

($/kg)

(%) (kg)

Steel-AHSS Hydroform | 53.12 | 7.81 11

Aluminum Stamping [84.81 | 6.77 4.8

Sheet Molding | SM Press [59.42 | 8.05 3.0
Composite

All hatchbacks have surface area=1.0 m?2
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Case Study 3 — Hatchback closure, Cost Analysis

Plans for 20xx vehicle Component: Hatchback closure

Hatch door area=1 m? Area=1 m? Area=1 m? Area=1 m?

Vehicle type: Hatchback Original Competitor 1 Competitor 2

L=4.2 m Component Component Component

W=1.750 m

100 kg cargo AHSS Aluminum SMC
Hydroformed  Stamped SM Press

New architecture 7.81 kg 6.77 kg 8.05 kg

Internal Combustion-gasoline
Powertrain is fixed and will not change
6. liter/100 km (HYZEM schedule)
Life time range =155,000 km
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Case Study 3 — Hatchback door, Cost Analysis

Purpose: To examine cost analysis results, to see how batch size affects results,
to change material cost per kg

Keep vehicle input data the same
1. Input component data for AHSS vs Aluminum hatchback
2. Go to Component Cost sheet and observe relative costs

Note: This comparison uses default material cost per kg values. The MIT paper used the
following material costs AHSS=1.1 $/kg, Aluminum=4.8 $/kg, SMC=3.0 $/kg

To change these default values, go to the Solution Map sheet, select Instructions, scroll to
bottom of instructions page and select Protection=0FF, click Return in upper right corner,
select Cost for Part icon on Solution Map, go to cell C177. Here you will see a list of material
cost. Change the three values to agree with the values in the MIT study. Scroll up to se the
changed results

3. Record the costs for the AHSS and Aluminum hatchbacks

4. Go back and enter component data for AHSS vs SMC hoods

5. Observe and record the costs below

6. Change the batch size to 30,000 units and record results for AHSS vs SMC hoods

Batch size | AHSS hood | Aluminum hood | SMC hood
cost (1.1 $/kg) | cost (4.8 $/kg) cost (3.0 $/kg)

100,000
30,000
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Case Study 3 — Hatchback closure, Cost Analysis

Purpose: To examine cost analysis results, to see how batch size affects results,
to change material cost per kg

Keep vehicle input data the same
1. Input component data for AHSS vs Aluminum hatchback
2. Go to Component Cost sheet and observe relative costs

Note: This comparison uses default material cost per kg values. The MIT paper used the
following material costs AHSS=1.1 $/kg, Aluminum=4.8 $/kg, SMC=3.0 $/kg

To change these default values, go to the Solution Map sheet, select Instructions, scroll to
bottom of instructions page and select Protection=0FF, click Return in upper right corner,
select Cost for Part icon on Solution Map, go to cell C177. Here you will see a list of material
cost. Change the three values to agree with the values in the MIT study. Scroll up to se the
changed results

3. Record the costs for the AHSS and Aluminum hatchbacks

4. Go back and enter component data for AHSS vs SMC hoods

5. Observe and record the costs below

6. Change the batch size to 30,000 units and record results for AHSS vs SMC hoods

Batch size | AHSS hood | Aluminum hood | SMC hood
cost (1.1 $/kg) | cost (4.8 $/kg) cost (3.0 $/kg)

100,000 | 20.43 59.88 26.31
30,000 | 36.53 27.09
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Part
Cost
S80

S60

540

520

S0

Material cost

AHSS Steel

53.12

28.99

20.43

D.A. Rigorous
[

1.1/kg

Aluminum

59.88

84.81 %

67.85

D.A. Rigorous

4.8/kg

SMC Composite

N

v

59.42
26.31 30.83
D.A. Rigorous
[
3.0/kg

Case Study 3 — Hatchback door, Cost Analysis

O Assembly Cost More
. information
Part Production Cost | required to

[ Other estimate these
than is input to

O Labor Design Advisor

@ Equipment @

& Tooling ()

@ Material Cost o

100,000 parts

Lightweight Vehicle Consortium
J. Dahmus and R. Roth
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