Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2016

Supporting Information for

Sustainable CNT-enabled Lithium-ion Battery

Manufacturing: Evaluating the Tradeoffs

S. Erbis, S. Kamarthi®, A.A. Namin, A. Hakimian, J. A. Isaacs”

Department of Mechanical and Industrial Engineering and NSF Center for High-rate
Nanomanufacturing, Northeastern University, 360 Huntington Avenue, Boston, Massachusetts

02115, United States

This Supporting Information contains:

1. Mathematical equations and notations for input parameters and decision variables of the
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Notations for parameters and decision variables in stochastic goal
programming model

Notations and parameters used in the model include the following:

fi(®)

fag(®) -

index of occupational safety level g € {1,2, ...,4}

index of material source type, h € {1, 2}

index of product type, i € {1,2}

index of energy type, j € {1,2,3}

index of demand scenarios, k € {1,2, ...,K}

index of material type, m € {1,2, ..., N}

demand scenario probability

index of period, t € {1,2, ..., T}

weights for each criteria ¢ under achievement (+) or over (-) achievement from goals
goal for criteria c

demand for product i in scenario k in period t

inventory cost in period t

shortage cost in period t, assumed to be equal to the unit cost of current battery
cost for purchasing secondary material from type m in period t ($/kg)

cost for purchasing energy from source j in period t ($/kWh)

CO: avoided when energy source j is preferred to consume (kg/kWh)

amount of material type m required to produce lithium-ion battery (g/unit)
lower bound of production volume of battery with CNTs

energy consumed to produce one product (KWh/unit)

energy consumed to produce 1 g of MWCNTSs

energy used to produce material type m

function to calculate the cost of producing product type i

f1i(Qikt) = a1 Qike

function to calculate the cost of EHS control level g



fzg(®)

far(®)

fon(®) :

fZg(Hgktr ngt) = aZQHgkt + ngngt

function to calculate the energy required to operate the EHS control level g

f3g(Hgktr ngt) = a3gHgkt + b3ngkt

function to calculate the cost of capacity expansion — fixed cost

T—1 T—1
fal <Z th) = ay <Z th) + by
t=1 t=1

function to calculate total exposure when there are no EHS control measures
fsn(Qzker Zit) = asnQakt + bsnZis

Decision variables are as follows:

dck
(TC)y :

(TEU),:
(TEA),:

(TE)ke

(NMD),:

Egkt

Qikt
Ejpe

gkt

Rpikme

Ligt

Sikt

Vie =

under goal G, for scenario k

over goal G for scenario k

total cost in scenario k

total energy use in scenario k

total CO, emission avoided in scenario k

final exposure rate (ug/m3 air) in scenario k in period t

total non-renewable material intensity over product life time in scenario k
final CNT exposure (ug/m3 air) for EHS control level g in scenario k in period ¢
capacity expansion in scenario k in period t

production volume of product i in scenario k in period t

energy type j purchased in scenario k in period t

production volume of product 2 (battery with CNTs) produced with

EHS control level g in scenario k in period t

amount of material m obtained through source type h (either primary
or secondary) for product i in scenario k in period t

inventory level for product i in scenario k in period t

shortage level for product i in scenario k in period t

{1 if total capacity is between e; and e;,.;in scenario k
0 if total capacity is not between e; and e, in scenario k



cX . capacity expansion cost in scenario k

1 if product 2 is produced in scenario k in period t

Zee = {0 if product 2 is not produced in scenario k in period t

1 if production volume of product 2 is between ¢,, and ¢,,,in scenario k
0 if production volume of product 2 is not between ¢,, and ¢,,,in scenario k

Wine = {

Ay . CNTs exposure concentration (ug/m?3 air) when no EHS control measures are
installed in scenario k in period t

Fq . Fgis asafety factor; it is 1 for g = 1 (no EHS control); it is a positive fraction
for g =2, 3, and 4 (low, medium, and high EHS control); the higher the EHS control
level, the smaller the fraction.

