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FRARKEIR ASSOCIATES, LTD.

A LIFE CYCLE INVENTORY OF
PROCESS AND TRANSPORTATION ENERGY
FOR EIGHT DIFFERENT MATERIALS

INTRODUCTION

This appendix presents the aggregated process and transportation energy
used to manufacture eight different types of materials from virgin raw materials
and recycled postconsumer materials. The eight different materials studjed are:
newspapers, aluminum cans, office paper, steel cans, corrugated boxes, low
density polyethylene (LDPE), high density polyethylene (HDPE), and
polyethylene terephthalate (PET).

Although they are not complete life cycle inventories, the energy profiles for
each virgin material are based on life cycle inventory (LCI) practices. The process
energy and transportation energy for most steps in the life cycle of the materials are
included. The life cycle of each virgin material begins with the acquisition of raw
materials, such as the harvesting of trees for making newsprint or the production of
crude oil for making plastic. The energy profiles for the virgin materials include raw
materials acquisition through manufacture of the material or product specified.

For most of the recycled materials, the energy profiles represent a system
which begins with the collection and transportation of postconsumer materials
and finishes with reprocessing into the recycled material or product specified. In
two cases, office paper recycled into tissue paper and corrugated recycled into
folding boxes, the energy profiles represent "open-loop” recycling. Open-loop
recycling is discussed later in this appendix.

The following sections of this apr endix present: 1) the data tables and
flow diagrams illustrating the systems evaluated; 2) a discussion of the overall
boundary conditions for the systems studied; 3) a discussion of the processes
evaluated for each system, and 4) an overview of the data sources.

FLOW DIAGRAMS AND DATA TABLES

A flow diagram and data table(s) are presented for the production of each
material both from virgin and from recycled inputs. Each flow diagram shows the
process steps that are included in the boundaries of the analysis. The data in the
associated table(s) show the aggregated energy to produce one ton of the material
specified. The boundaries of the analysis include manufacturing into the final
product; for aluminum and plastic resins, fabrication is shown separately. Where
fabrication is included in the boundaries, fabrication data may be presented in a
separate table from material production (e.g., aluminum), or a single table may
contain data encompassing material production and fabrication (e.g., corrugated
containers).






FRARILEN ASS0C IATES, LTD. '

Table 1a
DATA FOR THE PRODUCTION OF ONE TON
OF AVERAGE* NEWSPRINT
Energy Usage e Thousand
_ " Btu
Process Energy
Electricity 1,781 kwh 19,541
Natural gas ** 9,999 " cuft 11,347
LPG 0.16 gal 17.1
Coal . 318. Ib- ' 362
Distillate oil** 0.098 gal 27.9
Residual oil 099 gal 166
Gasoline . 0.0028 gal 0.39
Diésel 1.78 gal 278
Wood 2,218 thousand Bty ‘ 2,218
Total Process - 33,956
Transportation Energy
Combination truck _ 236 tori-miles
Diesel 2.78" gal o 433
Single unit truck 87 ton-miles '
Diesel . 166 gal 273
Rail 101 ton-miles
Diesel 031 gal 48.6
Barge 2.33 ton-miles
Diesel 0.0047 gal 0.73
Residual oil 0.0014 gal 023
Qcean freighter 514 ton-miles
Diesel 0.0051 gal 0.80
Residual 0.051 gal 8.63
Pipeline-natural gas 050 ton-miles
Natural gas 115 cuft 1.29
Pipeling-petroleum products 3.18 ton-miles
Blectricity 0070 kwh 0.77
Total Transportation ‘ ‘ 767

* The "average" data preseﬁted here represent the average recycled content and
recyclingdevel of 39%
** Includes eénergy of material resource

Source: Franklin Associates, Ld.
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FRAMKLIN ASSOCIATES, LTD

Table 1b

DATA FOR THE PRODUCTION OF ONE TON
OF NEWSPRINT FROM RECYCLED NEWSPRINT

Energy Usage

Process Energy
Electricity
Natural gas *
LPG
Coal
Distillate oil*
Residual oil
Gasoline

Total Process

Transportation Energy
- Combination truck
Diesel
Single unit truck
" Diesel
Rail
Diesel
Barge
Diesel
Residual ot
Ocean freighter
Diesel
Residual
- Pipeline-natural gas
“Natural gas
Pipeline-petroleum products
Electricity

‘Total Transportation

* Includes energy of material resource

Source: Franklin Associates, Lid.

1,251
7,888
041
19.3
0.093
0.068

. 0.0025

10.7
0.13

424

46.0
0.14
0.86
0.0017

- 5.2B-04

48.6
'0.0049
0.049
0.43
0.99
2.99
0.066

kwh
cu ft

ib

gal
gal
gal

ton-mileg
gal

ton-miles

gal
ton-miiles
gal
ton-miles
gal

gal
ton~-miles .,
gal

gal
ton-miles
cuft -
ton-miles
kwh

Thousand
Btu

13,723 -
8,978
43.5
219
27.0
11.4
0.35

23,005

19.6
700
222

0.27
0.087

0.76
8.16

111

0.72
752




'spunod ur syereiew Jo ySom jusssrdss siaqumypy rededsmau /yudsmau
19qYy papAdal o] JO 10} 3Uo Jo uoponpoid auy 10§ urerSerp mof -q[ am3L]

| 99T
i (uowelofg < (OIO) seuizedey PO
stadedsmapy | 10/pue ‘
yurrdsmap] : Surysepn) - e
¢ dmd paurg (INO) 33dedsman piO

KRN ASSOCIATES 11D,

SINOBINUR] |

nonpold
apxoIpAH

HOHOINPOI]
sy epos

paseq-juaajeg

UCHINPOL]
apmoi
BULIOTY)

UONONPOL]
NeIO[YD
W pos




NELEN ASSOCIATES, LD,

Table 2a

DATA FOR THE PRODUCTION OF ONE TON OF
ALUMINUM INGOT FROM VIRGIN MATERIAL

Energy Usage : f Thousand
| Btu
Process Energy :
Coal (for coke) 251 b . 3,009
Petroleum (for coke) 06 b 13,668
Blectricity | 16,545 kwh* 177,227 *
" Natural gas 10,889 cuft 12,576
LPG , : 0.17 gal | 20
Coal 461 b 565
Distillate oil 3.18 gal 523
Residual oil 10.4 - gal 1831
Gasoline 0.074 “gal 1
Diesel 2.99 gl 491
Total Process : 209,922
Transportation Energy e
Combination truck 27 ton-miles
Diesel 0.32. gal 53
~ Rail \ 1,438 . ton-miiles
Diesel 446" gal 733
Barge 26 ton-miles
Diesel. 0.052 gal 9
Residual oil 0.016 gal 3
Ocean freighter 20,254 ton-miles E
Diesel 2.03 gal . 333
. Residual 203 gal ' 3,553
Pipeline-petroleum products 99 ton-miles
Electricity ‘ 2.18 kwh 23
Total Transportation ' 4,706

Source: Franklin Associates, Ltd.

* The electricity values have been revised to reflect émelﬁnfg_ energy as reported
in Alcoa's 1993 Annual Report. The Btu value for electricity is based on the
U.S. national average grid.
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Table 2b

FRAMNICLIN ASSOCIATES, LTD,

DATA FOR THE PRODUCTION OF ONE TON OF
ALUMINUM INGOT FROM 100 PERCENT RECYCLED MATERIAL
(includes recovery, reprocessing, and ingot casting)

Energy Usage

Process Energy
Electricity*
Natural gas
Residual oil

Total Process

Transportation Energy
Combination fruck
Diesel
: Diesal

Total Transportation

223
3,550
1.38

43
0.51
1,070
3.32

- Thottsand
Btu
kwh 2,392
cu ft C 4,100
gal 242
6,734
torsmiles
gal 83
ton~miles
gal 545
628

* The Btu value for electricity is based on the'U.S. national average grid.

Source: Franklin Associates, Lid.
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FRANKLER ASSOCIATES, LTD,

DATA FOR THE FABRICATION GF ONE TON OF
ALUMINUM CANS FROM INGOT*
(includes sheet rolling and can production)

Raw Materials
Aluminum Ingot

Eneigy Usage

Process Energy
Electricity*
Natural gas
Residual oil

Total Process

Transportation Energy
Combination truck
_ Diesel
Rail
Diesel

Total Transportation

Table 2¢

2,000

1,282
16,339
575

73
0.86
1,728
5.36

b

kwh
cuft

ton-miles
gal
ton~miles
gal

Thousand
Bty

13,735
18,871
1,008

33,614

141

881

1,022

* These data are idenitical for fabrication from virgin ingot or recycled ingot.
™ The Btu value for electricity is based on the U.S. national average grid.

Source:; Franklin Associates, Lid.
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Energy Usage

Process Energy
Electricity
Natural gas
Coal
Distillate oil
Residual oil
Gasoline
Wood

Total Process

Transportation Energy
Combination truck
Diesel
Rail
Diesel
Barge
Diesel
Residual oil
. Ocean freighter
Diesel
Residual
" Pipeline-natural gas
Matural gas
Pipeline-petroleum products
Electricity

- Total Transportation

Source: Franklin Associates, Ltd.

Table 3a

DATA FOR THE PRODUCTION QF ONE TON
OF OFFICE PAPER FROM VIRGIN MATERIALS

1,266
4,301
437
0.019
13.6
22
L7438

691
8.15
2,153
6.68
141
0.028
0.0085
52.0
0.0052
0.052
1.02
2.34
3.10
0.068

11

6 MICLIN ASSOCTATES, LTD.

ton~miles

Thousand
Btu

13,561
4,967
5,361

3.07
2,377
1,089

27,438

1,340
1,097

4.64
148

0.85
9.12

270

0.73

- 54,796

2457
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RARKRIN ASSOCIATES, LID.

DATA FOR THE PRODUCTION OF ONE TON OF
OFFICE PAPER FROM RECYCLED OFFICE PAPER
(includes collection and recycled paper production)

Energy Usage

Process Energy
Electricity
Natural gas
Distillate oil
Residual oil

Total Process

Transportaion Energy
Combination truck
Diesel
Single unit truck
Diesel
Rail
 Diesel

Total Transportation

Source: Franklin Associates, Ltd.

Table 3b

1,201
5,456
23.0
200

661
7.80

125
240
0.74

13

tor-miles

ton-miles
gal
ton-miles
gal

Thousand
Biu

12,870
6,301
3,781
3,578

26,461

1,283
208

122
1,610
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Table 3c
DATA FOR THE PRODUCTION OF ONE TON OF
VIRGIN TISSUE PAPER
Energy Usage
Process Energy
Electricity 919 kwh
Natural gas 4255 cult
Coal 508 b
Distillate oil 10.6 gal
Residuat oil 392 gal
Gasoline 789 gal . .
Wood 21,296 thougand Btu
Total Process
Transportation Energy -
Combination truck - 328 ton-iniles
Dlesel 3.87 gal
Rail 777 tom-miles
Diesel 241 gal
Barge 277 tonemiles
Diesel _ 0.055 gal
Residual oil 0.0166 gal
Ocean fraighter 41.6 ton-miles
Diesel 1 0.0042 gal
Residual 0.042 gal :
Pipeline-natural gas 0.81 ton-iiles
Natural zas 1.87 cuft
Pipeline-petreleum products 248 ton-miles
Electricty 0.055 kwh
Total Transportation

Source: Franklin Associates, Lid.

15

MIESEARG ASSOCIATES, LTD.

Thousand
Btu

9,847
4,915
6,224
1,745
6,872
1,191
21,29

52,001

636

396

0.6
1,055



FRANILIN ASSOCIATES LD

4558
(2.349)

4,166

Wood:
Residues

124

26

" Sodium Sulfate

Sodiuin
-+ Hydroxide
Production

Sulfur

Production

Figure 3¢. Flow diagram for the production of one ton of virgin tissue paper.
Numbers represent the weight of materials in pounds.
{Values in parentheses represent dry fiber base.) -
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FIRARICLEN ASSOCIATES LoD,

DATA FOR THE PRODUCTION OF ONE TON OF
TISSUE PAPER FROM RECYCLED OFFICE PAPER
{includes collection and recycled tissue production)

Energy Usage

Process Energy
Electricity
Natural gas
Distillate oil
Residual oil

Total Process

Transportation Energy
Combination truck
Diesel
Single unit truck
' Diesel
Rail
Diesel

Total Transportaton

Source: "-nklin Associates, Lid.

- 1.20%

5,456

20

661
7.80

65
1.28
240
0.74

Table 3d

kwh

zal
zal

17

Thousand
Btu

12,870
6301
3,781
3,508

26,461

1283
205

122
1,610
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Tabrle 4a

DATA FOR THE FRODUCTION OF ONE TON OF
STEEL INGOT FROM VIRGIN MATERIALS *

Energy Usage
Process Energy
Coal (for coke) 1,080
Electricity 316
Natural gas 2,443
Coal - 544
Distiilate cil 743
Residual oil ' 0.49
Gasoline : 0.34
Total Process
Transportation Energy
Combination truck 368
Diesel 43
Rail ' 1352
Diegel 4.19
Barge ‘ 587
Diesel 117
Residual oil 0.35
Total Transportation

NIKLIN ASSOCIATESLTD:

kewh
cuft
b

gal
gal
gal

ton-miles
gal

ton-miles

gal
ton-milés
gal
gal

Thousand
Biu

12,929
3.387
2,822

&7
1221
B85

20,562

713
689

193
62

1,657

* The basic oxygen furnace uses approximately 20 percent recycled scrap in the

production of "virgin" steel.

