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1. Introduction 

The American Fiber Manufacturers Association ( AFMA) is exploring ways to evaluate 
and improve the overall environmental impact of the fiber manufacturing process and 
manufactured fiber products. In order to understand the true life cycle consequences, AFMA 
undertook a life cycle inventory study (LCI, also referred to as an ecobalance or a resource 
and environmental profile analysis, or BEPA) of a typical manufactured product and process 
flow -in this case, for a women’s blouse of 100% polyester (poly (ethylene terephthalate) 
or PET) knit fabric. 

The polyester blouse LCI was performed by Franklin Associates, Ltd. on the manufacture, 
use and disposal of the garment. The study uses a comprehensive approach, encompassing 
all energy requirements, atmospheric emissions, waterborne wastes, and solid wastes (both 
industrial and postconsumer). Each major processing step, from the extraction of raw 
materials from the earth to final disposition is included in this cradle-to-grave analysis. 
Detergent manufacture and home laundering are also examined. 

The inventory provides energy and emissions data in physical units, such as Btus of 
energy and pounds of emissions. This should not be confused with risk or impact assessment. 

2. Research protocol 

This study assesses the energy requirements and environmental emissions for manufac- 
ture, use, and disposal of a manufactured fiber product. A short sleeve, pullover women’s 
blouse of 100% knitted polyester filament weighing 0.12 lbs., not having zippers, buttons 
or other findings, was chosen as a simple, yet realistic, garment for study. The term ‘system’ 
in this study is defined as the blouse itself plus all primary and secondary packaging 
components. The analysis involves all steps in the life cycle of each system, including 

* Corresponding author. 

0921-3449/95/$09.50 0 1995 Elsevier Science B.V. All rights reserved 
SSDIO921-3449(95)00019-4 



234 G.G. Smith, R.H. Barker/Resources, Conservation and Recycling 14 (1995) 233-249 

extraction of raw materials from the earth, processing these materials into usable compo- 
nents, fabric production, apparel manufacture, transportation of materials and products to 
the next processing step, blouse laundering (machine washing and drying), and final 
disposition. 

The Society of Environmental Toxicology and Chemistry (SETAC) and the US Envi- 
ronmental Protection Agency (EPA) define life cycle analysis as being composed of three 
separate, but interrelated, components: life cycle inventory, life cycle impact analysis and 
life cycle improvement analysis. The analysis reported here is an inventory, and does not 
purport to evaluate environmental or health impacts or risk. At present, there is no accepted 
methodology for extrapolating from life cycle inventory results to risk assessment. 

3. Methodology 

Franklin Associates, Ltd. has developed a methodology for performing resource and 
environmental profile analyses. This methodology has been documented for the EPA and 
is incorporated in the EPA report, “Life Cycle Assessment Inventory Guidelines and 
Principles”. The methodology is also consistent with the life cycle inventory methodology 
described in the SETAC workshop report, “A Technical Framework for Life cycle Assess- 
ment”. These are the customary peer-reviewed reference documents on this subject. The 
data presented in this report were developed using this methodology, which has been in 
common use for over two decades. 

The first step in performing an LCI is to determine which specific manufacturing processes 
must be evaluated. A complete materials balance is then performed for each individual 
process. A standard unit of output, such as 1000 pounds, is used as the basis for all 

Fig. 1. Flow diagram for the manufacture, consumer use, and disposal of a woman’s knit polyester blouse. 
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calculations. Energy requirements and emissions are determined for each process and 
expressed in terms of the standard unit of output. If marketable coproducts are produced, 
adjustments are made in the materials balance, energy requirements, and emissions to reflect 
the portion of each attributable to the product being considered. 

Once the detailed material balance, energy requirements, and environmental emissions 
have been established for 1000 pounds of output for each process of a system, a master flow 
chart is made (Fig. 1) . This flow chart shows the raw materials from each process that are 
required to manufacture the blouse system components. 

The quantities of energy and solid wastes which result from the entire life cycle have 
been totaled in this study. The various types of energy are converted to Btu equivalents and 
added. Solid wastes are also totaled and presented in both pounds and cubic feet of waste. 
The individual categories of atmospheric and waterborne emissions have not been totaled 
because it is widely recognized that various substances emitted to the air and water differ 
greatly in their environmental effects. 