_ {1 if EHS control level g is preferred in scenario k in period t
0 if EHS control level g is not preferred in scenario k in period t

Definition of Goal Programing Model Variables

Definition total production cost:

(10),=(62) (0 +5,60) o £ (@u) o Z35E |+

t=2 i=1 t=2 i=1 =2 jo1
T 3
[zz fzg (H gkt? gkt)] (Zzzcmt RZlkmtj vk
t=2 g=1 t=2 i=1 m=1

It includes the initial expansion cost, expected inventory and shortage cost, manufacturing cost
for each product, renewable energy cost, secondary material cost, and EHS assurance cost for
each demand scenario.

Definition of the total non-renewable energy

(TEU), ZEM+ZQMH° Y IRll

h=1 i=1 m=1t=2
It accounts for non-renewable energy consumed for producing batteries, CNTs, and input

materials as well as energy used for maintaining EHS controls.



Definition of the total CO» emission avoided:

(TEA), ZZE,M, vk

t=2 j=1

Definition of the total primary material intensity over product life time:

(NMI), ZZZ Rawm.

t=2m=1i=1 i

Definition of the total CNT exposure in each scenario:

G
E kt:[z;ggktj vk: t=2,....T
g:

Stochastic Goal Programming Model

The objective function minimizes the weighted deviation from the targets for measures including
the total production cost, total non-renewable energy use, CO2 emissions avoided, primary

material intensity, and CNT exposure level.

s s T
Minimize | 3" p, (dyw; +dyw, +dgw; +dw, )} + [Zpk Z(d5ktw5)j
k=1 k=1 t=2

The above objective function is subject to the following constraints.
Constraints (1-5) ensure that the total production cost, total non-renewable energy, total CO>
emission avoided, primary material intensity over product life, and total exposure rate do not

deviate from their respective targets by an allowable tolerance limit.

(TO)k -Gy <diy,  Vk (1)



(TEU), — G, < d5,  Vk 2)

(TEA) — G5 = (—d3y vk 3)
(NMD) — G, <dg,  Vk (@)
(TE)i — Gs < dsie Yk t=2,..,T ©)

Constraint (6) ensures that the capacity in each period is equal to or larger than the total

production volume in each period.

2 t—1
Y ue < DX VG £=2..T 6)
i=1 =1

Ejk is identified as the energy used in the manufacturing facility. Constraint (7) ensures that the
total energy required for producing lithium-ion batteries and maintaining EHS control measures
when the company produces the lithium-ion battery with CNTs is equal to the summation of all
energy types used. The total energy required for maintaining EHS control measures is a function

of total production volume of lithium-ion batteries with CNTs (Hgk) and level of EHS control

(Ygia).
3 2 3
Z Ejre = Z Quc0° + Z f3(Hgie: Ygre) Vk; t=2,..,T (7)
=1 i=1 g=1

It is assumed that the lithium-ion battery company has a preference for using both primary/virgin
and secondary material types. Therefore, Constraint (8) ensures that the total weight of the
materials used to produce the batteries is equal to the summation of both material types

(primary/virgin or secondary) purchased.

2
Z Rhikmt = Qikt(Sm Vl, k, m, t = 2, ,T (8)
h=1



Constraints (9-10) calculate inventory and shortage values in period t. Constraint (9-10) ensures
that either inventory or shortage is zero in each period. From period 3 and onwards, the previous
period's inventory is also taken into account to calculate the current period's inventory or
shortage. When company cannot meet the demand in period t, it is assumed that the company

loses revenue due to not meeting the demand.