- Source: Frankiin Assodates, Lid,

19~
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FRASILIN ASSOCIATES, LTD.

. ' Ta.bie &b

DATA FOR THE FRODUCTION OF ONE TON OF
- STEEL INGOT FROM 100% RECYCLED STEEL CANS
(inciudes steel can colléction, baling, and electric arc furnace)

Energy Usage e ' Thousand
Btu
Process Energy
Electricity 492 kwh 5267
Natural gas 83 cuft 96
LPG S 0.16 gal 19
Coal 609 Ib 75
Distillate oil 0.048 gal 8
Residual oil 0017 gat
Gasoline | 0.0055 gal 1
Total Process ‘ 5,468

Transportation Energy

Combination fruck 7 ton-miles

Diesel 0.088 gal- 15
Single unit truck 382 ton-miles '

Diesel 729 gal 1198
Rail i2 ton-miles

Diesel 0.038 gal ' 6
Barge 3 ton-miles :

Diesel 0.0051 gal 1

Residual oil 30015 gal .3

Total Transportation 1,220

Source: Franklin Associates, Ltd.
LY

21



FRANKLIN ASSOCIATES, LTD.

Taﬁle de
DATA FOR THE PRODUCTION OF ONE TON OF

TIN PLATED STEEL CANS FROM STEEL INGOT*®
{includes sheet rolling through can production)

Raw Materiais

Steel Ingot 2046 b
Energy Usage Thousand
. Btu
Process Energy .
Electricity 347 kwh 3,715
Natural gas 2,139 cufe 2,470
Total Process 6,185
Transportation Energy
Combination truck 1434 ton-miles
Diesel ‘ 16,921 gal 2,782
Total Transportation 2,782

* These data are identical for fabrication from virgin ingot or recycled ingot.
The data in the table include an estimate of 46 pounds of steal ingot loss.

Source: Franklin Associates, Lid.
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Table 5a

DATA FOR THE PRODUCTION OF ONE TON
OF VIRGIN* CORRUGATED BOXES

Energy Usage

Combustion Process Energy
Electricity
Natural gas
LPG
Coal
Distillate oil
Residual oil
Gasoline
Diesel
Wood

Total Combustion Process

Combustion Transportation Energy
Combination truck
Diesel]
Rail
Diesel
Barge
Diesel
Residual oil
Ocean freighter
Diesel
Residual
Pipeline-natural gas
Natural gas
Pipeline-petroleum products
Electricity

549
3,379
0.0034
250
0.020
2.73
0.0020
218
15,172

588
6.94
674
2.09
13.5
0.027
0.0081
6.18
6.2E-04
0.0062
.12
0.28
.37
0.0081

Total Combustion Transportation

kwh

cu ft

gal

Ib

gal

gal

gal

gal

thousand Biu

ton-miles
gal
fon-miles

gal
ton-miles

gal

gal
ton-miles
gal

gal
ton-miles
cu ft
ton~miles
kwh

Thousand
Btu

6,023
3,792
0.36
2,838
3.12
458
0.28

- 338
15,172

28,625

1,080
325

4.21
1.36

0.096
1.04

0.31

0.089
1,412

* Corrugated boxes are always manufactured with some recycled content. The "virgin" data
presented here represent the minimum possible recycied content and recycling level of 9.8%

Source: Franklin Associates, Ltd,
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FRAMKLIN ASSOCIATES, LTD.

Table 5b

DATA FOR THE PRODUCTION OF ONE TON
OF CORRUGATED BOXES FROM RECYCLED CORRUGATED

(includes corrugated collection, recycled paperboard
‘producticn, adhesive production, and box fabrication)

Energy Usage

Process Energy
Electricity
Natural gas
LPG
Coal
Distiliate oil
Residual oil
Gasoline
Diesal

Total Process

Transportation Energy
Combination truck
Diesel
Rai]
Barge
Diesel
Residual oil

Diesel

Total Transportation

Source: Franklin Associates, Lid.

651
3,270
0.20

0.013
1.23
1.3E-05
0.68

507
599
617
1.91
12.1
0.024
0.0073

Thousand
Btu
kwh 7,145
cu ft 3,668
gal 21.5
b 4,797
gal 2.08
gal 206
gal 0.001%
gal 106
15,946
ton-miles
gal 931
ton-miles
gal 298
ton-miles
gal 3.77
gal 1.22
1,234
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Table 3¢
DATA FOR THE PRODUCTION OF ONE TON

OF VIRGIN FOLDING CARTONS
Energy Usage
Process Energy
Electricity 682 kwh
Natural gas 4,694 cuft
Coal 337 b
Distillate oil 351 gal
Residual oil 1344 gal
Gasoline 742 gal
Wood 19,203 thousand Btu
Total Process
Transportation Energy
Combination fruck 326 ton-miles
Diesel ' 385 gal
Rail 719 ton-miles -
- Diesel 223 gal
Barge 19.21 ton-miles
Diesel 0038 gal
Residual oil 0.0115 gal
Ocean freighter 20,3 ton-miles
| Diesel 00020 gal
Residual 0.020 gal
Pipeline-natural gas 0.40 ton-miles
Natural gas 091 cuft
Pipeline-petroleum products 121 ton-miles
Electricity 7 0.027 kwh
Total Transpurmﬁ.on

Source: Franklin Associates, :_'I,;td.

Thousand
Btu

7,310
5,422
4,128
577
2,358
1,119
19,203

40,117

633

366

1.1

0.3
1013



FRANKLIN ASSOCIATES, LTD.

4494 -
(2,207

3,916
{1,958)

Wood
Residues

Limestone | 18 ]
Mining
Virgin
Folding Box

Ma.nufacture _3

o] Sulfuric Acd |
Production

Figure 5c. Flow diagram for the production of one ton of folding boxes made from bleached and
unbleached paperboard. Numbers represent the weight of materials in pounds.
(Values in parentheses represent dry fiber base.)



DATA FOR THE PRODUCTION OF ONE TON OF

Table 54

FOLDING BOXES FROM RECYCLED CORRUGATED
(includes corrugated collection and recycled paperboard production)

Energy Usage

Process Energy
Electricity
Natural gas
Coal
Residual oil

Total Process

Transporiation Energy -
Combination truck
. Diggel
Digsel
Barge
Diesal
Residual oil

Total Transportation

Source: Franklin Associates, Ltd.

639
6,235

346
347

390
610
1.89

12

0.024

0.007

cu
b
gal

ton-miles
gal
ton-miles
gal
ton-miles
gal
gal

30

Thpusand
Bu -

6,846

7,201
4,242
609.3

18,898

970

o itk

1,286
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BRI ASSOCIATES, LTD.

Table 6a
DATA FOR THE FRODUCTION OF ONE TON
OF VIRGIN LDPE RESIN
Energy Usage
Process Energy
Electricity 1,198 kwh
Natural gas 15661 cuft
LPG 0.08 gal
Distillate oil 0.44  gal
Residual oil 1.26: gal
Gasoline 0.19 gal
Total Process
Transportation Energy -
Combination truck 264 . ton-miles
Diesel 0.31 gal
Rail 1,064 tor~-miles
Diesel 330 gal
Barge 356 ton-miles
Diesel 0.071 gal
Residual oil 0.021 gal
Ocean freighter 1,244 ton-miles
Diesel 012" gal
Residual 124 gal
Pipeline-natural gas 107 ton-miles
Natural gas 245 cuft
Pipeline-petroletim products 74.2. ton-miles
Electricity 1.637 kwh
Total Transportation

Source: Franklin Associate$, Lid.

32

' Thousand
Btu

12,829
18,088
10.4
71.8
220
29.4

31,249

51.3
342 -

11.7
3.75

20.5
218

283

17.5

1,148
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FRAMKLIN ASSOCIATES, LTD.

DATA FOR THE PRODUCTION OF ONE TON

Table 6b

OF RECYCLED LDPE RESIN

{includes collection and reprocessing to pellets)

Energy Usage

Process Energy
Electricity
LPG
Total Process

Transportation Energy
Combinator quck
Diesel
Single unit truck
Diese}

Total Transportation

Source: Franklin Associates, Lid.

464
0.22

284
3.35
378
7.23

34

kwh
gal

ton-miles
gal

ton~-miles

gal

Thousand
Biu

4,975
26.7

5,002

551
1,188
1,739
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FREAMNKLIN ASSOCIATES, LTD.

Table 62

DATA FOR THE FABRICATION OF'ONE TON
OF BLOW MOLDED LDPE PRODUCTS

Energy Usage

Process Energy
" Electricity 600 kwh

Total Process

Source: Franklin Associates, Ltd.

Thousand
Btu

6427
6427



FRANKLEN ASSOCIATES, LTD.

Table 7a
DATA FOR THE PRODUCTION OF ONE TON
OF VIRGIN HDPE RESIN
Energy Usage
Process Energy
Electricity 617 kwh
Naturai gas 15,011 cufe
LPG 0.086 gal-
Distillate oil 0.4 gal
Residual oil . 126 gal
Gasoline 0.19 gal
Total Process
* Transportation Energy
Combination truck 26.4 ton-miles
Diesel 031 gal-
Rail 1,064  tonsmiles
Diesel 330 gal’
Barge 35.6 toremiles
Diesel 0071 gal
Residual oil 0.021 gal
Ocean freighter L244 tonimiles
Diesel 0.12 gal
Residual 124 gal
Pipeline-natural gas 107 ton-miles
Naturai gas 245 cuft
FPipeline-petroleum products 74.2. ton-miles
Electricity 163 kwh

Total Transportation ‘
Source: Franklin Associates, Lid,

Thousand
Btu

6,609
17,337
10.4
716
220
29.4

24,278

51.3

11.7
3,75

20.5
218

- 283

17.5
1,148



8o ASSOCIATES, 11D,

Terdrewr Jo spunod jussaidsi staquuny
wsar (FIAH) susihyiadiod Lnsuap-ySwg widaa jo uos suo jo vondnpord ay) Joj wieiSerp Mop e/ a3y

Bussadoig
SBry [BInepN]

HONONPOL]

7761 secy jeIneN

e nUBA

il i UONOnPpOLf
000z || “PHEAAH Papgz |l . sveihung

duiieaajoIp E
% ‘Junjesaqy |
‘uoneusiy

UORONPOI]
G 3pni)

905

38



FRAMKLIN ASSOCIATES, LTD.-

L,
P TR T

Table 76

DATA FOR THE PRODUCTION OF ONE TON
OF RECYCLED HDPE RESIN
{includes collection and reprocessing to pellets)

Energy Usage Thousand
. Btu
Process Energy ‘ :
Electricity 581  kwh 6,224
LPG 0.22 " gal 26.7
Total Process- 6,250
Transportation Energy
Combination truck 284 ton-miles
Diesel 335 gal » 551
Single unit truck 378 ton-miles
Diesal 7.23 gal - 1,188
_ .
Total Transportation 1,739

Source: Franklin Associates, Ltd.
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FRARILIN ASSOCIATES D,

DATA FOR THE FABRICATION OF ONE TON
OF BLOW MOLDED HDPE PRODUCTS

Energy Usage

- Process Energy
Electricity
Total Process

Sourée: Franklin Associates, Ltd,

41

Table 7

600 kwh

Thousand
Bru

6A427

. 6,427



NIKEIN. ASSOCLATES; LD,

Table 8a
DATA FOR THE PRODUCTION OF ONE TON
OF VIRGIN PET'RESIN
Energy Usage
Process Energy
Electricity 936 kwh
Natural gas 9037 cuft
LPG 021 gal
Coal 253 b
Distillate oil . 181 gal
Residual oil 44.8 gal
Gasoline 0.16 gal
Total Process
Transportation Energy
Combination truck 913 ton-miles
Diesel 168 gal
Rail 1,473  ton-miles
Diesel 457 gal
Barge 108  ton-miles
Diesel 0.22 gal '
Residual oil 0.065 gal
Ocean freighter 3039 ton-miles
Diesel 0.30 gal
Residual 3.04 gal
Pipeline-natural gas 29.8  ton-miles
Natural gas 686 cuft
. Pipeline-petroleum products 181 ton-miles
Electricity 3.99 kwh
Total Transportation

Source: Franklin Assocates, Lid.

42

Thousand .
Bty

16,021
10,438
252
3,102
2,968
7,860
24,0

34,439

1,771
751

354
11.3

50.0
533

79.2

42.8
3,274
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Table 8b
DATA FOR THE PRODUCTION OF ONE TON

JAIN ASSOCIATES, LTD.

OF RECYCLED PET RESIN

(includes collection and reprocessing to pellets)

Energy Usage

Process Energy
Electricity
LPG
~ Total Process

Transportation Energy
Combination trucic
Diesel
Single unit truck
Diesel

Total Transportation

Source: Franklin Associates, Lid.

539
0.22

284.
3.35

378

723,

gal

tor-miles
gal
ton-miles
gal

Thotisand
Btu

5769
567
5796

551

1,188
1,739
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FRANMAIN ASSOCIATES, LTD.

Energy Usage

Process Energy
Electricity
Total Process

Source; Frankiin Associates, Lid,

Table 8¢

DATA FOR THE FABRICATION OF ONE TON
OF BLOW MOLDED PET PRODUCTS

1500 kwh

46

Thousand
Btu

16,068
16,068



FRARNEIN ASSOCIATES, LTD,

BOUNDARY CONDITIONS

‘  Hlow diagram shows the process steps that are included

within the systém botundaries for each material analyzed. The data in the
associated table(s) show the aggregated energy to produce one ton of the.
material specified, including the eftergy needed for each process step shown in
the flow diagram.

