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LCI SUMMARY FOR FOUR HALF-GALLON MILK CONTAINERS


This summary evaluates the life cycle inventory results for 10,000 half-gallon milk containers. The four types of half-gallon milk container are produced from polylactide (PLA), high-density polyethylene (HDPE), glass, and paperboard (gable top carton). The same methodology utilized in the report, Life Cycle Inventory of Five Products Produced from PLA and Petroleum-Based Resins, is also used in this analysis. The goal, scope, and boundaries of this summary are equivalent with those of the LCI cited except where noted in this summary.

The end-of-life scenarios used in this analysis reflect the current recycling rates of the containers studied. No composting has been considered in this analysis. HDPE and glass milk containers are commonly recycled, and so their end-of-life scenario includes a recycling rate.
 The glass milk container also includes eight reuses before it is either recycled or disposed. The PLA containers do not have a recycling infrastructure currently set up; therefore no recycling has been considered in this analysis. Gable top cartons are recycled at a rate of approximately 1 percent; therefore no recycling has been considered in this analysis.

The weights of the milk containers are shown in Table 1. In order to express the results on an equivalent basis, a functional unit of equivalent consumer use (10,000 container uses) was chosen for this analysis.

Limitations and Assumptions

Key assumptions of the LCI of milk containers are as follows:

· Caps are included in this analysis. The cap/spout is also included for the gable top carton. The labels and/or printing for each of the containers are considered negligible by weight and results compared to the containers themselves and are not included in the analysis.

· No filling, retail storage, or use are included in this analysis as these are considered similar for each of the containers. Transport from the filler to the retail is not included in this analysis. Although the glass bottles have a much heavier weight, the conclusions of this report do not change whether this transportation step is included or not.
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Source:  Franklin Associates, a Division of ERG

(1)  The glass bottle is assumed to be reused 8 times before it is either landfilled or recycled. The recovery rate for the reuse of 

the glass bottle is 70 percent and the breakage rate is 1 percent. This reuse decreases the number of bottles needed for the basis.

Table 1

WEIGHTS FOR HALF-GALLON MILK CONTAINER SYSTEMS



Weight per unit

(Basis:  10,000 milk container uses)


· This analysis is representative of U.S. production. The U.S. LCI Database is used for the HDPE and LDPE resins in this analysis. Only the fabrication process data for the plastic bottles comes from the PlasticsEurope database, which is European data. The U.S. fuel precombustion and combustion data are used with this European fabrication data. The glass bottle and gable top carton LCI data comes from the Franklin Associates database using various sources including primary (collected) data.

· Erwin Vink of NatureWorks provided a journal paper, currently under peer review, that included the NatureWorks 2005 PLA data used in this report. Mr. Vink’s LCA of PLA uses the same model as the PlasticsEurope database.

· Only the 2005 PLA dataset from the NatureWorks journal paper was used in this analysis. The choice to not present the 2006 PLA data with credit given for wind energy credits taken was made based on the fact that any manufacturer of resin/paperboard/glass could buy those same credits. However, the datasets used in this report are based on industry averages of many manufacturers versus the PLA data coming from just one company, NatureWorks.

· Franklin Associates staff estimated the energy for the drying of PLA resin, a hygroscopic resin, from specifications found on ConAir’s website for the dehumidifying dryer, CD1600. The kW provided on the specifications sheet represent maximum power expended for the dryer.

· Transportation from the PLA resin producer to the product fabrication are

· 96 ton-miles by combination truck, and

· 96 ton-miles by rail.

· HDPE milk containers are assumed to be blow molded at the filler. This is commonly done at large dairy plants, which service a 2-3 state region. HDPE resin is commonly produced in the Texas/Louisiana area. The transportation distance assumed from HDPE resin producer to the large dairy plants is

· 321 ton-miles by combination truck, and

· 321 ton-miles by rail.

· Gable top cartons are assumed to be formed at the filler. This is commonly done at large dairy plants, which service a 2-3 state region. The transportation distance assumed from a major gable top carton producer to large dairy plants is

· 350 ton-miles by combination truck.

· The higher heating values used for the resins analyzed in this chapter are PLA—8,170 Btu/lb, HDPE/LDPE—19,965 Btu/lb, paperboard—7,261 Btu/lb, and glass—0 Btu/lb.

· The global warming potentials used in this study were developed in 2001 by the International Panel of Climate Change (IPCC). The 100 year GWP used are as follows: fossil carbon dioxide—1, methane—23, nitrous oxide—296, CFC/HCFCs—1700, and methylene chloride—10.

· The Franklin Associates LCI models were used to calculate fuel production and delivery energy and emissions for drying, PLA resin transportation, and disposal steps. There may be small differences between the Franklin Associates model and the Boustead model used by NatureWorks.

· Weights for the HDPE bottle, PLA bottle, gable top carton, and their caps/seals were taken from the report, A Study of Packaging Efficiency as it Relates to Waste Prevention prepared by the Editors of the ULS Report, February, 2007. (http://www.plasticsresource.com/s_plasticsresource/docs/1900/1875.pdf)

· The weight of the glass bottle and its cap/seal is an average from the weighing of two glass bottles and their caps (different milk producers) by Franklin Associates staff. The difference between these weights is less than 1 percent for each of the weights of the two bottles and two caps/seals.