4. Data sources 

Over the past 20 years, Franklin Associates has performed over 150 life cycle studies 
which have examined the energy requirements and emissions associated with the manufac- 
ture and use of a variety of products and packaging materials. Therefore, many of the basic 
industry descriptions, raw materials requirements, and data for packaging components from 
previous studies are used as a starting point for this analysis. The primary sources used for 
the necessary revisions to the existing database are technical literature, government 
publications, published industry statistics, and personal interviews with industry represen- 
tatives. 

4.1. Resin manufacture 

Polyester resin data were collected from AFMA member companies. Both dimethyl 
terephthalate (DMT) and purified terephthalic acid (PTA) processes were included, as 
were continuous and discontinuous operations. Once all data were gathered, market share 
information was used in developing composite resin data. 

4.2. Fiber manufacture 

Polyester filament fiber data were collected from AFMA member companies. The data 
collection process was very similar to that for resin manufacture and there was some 
ambiguity concerning the boundaries between resin manufacture and fiber production. 

4.3. Fabric manufacture 

Most of the fabric manufacturing data used in this study were extracted from research 
conducted by the Institute of Textile Technology in Charlottesville, VA. The data represent 
the ‘generic’ manufacture of fabric from manufactured fiber. The data were in most cases 
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a general representation of all fabric production operations and not task specific ( texturizing, 
knitting, dyeing, and finishing). The environmental data were also generalized plant data 
and in some cases dated from the mid-1970s. The dyeing process emission data likely 
included other dyes besides the blue dye specifically analyzed in this study. 

4.4. Dye manufacture 

Dye manufacturing data were provided by ETAD (Ecological and Toxicological Asso- 
ciation of the Dyestuff Manufacturing Industry) as representative for the production of 
disperse blue 79: 1. These data were specific to this particular blue dye and would not apply 
to other colors or dye types. 

4.5. Apparel manufacture 

Data were developed by Franklin Associates from confidential apparel industry sources. 
Apparel manufacturing is a very technologically diverse industry and is difficult to assimilate 
into a single ‘average’ value. Fortunately, the impacts from this operation are small and the 
limited data sources are not viewed as a major problem. 

4.6. Consumer use 

The major consumer use processes are home laundry (wash, dry, hot water heating) and 
detergent manufacture. For this study, new research was conducted in the areas of washing 
temperature, load size, and dryer time. For load size and dryer time, the data gathered 
indicated much variability based on operator preference and habits. Because these operations 
have such a large contribution to this life cycle analysis study, it is suggested that additional 
research be conducted to better document data in these areas. 

4.7. Garment disposal options 

Discarded textile products are often reused or recycled. However, documented data 
sources identifying the quantities of apparel products diverted from the waste stream do not 
exist. This analysis chose to focus on manufacturing and consumer use and consequently, 
did not evaluate options other than landfilling and combustion. A more in-depth analysis of 
waste management options may be useful in attempting to identify alternative uses for waste 
apparel products. 

5. Energy requirements 

The average energy requirements for each industrial process are first quantified in terms 
of fuel or electricity units, such as cubic feet of natural gas, gallons of diesel fuel, or kilowatt- 
hours (kwh) of electricity. Transportation requirements are developed in the conventional 
units of ton-miles by each transport mode (e.g., truck, rail, barge, etc.). Statistical data for 
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the average efficiency of each transportation mode are used to convert from ton-miles to 
fuel consumption. 

Once the fuel consumption for each industrial process and transportation step is quantified, 
the fuel units are converted to Btu using conversion factors developed to account for the 
energy required to extract, transport, and process the fuels and to account for the energy 
content of the fuels. The energy to extract, transport, and process fuels into a usable form 
is labeled precombustion energy. For electricity, precombustion energy calculations include 
adjustments for the average efficiency of conversion of fuel to electricity and for transmis- 
sion losses in power lines. 

The life cycle methodology assigns a fuel-energy equivalent to raw materials that are 
derived from fossil fuels. Therefore, the total energy requirement for coal, natural gas, or 
petroleum-based raw materials includes the fuel energy of the material (called energy of 
material resource, or inherent energy). For example, this energy allocation would be applied 
to plastics of which natural gas and petroleum are the primary material resources. No fuel- 
energy equivalent is assigned to combustible materials, such as wood, that are not major 
fuel sources in this country. 

The Btu values for fuels and electricity consumed in each industrial process are summed 
and categorized into an energy profile according to the six basic energy sources: natural 
gas, petroleum, coal, hydropower, nuclear and wood derived (self-generated power in pulp 
mills). 