Bach materials flow didgs

If marketable coproducts or byproducts are produced in any process step .
in the system, adjustiments hévé beei_l made in the materials balance and energy
requirements to reflect orily the portion of each that is attributable to the product

being considered. This is done based on the mass of each.coproduct.

The first column in each data table shows the units of each fue] that are
consumed in the process and transportation steps in the life cycle of the material.
In the second column, these fuel units are converted to Btu values. The _
conversion factors account for not only the energy content of the fuels but also
the energy required to extract, transport, and process the fuels. The energy to
extract, transport, and process fuels into a usable form is labeled precombustion

energy.

For electricity, precombustion energy calculations include adjustments for
the average efficiericy of conversion of fuel to electricity, and for transmission
losses in power lines. Thetefore, the kilowatt-hour (kwh) value shown on the
tables is the aggregated amount of electricity used by the system. The Btu value
shown in thé second column accounts for the average mix of fuels used by
utilities to produce electricity in the United States, in 1990, The energy value for
the average mix of fuels used to produce electricity in the United States'in 1992
varies from the 1990 value by only 1 percent. r :

The data tables for each material system report energy data in the
categories of process energy and transportation energy. Process energy is
energy consumed in the various processes used to manufacture the material or
product. Transportation energy describés the energy to transport the matérials
and components to the site of the next processing step. The Btu values shown for
each fuel include precombustion and combustion énergy.

_ Transportation energy is calculated by using the distarice of transport
(miles), mode of transport (truck, rail, barge, ship), and Franklin Associates
(FAL) transportation database. Thé distance and rhode of transportation are
usually provided by specific companies or facilities from which materials are
shipped. The FAL transportation database has been developed by FAL staff. It
expresses fuel usage per ton-mile of goods transported by specific modes of’
transportation. .
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FRAMIKEIN ASSOCIATES, LTD

Franklin Associates assigns an energy of material resource to fossil fuels
(i.e., petroleum, natural gas, or coal-—materials that are normally used as fuels)
when they are used as raw materials. The energy of material resource is the fuel
 energy equivalent of the material, L.e., the amount of enérgy that would be
obtained through comibustion of the dési d quantity of fossil fuel material.
In this analysis, this energy is inclided in process energy if the material is
consumed in the procéss, thus creating catbon dioxide emissions. If the fuel material
becomes part of the product, the energy of material resource is nof included. For
example, the process énergy for plastic resins does #of include the energy:content
of natural gas and peétroleurn that are used as raw materials for plastic resins,
because théy become part of thé plastic. O thé other hand, the process energy
for alumiriiun does inchide the enérgy content of natural gas and petroleum that
are raw materials for coke (& raw inaterial for smelting), because the coke is '
consumed in the production of aluminum,

Geographic Scope

With the exception of overseas transportation of crude oil, bauxite, and
alumina to the United States, all energy data aré for the United States.

Electricity

In general, detailed data do not exist on the fuels used to generate the
electricity consumed by each industry. Electricity production and distribution
‘systems in the United States are interlinked. Users of electri¢ity, in general,
cannot specify the fuels used to produce their share of the electric power grid.
Therefore, the national average fuel consumption by electrical utilities is 'used for
this study. ' " '

Electricity generated on-site at a manufacturing facility is not shown as
electricity. Instead, the fuels used at the facility to produce self-generated
electricity are represented in the process data.

Recycling

Some materials in this analysis can be recycled only a limited number of
times, while others may be recycled over and over again into the same or similar
‘products. In traditional life cycle studies, limited recycling is referred to as
“open-loop” recycling, while repeated (theoretically infinite) recycling is called
“closed-loop” recycling. The type of recycling depends not only on
infrastructure, but to a large extent on the nature of the material. For example,
paper fibers degrade with each reprocessing, while aluminum can be remelted

over and over.

None the less, in this study, each of the recycled materials systems is
modeled as if it were a closed-loop system. That is, the recycled product systems
all begin with the collection of postconsumer materials and end with the
manufacture of a recycled product (or in some cases, two different recycled
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ERARNMLIN ASSOCIATES, 1TD

- products), as shown in the flow diagrams. This was done specifically for this
project because of the emphasis on the evaluation of incrementa) differences in

the carbon dioxide emissions due to recycling.
Components Not Included

Capital Equipmient. The energy associated with the manufacture of
capital equipment is riot included in the energy profiles. This includes
equipment to mantifachire buildings, motor vehicles, and industrial machinery.,
The energy associated with such capital equipment generally, for a ton of
materials, becomes negligible when averaged ovet the miillions of pounds of
product which the capital equipment manufactures.

Space Conditioning, The fuels and power consumed to heat, cool, dnd
light manufacturing establishments are omitted from the calculations. For most
industries, space conditioning energy is quite low compared to process energy.
Energy consumed for space conditioning is usually less than one percent of the
total energy consumption for the manufacturing process. |

Support Personnel Requirements. The energy associated with research
and development, sales, and administrative personnel or related activities have
not been included in this analysis.

Miscellaneous Materials and Additives, Selected materials such as
catalysts, pigments, or other additives which total less than one percent of the net
process inputs are not included in the assessment. '

BOUNDARY CONDITIONS SUMMARY

The following table summarizes the boundary conditions for each material
analyzed for this study. The table consists of four sections, The first section lists
the name of the material analyzed. The second section indicates whether or not
the fabrication of a final product is included in the analysis. The third section
indicates whether open-loop or closed-loop recycling is analyzed. The fourth
section notes any special boundary conditions. For example, average "virgin"
newsprint and corrugated box components contain some recycled content. This
use of recycled material is part of the energy profile for these materials. For steel
cans, steel scrap is used as a raw material in the manufacture of "virgin" steel.
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BOUNDARY CONDITIONS FOR EACH MATERIAL

Fabrication

Other Speciél

Material Included Boundaty Conditions
Newspaper yes approximately 12% recycled
‘ newspaper content in average
('virgin") newspaper
Alumirium cans yes ST
Oifice paper yes
T1s§ue paper from yes
office paper
Steel cans yes approximately 20% scrap content
in"virgin" steel; fabrication loss
is assumed to be approximately
- ‘ et 5%
Corrugated ves approximately 8% recycled
content in "virgin" corrugated
Folding boxes yes
from corrugated N
LDPE ' ~ yes
HDPE yes
PET yes
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LI ASSOCIATES, 11D,

PROCESS DESCRIPTIONS
NEWSFPRINT PRODU@TKON

It is asstimed that an average of 12 pereéent recycled pulp from recovered
newspapers is continuously recycled into newsprint (Reference N-1). The
majority of the newsprint pulp is made from virgin pulp, The virgin pulp used
for newsprint is primatily made from ‘mechanical pulp and small quantities of
- chemical pulp. Mechanical piilp represénts approxitnately 70 percent of the |
virgin fiber, with chetical pulp thaking up the bther 30 percent (Reference N-2).

The following steps in the production of newspfint are discussed in the
section below:

Roundwood harvesting

Wood residues production

Salt mining |

Caustic soda and ¢hloririe production
Sodium chlorate production
Limes$tone mining

Sulfur production

Bleached chemical pulp manufacture
Mechanical pulp manufacture
Recovered paper collection

Deinked recovered pulp manufacture
Newsprint production

Ink marufacture

@-9.9.@@99@@@@@@

Roundwood Harvesting

The technique of harvesting trees has become a highly mechanized
process. Typically, trees are harvested by using a feller bunchér to &l the wood.
The wood is pulled to the roadside, where branches are removed and the wood
Is cut to manageable lengths for loading on trucks and delivery to the mill, Affer
the wood is cleared from the forest, a variety of site preparations are used, On
some sites debtis is manually removed fron the forest before replanting, while
other sites are left to grow back naturally. Finally, some Harvested sites are
burned t6 remove any remisining debris before replanting. Emissions do resulf
- from clearirig the site by burning, bitt this practice occtirs infrequently comparad

to the mass of trees harvested. It is aSsumed that these emissions are négligible
for this study. '

Trees harvested specifically for wood pulp production account for
approximately 53 percént of the wood delivered to the paper mill. The
remainder comes from wood residuss (sawdiist arid chips) generated by lumber
production or other wood processing operations.
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FRANKEIN ASSOCIATES, LTD.

Wood Residues Production

Wood residues used in the production of paper are either mill residues
generated by lumber mills or other wood processing operations, or forest
residues. | | _

Mill residues are estimated to make up about 90 percent.of the wood
residue used by paper mills. Typically the wood that a sawmill receives will
already be delimbed and cut to manageable lengths. The roundwood is sorted
by diameter and then sent to a deba

rker. After debarking, the logs are conveyed
through a series of cutting and planing operations. Roughly 75 to 80 weight
percent of the tre€ as received is converted to lumber, with the remaining 20 to 25
percent becoming wood chips and fines. The chips are sold to pulp mills, and
the fines are either burned as an energy source at a paper mill or burned for
waste disposal. :

The remaining 10 percent of wood residue used by paper mills are

- assumed to be forest residue. Forest residues are small diameter trees, limbs and
cuttings which are turned into chips in the forest. In general, wood residues are
generated on site or quite close to the mills,

Salt Mining

For the most part, salt-based chlorine and caustic facilities use captive salt
from another process or use salt recovered from underground deposits in the
form of brine. In solution mining, an : yjection well is drilled and pressurized
fresh water is introduced to the bedd:.d salt (Reference N-3). The brine is then
pumped to the surface for treatment. 3alt mines are widely distributed
throughout the United States.

Caustic Soda and Chio?ringfr@'duction

Causti¢ soda (sodium hydroxide) and chlorine are produced from salt by
an electrolytic process. The aquéous sodium chloride solution is electrolyzed to

produce caustic soda, chlorine, and hydrogen gas. For this analysis, resource

requirement and environmental emission coproduct creditis allocated ona
weight basis to each of Is produced in the cell. The reason for giving

coproduct ¢r 1 a weight basis is that it is not possible, using the electrolytic
cell, to get chilorine from salt without also producing sodium hydroxide and

hydrogen, both 6f which have commercial value as useful coproducts. Likewise,
sodium hydroxide cannot be obtained without producing the valuable

- coproducts of chlorine and hydrogen. Furthermore, it is not possible to control
the cell to increase of decrease the amount of chlorine or causti¢ soda resulting
from a given input of salt. This is determined by the stoichiometry of the
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reaction. The electrolytic cell is perceived as a “black box” with an input of salt
and electricity, and an output of chlorine, sodium hydroxide, and hydrogen.

“ le is performed by one of two progesses:
the mercury cathode cell process, or the diaphragm cell process. About 83
percent of electrolyzed chlorine and caustic soda production comes from the
diaphragm process, with the remainder coming from the mercury cell progess -
{Reference N-4).

The electrdlyéis of sodium chlorid

The diaphragm cell uses graphite anodes and steel cathodes. Brine
solution is passed through the anode compartment of the cell, where the salt is .
decomposed into chlotine gas and sodium ions. The gas is removed through a
pipe at the top of the cell. The sodium ions pass through a cation-selective
diaphragm. The depleted brine is either resaturated with salt or concentrated by
evaporation and recycled to the cell. The sodium ions transferred across the
diaphragm react at the cathode to produce hydrogen and sodium hydroxide.
Diffusion of the cathode products back into the brine solution is prevented by the
diaphragm.

The mercury cathode cell process is described by:

NaCl + xHg —+ 1/2 Clp + Na(Hg)x and
Na(Hg)x + HoO ~ NaOH + 1/2 Hp + xHg

Chlorine gas collects at graphite anodes. The chiorine gas from the anode
compartinent is cooled and driéd in a sulfuric acid scrubber. The gas is then
cooled further to a liquid for shipment, generally by rail and barge. Metallic
sodium reacts with the mercury cathode to produce an amalgam, which is sent _
to another compartment of the cell and réacted with water to produce hydrogen
and high purity sodiun hydroxide. Mercury loss is a disadvantage of the
mercury cathode cell process.” Sotrie of the routes by which mereury can escape
are in the hydrogen gas stream, in cell room ventilation air atid washing water,
through purging of the brine 1dop and disposal of brine sludges, and through
end box fiimes. : : '

Sodium Chlorate Prqductinn

Sodium chlorate is used to produce chlorine dioxide at the pulp mill site.
The chlorine dioxide is used for bleaching. Sodium chlorate is produced from
electrolysis of salt brine similar to the production of caustic and chlorine, except
that the chlorine and caustic are not separated, but are instead allowed to mix
(Reference N-5). Hypochlorite forms first, followed by the formation of sodium
chlorate. It is assumed that the energy and emissions for the manufacture of
sodium chlorate aré the same as those for chlorine (Reference N-6).
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Limestone Mining

Limestone is quarried primarily from open pits, The most eé_onomical
method of recovering the stone has been through blasting, followed by
mechanical ctushing and screéning (Reféréfices N-7 and N-8).

Sulfur Preduction

Sulfur exists in nature as elemental sulfur and is also found in ores such as
pyrite (FeSy). Sulfur is alse’recovered from hydrogen sulfide (H,S), a comiporent
of petroleum and ratural gas. The Frasch process accounts for approximately 34
percent of 1.5, sulfur production, while the Claus process atcounts for
approximately 66 petcent. Descriptions of these two processes follow.