· Contact was made with both of the local milk producers (Shatto Milk Company and Green Hills Harvest) who provided input on return rate, reuse rate, and breakage rate. This analysis assumes that the return rate for the glass milk bottles is 70 percent; the reuse rate is 8 times; and the breakage rate is 1 percent. These estimates are meant to represent an average of all milk producers using glass bottles. Each individual milk producer may have higher or lower rates than those used in this analysis.

· Glass commonly contains a percentage of recycled content. In this analysis, the glass milk bottles contain 35 percent cullet. Of this cullet, 80 percent is from postconsumer sources. This was verified with a major glass bottle producer.

· Currently, it is estimated that about 80 percent of discarded municipal solid waste (MSW) in the U.S. that is not diverted for reuse, recycling, or composting is landfilled, and the remaining 20 percent is burned in waste-to-energy facilities. Therefore, combustion of 20 percent of the postconsumer materials that are discarded and not reused, recycled, or composted is included in this study. In the LCI energy results, an energy credit for waste-to-energy combustion of 20 percent of disposed system components is assigned to each system.

· The waste management activities of landfilling and combustion are complex systems that result in a broad range of combustion emissions, and emissions from aerobic and anaerobic decay. It is possible to estimate theoretical or maximum CO2 emissions based on complete combustion of the carbon content of materials; however, it is difficult to predict the actual combustion products resulting from burning these materials in a mixed solid waste stream with unknown moisture content and unknown combustion efficiency. Until such data is of similar quality as the other data in Franklin Associates database is available, we are reluctant to include end-of-life CO2 estimates in our models.

ADDITIONAL METHODOLOGY


As stated earlier in this report, the methodology for this report is the same as found in the report, “Life Cycle Inventory of Five Products Produced from PLA and Petroleum-Based Resins.” However, recycling and reuse were not considered in that report and so discussions of those methodologies follow.

Recycling

In this study, open-loop recycling was evaluated for the HDPE milk container at its average recycling rate of 29 percent. In an open-loop system, a product made from virgin material is manufactured, recovered for recycling, and manufactured into a new product which is generally not recycled. This extends the life of the initial material, but only for a limited time. Thus, for open-loop recycling, the energy and emissions of virgin material manufacture, recycling, and eventual disposal of the recycled material are divided evenly between the first and second product. This analysis inherently assumes that the recycled material replaces virgin material when producing the second product.

The recycling of the glass milk containers is considered closed-loop recycling. As a material, glass can be recycled a large number of times before it becomes too brittle and eventually must be disposed. In closed-loop recycling, the number of recycling “loops” is assumed to be sufficiently large so as to make the virgin inputs and disposal negligible to the study. The average recycling rate for glass bottles in the U.S. is 15 percent.

Reuse

The modeling of the reusable glass bottle system in this analysis is based on a system operating at steady state. In order to initially establish a reusable container system, a supply of containers must be in place at various points throughout the system in order to ensure that a sufficient number of containers is circulating between the dairy, retail stores, and consumers’ homes. In interpreting the results of this analysis, it is important to understand that the environmental burdens and costs associated with establishing the reusable bottle system are not included in this analysis. Once the system is established, however, each shipment of milk in reusable glass bottles is essentially withdrawing container uses from the established pool of containers. Thus, in this analysis the environmental burdens for the reusable glass bottle system are based on replacing the number of glass bottles “used up.” This number is calculated based on the number of bottles of milk shipped, the percent of bottles that are returned by consumers for reuse, the lifetime trips for reused bottles, and the breakage rate.

This analysis assumes that 70% of reusable bottles are recovered and reused, with a 1% breakage rate during collection and washing, and 30% of the bottles are not returned by consumers. Bottles that are kept in circulation are assumed to be used 8 times during their life. Thus, the number of new bottles that must be added into the system each time a shipment of 10,000 bottles of milk goes out is: 3000 new bottles (to replace the 30% not returned) and 1/8 of a bottle for each of the 7000 returned bottles that are assumed to be reused 8 times during their life. The reused bottle number is scaled up by 1% to account for replacement of broken bottles.

LCI Results summary

Based on the uncertainty in the data used for energy, solid waste, and emissions modeling, differences between systems are not considered meaningful unless the percent difference between systems is greater than the following:

· 10 percent for energy and postconsumer solid waste

· 25 percent for industrial solid wastes and for emissions data.

Percent difference between systems is defined as the difference between energy totals divided by the average of the two system totals. The minimum percent difference criteria were developed based on the experience and professional judgment of the analysts and are supported by sample statistical calculations (see Appendix A).

The complete LCI results include energy consumption, solid waste generation, and environmental emissions to air and water. A summary of the total energy, postconsumer solid waste, and total greenhouse gas emissions results for the four milk containers is displayed in Table 2.

Although the HDPE bottle system requires the lowest amount of energy, the total energy for the gable top carton is not considered significantly different than the total energy for the HDPE bottle system. The PLA milk containers require significantly more energy than the competing milk containers. It should be noted that if the energy of material resource were not included in the PLA bottle system, the total energy would be 47.5 million Btu and would not be significantly different from the glass bottle system’s total energy.

