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Finite, uncertain, and increasingly expensive

energy resources require a better understanding of energy

utilization in all sectors of the national economy includ-

ing agriculture. A significant portion of energy used

in agriculture is required for the manufacturing, instal-

lation, transporting, and operation of irrigation systems.

Quantification of the amounts of energy used in these

operations for various types of irrigation systems is

necessary for planners in agricultural production, water

resources, and energy conservation fields to determine

the optimum system under varying regional resource con-

straints. Systems which were built in the former days

of abundant and relatively inexpensive electrical energy

may not be very efficient by today's standards. Decisions

to expand or update these systems or to develop



entirely new systems require energy utilization informa-

tion as a basis.

The objective of this work was to evaluate the

manufacturing energy required for the following material

groups used in irrigation systems:

1. Aluminum

2. Steel

3. Cooper, zinc, and brass

4. Low- and high-density polyethylene and poly-

vinyl chloride

5. Portland cement, asbestos-cement, and concrete

There are primarily two methods of computing

energy use coefficients: (1) the process analysis ap-

proach and (2) the input-output method. In the process

analysis approach, delineation of each material production

stage, beginning with natural resource extraction through

final fabrication, is required.

Analysis using the input-output method is based

on energy flows corresponding to dollar flows between

various sectors of the national economy. The energy con-

sumption for a specific process can be calculated by know-

ing or estimating its cost and the breakdown of that cost

into associated economic sectors. It was decided that

the process analysis approach would be used. This method

appeared to be more straightforward since each process

step and its energy use associated with it must be

specified.
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ENERGY USE COEFFICIENTS FOR IRRIGATION SYSTEM MATERIALS

I. INTRODUCTION

Statement of Problem

In the last decade, energy consumption for manu-

facturing has become an important factor in the design

of engineering systems. Manufacturing energy require-

ments, reflected in system cost, is a significant factor

in determining optimum system design and will be of in-

creased importance in the future. In the area of irriga-

tion, it is beneficial to have a basis of comparison for

the energy associated with various types of irrigation

systems. In the past, system operating energy was the

only one analyzed for comparison among different types

of feasible systems. An improved analysis of energy re-

quired in an optimum system design is accomplished by

including energy required for manufacturing, installation,

and transportation. Manufacturing energy consists of the

energy used to manufacture system components. Installa-

tion energy accounts for the energy necessary to assemble

and install the irrigation system in the field. Transpor-

tation energy refers to the energy required to move the

irrigation system during a complete growing season.

Responding to the above optimization problem, the
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Scientific and Education Administration of the United

States Department of Agriculture (USDA-SEA) funded an in-

vestigation in late 1978 into irrigation energy consump-

tion based on previous work performed at Oregon State

University (OSU) and other institutions. An existing com-

puter model developed by Kizer (1976) for analysis of

irrigation system energy requirements was chosen as the

basis of this study because of its thoroughness. Irriga-

tion system types considered by the OSU computer model

included: (1) hand move sprinkler, (2) side roll sprin-

kler, (3) solid set sprinkler, (4) permanent set sprin-

kler, (5) center pivot, (6) surface, and (7) drip. This

model determined the following energy requirements for

each system: (1) operating energy, (2) manufacturing

energy, (3) installation energy, and (4) transportation

energy.

Although the OSU computer model represented a sig-

nificant achievement, two deficiencies became evident.

First, the program was inconvenient to use since it was

executed as a "batch" job. In addition, the input format

was unduly complicated. The program was therefore modifed

into a question-answer (conversational) format which could

be accessed from a remote computer terminal. Questions

are addressed to the user pertaining to system type, field

configuration, water requirements, and water availability.

The result was a tremendously enhanced and much more con-

venient tool for irrigation system design and analysis.
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The second problem with the original work con-

cerned energy use coefficients for irrigation system

materials. The energy use coefficients may be defined

as the energy requirement, in kilowatt-hours, per pound

of manufactured material. Published energy use coeffi-

cients were widely varied for the same material depending

on the reference. For some materials only a single refer-

ence was cited. All data used in the original computer

program were based on previously published information

adapted from Batty et al. (1975). Table 1.1 is the origi-

nal table from Batty et al. (1975). Generally, mean

values of the energy use coefficients from Table 1.1 were

used in the computer model.

These data raised questions concerning the varia-

tion of energy use coefficients among references and the

reliability of a single reference. Since these coeffi-

cients play such an important role in computing irrigation

system manufacturing and total energy requirements, it

was felt that they should be re-evaluated. This thesis

represents the culmination of the re-evaluation process

for the energy use coefficients.

Energy Consumption Method Analysis

The objective of the described effort was to eval-

uate the manufacturing energy required for the following

material groups used in irrigation systems:



Table 1.1. Manufacturing energy input.

Energy Input of Product from Different References

Product

Berry &
Makino
(1974)1

kWhlb.

Hannon
(1974)1

kWhlb.

Rabitsch
(1975)1

kinalb.

Staum
(1975)1

kWhlb.

Steinhart &
Steinhart

(1974)1
kWhlb.

Elliot-Jones
(1974)1

kWhlb.

Steel 6.85 -- 3.66 1.76 9.89

Aluminum 36.5 34.9 28.6

Brass 37.8 1.0

PVC 15.2 9.7

Poly-
ethylene 20.2 0.70

Asbestos-
Cement 1.6

Concrete 1.1
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1. Aluminum

2. Steel

3. Copper, zinc, and brass

4. Low- and high-density polyethylene and poly-

vinyl chloride

5. Portland cement, asbestos-cement, and concrete

The results were expressed as kilowatt-hour per unit

weight of finished product. Separate chapters discuss

each of these material groups and provide several refer-

ences for each. This section presents a general review

of the method of analysis.

Although the analysis end point for each material

was easily determined, a key question was at what point

in material fabrication to begin the analysis. Discrep-

ancies noted in Table 1.1 primarily resulted from differ-

ing points of origin for the energy consumption analysis.

Therefore, energy use coefficients for the same material

were not comparable. Given the nature of the task, it

was decided the point of origin for each material would

be component material extraction from its natural state.

This point of origin was used to compute what is herein

defined as the ultimate energy consumption.

There are primarily two methods of computing

energy consumption for material fabrication: (1) the

input-output method and (2) the process analysis approach.

The input-output method is based on energy flows

corresponding to dollar flows between various sectors
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of the national economy. An activity's energy consumption

can be calculated by knowing or estimating the activity's

cost and the breakdown of that cost into associated eco-

nomic sectors. Sectors of the national economy are clas-

sified in the Standard Industrial Classification Manual

(1972) by United States Executive Office of the President.

This information and analysis is published by the Bureau

of Economic Analysis (BEA) in its report entitled "Input-

Output Structure of the U.S. Economy" (1974).

In contrast, the process analysis approach re-

quires delineation of each material production stage

beginning with natural resource extraction through final

fabrication. Information regarding the energy consumed

for individual manufacturing stages is available from

various sources including the Census of Mineral Indus-

tries (1972), Federal Energy Administration Report (FEA)

(1975), Battelle Columbus Laboratories report (1974) and

others.

Considerable discussion was directed at determin-

ing which approach was most applicable. The process anal-

ysis approach was chosen after completion of a test case

using aluminum tubing in a cooperative effort conducted

with the University of California (UC) at Riverside. The

UC Riverside group applied the input-output method while

an OSU team applied the process analysis approach for

ultimate energy required to fabricate aluminum tubing.

After a relatively short period of time, the team leaders
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met to discuss benefits and problems associated with each

approach. Although the specific results of this compari-

son are awaiting publication, the following general com-

ments are given.

Considerable difficulty was encountered in at-

tempting to refine the national input-output matrix to

account for a specific material type, such as aluminum

tubing. Dollar figures quoted in the input-output matrix

are nation- and industry-wide averages with several dif-

ferent plant sizes and product types grouped together in

a single sector. Time-consuming amounts of matrix manipu-

lation, on a mainframe computer, were required to signifi-

cantly refine the analysis. Also, there is a substantial

amount of time lag, i.e. years, between nationwide data

collection and publication of analysis and published revi-

sions of the input-output model. Furthermore, the possi-

bility of including technological advances, which are not

reflected in the current published input-output matrix,

is excluded when using the input-output method.

The process analysis approach appeared to be more

straightforward since each process step must be specified

and an energy use associated with it. A difficulty was

encountered if modifications were made to standard produc-

tion processes. Information regarding such modifications

may not be readily available and, if it was, the energy

consumed might not be known or publicly released. Another

difficulty was that the amount of energy consumed was
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not always monitored for individual steps. Therefore,

such cases required considerable detailed research con-

sisting of a literature search and contacting numerous

manufacturing and fabrication plant personnel. When it

was impossible to divide energy consumption into different

production sectors, it became necessary to group these

stages together.

Ultimately it was decided that the process analy-

sis approach would be the most appropriate approach. This

decision was partly based on the substantial progress made

by OSU's team at the end of the aluminum tubing test

period. Although it was not assumed that the process

analysis approach would always show more rapid progress

than the input-output approach, the OSU team felt confi-

dent in the process analysis approach and the results

derived from it at the conclusion of the test period.

Assuming all direct and indirect energy inputs

were determined for each manufacturing process, the pro-

cess analysis approach would theoretically yield the same

results as the input-output method which encompasses the

entire national economy. However, results from the two

approaches might differ because of dissimilar aggregation.

The input-output model tends to be indicative of average

nationwide industry conditions, both in terms of product

and plant size. Conversely, the process analysis approach

is indicative of specific product and plant conditions.

Assume a case with three different but closely related
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products--A, B, and C--where A is energy intensive, B re-

quires very little energy, and C's energy requirements

approximate the mean energy use of both A and B. A coarse

input-output model incorporating all three products in

a single sector will, compared to the process analysis

approach, underestimate the energy requirements of A,

overestimate the energy requirements of B, and closely

approach C's energy requirements. This reasoning also

holds for plant size. Therefore, it is difficult to

directly compare the two methods unless considerable

refinement of the input-output model was performed and

the methodology fully documented.

Procedure

Obtaining manufacturing energy for a given product

using the process analysis approach requires describing

each manufacturing process stage. Initially, an overall

breakdown of major manufacturing categories such as min-

ing, refining, production, and fabrication was made. Fur-

ther process detail was made according to available data

from the literature or industry.

Once the production process was broken down and

material flow understood, energy consumption was allocated

to each step. One energy use data source was the U.S.

Department of Commerce, Bureau of the Census, which pub-

lishes the "Census of Manufacturers" (1971) every few

years. These reports gave material and fuel consumption
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data as well as product output data for a variety of in-

dustries. However, single industry process breakdowns

were not detailed. Also, concern has been voiced by

Elliot-Jones (1974) over Census data reliability.

The federal government has also been interested

in industrial energy use, especially in industries which

consume relatively large amounts of energy. These indus-

tries are petrochemicals, cement, paper products, primary

metals, glass containers, plastics, and some secondary

metals. Some of these materials are covered in the Fed-

eral Energy Administration (FEA) report (1975) and a U.S.

Department of Commerce study (1974) by Battelle Columbus

Laboratories. Advantages in using these reports were that

the manufacturing processes were broken down and each

step's energy and material flows given. A disadvantage

was they do not cover specific product fabrication analy-

sis (e.g. tubing, etc.) but stop at primary raw material

production.

Other data sources were personal contacts with

manufacturers and trade literature. Some manufacturers

were very helpful and willing to share energy consumption

information while other companies keep detailed plant

operation energy analysis confidential.

Estimated energy consumption presented in this

report includes the energy required for all production

steps occurring within the United States from natural re-

source extraction to production and fabrication. Energy
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consumption figures are presented in three classifications

identified as: primary, secondary, and ultimate energy

requirements.

Primary energy was defined as the actual amount

of energy consumed at a given step in the process se-

quence. Secondary energy was defined as the energy needed

to produce the fuels used in a given process. Secondary

process energy and miscellaneous process energy were de-

fined as the energy required to manufacture process equip-

ment and unaccounted general plant use, respectively.

Because of the utilization of plant equipment to fabricate

millions of units of product, secondary process energies

were found to be insignificant for the relatively small

amount of product considered in the process analysis ap-

proach. Therefore, summation of primary, secondary, and

miscellaneous process energies was termed ultimate energy.

Ultimate energy figures were used in determining the final

energy use coefficients.

Table 1.2 indicates the secondary energies used

in primary fuel production and was constructed from mate-

rial obtained from Gordian Associates (1974). The proce-

dure to calculate secondary energy use was to multiply

a specific process primary energy consumption by that

fuel's secondary energy use coefficient from Table 1.2.

For example, assume the equivalent of 10 6
kWh of coal were

consumed for a particular process. From Table 1.2 the
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secondaryenergy use would be computed as 10 6
kWh times

8,504 kWh (106kWh)-1 which equals 8,504 kWh.

Electrical energy production was broken into pri-

mary and secondary energy use for aluminum smelting and

all other processes. The primary energy for electrical

energy is the sum of specific fuel type primary energies

based on fuel type percentage, generation efficiency, and

transmission efficiency. Secondary energy for electrical

energy is the sum of the products of the fuel type primary

energy multiplied times the fuel type secondary energy

from Table 1.2. Table 1.3 illustrates primary and second-

ary energies of purchased electricity, respectively. The

composite factors of 3.01 kWh per kWh primary energy and

116,400 kWh per 106
kWh

-1
of secondary energy were computed

as illustrated in the tables.

According to Aluminum Company of America (1967)

aluminum smelting requires different primary and secondary

electrical energy production factors because approximately

50 percent of the electrial power consumed by the aluminum

industry is hydroelectric. These factors and method of

calculation are shown in Table 1.4. Results were 2.25 kWh

per kWh of purchased electricity as the primary energy

factor and 70,000 kWh per 10 6
kWh of purchased electricity

for the secondary energy factor in aluminum smelting.

The energy required to transport materials between

manufacturing process steps was also calculated. Figures

for average energy use per pound-mile with various freight



Table 1.2. Secondary energy use in the production of primary fuels. Energy consump-
tion of net primary fuel shipped and percent of total by fuel.

Primary Fuels

Refined Oil Total Secondary
Coal Products Natural Gas Energy Use Total

kWh(10 6
kWh)

-1
kW11(10 6

kWh)
-1 kWh(10 6

kWh)
-1 kWh(10 6

kWh)
-1

Net Primary Fuel Shipped

Coal 3,697 4,806 1 8,504

Crude Oil 2,117 76,752 273 79,142

Natural Gas 1,349 75,126 4,645 81,120

Nuclear Energy 111 220 331

Hydro Energy 257 506 763

Total 7,531 157,410 4,919

Percent of Total by Fuel

Coal 43.47 56.56 0.01 100.00

Crude Oil 2.68 96.98 0.34 100.00

Natural Gas 1.66 92.61 5.73 100.00

Nuclear Energy 33.53 66.47 100.00

Hydro Energy 33.68 66.32 100.00



Table 1.3. Primary and secondary energy use in the production and transmission of
electricity.

Primary
Fuel

Coal
Crude Oil
Fuel Oil
Natural Gas
Nuclear Fuel
Hydro Energy

Total

Total U.S. kWh
Generated by
Fuel Type

Energy
Percent by

Edison
Electric

Institute
(1971)

44.40

13.50
23.30
2.30

16.50

100.00

Generation
Efficiency
Percent by

National Coal
Association

(1972)

33.37

30.57
31.77
32.00

100.00

Transmission
Efficiency
Percent by
Edison
Electric
Institute

(1971)

91.00

91.00
91.00
91.00
91.00

Primary
Energy Use

kWh'kWh-1

1.4261

0.4853
0.8059
0.0790
0.1813

3.0136

Secondary
Energy Use

kWh'(10 6
kWh)

-1

12,434

38,406
65,377

26
138

116,382

Sample Calculation of primary energy: For coal as primary fuel
f 44.41 , 100 1 /1001 1 1 kWh

) = 1.4621 kWh'kWh-1'1-07-6' '33.37' '--Tr' '1 kWh of purch. elect.

3.01 kWh per kWh was used in this study as the primary energy factor of electricity.

Sample Calculation of secondary energy: For coal as primary fuel
100 100

(
44.4

) (

33.37
) (

91
) (8,504 kWh*(10 6

kWh-1 )) = 12,434 kWh'(106kWh) -1100.0

116,400 kWh per 10 6
kWh was used in this study as the secondary energy factor of

electricity.



Table 1.4. Primary and secondary energy use in the production and transmission of
electricity consumed in smelting of aluminum, assuming 50 percent of the
electric energy was obtained from hydro energy.

Total U.S. kWh
Generated by
Fuel Type Transmission

Energy Generation Efficiency
Percent by Efficiency Percent by
Edison Percent by Edison

Electric National Coal Electric
Primary Institute Association Institute

Fuel (1971) (1972) (1971)

Primary Secondary
Energy Use Energy Use

kWhkWh-1 kWIC(10 6
kWh)

-1

Coal 26.59 33.37 91.00 0.8756 7,446

Crude Oil

Fuel Oil 8.08 30.57 91.00 0.2905 22,987

Natural Gas 13.95 31.77 91.00 0.4825 39,142

Nuclear Fuel 1.38 32.00 91.00 0.0474 16

Hydro Energy 50.00 100.00 91.00 0.5495 419

Total 100.00 2.2455 70,010

2.25 kWh per kWh of purchased electricity was
primary energy factor for electricity.

used in this study as the

70,000 kWh per 10
6
kWh of purchased electricity was used in this study as the

secondary energy factor for electricity.



16

transportation methods were presented by Leilich (1977)

and used to calculate transportation energies in Table

1.5. Material transportation energy between process steps

was assigned to the total energy use of the previous step.

Table 1.5. Energy use in transportation of
materials.

fuels and

Transportation

Transportation Energy Use

Method kWhlb-mile)
-1

Truck 0.0003430

Rail 0.0001010

Inland Waterways 0.0000398

Coast & Great Lakes--Ship 0.0000331

Coast & Great Lakes--Barge 0.0000412

Pipeline 0.0000231

Air 0.0039600

Simplified production sequence flow diagrams of

both primary and, where relevant, ancillary materials re-

quired for material fabrication were developed for each

material and the energy use for each step listed. These

flow charts appear in the chapters for the respective

materials. Connecting lines represent the energy consump-

tion required to go from one step to the next. The width

of these connecting lines was scaled so that the magni-

tude of the required energy could be conveniently

recognized.

The process analysis approach, which avoids com-

plicated matrix manipulations and computations, was
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chosen to calculate irrigation component manufacturing

energies. This procedure has the advantage of providing

both a good understanding of process steps and energy-

influencing factors. As energy supplies decrease and/or

sources change, the identification of energy requirements

by process step and fuel type will enable more efficient

energy resource planning.
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II. ALUMINUM

Introduction

Aluminum is widely used in irrigation systems.