Frasch Process. Sulfur is obtained fromi sulfut-bearing porous lithestoiie
primarily by the Frasch process. In this process, a set of thiee concentric pipes
are insérted into a well drilled into an underground sulfur dome. Injecting
superheated water into the well raises the temperature of the sulfur-bearing rock
above the melting point of sulfur. The molten sulfur is then forced to the surface
by compressed air injected into the well. As all Frasch rines in the U.S. are near
waterways, the sulfur is shipped by insulated barge or boat, or allowed to
solidify and shipped as a solid. > '

Claus Process. Approximately 59 percent of the sulfur produced via
Claus recovery is obtained from hydrogen sulfide recovered from petroleum.
refining, and the remaining 41 percent is recovered from natural gas sweetening
(Reference N-8). -

Hydrogen sulfide is recovered from natural gas or refinery gases by
absorptiori in a solvent or by regenerative chemical absorption (Reference
N-9). Hydrogen sulfide concentrations.in the gas from the absorption unit vary.
For this analysis, an industry average HzS gas concentration of 85. percent is used
(References N-1.and N-10). This concentrated hydrogen sulfide stream is treated
by the Claus process to recover the sulfur. The Claus process is based upon the
reaction of hydrogen sulfide with sulfur dioxide according to the exothermic

reaction (Reference N-9}):
2ZHS + 507 «» 35 + 2ZHO {(Reaction 1)

Sulfur dioxide for the reaction is prepared by oxidation of hydrogen
sulfide with air-or oxygenin a furnace using either the partial combustion
process (once-through process) or the split-streat process. The partial
combustion method is used when the H»S concentration is greater than 50
percent and the hydrocatbon concentration is less than 2 percent. The split
stream process is used when there is an HpS concentration of 20 to 50 percent and
a hydrocarbon concentration of less than 5 percent.
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In the partial combustion method, the hydrogen sulfide-rich gas stream is
burned with a fuel gas in an oxygen:limited environment to oxidize oné-third of
the HS to SO, according to the reaction (Reference N-11):

2HpS + 202 — SOz + S + 2HO - (Réaction 2)

Sulfur is removed from the burner-and the H»S/50y mixtire moves to the
catalytic converter chambers. '

In the split stream process, one-third of the hydrogeri sulfide is split off
and completely oxidized to SO, according to the reaction:

HpS + 1502 — SOz + Hz0 (Reaction 3)

The remaining two-thirds of the H5S is mixed with the combustion product and
enters the catalytic converter chambers.

The H3S and 5O, mixture from either process is passed through one or
more catalyst beds and is converted to sulfiir, which is removed by condensers
between each bed (Reference N:9). For this-analysis; an Hy$ concéntration of 85
percent has been assumed; therefore, it is also assumed that the partial
combustion process is tised.

Although efficiencies of 96 to 99 percent sulfur fecovery have been
demonstrated for the Claus process, recovery is usually not over 95 percent and
is limited by thermodynamic considerations (References N-9 and N=11). For this
analysis, a sulfur recovery efficiency of 93 percent is assumed.

The energy generated from burning hydrogen sulfide to produce 503 is
usually recovered and used directly to reheat the process stream in secondary
and tertiary condensers, or recovered as steam for use in:other processes '
(Reference N-11). Heat released from cooling the exothermiic réaction to form
sulfur is also recovered. The theoretical potential energy recoverable from the
process is caleulated from the overall sulfur production reaction: '

HyS + 050 — S + Hy0 (Reaction 4)

The standard heats of formation, AH £ 2% for the species in Reactios 4 are
(Reference N-1 D | '

0 kcal mole-1
0 kcal mole-1
4,93 keal mole-l

AH £295 (03 (g))
AH f28 (S(s))
AH £ (H3S (g)
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AH 208 (HpO (g)) =-57.8 kecal mole-l
The s’candafdlfheat of fomaﬁc;n foi Reaction 4 is therefore:

AH f 298 = [0 + -57.8 keal /mol Hy0] - [-4.96 keal/mol HaS + (]
AH f 298 = -52.87 keal/mole '

For thig analysis, a sulfur recovery rate of 93 percent has been assumed;
therefore 1,073 pounds of HjS are required to recover 1,000 pounds of sulfur.
This equates to 14,315 moles of hydrogen sulfide. According to the above
formation energy calculation, processing this athount of hydrogen sulfide could
theoretically release 7.57 x 105 keal, or 3.0 millior Btu. |

Industry sources report steam recovery from the sulfur recovery process
of approximately 2,000 Ib of steam per 1,000 Ib of recovered sulfur. Assuming
the heat value of 250 psia steam to be 1,200 Btu/Ib (Reference  N-12), this
equates to 2.40 million Btu per 1,000 Ib of recovered sulfur. The difference of 0.6
million Btu between the heat generated by the process and the heat recovered to
produce steam is a loss of heat from the system. The fuel value of H28 is not
included in the total energy for the system because H9S is not used asa |
commercial fuel. The system is also not given an energy credit for any steam
exported from the system. _

The energy requirements for crude oil production and refining processes
that produce hydrogen sulfide-containing refinery gases and for sour natural gas
production, processing, and sweetening processes that produce concentrated
hydrogen sulfide gas-are included with those for sulfur recovery.

Bleached Chemical Pulp Manufacture

Many different pulping methods are used to produce chemical pulps: .
Kraft, sulfite, and semichemical are the most common (Reference N-2). The data
developed for producing chemical pulpis a weighted average from the previous
processes and the chemi-thermomechanical pulp process which is-also used in
newsprint production. The following is a general discussion of a chemical pulp
process.

Wood chips are delivered to the mill and washed and screened. To soften
and increase brightness, the chips are impregnated with sodium sulfite. -
The sodium sulfite is produced from the reaction between the sulfur and the
caustic soda. The sulfite also aids in separation of the fibers. After sulfonation,
the fiber bundles are further separated by a series of refining operations,
(mechanically breaking down the fibér bundles). The refining operation consists
of forcing the chips under great pressure between the surfaces of two métal
disks, one stationary and one that rotates, that are separated by a very small gap.
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The combined_pqgs,sgrﬁ and friction.cause any remaminglfiber'bundles' to be
separated. After two to three refining operations, the consistency of the wood
fiber has been converted from chips to pulp. After the refining operation, several
stages of screening, cleaning, and filtering are needed to separate undesirable
particles from the pulp. The pulp is then placed in storage tanks to await -
bleachirg.

Cmbginq.dioxide, generated from sodium chlorate, is used to-bleach the-
pulp along with chlorine and possibly other bleaching chemicals. After = -
bleaching, the pulp is mechanically dewatered by the use of both filters and roll
presses. In an integrated mill, the pulp is transferred tothe paper or paperboard
manufacturing section of the mill. If market pulp isbeing maniifactured, the
pulp is dried and baled. The final pulp drying operation involves passing the
dewatered pulp through a series of columns that circulate hot air over the pulp.
The pulp reaches a final consistency of approximately 80 percent-solids.

Mechanical Pulp Manufacture

Mechanical pulp, which is commonly either groundwood pulp or refiner
mechanical pulp, is the major pulp source used for manufacturing newsprint
(Reference N-2). Data on refiner mechanical pulp production, which employs a
disc refiner to break down wood. chips, are not available. The data for
mechanical pulp represents only the stone groundwood process. The
groundwood process produces pulp by pressing blocks of wood againstan
abrasive rotating stone surface. Very little, if any, chemicals are used in this
process (Reference N-2), _

Recovered Paper Collection

Collection of waste. paper, whether from an industrial or consumer
setting, involves separation of the various grades of waste paper, baling the
discards for ease of shipment, and delivery to a repulping operation.

Deinked Recovered Pulp Manufacture

The following discussion describes the production of deinked market pulp
from recovered fiber sources, either industrial scrap Or postconsumer. For many .
paper products, repulped. wastepaper can be used as a raw material substitute.
for wood pulp. P

The most common method of preparing recovered paper for reuse begins
with repulping the fiber sources. During the repulping step, large sized
contaminants are separated from the fiber.. Immediately following pulping,
smaller sized contaminants are screened. for-removal prior to deinking.. If inks
are present, a portion of the inks are washed from the fiber during the screening
process and may result in sufficient deinking for some applications, such as for
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combination paperboard. This process also removes some coatirigs'and fillers
from the recovered paper. L e
| When higher briglitness is needed i th firial produict, a washing dnd/or
flotation process involving chemical digestion “cooking” is required to further
remove inks, fillers and coatings. This intensive digestion process often results in
a significant weight loss of fiber in terms of both cellulosic fines and ash. These
losses end up as deinking sludge. Chemicals, such as detergent, are ised iri thie
deinking process.: - - R '

The deinked pulp is then-dried or partially dried and prepared for
delivery to a paper mill. The deitiked and partially dried pulp, referred to as
deinked wet lap, has an average moisture content of 50 percent., '

Newsprint Production

As discussed at the beginning of this section, newsprint is made primarily
from mechanical pulp. The fiber products are brought into the stock storage
chest where they are mixed with watet and'cornbined with other pulps to form a
suspension which is ready to be made into-paper. Small arounts of caustic soda
and bleaching chemicals may be used biit dre assuiried to be fegligible for
making newsprint from pulp in thigstudy (References N-2 arid N-6).

From stock prep, the furnish is fed into the headbox. With the use of
pressure, the headbox depositsthe furnish in a regulated faghion onto a wire
mesh. From the headbox, the wire mesh moves over a series of vacuuin bdxes
where the sheet is mechanically dewatered. '

Next, the furnish sheet is transferred from the plastic wire to a synthetic
fabric. This feltconveys the sheét to a pressure roll with an ifiternal vacuuri box
designed to remove additional water. This samie pressure roll
also transfers the web to the dryet: This operation'is the final drying operation
for the sheet.

Once the fiber has passed through the dryer, it has entered the “dry end”
of the paperniaking operation. From the dryer, the paper is passed through
calender 1olls to softeri and smooth the paper, and wouiid onito a large, bulk size
reel (now referred to asa parént roll). As the fiber passes throtigh the
papermaking process, scrap or broke that is created is fed directly into the
holding chest underneath the machine to be repulped and sent back to the
headbox. This internally recycled scrap is referted to as machiné broke.

The rolls'of newsprint are sold tonewspaper publishets Who convertthe
paper into fieWspaper. The'converting operation is assutned to be'small N
compared to-the production'sf pulp and paper and is not considered in this'
study. ) BT |
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NEWSPAPER REFERENCES

N-1

N-2

N-3

N-4

N-5

N-9

N-10

N-11

Data compiled b’;}ﬁ;anklm.Assoeiates, Ltd. based on contact with .‘

~confidential sources. 1988-1992.

Smook, G.A. Handbook for Pulp & Paper Technologists. Joint
Textbook Committee of the Paper Industry. 1987,

U.S. Bureau of Mines. Mineral .Yearbook. Volume 1. 1989.

The Chlorine Institute, Inc. North American Chlor-Alkali Plants and
Production Data Book. Chlorine Institute Pamphlet. January 1989,

Smook, G. A. Handbook for Pulp and Paper Technologists, TAPPIL.
1987, ‘

Franklin Associates, Ltd. estimate.

U.S. Department of Interior, Bureau of Mines. Mineral Facts and
Problems. 1984. ' ) -

U.S. Bureau of Mines. Minetal Yearbook, 1988 and earlier years.

Riegel’s Handbook of Industrial Chemistry. Ninth Edition. Edited by
James A. Kent. Van Nostrand Reinhold. New York. 1992. '

Gary, J. H,, and G. E. Handwerk. Petroleum Refining, Technology and
Economics, Second Edition. Marcel Dekker, Inc. New York. 1984,

Handbook of Chemistry and Physics. 63rd Edition. CRC Press Inc,
Boca Raton, Florida. 1983. ' .
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ALUMINUM CAN PRODUCTION

The following sections describe the steps for the manufacture of primary
aluminum from raw materials extracted fromi the earth and from recycled
containers. The process of producing molten alumirum from recycled contairiers
is much simpler than from virgin materials.

The following steps in the productién of aluminum cans are discussed in
the sections below:

Lime production
- Bauxite mining’
Alumina prodiction
Crude oil production
Petroleum coke prodiction
Coal mining
Metallurgical coke production
Aluminum smelting
Ingot casting
Aluminum can recover and process
Used container melting and ingot casting
Aluminum sheet rolling
Can fabrication |
Lid fabrication

6@@@@@@9@@@9‘@@

The following steps are discussed in the Newsprint section and are not
repeated here:

¢ Limestone mining
° Salt mining
¢ Caustic soda production

Lime Production

Lime is produced by calcining limestone. Limestone (calcium carbonate)
is heated in a kiln to a high temperature to drive off any water present in the
limestone. The carbonate is decomposed by the evolution of carbon dioxide. The
product that remains is lime (calcium oxide) (References A-1 and A-2).