The postconsumer solid waste by weight is highest for the glass milk container system. This is due to the weight of the glass. Although recycling and reuse of the glass is taken into account, the weight of the glass makes the disposed amount over 5 times heavier than any of the other systems. It should be noted that although the glass system does produce a greater amount of solid waste by weight, the crushed glass itself is inert within a landfill. Because the glass can be crushed finely, the volume of the postconsumer solid waste for the glass system is actually lower than the PLA bottle system, which produces the highest volume of postconsumer solid waste. The gable top carton system has the lowest postconsumer solid waste by volume. The landfill density of paperboard cartons is higher than the plastic bottles as the paperboard can easily be crushed flat. The landfill density of the two plastic bottles is the same. However, the HDPE bottle includes recycling which subtracts from the amount being disposed in a landfill.

The heavy weight of the glass combined with the carbon dioxide from the fuel precombustion and combustion during the production of glass makes the amount of carbon dioxide equivalents greater than the other systems. In the PLA bottle and gable top carton systems, the biomass combusted reduces the amount of carbon dioxide equivalents for those systems. The carbon dioxide released for the corn and wood wastes combusted for energy are considered to be from a non-fossil source and therefore not included in the greenhouse gas amounts in Table 2.
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Half-gallon milk container systems

PLA Bottle  (1)

66.0
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80.7
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Gable Top Carton (1)

42.5

1,248

46.5

4,341

Glass Bottle (2)
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39.8
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(1) End-of-life for this system is modeled with 80% going to a landfill and 20% combusted with energy recovery.

(2) End-of-life for this system is modeled with 15% recovered for recycling, 68% going to a landfill, and

     17% combusted with energy recovery. However, the energy recovery is only available for the cap/seal.

(3) End-of-life for this system is modeled with 29% recovered for recycling, 57% going to a landfill, and

     14% combusted with energy recovery.

Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, LLC and PlasticsEurope.

Table 2

TOTAL ENERGY, POSTCONSUMER SOLID WASTE, AND GREENHOUSE GASES 

FOR THE USE OF 10,000 HALF-GALLON MILK CONTAINERS





Postconsumer 

Solid Waste


Complete LCI Results


Tables 3 through 7 display the complete LCI results for this analysis. The energy results are shown in Table 3; the solid waste results are shown in Table 4; the comprehensive atmospheric emissions in Table 5, the greenhouse gas emissions in Table 6, and waterborne emissions in Table 7.

Energy

Franklin Associates commonly uses the energy categories—process energy, fuel-related energy, and energy of material resource. These energy categories are shown in Table 3 for each of the milk container systems. The definitions of energy categories used in the Franklin Associates model and the energy categories used in the Boustead model are not identical in boundaries. The Boustead model categories, energy content of delivered fuel and fuel production and delivered energy, have been summed into the Franklin Associates’ process energy category. It was not possible to allocate the transport energy part of the fuel production and delivered energy. This small amount of energy is included in the process energy category and does not affect the results of this analysis.

The combustion energy credit, which is the credit for the recovered energy from combustion of the final product in an incinerator, is shown separately in Table 3; however, the recovered energy from processes within the production of the materials are already included in the process energy.

From Table 3, assuming current end-of-life scenarios, the PLA bottle system requires the most total energy to produce. There is a 30 percent difference between the required energy of the PLA system and the glass system, which requires the next greatest amount of energy. The per pound energy of glass is much lower than the per pound energy of plastics, but the glass container is much heavier than the plastic containers. The total energy for the HDPE bottle and gable top carton systems have a 7 percent difference, and therefore these milk containers are not considered significantly different. The total energy for the HDPE bottle system is considered significantly less than the PLA bottle and glass bottle systems.

The energy of material resource (or feedstock energy) comprises more than half of the total energy in the HDPE bottle system. The energy of material resource shown for the gable top carton and glass systems are from the cap/seal production and the LDPE coating used on the carton. The energy of material resource category makes up 28 percent of the total energy for PLA. The PLA resin has been given feedstock energy in the NatureWorks report—most of this feedstock energy represents the corn used as raw material. It is true that the use of corn as a fuel (ethanol) has been increasing over the past few years. Franklin Associates does not commonly assign a fuel-energy equivalent to combustible biomass materials, such as corn, that are not major fuel sources in this country. However, the corn feedstock energy was included to follow NatureWorks’ basic approach and methodology.

Process energy comprises more than half of the total energy for the PLA bottle, gable top carton, and glass bottle systems. The transport energy is small for the HDPE bottle, PLA bottle and gable top carton systems. The glass bottle system transport energy is 20 percent of its total energy. This is due in part to the heavier bottle weights, as well as the additional transport needed to reuse the bottles.


The combustion energy credit is given for the energy collected at a waste-to-energy facility using a national average of 20 percent of the postconsumer waste. As glass does not combust readily, only the cap/seal of the glass system accounts for the credit given, which is approximately 1 percent of the system’s total energy. The combustion energy credit for the HDPE bottle system decreases the total energy by almost 10 percent, with the remaining systems decreasing by 5 percent or less of their total energy amounts. This larger credit for HDPE is due to its higher heating value being greater than that of the PLA and paperboard.


