
ABSTRACT 

LEVIS, JAMES WILLIAM. A Life-Cycle Analysis of Alternatives for the Management of 

Waste Hot-Mix Asphalt, Commercial Food Waste, and Construction and Demolition Waste. 

 (Under the direction of Morton A. Barlaz and Ranji S. Ranjithan). 

 

 The recovery of commercial and industrial wastes can lead to reduced emissions, 

renewable energy production as well as renewable material production. The commercial 

wastes considered in this study include waste hot-mix asphalt (HMA), commercial food 

waste, and construction and demolition (C&D) waste. A life-cycle analysis was performed on 

management alternatives for each of these waste streams. The life-cycle inventory (LCI) 

models estimate the emissions, energy use, and global warming potential (GWP) associated 

with each management alternative. 

 Maintenance and rehabilitation of road surfaces leads to the generation of waste HMA. 

Used HMA is readily recycled as aggregate or new HMA. An LCI model was developed to 

evaluate three alternatives for the management of waste HMA including, (1) recycling as 

new aggregate, (2) recycling as new HMA, and (3) disposal in a landfill. The recycling of 

used asphalt into new HMA results in savings of both petroleum based binders and 

aggregate, and was shown to be the most favorable alternative. Landfilling of used HMA was 

shown to have the highest environmental emissions, while recycling used HMA as aggregate 

was shown to be between the other two alternatives in terms of environmental emissions. 

 Effective management of commercially generated food waste presents an opportunity for 

avoided global warming potential, renewable energy production, and renewable 

agrochemical production. The vast majority of food waste is landfilled, but source separated 

collection of the organic fraction of municipal waste is becoming more common. Currently in 

the US, food waste that is not buried in a landfill is aerobically composted and the end 

product has the potential to be used as a soil amendment that can replace mineral fertilizers 

or other agrochemicals. In Europe, anaerobic digestion (AD) of organic wastes is more 

common. AD facilities produce methane that can be used as an energy source. The residual 

from AD can also be used as a soil amendment similar to what is produced at composting 

facilities. 

 An LCI was performed for food waste processed through several aerobic composting 

systems, an AD facility, and a landfill with and without energy recovery. The functional unit 



 
 

was one ton of food waste plus 0.6 tons of yard waste. The yard waste was considered 

because it is used as a bulking agent in food waste composting processes. The AD alternative 

was superior in every category due to the efficient collection of the methane generated and its 

conversion to energy. The two landfilling alternatives resulted in the highest GWP although 

the landfill with energy recovery alternative had the second lowest emissions and energy use. 

The composting alternatives were superior relative to the landfilling without energy recovery 

alternative.  

  C&D waste is solid waste generated during the construction, renovation, or demolition of 

buildings and other structures. A life-cycle model was developed to evaluate two alternatives 

for the management of C&D waste; (1) recycling (2) and landfill disposal. The C&D waste 

LCI considered the recovery of ten materials present in a mixed C&D waste stream. All of 

the materials except for wallboard and miscellaneous materials are recovered for beneficial 

use. All of the recovered materials except for wood are assumed to replace virgin materials. 

Wood is assumed to be burned in a co-fired coal plant to produce electricity. The results of 

this analysis indicate that recovering mixed C&D leads to significant reductions in emissions, 

energy use, and GWP when compared to landfill disposal of mixed C&D waste. 
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1. INTRODUCTION AND OBJECTIVES  

 

 Effective commercial and industrial solid waste management is essential for future  

sustainable development. The recovery of commercial and industrial wastes can lead to  

reduced emissions, renewable energy production as well as renewable material production.  

The commercial wastes considered in this study include waste hot-mix asphalt (HMA), 

commercial food waste, and construction and demolition (C&D) waste. A life-cycle analysis 

was performed on the available management alternatives for each of the waste streams to 

determine the environmental effects associated with managing these wastes. Due to the  

disparate nature of these waste streams, each will be examined independently. Each section 

will begin by introducing the current practice for the waste stream as well as the considered  

management alternatives. A detailed presentation of the modeling approach follows each 

introduction. This is followed by modeling results and discussion. The waste HMA model 

will be explored first, followed by the food waste model, and finally the C&D model will be  

presented. After presenting the models, overall conclusions will be presented.  
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A LIFE-CYCLE ANALYSIS OF ALTERNATIVES FOR THE MANAGEMENT OF 

WASTE HOT-MIX ASPHALT 

 

2.1  INTRODUCTION AND OBJECTIVES 

 

 Approximately 94% of roads in the United States are paved with hot mix asphalt (HMA) 

(NAPA 2002). The structural portion of asphalt pavement can last for decades, but surface  

layers need periodic maintenance to remain drivable. Maintenance activities on highways and 

parking lots lead to the generation of waste asphalt pavement when material is milled off of 

the surface layer. In 1992, 100 million tons of waste HMA were generated in the US, 78  

million tons (78%) of which were recycled as aggregate or new HMA (USDOT 1993). State 

and federal contracts generally stipulate that contractors recycle the HMA removed from the  

road surface. The contractors then use the recycled asphalt pavement (RAP) in their mixing  

plants, or as base material for new roads. The RAP is valuable to contractors because it 

allows them to purchase less binder and aggregate.  

 HMA consists of a mixture of high viscosity liquid asphalt cement mixed with aggregate  

(i.e. crushed stone, gravel, and sand). HMA is usually between 92% and 96% aggregate by 

weight. Asphalt cement is a product of crude oil refining and becomes less viscous when 

heated. The term “hot-mix” refers to the fact that the materials are heated before being mixed  

together. Heating lowers the viscosity of the binder, thus a llowing it to mix more evenly with 

the aggregate material. The aggregate in HMA usually consists of standard construction 

aggregates such as stone, sand and/or gravel, but other materials such as crushed HMA,  

glass, and crumb rubber can also be used.  

 The objective of this study is to evaluate alternatives for the management of used HMA 

by using a life-cycle methodology to quantify energy use and emissions to the environment.  

Three processing alternatives were considered including (1) recycling used pavement as 

aggregate, (2) recycling used pavement as new HMA, and (3) disposal in a landfill. These  

alternatives were chosen because they represent the manner in which the large majority of 

waste asphalt pavement is processed in the US. In-place recycling was not considered in this 
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model because this is more accurately considered a preventive maintenance process rather  

than an end-of- life treatment. 

 The recycling as aggregate alternative consists of transporting waste asphalt pavement to  

RAP crushers, where it is crushed and used in place of crushed stone. The recycling as new 

HMA alternative consists of transporting waste asphalt pavement to mixing plants, crushing  

it in RAP crushers, and mixing the resulting materials into new HMA. The waste pavement  

in this alternative replaces virgin natural aggregates as well as asphalt binder. Disposal in  

landfills consists of transporting waste asphalt pavement to landfills and burial. The  

emissions that are considered are listed in Table 2-1. 

 An overview of waste asphalt pavement and processing alternatives is presented in the  

following section. This is followed by a description of the modeling approach used for each 

alternative and a presentation of the model results. Appendix A presents all of the default  

values used in the life-cycle analysis. Appendices B, C and D provide the equations used for  

the recycling as aggregate alternative, the recycling as new HMA alternative, and the  

disposal in landfill alternative, respectively.  
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Table 2-1: List of Emissions Included in LCI 

Airborne Emissions Waterborne Emissions 

CO2 - Fossil Dissolved Solids 

CO2 - Biomass Suspended Solids 

CO BOD 

SO2 COD 

NOx Oil 

Total PM Sulfuric Acid 

Methane Iron 

Non-methane Hydrocarbons Ammonia  

HCl Copper 

Ammonia  Cadmium 

Lead  Arsenic 

 Mercury 

 Phosphate 

 Selenium 
 

Chromium 

 Lead  

 Zinc 
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2.2 MODELING APPROACH  

 

 The objective of this section is to describe the approach used to model each of the 

alternatives considered in this analysis.  The model is presented at a conceptual level in this 

section and details are presented in the Appendices.  The processes involved in the recycling 

as aggregate alternative are illustrated in Fig. 2-1, and the processes used in the recycling as 

new HMA model are illustrated in Fig. 2-2. The manner in which each of the processes 

presented in Fig. 2-1 and 2-2 are modeled, including the binder and aggregate offsets, is 

presented first.  Next, the disposal in a landfill alternative is discussed, and finally the 

methods employed for the uncertainty and sensitivity analyses are described. 

 

 
Fig. 2-1: Process Flow Diagram for Recycling Used Pavement as Aggregate.  
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Fig. 2-2: Process Flow Diagram for Recycling Used Pavement as New Pavement.  

 

2.2.1 Crushing Used HMA to Produce Aggregate 

 

 HMA is readily crushed and re-used as fill or road base because it is primarily composed 

of aggregate. After HMA is transported to a mixing plant or a RAP crusher, the HMA is 

loaded into crushers using front end loaders. Diesel combustion and pre-combustion 

emissions arise from the dump truck and front end loader use. The front end loader emissions 

are estimated based on the capacity and horse-power of the loader. The RAP crushers are 

assumed to be electrically powered and the crushing rate and energy use were determined 

from Kenco Black Gold RAP Crushers. The electricity is assumed to be provided by the 

Mid-Atlantic regional electrical grid. The crushers also produce fugitive particulate 

emissions from crushing the used HMA. The fugitive particulate matter emissions were 

determined from the US EPA AP-42 database for limestone quarrying emissions. For the 

recycling as aggregate alternative, the crushed HMA must be transported to customers, which 

results in diesel fuel combustion and pre-combustion emissions.  
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2.2.2 Aggregate Offsets 

 

 Since the used HMA is replacing production of aggregate from virgin materials, there are 

avoided emissions. When HMA is recycled as either aggregate or new HMA, the production 

of virgin aggregate is avoided. Virgin aggregate production processes include drilling, 

blasting, transporting, crushing, and screening virgin stone. Aggregate processing also emits 

fugitive particulate matter. The amount of electricity, coal, natural gas, gasoline, and fuel oil 

required to extract and process the aggregate was determined by averaging their use over the 

entire limestone mining and processing industry (USDOE 2002). Combustion and pre-

combustion emissions for each fuel were then calculated. The fugitive PM emissions were 

determined from the US EPA AP-42 database. The transportation to the customer model 

assumes the use of a heavy-duty truck to transport natural aggregates from a quarry to the 

mixing plant. 