Bauxite Mining

Aluminum is the most widely distributed metal in the earth’s crust, with
only the nonmetallic elements oxygen and silicon surpassing it in abundance.
However, bauxite ore is at the present time the only commercially exploited
source of aluminum. Although other types of earth, including ordinary clay,
contain aluminum, economics favor the use of bauxite.
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y ?h@ﬁ@ﬁgi}_@@fraiz;‘anc:.iw-emsion;gn materials containirig
). The heavy rainfall and warm temperatures of the

tropics provide the most nearly ideal conditions for this Pprocess, arid:mest of the
world’s bauxite is mined in these regions, Australia is the leading producer of
bauxite, followed by Guinea, which is second, and Jamaica, which is third

(References A-3). Althotigh a number of other countries also produce and export -

bauxité tq the Unite atés, more than 90 percent of the total is supplied by these
three countries. Thetefore, for this analysis, only these three countries are |
considered as the suppliers of bauxite to the United States. -

Alumina Production

Before it can be used in the mazi;ifabture of metallic aluminum, bauxite ore
must be refined to nearly pure aluminum oxide, usually called |
alumina. The method used to accomplish this is called the Bayer process, which

is used almost exclusively. Bauxite is crushed and dissolved in digesters using
strong caustic soda and lime solution. The undissolved
residue, known as red mud, is filtered out, Sodium aluminate remains in

solution, where it is hydrolyzed and precipitated as aluminum hydroxide, which

is then calcined 6 alumina, generally in a rotary kiln.
Crude Oil Production

Oil is produced by drilling into pbro:gs:xock structures generally located

several thousand feet underground. Once an oil deposit is located, numerous
holes are drilled and lined with stee] casing. Some oil is brought to the surface
by natural pressure in the rock structure, although most ol requires some energy
to drive pumps which lift oil to the surface, Once oil is on the surface, it is stored
in tanks to await transportation to a refinery.. In some cases, it is immediately

transferred to a pipeline which transports the oil to a larger terminal.

There are two primary sources of waste from crude oil production. The
first source is the “oil field brine,” or water which is extracted with the oil. The
brine goes through a separator at or near the well head in order to remove the oil
from the water. These separators are very efficient and leave minimal oil in:the
water. '

According to the Amierican Petroleum Institute (AP]) it is estimated that 21
billion barrels of brine water were produced from crude oi] production in 1985,
This quantity of water equates to a ratio of 5.4 barrels of water per barrel of oil,
The majority of this water (90 percent) is injected into separate wells specifically
designed to accept production-related waters. Some drilling operations
discharge brine water direcily info tidal areas or large bodies of fresh water. The
waterborne waste from crude oil production represents the amount of waste

~ present in the 10 percent of brine water discharged into bodies of fresh water.
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It is assumed that rotughily 25 percent of all natiirdl gas is produced from
-wells in combination with oil. Therefore, & portion of the watérborne waste is
attributed to natural gas prodiiction. o

- The second source of wiste is the gas produced from oil wells. While
most of this is recovered for'sale, some is not.” Atmospheric emissions from crude
- ofl production aré primarily hydrocarbons: They are attributed to the natural gas
produced from combination Wells and relate to line of transtission losses and
unflared venting. -

The transportation data assume a mix of foreign and domestically
produced crude oil. According to the Petroleum Supply Annual, June 1954, 49
percent of the crude oil used in the United States is imported.

Petroleum Coke Production

Petroleum coke is utilized in the manufacture of carbon electrodes, which
are used in the electrolytic rédiiction of alumina to aluminurh.
Coking is‘an extreme form of thermal cracking which uses high temperatures
and a long residence time to break down heavy crude residues to get lighter
liquids (Reference A-4). Coking takes place in a series of ovens in the absence of -
oxygen. After a typical coking time of 12 to 20 hours, most of the volatile matter
is driven from the crude residue and the coke is formed. The desired products of
the coking process ate dctually the volatilé products. The petroleumni coke itself is
considered a byproduct. The coke fs'collected ina coke driim, while the lighter
products go overhiead as vapors. :

The energy requiirements and environmental emissions for crude oil
desalting and atmiospheric and vacuum distillation to produce heavy crude
residues are included in those for production 6f petroleurn coke.

Coal Mining

Coal may be obtained by surface mining of outcrops or seams that are
near the éarth’s surface of by underground mining of deposits. In strip mining,
the overburden is removed from shallow seams, the deposit is broken up, and
the coal is loaded for transport. Generally, the overburden is eventually returned
to the mine and is not considered as a solid Waste in this analysis.

After the coal is mirned, it goes through various preparation processes.
before it is used. "These processes vary dépending on the quality of the coal and
the use for which it is interided.” Coal preparation usually involves some type of
size reduction and partial removal of ash-forming materials. '
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Metallurgical Coke Production

The two proven processes for mativfacturing métallurgical coke are
known as the beehive process and the byproduct process (Reference A-5). The
Primary method for manufacturing coke is the byproduct method, whict
accounts for moré than 98 percént of U.S. coke production (Reference A-6). For
this analysis, it 1§ agstumied that'al] metallurgical coke is produced in the
byproduct oven.

In the byproduct method, air is excluded from the coking chambers, and
the necessary heat for distillation is supplied from external combustion of some

Ly

of the gas recovered from the coking procéss (Reference A-5). Coking 1,000
pounds of coal in the byproduct 6ven is assumed to produce the following: coke,
774 Ib; tar, 37 1B} water, 32 Ib; benzene, 11 Ib: and coke.oven gas, 147 Ib (Reference
A-7). Coproduct credit is given on a weight all of the byproducts from.
the oVéﬂ’,’éxt’:épt‘fWatéi'. It is asstimed that about 40 percent of the coke oven gas
(59 pounds) is used as a fiiel for underfiring the coke oven (Reference A-5).
Therefore, coproduct credit is given for the remaining 88 Ib of coke oven gas.

The energy content of the coke oven gas is dccotinted for in the energy of
material resource for the coal used asa feedstockl for the coke oven, ‘While it is

recognized that the gas is actually dséd as a fuel in the coke oven, the

methodology-uséd in this study accounts for the energy derived from materials
used as feedstocks on the Basis 6f the erlergy content of the material that is
extracted from the ground to produce the raw material,.

Y T

Aluminum Smelting

Smelting is the reduction of refined aluminia to metaliic aluminum by the
electrolytic separation of aluminum from its oxide. ‘The process is carried
outin 4 long series of electrolytic cells carrying di_rg’cj‘gugrept. The alumina is:
dissolved in a molten bath of cryolite (an electrolyte) and aluminum fluoride
(which increases the conductivity of the electrolyte). These chemicals are. ,
assumed to be recovered with little or rio loss. Carbon anodes carry the current
to the solution, arid on o the next cell. The atiodes aré consumed during the
reaction at a rate of approximately 500 pounds of material per 1,000 pounds of
aluminum produiced. The principal products of the reaction are carbon dioxide,
which is evolved as a gas, and elemental aluminum, which settles to the botiom
of the cell and is periodically drained off.

Ingot Casting
Molten alumirum is dischatged from a sinelter intothe holding and ingot

casting facility. In this step, molten mietal is typically combined with L
high quality scrap and then cast into aluminurs ingots (References A-8 and A-9).
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Electricity for ingot casting is assumed to be prodﬁéed by the same fuel
mix used for aluminum smelting because smelting and ingot casting usually
occur in the satnefacility.. ' '

A melt 1o8s 6f 35 pounds pér 1,000 pounds of primary aluminum
produced is assumed for this study: The loss occurs when dross is skimmed off
the molten aluminum.

Aluminum Can Recovery and Processing

Widespread aluminum can récovery is observed through voluntary
collection centers; ¢iirbside collection programs and mandatory beverage
container deposit laws. The'high scrap value and easily identified container are
two reasons for the high recovery rs erienced with aluminum ans. In the
1980s, collection centers could Be commionly found in shopping cerers and other
retail store locations. At the present fime, the recovery of cans creates little
environmental disruptioh and réquires efgy only to the extent that fuel is
required to transport catis to the collection center.

Is

Orice the cans are collected, they iust be densified in some fashion and
shipped. At present, cans are commonly flattened or shredded at recycling
centers. The processed scrap is usually blown into tractor-trailer vehicles for
shipment to an aluminum recycling plant. The scrap can also be densified in
balers at the recycling center, a MRF, or in special inits which prodtice smaller
bales called briquettes.

Used Container Melting and Ingot Casting

Once containers are recovered in a reasonably pure form and prepared for
melting, they can be placed in a secondary furnace, The data for melfing,
holding, and casting to produce ingots are assumed to be relevant to both the
virgin and recycled aluminum systems. This is partially due to the fact that
containers are fréquently remelfed at virgin smelter sites, and significant
quantities of in-house scrap aré melted in the virgin system. A melt loss of 71
pounds per 1,000 pouinds of sécondary aluminum produced is assumed for this
study. '

Aluminum Sheet Rolling

Ingots which are cast from recycled and/or virgin molten metal are
further processed into intermediate products. For example, they are heated, then
rolled to produce can stock, Thé term rolling is quite descriptive for the
operation occurring in this step. Care is taken to collect trim and other internally
generated scrap'so it can be remelted. |
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The energy model for aluminum cans accounts for the large amounts of
scrap that are rolled, collected, melted, and recycled back into the sheet rolling
process.

Aluminum Can and Lid Fabrication

Alumitium coil is transportéd to can fabrication plants located throughout
the U. 5. Typically, these plants are located withifi a fors miles of large breweries
Or near concentrations of beverage filling plants. The aluminum can is fabricated
in a process wheré a circular blank is first'stamped from the stock skget arid
formed into a cup. The cup is then drawn, ironed and shaped into the can body.
Various coatings and decorations are added.

Aluminum lids are usually fabricated at the same plant as the cans.
However, it is not unusual for there to be dedicated lid plants. The lids and tabs
are stamped separately from aluminum-sheet afid joined aftér shaping’ The lids
are coated and sometimes decorated. Also, the lids are formed from a different
alloy than is used for can bodjies.
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A-1

A-2

A-3

A-b

A-7

A-8

U.s. Department of Interior, Bureau of Mines. Mineral Facts and
Problems. 1984, . . .

U.s. Dep’arﬁne_ﬁt of Commerce. Census of Mineral Industries, 1982.

Government Printing Office. Washington, D.C.

Metal Sta;t;istic;sllg%. American Metals Market. Chiltons Publications.
New York. 1993,

Kent, James A, Editor. Riegel’s Handbook of Industrial Chemistry.
Ninth Edition. New York. Van Nostrand Reirthold. 1992.

The Making, Shaping and Treating of Steel, 10th Edition. United States
Steel Corporation. Published by the Association of Iron and Steel
Engineers. Pittsburgh, PA. 1985. _

Compilation of Air Pellutant Emissions Factors Volume 1: Stationary
Point and Area Sources. Fourth Edition. PB86-124906. U.S. EPA.

September 1985.

Loison, Roger. Coke- Quality and Production. Buttersworth Books.
London. 1989.

U.S. Department of Energy. “Industrial E'nergy Efficiency Improvement
Program.” Annual Report to the Congress and the President. 1972 to

1985. ‘

The Aluminum Association. Energy Content in Aluminum Cans,
Historical Performance and Future Potential. Report No. 7. June 1984.
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OFFICE PAPER

The fauowmg' steps in the production of office paper are discussed in the
sections below: o ?

* Bleached virgin kraff pulp production
e Paper production = ’
¢ Tissue production

The tisste' data used is an approxiniation using bleached kraft paper data,
The following steps are discussed in the Newsprint section and are not repeated
here:

Roundwood harvestirig
Wood residues production

* Salt mining
Caustic soda and chlorine production
Sodium chlofate production
Limestone mining
Sulfur production
Mechanical pulp manufacture
Recovered paper collection
Deinked pulp manufacfise

9@~@9@@@®$&

Bleached Vitgin Kraft Pulp Production

Kraft pulp is the most widely used type of wood pulp in the United States
today, accounting for 70 percent of the total wood pulp produced. Itis used in

either an unbléached or bleachéd form. The data in this study are for bleached
pulp. : T

The kraft pulping process is based on chemical digestion of wood which
has been previously debarked and chipped. The digester is a closed container
which holds the wood chips and digestion liquors. The liquor is mainly an
aqueous solution of chemicals including sodium sulfide and 7
sodium hydroxide. Inn order for digestion to take place, Heat and pressure are
applied to the mixtiire of wood and liquor. The dlgeshonprocess delignifies the
wood arid' remioves other chemical components from the wood, leaving only the
wood fiber. - | |

One of the features of the kraft process is that the used digestion liquor,
called black liquor, is burned. Because the liquor contains a high percentage of
flammable wood components, it burns readily. The remaining digéstion
chemicals, called green liquor, are removed and reacted with lime, The resulting
white liquor is returned to the digester. )
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Combustion of black liquor and the t «rk and “fines” removed from logs
entering the mill often provides sufficient energy to operate a pulp mill. Thus, -
there are minimal fossil fuel requirements for the pulp-making process. Some
additional energy from fossil fuel sources is used in the paper-forming steps that
immediately follow pulp making. The black liquor that is burned in the recovery
furnace is treated as fuel for the process. A few mills may acquire additional
wood wastes to convert to energy in their boilers.

The bleaching process can be accomplished with a variety of chemicals.
Chlorine dioxide, generated on-site from sodium chlorate, is commonly used.
Salt cake (sodium sulfate), which is generated as a byproduct of chlorine dioxide
manufacture, is introduced into the reco -y boiler. Additional salt cake is not
required because enough is generated fr:.m the chlorine dioxide manufacture
(Reference O-1). :

After the wood pulp is “blown” from the digester by the steam used in
the process, it is washed free of the chemicals, screened and réfined for entry into
the paper-forming section of the mill. ‘

Paper Production

The fiber is pumped to the paper machine as a very dilute suspension in
water. To form the paperboard, the fiber suspension drains onto a finely woven
plastic or wire mesh belt which allows the water to drain through and retains the
fiber. Approximately 98 percent of the excess water is removed from draining
and pressing the fiber web between hard machine rolls. Paper (wood) fibers
have a natural affinity for themselves and coupled with the mechanical
interweaving and chemical additives, the web becomes a structure. The final
excess water is evaporated by passing the web of paperboard over a number of
steam-heated drums. The paper is wound onto rolls as it comes off of the end of
the drying section. If the paper is coated, this step may take place before the roll
is produced. _

Tissue Production

Tissue is a lightweight grade of paper produced in the same way as the
kraft pulp and paper discussed previously. Principal products are toilet tissue,
towels and facial tissue.- A high percentage of the "commercial” market products
are made of recycled fiber, whereas the “retail” (consumer) products are made
largely of virgin fiber. '
OFFICE PAPER ."EFERENCES

O-1  Jentzen, Carl. Jentzen Associates, Inc. 1993.
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TIN-COATED STEEL CAN PRODUCTION AND RECYCLING OF STEEL
CANS INTO STEEL INGOT o o

The following steps in the production of tin-coated steel cans are
discussed in the sections below: ‘

¢ Iron ore minirig -
Oxygen manufacture

+ Agglomeratés mantfactire
Extertial scrap prociirement
Pig iron production
Basic oxygen process fiirnace (BOF)
Tin-todted steel sheet manufacture
Steel ¢an productior’

& o & © & & @

A large portion of recycled stegl ingots are produced using an electric arc
furnace. This process is described for the recycling of steel datis info stee] ingot.