For the most part, the conclusions for the net energy are identical to those of the total energy. The only conclusion that differs is the net energy for the HDPE bottle system can be considered significantly less than the net energy of the gable top carton system.
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(1) End-of-life for this system is modeled with 80% going to a landfill and 20% combusted with energy recovery.

(2) End-of-life for this system is modeled with 15% recovered for recycling, 68% going to a landfill, and

     17% combusted with energy recovery.

(3) End-of-life for this system is modeled with 29% recovered for recycling, 57% going to a landfill, and

     14% combusted with energy recovery.

Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, LLC, the Franklin 

Associates database, and the U.S. LCI Database.

Energy Category (percent)

Energy Category

Table 3

Energy by Category for Half-Gallon Milk Containers

(MM Btu per 10,000 half-gallon milk container uses)

(4) The combustion energy credit includes a credit for the recovered energy from combustion of the final product at an incinerator. 

Any recovered energy from the material production  processes are subtracted out of the total.


As shown in Figure 1, over 95 percent of the total energy required for the HDPE and glass milk container systems comes from fossil fuels. In the glass bottle system, almost all of the energy from fossil fuel is combusted during the production of the glass and the cap/seal. In the HDPE bottle system, almost 60 percent of the energy from fossil fuel is feedstock energy and so not combusted during the bottle’s life. The remaining non-fossil energy for these two systems comes from the production of electricity.

Energy from fossil fuels is utilized for 63-65 percent of the total energy for the PLA and gable top milk containers. The remaining non-fossil energy for the gable top carton comes from the use of wood wastes to produce energy within the paper mill. For the PLA bottle, not only does this non-fossil energy come from the use of biomass wastes to produce energy, but also this includes the feedstock energy for the PLA itself.
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Solid Waste

Solid waste, shown in Table 4, is categorized into empirical categories as shown in the Boustead model used by NatureWorks. Also included in the solid waste table are the common Franklin Associates solid waste categories—process, fuel-related, and postconsumer wastes, which are the wastes discarded by the end users of the product. Due to the differences in solid waste categories, no industrial (process + fuel-related) solid waste comparisons have been made between the PLA bottle system and other systems. Only postconsumer solid waste comparisons were made for all of the milk container systems. Postconsumer solid waste amounts are shown by both weight and volume.

No solid waste data were provided in Erwin Vink’s journal paper for the PLA (2005) resin. The solid waste data shown for the PLA resin in Table 4 are estimated from the PLA (2006) dataset.
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(2) Disposal of postconsumer solid waste is modeled with 80% going to a landfill and 20% combusted with energy

     recovery.

(3) Disposal of postconsumer solid waste is modeled with 15% recovered for recycling, 68% going to a landfill, and

     17% combusted with energy recovery. The glass bottle is assumed to be used 8 times before its end-of-life.

(4) Disposal of postconsumer solid waste is modeled with 29% recovered for recycling, 57% going to a landfill, and

     14% combusted with energy recovery.

(1) No solid waste data were provided in Mr. Vink's journal paper for the PLA(2005) resin. The data shown for the resin is 

estimated from the PLA(2006) dataset and does not include the solid waste reduction associated with the purchase of wind energy 

credits

Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, LLC, the 

Franklin Associates database, and the U.S. LCI Database.

Table 4

Solid Wastes for Half-Gallon Milk Containers

(lb per 10,000 half-gallon milk container uses)
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System  (4)

PLA Bottle 
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Glass Bottle 

System  (3)

Gable Top 

Carton 

System  (2)



The HDPE bottle system produces the least amount of process solid waste, while the glass bottle system produces the greatest amount. The fuel-related solid waste for the HDPE and glass bottle systems cannot be considered significantly different; the gable top carton system produces the greatest amount of fuel-related solid waste.

The postconsumer solid waste is dependent on the end-of-life scenario chosen. The end-of-life scenarios used in this analysis reflect the current recycling and reuse rates of the containers studied. Based on the U.S. average combustion of mixed municipal solid waste, 20 percent of the disposed weight is combusted in waste-to-energy facilities and then subtracted out of the total postconsumer wastes. The weight of postconsumer wastes is directly related to the weight of a product. Therefore, heavier products produce more postconsumer solid wastes. For the half-gallon milk containers, the glass milk container is the heaviest and so produces the highest weight of postconsumer solid waste by far. This includes a reuse rate of 8 times and a recycling rate of 15 percent. The HDPE bottle system weighs the least and includes a 29 percent recycling rate, and so produces the least amount of postconsumer solid waste by weight.

Landfills fill up because of volume, not weight. While weight is the conventional measure of waste, landfill volume is more relevant to the environmental concerns of land use. The problem is the difficulty in deriving accurate landfill volume factors. However, Franklin Associates has developed a set of landfill density factors for different materials based upon an extensive sampling by the University of Arizona. While these factors are considered to be only estimates, their use helps add valuable perspective. Volume factors are estimated to be accurate to +/- 25%. This means that waste volume values must differ by at least 25 percent in order to be interpreted as a significant difference.