 

2.2.3 Binder Offsets 

 

 When used HMA is recycled as new HMA, the production of virgin asphalt binder is 

avoided. The processing of virgin binder consists of extracting, refining, and transporting 

crude oil. Various emissions results from these processes. Fuel and electricity related 

emissions are also associated with the energy required to extract and refine crude oil. Asphalt 

processing emissions were developed by treating the asphalt binder as a residual fuel and 

using emission factors associated with the extraction, processing and transportation of crude 

oil to an asphalt mixing plant. The residual oil emission factors were corrected to be 

representative of asphalt binder based on the ratio of the volume of binder to the volume of 

residual oil produced from a volume of crude oil. Once binder is delivered to a mixing plant, 

it is stored in large, heated tanks. Asphalt binder tanks can be heated by either fuel oil or 

natural gas and the heating of these tanks thus generates emissions. The volume of natural 

gas and fuel oil consumed for heating was determined by the energy needed to heat the 

storage tanks. Fugitive emissions are also produced from the heated asphalt tanks. The 
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primary fugitive emissions from asphalt storage tanks are CO, CH4, VOCs, and HAPs. The 

emissions were determined using the US EPA AP-42 database (USEPA 2000), and Section 

4.4.5 of the background documentation of AP-42 Ch. 11 (USEPA 2000). 

 

2.2.4 Landfilling HMA 

 

 In this alternative, HMA is buried in a landfill. The HMA Model makes extensive use of 

the landfill sub-model from the Solid Waste Management – Life-Cycle Inventory (SWM-

LCI) model developed at North Carolina State University (Sich and Barlaz 2000 and Fedrizzi 

2006). The landfill sub-model considers emissions from daily operations, gas and leachate 

collection and treatment, landfill closure, and post-closure monitoring. The emissions from 

each process are determined on a per ton of refuse basis. Asphalt pavement is assumed to be 

an inert material when buried in a landfill. This means that it does not degrade and produce 

any gaseous emissions. However, emissions are generated as a result of the activity required 

to bury the pavement, apply cover, and monitor the landfill during the post-closure period. 

The HMA Model also requires the average distance to the landfill. Two processes result in 

emissions when used HMA is buried in a landfill, transportation to the landfill, and emissions 

from the landfill. Fig. 2-3 outlines the included processes.  

 

 
Fig. 2-3: Disposal in landfill process flow diagram. 
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2.2.6 Uncertainty and Sensitivity Analysis 

 

 Many of the inputs used to calculate the energy demand and environmental emissions 

associated with asphalt management are uncertain and/or vary from facility to facility. Due to 

the uncertainty and variability, a Monte-Carlo analysis was performed on the recycling 

alternatives. Triangular distributions based on expert estimation were provided for each input 

and the model was run 10,000 times using different randomly chosen values for the inputs. 

Cumulative distribution functions (CDFs) were determined for each of the outputs to show 

the reasonable ranges of values for each output. The CDFs were developed using the Hazen 

formula (Hazen 1930). This is useful to determine where additional data would be most 

useful. A sensitivity analysis was also performed that determined the Spearman rank 

correlation between each input and output to determine where more data would be most 

beneficial. 

 

n

i
Fi

5.0
 

 

Fi: The cumulative probability for the ith value in a data set. 

n: The number of values in the data set.   
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2.3 MODELING RESULTS AND DISCUSSION 

 

 The HMA Model was run using the default values provided in Appendix A, and 

considering 1 ton of HMA. The results of the model are presented in Table 2-2. Negative 

values indicate that the avoided virgin material production emissions are greater than the 

emissions attributed to processing used HMA. The results show that disposing of waste 

HMA in a landfill results in the most emissions, energy use, and GWP. Both recycling 

options offer negative energy use, meaning that there is an energy savings associated with the 

beneficial use of used HMA.  

 Recycling used HMA as new HMA is better in every emission category over recycling as 

aggregate, and is clearly the preferred alternative. Nonetheless, emissions and energy use are 

almost all negative even when HMA is recycled into aggregate and this alternative is clearly 

more favorable than landfill disposal. For example, the fossil fuel CO2 emissions for the 

recycling as aggregate alternative are lower by two orders of magnitude than the landfill 

option.  

 It is fortunate that the environmental benefits of recycling HMA are so immense because 

waste asphalt is the most recycled product in the United States (USDOT 1993). The results of 

this study show that recycling used HMA as new HMA is the preferred management 

alternative. 

 Fig. 2-4 shows the cumulative distribution functions for selected outputs for each of the 

alternatives. The uncertainty analysis supports the findings of the point-estimate results. In 

every category, recycling as new HMA is most favorable over the entire distribution. The 

deterministic landfill results are also greater than the 99th percentile of both alternatives in 

every category and for this reason, an uncertainty analysis on the landfill disposal case was 

not run. Tables 2-3 and 2-4 shows the results of the sensitivity analyses for the recycling as 

aggregate, and recycling as new HMA alternatives, respectively. Only the top five most 

significant inputs are shown for each pollutant.  
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Table 2-2: Results of HMA Life-Cycle Modela,b,c 

 Landfill  

Recycle as 

Aggregate  

Recycle As 

HMA  

CO2 Fossil 10 -5 -20 

CO2 Biomass 0.009 -0.002 -0.1 

CO 0.09 0.02 -0.4 

SO2 0.03 -0.03 -0.09 

NOx 0.2 0.02 -0.09 

Total PM 0.01 -0.1 -0.1 

Methane 0.01 -0.01 -0.2 

NMHC 0.04 0.001 -0.06 

HCl 1E-04 -3E-04 -0.001 

Ammonia 0.00006 -2E-05 -7E-04 

Lead 9E-08 -4E-07 -9E-07 

Solid Waste  0.08 -0.8 -1 

Dissolved S olids  0.02 -0.02 -0.2 

Suspended Solids 0.0008 -0.003 -0.006 

BOD 2E-04 -1.E-05 -5.00E-04 

COD 0.001 -2E-4 -0.004 

Oil 0.2 -3E-04 -0.004 

Sulfuric Acid 4E-06 -4E-05 -7E-05 

Iron 1E-5 -3E-04 -3 E-04 

Ammonia 2E-5 -5E-06 -6E-05 

Copper 0 0 0 

Cadmium 8E-07 -8E-07 -6E-06 

Arsenic 0 0 0 

Mercury 6E-11 -6E-11 -5E-10 

Phos phate 2E-06 -2E-05 -3E-05 

Selenium 0 0 0 

Chromium 8E-07 -8E-07 -6E-06 

Lead 9E-09 5E-10 -6E-08 

Zinc 4E-07 -3E-07 -3E-06 

Energy Use (Btu) 500,000 -50,000 -100,000 

GWP (lbs CO2) 10 -5 -20 
a 
All data are based on processing 1 ton of used HMA. 

b 
Negative values indicate that the avoided emissions associated with virg in material 

production are greater than the emissions associated with processing used HMA. 
c 
All emissions are in pounds unless otherwise indicated.  

 

 The most sensitive inputs in the recycle as aggregate alternative all relate to 

transportation or energy used to produce virgin aggregate. The most sensitive inputs in the 
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recycle as HMA alternative relate to the emissions and energy use from the binder offset as 

well as transportation emissions and energy use. Knowing the precise locations of specific 

facilities could reduce the variability in the output distributions.  Nonetheless, the conclusion 

that processing used HMA into new HMA is the most beneficial alternative is robust under 

the estimated uncertainty. 

 

 
Fig. 2-4: Cumulative distribution functions for the recycling alternatives.  
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Table 2-3: Recycle as Aggregate Sensitivity Results 

 SO2 NOx CO GW P Energy Use 

 
a  

R
b 

 R  R  R  R 

Dump truck emission 

factor (lbs/gal) 0.58 1 0.73 1 0.58 1 0.052 11 N/S N/S 

Virgin aggregate 

electricity use 

(kWh/ton) 0.36 2 0.035 12 N/S N/S 0.14 6 0.22 5 

Distance to the 

customer (mi) 0.35 3 0.37 2 0.39 3 0.41 3 0.40 2 

Distance to the crusher 

(mi) 0.34 4 0.37 3 0.38 4 0.41 2 0.40 3 

Distance to the quarry 

(mi) 0.32 5 0.17 5 0.39 2 0.64 1 0.62 1 

Dump truck fuel 

consumption (mi/gal) 0.24 6 0.25 4 0.27 5 0.28 4 0.27 4 

Heavy truck fuel 

consumption (mi/gal) 0.11 9 0.068 9 0.14 7 0.20 5 0.20 6 
a 
The Spearman rank correlation between the input and the output. 

b 
The rank of the absolute value of the Spearman correlation coefficient.  