This fact can be observed in Table II.1 which indicates

irrigation system components made from aluminum. This

chapter presents energy consumption data for the produc-

tion sequence resulting in primary aluminum ingots. In-

gots formed by casting molten aluminum, obtained from

smelting, are suitable for subsequent product fabrication.

The fabrication sequences of welded and extruded tubes

are also indicated. It should be noted that the produc-

tion sequence refers to primary aluminum as opposed to

secondary aluminum, i.e. recycled, material.

Process Technology

Manufacturing of aluminum begins with bauxite,

the principal raw material, which may contain from 40 to

60 percent alumina according to Sittig (1977). Open pit

mining is commonly used to extract bauxite. Bauxite con-

sists of hydrated aluminum oxides, monohydrate

(A12031-120) and trihydrate (A12033H20). Originally it

is mixed with impurities such as oxides of silicon, iron,
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Table II.1. Uses of aluminum in irrigation systems.

Type of System

Hand- Side
Moved Roll

Center Solid
Pivot Set Surface

Pumping Plant

Suction Line
Fittings

Mainline

Tubing
Couplers
Fittings

Laterals

Tubing
Couplers
Riser Pipes

Head Ditch

Gated Pipe

Control
Devices

Siphon Tubes

and titanium. The amount of impurities, especially

silica, determines the grade of the ore.

The method of separating the alumina from impuri-

ties in the bauxite is the Bayer process. In this pro-

cess, the bauxite is digested at elevated temperature

under pressure with a caustic soda solution. The alumina

hydrate in the bauxite is dissolved as sodium aluminate.

Caustic soda is commonly produced by reacting soda

ash with lime. The lime required is produced by crushing

limestone followed by calcining in vertical or horizontal

kilns. The soda ash used for the production of caustic
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soda is obtained from both synthetic and natural sources.

The synthetic soda ash is made by the Solvay process,

using limestone, rock salt, and coke. During this process

a purified salt solution is contacted with ammonia in an

internally-cooled absorption tower. The ammoniated brine

is fed into carbonating towers where it is contacted with

gaseous carbon dioxide to form a sodium bicarbonate

slurry. The carbon dioxide is obtained by calcining lime-

stone mixed with coke. The slurry is vacuum filtered and

the solid recovered is heated in a rotary calciner to

expel carbon dioxide and water vapor. At this stage a

"light" soda ash is obtained which can be converted into

a dense product by the addition of water and, subsequent

dehydration. The overall process is thus the reaction

of calcium carbonate (limestone) with sodium chloride

(salt) to produce sodium carbonate (soda ash) with waste-

product sodium chloride. In this reaction ammonia acts

only as a catalyst and it is recovered for reuse with

minimal losses according to FEA (1975).

Natural soda ash occurs as trona ore. Trona con-

sists of sodium sesquicarbonate which is a combination

of water with sodium carbonate and bicarbonate. Trona

is mined using the room and pillar method. At the sur-

face, the ore is dissolved in water and insoluble impuri-

ties removed by clarification and filtration. The sesqui-

carbonate is recovered by vacuum crystallization for
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subsequent calcining to produce the sodium carbonate (soda

ash).

After the digestion of the bauxite with the caus-

tic soda, the insoluble components of the bauxite, such

as oxides of iron, silica, and titanium, are removed by

thickening and filtration. The remaining sodium aluminate

solution is cooled and pumped to precipitators where

alumina hydrate crystals are formed. Alumina hydrate

crystals are also removed by filtration and calcined in

rotary kilns at about 2192 °F (1200 °C) to produce alumina

for aluminum smelter feedstock.

Metallic aluminum is produced from alumina by the

Hall-Heroult electrolytic reduction process. Alumina is

continuously dissolved in molten cryolite (sodium-aluminum

fluoride) in the reduction cell as shown in Figure 11.1.

By the use of carbon anodes which are suspended in the

cells, a low voltage DC current is passed through the bath

to the molten aluminum which acts as a cathode. The oper-

ational temperature of the cell varies from 1742 to 1832°F

(950 to 1000°C) according to FEA (1975). The alumina dis-

sociates in the cell into aluminum and oxygen. The molten

metal is deposited at the bottom of the cell (the cathode)

and the oxygen is released at the anode in the form of

carbon monoxide and dioxide. Any carbon monoxide produced

at the anode burns as it reaches the surface of the cryo-

lite bath. Molten aluminum is removed periodically to

a holding furnace. Some cryolite is lost in the anode
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gas and in the cathode linings during the smelting pro-

cess. This is replaced by additions of aluminum fluoride

to the bath.

The most modern anode system used is the Soderberg

electrode. This system uses an anode which is baked by

the reaction heat from the cell itself. The anode mate-

rial is carbon paste which is fed into the top of the

anode casing. As the paste moves down, it is baked, forms

the anode, and then is consumed as carbon dioxide is

formed and released. The carbon that is removed is re-

placed by the paste injected at the top of the anode.

At the casting sites, the molten primary aluminum is

charged into holding furnaces, which are typically of the

gas-fired reverberatory type, along with scrap and alloy-

ing additions.

Initial processing of cast ingots is usually con-

ducted at about 797 to 896°F (425 to 480°C) according to

Sittig (1977). This is done by either hot-rolling (bloom-

ing) or extrusion operation. For some products, inter-

mediate conditioning and continued hot rolling is neces-

sary. Most mill products are cold rolled or drawn to

finished dimensions.

Aluminum tubing in the size range for irrigation

use can be of three types: extruded, drawn, and welded.

Extruded tubing is produced by directly extruding hot

aluminum billets through a die. Drawn tubing is produced

by the cold working and drawing of extruded tubes.
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Continuously welded tubes are made by rolling flat alumi-

num strips into a tubular shape and welding the seam.

The extruded and the continuous welding tubing were the

most commonly used in irrigation.

In addition to the forming processes, aluminum

tubes must also undergo heat treatment to obtain necessary

strength and temper. The actual heat treatment process

employed depends on the particular alloy involved.

Procedure

Primary aluminum production steps from mining

through smelting were obtained from the FEA report (1975).

Aluminum Company of America (1967), an industry reference

work, was consulted to gain further insight into different

fabrication possibilities. The general steps involved

in tubing manufacturing were obtained from two reports

prepared for the federal government. These were "Study

of the Energy and Fuel-Use Patterns in the Nonferrous

Metals Industries" prepared by Battelle Columbus Labora-

tories for the United States Department of Commerce in

1974 and the second report was "Materials Survey, Alumi-

num" (1956) by the United States Department of Commerce.

These data allowed for a good description to be made of

the entire aluminum tubing manufacturing process and

preparation of a flow chart.

It was next necessary to obtain values for energy

use in each manufacturing process stage. Complete primary
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energy use data for manufacturing primary aluminum ingots

were found in the FEA report (1975). Once primary energy

requirements were known, secondary energies were computed

using the coefficients presented in Table 1.2.

Since the report prepared by Battelle Columbus

Laboratories for the U.S. Department of Commerce (1974)

was the only published report which could be found giving

energy use breakdowns for aluminum fabrication, supple-

mental information was obtained from several contacts made

with industry personnel. These contacts were:

1. Hagley, T., Alcoa Aluminum (1979)

2. Patterson, J., Gifford-Hill Co. (1979)

3. Liem, Y., Anodizing Inc. (1979)

4. Bailey, R., Eclipse Fuel Engineering (1979)

5. Lombard, D., Lombard Corporation (1979)

6. Krieger, J., Despatch Industries (1979)

Results

Figure 11.2 is an illustrative flow chart detail-

ing material, fuel, and energy flows associated with each

manufacturing step for aluminum tubing manufacture. The

intermediate energy values given are on the basis of one

ton (907.2 kg) of finished product.
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Energy use for each process step is presented in

Table 11.2. This table gives the ultimate energy and

itemizes energy use into the primary use of natural gas,

oil, coal, and fuel equivalent of purchased electricity.

Secondary and transportation energies for each step are

also identified. Energy use breakdown by general process

is shown in Table 11.3.

The FEA (1975) report gave conversion values for

purchased electricity to primary fuel and values for sec-

ondary energy use in fuel production. Purchased electric-

ity was converted to primary fuel use at a rate of 3.01

kWh for all steps except smelting. Secondary energy use

to produce the fuel for electricity generation amounted

to 116,400 kWh per 106kWh. Different conversions were

necessary for smelting, since about 50 percent of the

electricity used comes from hydroelectric sources. Con-

versions to primary and secondary energy for smelting were

2.25 kWh per kWh and 70,000 kWh per 10 6
kWh, respectively.

The results shown in Figure 11.2 are expressed

on the basis of manufacturing energy (kWh) per unit output

(lb) of finished product. Table 11.4 illustrates the

manufacturing energy consumptions of 29.65 kWh per pound

(65.37 kWh per kilogram) for welded tube and 30.32 kWh

per pound (66.84 kWh per kilogram) for extruded tube.

A weighted average of both is 30.09 kWh per pound (66.34

kWh per kilogram). This latter value is probably the



Table 11.2. Energy use in aluminum tubing production.

Fuel
Equivalent

Process Step

Amount of
Material

lb.

Natural
Gas
kWh

Oil
Products
kWh

Coal
kWh

of Pur-
chased
Elec-
tricity
kWh

Secondary
Energy
kWh

Transport
kWh

Ultimate
Energy
kWh

Primary Metal

1

Production

Production & refin-
ing of crude oil 1294 3.5 991.0 27.3 78.9 16.1 1116.8

Mining of coal 18 --- 0.3 0.3 0.8 1.4
Mining of rock salt 196 2.9 0.2 8.4 11.5
Mining of limestone 28 --- 0.1 --- 1.2 1.3
Mining of trona 8 N/A N/A N/A N/A N/A 0.4 0.4
Mining of cryolite 70 N/A N/A N/A N/A N/A 7.0 14.0
Mining of fluorspar 40 N/A N/A N/A N/A N/A 4.0 18.6
Production of coke 18 --- 17.6 --- 0.2 0.7 18.5
Production of caustic 160 58.6 5.8 96.7 352.0 19.7 18.4 551.0
Production of lime 16 2.9 5.9 1.2 0.3 1.8 12.1
Prod. nat. soda ash 8 2.9 5.9 0.3 0.4 9.5
Calcining petroleum
coke 1100 188.0 7630.0 18.8 16.0 47.2 7900.0

2

Production of pitch 300 N/A N/A N/A N/A N/A 12.9 12.9
Prod. syn. soda ash 12 2.9 46.9 0.6 1.4 51.8
Dom. alumina refining 2536 3940.0 --- 1050.0 360.0 110.0 5460.0
Aluminum smelting 2000 396.0 2.9 44.0 35240.0 849.0 17.2 36550.0

Total ultimate 51729.8



Table II.2--Continued

Fuel
Equivalent

Process Step

Amount of
Material

lb.

Natural
Gas
kWh

Oil
Products
kWh

of Pur-
chased
Elec-

Coal tricity
kWh kWh

Secondary
Energy
kWh

Transport
kWh

Ultimate
Energy
kWh

Fabrication of Welded
Tube

Alloying furnace 700 587.0 118.0 57.0 762.0
Ingot caster, scalper 700 34.3 1.3 35.6
Ingot heating 700 320.0 60.9 30.8 412.0
Hot rolling mill 700 225.0 8.7 234.0
Cold rolling mill 700 --- 274.0 10.6 285.0
Annealing furnace 700 203.0 38.8 19.5 261.0
Heat treating furnace 700 64.7 12.3 6.2 83.2
Misc. processes 136.0 5.3 80.5

3
222.0

General plant use 65.9 12.5 258.0 16.4 353.0
Total fabrication 2650.0

Total welded tube 20755.0

Fabrication of Ex-
truded Tube

Alloying furnace 1300 1240.0 25.2 103.0 1368.2
Billet caster 1300 61.1 2.4 63.5
Billet heating furnace 1300 720.0 14.7 59.6 794.0
Extrusion press 1300 980.0 38.0 1020.0
Annealing furnace 1300 480.0 9.8 39.7 530.0
Draw bench 1300 244.0 9.5 254.0



Table II.2--Continued

Fuel
Equivalent
of Pur-
chased

Amount of Natural Oil Elec- Secondary Ultimate
Material Gas Products Coal tricity Energy Transport Energy

Process Step lb. kWh kWh kWh kWh kWh kWh kWh

Heat treating furnace 1300 480.0 9.8 39.7 530.0
Stretcher 1300 --- 122.0 4.7 127.0
Aging furnace 1300 120.0 2.4 9.9 132.0
Misc. processes --- 172.0 6.7 150.0

3
323.0

General plant use 276.0 5.6 328.0 35.6 645.0
Total fabrication 5790.0

Total extruded tube
4

39414.0

Notes:

N/A = Not Available

1
Assume a crude oil density of 58.68 pounds per cubic foot.

2
Secondary energy use is low because energy cost for obtaining oil is charged to production of

crude oil step.

3
Miscellaneous processes include unaccounted for electricity and transportation of the tube to

the customer.

4
Total use is based on a distribution of 35% welded tube and 65% extruded tube.
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Table 11.3. Energy use by general
tubing production.

processes in aluminum

Process kWh Percent

Mining 1,126 1.9

Refining 13,823 23.0

Smelting 36,532 60.7

Fabrication 8,209 13.6

Transportation 478 0.8

60,169 100.0

1 Based on production of one ton.

most appropriate manufacturing energy coefficient for

aluminum tubing used in irrigation.

Table 11.4. Energy use coefficients for aluminum tubing.

Product kWhlb. -1 kWhkg. -1
10

6Jkg. -1

Welded
Tubing

Extruded
Tubing

Weightel
Average

29.65

30.32

30.09

65.37

66.84

66.34

235.32

240.64

238.81

1Based on 35 percent welded tubing and 65 percent
extruded tubing.

Discussion

Data acquisition proved problematical. Published

sources for all steps through fabrication are few and

somewhat limited with the exception of the primary metal

and materials industries. Therefore, it was necessary
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to contact manufacturers. However, several difficulties

were encountered obtaining energy use data from industry

sources. Major manufacturers either wanted to protect

their process energy use data or did not keep track of

it because it was felt to be insignificant compared to

primary energy consumption. Smaller manufacturers typi-

cally kept track only of total plant energy use. Discern-

ing how much energy a single process consumed was, in this

case, difficult.

Published data exists for a limited number of sec-

ondary industries from the Battelle Columbus Laboratories

report (1974) and were used to provide tube fabrication

energy figures. These data consisted of energy use pro-

jections for the entire rolling and extruding industries.

As a result, these figures represent the fabrication of

many products other than tubing. However, these values

were assumed to be indicative of energy use in tube

fabrication.

Operation energy data were also obtained from pri-

vate fabricators and manufacturers of process equipment.

Manufacturers' figures tended to be lower than published

values. Two possible reasons for this exist. (1) Infor-

mation from private fabricators was generally estimated

from total plant use. Since the actual process energy

was not monitored, these estimations could have been in

error. (2) Values from equipment manufacturers may
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have represented ideal rather than typical operating

conditions.

Assumptions had to be made concerning the steps

to be analyzed in this study because of process varia-

tions. The decision was made to be conservative and ac-

count for all possible tube manufacturing steps. As a

result, obtained values are probably more representative

of energy use by a smaller firm. Large integrated plants

would probably be able to neglect such fabrication steps

as reheating and casting ingots and take advantage of

economies of scale. The relative magnitude of the smelt-

ing energy (10 4
kWh) compared to various fabrication ener-

gies (10 to 103kWh) serves to reduce the impact of errors,

however.

The relative importance of secondary process

energy, the energy required to manufacture process equip-

ment, was questioned during this investigation. The sig-

nificance of secondary process energy can be understood

by considering the role of energy in the manufacturing

process. The purpose of a manufacturing process is the

conversion of unfinished materials into a finished

product. Inflows consist of unfinished material, feed-

stocks, and purchased energy while outflows are the fin-

ished material and waste products. It was assumed that

production material was conserved so that the amount of

finished product and wastes equaled the original amount

of unfinished material. Considering the feedstocks and
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purchased electricity as energy sources, the process was

viewed as the use of energy to convert raw materials into

finished products and wastes.

A process operation was therefore performed to

increase the value of the production material. Since

material was conserved, increased value could not be

attributed to increased mass, but rather was due to a de-

crease in entropy of the material and, therefore, related

to the amount of energy put into the process. Accrual

of process benefits required conversion of energy to added

value via process machinery. The energy to manufacture

this machinery may then be regarded as the cost required

to produce the benefit of added value.. Expressed on a

per unit of output basis, it should be expected that the

energy to manufacture process equipment would be much

lower than the energy to operate it. Therefore, the

energy to manufacture machinery for the manufacturing of

finished products was assumed to be negligible.

The total aluminum product manufacturing primary

energies determined were less than those presented by

Battelle Columbus Laboratories (1974) concerning general

plant energy use. Therefore, the difference was identi-

fied as miscellaneous process energy. Note that it is

not known whether Battelle's data represents a typical

plant, even when expressed on an energy per pound output

basis, since the data were from only the medium-sized

plant.



35

Validation of computed energy coefficients was

accomplished by comparing coefficients found in the liter-

ature in Table 11.5. First, the two studies utilizing

the input-output approach yielded highly varied results.

Hannon (1974) indicated 65.13 kWh per pound (143.58 kWh

per kilogram) were required for aluminum production while

Elliot-Jones (1974) indicated 28.6 kWh per pound (63.05

kWh per kilogram). Hannon's value is significantly larger

than all other indicated values. The reason for this is

not readily explainable due to a lack of thorough documen-

tation of Hannon's work. The value given by Elliot-Jones

is low because it only accounts for the energy required

. to produce an ingot of aluminum from raw materials.

Elliot-Jones' value is very close'to the total ultimate

value presented for primary production (Table 11.2).

Other studies using the process analysis approach which

do not include product fabrication energies include the

FEA report (1975), Battelle's report (1974), and the Stan-

ford (1972) report. (This last report's surprising low

value might be a result of the inclusion of large amounts

of recycled aluminum.) The energy analysis beginning and

end points are not known for Steinhart and Steinhart's

(1974) or Meyers' (1974) reports. Berry and Makino's

(1974) slightly higher value could result from their

inclusion of a free energy component. According to

Berry and Makino (1974) free energy (or thermodynamic

potential) is the most useful physical quantity they
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had found to analyze resource use. The quantity free

energy expresses how much more valuable in physical terms,

is high-grade ore than the same one diluted a thousand-

fold by impurities. The difference between the energy

E of a substance and its free energy F is the contribution

associated with entropy, which is just S multiplied by

the absolute temperature T : F=E-TS.