Although the glass system does produce a greater amount of solid waste by weight, the crushed glass itself is inert within a landfill. Because the glass can be crushed finely, the volume of the postconsumer solid waste for the glass system is actually lower than the PLA bottle system. However, the postconsumer solid waste by volume for the glass and PLA systems cannot be considered significantly different (13 percent difference). The gable top carton system has the lowest postconsumer solid waste by volume. The landfill density of paperboard cartons is higher than the plastic bottles as the paperboard can easily be crushed flat. The landfill density of the two plastic bottles is the same. However, the HDPE bottle includes recycling which subtracts from the amount being disposed in a landfill.

Environmental Emissions

Atmospheric and waterborne emissions for each system include emissions from processes and those associated with the combustion of fuels. Table 5 presents atmospheric emissions emitted, and Table 7 shows waterborne emissions released for the use of 10,000 milk containers. Table 6 gives a greenhouse gas summary for each of the systems analyzed.

It is important to realize that interpretation of air and water emission data requires great care. The effects of the various emissions on humans and on the environment are not fully known. The degree of potential environmental disruption due to environmental releases is not related to the weight of the releases in a simple way. No firm conclusions can be made from the various atmospheric or waterborne emissions that result from the product systems. The atmospheric and waterborne emissions shown here represent systems totals and are not separated by life cycle stage or process and fuel-related emissions.
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Hg+compounds as Hg

2.8E-06

4.1E-04
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0

0
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0.42

0.17
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0

0
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6.9E-08

1.6E-04
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5.8E-09

3.5E-09
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CH4
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aromatic HC not specified elsewhere

0.0016
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6.1E-05

3.5E-05

polycyclic hydrocarbons (PAH)

5.6E-07

9.1E-06

6.6E-06

6.5E-06

NMVOC

0.54

0.58

1.91

1.14

methylene chloride CH2Cl2

1.1E-05

0.0044

2.6E-04

1.2E-04

Cu+compounds as Cu

6.8E-07

1.3E-06

1.3E-05

7.4E-07

As+compounds as As

1.3E-05

5.1E-04

1.6E-04

1.4E-04

Cd+compounds as Cd

2.1E-06

1.1E-04

5.7E-05

2.7E-05

Zn+compounds as Zn

3.5E-06

8.7E-07

8.9E-06

4.9E-07

Cr+compounds as Cr

8.9E-06

4.3E-04

1.3E-04

9.8E-05

Se+compounds as Se

3.7E-05

6.4E-04

0.032

4.2E-04

Ni+compounds as Ni

4.5E-05

0.0026

0.0017

4.9E-04

Sb+compounds as Sb

9.7E-07

1.2E-04

5.9E-06

5.8E-06

Table 5

Atmospheric Emissions of Half-Gallon Milk Containers

(lb per 10,000 half-gallon milk container uses)


[image: image7.wmf]PLA Bottle 

System

Gable Top 

Carton 

System

Glass 

Bottle 

System

HDPE 

Bottle 

System

Atmospheric Emissions 

dioxin/furan as Teq

1.7E-09

2.4E-05

3.2E-08

1.2E-08

benzene C6H6

0.0011

0.11

0.11

0.037

toluene C7H8

0.0016

0.039

0.16

0.056

xylenes C8H10

9.3E-04

0.023

0.092

0.033

ethylbenzene C8H10

1.2E-04

0.0030

0.012

0.0043

styrene

3.3E-10

6.2E-06

1.4E-06

3.8E-09

propylene

3.0E-04

8.6E-04

2.6E-04

2.7E-04

Fe+compounds as Fe

3.6E-06

0

0

0

Co+compounds as Co

5.3E-06

2.8E-04

1.4E-04

6.0E-05

V+compounds as V

1.9E-05

0

0

0

Al+compounds as Al

-0.0065

0

0

0

B+compounds as B

8.1E-06

0

0

0

Manganese

1.7E-05

0.023

2.5E-04

1.8E-04

Molybdenum

1.6E-07

0

0

0

Corn dust

0.12

0

0

0

Tin

7.9E-07

0

0

0
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5.5E-04
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6.2E-07
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0
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1.5E-06

6.2E-04
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3.8E-07
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0
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0

0

Dust (PM 2.5)

0.024

0

0

0

Dust (unspecified)

0.21

3.73

104
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Ethanol

0.72

0

0

0

Lactic acid

0.0014

0

0

0
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-0.033

0

0

0
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-0.40

0

0

0
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0

0

0

Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, 

LLC, the Franklin Associates database, and the U.S. LCI Database.

Table 5 (cont'd)

Atmospheric Emissions of Half-Gallon Milk Containers

(lb per 10,000 half-gallon milk container uses)


Due to the use of two different models, Franklin Associates modified its list of emissions to match the Boustead model list as best practical. In Tables 5 and 7, there are emissions where only the PLA system shows values. For those emissions, it may be true that only the PLA system produces those emissions (e.g. lactic acid in Table 5) or it is possible that the Boustead model’s fuel pollutants contain emissions not included in the Franklin Associates model (e.g. dissolved chlorine in Table 7).