Also included in the system’s energy profile are the Btu values for all transportation steps 
and all fossil fuel-derived raw materials. 

5. I. Precombustion energy and emissions 

The energy content of fuels has been adjusted to include the energy requirements for 
extraction, processing, and transporting of fuels, in addition to the primary energy of a fuel 
resulting from its combustion. In this study, this additional energy is called precombustion 
energy. Precombustion energy refers to all the energy that must be expended to prepare and 
deliver the primary fuel. Adjustments for losses during transmission, spills, leaks, explo- 
ration, and drilling and mining operations are incorporated into the calculation of precom- 
bustion energy. 

Precombustion environmental emissions (air, water, and solid waste) are also associated 
with the acquisition, processing and transportation of the primary fuel. These precombustion 
emissions are added to the emissions resulting from the burning of the fuels. 

5.2. Electricity 

The national average fuel consumption by electrical utilities is used for most industries. 

5.3. Postconsumer waste combustion 

Except for materials that are recycled or reused, postconsumer waste in the United States 
is normally either landfilled or burned. Based on the national average, approx. 16% of 
postconsumer municipal solid waste, after recycling and reuse, is burned in a combustion 
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facility with the released energy recovered. Energy released from combustion of those 
postconsumer materials not recycled or landfilled is considered an energy credit and is 
subtracted from the total energy requirements of the system. 

Postconsumer solid waste also results from postconsumer materials being burned in 
municipal solid waste (MSW) combustion facilities. The resultant postconsumer solid 
waste is in the form of ash from the burned materials. No atmospheric emissions are included 
with the combustion of the solid waste because no data currently exist detailing the emissions 
produced from burning specific products such as PET blouses. 

5.4. Reuse and recycling 

After the original consumer has discarded an apparel item, several forms of reuse or 
recycling can occur. The product could be landfilled, worn again by another consumer, used 
as a rag, or converted into another product (such as filling or stuffing). The polyester 
product could also be collected and recycled into another polyester product. Very little 
documented statistical data exist on the current reuse and recycling of apparel products. In 
keeping with the conservative assumptions used throughout this analysis, only the disposal 
of apparel products was considered. While apparel is often diverted from the waste stream, 
the lack of appropriate quality data on disposal led the authors of this study to focus the 
analysis upon manufacturing and consumer use. 

5.5. System components not included 

Components of each system not inventoried in this study include: Capital equipment, 
work space conditioning and support personnel requirements. In addition, miscellaneous 
materials and additives, such as catalysts, pigments and other additives which total less than 
1% of the net process inputs are not included in the analysis. 

6. Environmental emissions 

Environmental emissions include air releases, solid wastes, and waterborne wastes. 
Through the various data sources identified earlier, every effort is made to obtain actual 
industry data. Emission standards are often used as a guide when operating data are not 
available. 

The scope of this analysis is to identify where and what wastes are generated through a 
cradle-to-grave analysis of the systems being examined. No attempt has been made to 
determine the relative environmental effects of these emissions. 

6.1. Atmospheric emissions 

These emissions include all state and federally regulated substances reported from the 
individual facility. Emissions are reported as pounds of emission per unit of product output. 
The amounts reported represent actual discharges into the atmosphere after existing emission 
control devices. The emissions associated with the combustion of fuel for process or trans- 
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portation energy as well as the process emissions are included in the analysis. Some com- 
monly reported atmospheric emissions are particulates, nitrogen oxides, hydrocarbons, 
sulfur oxides, carbon monoxide and carbon dioxide. 

6.2. Waterborne wastes 

As with atmospheric emissions, waterborne wastes include all state and federally regu- 
lated substances reported from the individual facility. Waterborne wastes are reported as 
pounds of effluent per unit of product output. The values reported are the average quantity 
of effluents still present in the waste water stream after waste water treatment, and represent 
discharges into receiving waters. Some of the most commonly reported waterborne wastes 
are biochemical oxygen demand (BOD) , chemical oxygen demand (COD), suspended 
solids, dissolved solids, iron, chromium, acid, and ammonia. 