 
Table 2-4: Recycle as New HMA Sensitivity Results 

 SO2 NOx CO GW P Energy Use  

 
a  

R
b 

 R  R
  

 R  R 

Proportion of 

aggregate in RAP 0.57 1 0.39 2 0.61 1 0.55 1 0.55 1 

Proportion of used 

binder that replaces 

new binder. 0.48 2 0.32 3 0.48 2 0.45 2 0.45 2 

Asphalt allocation 

factor 0.43 3 0.31 4 0.45 3 0.41 3 0.42 3 

Dump truck emission 

factor (lbs/gal) 0.21 4 0.55 1 0.15 5 N/S N/S N/S N/S 

Residual oil 

production emission 

factor (lbs/gal) 0.18 5 0.13 8 0.19 4 N/S N/S 0.18 6 

Distance to the 

mixing p lant (mi) 0.13 6 0.28 5 0.10 6 0.18 5 0.19 5 

Distance to the quarry 

(mi) 0.11 9 0.12 9 0.094 7 0.28 4 0.28 4 
a 
The Spearman rank correlation between the input and the output. 

b 
The rank of the absolute value of the Spearman correlation coefficient.  
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2.3 CONCLUSIONS 

 

The results of this analysis indicate that recovering used HMA in lieu of landfilling leads 

to significant reductions in emissions, energy use, and GWP. The uncertainty analysis 

indicated that the benefits of recycling used HMA were robust. Recycling of used HMA as 

either new pavement or aggregate is therefore recommended over landfill disposal from an 

environmental standpoint. Future work would benefit from analyzing specific mixing plant 

and RAP crusher locations and designs to better quantify the benefits.  However, the results 

are sufficiently robust that site-specific analyses are not essential.  
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A LIFE-CYCLE ANALYSIS OF ALTERNATIVES FOR THE MANAGEMENT OF 

COMMERCIAL FOOD WASTE 

 

3.1 INTRODUCTION AND OBJECTIVES 

 

 At least thirty million tons of food waste were generated in the US in 2005, representing 

nearly 12% of all municipal solid waste (EPA 2006). There are many opportunities to collect 

source separated food waste from groceries and other commercial establishments (Kaplan 

2006 and DSM 2006). When buried in a landfill, food waste decomposes to form methane, a 

greenhouse gas with a global warming potential (GWP) 25 times greater than CO2 on a 100 

year time scale (IPCC 2007). The emitted methane is often used as an energy source, but 

landfills are still the largest source of anthropogenic methane in the US due to fugitive 

emissions and emissions prior to the installation of gas collection systems (EPA 2007). 

Because food waste decomposes rapidly relative to paper, some of the methane generated 

from food waste decomposition will be released prior to the installation of a gas collection 

system at many landfills. As an alternative to disposal in landfills, food waste can be 

aerobically composted or used to generate methane in an anaerobic digestion facility.  

 The objective of this report is to compare the emissions associated with managing food 

waste in landfills with or without energy recovery, and a selection of composting and 

anaerobic digestion alternatives. The focus of this analysis is on food waste generated at 

commercial and industrial facilities (e.g. restaurants, food processing plants, etc.) as these 

facilities provide the largest potential source of concentrated food waste. Four composting 

alternatives that reflect varying levels of technology were considered including (1) windrows, 

(2) aerated static piles (ASP), (3) in-bag, and (4) in-vessel systems. 

 A life-cycle inventory (LCI) was performed on each alternative to determine the energy 

and material inputs and outputs for every operation involved in a process. A detailed 

description of the equations used for the composting and anaerobic digestion models is 

presented in Appendices E and F, respectively.  Appendix G provides a list of model input 
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definitions, default values, distributions, and sources. Appendix H provides details on the 

development of selected default values from vendor data. 

 

3.2   MODELING APPROACH 

 

 Life-cycle analysis was used as the analytical framework for comparison of alternatives 

for food waste management. In the life-cycle inventory (LCI) stage, the energy use and 

emissions associated with a process are considered. The approach that was used to estimate 

emissions and energy use for each food waste treatment alternative is described in this 

section. Details for aerobic composting are described first, followed anaerobic digestion and 

landfilling.   

 The LCI begins by developing the manner in which materials flow through a process. For 

this study, the first step in food waste treatment is collection. As only large generators were 

considered, it was assumed that the collection requirements were identical for each 

alternative. For example, a restaurant would not require a significant number of additional 

collections if it instituted a source separated organics program relative to landfill disposal, 

and collection requirements would be similar whether waste was treated by composting or 

anaerobic digestion. 

 The functional unit for all food waste management alternatives is 2,000 lbs. of food waste 

plus 1,200 lbs. tons of yard waste. While the focus of this study is on food waste, yard waste 

is typically added to food waste as a bulking agent prior to composting.  Thus, the 

management of food waste by composting includes, by necessity, some yard waste.  As a 

result, yard waste was added to the functional unit for all management alternatives.  

 All of the alternatives use electrical energy and in the case of anaerobic digestion and 

landfills, energy is also exported to the grid. Electrical energy is assumed to be generated on 

the Mid-Atlantic regional energy grid which serves Delaware. When electrical energy is 

generated, it is assumed to offset coal and natural gas which are peak as opposed to base load 

fuels. 
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3.2.1 Modeling Approach for Aerobic Composting 

  

 The composting alternative considers four processing alternatives of varying 

technological sophistication including (1) windrows, (2) aerated static piles, (3) in-bag, and 

(4) in-vessel systems. Composting in windrows requires the least technology. Windrows are 

large piles that are mechanically turned relatively infrequently (daily to weekly). Windrows 

are aerated via natural convection; the hot air generated by the biological degradation rises to 

the top of the windrow and pulls cool air in from the sides. The lack of mechanical aeration 

can lead to anaerobic areas with the potential to emit methane. An aerated static pile is 

similar to a windrow except that the pile is not mechanically turned, but rather air is forced 

through (by vacuum or positive pressure) the pile. Forced aeration allows better control of 

temperature and moisture content. Both windrows and aerated static piles can be located 

indoors, so that emissions can be treated by an odor control system that pulls air through a 

biofilter. For the systems modeled here, odor control was assumed although this may not be 

the case in practice. A bagged system is similar to a aerated static pile except the piles are 

formed outdoors in large high density polyethylene bags, and mechanical odor control is not 

usually an option. In-vessel systems offer the highest level of technology, and come in a 

variety of forms. Substrates are mixed and aerated within a reactor. Odor control is usually 

embedded into the system. Each compost process includes a number of factors that influence 

net emissions including feedstock preparation, emissions from biodegradation, mixing and 

material handling, post-processing, nutrient offsets and administrative functions.  

  

3.2.1.1 Material Flows through Composting Facilities 

  

The manner in which materials flow through a composting facility is presented in Fig. 3-

1. The four composting alternatives only differ in the active composting phase. After the 

substrates are blended, they are put into piles in the windrow and ASP alternatives. In the in-

bag alternative, materials are placed into the hopper of a bag stuffer. In the in-vessel 

alternative materials are placed into the hopper of the in-vessel reactor. After the active 
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composting phase, materials are screened. The materials that pass through the screen go on to 

curing piles. The materials that do not pass through the screen are either recycled into the 

initial blend, or buried in a landfill. After materials are cured, the composting process is 

complete, and the finished compost is ready for use.  

 

 
Fig. 3-1: Mass flow diagram for composting processes. 

 

 The model considers three different substrates (food waste, shredded yard waste, and 

screen rejects). Wood chips and sawdust can also be used as amendments, but they were not 

considered here. These substrates are blended in volumetric ratios to get a desired carbon to 

nitrogen (C:N) ratio, moisture content, and free air space. The optimal C:N ratio is around 

30. The optimal initial moisture content for food waste compost is 50% to 60%. Operator 

experience is generally used to ensure an appropriate amount of free air space. In this 
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assessment, food waste is the main substrate and nitrogen source. Shredded yard waste is 

used as a bulking agent and carbon source. Screen rejects are useful as a bulking agent, 

carbon source, and microbe source to inoculate the pile. The default mix in the model is 25% 

food waste, 50% shredded yard waste, 25% screen rejects by volume. These numbers were 

developed in conversations with several food waste composting operators and are equivalent 

to the ratio of 1,200 lb of yard waste and 2,000 lb of food waste as the functional unit. The 

dry and wet weight of the materials must be determined at each step because degradation and 

emission data are calculated on a dry mass basis, but equipment use emissions are 

determined on a wet weight basis. This mixture was determined based on the properties 

presented in Table 3-1, which shows default model parameters for several common 

substrates. The material properties came from Haug (1981) and communications with 

composting facility operators. The mass of food waste to be managed is identified first and 

then the amount of the other substrates that enter the facility is based on the volumetric blend 

parameters.  

 

Table 3-1: Properties of Materials Used in Food Waste Composting 

Substrate  

Volumetric 

Proportion 

Bulk Density 

(lb/yd
3
) 

Moisture 

Content  

Food Waste  0.25 2000 0.7 

Shredded Yard Waste  0.50 600 0.5 

Screen Rejects 0.25 700 0.4 

Pre-cured compost N/A 1350 0.50 

Finished Compost N/A 1000 0.45 

  

 Substrates are blended based on volumetric proportions. The volumes used to produce the 

proper blend are combined with the bulk densities in Table 3-1 to determine the mass of each 

substrate. The mass at the tipping floor is equal to the sum of the mass of each of the 

substrates. The dry masses are calculated using the moisture contents provided in Table 3-1. 

The mass reduction during biological degradation was estimated from the CO2 yield from 

biodegradation of food waste and yard waste as reported by Komilis and Ham (2004). After 

the active composting phase, the compost is screened. A constant proportion of the compost 



20 

 

is screened out, and is sent back to the tipping floor, and any excess is sent to a landfill. The 

rest of the compost is cured and sold.   

 

3.2.1.2 Energy and Emissions Associated with Yard Waste Shredding 

 

 Yard waste is used as a bulking agent to increase the carbon content and free air space in 

the pile. Prior to blending, yard waste is shredded in either a tub or horizontal grinder. 

Options for both horizontal and tub grinders exist in the model, but a tub grinder is the 

default. The emissions and energy use are assumed to vary linearly with the amount of yard 

waste to be shredded. The energy and diesel fuel consumed per ton of yard waste was 

determined via linear regression of data from Diamond Z products as described in Appendix 

H. 

 

3.2.1.3 Energy and Emissions Associated with Windrow Turning 

 

 Windrows are turned to aerate the pile, increase natural convection through the pile, and 

to release heat. The additional free air space is essential for passive aeration to occur through 

the center of the pile. Ineffective convection through the pile may result in anaerobic areas 

that produce odors. Windrow turners are used in every composting alternative in the curing 

phase, and in the active composting phase for the windrow alternative. The emissions and 

energy use are assumed to vary linearly with the amount of compost to be turned. The energy 

and diesel fuel consumed per ton of compost were determined via linear regression of data 

from Backhus Windrow Turners as described in Appendix H.  