Table 11.5. Energy use coefficients of aluminum obtained
from other sources.

Source kWhlb-1

Elliot-Jones (1974) 28.60

Steinhart & Steinhart (1974) 34.90

Berry & Makino (1974) 32.91

FEA (1975) 25.73

Hannon (1974) 65.13

Meyers (1974) 23.26

Stanford (1979) 8.90

Battelle Columbus
Laboratories (1974) 19.50

The average manufacturing energy of aluminum irri-

gation tubing was found to be 30.09 kWh per pound (66.34

kWh per kilogram). Over 85 percent of this energy was

consumed in mineral refining and electrolytic smelting

processes. The energy to manufacture process equipment

was found to be negligible compared to the operating

energy. This finding was assumed valid for all secondary

process energies throughout this report.
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III. STEEL

Introduction

This section presents energy consumption data for

the production sequence that results in the output of

steel bars, wire, wheels, plates, and structural steel.

Raw steel is defined by the American Iron and Steel Insti-

tute (1972) as the "first solid state after melting, suit-

able for further processing or sale, or other product

forms." Large quantities of scrap are used besides virgin

raw material for the production of raw steel. Table III.1

indicates some of the irrigation system components made

from steel.

Process Technology

The following are the principle operations for

the production of finished steel products:

(1) Mining of iron ore

(2) Smelting iron ore into pig iron

(3) Refining pig iron and scrap into steel

(4) Fabrication of finished product

Also required are some auxiliary operations including pro-

duction of coke, fluxes, oxygen, and other materials

needed for the principle operations.
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Table 111.1. Uses of steel in irrigation systems.

Type of System

Hand-
Moved

Side
Roll

Center
Pivot

Solid
Set Surface

Pumping Plant

Centrifugal
Pump
Turbine Pump
Suction Line
Fittings

Mainline

Tubing
Couplers
Fittings

Laterals

Tubing
Couplers
Riser Pipes
Valves

Wheels
Frame
Elbow Pivot
Truss

Approximately 94 percent of the iron ore mined

in the United States comes from open pit mines according

to the FEA (1975) report. The iron ores used to produce

raw steels are magnetite, hematite, and limonite which

contain many impurities (gangue). As part of the mining

process, crude ore is passed through various purifying,

or "beneficiation" techniques to reduce the final cost

of transportation and smelting. The beneficiated ore

which is called "concentrate" is agglomerated into coarse

particles. "Pelletizing" is a commonly used agglomeration
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method. This method involves shaping the ore into pellets

which are later fed with coke and fluxes into blast fur-

naces. Smelting of iron ore into pig iron is performed

in a blast furnace demonstrated in Figure 111.1. The ves-

sel of a blast furnace is about 100 feet (30.48 meters)

high, according to the FEA (1975) report. At the top iron

ore, coke, and fluxes are fed which move down into alter-

nate layers slowly.

Hot air enriched with oxygen is injected into the

bottom of the furnace. The oxygen in the air reacts with

the coke-producing carbon monoxide and the temperature

rises to 3000°F (1351°C) in the combustion zone. Hot

gases then flow to the top of the furnace and heat the

descending "burden." At the top of the furnace, ore,

coke, and flux are heated from the hot gases and a partial

reduction occurs at approximately 1200°F (649°C). Carbon

monoxide in the gases reacts with the iron ore and pro-

duces carbon dioxide and lower oxides of iron. For ex-

ample, hematite ore gives the following:

Fe
3
0
4

+ CO + 3FeO + CO
2

(3.1)

Flux materials are decomposing to carbon dioxide and the

equivalent oxide as they are being heated due to the heat

generated during the hematite ore reduction:

CaCO
3
+ CaO + CO

2

MgCO3 + MgO + CO2

(3.2)

(3.3)
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As more and more burden accumulates at the top

of the furnace, the temperature rises to about 2000°F

(1093°C) and direct reduction occurs. Coke reacts with

iron oxides and produces metallic iron and carbon

monoxide.

At the hearth of the furnace, where the tempera-

ture is about 3000°F (1649°C) oxides of manganese, silicon

and phosphorus react with solid coke as shown by the

following:

MnO + C + Mn + CO

SiO
2

+ 2C - Si + 2C0

P2O5 + 5C + 2P + 5C0

Iron oxide is also reduced:

FeO + CO -0 Fe + CO
2

(3.7)

Most of the sulfur in the ore is removed in the slag:

FeS + CaO + C + CaS + Fe + CO (3.8)

At the bottom of the furnace the iron and slag become

molten and are removed from the furnace.

Recent improvements in the blast furnace design

has allowed for reduction of coke consumption (weight of

coke per unit weight of pig iron produced) from 71 to 63

percent during the period from 1961 to 1971 according to

the FEA (1975) report. This 12 percent reduction was

accomplished by the following:
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(1) Conversion to pelletizing and agglomeration

of iron ore charge

(2) Improved operating practices

(3) Greater attention to burden preparation

(4) Larger blast furnaces

(5) Higher blast temperatures

(6) Hydrocarbon fuel injection

A new method is also used for coke manufacturing. Upon

leaving the blast furnace, the coke is dry quenched with

a circulating gas stream instead of being quenched with

water as was previously done. This allows substantial

heat recovery from the hot coke.

The pig iron that leaves the blast furnaces con-

tains approximately 4.5 percent carbon and smaller quan-

tities of silicon, manganese, phosphorus, and sulfur.

To produce steel, these elements have to be reduced to

smaller concentrations. For example, carbon has to be

reduced to 0.4 percent for a high carbon steel and 0.2

percent for a low carbon steel according to FEA (1975).

Other elements such as nickel, chromium, and

molybdeum are added in small quantities in alloy steels

because they improve the mechanical and corrosion resis-

tance properties of the material. Pig iron is refined

into steel by three different furnace types:

(A) Open-hearth furnace

(B) Basic oxygen furnace

(C) Electric furnace
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A. Open-hearth Furnace

The open-hearth furnace is so named because lime-

stone, scrap, and molten iron are charged into a shallow

production area called the hearth and exposed to the sweep

of flames. Figure 111.2 is a basic diagram of this pro-

duction method. A long-arm charging machine picks up the

charge and dumps it through the furnace doors. There the

flame partially melts the solid charge and molten iron

is poured into the furnace. High temperature reactions

cause the impurities to combine with limestone to form

a slag. A series of tests is taken to determine when the

steel is of a required chemistry. When the composition

of the molten material is satisfactory, the tap hole is

opened by an explosive charge and the steel runs into a

ladle. Since the slag is lighter than steel, it floats

on top of the molten steel and overflows into a slag

thimble. Any alloy additions are made to the steel in

the ladle.

The oxygen is fed into the furnace through the

roof by means of retractable lances. Oxygen is used to

increase the flame temperature and speed the entire pro-

cess. Brick chambers, labeled regenerators, exist on both

ends of the furnace. According to Sittig (1977) air flows

in one direction for 15 to 20 minutes and then is directed

in the opposite direction. When it flows away from the

hearth hot waste gases from the furnace pass through the

regenerators and heat the bricks. Later the flow is
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Figure 111.2. Open-hearth furnace with oxygen injection.
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reversed and air for combustion passes through the regen-

erators to be heated before reaching the hearth.

Typically the fuels used for these furnaces are

natural gas, coke oven gas, fuel oil, tars, or combina-

tions of these. The charge for the furnace is made up

of pig iron, scrap, and flux. Data collected in 1970 in-

dicate that an open-hearth furnace charge consists of 41

percent scrap according to FEA (1975). It is common to

have a blast furnace connected directly to an open-hearth

furnace which eliminates the necessity to preheat the pig

iron and therefore saves energy. The open-hearth furnace

is declining in importance because of its relative slow-

ness. It also requires more energy than the now dominant

basic oxygen furnace.

B. Basic Oxygen Furnace

More than 50 percent of the raw steel in the U.S.

is produced employing the basic oxygen furnace according

to FEA (1975). The basic oxygen furnace consists of a

cylindrical, brick-lined vessel as shown in Figure 111.3.

This vessel can be rotated on a horizontal axis towards

one side for charging and the other side for pouring.

Basic oxygen furnaces are built near blast fur-

naces since the principal material used is molten iron.

Using this method the furnace is first charged with scrap.

The maximum allowable amount of scrap has been estimated

at 50 to 60 percent of the charge according to the U.S.
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Department of Commerce report (1966), titled "Iron and

Steel Consumption Problem." Pig iron, which according

to FEA (1975) is usually 65 to 80 percent of the total

charge is then poured in. Control of the charge composi-

tion is a key factor in determining final material qual-

ity. Pure oxygen is blown through on the top of the metal

at supersonic speeds through the water-cooled oxygen

lance. There the oxygen combines with carbon and other

elements. As the oxygen is blown into the furnace, lime

is added from the top to combine with the oxidized impuri-

ties to form a slag. After the steel has been refined,

the furnace is tilted and the molten steel poured into

a ladle. On top of the furnace is a hood that picks up

waste gases and passes them through cleaning facilities

before release.

C. Electric Furnace

Use of electric furnaces has risen in recent dec-

ades coupled with decreased use of open-hearth furnaces.

According to FEA (1975) electric furnaces produced 15 to

17 percent of raw steel production in the United States.

Electric furnaces are usually mounted on "rockers" so that

the spout can be tilted as shown in Figure 111.4.

In the electric furnace process, the scrap is

first sorted and weighed carefully. In 1970, the average

charge to electric furnaces in the United States contained

about 98.5 percent scrap according to FEA (1975). The
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entire top of the furnace with the electrodes is then

swung to the side and the charge of scrap is dropped in.

The electric power is turned on after the top is swung

back into position. Current in an electric furnace arcs

from one electrode to the charge and then from the charge

to the other electrode.

The flux, which combines with the impurities and

produces slag, is put in from the top. Slag that floats

on top of the molten metal is poured off. After the al-

loying elements are added, the molten steel is poured into

the ladle through the spout. The electric furnace has

an advantage over the open-hearth and basic oxygen fur-

naces in making alloy steels because conditions can be

controlled in the electric furnace to prevent excessive

oxidation of alloying metals. Pure oxygen may be injected

to accelerate carbon removal from the molten metal.

After removal from the furnaces, molten steel is

divided into two branches. One possibility is to trans-

port the raw steel to the soaking pits and then to semi-

finishing mills where billets, blooms, and slabs are pro-

duced. The other alternative is for billets, blooms, and

slabs to be produced using the continuous casting process.

In the semifinishing mills there is a rolling mill

compartment which contains primary and finishing ma-

chinery. Steel ingots leave the primary mills in the form

of blooms, slabs, and billets which are sent to the fin-

ishing mills for final fabrication. According to
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FEA (1975) only 20 percent of steel was processed using

the continuous casting process in the year 1972 in the

United States. From FEA (1975) this process has the

potential of saving 380.74 kWh per ton (419.70 kWh per

metric ton) of molten steel. The continuous casting pro-

cess bypasses several steps compared to semifinishing

mills. The steel is poured directly into ingot molds.

The molds are later stripped off and the ingots placed

into soaking pits to develop an even temperature. Follow-

ing this they are passed through mills and are reshaped

into slabs, blooms, and billets.

Heating or annealing furnaces are used for heating

steel and holding it at a suitable temperature followed

by cooling at a suitable rate, with the objective of

improving softness, machinability, and cold-working prop-

erties or of removing stresses and obtaining a desired

structure. Pickling is a descaling process in which the

hard black oxide formed on the surface of the steel bar

is removed during the hot-rolling process by chemical

reactions. Grit-blasting is a mechanical process in which

scale and rust are removed by mechanical abrasion.

Procedure

Energy use data from the mining process to raw

steel production were obtained from the FEA (1975) report.

Additional investigations to determine the refining method

were necessary. According to FEA (1975) 50 percent of
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the raw steel was produced by the basic oxygen furnace,

15 to 17 percent by the electric furnace, and the rest

by the open-hearth furnace in the United States based on

1970 and 1971 data.

It is economically feasible to import large quan-

tities of iron ore in the United States. This also

results in savings of domestic energy resources. Accord-

ing to the FEA (1975) report the imported iron ores saved

160.94 kWh of United States primary energy per ton of raw

steel produced. Also from FEA (1975) iron ore imports

approximated 27.5 percent of the total ore refined. The

computed energy data in this report do not include the

energy needed for mining the foreign iron ore since it

does not affect United States energy resources.

Energy consumption during steel product fabrica-

tion was obtained from the United States Steel (1971)

report and an energy policy project of the Ford Foundation

(1974). Tables 111.2 and 111.3 were obtained from these

two sources. Secondary energy use for each process was

calculated from Table 1.2. The conversion factors to

account for the primary and secondary energy of purchased

electricity were 3.01 kWh per kWh and 116,400 kWh per

10
6
kWh of purchased electricity, respectively. These

values were used for every process in the production of

steel. Energy used in transportation was also calculated

using Table 1.7.
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Table 111.2. Energy requirements for different fabrica-
tion processes.

Fabrication Process

Energy Requirement

kWhTon-1

Plate Mill (Reversing 30-40

Wide Strip Mills 45-65

80-inch Mill (including
all auxiliaries) 63

Continuous Pickling 6.30

5 stand Cold Reduction Mill
(including auxiliaries) 86-100

Electrolytic Cleaning 8.8

3 stand Tandem Mill 35

12-inch Bar Mill 65

16-inch Bar Mill 55

Structural and Rail Mill 60

Table 111.3. Energy requirements for finishing
facilities.

Finishing Facility

Energy Requirement

kWhTon-1

Hot Strip Mill

Slab Mill

Plate Mill

Cold Reduction

Rod Mill

100.0

25.0

50.0-90.0

100.0

275.0
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Results

Final results are shown in Table 111.4. It should

be noted that the energy figure put in parenthesis in the

fuel derivative column should be subtracted from the

other energy figures because it represents by-product fuel

(blast furnace gas) removed and sold. Energy flows for

sequences of finished steel product production are graphi-

cally shown in Figure 111.5. Table 111.4 and Figure 111.5

energy quantities are based on the assumption that one

ton (907.2 kilograms) of raw steel follows each fabrica-

tion branch. Therefore, to find the final result in kWh

per pound of a particular product, the manufacturing

energy for one ton of primary metal production is added

to the particular fabrication branch energy. This sum

is then divided by 2,000 pounds per ton to arrive at

energy use in kWh per pound.

A percent breakdown of the ultimate energy for

each major process is shown in Table 111.5. The energy

distribution by fuel type for each material fabricated

is given in Table 111.6. Table 111.4 indicates that 60

to 80 percent of the fabrication energy consumed was in

the form of natural gas used for annealing furnaces.

Figure 111.5 graphically illustrates the coefficients

determined for various steel products presented in

Table 111.7.



Table 111.4. Energy use in steel production and fabrication.

Process Step

Primary Metal
Production

Fuel
Equiva-
lent of

Amount Purchased Deriva- Second-
of Natural Oil Elec- tive ary Trans- Ultimate

Material Gas Products Coal tricity Fuel Fuel port Energy
lbs. kWh kWh kWh kWh kWh kWh kWh kWh

Mining of fluorspar 8.0
Mining of limestone 364.0
Mining of dolomite 138.0
Mining and benefac-
tion of iron ore 3166.0

Mining of coal 1112.0
Oxygen production 130.0

1

Ferroalloys 24.0
Production of lime 90.0
Iron ore agglom-
eration 570.0
Coke oven process 768.0
Blast furnace 1930.0
Steel furnace 2198.0
Soaking pits 1758.0
Semifinish mills &
general utilities 1600.0
Continuous casting 400.0

Total Ultimate Energy

2.9 0.6 0.0 1.5 5.0
0.5 2.2 0.2 0.2 0.4 3.5
0.5 2.2 0.2 0.2 10.0 13.1

79.1 87.8 160.9 65.4 17.3 319.8 730.3
0.2 9.0 2.6 0.8 80.9 93.5

92.9 3.6 11.4 107.9
82.9

23.4 2.9 32.2 6.3 2.6 0.3 67.7

87.8 2.0 89.9
20.5 5.9 4263.9 (3262.7) 38.4 2.6 1068.6
87.8 43.9 1373.4 10.6 4.2 1519.9

128.9 137.7 221.5 82.0 29.9 7.5 607.5
38.1 357.3 3.1 6.0 404.5

383.6 90.8 102.5 93.4 822.9 42.8 5.5 1541.5
--- 389.0 15.0 1.4 405.4

6741.1



Table III.4--Continued

Process Step

Amount
of Natural Oil

Material Gas Products
lbs. kWh kWh

Coal
kWh

Fuel
Equiva-
lent of
Purchased Deriva- Second-

Elec- tive ary Trans- Ultimate
tricity Fuel Fuel port Energy
kWh kWh kWh kWh kWh

Fabrication of
Merchant Bar

Heating & anneal-
ing furnace 2000.0 876.1 1.0 71.1 101.0 1049.2

Tandem mill 2000.0 35.0 1.4 6.9 43.3
Continuous pickling 2000.0 6.3 0.2 6.9 13.4
Grit-blasting 2000.0 N/A 6.9 6.0

Total Fabrica-
tion Energy 1112.8

Fabrication of Wire

Heating & anneal-
ing furnace 2000.0 876.1 1.0 71.1 101.0 1049.2

Rod mill 2000.0 275.0 10.6 6.9 292.5
Wire mill 2000.0 100.0 3.9 6.9 110.8

Total Fabri-
cation Energy 1452.5

Fabrication of
Structural Steel

Heating & anneal-
ing furnace 2000.0 876.1 1.0 71.1 101.0 1049.2



Table III.4--Continued

Fuel
Equiva-
lent of

Process Step

Amount
of

Material
lbs.

Natural
Gas
kWh

Oil
Products

kWh

Purchased Deriva-
Elec- tive

Coal tricity Fuel
kWh kWh kWh

Second-
ary

Fuel
kWh

Trans-
port
kWh

Ultimate
Energy
kWh

Structural mill 2000.0 60.0 --- 2.3 6.9 69.2

Total Fabrica-
tion Energy 1118.4

Fabrication of
Wrought-Steel
Wheels

Heating & anneal-
ing furnace 2000.0 876.1 1.0 71.1 101.0 1049.2

Forging 2000.0 100.0 3.9 6.9 110.8
Cold rolling 2000.0 100.0 3.9 6.9 110.8
Coning 2000.0 N/A 6.9 6.9

Total Fabrica-
tion Energy 1277.7

Fabrication of Pipe

Heating & anneal-
ing furnace 2000.0 876.1 1.0 71.1 101.0 1049.2

Skelp mills 2000.0 100.0 3.9 6.9 110.8

Total Fabrica-
tion Energy 1160.0



Table III.4--Continued

Process Step

Amount
of Natural Oil

Material Gas Products
lbs. kWh kWh

Fuel
Equiva-
lent of

Purchased Deriva- Second-
Elec- tive ary

Coal tricity Fuel Fuel
kWh kWh kWh kWh

Trans- Ultimate
port Energy
kWh kWh

Fabrication
of Plates

Heating furnace
Plate mill

Total Fabrica-
tion Energy

2000.0
2000.0

876.1 1.0 71.1 101.0 1049.2
50.0 2.0 6.9 58.3

1108.1

1
Assumed oxygen density of 0.089 pounds per foot cubed.
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Table 111.5. Percent ultimate energy for each major steel
production process.