6.3. Solid wastes 

This category includes solid wastes generated from all sources that are landfilled or 
disposed in some other way. This also includes materials that are burned to ash at combustion 
facilities. It does not include materials that are recycled. When a product is evaluated on an 
environmental basis, attention is often focused on postconsumer wastes. Industrial wastes 
generated during the manufacture of the product are sometimes overlooked. It is important 
to examine both industrial and postconsumer wastes. Industrial solid wastes include waste 
water treatment sludges, solids collected in air pollution control devices, trim or waste 
materials from manufacturing operations that are not recycled, fuel combustion residues, 
such as the ash generated by burning coal or wood, and mineral extraction wastes. Postcon- 
sumer solid wastes are the blouses and the packaging materials that are discarded by 
consumers after they have fulfilled their use. The blouses and secondary packaging materials 
become postconsumer wastes if they are not recycled or composted. 

7. Results and discussion 

Results are described on the basis of energy use and releases of emissions to the environ- 
ment (air, water, and land) per one million wearings to avoid the very small numbers 
associated with a single blouse. Raw material requirements to meet the one million wearings 
basis were calculated using an average blouse life span of 40 wearings. Wash load requi- 
rements were calculated by factoring in both load size (20 blouses) and frequency of 
laundering (after every two wearings) . Since the numerical values for a single blouse are 
very small, the results are reported on the basis of one million washings (500 000 launder- 
ings or 25 000 loads of laundry). 

7.1. Energy requirements 

The results of the energy consumption analysis are presented in Table 1 and Fig. 2 and 
Fig. 3, and Fig. 4. Fig. 2 indicates the relative portions of energy consumption attributable 
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Table 1 
Energy requirements for 1 000 000 wearings of polyester blouses 

Process energy Transportation energy Energy of material resource Energy 

mil Btu % of total mil Btu % of total mil Btu % of total % of total 

PET resin manufacture 
PET Fiber 

Manufacture 
Packaging 

Dye manufacture 
Fabric 

Manufacture 
Packaging 

Apparel 
Production 
Packaging 

Detergent 
Manufacture 
Packaging 

Laundry 
Postconsumer disposal 
Total 

64.0 4.0 1.5 0.1 58.6 3.6 7.7 

17.2 1.1 1.1 0.1 
1.4 0.1 0.0 0.0 
5.0 0.3 0.1 0.0 

110.4 6.9 0.7 0.0 
1.9 0.1 0.1 0.0 

0.8 0.1 9.7 0.6 
19.7 1.2 0.5 0.0 

21.1 
10.0 
1273.0 

1524.4 

1.3 2.2 0.1 
0.6 0.3 0.0 
79.2 - - 

0.8 0.0 
94.8 16.9 1.1 

0.2 
0.2 

0.1 

_ 

6.5 
0.5 

66.1 

0.0 1.2 
0.0 0.1 

0.3 

6.9 
0.0 0.1 

0.7 
1.3 

0.4 1.8 
0.0 0.7 

79.2 
0.0 

4.1 100.0 

Source: Franklin Associates, Ltd. 

to consumer use (laundering, manufacture and use of detergent and blouse disposal), blouse 
manufacturing operations (from resin to apparel), and blouse disposal. Approx. 82% of the 
total energy requirements are found to be related to consumer use. Most of this energy is 
consumed during home laundry. Of this energy, approx. two-thirds of the energy is for 
washing (including heating water) and one-third for drying. 

Fig. 3 highlights the blouse manufacturing requirements. Resin manufacture and fabric 
production are the two largest energy-consuming operations in the manufacturing process. 
Resin manufacturing includes all operations from oil and gas extraction through resin 
production. Fabric production includes texturizing, knitting, dyeing, and finishing. It should 

Consumer use 
82% 

Fig. 2. Summary of total energy requirements per million wearings (total energy requirements = 1607.4 mil Btu). 
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Apparel 
10.5% 

241 

Resin 
42.3% 

Fig. 3. Allocation of manufacturing energy requirements. 

be noted that the categories described in Fig. 3 include associated industrial packaging 
requirements. 

In Fig. 4, the consumer use portion of Fig. 2 is assessed. Home laundering is responsible 
for 97% of the consumer use total, while the detergent manufacture requires only 3%. 

7.2. Evironmental emissions 

When interpreting results for emissions or releases to the environment, it is important to 
keep in mind that the data are much more variable than energy data. Variations occur both 
within plants at different times and among different manufacturing sites. 