 

3.2.1.4 Energy and Emissions Associated with Forced Aeration 

 

 Aerated static piles and bagged composting systems both use forced aeration during 

active composting. Aeration is required to provide oxygen for biological degradation and to 

remove heat from the pile. The only emissions from forced aeration come from the use of 
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electrical energy to power the blowers. The amount of air required to aerate a ton of compost 

was determined through discussions with a compost facility operator. The default value 

applies to a specific retention time. Additional data points would be valuable, but are 

currently unavailable. The relationship between fan horse-power and supplied flow rate was 

assumed to be linear. The energy required to run fans was determined by linear regression of 

data for Compact GI Fans produced by New York Blower Co. as described in Appendix H.  

 

3.2.1.5 Energy and Emissions Associated with Biological Degradation 

 

 The biological degradation of wastes during active composting is a complex phenomenon 

that results in the emission of CO2, NH3, and VOC‟s. The emissions of NH3 and VOCs can 

be reduced by the use of a biofilter. The use of a biofilter is an option for the windrow and 

aerated static pile alternatives, and is automatically embedded in the in-vessel composting 

process. The yields of CO2 and NH3 were developed from Ham and Komilis (2003). The 

VOC yield was developed from Komilis et. al. (2004). Both references describe laboratory 

studies where different mixtures of seeded and unseeded food waste, yard waste, and mixed 

paper were composted in aerobic vessels. Equations for the yield of CO2, NH3, and 13 VOCs 

were developed based on the dry weight of food waste, yard waste, and mixed paper. The 

biofilters were assumed to have a constant removal efficiency for NH3 and VOCs. 

 

3.2.1.6 Energy and Emissions Associated with Compost Bag Management 

 

 In-bag composting is similar to an ASP system except the compost piles are placed in 

large high-density polyethylene bags. These systems are located outdoors, and rarely use 

negative pressure, so biological odor control is rarely available. The bags for such systems 

are single-use and must be produced, transported to a composting facility, and finally 

disposed of in a landfill. Emissions and energy use are associated with each of these 

processes. The emissions and energy use due to the production of the bags is calculated from 

APME (1993). Data on the bags and the specific stuffing equipment was developed from 
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discussions with Ag-Bag Environmental. The transportation of bags to the facility is assumed 

to occur in a heavy-duty truck. The transportation of the bags to a landfill is assumed to occur 

in a dump truck. 

 Once at the landfill, emissions are generated as a result of the activity required to bury 

refuse, apply cover, and monitor the landfill during the post-closure period. The composting 

model makes extensive use of the landfill model from the Solid Waste Management – Life-

Cycle Inventory (SWM-LCI) model developed at North Carolina State University (Sich and 

Barlaz 2000 and Fedrizzi 2006) for all landfill disposal. The landfill model included in the 

SWM-LCI considers emissions from daily operations, gas and leachate collection and 

treatment, landfill closure, and post-closure monitoring. The HDPE in the bags does not 

biodegrade so no landfill gas is produced. The emissions from each process at the landfill are 

determined on a per ton of refuse basis.  

 

3.2.1.7 Energy and Emissions Associated with In-vessel Electrical Energy Use 

 

 In-vessel composting systems automatically mix, aerate, and control odors throughout the 

active composting phase. These machines are electrically powered, and the majority of the 

emissions due to processing compost in an in-vessel system are due to this electrical energy 

use. This sub-model is only concerned with the electrical energy use of in-vessel systems. 

There are also emissions arising from biological degradation, pre-treatment, and post-

treatment of compost, but those emissions are determined in their respective sub-models. The 

data for this sub-model was developed from discussions with Wright Environmental 

Management. 

 

3.2.1.8 Energy and Emissions Associated with Odor Control Systems 

 

 Odor control systems work by pulling air from inside the active composting area through 

a biological filter. The emissions from the odor control process are due to the electrical 

energy used to power the fans. This sub-model is similar to the forced aeration sub-model, 
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except different values are used. Odor control is provided for the windrow and aerated static 

pile alternatives. This sub-model calculates the electrical energy use of the odor control 

system. The decomposition of NH3 and VOCs in the biofilter is considered in the biological 

degradation sub-model. In-vessel reactors are assumed to include odor control energy use in 

their overall electrical energy use. The relationship between fan horse-power and supplied 

flow rate is assumed to be linear. The energy required to run the fans was determined via 

linear regression of GI Fans produced by New York Blower Co. as discussed in Appendix H.  

 

3.2.1.9 Energy and Emissions Associated with Compost Screening 

 

 After active composting and before curing, materials are passed through a screen. The 

screen is electrically powered. Some screen rejects are recycled into the original blend, and 

the rest are sent to a landfill. It is assumed that 35% of the materials are screened out, and 

that all substrates are screened with the same efficiency. This sub-model considers the 

electrical energy used by the screen and the emissions used to dispose of the excess screen 

rejects in a landfill. The electrical energy use for the screen was determined by Diaz et. al. 

(1982). 

 The composting model makes extensive use of the landfill model from the Solid Waste 

Management – Life-Cycle Inventory (SWM-LCI) model as described above. For screen 

rejects, methane production in the landfill was assumed to be 10% of the ultimate methane 

yield for a mixture of branches and food waste as the materials have already been exposed to 

aerobic degradation.   

 

3.2.1.10 Energy and Emissions Associated with Front End Loader Use 

 

 Front end loaders (FEL) are used throughout the composting operation. They are used to 

blend materials at the tipping floor, build and tear down piles, and transfer materials around 

the facility. The emissions from FELs were determined by using an overall factor of 0.5 

hp/tpd requirement for FELs that was determined by Komilis and Ham (2004b).  
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3.2.1.11 Energy and Emissions Associated with Office Energy Use  

 

 The offices at composting facilities use electrical energy that result in emissions. The 

amount of required office space is based on the amount of compost entering the facility. The 

office area required per ton of incoming material was developed by Komilis and Ham 

(2004b). The amount of energy use in an office per unit area was determined from the DOE 

(1994). 

  

3.2.1.12 Avoided Energy and Emissions Associated with Fertilizer Production Offsets 

 

 It is assumed that the use of compost by nurseries and farms replaces the use of nitrogen, 

phosphorous, and potassium fertilizers. The model assumes that there is an unlimited market 

for the available nitrogen in finished compost. This assumption will provide positively biased 

avoided emissions offsets because in reality not all compost may be used to offset nitrogen 

fertilizer. This offset analysis is meant to provide an upper limit on the potential offset. It is 

assumed that nitrogen is the driving nutrient for fertilizers. The demands of phosphorous and 

potassium are determined based on the total amount of nitrogen that can be applied. Any 

phosphorus or potassium that is applied above the determined level of demand does not 

provide an offset. Nitrogen in compost is not as available to plants as nitrogen in mineral 

fertilizers, so a mineral fertilizer equivalent of 0.30 was applied. This means that about three 

times as much nitrogen in compost is required compared to mineral nitrogen fertilizer. Since 

soybeans and corn are the leading crops in Delaware, and since soybeans must be rotated, the 

model assumes an annual rotation between soybeans and corn. The model thus uses the 

average nitrogen, phosphorus, and potassium demand of soybeans and corn developed from 

the USDA‟s Agricultural Chemical Usage 2002 Field Crops Summary. Table 3-2 shows how 

the ratio to nitrogen was determined for phosphorus and potassium.  Finally, although not 

quantified here, compost is also used to retain moisture, suppress weeds, and to increase the 

carbon content of the soil.   



25 

 

 

Table 3-2: Agricultural nutrient demands and compost requirements.  

 

Average Nutrient Demand 

(lbs/acre/year) 

Nutrient Content 

(lbs/ton) 

Compost 

Required 

(tons) 

Ratio to 

Nitrogen
a  

Nitrogen 83 14.2 19.5 1.0 

Phos phorus 63.5 8.2 7.7 0.4 

Potassium 102.5 10.8 9.5 0.5 
a.
The demand for phosphorus and potassium for each pound of nitrogen in the compost. Only 40% of 

the applied phosphorus and potassium will count towards the offset. It is assumed that the rest of the 

applied phosphorus and potassium is unnecessary, and therefore no avoided emissions are counted.  

 

3.2.1.13 Food Waste Uncertainty and Sensitivity Analysis  

 

 Many of the inputs used to calculate the energy demand and environmental emissions 

associated with commercial food waste management are uncertain and/or vary from facility 

to facility. Due to the uncertainty and variability, a Monte-Carlo analysis was performed on 

the recycling alternatives. Triangular distributions based on expert estimation were provided 

for each input and the model was run 10,000 times using different randomly chosen values 

for the inputs. Cumulative distribution functions (CDFs) were determined for each of the 

outputs to show the reasonable ranges of values for each output. The CDFs were developed 

using the Hazen formula (Hazen 1930). This is useful to determine where additional data 

would be most useful. A sensitivity analysis was also performed that determined the 

Spearman rank correlation between each input and output to determine where more data 

would be most beneficial. 

 

n

i
Fi

5.0
 

 

Fi: The cumulative probability for the ith value in a data set. 

n: The number of values in the data set.   
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3.2.2  Anaerobic Digestion Model Description 

 

The purpose of an AD facility is to generate biogas via the anaerobic degradation of 

organic materials. The biogas is between 50 and 70% methane and can either be burned on-

site or upgraded to pipeline quality natural gas. The facility represented in this model 

produces electrical energy on site from the resulting biogas. The generated electricity is used 

to power the AD facility. Excess energy is sold on the energy grid. The anaerobic digestion 

(AD) alternative considers a continuous single-stage, high-solids, mesophilic digester. This 

configuration is typical for organic waste management.  

 

3.2.2.1 Material Flows through the Anaerobic Digestion Facility  

 

A conceptual flow diagram for the modeled AD facility is presented in Fig. 2-2.  Food 

waste is deposited on a tipping floor. The waste then undergoes pre-treatment which includes 

shredding and screening. Materials that are too large to pass the screen are sent to a landfill. 