Lixg — Sikz = Qikz — Dikz Vi, k 9)
Ligge. — Sike = Qe — Dike + liee-1) Vi,k; t=3,..,T (10)

According to the previous study on economic analysis of lithium-ion battery production®,
the association between capacity expansion volume and expansion cost is exponential. Cost
per expansion volume is higher when the company prefers to increase the capacity in lower
amounts as compared to when the company prefers to increase the capacity in higher
volumes. The exponential function was linearized (converted to 3 linear functions) to use
in the linear stochastic goal programming model. Based on the capacity expansion volume,
the model picks one of the linear function to calculate the expansion cost. Constraints (11-
14) calculate the expansion costs. If the final capacity in period T is between ¢; and e, 1,
then 1, is equal to 1, and the expansion cost is calculated by using the fitted equation

fu -l x,); otherwise Vy; is equal to 0 to indicate that the final capacity has no limits.

z Xee e +MA-Vy) Vkil=1,.,L-1 (11)

ZthZel—M(l—Vkl) Vi l=1,..,L—1 (12)



L
ZVH=1 Vk; L=1,..,L—1 (13)
=1
T-1
X > [ﬁu (Z th> —MA-Vy) Vkl=1.,L-1 (14)
t=1

Constraint (15) enforces a lower limit on the production volume if the company decides to

produce lithium-ion batteries with CNTSs.
Qe = u%(Zye)  Vk t=2,..,T (15)

CNT exposure level is a function of production volume and workspace volume. As the
production volume increases the workspace volume increases exponentially. Therefore, the
association between CNT lithium-ion battery production volume and CNT exposure level is
exponential. CNTs exposure per production volume is higher when the company prefers to
produce CNT lithium-ion batteries in low volume as compared to when the company prefers to
produce them in high volume . Constraints (16-20) calculate the exposure levels when the
company produces CNT-enabled lithium-ion batteries. The exposure concentration without EHS

controls (Ay;) is calculated based on the production volume (Q2k) of lithium-ion batteries with

CNTs.
QZktS(pn+1Zkt+M(1_Wknt) Vk, n= 1,..,N_1; t:2,...,T (16)
Q2ke = PnZie — M(1 — Wine) Vi, n=1,..,.N-1; t=2,..,T 17)
N
ZW""le Vic n=1,..,N—1; t=2,..,T (18)
n=1



Akt = [fSTL(QZkt'Zkt)] - M(]. - Wknt) Vk, n = 1,..,N - 1, t = 2, ,T (19)

Akt < [fSn(QZkt'Zkt)] Vk, n= 1,..,N - 1; t = 2, ,T (20)

Constraint (21) ensures that only one EHS control level exists when the company produces

lithium-ion batteries with CNTSs.

G
Z ngt = Zkt Vk, t = 2, ,T (21)

Constraint (22) ensures that the EHS control level is not lowered. For example, if Y,,, = 1, then

either Y, 5 or Y3;3 must be 1 in period 3.

G
Z ey = Ve Vg t=2,.,T—1 22)
g

Constraint (23-24) calculates the final exposure when EHS control level g exists in the company.

Egrt = A By —M(1—Ygee) Vs t=2,..,T (23)

(5gkt) <A, F vk;vg; t=2,...,T (24)

g
In order to calculate the EHS cost, production volume of batteries with CNTs for each EHS
control level g needs to be calculated. In each period, the model picks only one EHS control
level (Constraint 21). Constraint (25-27) ensures that the company use EHS control level that
caters to the production volume of batteries with CNTs. Constraint (25-27) calculates the

production volume of batteries with CNTs when EHS control level g exists in the company.
Hgkt 2 QZkt - M(l - ngt) Vg, k; t = 2, ...,T (25)

Hype < Qe +M(1—Yye) Vg ks t=2,..,T (26)



Hye <MYy Vg k; t=2,..,T
Constraints (28-31) set the binary variables.
Vi € {0,1} Vk,l
Wit €{0,1}  Vk; n=1,..,N—-1; t=2,..,T
Ype €{01} Vg k; t=2,..,T
Zy: € {0,1} Vk; t=2,..,T

Constraint (32) ensures that all the variables are non-negative.

A Ejkt' Hgkt’ e Rhikmt’Qikt'Sikt'Egkt' X 20 vg,hi, jk; t=2,...,T

Constraint (33) declares the integer variables.