Bar Wire

Struc-
tural
Steel Wheels Pipe Plate

Mining and
Prepara-
tion of
Feedstock
Materials 14.1 13.5 14.0 13.8 14.0 14.1

Smelting
Iron Ore
into Pig
Iron 3.4 32.7 34.2 33.4 33.9 34.1

Refining
Pig Iron
and Scrap
into Steel 37.7 36.1 37.6 36.9 37.4 37.7

Fabrica-
tion of
Finished
Products 14.2 17.7 14.2 15.9 14.7 14.1

100.0 100.0 100.0 100.0 100.0 100.0

Table 111.6. Percent energy distribution by steel product
type.

Product
Type

Natural
Gas

Oil
Products Coal

Fuel Equiv-
alent of
Purchased

Electricity

Merchant Bar 21.9 5.1 60.9 12.1

Wire 20.9 4.9 58.3 15.9

Structural
Steel 21.8 5.1 60.7 12.4

Wrought-Steel
Wheels 21.4 5.0 59.6 14.0

Pipe 21.7 5.1 60.4 12.8

Plates 21.8 5.1 60.9 12.2

Mean 21.6 5.1 60.1 13.2
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Table 111.7. Energy use coefficients for selected steel
products.

Product kWhlb. -1 kWhkg. -1
10

6Jkg. -1

Bars 3.93 8.66 31.19

Wire 4.10 9.04 32.54

Structural
Steel 3.93 8.66 31.19

Wheels 4.01 8.84 31.83

Pipe 3.95 8.71 31.35

Plates 3.92 8.64 31.11

Mean 3.97 8.76 31.53

Discussion

Table 111.8 illustrates energy coefficients found

in the literature and is presented to allow comparison

with the calculated energy coefficients. Energy use coef-

ficients calculated for steel approximate values reported

by Meyers, J. G. (1974) and Stanford Research Institute

(1972), both of which used the process analysis approach.

Since in the current analysis secondary and transportation

energies were counted, results were expected to be higher

than the FEA's (1975). Berry et al. (1974) and Steinhart

and Steinhart (1974) indicate higher energy coefficients

but they did not thoroughly present their procedures for

determining energy coefficients. Finally, Hannon (1974)

calculated the energy use using the input-output approach

which, as previously explained in Chapter I, might tend

to produce higher figures.
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Table 111.8. Energy use coefficients for steel obtained
from various sources.

Source kWhlb. -1

Berry, R. S. (8)

Hannon, B. (9)

Meyers, J. G. (51)

Stanford Research Institute

Steinhart, J. W. (12)

FEA (5)

(32)

6.86

11.05

3.84

3.84

9.89

2.81
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IV. COPPER, ZINC. BRASS

Introduction

Energy consumption data presented in this section

are related to copper, zinc, and brass production. Brass

is used extensively in agricultural irrigation system com-

ponents. Uses include the pumping plant's foot valve,

strainer and impeller, mainline check valves and gate

valves, and sprinklers for the handmove, side roll, center

pivot, and solid set systems. Table IV.l indicates brass

use in irrigation systems.

Brass is an alloy consisting primarily of copper

and zinc. Yellow brass is the most common copper alloy

used in irrigation systems. Yellow brass is composed of

approximately 70 percent copper and 30 percent zinc ac-

cording to the National Air Pollution Control Administra-

tion (1969). This chapter examines the primary brass

industry and excludes secondary brass. Feedstock for the

secondary brass industry is strictly scrap copper and zinc

or scrap copper-zinc alloys and not virgin materials.
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Table IV.1. Brass components used in irrigation systems.

Type of System

Hand
Moved

Side
Roll

Center
Pivot

Solid
Set Surface

Pumping
Plant

Foot Valve
Strainer

Mainline

Check Valve
Gate Valve

Laterals

Sprinklers
Valves (shut-
off & drain)

Valves (line,
tee & drain)

Head

Emitters

Process Technology

A. Copper

The production sequence of copper is divided into

the following stages:

(a) Mining and ore preparation

(b) Smelting

(c) Refining

Most copper ores throughout the world are in the

form of sulfides, such as chalcopyrite or copper pyrites.

Except for the rich Zambian and Katangan sulfide ores

which can contain up to 5 percent copper, most ores have

1 percent or less content according to FEA (1975). With
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current improvements in copper technology, particularly

in the area of ore beneficiation, the processing of low-

grade ores even down to around 0.4 percent copper remains

economical according to FEA (1975). Most United States

ores range from 0.5 to 1.0 percent copper content with

the exception of one Arizona mine which was reported to

produce ore averaging 3.75 percent copper according to

FEA (1975).

Eighty-nine percent of the ore in the United

States was produced by open pit mining during 1970 accord-

ing to the FEA (1975) report. After drilling and blast-

ing, the broken ore is transported to the beneficiation

plant where it is crushed and ground. The beneficiation

of copper ores in the United States is performed by a

froth flotation technique in which finely ground copper

ore is agitated in water with air. With the addition of

chemicals called promoters or collectors, the surface of

the desired mineral particles is made water repellent.

Air bubbles collect on such surfaces and carry the mineral

particles to the top of the flotation machine where foam

is skimmed off together with the enriched ore particles.

The undesired gangue remains suspended in the bulk of the

liquid and is disposed of as tailings. According to FEA

(1975), over 90 percent of the copper is recovered and

the concentrate contains about 15 to 35 percent copper.
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The ore is smelted after beneficiation. During

the smelting process the remaining iron, sulfur, and

gangue are removed. This is performed in two stages:

(a) Roasting in a reverberatory furnace to copper

matte

(b) Conversion of matte to blister copper

The three purposes of roasting are to dry the concen-

trates, to reduce the amount of sulfur to a controlled

degree, and to remove certain impurities such as arsenic,

antimony, and selenium. The roasting is commonly carried

out in a multiple-hearth roaster which is a cylindrical

brick-lined vessel up to 40 feet (12.2 meters) in height

and about 20 feet (6.1 meters) in diameter containing 8

to 12 circular hearths one above the other according to

the Battelle Columbus Laboratories (1974) report. A basic

diagram of a multiple-hearth furnace is shown in Figure

IV.1. Each hearth has one or several drop holes in the

brick-work that leads to the hearth below. The drop holes

are located alternately on the inner and outer periph-

eries of successive hearths. In the middle of the vessel

there is a rotating, brick-lined steel column which ex-

tends vertically through the center of the roaster. Ro-

tating arms push the ore towards the drop holes at each

hearth. The ore falls down the roaster while air, in-

jected at the bottom, passes upwards. Oxygen reacts with

iron and sulfur in the feed and the heat liberated is suf-

ficient to sustain the hearth temperature. Temperatures
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in this type of roaster will range from about 300 to 400°F

(149 to 204°C) on the top hearth to as much as 1600 to.

1700 °F (871 to 927 °C) on the bottom hearth according to

the Battelle Columbus Laboratories (1974) report. About

6 percent of the roaster's calcined material is carried

out with the exit gases as fines according to the FEA

(1975) report. These are subsequently recovered.

Calcine from roasting and recovered fines are fed

into a reverberatory furnace which is over 100 feet (30.48

meters) long and 34 feet (10.36 meters) wide according

to the FEA (1975) report. Heat is provided by coal, oil,

or gas burners located at one end of the furnace. The

thermal efficiency of the reverberatory furnace is low

according to FEA (1975), but most of the heat in the com-

bustion gases is recovered in waste heat boilers.

From 11 to 16 percent of the sulfur in a roasted

charge, or up to 20 percent of the sulfur in an unroasted

charge, is liberated from the reverberatory furnace during

the smelting process according to the FEA (1975) report.

Including the products of combustion, the outlet gas usu-

ally contains from 0.5 to 1.0 percent of SO2 also from

FEA (1975). After the waste heat is recovered, the gases

are passed through electrostatic precipitators for dust

removal and released to the atmosphere.

A light liquid slag is topped off from the fur-

nace. This liquid slag contains mainly iron, calcium,

and aluminum oxide silicates with a copper content between
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0.4 and 1.0 percent according to FEA (1975). A heavier

layer of molten copper matte is also formed which is typi-

cally 30 percent copper, 39 percent iron, and 26 percent

sulfur. This molten matte is poured into a converter.

The most common type of converter is termed the

Pierce Smith type which is shown in Figure IV.2. This

is a horizontal cylindrical brick-lined vessel about 13

feet (3.96 meters) in diameter and 30 feet (9.14 meters)

long according to the Battelle Columbus Laboratories

(1974) report. The cylindrical vessel is mounted on its

side on trunnions. Side openings allow for charging matte

and silicon flux and for unloading blister. Gases exit

through apertures and air necessary for conversion is

blown through numerous nozzles, "tuyeres," near the vessel

bottom. The converter tilts on trunnions alternately into

charging, blowing, and discharging positions.

During the conversion operation, the furnace is

run in an upright position with the aperture directly be-

neath a hood through which gaseous effluent is exhausted.

When flux is added and air is blown into the matte, iron

and sulfur are oxidized. Sulfur is burned off and iron

oxide combines with silica flux and forms a silicate slag

which is skimmed off. At bath temperatures of 2100 to

2200°F (1149 to 1204°C), the reaction of oxygen with iron

and sulfur is exothermic and regular additions of cold

copper-bearing material are required to limit temperatures

according to the FEA (1975) report. The product of the
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converter is a "white metal" which contains about 70 per-

cent copper and 24 percent sulfur. Further blowing

removes most of the sulfur, leaving a final blister copper

product containing about 98.5 percent to 99.3 percent

copper, 0.3 percent sulfur, some dissolved oxygen, and

other minor impurities according to FEA (1975).

During the refining, two sequential unit opera-

tions occur: fire refining and electrolytic refining.

For some products fire refining is sufficient. For others

anode-furnace fire refining is required,, followed by elec-

trolytic refining to produce an ultrapure product. Fire

refining occurs in a compact, high-temperature,

reverberatory-type furnace that passes alternatively into

oxidizing and reducing modes so as to slag impurities from

the blister copper. The pure product is then cast into

fire-refined cake, bar, or anodes for further electrolytic

refining. Fire refining to produce electrodes for later

electrolytic refining is called anode-furnace refining.

The purpose of anode-furnace refining is to purify and

degas the blister copper so that the anodes produced will

be physically and chemically acceptable for electrolysis.

During the oxidation mode, air introduced beneath

the molten-metal surface oxidizes part of the copper to

cuprous oxide. The cuprous oxide, soluble in molten cop-

per, reacts with sulfur, zinc, tin, or iron present in

the copper to form sulfur dioxide and metal oxides. Sul-

fur dioxide passes off as a gas and the oxides of iron,
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zinc, and tin with silica form a slag that can be removed

by skimming. Lead, arsenic, and antimony are only par-

tially removed by this method. Slag removal follows the

oxidation mode. At this point the copper contains con-

siderable oxygen as cuprous oxide, a product of oxidation

that must be removed before the metal is suitable for

casting into anodes. This is accomplished in the reduc-

tion mode in which a reducing agent is added, commonly

coke. Another name for this deoxidation procedure is

"poling." During the poling process rather large poles

of green hardwood are inserted beneath the surface of the

copper where they decompose into reducing gases. These

gases reduce the cuprous oxide to copper metal. After

reduction, if electrolytic refining is to follow, the

fire-refined copper is cast into anodes.

In electrolytic refining, anode copper is sepa-

rated from residual impurities by electrolytic dissolution

at the anode and deposition as the pure metal at the

cathode, using copper sulfate and sulfuric acid as an

electrolyte solution. The electrode reactions are:

Anode: Cu Cu 2+ + 2e

Cathode: Cu
2+

+ 2e Cu

(4.1)

(4.2)

The impurities in the anode copper either dissolve in the

electrolyte or fall to the bottom of the cells as slime.

Electrolytic tanks are rectangular vessels about 10 to

16 feet (3.05 to 4.9 meters) long, 3 feet (0.9 meters)
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wide and 3 to 4 feet (0.9 to 1.2 meters) deep according

to FEA (1975). They are usually constructed of concrete,

lined with lead or antimonial lead. Each tank is fitted

with heavy copper bars on the top along each side to sup-

port the anodes and cathodes through which the electric

current flows. The anodes are hung on these bars at

intervals of about 3.5 to 4 inches (8.9 to 10.2 centi-

meters) according to Battelle Columbus Laboratories

(1974). The cathodes are thin sheets of electrolytically

refined copper 1 to 2 inches (2.54 to 5.1 centimeters)

longer and wider than the anodes, but only about .025

inch (0.064 centimeter) thick and weighing approxi-

mately 8 to 10 pounds (3.63 to 4.54 kilograms). The

cathodes are fitted with loops of copper at their tops,

through which copper bars are inserted. When loaded, the

electrolytic tank will contain from 30 to 40 cathodes and

anodes, depending on the length and the spacing of the

tank. As the copper is deposited the current traverses

the cathode, enters a so-called support bar which connects

to the next tank in line and which becomes the anode bar

for the tank. The same process is repeated through the

entire circuit. At the end of two weeks approximately,

the cathode of pure copper bars has grown by 40 percent.

The cathodes are then removed and washed and new cathodes

are inserted on each side of the anodes. After two weeks

of the same process a second cathode of approximately the

same weight is produced. At this time approximately
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80 to 90 percent of the anodes are consumed. They are

therefore removed from the tank, washed, and sent back

to the anode-refining section of the plant, where they

are remelted and recasted into full-size anodes.

B. Zinc

Approximately 800,000 short tons (725,744 metric

tons) of zinc were produced in the United States in 1971.

Fifty-one percent of this production came from zinc ores,

30 percent from lead ores, and 7 percent from copper-base

ores according to Battelle Columbus Laboratories (1974).

There are basically two methods to produce zinc:

(1) pyrolytic processes including electrothermic and ver-

tical retort and (2) electrolytic processes. For these

processes the ores are crushed, ground, and beneficiated.

They are then dried and blended to give a reasonably uni-

form charge to the roasters.

Impurities such as sulfur and lead are eliminated

in the roasting process. Roasting to remove sulfur is

carried out as completely as is economically feasible in

the electrolytic plants since residual zinc sulfide is

insoluble. In the pyrolytic plants roasting is followed

by sintering and thorough initial removal of sulfur is

not as necessary. Different types of roasting are used

for zinc concentrates. Multiple-hearth roasters are ver-

satile and flexible, permitting different conditions on

different hearths. They are very effective in the removal
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of lead. Ninety to 95 percent of the lead in a concen-

trate containing 0.3 to 0.5 percent lead can be removed

in roasting if this is an important objective according

to Battelle Columbus Laboratories (1974). Fluid roasters

can be controlled to give stable operating conditions.

Both the fluid- and flash-type roasters give a steady and

comparatively high SO2 feed to the acid plant. When using

a flash roaster, feed must be carefully sized and addi-

tional grinding may be needed. The temperatures generated

in flash and fluid roasters are very high. Waste heat

boilers are used to cool gases down to about 750°F (399 °C)

for handling in dust-collection systems. Besides sulfur

and lead, some mercury and cadmium are also removed in

roasting.

Sintering follows roasting in pyrolytic plants.

The purpose of sintering is to eliminate impurities in

the calcined zinc concentrates. Since sulfur is substan-

tially removed in roasting, gases from sintering zinc cal-

cine are vented to the stack rather than being used to

make sulfuric acid. Feed for sintering is made up of cal-

cined concentrates, return portions for resintering, bag-

house or Cottrell dusters from dust collection units, and

various residues and zinc oxide materials that may be pur-

chased or that originate in the plant. These constituents

are mixed, moisture is added, and the feed is pelletized

to assure a uniform, permeable bed for sintering. Zinc

sulfate solutions from in-plant leaching operations are
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used to moisten the feed for pelletizing since this con-

serves water.

Cadmium and lead are greatly eliminated in sinter-

ing. Dust collected from the sintering machine circuit

is enriched with these particular impurities. By re-

cycling the dust, the cadmium and lead content is built

up to a level to permit economical removal and cadmium

recovery in a separate division of the plant. A typical

sinter from low-impurity concentrates used in making high-

grade metal may run 58 to 64 percent zinc, 0.005 percent

lead, 0.005 to 0.01 percent cadmium, and 0.1 to 0.35 per-

cent sulfur according to Battelle Columbus Laboratories

(1974). In a pyrolytic plant with the vertical retort

process, formation of briquettes follows sintering. In

this process, sinter is ground and mixed with pulverized

coal, clay, moisture, and a binder. The mixture is

pressed into small briquettes which weigh about 1.5 pounds

(0.68 kilograms) each. These are fed into a coking fur-

nace where they attain a structure which resists disinte-

gration in handling during reduction and also keeps the

reductant and zinc oxides in close contact. Heat for this

process is generated by burning the volatile constituents

of the charge inside the furnace.

For both pyrolytic and electrolytic plants, the

reduction process follows at this point. In the vertical-

retort reduction process, hot briquettes are fed at regu-

lar intervals into tall retorts and pass down slowly
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while undergoing reduction. The residual or spent bri-

quettes are continuously discharged by a roll extractor

into a quenching compartment from which they are removed

for further treatment. The furnace operates with an in-

ternal pressure slightly below ambient and all gases are

exhausted using a venturi scrubber. The gases are pri-

marily zinc vapor and carbon monoxide. These pass through

a zinc condenser before going to the venturi scrubber.

In the mechanically driven zinc condenser with a splash

system, a rain of zinc droplets falls into a bath of

molten zinc held at about 930°F (499°C). Over 95 percent

of the zinc vapor leaving the retort is condensed to

liquid zinc. The vertical retort walls are made of sili-

con carbide brick. A typical vertical retort is 1 foot

(0.30 meters) wide, 7 feet (2.1 meters) long, and 35 feet

(10.67 meters) high. The charge is heated to around

2400°F (1316°C) by gas in chambers surrounding the retort

side walls. Gases from the combustion chambers are used

to preheat incoming air needed for combustion. Carbon

monoxide is scrubbed by water sprays to remove entrained

solids after leaving the zinc condensation chamber. It

is then used as part of the fuel for heating the retorts.