Solid wastes 
The results of the solid waste generation analysis are presented in Table 2 and Fig. 5 and 

Figs. 6 and 7 and Fig. 8 on a volume basis. Fig. 6 highlights the solid waste contributions 
of the blouse manufacturing operations. Taken together, resin and fiber production account 
for less than 30% of blouse manufacturing-related solid waste. Fabric production and apparel 
manufacture create the largest portion of the waste from the blouse manufacturing opera- 
tions. Because product waste, such as fabric scraps, are collected and recycled, most of this 
waste is related to operating processes, including waste water treatment sledges from the 

Detergent 
manufacture 

3% 

Fig. 4. Allocation of consumer use energy requirements. 
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Table 2 
Solid wastes for 1 000 000 warings of polyester blouses 

Industrial Postconsumer 

process fuel wastes total ind. wastes wastes 
wastes 

lb. ft’ lb. ft3 lb. ft3 lb. ft3 

Pet resin manufacture 
PET fiber 
Manufacture 
Packaging 
Dye manufacture 
Fabric 
Manufacture 
Packaging 
Apparel 
Production 
Packaging 
Detergent 
Manufacture 
Packaging 
Laundry 
Postconsumer disposal 
Total 

29.9 0.6 448.8 9.0 478.7 9.6 - - 

25.0 1.5 288.0 5.8 313.0 7.3 - _ 

4.1 0.1 13.6 0.3 17.7 0.4 - - 
15.3 0.3 56.8 1.1 72.1 1.4 - _ 

30.3 1.9 950.7 19.0 981.0 20.9 - - 
6.3 0.4 18.6 0.4 24.9 0.8 - - 

30.0 1.9 16.4 0.3 46.4 2.2 - - 
69.2 1.4 198.4 4.0 267.5 5.4 422.6 15.1 

231.6 4.6 
30.6 1.9 

_ 

472.4 14.6 

78.2 1.6 309.7 6.2 
98.5 2.0 129.1 3.9 349.1 13.2 
17 005.1 340.1 17 005.1 340.1 3250.0 65.0 
0.2 0.0 0.2 0.0 2511.0 155.9 
19 173.1 383.5 19 645.4 398.0 6532.7 249.2 

Source: Franklin Associates, Ltd. 

dyeing process and wastes produced during energy generation. Most of the solid waste 
produced during apparel manufacturing is created from packaging used in transporting the 
finished blouses to the retailer and consumer (packaging discarded from operations prior 
to apparel production is classified as industrial, rather than postconsumer, waste). Again, 
cuttings and fabric scraps are generally collected for recycling and not considered as waste. 

Fig. 5 depicts a particularly surprising result. Almost 90% of the solid waste generation 
occurs after completion of the manufacturing process and is directly related to consumer 

Manufacturing 
10% 

Blouse disposal 
24% 

Consumer use 
66% 

Fig. 5. Summary of total solid wastes per million wearings (total solid wastes = 647.3 ft3). 
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Resin 

4re 
2.3% 

Fig. 6. Allocation of manufacturing created solid wastes. 

Detergent 
manufacture 

5% 

Fig. 7. Allocation of consumer use solid wastes. 

Process-related 
2% 

Postconsumer 
38% 

uel-related 
59% 

Fig. 8. Allocation of solid wate by type (by volume) 
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Table 3 
Summary of environmental emissions for 1 000 000 wearings of polyester blouses 

Process pollutants Fuel-related 
pollutants 

Total pollutants 

Atmospheric (lb.) 
Particulates 
Nitrogen oxides 
Hydrocarbons 
Sulfur oxides 
Carbon monoxide 
Aldehydes 
Methane 
Other organics 
Odorous sulfur 
Kerosene 
Ammonia 
Hydrogen fluoride 
Antimony 
Lead 
Mercury 
Chlorine 
Acetaldehyde 
1 ,CDioxane 
Ethylene glycol 
Dowtherm 
Sulfuric acid 

Waterborne (lb.) 
Acid 
Metal ion 
Fluorides 
Dissolved solids 
Suspended solids 
BOD 
COD 
Phenol 
Sulfides 
Oil 
Sulfuric acid 
Iron 
Cyanide 
Alkalinity 
Chromium 
Aluminum 
Nickel 
Mercury 
Lead 
Phosphates 
Phosphorus 
Nitrogen 
Zinc 
Ammonia 
Pesticides 
Other chemicals 