Ejkt’ Hgkt’ e Rbiknt Qi Sices X €2 vg,hi, jk; t=2,...T

(27)

(28)

(29)

(30)

31)

(32)

(33)

In addition to the above listed constraints, non-anticipativity constraints are included. For the

three periods and nine hypothetical demand scenarios considered for validation of this model

(see Figure 1la), twelve non-anticipativity constraints (34-45) ensure that all of the demand

scenarios with a common history have the same decisions up to the current time.

Ajp = Azp = A3z Ayy = Asy = Agp; A7z = Agy = Ao
Ejr2 = Ejaz = Ejsai Ejaz = Ejs2 = Ejezi Ejro = Ejgz = Ejoa
H

g12 = Hgoo = Hyzp; Hgao = Hgsy = Hyep; Hy72 = Hggz = Hyop

ling = ling = Iizz; sz = lisz = lig2; lizz = ligz = lio2

Rpim2 = Rnamz = Ruamzs Rhamz = Rusmz = Rhem2; Rnym2 = Rngmz = Ruomz

Qi12 = Qiz2 = Qi32; Qiaz = Qisz = Qie2; Qi72 = Qigz = Qo2
Si12 = Siz2 = Siz23 Siaz = Sis2 = Sie2; Siz2 = Sig2 = Sio2
Wina = Wona = Wanos Wyna = Wsno = Wenas Wona = Wena = Wopa

X12 = Xpp = X33, X4p = X532 = X62; X72 = Xg7 = Xop

n=1,..

vj
Vg
Vi
Vh,m
Vi

Vi

,N—1

(34)
(35)
(36)
37)
(38)
(39)
(40)
(41)

(42)
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Yg12 = Yg22 = Yg32i Yg4-2 = Yg52 = Yg62i Yg72 = Yg82 = Yg92 Vg (43)
Zig = Loy =235 Zay = Zsy = Lep; L7y = Zgy = Zop (44)

€12 = €22 = €32, 842 = &€53 = &g2;E72 = €82 = &9z (45)

Battery life cycle including alternative energy and materials sources

Renewable off-site .(;"\I. Nanomanufacturing Facility
- .
100% Wind v | - El ——>| Product D> Use E'-';
) e (oy) ——  Tlep-d !
Renewable off-site Ir\E,/L Energy il y) | L D, D, ] i
70% Hydro and 30% Wind - Input El Izl le E
l{'(_:\] T P TTTTTh f___i___'i
Non-renewable p— | -—---> Waste L-----—— > EOL |
{(US Grid Mix) El El [ 1 [P
| ]
]
(D) . | . g T
vigin_ | (D) ]| v e N
Energy [~ Material < Material falx,y) | n | i Recycle i i Incineration/Landfilled
|———— ] R [
Secondary Input -E ‘ -""m‘t
E (E) - y
nergy [ Material '\E/" | El i &l S I
f IE] $ | 1 1 11
¢ ! i ! | Hazardous !! Non-Hazardous
e (R S L

Figure S1: Sustainable manufacturing indicators/metrics (renewable proportion of energy
consumed, CO2 emission avoided and recycled content of material input) considered in the
study; dashed lines indicate processes outside the scope of this study. ABCDE represent the
quantities of the respective flows, with x and y as the products (traditional and CNT-enabled
batteries), and Dy and Dy are the demand for each, respectively. The nanomanufacturing facility
shows 6 existing fabrication lines with expansion capacity for two additional lines in this case.
The cost functions, fi(e), are explained in the nomenclature above.
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Input data for stochastic goal programming model

Table S1 Data pertaining to conventional and CNT-enabled lithium-ion batteries

Model Parameter related to Lithium-ion Batteries Value

Number of cylindrical cells per module © 6

Battery weight © 0.41 kg

Variable costs ® Raw material cost, labor cost, and energy cost
Variable cost for conventional a lithium-ion battery © $18 per battery

Variable cost for a CNT-enabled lithium-ion battery ©

$22 per battery

Energy to produce a conventional lithium-ion battery ©

4.39 kWh per battery

Energy to produce a CNT-enabled lithium-ion battery ®

4.39 kWh per battery

Energy required to produce 1 g of CNTs 7 0.052 kwh
Shortage cost for a conventional lithium-ion battery ° $32 per battery
Shortage cost for a CNT-enabled lithium-ion battery 8 | $45 per battery