The blue powder residue from the scrubbing system is also

recycled.

In the electrothermic reduction process, a larger

internally heated retort or furnace is used as shown in

Figure IV.3. This has a 5 foot (1.5 meters) inside
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diameter and height of 50 feet (15.24 meters), with a

zinc-producing capacity of around 100 short tons (90.72

metric tons) per day. The furnace is constructed from

firebrick and the vapor condenser and its cooling well

are lined with silicon carbide bricks for better conduc-

tivity. Steel jackets surround much of the reduction area

of the furnace in which water flows and cools the system.

In this process preheated coke and sinter, along with

miscellaneous minor zinc-bearing products, are fed con-

tinuously into the top of the furnace. The charge moves

down slowly to the furnace bottom. Coke serves both as

a reductant and conductor for the electric current that

enters through graphite electrodes positioned near the

top and base of the furnace. Zinc vapor passes from the

main furnace to a vapor ring before going to the condenser

where it is condensed by bubbling through a bath of molten

zinc. Water-cooled hairpin loops at the condenser cooling

well maintain a constant bath temperature of 900 to 930°F

(482 to 499°C). Carbon monoxide passes through a scrubber

and is used as a fuel elsewhere in the plant. Some blue

powder of uncondensed zinc-zinc oxide is recovered by

settling the scrubber slurry in ponds. This is dried,

briquetted, and recycled with the furnace feed. Furnace

residue after zinc distillation goes to a reclamation

plant where residual coke and some unreacted zinc are re-

covered and recycled. In some plants where sand can
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be added the sinter is hardened and ferrosilicon residue

is recovered as a by-product.

The electrolytic reduction process requires a fine

feeding charge so concentrates are sized and re-ground

if necessary after roasting. Since a high lime-magnesia

feed would introduce unwanted magnesium sulfate into the

electrolyte, an acid wash to remove such solubles is a

necessary pretreatment before roasting such concentrates.

The substantially sulfide-free calcine from roasting and

other oxide zinc products are leached with spent electro-

lyte which contains sulfuric acid. The spent electrolyte

and calcine are added to leaching tanks under conditions

of acidity control to avoid dissolving an excess of iron

and to precipitate the iron that is dissolved. The leach-

ing of roasted zinc concentrates follows the equation

ZnO + H
2
SO

4
+ ZnSO4 + H2O (4.3)

After leaching, the neutral or pregnant solution is fil-

tered and goes to purification. After washing, the resi-

due may be further processed to recover residual zinc and

the final residue containing lead and precious metals is

usually sent to a lead smelter. Purification of the fil-

trate is accomplished largely by additions of zinc dust

which precipitates copper, cadmium, cobalt, nickel, and

other residuals by replacement. The electrolytic cell

room is a large area containing a multiplicity of tanks

through which the zinc-containing solution or electrolyte
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Figure IV.3. Electrothermic process furnace.
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slowly flows. Each tank contains a number of alternate

anodes and cathodes. Anodes are rectangular, commonly

made of cast lead containing 0.75 to 1 percent silver and

3/8 to 5/16 inch (0.95 to 0.8 centimeters) thick, about

2.5 feet (0.76 meters) wide, and 4 feet (1.22 meters)

long. Cathodes are aluminum and have a little smaller

dimensions and are usually only 3/16 inch (0.48 centi-

meters) thick. Zinc is deposited on the aluminum cathodes

at a rate governed by the current density employed. High-

current density develops considerable heat in the electro-

lyte and various means of cooling and recirculation are

used, such as internal cooling coils or external cooling

systems. Since current efficiency is less than 100 per-

cent, some oxygen is released at the anodes and hydrogen

at the cathodes. The bursting of these bubbles causes

an acid spray which can make the cell room uncomfortable

as well as promote corrosion of equipment. When the de-

posit attains a desired thickness, the cathodes are re-

moved and zinc is stripped. The stripping is normally

done manually. The cathode zinc is washed and sent to

the casting plant. The electrolyte is recirculated after

it passes through a series of cells and at least a portion

of the spent electrolyte is sent back to the leaching

plant continuously. The advantages of the electrolytic

process are:

(a) More amenable to the treatment of lower-grade

concentrates
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(b) Production of a high-purity metal

(c) Recovery of by-products

(d) Elimination of the dust and heat of furnaces

other than roasters

The disadvantage is the high capital cost to make an elec-

trolytic zinc plant.

C. Brass

Brass is primarily an alloy of copper and zinc.

Copper and zinc are melted and alloyed to produce brass

ingots. Direct-fired reverberatory furnaces are used to

produce brass. Once a melt meets specifications, deter-

mined principally by chemical analysis, the brass is cast

into ingots, cooled, and packaged for shipping. Brass

tubes are fabricated by the extrusion process. A solid

or hollow extrusion billet is heated and charged into the

extrusion press. A ram applies great pressure to the

billet and forces it to flow through a small, appropri-

ately shaped orifice, or die, located at the other end

of the container. Finished pipe comes out of the die and

is then cut to specific lengths.

Procedure

Data were not available for the production of

brass irrigation components. Energy use data were there-

fore obtained from the component alloying materials and

brass tubing fabrication. Primary copper production data
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were obtained from the FEA (1975) report. Energy consump-

tion figures for primary zinc production were obtained

from Sittig (1977). Alloying and fabrication data were

obtained from Battelle Columbus Laboratories (1974).

Energy required for smelting imported blister cop-

per was not included in the final calculation for brass

since the energy was consumed outside the United States.

Table IV.2 presents the ultimate energy needed to produce

1,400 pounds (635.04 kilograms) of primary copper neces-

sary to form one ton (0.907 metric ton) of brass.

Secondary energy in Table IV.2 was calculated from

Table 1.2. The conversion factors to account for the pri-

mary and secondary energy of purchased electricity were

3.01 kWh per kWh and 116,400 kWh per 10 6 kWh of purchased

electricity, respectively. These same numbers were used

for each process.

Tables IV.3, IV.4, and IV.5 indicate the energy

required to produce 600 pounds (272.2 kilograms) of pri-

mary zinc by the electrothermic, vertical retort, and

electrolytic processes respectively. Energy data break-

down for each process, by fuel type, was not available.

However, the figures shown present the ultimate energy

as kWh per 600 pounds (272.2 kilograms) of primary zinc.

According to Sittig (1977), 19 percent of primary zinc

was produced by the electrothermic process, 39 percent

by the vertical retort process, and 42 percent by the

electrolytic process for the year 1972.



Table IV.2. Energy use in the production of 1,400 pounds of primary copper.

Fuel
Equivalent

Amount of
Material

Process Step lbs.

Natural
Gas
kWh

Oil
Products
kWh

Coal
kWh

of Pur-
chased
Elec-
tricity
kWh

Secondary
Energy
kWh

Transport
kWh

Ultimate
Energy
kWh

Mining and
Preparation

Production of
Ammonium Nitrate N/A

1
87.7 26.0 8.1 121.8

Lime Production N/A 205.0 22.3 260.1 57.8 22.8 1.2 569.2
Mining and
Beneficiation 1515 2955.1 908.0 1008.8 6826.4 583.7 82.0 12364.0

Smelting

Lime Production N/A 86.7 9.4 109.9 24.4 9.7 0.6 240.7
Silica Production
and Crushing N/A 40.0 20.3 20.7 335.3 18.0 434.3

Reverberation Fur-
nace and Converter 1303 4717.4 2057.6 912.9 1213.6 600.1 9501.6
Imported Blister
Copper 204

Refining

Refining Furnace 1478 717.4 58.2 775.6
Electrolytic
Refining 1400 421.6 16.3 437.9
Total Ultimate Energy

24445.1
1
N/A = not available.
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Table IV.3. Ultimate energy use in the production of 600
pounds of primary zinc by the electrothermic
process.

Ultimate Energy
Process Step kWh

Mining 465.0

Crushing 18.2

Grinding 319.9

Benefaction 140.3

Transportation 85.4

Drying 1.8

Roasting 217.5

Acid Plant 19.0

Mixing Pelletizing 2.5

Sand 0.6

Sintering 506.9

Refractories 3.7

Secondary Materials Preparation 40.9

Electrodes 15.5

Electrothermic Reduction 4,438.3

General Plant 98.8

Total Ultimate Energy 6,374.3
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Table IV.4. Ultimate energy use in the production of 600
pounds of primary zinc by the vertical retort
process.

Ultimate Energy
Process Step kWh

Mining 481.2

Crushing 19.1

Grinding 336.2

Benefaction 147.1

Transportation 273.9

Bentonite 4.1

Sulfuric Acid 2.4

Acid Plant -36.2

Blending, Pelletizing, Drying 113.4

Roasting 56.7

MIxing, Pelletizing 559.9

Sintering 149.2

Clay 42.8

Mixing, Briquetting 2,320.4

Coking 3.0

Vertical Retort 1,241.5

Total Ultimate Energy 5,714.7
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Table IV.5. Ultimate energy use in the production of 600
pounds of primary zinc by the electrolytic
process.

Ultimate Energy
Process Step kWh

Mining 511.1

Crushing 19.9

Grinding 351.9

Benefaction 154.2

Transport 61.8

Drying 63.3

Roasting 109.5

Acid Plant 178.4

Manganese Dioxide 37.3

Leaching 19.1

Residue Treatment 62.8

Purification 46.4

Surfuric Acid 6.2

Electrolysis 3,327.4

Steam Plant 215.1

Zinc Dust Manufacture 0.1

Melting and Casting 121.8

Total Ultimate Energy 5,286.3
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Results

The energy for manufacturing one ton of brass tub-

ing and the ultimate energy percentage consumed by the

major processes are presented in Tables IV.6 and IV.7,

respectively. Figure IV.4 indicates mass and energy flows

for brass tubing. The energy data for zinc production

shown in Figure IV.4 were obtained by multiplying the

total ultimate energy values in Tables IV.3, IV.4, and

IV.5 by 19 percent for the electrothermic process, 39 per-

cent for the vertical retort process, and 42 percent for

the electrolytic process respectively. Figure IV.5 demon-

strates the energy required for the electrothermic, verti-

cal retort and electrolytic zinc refining processes. This

information was obtained from Sittig (1977). The result-

ing coefficients for primary copper, primary zinc, and

brass tubing are shown in Table IV.8. The values for the

brass tubing were calculated using 19 percent for the

electrothermic, 39 percent for the vertical retort, and

42 percent for the electrolytic processes respectively.

Discussion

Validation of the calculated energy coefficients

for copper, zinc, and brass required comparison with pre-

viously published results. This information is presented

in Table IV.9. The results obtained for copper were

slightly higher than the FEA (1975) energy use
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Table IV.6. Ultimate energy use in the production of one
ton of brass tubing.

Process Step

Amount of
Material

lbs.

Ultimate
Energy

kWh

Production of Primary Copper 1400 24,445.1

Production of Primary Zinc by
Electrothermic Process 114 1,211.1

Production of Primary Zinc by
Vertical Retort Process 234 2,228.8

Production of Primary Zinc by
Electrolytic Process 252 2,220.2

Alloying and Fabrication of
Brass Tubing 2000 6,910.1

Total Ultimate Energy 37,015.3

Table IV.7. Percent ultimate energy use for brass tubing.

Percentage

Production of Primary Copper 66.0

Production of Primary Zinc

Electrothermic Process 3.3

Vertical Retort Process 6.0

Electrolytic Process 6.0

Alloying and Fabrication of Brass Tubing 18.7

100.0
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Table IV.8. Energy use coefficients for brass materials.

Material kWhlb. -1 kWhkg. -1
10

6Jkg. -1

Primary Copper

Primary Zinc

Electrothermic Process

Vertical Retort Process

Electrolytic Process

Brass Tubing

17.46 38.49 138.57

10.62

9.52

8.81

18.51

23.41

20.99

19.42

40.81

84.29

75.56

69.92

146.91

coefficient. This was because the FEA report did not take

into account the secondary energy for all the fuel types

used in different processes and also excluded transporta-

tion energy. Battelle Columbus Laboratories data (1974)

also did not include secondary energy use in their calcu-

lations. As a result, the coefficient obtained for copper

from their data was slightly lower. The coefficient for

zinc from Battelle appeared slightly high. However, since

zinc is produced by three methods having different energy

consumptions and the Battelle report does not specify the

zinc production method, the difference cannot be ex-

plained.

Calculated coefficients closely approximated

Sittig's (1977). Sittig's calculations appear to be accu-

rate and were based on data obtained from recent research

(1975 to 1980). Steinhart and Steinhart's (1974) energy

use coefficients are quite low in comparison with the

other sources presented in Table IV.9. No detail was

given as to how energy figures were determined.
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Table IV.9. Energy use coefficients for copper, zinc,
and brass obtained from various sources.

Source

Copper

kWhlb. -1
Zinc

kWhkg. -1
Brass

kWhlb. -1

FEA (1975)

Battelle Columbus

16.95

Laboratories (1974) 12.52 10.67 3.00

M. Sittig (1977) 16.44 9.65

Steinhart, J. W. (1974) 1.00 1.00

Hannon (1974) 37.80

Stanford Research
Institute (1979) 20.18

Importantly, the starting points of the analysis were un-

known. Also, it was not known if the analysis was per-

formed for primary or secondary material 'production.

All of the above-mentioned sources used the pro-

cess analysis method of calculation for energy consump-

tion. Hannon (1974) was the only one that used the input-

output approach. His work was concerned with the

economic, energy, and manpower transactions between

various sectors of the economy. Energy transactions were

obtained using Leontief's input-output theory. Dollar

flows between sectors were then transformed into energy

flows given knowledge of the way in which energy was con-

sumed by the sectors. The net result was the total energy

required to produce a dollar's worth of output for final

consumption. It should be noted that the value from

Hannon (1974) for brass actually represents the entire
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primary nonferrous metal industry. The averaging of sec-

tors other than brass is probably why this value is quite

high in comparison with the other sources.

Finally, the value obtained from the Stanford Re-

search Institute (1972) agreed quite closely with the one

calculated in this report. The Stanford report also used

the process analysis method, but it is unknown which

exactly process was used for the production of primary

zinc.
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V. PLASTICS

Introduction

Plastic materials are still in infancy compared

to common materials such as steel, copper, and brass,

which were known in ancient times. However, plastics are

considered to be the second most important industrial

material after steel. The production of plastics is 50

percent greater in volume than all nonferrous metals com-

bined. Plastics are expensive on a per-weight basis com-

pared with other industrial materials. However, they are

chosen because of their favorable strength-to-weight

ratios, ease of fabrication, service life, and lower end-

product cost.

The most commonly used plastic materials in irri-

gation systems are polyvinyl chloride (PVC) and poly-

ethylene. There are two types of polyethylene, high-

density polyethylene (HDPE) and low-density polyethylene

(LDPE). Table V.1 gives examples of some irrigation

system components made from PVC and polyethylene (PE).

Plastics, also termed polymers, have their origin

in the chemical synthesis of materials from agriculture,

petroleum, coal, and mineral resources. The most common

materials are derived from petroleum and coal. To
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Table V.1. Polyvinyl chloride and polyethylene components
used in irrigation systems.

Type of System

Hand-
Moved

Side
Roll

Center
Pivot

Solid Drip Surface
Set System System

Mainline

PVC
PVC
PVC

PVC
PVC
PVC

PVC
PVC
PVC

PVC
PVC
PVC

PVC
PVC
PVC

PVC
PVC
PVC

Tubing
Couplers
Fittings

Laterals

Tubing
Couplers
Riser Pipes

Lateral

Tubing PVC, PE
Couplers PVC, PE
Emitters PE

Control Devices

Siphon Tithes PVC

understand what polymers are, it is necessary to under-

stand their molecular structure. Each molecule has

hundreds of thousands of atomic groups, or repeated units.

The backbone of these repeated units is the carbon chain.

Attached to it are one or more of seven other elements,

such as hydrogen, oxygen, nitrogen, chlorine, fluorine,

sulfur, and silicon. When other elements join with the

carbon chain, it usually acquires four other atoms. These

smaller units or "building blocks" are called "mers" from

the greek word meros, which means "part." When the

smaller, single "mers" or "monomers" join together they

are called polymers. Two or more different types



of monomers may join on the same chain to form a

copolymer as:

Simple polymer -0-0-0-0-0-0-

Random copolymer 0-A-A-A-0-A-0-
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Some polymers join in a linear manner and some are cross-

linked. For example:

linear

-0-0-0-0-0-

cross-linked

- 0-0-0-0-0-

- 0-0-0-0-0-

o

- 0-0-0-0-0-

When polymers form networks of crossed-linked structures,

they are chemically bound and a giant molecule is formed.

These networks of giant molecules become very stable and

cannot be made to flow or melt and are called "thermo-

sets." Most linear polymers can be made to soften and

take new shapes and are called "thermoplastics."

Plastics appear very much alike upon initial in-

spection. However, they have major differences. They

have three types of stress-strain curves as shown in

Figure V.1, according to Lindberg, R. A. (1968). Shown

as type A are polyethylene, acetal (acetic + aldehyde),

and conditioned nylon (2.5 percent moisture content).

These materials and others like them yield gradually.

Dry materials, as molded nylon, yield abruptly (type B)
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and acrylic materials usually fracture before yielding

(type C). Two distinct regions of the curve are important

in design work. The region OA is where elastic design

principles apply. B is the yield point and is important

when deformation is of prime importance. When a plastic

is heated, as in any solid, the molecular action in-

creases. The chains twist and oscillate. As heating con-

tinues, the chains become longer and the motion becomes

essentially free between the strong bonding points and

it causes the plastic to become flexible. The strands

slip loose from one another and start to slide forming

a viscous liquid as more heat is added. This is the

thermoplastic behavior. Further heating causes degrada-

tion as side groups are broken off and the major molecule

is broken into shorter lengths. Thermosetting plastic

chains break or decompose before they slide on each other.

The thermal coefficient of expansion of thermoplastics

is about five to ten times higher than that for most

metals. The thermal coefficient of thermosetting plastics

ranges from 0 to 100 per F X 10
-6

(0 to 180 per C X

10
-6 ), where the one for thermoplastics ranges from 30

to 170 per F X 10
-6 (54 to 306 per C X 10

-6
), accord-

ing to Lindberg, R. A. (1968).