The atmospheric emissions shown for the PLA bottle system in Table 5 and the waterborne emissions for the PLA bottle system shown in Table 7 are, in a few cases, magnitudes apart from the other systems. As two different models were used, there are bound to be differences in the results. Some of the reasons for this are differences in methodology, data sources, and actual differences in the emissions from diverse processes.

This analysis is not an LCIA (life cycle impact assessment) and thus the impacts of various environmental emissions are not evaluated. However, due to the scientifically accepted relationship between greenhouse gases and global warming, it is reasonable to develop conclusions based on the quantity of greenhouse gases generated by a system. Greenhouse gas emissions are expressed as carbon dioxide equivalents, which use global warming potentials developed by the International Panel on Climate Change (IPCC) to normalize the various greenhouse gases to an equivalent weight of carbon dioxide. The 100-year time horizon Global Warming Potentials for GHG was used for this analysis.

In Table 6, the HDPE bottle system produces the least amount of carbon dioxide equivalents. More than 90 percent of the carbon dioxide equivalents comes from fuel-related emissions. Even though 95 percent of the HDPE system’s total energy is from fossil fuels, the energy of material resource amount produces no carbon dioxide equivalents as the fuels are never combusted. The glass bottle system produces the greatest amount of carbon dioxide equivalents. This is mostly from fuel-related carbon dioxide due to the heavy weight of the container and the use of fossil fuels. The carbon dioxide equivalent amounts for the PLA bottle and gable top carton systems are less than 25 percent different and so are not considered significantly different.
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Note:  The 100 year global warming potentials used in this table are as follows:  fossil carbon dioxide--1, nitrous 

oxide--296, CFC/HCFC/HFC--1700, methane--23, methylene chloride--10.

Table 6

Greenhouse Gas Summary for Half-Gallon Milk Containers

(lb carbon dioxide equivalents per 10,000 half-gallon milk container uses)

Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, 

LLC, the Franklin Associates database, and the U.S. LCI Database.
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Table 7

Waterborne Emissions of Half-Gallon Milk Containers

(lb per 10,000 half-gallon milk container uses)
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Source:  Franklin Associates, a Division of ERG calculations using original data from LCI/LCA by NatureWorks, LLC, 

the Franklin Associates database, and the U.S. LCI Database.

Table 7 (cont'd)

Waterborne Emissions of Half-Gallon Milk Containers

(lb per 10,000 half-gallon milk container uses)


Overview of Findings

A life cycle inventory (LCI) is an environmental profile that expresses environmental burdens from the perspective of energy consumption, solid waste generation, atmospheric emissions, and waterborne emissions. This LCI evaluated four half-gallon milk containers on the basis of 10,000 container uses. The following is an overview of the findings with respect to energy consumption, postconsumer solid waste generation, and greenhouse gas emissions.

Energy Requirements

· Assuming current end-of-life scenarios, the PLA bottle system requires the most total energy to produce. The PLA bottle system does include energy of material resource for the corn used as a raw material. If the energy of material resource were not included in the PLA bottle system, the total energy would not be significantly different from the glass bottle system’s total energy.

· The total energy for the HDPE bottle and gable top carton systems have a 7 percent difference, and therefore these milk containers are not considered significantly different. The total energy for the HDPE bottle system is considered significantly less than the PLA bottle and glass bottle systems.

· The HDPE bottle system requires significantly less net energy than the other milk container systems. The net energy percent difference between the HDPE bottle and gable top carton systems is more than 11 percent. The net energy percent difference between the HDPE bottle and glass bottle systems is almost 29 percent; while the difference between the HDPE bottle and PLA bottle systems is almost 55 percent.

· The glass bottle system transport energy is 20 percent of its total energy. This is due in part to the heavier bottle weights, as well as the additional transport needed to reuse the bottles.

Postconsumer Solid Wastes

· When expressed on a weight basis, the postconsumer solid waste of the glass bottle system is more than 5 times higher than those of the other milk container systems. The HDPE bottle system weighs the least and includes a 29 percent recycling rate, and so produces the least amount of postconsumer solid waste by weight. The postconsumer solid waste by weight percent difference between the HDPE and PLA bottle systems is almost 33 percent.

· When expressed on a volume basis, the postconsumer solid wastes of the PLA bottle system are the highest; however the postconsumer solid wastes of the glass and PLA systems cannot be considered significantly different as there is only a 13 percent difference (see Appendix A). This is attributable to the high density of glass; a given weight of glass occupies significantly less volume than an equal weight of plastic or paperboard. The gable top carton system has the lowest postconsumer solid waste by volume. Although the two plastic bottles have the same landfill density, the HDPE bottle system includes recycling, which subtracts from the amount being disposed in a landfill.

Greenhouse Gas Emissions

· The HDPE bottle system produces the least amount of carbon dioxide equivalents. The GHG emissions percent difference between the HDPE bottle and gable top carton systems is more than 28 percent; while the difference between the HDPE bottle and PLA bottle systems is over 50 percent. Even though 95 percent of the HDPE system’s total energy is from fossil fuels, the energy of material resource amount produces no carbon dioxide equivalents as the fuels are not combusted.