Inventory cost

Assumed negligible

Scope of the stochastic goal programming model

3 periods and 9 demand scenarios

Table S2 Carbon emissions and purchase cost for each energy types

S T Carbon Emission Purchase Cost***
(kg CO2/Kwh) ($/Kwh)
US Grid Mix 0.76* 0.15
100% Wind 0.012** 0.188
30% Wind and 70% Hydro 0.021** 0.174

* gcoinvent: TRACI !
** |nternational Panel on Climate Change 2

*** Based on National Grid electric utility rates

12




Table S3 Energy data for producing primary and secondary materials and price data for

purchasing primary and secondary materials

Energy* Purchase Cost
(KWh/kg) ($/kQg)
Primary Secondary Primary | Secondary***

Lithium 126 31.5 68** 34-136

Nickel 54 135 11.11** 5.5-22.22

Cobalt 36 9 31** 15.5-62
Aluminum 55 13.7 1.62** 0.81-3.24

Copper 17 4.2 5.03** 9.50-10.06

* Source: ecoinvent 2.2

** Source: London Metal Exchange °
*** For the base case and Cases A and B, the secondary materials cost is assumed to
be the half of the cost of primary materials; for Cases A* and B*, secondary materials
are assumed unavailable; and for sensitivity analyses, the secondary material cost is
varied from half to twice the primary material cost.

13



Interaction matrix among different criteria and their influence on
total production cost

A B C D
Marginal Means of A AvsB AvsC AvsD
115.92 115.92 115.92
——B=1 ——C=1 —4—D=1
—&—Seriesl ——-B=2 —-C=2 —-D=2
—
—&—B=3 —4&—C=3 —&—D=3
102.50 +——— 100.00 100.00 100.00
1.00 3.00 1.00 3.00 1.00 3.00 1.00 3.00
Bvs A Marginal Means of B BvsC Bvs D
115.92 115.92 115.92
——A=1 ——C=1 ——D=1
—|—A=2 / —&—Seriesl ——-C=2 ——-D=2
L
——A= ——C=3 ——D=3
100.00 A=3 10250 | 100.00 100.00
1.00 3.00 100 3.00 1.00 3.00 1.00 3.00
CvsA CvsB Marginal Means of C CvsD
115.92 115.92 115.92
——A=1 —4—B=1 ——D=1
—;—-A=2 —#—-B=2 —&—Seriesl —-D=2
0—0”
——A=3 ——B=3 ——D=3
100.00 100.00 102.50 +—— 100.00
1.00 3.00 1.00 3.00 1.00 3.00 1.00 3.00
DvsA DvsB DvsC Marginal Means of D
115.92 115.92 115.92
——A=1 ——B=1 ——C=1
—;—-A=2 —#—-B=2 ——-C=2 —&—Seriesl
——A=3 —4&—B=3 —&—C=3
100.00 100.00 100.00 102.50 4
1.00 3.00 1.00 3.00 1.00 3.00 1.00 3.00

Figure S2: illustrates a pairwise comparison of the impact on total production cost among all the
criteria by assigning low, medium and high priority to one of the criterions. A, B, C and D
indicate non-renewable energy used, CO2 emission avoided, primary materials intensity and CNT
exposure level, respectively. In each pair, intersected lines illustrate high interaction and
significant impact on total production cost, while parallel lines indicate no interaction among the
compared pair which means no significant impact on total production cost.
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Response surface plots of production cost and contour maps of the
respective response surfaces to the combination of different criteria