20.75 
5.14 
82.11 
14.35 
44.47 
1.90 
_ 

13.74 
0.098 

0.052 
0.017 
3.6E-06 
0.019 
5.3E-05 
0.83 
0.060 
0.0030 
0.060 
0.060 
3.OE-05 

0.59 

8.5E-04 
3399 
79.94 
338 
550 
0.010 
0.062 
13.41 

_ 

0.43 
0.013 

- 

3.0%07 

57.51 

0.027 
_ 

1.73 
l.lE-04 
2.3E-04 

525 
915 
469 
1377 
272 
2.52 
1.89 
10.09 

0.046 
0.3 1 

0.0024 

112 
27.99 

146 
047 
0.3 1 
0.87 
0.079 
0.079 
0.16 
0.97 
83.15 
- 

- 

_ 

545 
920 
551 
1391 
317 
4.42 
1.89 
23.83 
0.098 
0.046 
0.37 
0.017 
3.6E-06 
0.021 
5.3E-05 
0.82 
0.060 
0.0030 
0.060 
0.060 
3.OE-05 

112 
27.99 
8.5E-04 
3545 
80.42 
338 
551 
0.089 
0.14 
13.56 
0.97 
83.15 

0.43 
0.013 

3.OE-07 

57.5 1 

0.027 

1.73 
l.lE-04 
2.38-04 

Source: Franklin Associates, Ltd. 
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use and disposal, This consumer use value includes municipal wastewater treatment sludge 
created from the washing operation; wastes related to energy generation, detergent produc- 
tion and packaging; and, ultimately, postconsumer disposal of the blouses. 

The solid waste produced by consumer use is analyzed in Fig. 7. Laundering produced 
95% of the solid waste, as compared to the detergent manufacture, which only generated 
5%. As mentioned above, the solid waste from laundering includes municipal wastewater 
treatment sludge created from the washing operation and wastes related to energy generation. 

In Fig. 8, solid waste is categorized by type: process-related, fuel-related, or postconsu- 
mer. As shown in the figure, almost 60% of the total solid waste is fuel-related, i.e., from 
fuel combustion to produce the energy needed in the system. 39% of the total is postcon- 
sumer solid waste, primarily the discarded garments. Only 2% of the total volume is 
generated directly by the manufacturing process. 

Atmospheric and Waterborne Emissions 
Table 3 describes the atmospheric and waterborne emissions from manufacture, use, and 

disposal. The interpretation of these emissions is quite complex because of the diversity of 
chemicals released to the environment. Thus, only the major emission categories will be 
discussed. 

The largest air emissions, by weight, were found to be: particulates, nitrogen oxides, 
hydrocarbons, sulfur oxides, carbon monoxide and carbon dioxide. Most of these emissions 
were related to the generation of energy, in particular, electricity for the laundering process. 
Over half of the emissions for each of these five categories is related to the fuels consumed 
in the laundry operation. 

Similar patterns of environmental releases can be found in examining the waterborne 
effluents. The six largest effluents on a weight basis are: dissolved solids, chemical oxygen 
demand (COD), biochemical oxygen demand (BOD), acid, iron, and suspended solids. 
Wastewater from the laundry operation accounted for large quantities of BOD, COD, 
suspended solids, and dissolved solids. Acid and iron releases came mostly from the burning 
of fossil fuels associated with the generation of energy. 

8. Reliability of results 

In a complex study of this type, the accuracy of the data and how they affect conclusions 
is complicated and does not lend itself easily to standard error analysis techniques. However, 
the reliability of the study can be assessed in other ways. 

8.1. Validity of data 

The best available numbers have been used in this study; however, there is no analytical 
method for assessing the accuracy of each number to any degree of confidence. In many 
cases, plant personnel reported actual plant data. The data reported may represent operations 
for the previous year, or may be representative of current operations. All data were scruti- 
nized to evaluate whether they are representative of the type of operation or process being 
evaluated. 
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Another factor impacting the reliability of the data is the variability of common practice. 
This study reports average, or typical, behavior and, therefore, does not apply to individual 
actions that deviate from the norm. Also, a particular set of material suppliers was used to 
provide data for this study. If a different set of suppliers were used to develop the average 
data, the average data might vary enough to affect the results reported. 

8.2. Validity of assumptions used 

One of the most important set of assumptions is the nature of the garment studied. 
Obviously, different fiber or fabric types could lead to vastly different results, although the 
ultimate conclusions may or may not be similar to those reached here. Even within a given 
fiber fabric and garment type, garment weight is a particularly critical factor. This number 
is multiplied manyfold during the analysis and is one of the most important in determining 
final results. 