Most polymers resist the flow of DC current. Any

current that does pass is probably due to impurities that

could not be removed in the manufacturing process. Most

plastics are extremely chemical resistant, but being
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Figure V.1. Stress-strain curves for plastics.
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slightly permeable, active foreign molecules may enter

the system and break up the long chains. In Figure V.2

the relationship of PVC and Polyethylene polymers to

ethylene is shown. The letter "n" means that the molecu-

lar structure shown is part of the giant molecule (n =

number of atomic groups). A resin is defined as the

product from the polymerization prior to the addition of

any compounding materials such as plasticizers or color-

ants. Some of the problems experienced with thermoplastic

resins were:

(1) Availability of raw materials

(2) Solid waste products

(3) Flammability

The major source of raw materials for thermoplastic resins

are hydrocarbons such as ethylene. These are produced

from crude petroleum or natural gas. A solution for the

solid waste problem would be recycling of plastics, but

it causes more problems than the recycling of metals,

glass, and paper. Flammability and toxicity of smoke from

plastic building materials are investigated by the Federal

Government and Insurance according to Smith, W. M. (1964).

The industries were concerned with the area of flame re-

tardants, resin formation, and new concepts for the design

of safe buildings.



100

[C
F H H Cl

----C
Pr ii

= C CII ICI-1
I I

P H n H H H H n

Polyethylene Ethylene Polyvinyl Chloride
(polymer) (monomer) (polymer)

Figure V.2. Polyethylene, ethylene, and polyvinyl
chloride molecules.

Process Technology

In the production of LDPE, ethylene is the only

structural raw material used. In HDPE production a small

amount of normal butene or propylene is required, used

as a comonomer. In producing PVC, some chlorine is re-

quired in addition to ethylene for vinyl chloride monomer

(VCM) production. Also, some copolymers of VCM and other

monomers such as vinyl acetate are produced.

LDPE Production

LDPE is produced by the high-pressure polymeriza-

tion of ethylene in the presence of an oxygenating cata-

lyst. The liquid LDPE polymer is separated from the

reactor effluent and then extruded into a ribbon which

is diced, conveyed to intermediate storage silos, and

bagged. There are two types of reactors available:

(1) Stirred autoclave reactor

(2) Tubular autoclave reactor
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Both types of reactors are used so that different

properties can be produced in the polyethylene. The

polymerization occurs at pressures from 15,000 to 50,000

psig (1.03 x 108 to 3.45 x 108 Pascals (gage)) and temper-

atures between 300 to 600°F (149 to 582°C). The per mass

conversion of ethylene is usually between 10 and 20 per-

cent according to the FEA (1975) report. This indicates

that a very large recyle quantity of ethylene is needed

to polymerize ethylene. Five and seven-tenths tons

(5.17 metric tons) of recycle is needed to polymerize one

ton of ethylene at 15 percent conversion according to

FEA (1975).

Ethylene Production

For the production of LDPE, high purity ethylene

(over 99.9 percent pure) is required. Ethylene is pro-

duced by the pyrolysis of hydrocarbons, which in the

United States are mainly natural gas liquids. The percent

breakdown of total ethylene produced in the United States

in 1970 by type of feed materials is shown in Table V.2.

Pyrolysis is performed in tubular furnaces. It occurs

at high temperatures between 1500 and 1600°F (816 to

871°C) in the presence of steam. The content of the fur-

nace is compressed to over 500 psig (3.45 x 10
6
Pascals

(gage)) and is subjected to complex processing steps for

the removal of impurities and for the cryogenic separa-

tion of the hydrocarbon products. These products include
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ethylene, propylene, unsaturated C4 hydrocarbons, and un-

saturated gasoline (usually referred to as "dripolene").

In addition, fuel gas and fuel oil are produced which are

fired in furnaces and boilers of the ethylene unit. When

the feed materials for the pyrolysis contain natural gas

liquids (e.g. propane, ethane) the amount of unsaturated

C
4
hydrocarbons and dripolene produced is small and does

not warrant the recovery of by-products from these

streams. In such a case, the C4 stream is sold and the

dripolene is either fueled or sold for processing some-

where else. If the feedstock contains heavier liquids

as naptha, condensate, or gas oil, there is a large quan-

tity of by-products and it becomes economical to install

units for the recovery of butadiene and butanes from the

C
4

stream. The hydro-treating of the dripolene to form

gasoline blend stock and possibly to separate aromatics

from such gasoline is also economical in this case.

Table V.2. Percent breakdown of total ethylene produced
in the U.S. by type of feed materials for
pyrolysis.

Feed Materials for Pyrolysis Percent Breakdown

Ethane 51

Propane 34

N-Butane 3

Naptha 6

Gas Oil 6

100
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Natural Gas Liquids Production

Most of the ethane, propane, and butane which are

used as feed materials for the production of ethylene are

produced at natural gas processing plants. Also, about

half of the naptha used is estimated to be condensate

(either field condensate which is knocked out in the sepa-

rators at the well head or plant condensate which includes

that separated at cycling plants where the gas is recycled

back into the ground). Figure V.3 shows the sequence of

operation involved in the production of natural gas

liquids. First natural gas is flashed into large sepa-

rators into the well and there is separated from field

condensate. Field condensate consists of heavier hydro-

carbons, whose composition varies from field to field.

Natural gas from the separators is treated for the removal

of hydrogen sulfide and carbon dioxide if it is "sour"

and then fed back into the natural gas transmission line.

The composition of a natural gas before liquid extraction

is shown in Table V.3 from FEA (1975).

There are two ways that natural gas can be sepa-

rated: in absorption and cryogenic (i.e., low-

temperature) units. The process in the absorption units

is as follows. Natural gas is put into contact with cir-

culating oil which absorbs some of the heavier hydrocar-

bons. These hydrocarbons are then stripped from the oil

and fractionated to separate them into their components.
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Figure V.3. Production of natural gas liquids.
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Figure V.3. Composition of U.S. natural gas before liquid
extraction.

Element Percent Volume

Nitrogen 0.4- 0.6

Methane 83.0-94.0

Ethane 3.0-10.0

Propane 1.0- 4.0

Isobutane 0.3- 0.6

Normal Butane 0.2- 1.0

Heavier Hydrocarbons 0.3- 0.7

The older units do not have refrigeration of the absorp-

tion oil, so the recovery of ethane is low (recovery of

propane is about 35 percent) according to FEA (1975).

But in newer units which have refrigeration of the absorp-

tion oil, recovery of the propane is 90 percent and of

the ethane from 30 to 50 percent according to FEA (1975).

The cryogenic units do not have an absorption oil but ex-

tract the hydrocarbons by the use of low temperatures

(e.g. down to -140°F (-96°C)). The recovery on these

units is 99 percent or more of the propane and 87 percent

of the ethane according to FEA (1975). Natural gasoline

(not dripolene) from the separation unit is either sold

or blended with higher octane products to produce motor

gasoline since it has a low octane.

Part of the ethane, propane, butane, naptha, and

most of the gas oil which are used as feed products for

ethylene production are produced at petroleum refineries
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processing crude oil. As crude oil comes up from a well,

an associated gas is separated by reduction in pressure.

This gas is either sent back into the well to maintain

reservoir pressure or is transmitted by pipeline and goes

through the same process as natural gas does.

HDPE Production

HDPE is produced by the low-presure polymerization

of ethylene and a small quantity of comonomer, which is

usually n-butylene or proplylene. In the United States

a liquid phase process is used in most of the HDPE produc-

tion. In this process the ethylene is dissolved in an

organic solvent in which a solid catalyst is suspended.

As the polyethylene is produced, it dissolves in the

solvent or it forms a slurry. The polymerization condi-

tions for these liquid phase processes are a pressure of

between 100 and 500 psig (0.69 x 106 and 3.45 x 106

Pascals (gage)), a temperature of between 200 and 400°F

(93 and 204°C), and a per mass conversion of ethylene of

approximately 90 percent according to FEA (1975). Com-

pared with the processes of LDPE, the lower pressure and

higher per mass conversion of the processes for HDPE re-

sult in lower energy consumption. This advantage is off-

set by the large amount of energy consumed to vaporize

the solvent from the final product and later it recycles

the recovered solvent to the polymerization stage.
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Vinyl Chloride Production

Vinyl chloride was originally made by reacting

acetylene with hydrochloric acid. The acetylene was pro-

duced from calcium carbide and the hydrochloric acid by

burning hydrogen in chlorine. This process was gradually

replaced by other ethylene-based processes. According

to FEA (1975), in the year 1972 only 10 percent of the

vinyl chloride produced in the United States was made by

acetylene-based processes. Manufacturers who still use

acetylene-based processes for the production of vinyl

chloride have made some changes in recent years. For ex-

ample, acetylene is produced by partial combustion of

natural gas. Also by-product instead of synthetic hydro-

chloric acid is used. In the ethylene-based processes

for production of vinyl chloride, ethylene is converted

to ethylene dichloride and then is cracked to vinyl

chloride and hydrochloric acid. The following are many

variations of this process:

(1) Ethylene is chlorinated to ethylene dichloride

with chlorine and then this is cracked to

vinyl chloride and by-product hydrochloric

acid.

(2) Same as the first, except that the hydro-

chloric acid is "oxychlorinated" with addi-

tional ethylene and air which produces more

ethylene dichloride, which is cracked to
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vinyl chloride along with the directly pro-

duced ethylene dichloride.

(3) Direct chlorination and oxychlorination are

performed simultaneously in the reactor.

In the acetylene-based process, most of the fuel

is consumed in preheating the natural gas and oxygen to

about 1200°F (649°C) and in the partial oxidation where

about one-third of the methane is converted to acetylene

and two-thirds is burned. In the ethylene-based process,

most of the fuel is consumed in the furnace for cracking

the ethylene dichloride. A large amount of energy is used

in fractionating the effluent from the cracking furnace

to recover vinyl chloride.

Chlorine is produced by the electrolysis of satu-

rated salt (NaCl) solution. The electrolytic cells used

are of two types. One is the diaphragm cell which has

a graphite anode and an iron cathode separated by an

asbestos diaphragm. The other is the mercury cell which

has a graphite anode and a moving mercury cathode. Most

of the plants in the United States use the diaphragm cell.

In the diaphragm cell, at the iron cathode, hydro-

gen and a weak caustic liquor which contains about 10 per-

cent caustic and 15 percent unconverted salt is produced.

The weak caustic liquor is sent to a triple effect evapo-

rator where it becomes more concentrated. During concen-

tration, most of the salt is precipitated and it is

filtered from the caustic liquor. Chlorine gas from the
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cells is cooled by passing it countercurrently to water

in packed towers. The dried chlorine is compressed in

two stages. Any acid is separated out between the stages.

The gas in the last stage is liquified by refrigeration

and stored.

PVC Production

Vinyl chloride is polymerized commercially by the

following types of processes:

(1) Suspension polymerization

(2) Emulsion polymerization

(3) Bulk (or mass) polymerization

(4) Solvent (or precipitate) polymerization

The major method used in the United States is suspension

polymerization. In this type of polymerization there are

many processing lines with five to ten reactors per line.

Each line feeds a stripper, a set of blend, and a finish-
.

ing system.

Groups of reactors vary in size from 2,000 to

6,000 gallons (7,570 to 22,710 liters) and have jackets

through which water is circulated. The water can be

either heated or cooled. At the beginning of the process

an aqueous solution is added which contains a suspending

agent and other ingredients. The vinyl chloride monomer

is weighed and a catalyst is added. Then the temperature

is raised to a particular level and maintained at this

level with the water from the jackets. At the end of the
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cycle, the whole bath is dropped to a stripper which con-

sists of a heated agitated tank. The vaporized monomer

is condensed and recycled to the reactors.

The stripped batch is then mixed with other

batches to ensure uniformity of the product. The slurry

mix is sent to continuous centrifuges where water is re-

moved and is then fed to rotary driers. From there, the

dried resin is screened and packaged.

Pipe Fabrication (Extrusion)

Pipe is extruded by forcing molten plastic hori-

zontally through an annular opening into one or more de-

vices for cooling and fixing its dimensions. Elements

required after the extruder include a die, a sizing de-

vice, a cooling bath, a puller, and a cutter or winder.

A sketch of this sequence is shown in Figure V.4.

Extrusion of thermoplastics consists of melting

and compressing plastic particles while they are being

forced through a long passage by a screw conveyor. The

opening at the end of the passage takes various shapes

depending on the cross-section desired. The diagram in

Figure V.5 indicates a single screw extruder and its com-

ponents. The plastic material first enters the hopper

which is a simple sheet-metal enclosure and holds about

an hour's capacity of material. After it leaves the hop-

per the plastic enters the screw section where it is

heated, melted, and mixed. The heating system is usually
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electric consisting of band-type resistance heaters around

the barrel.

The cooling system is needed to control the tem-

perature inside the screw section. If the temperature

becomes considerably higher than the melting temperature,

it may cause polymer degradation, difficulty in take-off,

or both.

Once the material passes through the extruder,

it goes through the die where the desired shape is im-

parted. It is then driven through the sizing equipment.

This section ensures that the product will be within the

expected dimensions. The finished product is then cut

and stacked.

Procedure

Energy use data for the production of LDPE, HDPE,

and PVC on the basis of kWh per finished raw product ton

were primarily obtained from the FEA (1975) report.

Transportation energy and secondary energy figures were

included in the calculated amount of energy consumption.

As indicated by the FEA report (1975), 1.042 tons (1.011

metric tons) of ethylene were required to produce one ton

(.9052 metric tons) of LDPE.

According to FEA (1975), since approximately 80

percent of the production of LDPE is located on the Gulf

Coast (Texas and Louisiana), it was assumed that fuel con-

sumption was 40 percent natural gas and 60 percent
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refined petroleum products. Also from FEA (1975), the

allocated feedstock consumption for the production of

ethylene is shown in Table V.4.

Table V.4. Pyrolysis feedstock requirements
a ton of ethylene.

for producing

Pyrolysis Feedstock Source kWh

Natural Gas Liquids 12,213

Refined Oil Products 5,628

Field Condensate 975

Total 18,822

Net energy consumption is shown in Table V.S.

The fuel credit of 2,380 kWh is the difference between

a by-product fuel credit of 7,458 kWh and an operating

fuel consumption of 5,077 kWh.

Table V.S. Net energy consumption for producing a ton
of ethylene.

Fuel Type kWh

Net Fuel Consumption (2,380)+

Electric Energy 23

+Parenthesis indicates a net energy gain.

Energy consumption for both the production of

natural gas liquids and the production of field condensate

were obtained from Gordian Associates, Inc. (1974). Pro-

duction energy data of refined products were also obtained

from Gordian Associates (1974).
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The Phillips process for production of HDPE is

the most common in the United States. The particle-form

variation of this process represented an annual production

capacity of over 800 million pounds (3.63 x 108 kilograms)

in the United States in 1970 according to Albright, L. F.

(1974). However, no energy data were found for this pro-

cess. The energy data obtained from the FEA (1975)

report for the production of HDPE were for the Solvay pro-

cess. This process uses a loop reactor similar to the

Phillips particle-form process and other operating condi-

tions are comparable. Each ton of HDPE consumes 1.03 tons

(0.934 metric tons) of ethylene and 0.02 tons (0.018

metric tons) of comonomer. It was assumed that 1.05 tons

(0.953 metric tons) of ethylene was used as charge. As

for LDPE, the majority of HDPE plants are located on the

Gulf Coast so fuel consumption was assumed to be 40 per-

cent natural gas and 60 percent refined petroleum

products.

Vinyl chloride is produced from ethylene and

acetylene. The acetylene reacts with by-product hydro-

chloric acid to form vinyl chloride. It was assumed that

by-product hydrochloric acid was obtained by producing

more of it in the cracking operation than is needed in

the oxychlorination process. Energy data for both produc-

tion of vinyl chloride from direct chlorination of

ethylene and oxychlorination were obtained from FEA

(1975). Since ethylene dichloride cracking furnaces
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operate 100 percent on gaseous fuel, the fuel mix was

assumed to be 80 percent natural gas and 20 percent re-

fined petrochemical products from FEA (1975). Chlorine

was assumed to be produced by diaphragm cells.

As discussed above, suspension polymerization is

the predominant method used for making PVC in the United

States. Based on the FEA (1975) report, it was assumed

that 1.042 tons (0.945 metric tons) of vinyl chloride is

needed per ton of PVC, which is a yield of 96 percent.

Energy consumption data for fabrication of PVC

pipe were obtained from Axtell, W. R. (1975). The energy

analysis was made for 8 inch (20.32 centimeters) nominal

diameter sewer pipe. This energy figure considers the

energy consumed in transporting the finished pipe to sales

distribution points.

As previously discussed, conversion factors to

account for the primary and secondary energy of purchased

electricity were 3.01 kWh per kWh and 116,400 kWh per

10
6kWh of purchased electricity, respectively. The first

factor takes under consideration power plant and transmis-

sion inefficiencies and the second factor is the energy

consumed to produce the fuel types used.

Results

The results showing the energy use associated with

each step of manufacturing are graphically presented in

Figures V.6, V.7, and V.8 for LDPE, HDPE, and PVC,
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respectively. These flowcharts represent energy flow and

are based on one ton of finished product.

Energy requirements for each step are also given

in Tables V.6, V.7, and V.8 for the production of LDPE,

HDPE, and PVC finished product respectively. These tables

give the ultimate fuel and energy use breakdown by primary

use of natural gas, oil, coal, purchased electricity, and

the secondary energy required to produce the primary

energy. Note that the numbers shown in parentheses should

be subtracted from the total figures. They represent the

energy of by-product fuels created during various pro-

cesses. Table V.9 presents a percentage breakdown of the

energy consumed for each process for LDPE, HDPE, and PVC.

The final energy use coefficients calculated for the

materials in this section are presented in Table V.10.

Discussion

Energy coefficients for LDPE, HDPE, and PVC cal-

culated from other sources are indicated in Table V.11.

The results obtained in this study are slightly higher

than those indicated in the FEA (1975) report. This was

expected since the FEA report did not include energy re-

quired to fabricate plastic pipe by the extrusion process

after production of the primary raw product. Also, the

FEA report did not include the energy consumed for trans-

portation of finished pipes from the plant to distribution
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Table V.6. Energy use in LDPE production.

Process Step

Primary Plastic
Production

Amount of Natural
Material Gas

lbs. kWh

Oil
Products
kWh

Coal
kWh

Fuel
Equivalent
of Pur-
chased
Elec- Secondary Ultimate

tricity Energy Transport Energy
kWh kWh kWh kWh

Field Production
of Crude Oil 10051 17.6 5029.0 139.0 (5186) 400.6 0.2
Petroleum Refin-
ing 11451 2.5 699.0 19.0 (721) 55.7 55.2
Field Production
of Natural Gas 2102

2
793.0 12823.0 230.0 (13846) 1081.1 0.1

Natural Gas Pro-
cessing 1946

2
4202.0 340.9 2.9

Production of
Ethylene 2100 13855.0 5906.0 70.0 (2501) 1594.0 18924.0
Production of
LDPE 2000 372.0 559.0 4910.0 264.0 6105.0

Fabrication

Pipe Fabrication
(by extrusion) 2000 459.0 1829.0 106.9 2394.9

Total 33503.3

1
Assumed crude oil density of 58.68 pounds per cubic foot.

2
Assumed natural gas density of 0.046 pounds per cubic foot.



Table V.7. Energy use in HDPE production.