Constants: Primary material intensity = 2, CNT exposure level = 2 Constants: Primary material intensity = 3, CNT exposure level = 3
106 1185
—_— —118.0
2 105 s
8 §us 118.0-1185
= 104 105-106 = ®117.5118.0
E =104-105 E 1170 =117.0117.5
4 103 = 103-104 2 1165 ®116.5-117.0
S 102-103 § 11601165
g 102 - #101-102 e 160 11551160
£ =100-101 -g 1155 11501155
3 o 99-100 F] i 11451150
o B 150 A28 m11401145
a = '
100 /£ & a5 - £
99 = £ 1140 18
1011 ‘1a  COemission 0 14 CO;emission
1213181617, avoided T R . £ avoided
192021,, RS P <10
232456 10 : 26 g
272839 39 : 0
Non-renewable energy use Non-renewable energy use
(a) (b)
Constants: Primary material intensity = 2, CNT exposure level = 2 Constants: Primary materialintensity = 3, CNT exposure level = 3
3.0 30
29 29
28 28
2.7 27
26 26
24 5 24 <
23 g 105-106 23
22 8 "104-105 228 " 118.0-1185
212 ®103-104 21 8 ®117.2-118.0
20 2 m102-103 208 W 116.4-117.2
Lo B =101-102 10 8 "1156116.4
s E =100-101 £ m114.8115.6
e ®93-100 18 9 W 114.0-114.8
17 8 170
16 16 <
14 14
13 13
12 12
11 11
10 1.0
1011121314161718192021222324262.728293.0 10111213141617181920212223242627282930
Non-renewable energy use Non-renewable energy use

(c) (d)

Figure S3: S3a and S3b indicate total production cost response surface plots for low to high
priority of non-renewable energy used and CO: emission avoided when medium and high
priorities are considered for primary material intensity and CNT exposure level, respectively.
Figure S3c and S3d illustrate total production cost contour maps for non-renewable energy used
and COz emission avoided when medium and high priorities are considered for primary material
intensity and CNT exposure level, respectively.
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Figure S4: S4a and S4b indicate total production cost response surface plots for low to high
priority of non-renewable energy used and primary material intensity when medium and high
priorities are considered for CO. emission avoided and CNT exposure level, respectively. Figure
S4c and S4d illustrate total production cost contour maps for non-renewable energy used and
primary material intensity when medium and high priorities are considered for CO2 emission
avoided and CNT exposure level, respectively.
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Figure S5: S5a and S5b indicate total production cost response surface plots for low to high
priority of non-renewable energy used and CNT exposure level when medium and high priorities
are considered for CO, emission avoided and primary material intensity, respectively. Figure S5¢
and Sbd illustrate total production cost contour maps for non-renewable energy used and CNT
exposure level when medium and high priorities are considered for CO2 emission avoided and
primary material intensity, respectively.

Constants: Non-renewable energy use = 3, CNT exposure level =3

Constants: Non-renewable energy use = 2, CNT exposure level = 2
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(a) (b)
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Figure S6: S6a and S6b indicate total production cost response surface plots for low to high
priority of CO2 emission avoided and primary material intensity when medium and high
priorities are considered for non-renewable energy used and CNT exposure level, respectively.
Figure S6c and S6d illustrate total production cost contour maps for CO2 emission avoided and
primary material intensity when medium and high priorities are considered for non-renewable
energy used and CNT exposure level, respectively.
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Figure S7: S7a and S7b indicate total production cost response surface plots for low to high
priority of CO2 emission avoided and CNT exposure level when medium and high priorities are
considered for non-renewable energy used and primary material intensity, respectively. Figure
S7c and S7d illustrate total production cost contour maps for CO. emission avoided and CNT
exposure level when medium and high priorities are considered for non-renewable energy used

and primary material intensity, respectively.
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Constants: Non-renewable energy use = 2, CO, emission avoided = 2 Constants: Non-renewable energy use = 3, CO, emission avoided =3
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Figure S8: S8a and S8b indicate total production cost response surface plots for low to high
priority of primary material intensity and CNT exposure level when medium and high priorities
are considered for non-renewable energy used and CO> emission avoided, respectively. Figure
S8c and S8d illustrate total production cost contour maps for primary material intensity and CNT
exposure level when medium and high priorities are considered for non-renewable energy used
and CO2 emission avoided, respectively.
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