High solids AD facilities process material that is between 20 and 40% total solids. The 

digester under consideration is assumed to operate at 25% total solids. Since food waste is 

usually about 30% total solids, some water must be added to the initial feedstock before 

being placed in the reactor. Some of this water is recycled from the reactor effluent and some 

water must be added. Materials remain in the digester for 14 - 20 days during which time 

biogas is produced. After digestion, the digestate is dewatered. Some of the water is sent 

back to the reactor and the rest is sent to a treatment plant. Shredded yard waste is added to 

the digestate to provide structure and free air space during 2-3 weeks of aerobic curing in 

windrows. The windrows are turned regularly and emissions result from the biological 

degradation of the materials. An electric odor control system operates during the curing 

phase to reduce odors. After curing, the compost product is screened again and placed in 

aging piles for at least 60 days. The material not passing the screen is sent to a landfill and 

the rest can be sold as fertilizer.  
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Fig. 3-2: Process flow diagram for a process to treat 

food waste by anaerobic digestion. 
 

3.2.2.2 Emissions Associated with Biogas Combustion 

 

The biogas produced in the reactor is 50% to 70% methane by volume. Biomass CO2 

makes up the majority of the remainder. The gas is collected at the reactor and burned on-site 

in a gas turbine to produce electricity. The combustion emissions include CO, NOx, SO2, PM, 

and HCl. Emission factors for biogas combustion in a turbine were provided by AP-42. A 

small amount methane (e.g., < 1%) is assumed to not be destroyed and this is also included in 

the combustion emissions. 
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3.2.2.3 Factors Common to Compost Process 

 

 There are several areas of overlap between the composting and anaerobic digestion 

processes and in these cases the same sub-model was used.  Specifically, the sub-models 

described for (a) yard waste shredding, (b) front-end loader use, (c) windrow turning, (d) 

odor control systems, (e) compost screening, (f) office energy use, and (g) fertilizer use (h) 

uncertainty and sensitivity analysis were applied to the AD process as described for the 

composting process.  The AD screening process does not recycle the screen rejects. The 2% 

of incoming material that is rejected is sent to a landfill as described in the compost section. 

In addition, the sub-model on Emissions Associated with Biological Degradation was also 

applied to the AD curing process, which were performed after digestion. For AD, the 

emissions of CO2, NH3, and VOC‟s were assumed to be reduced by 75% due to the anaerobic 

digestion that has already occurred.    

 

3.2.2.5 Energy and Emissions Associated with Leachate Treatment 

 

 Some of the dewatered effluent is recycled to the reactor to provide additional moisture to 

the food waste. The rest of the leachate is sent to an off-site wastewater treatment plant. The 

leachate is assumed to be transported via heavy truck. The leachate sub-model of the landfill 

model from the Solid Waste Management – Life-Cycle Inventory (SWM-LCI) model 

developed at North Carolina State University (Sich and Barlaz 2000 and Fedrizzi 2006) is 

used to calculate emissions and energy use from leachate treatment based on the amount of 

BOD in the leachate. BOD, COD, NH3, PO4, and TSS are also calculated for the effluent 

from the treatment plant, but these results are not presented in this report. 

 

3.2.2.6 Energy and Emissions Associated with Landfilling Residuals  

 

 Materials that are too large to pass through the pre-treatment screen and the post-

treatment screen are sent to a landfill. The aforementioned landfill model was used to 
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calculate emissions and energy use from landfill disposal. The pre-screened materials are 

considered to be mostly inert, with 10% food waste by weight. The food waste will produce 

methane in the landfill. Methane in the landfill is collected and flared. The materials screened 

out after curing are assumed to be inert as complete decomposition is assumed to have taken 

place. 

 

3.2.2.7 Energy and Emissions Associated with Electrical Energy Generation 

 

 The biogas produced in the reactor is 50% to 70% methane by volume. Biomass CO2 

makes up the majority of the remainder. The gas is collected at the reactor and burned on-site 

in a gas turbine or internal combustion engine. The heat rate used for electrical energy 

production using a gas turbine is 11,000 Btu/kWh, which was developed from Caterpillar gas 

turbines. The on-site electricity usage is determined based on the capacity of the facility. The 

electricity usage per ton per day was determined using data from the Brecht II plant in 

Belgium. Electrical energy in excess of that required to meet on-site requirements is exported 

to the grid and is assumed to replace electricity produced by coal and natural gas combustion 

which typically provide peak load energy to the grid.  

 

3.2.3. Landfill Model Description 

 

 An estimate of the energy and environmental emissions attributable to the disposal of 

materials in a landfill requires consideration of many processes. Materials must be buried in 

the landfill, daily and final covers must be applied, landfill gas and leachate must be 

managed, and the facility must be maintained.  

 For this study, an existing landfill life-cycle model was utilized (Sich and Barlaz 2000 

and Fedrizzi 2006). The landfill model considers emissions from daily operations, gas and 

leachate collection and treatment, landfill closure, and post-closure monitoring. The 

emissions from each process are determined on a per ton of refuse basis. Two landfill 

scenarios were considered, one in which the landfill gas is burned in a flare with no energy 
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recovery and a second in which the landfill gas is recovered and converted to electrical 

energy using a turbine. Eq. 3-1 determines the emissions from the landfill process. Yard 

waste is included because it is required in the life-cycle model of the composting processes. 

If the food waste is not sent to a composting facility then the yard waste still needs to be 

managed.  

 

(3-1) slfywywslffwfwslf eMeMp ,,,,,  

 

Where, 

  

plf,s: The total emissions of pollutant, s, due to landfill disposal (lbs).  

Mfw: The total wet mass of food waste entering the facility (tons).  

efw,lf,s: The emissions of pollutant, s, per ton of food waste buried in a landfill. The 

default values were determined from the SWM-LCI model (lbs/ton). 

Myw: The total wet mass of yard waste entering the facility (tons). 

eyw,lf,s: The emissions of pollutant, s, per ton of yard waste buried in a landfill. The 

default values were determined from the SWM-LCI model (lbs/ton). 

 

Eq. 3-2 was used to determine the energy use for each of the landfill alternatives.  

 

(3-2) elclfywywelclffwfwslf eMeME ,,,,,  

 

Where, 

  

Elf,s: The total energy use due to landfill disposal (Btu).  

Mfw: The total wet mass of food waste entering the facility (tons).  

efw,lf,elc: The energy used per ton of food waste buried in a landfill. The default values 

were determined from the SWM-LCI model (Btu/ton). 
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Myw: The total wet mass of yard waste entering the facility (tons).  

eyw,lf,elc: The energy used per ton of yard waste buried in a landfill. The default values 

were determined from the SWM-LCI model (Btu/ton). 

 

 For the landfill model, a full uncertainty/sensitivity analysis was not performed. Rather, a 

parametric study was conducted with variables known to have a significant effect on energy 

recovery and GWP.  There is significant uncertainty in the methane yield, decay rates, and 

collection efficiencies. Several variations in decay rate (i.e., 0.09, 0.11, and 0.15), collection 

efficiency, and the  timing of the implementation of gas collection were considered as 

described in Table 3-3. Regardless of the gas collection scenario, it was assumed that the 

conversion of gas to electrical energy did not begin until year 4. Gas collected prior to year 4 

was flared. Only the landfilling with energy recovery alternative was analyzed because it will 

provide a better indication of how the input assumptions affect the results.  

 

Table 3-3: Alternative Assumptions Used to Determine Variation in Landfill Model 

Outputsa 

 Collection Efficiency (% ) 

Year BC
* 

SB B S L W LW FD SD 

1 0 0 0 0 0 0 0 0 0 

2 0 60 0 50 0 0 0 0 0 

3 50 80 60 70 0 40 0 50 50 

4 70 90 80 80 50 60 40 70 70 

5 80 90 90 80 70 70 60 80 80 

6 - 70 80 90 90 80 80 70 70 80 80 

 Decay Rate (yr
-1

) 

 BC
* 

SB B S L W LW FD SD 

Decay Rate  0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.15 0.09 
a. 

BC = Base Case, SB = Sooner-Better Collection, B = Better Collection, S = Sooner Collection, L = Later 

Collection, W = Worse Collection, LW = Later-Worse Collection, FD = Faster Decay, SD = Slower Decay.  
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3.3 MODEL RESULTS AND DISCUSSION 

  

 The results of the LCI model include the emissions of several criteria pollutants as well 

as total energy use and GWP. The composting, anaerobic digestion and landfill results will 

be discussed first. The review of these alternatives will include their respective uncertainty 

and sensitivity analyses. Finally, a comparison of the LCI results across composting, AD and 

landfilling is presented. 

 

Composting Life-Cycle Inventory 

 

 The energy, emissions and GWP associated with each of the management alternatives are 

presented in Table 3-4 and the offsets associated with fertilizer production are presented in 

Table 3-5.   

 

Table 3-4: Comparison of Emissions, GWP and Energy Use from Managing 2,000 lbs of 

Food Waste and 1,200 lbs of Yard Wastea 

 Windrow ASP In-Bag In-Vessel AD LFER  LFNER 

CO (lbs) 0.4 0.1 0.1 0.2 0.8 0.7 2 

SO2 (lbs) -0.05 -0.05 -0.04 0.4 -4 -3 0.2 

NOx (lbs) 0.5 0.2 0.2 0.4 -2 -1 0.4 

Total PM (lbs) 0.01 0.01 0.02 0.07 -0.6 -0.4 0.1 

Energy Use 

(kBtu) 90 40 70 600 -3,000 -1,000 1,000 

GWP          

(lbs CO2) 20 8 10 80 -600 1,000 2,000 
a. 

Negative values indicate that offset emissions are greater than the process emissions.  