· The glass bottle system produces the greatest amount of carbon dioxide equivalents. This is mostly from fuel-related carbon dioxide due to the weight of the glass container and the use of fossil fuels.

Appendix A

CONSIDERATIONS FOR INTERPRETATION OF DATA AND RESULTS

INTRODUCTION


An important issue with LCI results is whether two numbers are really different from one another. For example, if one product has a total system requirement of 100 energy units, is it really different from another product system that requires 110 energy units? If the error or variability in the data is sufficiently large, it cannot be concluded that the two numbers are actually different.

STATISTICAL CONSIDERATIONS


A statistical analysis that yields clear numerical answers would be ideal, but unfortunately LCI data are not amenable to this. The data are not (1) random samples from (2) large populations that result in (3) “normal curve” distributions. LCI data meet none of these requirements for statistical analysis. LCI data for a given sub-process (such as potato production, roundwood harvesting, or caustic soda manufacture, for example) are generally selected to be representative of a process or industry, and are typically calculated as an average of two to five data points. In statistical terminology, these are not random samples, but “judgment samples,” selected so as to reduce the possible errors incurred by limited sampling or limited population sizes. Formal statistics cannot be applied to judgment samples; however, a hypothetical data framework can be constructed to help assess in a general sense the reliability of LCI results.


The first step in this assessment is reporting standard deviation values from LCI data, calculated by:
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where xi is a measured value in the data set and xmean is the average of n values. An analysis of sub-process data from Franklin Associates, Ltd. files shows that, for a typical sub-process with two to five different companies supplying information, the standard deviation of the sample is about 30 percent of the sample average.


In a typical LCI study, the total energy of a product system consists of the sum of many sub-processes. For the moment, consider an example of adding only two numbers. If both numbers are independent of each other and are an average of measurements which have a sample standard deviation, s, of 30, the standard deviation of the sum is obtained by adding the variances of each term to form the sum of the variances, then taking the square root. Variances are calculated by squaring the standard deviation, s2, so the sum of the variances is 302 + 302 = 900 + 900 = 1800 . The new standard deviation of the sum is the square root of the sum of the variances, or  EQ \r(1800)   = 42.4. In this example, suppose both average values are 100, with a sum of 200. If reported as a percent of the sum, the new standard deviation is 42.4/200 = 21.3% of the sum. Another way of obtaining this value is to use the formula s% =  EQ \f(s/xmean ,\r(n))   , where the term s% is defined as the standard deviation of n data points, expressed as a % of the average, where each entry has approximately the same standard deviation, s. For the example, then, s% =  EQ \f(30%, \r(2))   = 21.3%.


Going back to a hypothetical LCI example, consider a common product system consisting of a sum of approximately 40 subsystems. First, a special hypothetical case is examined where all of the values are approximately the same size, and all have a standard deviation of 30%. The standard deviation in the result is s% =  EQ \f(30%,\r(40) )  = 4.7%. The act of summing reduces the standard deviation of the result with respect to the standard deviation of each entry because of the assumption that errors are randomly distributed, and by combining values there is some cancellation of total error because some data values in each component system are higher than the true values and some are lower.


The point of this analysis, however, is to compare two results, e.g., the energy totals for two different product systems, and decide if the difference between them is significant or not. To test a hypothetical data set it will be assumed that two product systems consist of a sum of 40 values, and that the standard deviation, s%, is 4.7% for each product system.


If there is statistical knowledge of the sample only, and not of the populations from which they were drawn, “t” statistics can be used to find if the two product totals are different or not. The expression selected is:
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 is the difference in population means, x1-x2 is the difference in sample means, and s' is a pooled standard deviation of the two samples. For the hypothetical case, where it is assumed that the standard deviation of the two samples is the same, the pooled value is simply replaced with the standard deviation of the samples.


The goal is to find an expression that compares our sample means to “true,” or population, means. A new quantity is defined:
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, and the sample sizes are assumed to be the same (i.e., n1=n2). The result is 
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 is the minimum difference corresponding to a 95% confidence level, s' is the standard deviation of the sum of n values, and t.025 is a t statistic for 95% confidence levels. The values for t are a function of n and are found in tables. This expression can be converted to percent notation by dividing both sides by the average of the sample means, which results in 
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 is now the percent difference corresponding to a 95% confidence level, and s'% is the standard deviation expressed as a percent of the average of the sample means. This formula can be simplified for the example calculation by remembering that s'% =  EQ \f(s%,\r(n))  , where s% is the standard deviation of each energy entry for a product system. Now the equation becomes 
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. For the example, t = 2.0, s = 30%, and n = 40, so that 
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 = 2.1%. This means that if the two product system energy totals differ by more than 2.1%, there is a 95% confidence level that the difference is significant. That is, if 100 independent studies were conducted (in which new data samples were drawn from the same population and the study was conducted in the identical manner), then 95 of these studies would find the energy values for the two product systems to differ by more than 2.1%.