° Electric arc furnace (EAF)

Limestone mining was discussed in the Newspaper secticii. The
following steps are discussed in the Aluminum can section and are not repeated

here:

e Coal mining
* Metallurgical coke production
¢ Limhe production

Iron Ore Mining

The basic raw material for steel manufactire is iron ore. This mateérial is
usually found in‘flat-lyirig ot gently sloping bed$ not more thait 3 eet thick.
Open pit mining accounts for 90 pércent of the iron oté extracted at présefit, with
the remainder being recovered from deep vertical shaft mines. Overburden and
waste rock from mining are eventually returned to the mine and ase fiot °
considered solid waste in this analysis.

Because of the stringent specificatiotis placed on iron ore used in blast
furnaces, it is nedessary to berieficiate the ore’ Beneficiation consists 6f crushing
and grinding, scréening, magnetic separation and other concentrating '
techniques. During beneficiation, a lar antity of tailings are produced.
Tailings are liquid sludges from the concénfration dpérations, These failing are
- generally pumped Back to the miing site and'd ‘ - Th

l'deposited ini séttling porids. The
water is often recovered for reuse in the béfeficiation facilityafnid‘the solids are
returned to the earth. Unlike overburden from mining operations, tailing solids
are considered solid waste because they result from ore processing operations
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and are unlike the natural materials found-at the mine sites: :For thigianalysis, it
is assumed that about 2,181 kilograms of ore tailings are produced peéf 1,000
kilograms of refined ore (Reference 5-1). _

Oxygen Manufacture

The iron and steel industry consumes more oxygen than.all other:
industries combined, using well over one-half of all oxygen.produced inthis
country. Oxygen is used in a variety of iron- and steel-making operations
ranging from scrap preparation to basic oxygen process steel furnaces. -

, - Oxygen is manufactured by cryogenic separatior. of air. This technique is
essentially one of liquefying ir, then collecting the oxy . .«: by fractiorial
distillation. The oxygen is produced in the form of a k. ! which boils at 300

- degrees Fahrenheit below zero at normal atmospheric . _sure, so it must be
kept under stringent conditions of temperature and pre:- .«ce for handling: Most
oxygen plants are located quite close to their.point of consumption to minimize
transportation difficulties. For this analysis, it is assumed that oxygen is
produced on-site at the steel production facility.

Agglomerates Manufacture

Approximatély 96 percent of iron ore charged into a blast furnace enters
not as raw ore, but as agglomerates. These agglomerates are most commordy in
the form of pellets and sinter. |

Pellets are made fro fine concentrates of iron ore mixed with.a binder
(usually bentonite). After ormation, the pellets are rolled, then heated to remove
moisture. This process is w.:ually carried out at the mine site.

Sinter is generally made at the iron or steel mill, and consists of iron ore
fines, coke dust, mill scale, flue dust, ete., gathered from the steel-making
process. These materials are heated on a grate to form sinter.
External Scrap Procurement

The recycling of metallic scrap back into iron and steel furnaces has long
been an econpmically viable means of utilizing ferrous waste materials.: About
one-half of the metallic input to steel furnaces is in the form of scrap:-Much of
the scrap recovered is generated within the mills themselves (and isreferred to as
"home"” scrap or "run-around” scrap) and.the impacts associated with their
recovery are included with normal fro: and steel mill operations;. However,
substantial quantities of scrap are tran.pogted to iron and steel mills from
external sources (including other mills «t different sites).
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Elecmcffumacesare based on 100% scrap feedstock: Smiall capacity steel
mills, called minimills, utilizing electric furnaces have recorded 4 marked
increase in number...durjng- recent years, . :

Obsolete ferrous scrap originates from several sources, but railroad and
automotive wreckers account for, the bulk of total recovery. Other important
sources include building demolition, shredded appliances, farms, metal products
manufacturing, shipbreaking, and oil field and refinery scrap.

In general, most obsolete scrap undergoes similar processing prior to
consumption in an electric furnace. It is usually manually or semi-manually
handled to remove valuables (e.g., tin-plating, copper wire, chrome; etc.) and
some contaminants (e.g., chemical impurities, organic materials): Subsequent
processing includes flattening, shredding, magnetic.separation,and all necessary
transportation steps including franspert from the flattener toithe shredder,
transport of waste from shredder to landfill, and the transport-of steel scrap from

the shredder.to the furnace. -

Pig Iron Production &

Iron-bearing material, coke, and fluxes are charged irito.a blast futnace,
where the iron ore is reduced to pig iron. A blast of heated air, and, in most
instances, a gaseous, liquid.or powdered fuel are introduced inito the furnace
through openings at the bottom of the furnace shaft; The heated air burns the
injected fuel and most of the coke charged in from the top to produce the heat
required by the process and to provide reducing gas (carbon monoxide) that
removes oxygen from the iron ore. The reduced iron melts and runs down to the
bottom of the hearth, The flux combines with the impurities in the ore to
produce a slag:which also melts and accumulates on top of the liquid-iton in the
hearth (Reference S-1). . . o

The energy obtained from the combustion of both coke and coke oven gas
in the blast furnace are accounted for as the energy of material resource of the -
coal used to produce the coke. While it is recognized that most of the energy
content in the coke and coke oven gas is liberated in the biast furnace, the
methodology used in this study accounts for the energy:derived from materials
used as feedstocks on the basis of the energy content of the'material thatis

extracted from the earth to produge the raw material.

The following assumptlons were made while énalyiihg available data for
the production of pig iron from a blast furnace:

¢ The iron-bearing agglomerate burden for the blast furnace is assumed
to be input as 60 percent iron ore pellets and 40 percent sinter
(Reference S-1).
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® Coproduct credit is given on a weight basis for coke breeze (very fine
particles of ceke) and flue dust recoviered during opeération of the blast
furnace. Both of the materials are Fatv matétials for sinfet production,

Therefore, the outputs from the blast furhace include the requirements
of coke breeze and flue dust to sinter production.

s Coke oven gas.:is used as a fuel'at a tate of 5.63 pounds of gas per 1,000
pounds of pigiron, - ' '

° Blast furnace gas produced in the process is assumed to be used to heat
air injécted back into the furniace. ~ o

* About 214 pounds of blast furnace slag are produced for every 1,000
pounds of pig-iron.  .pproximately 75 percent of the blast furnace slag
produced in the Ur:red States is usedin aggregate applications such as -
fill, road bases and the céarse-aggregate coniporishts of asphaltand
concrete (Reference 5-2). This slag is riot considered to be s6lid ‘waste;
however, no coproduct credit is given for the material. The tefi airiing
25 percent of the slag is stockpiled (Reference 5-2). This slag
(approximately 54 Ib) is considered solid waste in this analysis.

Basic Oxygen Furnace (BOF)

Since the mid 1970s, the basic oxygen processhas seen widespread use in
steel making: In the oxygen steelmakirig process, high“purity oxygen ig blown
under pressurethrough;, onto or over a bath containing hot metal, stéel sctap and
fluxes to prodiice steel (Refererice 5-1). g o o

| The BOF offers the advantage of using both virgin pig iron and scrap ot

recycled steel as feedstock. Hot metal composition and temperature aré'the most
important variables that determine the percentage of scrap that can be charged to
a heat. Typically, most pneumatic furnaces (of which the BOF is an outgrowth)
consume.20 to 35 percent of the total metallic ¢charge as ¢61d scrap (Referénce S-
1). On average, about 28.5 percerit of the total metallic material charged to BOFs
in the United States is cold scrap {Reference $-3). . : '

The primary-sources of heat for oxygen steelmaking processes are from
the hot metal charged to the furhace and from the oxidation of catbon, silicon,
manganese, phosphorus, iron and other elementscontaitied in the Hot fnetal -
charge (Reference 5-1). Minimal quantities of natural gas and coke oven gas are
used to supply supplemental heat to the furnace and t&'prehéat ladles dnd
casters. ' “

The following assumptions were made in analyzing available data for the
production of raw steel from the basic oxygen furndce: ' C
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© Coke oven gas is used as a fuel at a rate of 1.23 pourids of gis per 1,000
pounds of raw steel.

° Energy requirements and environmental emissions for heating axnd

operating ladles and casters are included with those for the BOF.

* Coproduct credit is given-on a weight basis for the slag producéd in
the BOF. This.material is used as an input to sinter: production and
directly into the blast.furnace for its iron: content: Because thew
coproduct credit is given on a weight basis, the output from the BOF is
increased to account for the input of BOF slag into sinter production
and the blast furnace, : '

Tin-coated Steel Sheet Manufacture

After the raw steel leaves the BOF, it proceeds through a series of milling
processes before emerging as tin-coated steel strip. A vacuum degassing‘process
refines the steel from the furnace before it enters the casting step. Continuous
casting is used almost exclusively to produce slabs for flat rolled prodixcts frof
raw steel produced in the basic oxygen:process (Reference 8:3). The-
continuously cast slabs pass through the hot rolling mill and then the cold rolling
mill to produce sheet. The surface of the steel is cleaned by an acid treatment
(using hydrochloric acid) called pickling. Finally, the steel. strip is coated with a
very thin layer of tin. The tin provides a bartier-to corrosion at a relatively low
cost. For this analysis, it is assumed that about 3 pounds of tin are applied per
1,000 pounds of steel sheet.. The resource requirements and environmerital
emissions for producing this small amount of tiri are assumed to be negligibie.

Available data for steel inilling operations indicated the use of coke oven
gas to supply energy for reheating the steel during hotmilling. For this analysis,
this heat is assumed to be supplied by natural gas iristead of coke oven gas.

Steel Can Production

For this study, a three-piece welded can is analyzed. The can is produced
by first stamping a body blank that is lacquered and decorated prior to can
making. Itis then formed with a narrow overlap, welded and flariged. A
protective strip of lacquer is applied over the side seam after joining (Reference
S-1). The can ends are stamped and one end is applied to the can and crimped in
place at the site of production. The other end for the can is applied at the
canning plant.

The trim scrap and “skeletons” that result from stamping the can body
and ends are collected and sent back to the tinplate manufacturer for recycling.
Coproduct credit is given on a weight basis for this material.
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Electric Arc Furnace (EAF)

While a blast furnace and BOF are used to produce raw steel from

virgin materials and limited amounts-of scrap, and electric furnade is used for
making raw steel from processand reéycled scrap.” The electric firnace is

capable of accepting a charge of nearly 100 percent scrap (Reference S

-4). For the

"

purposes of this.analysis; it-was assutned that the charge to the electric flirnace is

virtually all scrap with.small-amounts of iron 65¢; litn stone, afd lim

¢ added. No

agglomerates are assumed to be included in the charge, although they are bften
included in the input to; electric furnaces. - o

Scrap metal and various additives are charged into ati electric futnace

through its top. These materials are melted by the conversion of electric energy
to heat. Current is brought into the furnace through largé carbon .- ectrodes, and
the energy is converted to heat in the furnace. '
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CORRUGATED BOX

~ Corrugated paperboard is produced by gluing a fluted corrugating
medium between two linerboards. Often the corrugating medium contains

Based on national statistics for linerboard production, this analysis
assumes the linerboard contains 85 percent unbleached virgin kraft paper and 15
percent recycled paperboard (Reference C-2).

Based on national statistics for corrugating medium production,
corrugated boxes are made using 26 percent recycled medium and 74 percent
semichemical paperboard (Reference C-2). Semichemical medium is made from
approximately 69 percent virgin semichemical pulp and 31 percent recycled
content, of which 67 percent comes from old corrugated containers (OCC)
(References C-2 and C-3). '

The following steps in the production of corrugated boxes are discussed in
the sections below:

Sodium sulfate mining and processing
Sulfuric acid production

Unbleached virgin kraft paper production
Old corrugated container (OCC) collection
Recycled medium and linerboard production
Semichemical paper production

Soda ash production

Starch adhesives ,
Corrugated container manufacture

Folding box manufacture

2 @ ® e e @ g 2 8 @

The folding box data is an approximation using bleached and unbleached
kraft paperboard. The following steps are discussed in the Newsprint section
and are not repeated here:

¢ Roundwood harvesting
Wood residues
Limestone mining

Salt mining

Caustic soda production
Sulfur production

e @& 2 o a
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Sodium Sulfate Mining and Processing

Sodium sulfate is consumed in the Kraft pijl
levels of Searlgs:Lake in California; the Great Salt Lake’ 'the brines
west Texag all contain sediuri sulfate: Typically’ rystals are
removed from cooledbrine, The ciystals aretheri dissolved again and
precipitated to achieve the desired purity. ' '

Sulfuric Acid Production.

