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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
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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
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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
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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.

39 o
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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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