The previous discussion applies only to a hypothetical and highly idealized framework to which statistical mathematics apply. LCI data differ from this in some important ways. One is that the 40 or so numbers that are added together for a final energy value of a product system are of widely varying size and have different variances. The importance of this is that large numbers contribute more to the total variance of the result. For example, if 20 energy units and 2,000 energy units are added, the sum is 2,020 energy units. If the standard deviation of the smaller value is 30% (or 6 units), the variance is 62 = 36. If the standard deviation of the larger number is 10% (or 200), the variance is 2002 = 40,000. The total variance of the sum is 36 + 40,000 = 40,036, leading to a standard deviation in the sum of  EQ \f(\r((40036) ),2020)   = 9.9%. Clearly, the variance in the result is much more greatly influenced by larger numbers. In a set of LCI energy data, standard deviations may range from 10% to 60%. If a large number has a large percentage standard deviation, then the sum will also be more uncertain. If the variance of the large number is small, the answer will be more certain. To offset the potential problem of a large variance, Franklin Associates goes to great lengths to increase the reliability of the larger numbers, but there may simply be inherent variability in some numbers which is beyond the researchers’ control.


If only a few numbers contribute most of the total energy in a system, the value of 
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 goes up. This can be illustrated by going back to the formula for 
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 and calculating examples for n = 5 and 10. From statistical tables, the values for 
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 are 2.78 for n = 5, and 2.26 for n = 10. Referring back to the hypothetical two-product data set with s% = 30% for each entry, the corresponding values for 
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 are 24% for n = 5 and 9.6% for n = 10. Thus, if only 5 numbers out of 40 contribute most of the energy, the percent difference in the two product system energy values must increase to 24% to achieve the 95% confidence level that the two values are different. The minimum difference decreases to 9.6% if there are 10 major contributors out of the 40 energy numbers in a product system.

CONCLUSIONS


The discussion above highlights the importance of sample size, and of the variability of the sample. However, once again it must be emphasized that the statistical analysis does not apply to LCI data. It only serves to illustrate the important issues. Valid standard deviations cannot be calculated because of the failure of the data to meet the required statistical formula assumptions. Nevertheless, it is important to achieve a maximum sample size with minimum variability in the data. Franklin Associates examines the data, identifies the large values contributing to a sum, then conducts more intensive analysis of those values. This has the effect of increasing the number of data points, and therefore decreasing the “standard deviation.” Even though a calculated standard deviation of 30% may be typical for Franklin Associates’ LCI data, the actual confidence level is much higher for the large values that control the variability of the data than for the small values. However, none of this can be quantified to the satisfaction of a statistician who draws conclusions based upon random sampling. In the case of LCI data, it comes down to a matter of professional judgment and experience. The increase in confidence level resulting from judgment and experience is not measurable.


It is the professional judgment of Franklin Associates, based upon over 25 years of experience in analyzing LCI data, that a 10% rule is a reasonable value for 
[image: image25.wmf]%
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 for stating results of product system energy totals. That is, if the energy of one system is 10% different from another, it can be concluded that the difference is significant. It is clear that this convention is a matter of judgment. This is not claimed to be a highly accurate statement; however, the statistical arguments with hypothetical, but similar, data lend plausibility to this convention.


We also conclude that the weight of postconsumer solid waste data can be analyzed in a similar way. These data are at least as accurate as the energy data, perhaps with even less uncertainty in the results. Therefore, the 10% rule applies to postconsumer solid waste weight. However, we apply a 25% rule to the solid waste volume data because of greater potential variability in the volume conversion factors.


Air and water pollution and industrial solid waste data are not included in the 10% rule. Their variability is much higher. Data reported by similar plants may differ by a factor of two, or even a factor of ten or higher in some cases. Standard deviations may be as high as 150%, although 75% is typical. This translates to a hypothetical standard deviation in a final result of 12%, or a difference of at least 25% being required for a 95% confidence of two totals being different if 10 subsystems are major contributors to the final results. However, this rule applies only to single emission categories, and cannot be extended to general statements about environmental emissions resulting from a single product system. The interpretation of environmental emission data is further complicated by the fact that not all plants report the same emission categories, and that there is not an accepted method of evaluating the relative importance of various emissions.


It is the intent of this appendix to convey an explanation of Franklin Associates’ 10% and 25% rules and establish their plausibility. Franklin Associates’ policy is to consider product system totals for energy and weight of postconsumer solid waste weight to be different if there is at least a 10% difference in the totals. Otherwise, the difference is considered to be insignificant. In the detailed tables of this report there are many specific pollutant categories that are variable between systems. For the air and waterborne emissions, industrial solid waste, and postconsumer solid waste volume, the 25% rule should be applied. The formula used to calculate the difference between two systems is:

% Diff =  EQ \b(\f( x-y,\f(x+y,2)))  X 100,

where x and y are the summed totals of energy or waste for two product systems. The denominator of this expression is the average of the two values.

� 	Municipal Solid Waste in the United States, Facts and Figure 2005. U.S. Environmental Protection Agency. Office of Solid Waste, October, 2006. EPA-530-R-06-011. Found at http://www.epa.gov/epaoswer/non-hw/muncpl/pubs/mswchar05.pdf.
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