Sulfur is burned with air to produce sulfiir dioxide and héat. The heat is
used to generate steam that is usually used in adjacent processing plants and to
supply energy to the sulfuric acid plant: The energy import (as the calorific |
value) of sulfur and the energy export of stearm cancel in the éneérgy balance for
this process. Thus, it is asstimed here that there are no net'f ments.
The sulfur dioxide:gas is converted to sulfui trioxidé and combined With dilute
sulfuric acid to form the concentrated product.

Unbleached Virgin Kraft Paper Production

Kraft pulp is the most widely used type of wood pulp in the United States
today, accounting for 70 percent of the total wood pulp produced. Itis used in
either an unbleached or bleached form: The followitig destriptior is for the
production of unbleached kraft paper. The productioh 6fbleached kiaft paper
was covered previously. ﬂ o

Unbleached kraft paperboard is manifactured usiﬁg’ the sarhe processes
as bleached kraft paper, except without the bléaching steps.

Recycled Medium and Linerboard Production

The manufacture of recycled medium and linerboard for corrugated boxes
uses old corrugated containers (OCC) and box cuttings as raw materials.

Semichemical Paper Production

Most of the increase in semichemical pulp production in the past 40 years
has been made using non-sulfur semichemical processes, riot only becdiise of
tightened environmental regulations, but also because of tealization ot higher
yields and simpler recovery systems. There are three major pulping processes
used to manufacture semichemical pulps in integrated as well as stand-alone
semichemical pulp mills: o

* The Neutral Sulfite (NSSC) process uses sodium carbonate and sulfur
or, in some cases, purchased sodium sulfite byproduct from a nearby chemical
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operation as the cooking chemical. This process is the most widely used of all
'semichemical processes (Reference C-1).

* The Green Liguor process uses green liquorfrom the kraft rec‘overy '
process as the cooking chemical. . :

¢ The Non-sulfur process uses a combination of sedium carbonate;
sodium hydroxide and traces of other proprietary chemicals to enhance the
properties of the pulp.

Many semichemical operations integrated with kraft mills use green liquor from
the kraft recovery process.as the cooking chemical. This allows integration of the
semichemical cocking chemical preparation and recovery into the kraft recovery
cycle. The quality of semichemical pulp is superior when produced by the
neutral sulfite process, but it produces less pulp per pound of wood. The pulp
yields from wood in the semichemical pulping processes range from 75 to 88
percernt. :

Mills use secondary fiber in the preparation of corrugating medium. Most
mills producing corrugating medium use a significant amount of recovered fiber
(usually OCC) in their product since.it requires less chemicals and energy:to -
produce and improves the performance characteristics of the semichemical pulp.
Secondary fiber in.the form of old corrugated cartons and kraft.clippings-used.in
the production of corrugating medium with, sernichemical pulp isas high as 70
percent (Reference C-3). The recycled fiber.content must be below 50 percent
for the product to be classified as semichemical medium, but this is not.a
technical requirement. ‘ :

Semichemical pulp and paper mills purchase more energy in the form of
fuel and /or electrical energy than full chemical pulp mills. Only a relatively
small part of the steam and electrical power required to operate the pulp millis
generated by burning recovered chemicals. In contrast, kraft pulp mills burn
black liquor as well as bark, wood and wastes.

Soda Ash (Sodium Ca;rbjénate) Production

Most soda ash (sodium carbonate) used in the U.S. is natural soda ash
obtained from a mineral called trona and from na’rurall‘y;_@ccurring alkaline
brines. Almost all of the soda ash is mined from the Green River basin in
Wyoming and Searles Lake in California, Underground trona mining.is similar
to coal mining. The most common methods are the room and pillar method and
the long wall methed. In both of these processes the material is undercut, drilled,
blasted, crushed and then transported. to the.surface. Solution mining is
presently being developed as a more efficient technique. In the refining process,
the predominant energy use is in the calcining of bicarbonate to produce
carbonate.
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- Soda ash can be synthesized by the Solvay procéss: The Solvay process
uses salt, coke and limestone, with ammonia as a catalyst. All synthetic soda ash
is manufactured in New York State. Synthetic soda ash i§ more experisive to
produce than natural soda ash, and it also has high concentrations of ‘calciiim
chloride and sodium chloride in the process effluent. U. S. production provides
nearly all of the soda ash required by U.S. manufactures. '

Starch Adhesives

Most of the adhesives used to ¢construct corrugated cartons are starch
based. Starch adhesives are low=cost powdérs that form irréversible gels in hot
water. They are made predominantly from unimodified corristarch detived from
hybrid yellow dent corn, but cari‘alse be thade from starch derived fromn
potatoes, tice, wheat or other vegetable proditcts (References C-4 and C-5).

Whole grain corn is composed of approximately 72 percent starch
(Reference C-6). A single fertilizer applied to corn often contains nitrogen,
phosphorus and petassium; nutrierits critical'for growth. Pesticide emissions are
difficult to quantify since there are many pesticides used, each varyitig in
application rate and degradability. Anywhere from 0.1 percefit to6 5 or 10 percent
of the pesticide applied maybefound in water runoff. The cultivation of corn is
almost eritirely mechanized, with little:hand'labor being réquired. Méchahical
field harvesterspick the corn and remove the grain from the cobs: Thiss, a
relatively clean grainis hauled fromy the field, leavirig thie leaves, stalks, and cobs
to be plowed back into the ground. Nutrients in agricultiiral runoff vary
depending on planting practices, soil erosion, control practices, rainfall and soil
type. The two most problematic nutrients lost from crop lands are nifrogen and
phosphorus, since increased concéntrations lead to eutrophication. |

Corristarch is produced from-¢orn by wet milling. The corn is soaked in .
steeping tanks conitaining a'sélution of 0.3 percent stilfur didxide i watet to
soften the kernel and dissolve inorganic components, This steép liquot ié later
concentrated for sale as a co-product. The softened com is lightly milled to free
the germ from the kernel. The germ is then processed for oil rétoval. The
remaining corn fraction, mostly starch, protein, and hulls, is then heavily milled.
The starch is washed from thé hulls, and the resulting starch sltitry is separated
from the protein‘fraction, refined, washed, and dijed:

Starch is-added to caustic soda and water in a primary mixer and then. -
cooked to férm-a tacky, viscous paste. This paste is transférred toa secondary”
mixer containing additional starch and borax.” The borax reacts with the catistic
soda in the paste starch to form metaborate. During the gluing operations of
corrugated production; the raw starch from the se¢ondary mixér becomes gelled:
and contributes to the bond (Reference C-4). " : '
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A cradle-to-grave analysis of starch adhesives; includesthe-following:
steps: fertilizer production, corn production, sulfur mining, corn starch
producti_g_n, salt m:rung, sodium hydroxide production, borax production, and
starch adhesive manufacture. :

Corrugated Container Manufacture

The data for producing corrugated boxes mclude ma;;t‘_gfg@mé«off
corrugated board by combining a top and bottom Jir erboard with the fluted
corrugating medium, as well as scoring and cutting the board-to form the box.
The box is then usually shipped flat to the point Where a product is placed in it.
Folding Box Manufacture

Folding bo;xgg are que_of paperboard produced in the same way as the
kraft pulp and paperboard discussed previously. Common calipers for
paperboard used to produce folding boxes are 18 point and 21 point,
CORRUGATED REFERENCES
C-1  Smook, G.A. Handbmk fqg_Pﬁﬁip & Paper Teghﬁoi@gisﬁts.., Joint
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C-2 - American Paper Institute, Paper Recycling Commitiee. 1990 .
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1991. . _ o
C-3  Mill data acquired from Jaakko P6yry. June, 1992.
C-4 Tap.pi Journal, July, 1991.

C-5 Rauch Assoc1ates, Inc. ’Fhe Rémh@uide to the U.S. Adhesives
and Sealants Industry, 1990,

C-6  Watson, Stanley A. and Paul E. Ramstad. Corn: Chemijstry and
Technology. American Association of Cereal Chemists, Inc, 1987.
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LOW-DENSITY POLYETHYLENE RESIN

The followitig steps iri the production of LDPE resin are discussed in the
sections below: ‘

¢ Distillation, desalting, and hydrotreating
¢ Natural gas production
» Naliral gas processing
¢ Ethylee manufaétare
Low-deénsity polyethylene (LDPE) resin production
Posteonstuimer plastics colléction and baling
Postconsumer plastics processing (recycling)
Blow molding polyethylene products |

[

® ® ®

Crude oil °§fddﬁcﬁ6n’was discussed in the Alumindm carn section.
Distillation, Desalting, and Hydroireating

In a petroleum refinery, a complex combination of processes serve to’
separate and physically and chemically transform the mixture of hydrocarbons
found in crude oil into a number of products. Modern refineries are able to vary
the different processing steps through which d ¢harge ofériide oil passes in order
to maximize the output of higher valug” - :
products. This variation of processing steps can change according to the make-
up of the crude oil as well as ‘the econornic value of the prodiicts: -ﬁéggﬁse" of this
variation, it is ~ +“essary to miake Certdin asstimptions about the refinery steps to
which crude+ s subjected in order to produce petrochemical fee stocks.

For thi. nalysis, it is assumed that the crude oil used to pt' uce ,
feedstocks for oiefins production goes through the following refinery operations:
desalting, atmospheric and vacuum distillation, and hydrotreating. Due 64 lack
of facility-specific data, literature sources were used to estimate the energy
requirements for these refining steps. A numbér of literature referérices were
used, most of which showed similar energy inputs (Réferencés L-T through 1-5).

Crude oil desalting is the water-washing of cride oil to rethove watet-
soluble minerals arid entrained solids (Réference L-6). For this analysis it is*
assumed that all of the crude oil that enters a refinery passes through the
desalting step (References L-4 and L-6).

Crude oil distillation separates the desalted crude oil into fractions with
differing boiling ranges. Atmospheric distillation is used to separate the
fractions with a boiling point less than 650° Fahrenheit (References L-4 t: rough
L-6). At temperatures greater than 650° Fahrenheit thermal cracking
of the hydrocarbons starts. Fuel gas or still gas that is liberated from the crude
oil during distillation is further processed into liquefied petroleum gas or
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natural gas, depending on the carbon chain length. This gas is sold Or used in the

refinery to generate heat. About 52 percent of the non-electrical energy used in a

refinery for direct heating or steam production comes from fuel gas (Reference L-
riven on a s for the gas fractions no for

7). Coproduct credit is given on el
. e in refining is ‘T
is shown as process

energy in th
assummed to ha

distillatiofi titiit whete' of th  can | hed at
lower temiperatures thart would be required at atmospheric pressure. The
residue, or bottoms, of the vacuum distillation unit is a valuable coproduct that is
further processed to make usable products. Coproduct credit is given or
weight basis for this residue. It is assumed that all of the crude b1l Gasd.
produce olefins feedstock passes through atmospheric distillation, while only 46
percent of the initial cttide oil charge passes throtigh Vacuurh distillation
(Referenices L+1, 1.-2, and L-6). o

Hydrotreating is a catalytic hydiogenation process that reduces he
concentration of sulfur, nitrogen, oxygen, metals, and other contarninasts in a
hydrocarbon feed. Th

fuel. It is dssumied that > feedstock for o 5S¢
hydrotreatment. Sulfur and metals removed from crude oil are separated
sold as coproducts (References L-1 and L-4). Coproduct credit is given for these
materials on a mass basis.

Energy requiréments for petrc leum refineries are usually listed in N
literature sources as Bt 6f fuel, pounds of steam, and el ctricity per 42-gallon
barrel of crude oil processed. For thi¢ arialysis, a conversion of 3.385
barrels/1,000 pounds of cride oil was Used. Steam inputs were conyerted to Bty
requirements using a conversion of 1,200 Btu per pound. Btu inputs for stean
were added to the Btu inputs listed as fuels, and the total was convertedto =~
quantities of fuels using the combustion energy values listed in Appendix A and
the following refinery fuel mix: residual oil and residues (coke), 22 percent;
purchased natural gas, 24 percent; LPG, 3 pérc nt; aid fuel gas or still gas, 52
percent (Reference L-8). Negligible quiantities of coal and distillate oil are also
used in the “&verage” refinéry. I'the | f process fuels, the still gas

. . oy S g

produced in the refinery is combified with plirchased ratiral gas.

| the average loss due to
‘aste emissions per 1,000 pounds of ¢Fude
eriod (Refererice L) The data used for distillaion,
ing are assumied t0 be representative of petroleum

atmospheric, waterborne, and
oil processed ifi & orié-year peri
desalting, and hy
refineries in 1992,
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Natural Gas Production -

nature, natu _
natural gas, but soime énérgy is réquiréd fo p
mixtures to the surface. Atmosphenc emissions from natural 'producnon are
based pnmanly on line or transm‘ vennng Waterborne
wastes are as: :  th in

with oil. Th ‘
natural gas production:

Natural Gas Efécé'fssi'ﬁ"g"

Light stra ,ght—g:ham hy ! ‘ocarbons dre normal products of a gas processmg
plant. The plants typically use comipression, refrigeration, and oil adsorption to
extract these products. Heavy hydrocarbons are removed first.

The remaining components are extracted and kept under controlled conditions
until transported in }ugh-pressure p1pe1mes, insulated rail cars, o barges

' dl‘.:,gen sulflde by é&sorptxbn inan amme ,_
solution, a procéss known as “sweetening.””