 

Table 3-5: Avoided Emissions, GWP and Energy Use Associated with the 

Production of Fertilizer from One Ton of Food Wastea 

CO (lbs) SO2 (lbs) NOx (lbs) 

Total PM 

(lbs) 

Energy Use 

(kBtu) 

GWP      

(lbs CO2) 

-0.04 -0.1 -0.05 -0.007 -100 -10 
a. 

Negative values indicate that offset emissions are greater than the process emissions. Results 

include the yard waste process with the food waste. 
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 Windrow composting leads to the highest emissions of CO and NOx among the 

composting alternatives. This is due to the diesel combustion necessary to turn windrows 

during the active composting phase. The in-vessel alternative leads the other composting 

alternatives in SO2 and Total PM emissions as well as in energy use and GWP. This is due to 

the electrical energy used to power in the reactor. The ASP alternative has lowest value for 

every category among the composting alternatives. The ASP alternative results in less 

emissions and energy use than the in-bag system because bag manufacture, transport, and 

disposal result in more emissions than the  electric odor control system used in the ASP 

system. The avoided mineral fertilizer production provides a significant offset but, does not 

completely negate the process emissions, except for SO2 emissions. 
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Fig. 3-3: Energy use associated with each sub-process used to compost 2,000 lbs. 
of food waste and 1,200 lbs of yard waste. The energy use fertilizer offset is 100 

kBtu for all alternatives and is not shown. 

  



34 

 

 Fig. 3-3 shows the energy use for the main sub-processes in each of the composting 

alternatives. Processes not shown provided less than 1% of gross process emissions. The in-

vessel composting alternative has the highest energy use, the vast majority of which comes 

from the electricity required to power the reactor. That energy alone is greater than the total 

energy use for each of the other alternatives. The windrow composting alternative has high 

energy use due to windrow turning during the active composting phase. The energy used to 

manufacture, transport, fill, and dispose of compost bags is greater than what would be 

required for an active odor control system. Fig. 3-4 shows the GWP for the main sub-

processes in each of the composting alternatives. The GWP fertilizer offset is 10 for all of the 

alternatives. The GWP results closely mirror the energy use results because fossil fuel 

derived CO2 is the most prevalent greenhouse gas for the composting alternatives.  
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Fig. 3-4: GWP associated with each sub-process used to compost 2,000 lbs. of 

food waste and 1,200 lbs of yard waste.  
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 A Monte-Carlo analysis was performed on the composting model. Fig. 3-5 shows the 

cumulative distribution functions (CDFs) for the outputs of each composting alternative. The 

relative ranks among the composting alternatives do not change since the CDFs do not 

intersect. The SO2 emissions for the windrow, ASP, and in-bag alternatives vary from about -

0.3 to 0 lbs. They are all close to each other and show little overall variation because SO2 is 

primarily produced from electrical energy generation, and the three alternatives use about the 

same amount of electricity. More SO2 emissions are offset due to avoided fertilizer 

production than are produced during composting, so the median of the CDFs is around 0.1. 

The in-vessel system releases much more SO2 than the other alternatives because its 

emissions are primarily from electrical energy production. SO2 emissions from the in-vessel 

system vary more because a wide distribution was used to describe the electrical energy 

required to power the reactor due to the high variability and uncertainty associated with such 

systems. 

 The windrow alternative results in the highest NOx emissions due to the relatively large 

amounts of diesel fuel that are used during active windrow turning. The ASP and in-bag 

alternatives are similar because they have about the same diesel fuel equipment use. Table 3-

6 provides summary statistics for each of the output distributions. The mean values in Table 

3-6 are different than the deterministic values in Table 3-1 because the modes of the 

distributions were used in the deterministic case in order to model “typical” facilities and 

conditions. 
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Fig. 3-5: Cumulative distribution function for each output and composting alternative based 
on composting 2,000 lbs. of food waste and 1,200 lbs of yard waste.  

 

 The 50 percentile range for most of the outputs is about half of the 80 percentile range. 

For GWP the 50 percentile ranges are 15, 12, 12, and 37 lbs of CO2 per ton of food waste for 

the Windrow, ASP, in-bag, and in-vessel alternatives, respectively. The 80 percentile ranges 

are 30, 24, 24, and 61 lbs of CO2 per ton of food waste. This means that a factor of two 

increase in range accounts for 30% more of the distribution. The variation in most of the 

outputs is rather high. The 90th percentile is greater than 40% higher than the mean for every 

alternative except for the in-vessel system. The 80 percentile range is greater than ± 100% 

from the mean for GWP associated with the ASP alternative. The in-bag GWP varies slightly 

less, but is still greater than ± 80% from the mean. The 80 percentile range for GWP for the 

windrow and in-vessel is greater than ±60% and ± 30% from their respective means. The 80 

percentile range is around ± 30% for every category for the in-vessel. This is presumably 

because the 80 percent range on the reactor electricity use is about ± 30% from the mean.   
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 The Spearman rank correlation between each input and output was calculated. The 

Spearman rank correlation shows the strength of the monotonic relationship between two 

variables. Thus, a higher absolute value indicates a stronger relationship between the 

variables. The Spearman rank correlation ( ) and relative rank of the five variables with the 

highest correlation for each output and alternative appear in Table 3-7. Many of the outputs 

are sensitive to changes in the proportion of nitrogen in the dry final compost. This is 

because the nitrogen, potassium and phosphorus fertilizer offsets are all determined by this 

value. The emission factors for nitrogen fertilizer production are significant for the same 

reason. Tub grinder fuel consumption and power requirement are also significant sources of 

variation. This is because the uncertainty and variability in these values are relatively high, 

thus these variables were assigned wider distributions that will have a greater effect on the 

outputs. Outputs were also sensitive to fan efficiency for aeration and odor control wherever 

they were used. In-vessel composting was most sensitive to the energy required to perform 

active composting. Many of these inputs could be measured for a specific facility to reduce 

the variability. More accurate life-cycle inventories would be necessary to reduce the 

uncertainty in most of the emission factors.  
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Table 3-6: Output Summary Statistics for Composting Alternatives Based on Processing 
2,000 lbs of Food Waste and 1,200 lbs of Yard Wastea  

  Mean 

  Windrow ASP In-Bag In-Vessel 

CO (lbs) 0.58 (0.19) 0.19 (0.069) 0.19 (0.069) 0.24 (0.071) 

SO2 (lbs) -0.07 (0.053) -0.076 (0.052) -0.063 (0.053) 0.43 (0.14) 

NOx (lbs) 0.77 (0.26) 0.25 (0.092) 0.28 (0.092) 0.54 (0.12) 

Total PM 

(lbs) 0.016 (0.006) 0.015 (0.0059) 0.019 (0.006) 0.079 (0.018) 

Energy 

Use 

(kBtu) 130 (77) 46 (64) 84 (67) 730 (190) 

GWP (lbs 

CO2e) 25 (12) 9.7 (9.4) 14 (9.6) 90 (23) 

  50 Percentile Range 

  Windrow ASP In-Bag In-Vessel 

  25th 75th 25th 75th 25th 75th 25th 75th 

CO (lbs) 0.44 0.69 0.14 0.23 0.14 0.23 0.19 0.28 

SO2 (lbs) -0.10 -0.032 -0.10 -0.038 -0.092 -0.025 0.32 0.52 

NOx (lbs) 0.59 0.91 0.18 0.30 0.21 0.33 0.45 0.62 

Total PM 

(lbs) 0.012 0.020 0.011 0.019 0.015 0.023 0.066 0.091 

Energy 

Use 

(kBtu) 84 190 6.4 89 43 130 590 860 

GWP (lbs 

CO2e) 17 32 3.7 16 8.8 21 73 110 

  80 Percentile Range 

  Windrow ASP In-Bag In-Vessel 

  10th 90th 10th 90th 10th 90th 10th 90th 

CO (lbs) 0.37 0.83 0.10 0.28 0.11 0.28 0.15 0.34 

SO2 (lbs) -0.14 -0.011 -0.15 -0.018 -0.13 0.00 0.24 0.62 

NOx (lbs) 0.48 1.11 0.14 0.37 0.17 0.40 0.39 0.70 

Total PM 

(lbs) 0.0087 0.024 0.0074 0.023 0.012 0.027 0.056 0.10 

Energy 

Use 

(kBtu) 37 230 -35 120 -1.4 160 490 1000 

GWP (lbs 

CO2e) 10 40 -2.1 22 2.7 27 61 122 
a. 

Negative emission values indicate that offset emissions are greater than the process emissio ns.  
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Table 3-7: Spearman Rank Correlation and Relative Rank for the Inputs with Highest 

Correlation to Each Output for Each Alternativea 

Windrows  GWP Energy Use  SO2 NOx 

  R R R R 

Proportion nitrogen of dry final compost. -0.31 1 -0.33 1 -0.46 1 -0.075 10 

Tub grinder fuel consumption (gal/hp-hr) 0.31 1 0.27 6 0.061 11 N/S
*
 - 

Tub grinder power rating  (hp-hr/ton) 0.31 1 0.26 7 0.13 8 0.25 4 

Windrow turner power rating (hp-hr/ton) 0.30 4 0.25 8 0.022 23 0.53 1 

Nitrogen fertilizer production emission 

factor (lb/dry equiv. lb N) 
-0.30 4 -0.31 3 -0.46 1 -0.078 9 

Blower energy required per air flow rate 

(hp/cfm) 
0.27 7 0.31 3 0.34 3 0.060 13 

Flow rate of air required per ton of 

compost for odor control (cfm/ton) 
0.26 8 0.32 2 0.33 5 0.069 11 

Odor control blower efficiency (kW-

in/hp-out) 
0.25 9 0.31 5 0.33 4 0.047 14 

Active turning frequency (1/day) 0.24 10 0.21 10 0.029 18 0.45 3 

Windrow turner emission factor (lb/hp-hr) N/S
* 

- N/S
*
 - N/S

*
 - 0.53 1 

Tub grinder emission factor (lb/hp-hr) N/S
*
 - N/S

*
 - 0.11 9 0.23 5 

ASP GWP Energy Use  SO2 NOx 

  R R R R 

Tub grinder fuel consumption (gal/hp-hr) 0.34 1 0.27 6 0.021 26 0.049 17 

Proportion nitrogen of dry final compost  -0.34 1 -0.34 1 -0.46 1 -0.16 5 

Tub grinder power rating (hp-hr/ton) 0.33 3 0.26 7 0.11 11 0.59 1 

Nitrogen fertilizer production emission 

factor (lb/dry equiv. lb N) 
-0.32 4 -0.32 4 -0.44 2 -0.16 6 

Flow rate of air required per ton of 

compost for odor control (cfm/ton) 
0.30 5 0.33 2 0.32 3 0.13 8 

Blower energy required per air flow rate 

(hp-hr/cfm) 
0.29 6 0.33 2 0.32 3 0.14 7 

Odor control blower efficiency (kW-

in/hp-out) 
0.27 7 0.31 5 0.29 5 0.12 9 

Front end loader specific fuel 

consumption (gal/hp-hr) 
0.15 12 0.12 12 N/S

*
 - 0.22 3 

Front end loader energy required per 

weight flow of material (hp-hr/ton) 
0.15 12 0.11 13 N/S

*
 - 0.21 4 

Tub grinder emission factor (lb/hp-hr) N/S
*
 - N/S

*
 - 0.08 12 0.55 2 

a. 
Negative values indicate that there is an inverse relation  

*N/S means that the correlation was not significant at a level of 0.05.  
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Table 3-7 Spearman Rank Correlation and Relative Rank for the Inputs with Highest 