The other major assumptions affecting the results of this study involved the consumer 
use and maintenance of the product. Life span (number of wearings) and laundering 
practices had the single largest effect on the study results. For example, doubling the wear 
life would essentially halve the raw material requirements. Changes in apparel maintenance 
habits (blouses per wash load or wearings between laundering) would significantly alter 
the single largest component of this study, laundering. Where assumptions were made 
regarding consumer use and maintenance, a conservative approach was taken, choosing the 
lower impacts for these operations (i.e., putting the greater burden on the production 
operations). 

Because of the importance of the consumer use assumptions, sensitivity analysis was 
performed on several key laundering variables. Based on energy consumption, the two 
critical variables appeared to be wash temperature and dryer time. 

The baseline wash water temperature was 94”F, common for a ‘warm’ wash cycle. The 
rinse cycle was carried out at ambient temperature. The energy consumption effects of 10°F 
changes in wash temperature, as well as the effect of using ‘cold’, or ambient temperature, 
wash water, are shown in Fig. 9. The use of a ‘cold’ wash cycle completely eliminated the 
need for heating the wash water and resulted in an overall reduction in laundering energy 
consumption of more than 60%. Changing the wash temperature by 10°F resulted in approx. 
a 14% change in overall laundering energy usage. Similar changes in fuel-related air, water 
and solid waste emissions should also be expected, based on the previously described 
findings that fuel-related environmental emissions follow trends similar to energy use. 

Because of the hydrophobic nature of polyester, the baseline time for machine drying of 
the blouse was set at 15 min. Variations of the machine drying scenario are depicted in 
Fig. 10. Elimination of machine drying reduces the overall laundering energy consumption 
by approx. 3 1%. A 10 min variation in drying time accounts for nearly a 21% change in the 
overall laundering energy consumption. Because both of these variations involved changes 
in fuel consumption, similar changes in fuel-related emissions are anticipated. 

As shown in Fig. 11, a cold wash coupled with line drying reduces the laundering energy 
requirements by more than an order of magnitude. 
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Fig. 10. Energy requirements for one laundry load wash cycle with varying drying time (95°F constant water 
temperature). 
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Fig. 11. Energy requirements for one laundry load high low energy comparison. 

8.3. Peer review of data, assumptions and conclusions 

Commonly accepted life cycle analysis methodology calls for peer review of the study 
for validity and reasonableness. However, because this study was conducted by a group 
comprising virtually all the major domestic fiber manufacturers, no functional peer group 
could be identified. Thus, in lieu of peer review, the study report was circulated to related 
trade associations, electric utility companies and industry energy consultants, environmental 
groups and appropriate government agencies for review and comment. The results and 
discussion presented here include the comments received. 

9. Learnings and path forward 

Life cycle analysis of consumer products, such as fabrics and garments, has been shown 
to be feasible, although lack of information regarding consumer behavior requires more 
assumptions than other types of life cycle analysis. Data gathering and limiting assumptions 
were both very time- intensive operations of this study. As is typical with research efforts 
of this magnitude, data were developed from many different sources: government references, 
company specific, and industry provided. Collecting data from each of these sources 
‘involved both a large amount of time (approx. 8 months) and extensive follow-up conver- 
sations to verify the data. For the most part, industry data were readily available with the 
difficulty being in locating the correct person to provide the data. Consumer use data proved 
much more difficult to locate. 
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A company undertaking a life cycle analysis study of similar scope will be faced by 
several data-gathering challenges. As mentioned earlier, consumer use and maintenance 
data proved very difficult to locate for this study. The data that did exist were often too 
broad in scope to be applied to the specific nature of this study. It is hoped that more research 
will be conducted into several areas of consumer use and apparel maintenance. Specifically, 
research is needed in the areas of apparel life span and laundering habits. In terms of apparel 
life span, it would be useful to conduct research into the average number of wearings and 
chronological life span from purchase to disposal. Laundering habit research into number 
of wearings between laundering, wash load size, wash load temperature, and dryer time 
requirements would be extremely beneficial to future LCA researchers. 

Even in the absence of impact analyses, the overwhelming effect of blouse laundering 
leads to the conclusion that the greatest environmental good would come from product 
improvement efforts aimed at development of enhanced ‘easy care’ fabrics, more amenable 
to cold water laundering and low energy drying. Efforts are also needed to improve the 
efficiency of home laundering devices. On a relative scale, modification of production 
processes does not appear to have as great a potential for reduction of the environmental 
consequences from the manufacture, use and disposal of a lightweight polyester garment. 