The primary pollutants from the natural gas stream are volatile
hydrocarbons leaking into the atmosphere Addmcnal soerees of pe. fants are
natural gas—ﬁred compress’ ‘engines. Em ‘

incinerated, When ﬂarmg or mcmeratxbn is prachced suirur 'd10x1de is the major
pollutant of o

exchangers _Iuch produce hi rh pressure ste =,_m Fuel oil i3 ar,_ , ‘,ed from the
main gas streaim in a multi-stage centrifugal compressor. The main gas, stream
then undergoes hydrogen sulfide removal and drying. The final step involves
fractional distiilation of the various reaction products.
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~ When ethane is the principal feedstock; the final production distribution
shows approximately 80 percent ethylene and 20 percent other coprodudts. Fey
propane and naphtha feeds, ethylene production represents only 45 percent an
35 percent of the total reaction products, respectively. Therefore; with the
present feedstock mix (75 percent etharie/propane; 25 petcent heavier. fuels),
ethylene represents about 60 percent bf the total reaction products (assuming the.

light feed represents 68 percent ethane.and 32 percent:propane, and-assuming w0

the heavier feed to be all naphtha). The data for the manufacture of ethylene ase: !
based upon this feedstock mixture. o

Low—Dehsity Pémlyethylene (LDPE) Resin Prd,dmctit‘eh

Low-density polyethylene (LDPE).is produced by the polymerization of
ethylene in high-pressure reactors (above 3,000 psi). The two reactor types used
are autoclaves and tubular reactors. Generally, tubular reactors operate
at a higher average ethylene conversion than autoclave reactors. The
polymerization mechanism is either/free-radical, using peroxide initiators; or
ionic polymerization, using Ziegler catalyst. ' '

Reactor effluent consists of unreacted ethylene and polymer. The pressure
of the effluent mixture is reduced and the ethylene is purified:and recycled back
to the reactor. The polyethylene is fed to an extrudetand pelletized. Co

Postconsumer Plastics Collection And-Bali;ﬁg

For this analysis, postconsumer products are assumed to be collected by
curbside collection techniques using single unit djesel trucks. Curbside
collection is assumed to use 3.28 gallons of diesel per 1,000 pounds to collect
recyclables and transport them to a processing facility (Reference L-9),

Plastics collected by curbside collection techniques are-assumed to require:
no further sorting before baling; Baling is done using a double ram horizontal
baler that produces.a 30-inch by 44~inch by 46-inch bale (References L-10-and L-
11). Bales of postconsumer plastics have an average-density of 25 pounds per
cubic foot (Reference L-12). The baler uses a 100 horsepower motor and has a
throughput of 5 tons per hour (Reference L-12). AnLPG fueled front-end loader
is used to move the material from the collection truck unloading area to the baler.

Plastics Mechanical Recycling |

. In the plastics mechanical recycling process, the postconsumer plastic is
received at the plant, typically in bales of recyclable plastic containers. The bales
are sent through a debaler, and then sorted if they contain mixed plastics.
Sorting is usually done by hand. The selected plastics are then sent by conveyor
belt to a granulator. The granulated plastic flakes are blown into a washer. They
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are washed in water of approximately 200 degrees F and then spun dry. The
flakes must be completely-dry, before goinginto the ektrudey; therefore, they may
be stored to dry for an extended period of time (Réferefica L-10). '

The dried plastic flikes are then sentthrough an extruder. In the
extrusion process, the granules of plastic are placed ina’ pper o the extruder
which feeds the plastic through a barrél. In this batrel; & screw rotates ant‘drives
the plastic to an-exit port-at the.other end. Frictiofi and mechanical work Broduce
enough heat to melt the plastic.:From the-exit port, the #88in is imimeérsed ina |
water-filled cooling tank. Itis air dried and enters the ‘pelletizer, which cuts the
rod of dried resin into small pellets (Reference L-7). The final pellets are packed
and sent to plastic product manufactuters.” | o .

To collect the energy data for plastic mechanical recycling; a strvey of 6
different recycling plants from across the United States was performed. As very
few of the plants could tell how many kilowatt-hours of electricity they uise, a
survey of motor sizes for each piece of machineryand their throughput was
taken. From the motorsizesyan efficienicy for each size motor Was fourid
(References L-8 and 1.-13). The motors were assumied to be & 3-phase, 60 Hz,
1750 RPM, wound-rotor type.

Energy use for recycling the various types of resin were estimated
depending on the differences in the specificiplastics' recycliiig process.
Differences between specific facility operations may be greater than any

differences caused by differences in resini properties
Blow M@'I.ding: Polyethylene Products

Three stages are required to blow mold a product. In thé first, the resin is
melted or plasticized. In thesecond stage, the parison or preforin i$ formed
using extrusion. In the last stage, the mold closes around the parison or preform,
pinching off the ends. Then, compressed-air expands the plastic against the mold
walls and circulating cooling watet it the Walls cools the plastic. The product is
removed from the mold when the plastic is set and excéss resin is trimined off.
Blow moldin g i5 tisually done contiriuouisly using 4 tititiiber 6f molds.
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HIGH-DENSITY POLYETHYLENE RESIN
The production of HDPE resin is discussed in the section below.

Crude oil production was discussed in the Aluminum can section. The
following steps are discussed in the LDPE section and are not repeated here:

®

Distillation, desalting, and hydretreaﬁg
Natural gas production ‘

¢ Natural gas processing

Ethylene manufacture

Postconsumer plastics collection and baling
Plastics mechanical recycling

Blow molding polyethylene products

-4

® @ @& 8

High-Density Polyethylene Production

High-density polyethylene is produced through the polymerization of
ethylene. Polyethylene is most commonly manufactured by either a slurry
process or a gas phase process. Ethylene and small amounts of co-monomers are
continuously fed with a catalyst into a reactor.

In the slurry process, ethylene and co-monomers come into contact with
the catalyst, which is suspended in a diluent. Particulates of polyethylene are
then formed. After the diluent is removed, the reactor fluff is dried and

pelletized (Reference H-1).

In the gas phase process, a transition metal catalyst is introduced into a
reactor containing ethylene gas, co-monomer, and a molecular contro} agent. The
ethylene and co-monomer react to produce a polyethylene powder. The _
ethylene gas is separated from the powder, which is then pelletized (Reference H-1).

HDPE REFERENCES

H-1  Modern Plastics Encyclopedia. Volume 68. Number 11. McGraw-Hill.
October, 1991. ' '
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POLYETHYLENE TEREE‘JHTHALATE (PET) RESIN

The following steps if1 the production of PET resii'afs discussed i the
sections below:  ~ - oo ‘ e

‘Ethiyletie glycol irantifactiire
Mixed xylenes
Paraxylene extraction .
Methanol manufacture
Acetic acid manufacture
Crude terephthalic acid (TPA) mafufactire
'Crude TPA purification
Purified terephthalic acid (PTA) manufacture
Dimethyl tereéphthalate (DMT) manufackire
© PET melt phase polymerization
® PET solid phase polymerization
* Blow molding PET products

2 e o ®© & g e

Crude oil prodiiction was distiissed i thie Alumintim cari sectiofi. The
following steps are disctisséd in the LDPE séction and are not repéated here:

° Distillation, desalting, and hydrotreating

¢ Natural gas production

* Natural gas processing

Ethylene manufacture

- o Posteonisumer plastics collection and baling
© Postconsiitiier plastic processiig (fecycling)

&

Ethylene Glycol Manufactire -

Ini the manuifactiire of ethylenie glycol, the first step is to produce &thylene
oxide (EO) from éthylerie’ Ethylenie oxide 1§ mantifactired by f’t‘éa:c'tiﬁgfe&iilene

feedstock with oxyger ini the presefice of & silver-based catalyst. The réacton is
highly exsthermic, prodiicing mediuim pressiire steam as 4 byproduct, The
reactor effluent i mixed with watet to éffect removal of vrireaciad gases. The
water-rich stream of ethylene oxide is fed to a stripper where the EO is
recovered. Ethylene glycol is produced by the hydration (reaction with water) of

ethylene oxide.

The waste water from the ethylene oxide plant containis about two percent
glycols and is generally rotted to the glycols plant for produict recovery.
Therefore, it is assumed there are z6rd water pollutarits from the ethylene oxide
plant. -
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Mixed Xylenes

The reforming processes are used to convert paraffinic hydrocarbon
streams into aromatic compounds such as benzene, toluene, and xylene.
Catalytic reforming has virtually replaced thermal reforming operations.
Catalytic reforming has many advantages over thermal reformmg including the

following:

Greater production of aromatics.

More olefin isomerization

More selective reforming and fewer end products

Operation at a low pressure, hence comparatively lower cost

el s

Catalysts such as platmum, alumma, or. SIhca-alumma and. chrozmum on alumina
are used (Reference P-1).

Par&xylene Extraction

To manufacture paraxylene, reformate feedstock rich in xylenes is
fractionated to obtain a stream rich in the para-isomer. Further purification is
accomplished by heat exchange and refrigeration. The solid paraxylene crystals
are separated from the feedstock by centrifugation. ‘

Methanol Manufacture

Methanol is produced from light. hydrocarbons using steam reformmg
and low-pressure synthesw The feed gas is compressed, preheated, and
desulfurized. Then, it is mixed with steamn and fed to the catalytic reformer. The
synthesis gas from the reformer, containing primarily hydrogen, carbon
monoxide, and carbon dioxide, is cooled to remove condensate and reheated to
the proper temperature for enfry into the process-to-process interchanger. From
the interchanger, the feed. gogstoa multi-bed inter-cooled methanol converter
system. Converter effluent is sent to a cooler and catchpot to remove the crude
methanol from the. gas mixture, Distillation is used to eliminate dissolved gases
from the methanol before refining the crude prod.uct to ebtain the desired grade

Acetic Acid Manufacture

Several methods are used for producing acetic acid in the U.S. The most
common method.: of production is by liquid phase oxidation of butane or LPG.
Outside the U.S,, the oxidation of acetaldehyde is the most widely used process.
Acetic acid can- also be made by reacting carbon monoxide with methanol.
Oxidation of butane or LPG is the method examined for this study.
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Crude Terephthalic Acid (TPA) Manufacture

Crude terephthalic acid is manufactured primarily by the oxidation of
paraxylene in the liquid phase. Liquid paraxylene, acetic aéid, and a catalyst,
such as manganese or cobalt bromides, are ¢ ombined as the liquid feed to the
- oxidizers.' The tetnperature of this exothermic ¢ 18 maintained at about
200° Celsius. The pressure may ranige from 300 to 400 psi.

Reactor éffluerits are continuously rernoved ff"'omi_"c]:jﬁg reactor and routed fo
a series of crystallizers, where they are cooled by flashing the liquids. The
partially oxidized impurities are more soluble in acetic acid and tend to remain

in solution, while crude TPA crystallizes from the iquor.

’I'h:é‘ slutry from the ¢rystallizers i sent to solid /liquid separafors, where
crude TPA'is recovered in the solids. The liquid portion is distilled and acetic
acid, methyl acetate, and water are recovered overhéad. Acetic acid is removed

from the solution and récycled back to thé oxidizer.
Crude TPA Purification

There are two primary methods of crude TPA purification. One is by
direct production of fiber grade TPA or purified terephthalic acid (PTA). The
other is by conversion of crude TPA to dimethy! terephthalate (DMT). For the
basis of this study, it is assumed that 65 percent of crude TPA is purified by
production of PTA and 35 percent is purified by convérsion to DMT.

Purified Terephthalic Acid (PTA) Manufacture. In the production of
fiber grade TPA from crude TPA, the crude acid is dissolved under pressure in
water at 225 to 275° C. The solution is hydrogenated in the presence of a catalyst
to convert some troublesome intermediates of reaction. The solution is then
cooled, causing PTA to crystallize out. '

Dimethyl Terephthalate (DMT) Manufacture. Crude TPA is also
purified by reaction with methanol to produce DMT at moderate temperature
and pressure. No catalyst is required for the reaction. The DMT is brought to
fiber grade by crystallization and distillation.

PET Melt Phase Polymerization

PET resin is manufactured by the esterification of PTA with ethylene
glycol and loss of water or the trans-esterification of DMT with ethylene glycol
and loss of methanol. Both reactions occur at 100 to 150° C in the presence of a
catalyst. Bis (2-hydroxyethyl) terephthalate is produced as an intermediate, This
intermediate then undergoes polycondensation under vacuum at 10 to 20° C
above the melting point of PET (246° C). Ethylene glycol is distilled over, and
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PET resin with an LV. (intrinsic viscosity) of 0.60 to 0.65 is produced. The
resulting resin is cooled and pelletized.

PET Solid State Polymerization

The final step i PET resm mariufacture is a s¢ hd state polymenzahon.., .
process. This step raises the temperature of the s,oli pellets to just below the
melting point in the presence of a driving force to further the polymerization,
Solid stating increases the final LV. to 0.72 o 1.04. It also produces a polymer
with low acetaidehyde content. '

Blow Molding PET Products

Three stages are required to blow mold a product, In the first, the resin is
melted or' plas ‘ . In thé secon stage, the't parison or preform is formed
using injection m ldmg The par $ then cooled to assure good clarity and.
reheated béfore the final stage. In the Tast stage, the mold closes around the
parison or preform, pinching off the ends. Then, compressed air expands the
plastic against the mold walls and circulating cooling water in the walls cools the
plastic. The product is removed from the mold when the plastic is set and excess

resin is trimmed off.

PET REFERENCES

P-1 Hydrocarbon Pmcessmg Petrochemical Handbook for the years 1973-
1986.
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