Correlation to Each Output for Each Alternative (continued).a  

In-Bag GWP Energy Use  SO2 NOx 

  R R R R 

Proportion nitrogen of dry final 

compost. 
-0.41 1 -0.43 1 -0.55 1 -0.18 5 

Tub grinder fuel consumption (gal/hp-

hr) 
0.40 2 0.33 4 0.028 15 0.046 14 

Tub grinder power rating (hp-hr/ton) 0.40 2 0.34 3 0.17 8 0.62 1 

Nitrogen fertilizer production emission 

factor (lb/dry equiv. lb N) 
-0.38 4 -0.43 1 -0.55 1 -0.18 6 

Aeration fan efficiency (kW-in/hp-out) 0.22 5 0.26 5 0.25 4 0.090 10 

Blower energy required per air flow 

(hp-hr/ton) 
0.21 6 0.26 5 0.25 4 0.09 13 

Mineral fert ilizer equivalent -0.20 8 -0.21 8 -0.28 3 -0.09 12 

Front end loader energy required per 

weight flow of material (hp-hr/ton) 
0.20 8 0.15 10 0.024 19 0.24 3 

Front end loader specific fuel 

consumption (gal/hp-hr) 
0.18 10 0.16 9 0.020 24 0.23 4 

Tub grinder emission factor (lb/hp-hr) N/S
*
 - N/S

*
 - 0.12 9 0.57 2 

In-Vessel GWP Energy Use  SO2 NOx 

 R R R R 

Reactor energy use per weight of 

material (kWh/ton) 
0.91 1 0.94 1 0.93 1 0.63 1 

Tub grinder fuel consumption (gal/hp-

hr) 
0.17 2 0.13 4 0.023 13 0.023 14 

Proportion nitrogen of dry final 

compost 
-0.17 2 -0.16 3 -0.21 2 -0.13 6 

Nitrogen fertilizer production emission 

factor (lb/dry equiv. lb N) 
-0.17 2 -0.18 2 -0.20 3 -0.11 7 

Tub grinder power rating (hp-hr/ton) 0.15 5 0.10 5 0.033 8 0.46 2 

Mineral fert ilizer equivalent -0.087 6 -0.076 6 -0.10 4 -0.047 11 

Front end loader specific fuel 

consumption (gal/hp-hr) 
0.086 7 0.060 8 N/S* - 0.17 4 

Front end loader energy required per 

weight flow of material (hp-hr/ton) 
0.065 9 0.041 10 N/S* - 0.14 5 

Moisture content after active 

composting 
0.029 12 N/S* - 0.071 5 0.023 13 

Tub grinder emission factor (lb/hp-hr) N/S
*
 - N/S

*
 - 0.041 7 0.44 3 

a. 
Negative values indicate that there is an inverse relation  

*N/S means that the correlation was not significant at a level of 0.05.  
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Anaerobic Digestion Life-Cycle Inventory 

 

 The deterministic anaerobic digestion results are presented in Table 3-4. The values in 

each of the categories except CO are negative. This is because the avoided emissions from 

the electrical energy production are greater than the emissions produced from processing the 

food waste. The CO emissions are positive because more CO is generated in a gas turbine at 

the AD facility than is released using coal and natural gas for electricity generation. Fig. 3-6 

shows the breakdown of energy use and GWP for the AD alternative. On-site electricity 

usage leads to the most GWP and energy use of any of the sub-processes. Biogas combustion 

leads to significant GWP due to fugitive methane releases. The combustion process is 

assumed to have a methane destruction efficiency of 99.5%, but since methane has a GWP 

that is 25 times that of fossil CO2 these emissions have a significant effect. Landfilling makes 

up a greater proportion of the total GWP than it does energy use due to fugitive methane 

emissions from the food waste degrading in the landfill. The unlisted processes make up less 

than 1% of gross energy use and GWP. All of these positive GWP emissions are still 

significantly less the avoided GWP from on-site energy production. In this respect, Fig. 3-4 

should be viewed with caution as net emissions given in Table 3-1 are negative with the 

exception of CO.   

 Table 3-8 shows the offsets due to avoided fertilizer production and electrical energy 

generation. The offsets provided by electrical energy production are between one and two 

orders of magnitude larger than the offsets for fertilizer production. Comparing Table 3-4 to 

Table 3-8, it is clear that AD fertilizer production provides less of an offset than composting 

fertilizer production. Although both composts are assumed to have the same nitrogen content, 

less compost is generated at the AD facility because more solids are assumed to be removed 

during the initial pre-screening. 
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Fig. 3-6: Gross Energy Use and GWP associated with managing 2,000 lbs of food 

waste and 1,200 lbs of yard waste at an anaerobic digestion facility.  

 

Table 3-8: Avoided Emissions, GWP and Energy Use due to AD Fertilizer Production and 

Electricity Generation from 2,000 lbs of Food Waste and 1,200 lbs of Yard Wastea 

 

CO 

(lbs) 

SO2 

(lbs) 

NOx 

(lbs) 

Total PM 

(lbs) 

Energy Use 

(kBtu) 

GWP      

(lbs CO2) 

Fertilizer 

Production -0.01 -0.03 -0.02 -0.002 -30 -4 

Electricity 

Generation -0.2 -4 -2 -0.8 -3,000 -700 
a. 

Negative values indicate that offset emissions are greater than the process emissions. 

 

 A Monte Carlo simulation was performed on the AD model. Fig. 3-7 shows the CDFs for 

the model outputs and Table 3-9 shows summary statistics for the output distributions. The 

CO emissions are always positive because the combustion of methane in a gas turbine leads 

to more CO emissions than the use of coal or natural gas to produce electricity. The rest of 

the categories are all negative due to the electrical energy production offset.  
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Table 3-9: Net Emissions, GWP and Energy Use from AD Fertilizer Production and 
Electricity Generation from the Anaerobic Digestion of 2,000 lbs of Food Waste and 1,200 

lbs Yard Wastea 

 

 50 Percentile 

Range 

80 Percentile 

Range 

  Mean 25th 75th 10th 90th 

CO 1.0 ( 0.25) 0.82 1.2 0.72 1.4 

SO2 -3.7 (0.55) -4.1 -3.3 -4.5 -3.0 

NOx -1.6 (0.29) -1.8 -1.4 -2.0 -1.2 

Total PM -0.59 (0.096) -0.66 -0.53 -0.72 -0.47 

Energy Use  -2,500 (420) -2,800 -2,200 -3,100 -2,000 

GWP -550 (84) -610 -490 -670 -450 
a.
 Negative values indicate that offset emissions are greater than the process 

emissions. 

 

 
Fig. 3-7: Cumulative distributions for emissions, total energy use and GWP from the 

anaerobic digestion of 2,000 lbs of food waste and 1,200 lbs yard waste.  
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 Table 3-10 shows the five highest Spearman rank correlation coefficients ( ) between the 

model inputs and outputs and their relative rank (R). Based on this analysis, the moisture 

content of the food waste is the most important variable. This is because the functional unit 

for this analysis is a wet ton of food waste, but energy is generated on a dry ton basis. Higher 

moisture content replaces fuel with water. That also leads to excess water being treated at the 

wastewater treatment plant. The outputs are highly sensitive to the ultimate methane yield, 

gas turbine heat rate, and the electrical energy offset emission factor because these inputs 

directly affect the electrical energy offsets.  The proportion of waste that is pre-screened also 

ranks highly because waste that is not digested and therefore will not result in recovered 

electricity. The rejected material also needs to be landfilled, and landfilling is the third 

leading cause of GWP and second leading energy consumer. Most of these variables will 

vary from facility to facility and will depend on the incoming waste stream and the regional 

electrical grid. This variability could be reduced by choosing a specific facility and 

measuring values. Uncertainty could be reduced by generating better estimates of ultimate 

yield and electrical energy emissions factors.  
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Table 3-10: Spearman Rank Correlation Coefficients and Relative Correlation Ranks for AD 
Model Inputs 

 

GW P Energy 

Use SO2 NOx PM CO 

 R R R R R R 

Moisture content 

of food waste 
0.69 1 0.71 1 0.71 1 0.63 1 0.67 1 -0.32 2 

Ult imate 

methane yield of 

food waste 

(cu.ft./lb) 

-0.45 2 -0.46 2 -0.46 2 -0.42 2 -0.44 2 0.21 3 

Heat rate of gas 

turbine engine 

(Btu/kWh) 

0.35 3 0.35 3 0.35 3 0.37 3 0.37 3 0.041 13 

Proportion of 

incoming waste 

that is pre-

screened out.  