Process Step

Primary Plastic
Production

Amount of Natural
Material Gas

lbs. kWh

Oil
Products

kWh
Coal
kWh

Fuel
Equivalent
of Pur-
chased
Elec- Secondary Ultimate
tricity Energy Transport Energy
kWh kWh kWh kWh

Field Production
of Crude Oil 10051 18.0 5029.0 139.0 (5186) 400.6 400.2

Petroleum Refin-
ing 11451 3.0 699.0 19.0 (721) 55.7 55.2

Field Production
of Natural Gas 3102

2
793.0 12823.0 230.0 --- (13846) 1081.1 1081.1

Natural Gas Pro-
cessing 1946 4202.0 340.9 4542.9
Production of
Ethylene 2000 13855.0 5906.0 70.0 (2501) 1594.0 18924.0
Production of
HDPE 2000 925.0 1388.0 2108.0 266.3 4687.3

Fabrication

Pipe Fabrication
(by extrusion) 2000 459.0 1829.0 106.9 2394.9

Total 32085.6

1
Assumed crude oil density of 58.68 pounds per cubic foot.

2
Assumed natural gas density of 0.046 pounds per cubic foot.



Table V.8. Energy use in PVC production.

Fuel
Equivalent

Process Step

Amount of
Material

. lbs.

Natural
Gas
kWh

Oil
Products

kWh
Coal
kWh

of Pur-
chased
Elec-
tricity

kWh

Secondary
Energy
kWh

Transport
kWh

Ultimate
Energy
kWh

Primary Plastic
Production

Field Production
of Crude Oil 432

1
8.0 2169.0 60.0 (2337) 172.8 172.8

Petroleum Refin-
ing 492

1
1.0 301.0 8.0 (310) 24.0 24.0

Field Production
of Natural Gas

2
1342 506.0 8184.0 147.0 (8837) 690.0 690.0

Natural Gas Pro-
cessing 840 1815.0 147.2 1962.2
Production of
Oxygen 476 337.0 13.0 350.0
Production of
Ethylene 906 5976.0 2547.0 29.0 (1078) 687.5 8164.5
Production of
Acetylene 88 2834.0 208.0 (761) 237.9 2518.9

Mining of Rock
Salt 1214 20.0 1.6 21.6
Production of
Chloride/Caustic 1354 489.0 41.0 837.0 3025.0 166.8 4558.8
Production of
Vinyl Chloride 2084 960.0 1438.0 697.0 218.6 3313.6



Table V.8--Continued

Fuel
Equivalent
of Pur-
chased

Amount of Natural Oil Elec- Secondary Ultimate
Material Gas Products Coal tricity Energy Transport Energy

Process Step lbs. kWh kWh kWh kWh kWh kWh kWh

Production of
PVC 2000 1429.0 694.0 1370.0 1391.0 236.2 5120.2

Fabrication

Pipe Fabrication 2000 459.0 1829.0 106.9 2394.9

Total 29291.5

I
Assumed crude oil density of 58.68 pounds per cubic foot.

2
Assumed natural gas density of 0.046 pounds per cubic foot.
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Table V.9. Percent breakdown of the energy consumed for
LDPE, HDPE, and PVC by process.

LDPE HDPE PVC

Field Production of
Crude Oil 1.2 1.2 0.6

Petroleum Refining 0.2 0.2 0.1

Field Production of
Natural Gas 3.2 3.4 2.4

Natural Gas Processing 13.6 14.2 6.7

Production of Ethylene 56.5 59.0 27.9

Production of LDPE 8.2

Production of HDPE 14.6

Production of Oxygen 1.2

Production of Acetylene 8.6

Mining of Rock Salt 0.1

Production of Chloride/
Caustic 5.6

Production of Vinyl
Chloride 11.3

Production of PVC 17.5

Fabrication of Pipes by
Extrusion Process 7.5 7.5 8.2

Table V.10. Energy use coefficients for LDPE, HDPE, and
PVC pipe.

kWhlb. -1 kWhkg. -1
10

6Jkg. -1

LDPE 16.75 36.93 132.94

HDPE 16.04 35.36 127.30

PVC 14.65 32.30 116.27

centers. This energy figure was included in the step of

pipe fabrication in Tables V.6, V.7, and V.8.
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Table V.11. Energy use coefficients for LDPE, HDPE, and
PVC obtained from various sources.

Source

LDPE

kWhlb. -1
HDPE

kWhlb. -1
PVC

-1

FEA (1975)

Axtell, W. R. (1975)

Society of the Plastics
Industry (1979)

Berry, R. S. and
H. Makino (1974)

Hannon (1974)

13.70

20.20

12.99

11.80

20.20

19.19

12.15

10.81

12.09

15.06

The energy coefficients obtained from Axtell,

W. R. (1975) were also lower than the calculated coeffi-

cients. They contained the energy required for the fabri-

cation process but did not consider the secondary energy

needed to produce the fuel types used for each process

in the manufacturing of the finished pipe. There was a

scarcity of information in this report concerning the

methods of calculation.

The Society of Plastics Industry (1979) likewise

does not describe in detail how its figures were obtained

but shows these numbers as HDPE and PVC finished material.

Since the report does not refer to finished pipe, it was

probable that the fabrication energy required to produce

the pipe is not included. Therefore, such figures were

expected to be slightly lower than the ones obtained in

this report.
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Berry and Makino's report (1974) includes free

energy requirements for various plastic manufacturing pro-

cesses. Berry and Makino as previously mentioned consider

free energy, a quantitative expression associated with

using high-grade or readily available raw materials versus

low-grade or inaccessible raw materials. No differentia-

tion is made in this report between high- and low-density

polyethylene. The figure for the PVC is also presented

including a free energy requirement. Apparently, both

the values for PE and PVC include the energy required to

obtain raw materials (obtaining crude petroleum, rebenzene

refining, obtaining natural gas, etc.). The final form

of the plastic material is not stated for either PE or

PVC, therefore it is not known if these figures include

fabrication.

The energy coefficient for HDPE obtained by Hannon

(1974) was slightly higher than that computed. This is

due to Hannon (1974) applying overall plastic industry

data in the input-output approach.
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VI. CONCRETE AND ASBESTOS-CEMENT PIPE

Introduction

Durability, strength, formability, and economics

make concrete attractive to the hydraulic engineer. Con-

crete pipe is used in three major areas: (1) water

supply, (2) sanitary sewer, storm sewer, and culverts,

and (3) irrigation. There are two major types of concrete

pipe, pressure pipe and nonpressure pipe. Asbestos-cement

pipe is made from portland cement, asbestos fibers, and

silica flour. The types of materials and the manufactur-

ing process used give asbestos-cement pipe many advantages

for irrigation systems.

Some of the uses of concrete and asbestos-cement

components in irrigation systems are shown in Table VI.1.

A typical drip system consists of mainlines and laterals,

both of which may be open canals, pipelines, or both.

Many distribution systems are built entirely of under-

ground concrete or asbestos-cement pipe. An irrigation

distribution system is built to carry water from a supply

canal or reservoir, through mainlines and laterals, to

individual ranch delivery points.

Bureau of Reclamation and independent irrigation

district records indicate that, on the average,
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Table VI.1. Concrete and asbestos-cement components used
in irrigation systems.

Type of System

Hand- Side Center Solid Drip
Moved Roll Pivot Set System

Pumping
Plant

Pump
House
and
Well Concrete Concrete Concrete Concrete Concrete

Main- Asbestos- Concrete,
lines cement Asbestos-

cement

Laterals Astestos- Concrete,
cement Asbestos-

cement

approximately 40 percent of the water entering a distribu-

tion system of unlined canals never arrives at the farm

ditch. Losses are due to evaporation, water drawn up by

uncontrolled vegetation in and near the canals, spilling

that cannot be avoided, and seepage.

There are advantages to using concrete in irriga-

tion systems. A major advantage is reduced water loss

in lined ditches compared to unlined ditches. Canals and

ditches require almost no attention, weeds do not need

to be removed, and concrete does not require time-

consuming repairs.

Portland cement is the major material for both

concrete and asbestos-cement. It consists primarily of

compounds of lime, silica, alumina, iron, and gypsum.
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When mixed with water it forms a paste that hardens and

binds other materials, aggregates, together. The final

product is called concrete. Portland cement can be con-

sidered to be composed of a few principal chemical com-

pounds according to Troxel et al. (1968). These are:

(1) Tricalcium Silicate (3CaO.SiO
2
or C

3
S--abbre-

viation)

(2) Dicalcium Silicate (2CaO.SiO
2
or C

2
S--abbre-

viation)

(3) Tricalcium Aluminate (3CaO.A1
2
0
3
or C

3
A--

abbreviation)

(4) Tetracalcium Aluminoferrite (4CaO.A1
2
0
3
Fe

2
0
3

or C
4
AF--abbreviation)

According to the Portland Cement Association (1971) C3S

hardens rapidly and is largely responsible for initial

set and early strength. C2S hardens slowly and con-

tributes largely to strength increase at ages beyond one

week. C
3
A liberates a large amount of heat during the

first few days and contributes to early strength develop-

ment. A cement low in C
3
A is more resistant to soils and

water containing sulfates. C4AF reduces the clinkering

temperature but contributes little to strength. The rela-

tive behavior of each compound was obtained from Carlson,

R. W. (1932) and is shown in Table VI.2.

Raw materials needed for cement production are

limestone deposits, natural calcareous deposits such as

shell bed, and natural argillaceous deposits such as
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Table VI.2. Concrete behavior due to input compounds.

Property

Compound

C
3
S C

2
S C

3
A C

4
AF

Rate of Reaction

Heat Liberated per
Unit of Compound

Early Strength

Ultimate Strength

medium

medium

good

good

slow

small

poor

good

fast

large

good

poor

slow

small

poor

poor

clay, shale, and slate deposits that provide both silica

and alumina. Troxell et al. (1968) indicated there are

a few locations in the northeastern United States where

a special kind of limestone, called cement rock, is found.

Cement may be produced by merely heating this material

to a high temperature and grinding.

The chemical reactions that take place when water

is added to cement are extremely complex. Physically,

when oxides of calcium, silicon, iron, and aluminum are

combined with gypsum (to control the setting time) a

product is obtained which is initially plastic and work-

able. After a time it becomes firm enough to allow

finishing and finally develops into a strong, extremely

durable substance.

Process Technology

The production sequence for the manufacturing of

portland cement may be divided into the following

activities:
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(1) Raw materials acquisition

(2) Preparation of raw materials

(3) Clinker production

(4) Grinding and mixing of product cement

There are two common processing sequences based on the

above steps, the wet and dry processes as shown in Figure

VI.1. Grinding and blending of raw materials are carried

out with dry materials in the dry process. The wet pro-

cess is one in which these operations are done utilizing

a slurry of the materials in water. Even though the raw

materials for all types of portland cement are similar,

variations in proportions of these raw materials are used

for a specific desired end product. In the market, a wide

range of cements is available for specific applications

according to their own characteristics. This range of

different cements is-obtained by varying the proportions

of the raw materials used, by the final product-blending

procedure, and the use of additives or admixtures in the

product.

First raw materials are transported from quarries

to the cement plant where they are reduced into small

particles after going through various crushing stages.

Raw materials consist of combinations of limestone, cement

rock, marl or oyster shells, and shale, clay, sand, or

iron ore. Usually the materials pass through two stages

of crushing. The first one reduces them to about 6 inches

(15.24 centimeters) in diameter and the second one to
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under 3/4 inches (1.91 centimeters) in diameter. Repre-

sentation of the process up to this point is shown in

Figure VI.2. Then in the wet process, which is usually

used when raw materials such as clay and marl are very

moist, the raw materials are fed in the desired propor-

tions into ball and tube mills for grinding to particles

under 1/200 inches (0.127 millimeters) in diameter. Dur-

ing the grinding process, water is added to produce a thin

mud or slurry as it is called. The slurry, which contains

over 30 percent water, is then mixed and blended in stor-

age tanks until it is needed for processing in the kiln.

The wet process-is shown in Figure VI.3.

In the dry process, raw materials are also fed

in the desired proportions to grinding machines to produce

fine particles of rock. The raw materials are dried be-

fore grinding using hot kiln waste gases. Crushed dry

materials are then mixed, blended, and stored in silos.

The dry process is shown in Figure VI.4.

The next step in making cement is the burning or

calcining of the raw materials in a rotary kiln. The kiln

is a long, cylindrical, brick-lined furnace which rotates

slowly on its axis and is mounted at a slight incline to

the horizontal. Commercial kilns vary from about 300 to

700 feet (91.44 to 213.36 meters) in length and about 12

to 25 feet (3.66 to 7.62 meters) in diameter. In many

modern kilns a preheater system is used to preheat the

material before it enters the kiln. In the preheater
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system hot exit gases give up heat to the cold incoming

raw meal. Suspension preheater systems are the most com-

mon preheater systems found in a large number of modern

dry process plants. Several stages of cyclones (air

cleaner systems) built one on top of the other are in the

suspension preheaters. The hot exit gases heat up the

cold incoming raw meal in the cyclones and the raw meal

is dropped gradually down through the system to the en-

trance of the kiln. Heating the cold incoming raw meal

before its entrance into the kiln ensures rapid removal

of moisture from the raw meal and reduces the risk of

solids clogging in the preheater's pipework. Some recent

modifications to the suspension preheater system include

German and Japanese designs with two stages of firing.

In a specific design, for example the Humboldt "Pyroclon"

design, a burner is placed at the bottom of a vertical

shaft which is positioned in the preheater system. This

burns about two-thirds of the fuel used in the plant.

The one-third remainder is burnt in the regular way inside

the kiln. The feed is about 90 percent calcined before

entering the rotating kiln.

Japanese designs use auxiliary firing within a

cyclone vessel of the preheater system "flash firing,"

which ensures intimate mixing between raw materials and

the burner gases. Shorter kilns can be used if multistage

firing systems are installed. Even though cement produc-

tion per unit volume of the kiln is increased to about
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three times that of the conventional cement kiln, with

associated major capital investment savings and reduced

maintenance achievements, the energy use is not signifi-

cantly different from that used in conventional preheater

kilns according to FEA (1975).

A disadvantage of the preheater system is that

impurities such as alkali metal compounds which would nor-

mally be reduced from the plant in the hot exit gases are

condensed on the cold raw meal and reenter the kiln.

There they are vaporized again and swept back to the pre-

heater system. Because of this cycle set up between the

preheater and the kiln, alkali metals build up signifi-

cantly. When an equilibrium is reached a relatively large

amount of alkali is being removed in the clinker. This

can cause problems in concrete, because compounds in cer-

tain aggregates react slowly with the alkalis and produce

severe cracking in concrete structure. To avoid this

problem, a gas bypass system is included in the suspension

preheater system. After the preheater stage, if the

alkali content rises too high, for example 5 to 10 percent

of the kiln instead of an acceptable level of 2 to 3 per-

cent, the kiln gas is bypassed and with this some of the

alkali components in the vapor phase are removed. Cooling

this gas using water injection from 2000 to 850°F (1093

to 454°C) causes condensation of the contaminants. This

gas can then safely be used to dry raw materials with no

risk of alkali build-up. The loss of 5 percent of the
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gas to bypass represents an extra heat consumption of

about 444 kWh/ton (489.42 kWh/metric ton) according to

FEA (1975). If the plant has a preheater system, raw mate-

rials after passing through the preheater are fed into

the upper end of the kiln and pass slowly to the lower

end as the kiln rotates. The fuel used in the kiln is

gas, oil, or pulverized coal. When the raw material is

in the kiln, its temperature is raised to the level where

reactions take place. Controlling the rate of moving

through the kiln, the raw materials are held in the re-

quired temperature range for combination of the lime,

silica, and alumina mixture into the characteristic port-

land cement components. A usual estimate of the time of

the raw material inside the kiln furnace is about 4 hours,

during which the raw materials are raised ultimately to

about 2500 to 2900°F (1371 to 1593°C) at the lower end

of the kiln.

The following reactions take place in the kiln.

At about 212°F (100°C) free water has been evaporated.

A significant quantity of loosely bound water is removed

from the clay in the range of 300 to 650°F (149 to 343°C)

and hydration water is lost around 930°F (499°C). Mag-

nesium carbonate starts to decompose at about 1110°F

(599°C) and calcium carbonate at about 1650°F (899°C).

At that point some reaction between lime and clay occurs.

The formation of the major compounds begins at about

2330°F (1277°C). After this level care is taken to
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avoid formation of undesirable compounds at higher temper-

atures. The raw material then leaves the kiln in the form

of clinker which is made up of rough textured lumps or

pellets ranging in size from about 1/16 to 2 inches (0.16

to 5.08 centimeters) in diameter. Then the clinker is

cooled, and the heat released is used to preheat incoming

combustion air.

Different clinker coolers are available on the

market. Some of them are based on moving grate systems,

others consist of tubes mounted along the kiln periphery

close to the clinker outlet, termed planetary coolers.

Air is normally introduced to the tubes through induced

draft, and is preheated before being used in combustion

of the kiln fuel. The clinker production is shown in

Figure VI.5.

At the final stage, lumps of clinker are usually

ground in two stages together with a small amount of gyp-

sum (calcium sulfate) which is approximately 3 to 5 per-

cent by weight. The gypsum is used to control the time

of set of the cement when it is mixed with water in the

making of concrete. Small amounts of other materials may

also be added to facilitate grinding or to impact special

properties to the cement. An example of this is the use

of additives to improve air entrainment for increased

freeze-thaw resistance of the finished concrete. Some

other materials that are sometimes added are pozzolans,

which are siliceous materials that react with lime in
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the presence of moisture at surrounding ambient tempera-

tures to give a relatively stable strength-producing

calcium silicate. These materials are blended with port-

land cement in concentrations ranging from 10 to 30 per-

cent of the cement by weight and have been used success-

fully in massive concrete constructions such as dams and

piers. The final grinding and mixing of product portland

cement is shown in Figure VI.6.

Concrete is a composite material that consists

of a binding medium or glue (cement and water) in which

particles of a relatively inert filter material (sand and

gravel aggregates) are embedded. It starts as a plastic

mixture and gradually hardens into a stonelike mass. The

correct amount of each ingredient (cement, water, aggre-

gates) varies depending on the particular use for which

the concrete is designed. The concrete must be properly

mixed and transported to the job site. Correct placing

and finishing, followed by proper curing will assure the

desired results.

The chemical reaction resulting from the mixture

of cement and water is called hydration. For the cement

to hydrate about 0.4 gallons (1.51 liters) of water per

2.204 pounds (kilogram) of cement is required. For cement

hydration to continue, this water must not be allowed to

evaporate. When cement and water combine, each particle

of cement is surrounded by water. Hydration begins pro-

ducing a number of complex chemical substances. The
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dominant product consists of tiny particles suspended in

liquid. This material is known as tovermorite gel. Other

products are also formed which are lumped together with

the above to make the cement gel.

These gel particles continuously grow as hydration

proceeds, until those surrounding one particle of cement

become intertwined with those of other particles. At this

stage, the paste becomes somewhat rigid. Other products

of hydration then begin to fill the spaces between the

gel particles. If these spaces cannot be completely

filled, for example in the case of excess water, then air

spaces or capillary pores remain in the concrete after

the water evaporates. The concrete is then light, porous,

not very strong, and subject to absorption of water. From

various tests of specimens with the same amount of cement,

it has been determined that those with more water have

greater volume and less strength in comparison with the

others. There are four stages in the initial period of

cement hydration:

(1) Immediately after contact of cement with

water, chemical reactions occur rapidly which

cause a rapid temperature rise.

(2) Following is the dormant period in which the

rate of heat generation drops and remains low

for about one hour.
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(3) After this hour, heat generation starts to

increase again and it peaks at about the sixth

hour.

(4) The fourth stage begins as the heat generation

starts to drop to a very low rate, usually

within 24 hours, and to still lower rates

after that.

This pattern varies depending on the composition of the

cement used. For this reason the reaction pattern is very

sensitive to the proportion of gypsum in the cement. Gyp-

sum acts as a retarder, slowing down hydration for reason-

able placement time.

Concrete requires a water-cement ratio of about

0.4 by weight to complete the chemical reaction that

changes paste into a hardened mass. But a concrete with

this water-cement ratio is very stiff which would make

it difficult to be placed and finished. A workable paste

requires a water-cement ratio of 0.5 to 0.7. If the

hardened concrete is to be in contact with water, espe-

cially sea water, it must be more impermeable, so a low

water-cement ratio should be used. Table VI.3 shows the

ACI recommended maximum permissible water-cement ratios

for concrete in severe exposures from Portland Cement

Association (1975). Aggregate is used as a filler to in-

crease the volume of concrete. A typical concrete mix

consists of 75 percent aggregate and 25 percent paste

according to Portland Cement Association (1975). The
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aggregates must be clean, hard, strong, and durable

particles free of chemicals, coatings of clay, or other

fine materials that may affect hydration and bond of the

cement paste. The most common materials used as aggre-

gates are sand, gravel, crushed stone, and air-cooled

blast furnace slag.

Table VI.3. ACI recommended maximum permissible water-
cement ratios for concrete in severe
exposures.

Type of Structure

Thin sections (rail-
ings, curbs, sills,
ledge's, ornament
works) and sections
with less than one
inch cover over steel

All other structures

Structure Wet
Continuously or
Frequently Exposed
to Freezing and

Thawing

Structure
Exposed to
Sea Water

for Sulfates

0.45 0.40

0.50 0.45

There are four different methods by which pressure

and non-pressure concrete pipe can be produced:

(1) Cast and vibrated. In this method the con-

crete mixture is placed in forms where compac-

tion is obtained by vibration on the outside

and inside of the forms.

(2) Packerhead pipe. The mixture is packed down

into the form by pressure using a packerhead

machine.
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(3) Tamped pipe. In this method the mix is tamped

into the forms by long rods.

(4) Centrifugated pipe. Forms that revolve at

high speed are filled with concrete mix.

Many times concrete pipe, especially when large dimen-

sioned or unusually shaped, is cast in-place.

Asbestos-cement pipe is produced by making and

winding a thin film of material. The film is about 0.005

to 0.015 inches (0.127 to 0.381 millimeters) thick accord-

ing to Axtell, W. R. (1975) and is produced from a mixture

of asbestos and cement via the wet machine process, which

is also called the hatscheck process. Sufficient film

is rolled on a mandrell to provide the ultimate pipe wall

thickness desired. The green pipe is then removed, placed

on wooden forms to maintain the shape, and cured. The

finished pipe is tube shaped, without bell ends. The

joining of ends is by use of cylindrical couplings with

gasket seals. Each coupling contains two gasket retaining

grooves.

Procedure

All the energy calculations for concrete and

asbestos-cement pipe are based on published information,

including the Census of Manufacturers (1967) and the De-

partment of Commerce report (Census of Mineral Industries)

(1972). The results represent typical industry consump-

tion and do not necessarily correspond to specific
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plants. The energy consumption figures for portland

cement production were obtained from the FEA report

(1975). It was assumed that concrete consisted of 75 per-

cent aggregate and 25 percent cement. Aggregate mining

was assumed to require proportionally the same energy as

that required for clay, shale, marl, sand, and sandstone

mining. The material balance for the production of port-

land cement is given in Table VI.4 and was obtained from

FEA (1975).

Table VI.4. Composition of one ton of portland cement.

Material Tons

Limestone 1.0695

Cement rock 0.2933

Clay and shale 0.1521

Marl 0.0214

Blast furnace slag 0.0110

Sand and sandstone 0.0282

Iron materials 0.0100

Total 1.5854

The analysis of energy consumption in asbestos-

cement was based on a nominal 6 inch (15.24 centimeters)

outside diameter (OD) and 150 psi (1.03 x 106 Pascals)

rated pipe. The figures include the production and ship-

ment of finished pipe to distribution centers. Gasketing

material was not considered. Basic dimensions and weight

for the pipe used in this case study are given in

Table VI.5.
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Table VI.5. Dimensions and weight for asbestos-cement
pipe.

Material Asbestos-Cement

Pipe wall thickness, inches

Outside diameter, inches

Pipe weight, lb. per foot

0.605

6.000

12.300

Energy coefficients in this study are based on

a material made up of 60 percent asbestos and 40 percent

cement according to Axtell, W. R. (1975). Silica flour

was added in an amount equivalent to the excess hydrated

lime in the portland cement. This silica and lime react

to produce additional hydrated calcium silicate when cured

in autoclaves under 100 to 250 psig (0.69 x 106. to 1.72

x 10
6 Pascals (gage)) steam pressures. A material flow

diagram based on Axtell's data (1975) is shown in Figure

VI .7 .

It was assumed that the energy consumed in

asbestos ore mining was the same as limestone mining ex-

cept the final figure was modified to allow for 330 pounds

(150 kilograms) of mine waste and 5 ton-miles (7.30 metric

ton-kilometers) of truck transportation per 1000 pounds

(453.60 kilograms) of crude ore treated. Asbestos re-

covery was assumed to be 5 percent of crude ore. Treat-

ment included crushing to about 2 inch size (5.08

centimeters), drying, pulverizing in hammer mills, and

screening to remove gangues from the fibers.
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As previously noted, the conversion factors ac-

counting for primary and secondary energy of purchased

electricity were 3.01 kWh per kWh and 116,400 kWh per

10
6kWh, respectively.

Results

Tables VI.6 and VI.7 show the energy use for pro-

duction of portland cement for wet and dry processes,

respectively. The energy use for concrete production is

presented in Table VI.8. Table VI.9 shows the energy use

for the production of asbestos-cement pipe. The energy

consumed in kWh per pound of finished product is given

in Table VI.10.

Figures VI.8, VI.9, and VI.10 show the flow of

energy consumed for the production of one ton of portland

cement, concrete, and asbestos-cement pipe, respectively.

Discussion

There was some difficulty finding sources with

energy coefficients calculated for the materials de-

scribed. Table VI.11 indicates the energy coefficients

found.

The coefficients obtained from Axtell, W. R.

(1975) are close to those calculated. They are slightly

lower because secondary energy was not included. It was

not specified whether reference was made to cement pro-

duced by the wet or the dry process.



Table VI.6. Energy use in wet process production of a ton of portland cement.

Fuel
Equivalent

Process Step
Coal
kWh

Fuel Oil
kWh

Natural
Gas
kWh

Gasoline
& Diesel
kWh

of Pur-
chased
Elec-

tricity
kWh

Secondary
Energy
kWh

Ultimate
Energy
kWh

Mining limestone and cement
rock

Mining clay, shale marl, sand,
and sandstone

0.6

4.1

8.2

5.0

1.5

12.8

2.6

0.3

7.9

3.2

1.3

1.6

22.7

27.1

Transportation 5.0 0.4 5.4

Gypsum mining 0.6 0.6 0.1 1.3

Cement manufacture 711.2 301.3 953.4 335.3 120.2 2421.4

Total Ultimate Energy 2477.3



Table VI.7. Energy use in dry process production of a ton of portland cement.

Fuel
Equivalent

Process Step
Coal
kWh

Fuel Oil
kWh

Natural
Gas
kWh

Gasoline
& Diesel

kWh

of Pur-
chased
Elec-

tricity
kWh

Secondary
Energy
kWh

Ultimate
Energy
kWh

Mining limestone and cement
rock 0.6 8.2 1.5 2.6 7.9 1.3 22.1

Mining clay, shale, marl,
and sandstone 4.1 5.0 12.9 0.3 3.2 1.6 27.1

Transportation 5.0 0.4 5.4

Gypsum mining 0.6 0.6 0.1 1.3

Cement manufacture 899.8 148.9 673.9 350.9 87.5 2158.9

Total ultimate energy 2214.8



Table VI.8. Energy use in the production of a ton of concrete.

Process Step

Fuel
Equivalent
of Pur-
chased

Natural Gasoline Elec- Secondary Ultimate
Coal Fuel Oil Gas & Diesel tricity Energy Energy
kWh kWh kWh kWh kWh kWh kWh

Wet Process

Mining limestone and cement
rock

Mining clay, shale, marl,
sand, and sandstone
Transportation
Gypsum mining
Cement manufacture
Mining of aggregates
Milling of aggregates

Total. Ultimate Energy

Dry Process

Mining limestone and cement
rock

Mining clay, shale, marl,
sand, and sandstone
Transportation
Gypsum mining
Cement manufacture
Mining of aggregates
Milling of aggregates

Total Ultimate Energy

0.2 2.1 0.4 0.7 2.0 0.3 5.7

1.0 1.3 3.2 0.1 0.8 0.4 6.8
1.3 0.1 1.4

0.2 0.2 0.0 0.4
177.8 75.3 238.3 83.8 30.0 605.9
15.3 18.5 47.9 1.1 12.0 6.0 100.8

68.1 159.5 277.9 28.7 534.2

1254.5

0.2 2.1 0.4 0.7 2.0 0.3 5.7

1.0 1.3 3.2 0.1 0.8 0.4 6.8
1.3 0.1 1.4

--- 0.2 0.2 0.0 0.4
225.0 37.1 168.3 87.6 21.9 539.9
15.3 18.5 47.9 1.1 12.0 6.0 100.8

68.1 159.5 277.9 28.7 534.2

1189.2



Table VI.9. Energy use in the production of a ton of asbestos-cement pipe.

Process Step

Fuel
Equivalent
of Pur-
chased

Natural Gasoline Elec- Secondary Ultimate
Coal Fuel Oil Gas & Diesel tricity Energy Energy
kWh kWh kWh kWh kWh kWh kWh

Wet Process

Mining of limestone and cement
rock 0.2 2.5 0.5 0.8 2.4 0.4 6.8

Mining of clay, shale, marl,
sand, and sandstone 1.3 1.5 4.0 0.1 1.0 0.5 8.4

Sand mining 2.3 2.8 7.1 0.2 1.8 0.9 15.1
Transportation --- --- 1.5 0.1 1.6
Gypsum mining 0.2 0.2 0.0 0.4
Cement manufacture 218.3 92.5 292.7 102.9 36.9 743.3
Sand milling 4.8 11.3 19.6 2.0 37.7
Asbestos mining 48.6 59.0 152.7 3.5 38.3 19.2 321.3
Asbestos refining 4109.8 2727.0 232.0 555.4 7624.2
Pipe fabrication 1577.6 1534.2 1018.0 370.0 231.7 4731.5

Total Ultimate Energy 13490.3

Dry Process

Mining of limestone and cement
rock 0.2 2.5 0.5 0.8 2.4 0.4 6.8

Mining of clay, shale, marl,
sand, and sandstone 1.3 1.5 4.0 0.1 1.0 0.5 8.4
Sand mining 2.3 2.8 7.1 0.2 1.8 0.9 15.1
Transportation 1.5 0.1 1.6
Gypsum mining 0.2 0.2 0.0 0.4
Cement manufacture 276.2 45.5 206.7 107.5 26.9 662.8



Table VI.9--Continued

Process Step

Natural
Coal Fuel Oil Gas
kWh kWh kWh

Fuel
Equivalent
of Pur-
chased

Gasoline Elec- Secondary Ultimate
& Diesel tricity Energy Energy
kWh kWh kWh kWh

Sand milling 4.8 11.3 19.6 2.0 37.7
Asbestos mining 48.6 59.0 152.7 3.5 38.3 19.2 321.3
Asbestos refining 4109.8 2727.0 232.0 555.4 7624.2
Pipe fabrication 1577.6 1534.2 1018.0 370.0 231.7 4731.5

Total Ultimate Energy 13409.8
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Table VI.10. Energy coefficients for cement,
and asbestos-cement.

concrete,

Coefficients
y kWh'lb.-1 kWh'kg.-1 10

6
J'kg.-1

Portland wet process 1.24 2.73 9.84
Cement dry process 1.11 2.45 8.81

mean 1.18 2.59 9.33

Concrete wet process 0.63 1.39 5.00
dry process 0.59 1.30 4.68
mean 0.61 1.35 4.84

Asbestos- wet process 6.75 14.88 53.57
Cement dry process 6.70 14.77 53.18
Pipe mean 6.73 14.83 53.38

Table VI.11. Energy coefficients of portland cement, con-
crete, and asbestos-cement obtained from
various sources.

Source

Axtell, W. R.
(1975)

FEA (1975)

Walker, R. P.
(1980)

Portland
Cement

kWh'lb.
-1

Concrete

kWh'lb.
-1

Asbestos-
Cement

kWh'lb.
-1

1.21

1.21

0.56

6.34

6.35

The FEA (1975) figures are close to the numbers

obtained in this study. This result was not expected be-

cause FEA's calculations do not include transportation

and secondary energies.

The numbers given by Walker, R. P. (1980) were

obtained through personal contact. These are a little

lower than those developed in this study. It was not
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specified how they were obtained. However, it is probable

that secondary energy was not included since an individual

plant is not concerned with how much energy was consumed

to produce the fuels used. Interest is only in the amount

of energy consumed in the processes performed in the plant

itself.
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VII. SUMMARY OF RESULTS

There are primarily two methods of computing

energy consumption for material fabrication, as mentioned

in Chapter I.0 of this report. These are (1) the input-

output method and (2) the process analysis approach. The

process analysis approach was the method used in this re-

port. The input-output method as mentioned before is

based on energy flows corresponding to dollar flows be-

tween various sectors of the national economy. Dollar

figures quoted in the input-output matrix are nation- and

industry-wide averages with several different plant sizes

and product types grouped together in a single sector.

As seen in this report, results from the two approaches

do differ because of dissimilar aggregation. The input-

output model tends to be indicative of average nationwide

industry conditions, both in terms of product and plant

size. Conversely, the process analysis approach is indic-

ative of specific product and plant conditions. From the

above reasoning, it was felt that it was a lot easier to

make a mistake in calculating the energy use of a specific

material by the input-output method than the process

analysis one.

Table VII.1 illustrates calculated energy use co-

efficients for irrigation component materials. These



164

coefficients represent ultimate energy requirements. They

were determined by analyzing all process steps from raw

material extraction through final fabrication. Fuel type

or fuel mix were also determined for each process step

as were secondary and transportation energies. The com-

puted coefficients are the only comparable energy require-

ments available for irrigation system component materials.

Table VII.1. Recommended energy use coefficients for se-
lected irrigation system component
materials.

Materials kWhlb. -1 kWhkg. -1
10

6Jkg. -1

Aluminum Tubing 30.09 66.34 238.81

Steel Products 3.97 8.76 31.53

Brass Tubing 18.51 40.81 146.91

Low Density Poly-
ethylene Pipe 16.75 36.93 132.94

High Density Poly-
ethylene Pipe 16.04 35.34 127.30

Polyvinyl Chloride
Pipe 14.65 32.30 116.27

Concrete 0.61 1.35 4.84

Asbestos-Cement Pipe 6.73 14.83 53.38

The presented energy use coefficients were calcu-

lated by either a weighted average or arithmetic mean of

two or more products except in the case of plastic mate-

rials. Aluminum tubing values were weighted based on

relative quantities of welded and extruded tubing. Coeffi-

cients given for steel were calculated as an arithmetic

mean of the coefficients determined for the following
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products: merchant bar, wire, structural steel, wrought

wheels, pipe, and plates. The brass tubing values were

computed from summing fabrication and alloying energies

with weighted average zinc energies and copper refining

energy. Low-density and high-density polyethylene, and

polyvinyl chloride pipe coefficients were obtained from

the calculated energy requirements of each material. Both

concrete and asbestos-cement pipe values were calculated

as arithmetic means of the wet and dry processing

coefficients.

The coefficients presented are recommended because

they are comparable. They were analyzed for all process

steps from raw material extraction through final fabrica-

tion, based on industry-wide manufacturing processes.

Aggregation of several end products, by either arithmetic

mean or weighted average, based on relative production,

were made when necessary. As a result, these coefficients

provide the best representation of the relative energy

consumption between selected irrigation component

materials.
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APPENDIX A

GLOSSARY

Primary Energy: the basic energy source (i.e. coal, re-

fined oil products, natural gas, etc.) required to

produce an irrigation component.

Secondary Energy: the energy required to produce primary

energy (i.e. the mining of coal, refining crude,

etc.).

Secondary Process Energy: the energy required to produce

process equipment.

Miscellaneous Process Energy: the unaccounted energy in

general plant use.

Ultimate Energy: the summation of primary, secondary,

and miscellaneous process energies (i.e. the energy

consumed in a process plus the energy required to pro-

duce the primary energy consumed).

Fuel Equivalent of Purchased Electricity: the quantity

of primary fuels required to produce electricity ac-

counting for generation method, generation efficiency,

and transmission efficiency.