0.25 4 0.27 4 0.23 5 0.23 6 0.22 5 -0.081 9 

Electrical energy 

offset emission 

factor (lb/kWh) 

-0.24 5 N/S
*
 - -0.24 4 -0.25 5 -0.25 4 -0.021 14 

Proportion of the 

time that turbine 

is not operating. 

-0.15 6 -0.15 5 -0.15 6 -0.14 7 -0.15 7 0.17 4 

Gas turbine 

emission factor 

(lb/cu.ft.)  

N/S
*
 - N/S

*
 - N/S

*
 - 0.27 4 0.20 6 0.87 1 

Flare emission 

factor (lb/cu.ft.)  
N/S

*
 - N/S

*
 - N/S

*
 - N/S

*
 - N/S

*
 - 0.17 5 

 

Landfill Life-Cycle Inventory 

 

 The results of the SWM-LCI landfill sub-model are presented in Table 3-8. The results 

are sensitive to input assumptions and several variations in food waste decay rates, gas 

collection efficiency, and gas collection timing were considered to quantify how the 

emissions change based on a range of reasonable assumptions.  

 GWP shows the most variation since each of these alterations directly affects the fugitive 

methane emissions from the landfill. CO shows almost as much variation, but in the opposite 

direction because more CO is produced when methane is combusted in a gas turbine than 

when electricity is produced with coal and natural gas. The additional CO is the only 
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negative consequence of more efficient and/or sooner methane collection. Energy use varies 

by about 30% in the most extreme cases due to the variation in the generated electricity. The 

other emissions all vary by about 15% in the extremes due to the changes in the electrical 

energy offsets. Collection efficiency has a much larger impact on SO2, NOx, Total PM, and 

energy use than does collection timing. This is because in all of the alternatives, energy 

production is not implemented until year four, thus none of the earlier collection cases results 

in increased electrical energy recovered. GWP is more affected by collection efficiency than 

collection timing, but the difference is not as large as for energy since gas that is flared still 

reduces GWP emissions. This is because food waste degrades fairly quickly, so collecting 

and flaring gas sooner can have a significant impact. CO is actually more sensitive to timing 

than efficiency. This is because the CO emission factor for the flare used in years one 

through four is over three times larger than the CO emission factor used for gas turbines. 

Decay rate also has a significant effect on emissions. Faster decay leads to increases in all 

outputs except CO because more of the methane is emitted during low efficiency years or 

before energy generation is implemented.  
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Table 3-11: Variation in Landfill Model Outputs Under Various Input Assumptions.  
Emissions are Based on Processing 2,000 lbs of Food Waste and 1,200 lbs of Yard Wastea 

 Outputs 

 BC
* 

SB B S L W LW FD SD 

CO (lbs) 0.72 1.1 0.81 0.93 0.53 0.62 0.47 0.71 0.71 

SO2 (lbs) -2.6 -3.0 -3.0 -2.6 -2.6 -2.3 -2.2 -2.2 -2.8 

NOx (lbs) -1.1 -1.3 -1.3 -1.1 -1.1 -0.93 -0.92 -0.89 -1.2 

Total PM 

(lbs) 
-0.42 -0.48 -0.48 -0.42 -0.42 -0.36 -0.36 -0.35 -0.46 

Energy 

Use (kBtu) 
-1,000 -1,300 -1,300 -1,000 -970 -730 -710 -690 -1,200 

GWP (lbs 

CO2) 
1,100 440 760 850 1,400 1,500 1,700 1,400 1,000 

 Percent Change from Baseline 

 BC
* 

SB B S L W LW FD SD 

CO  47% 13% 31% -25% -13% -34% -1% 0% 

SO2  -14% -13% 0% 1% 14% 15% 16% -9% 

NOx  -15% -16% 1% 1% 16% 17% 19% -11% 

Total PM  -13% -14% 1% 1% 14% 15% 17% -9% 

Energy 

Use 
 -27% -27% 0% 3% 27% 30% 31% -18% 

GWP  -60% -33% -25% 23% 33% 52% 20% -11% 
a. 

Negative emission values indicate that offset emissions are greater than the process emissions.  
* 

BC = Base Case, SB = Sooner-Better Collection, B = Better Collect ion, S = Sooner Collect ion, L = Later 

Collection, W = Worse Collection, LW = Later-Worse Collection, FD = Faster Decay, SD = Slower Decay.  

 

Alternative Comparison 

 

 Fig. 3-8 shows the NOx and SO2 emissions from each of the management alternatives. 

Negative values indicate that avoided fertilizer production and electrical energy generation 

emissions are greater than the sum of the process emissions. The AD and landfill with energy 

recovery alternatives both have negative values for NOx and SO2, with AD having the lowest 

net emissions for both. These negative emissions are due to the fact that the electrical energy 

produced by the biogas leads to more avoided emissions than are emitted processing the 

materials. The windrow, ASP, and in-bag alternatives have negative SO2 emissions because 

the fertilizer offsets are larger than the SO2 emissions from composting. Windrow 

composting has the largest NOx emissions due to diesel combustion during active windrow 



48 

 

turning. In-vessel composting has the by far the largest SO2 emissions due to the electrical 

energy required to run the reactor.  
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Fig. 3-8: Net emissions of NOx and SO2 from managing 2,000 lbs of food waste 

and 1,200 lbs of yard waste. 
 

 The net GWP and energy use from each of the food management alternatives is shown in 

Fig. 3-9. Both of the landfill alternatives have significant GWP due to fugitive methane 

emissions although the landfill with energy recovery has a net negative energy use. The ASP 

alternative has the lowest energy use among the composting alternatives. When comparing 

the results from Table 3-4 to the CDFs for the composting and AD alternatives (Fig. 3-5 and 

Fig. 3-7) it is clear that AD is superior to the other alternatives in all of the output categories. 

The AD CDFs do not approach the deterministic values for the other alternatives. The 

composting alternatives also do not move relative to each other and to the other alternatives 

except for SO2, NOx, and energy use as compared to the landfill without energy recovery 
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alternative. The consideration of avoided mineral fertilizer production due to composting did 

not change the rank of any of the alternatives in any category.  

 The composting CDFs intersect the deterministic output values for the landfill without 

energy recovery alternative for SO2, NOx and energy use. This means that there is some 

likelihood of the actual relative rank of the landfill without energy recovery alternative being 

different than what is shown in Table 3-4. The deterministic landfill without energy recovery 

alternative results in the release of 0.2 lbs of SO2, so it is higher than the windrow, ASP, and 

in-bag alternatives, but less than the in-vessel alternative. This agrees with the deterministic 

results. The landfill without energy recovery alternative results in the emission of 0.4 lbs of 

NOx, which is near the lower tails on in-vessel and Windrow alternatives, and near the upper 

tails of the ASP, and in-bag alternatives. Despite these minor potential discrepancies, the 

relative rankings provided by the deterministic results in Table 3-4 are generally robust. 

 CO emissions are highest for AD and landfill with energy recovery because producing 

electricity in a gas turbine produces more CO than using coal and natural gas, which were 

considered for this study. This is the only real trade-off involved in generating methane from 

anaerobic degradation. It is not a major concern because CO emissions are still low, and CO 

emissions from point sources are not a major concern in most areas.  
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Fig. 3-9: Net GWP and energy use in kBtu from managing 2,000 lbs of food 

waste and 1,200 lbs of yard waste.  
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3.4 CONCLUSIONS 

 

A life-cycle inventory was performed for several food waste management alternatives. 

Among the alternatives, anaerobic digestion resulted in the lowest emissions, GWP, and 

energy use. An uncertainty analysis was performed and indicated that the superiority of the 

AD alternative was robust. The relative rankings of the alternatives for GWP and energy are 

presented in Table 3-9.   

 

Table 3-12: Alternative Rankings for GWP and Energy Use  
GWP Energy Use  

AD AD 

ASP Composting Landfilling with Energy Recovery 

In-bag Composting ASP Composting 

Windrow Composting In-bag Composting 

In-vessel Composting Windrow Composting 

Landfilling with Energy Recovery In-vessel Composting 

Landfilling without Energy Recovery Landfilling without Energy Recovery 

 

 The low GWP from the AD alternative is due to avoided electrical energy production. 

The midrange GWP for the composting alternatives was due to relatively low process 

emissions. The offsets for avoided mineral fertilizer production did not affect the rank o f the 

alternatives in any category. The high GWP from the landfilling alternatives was driven by 

the assumed fugitive methane emissions from the landfill. As discussed earlier, the landfill 

results are sensitive to the assumed gas collection efficiency. Of course, essentially all of the 

gas generated in the AD alternative is collected. The relative rankings based on energy are 

similar to the GWP results, except the landfilling with energy recovery alternative has the 

second lowest energy use, whereas it had the second highest GWP. The rank of AD and 

composting alternatives do not change because fossil fuel CO2 is their main greenhouse gas 

emission, and it is highly correlated to energy use. 

  Economic analyses of the capital and operating cost of each alternative would provide 

important data on the economic trade-offs involved in choosing one alternative over another. 

In general, the cost for composting varies widely depending on the level of technology used. 
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The rank order of composting and landfilling will be site specific and dependent on the 

composting technology employed. Anaerobic digestion is most expensive and anecdotally, it 

may be comparable in cost to mass burn waste to energy facilities. Given the low net 

emissions of anaerobic digestion, exploration of technologies to reduce its cost are desirable.   

 Facility siting could also be an issue in some areas. Odors can be an issue at any of these 

facilities, but landfills are generally more difficult to site. If the landfill is located much 

further from the point of generation than a compost or AD facility, this could influence the 

relative economics. Future research would benefit from comparing specific facility sites and 

designs. Although it is rarely implemented in the US, the potential for district heating from 

an AD facility or landfill would make energy recovery even more attractive.  
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A LIFE-CYCLE ANALYSIS OF ALTERNATIVES FOR CONSTRUCTION AND 

DEMOLITION WASTE 

 

4.1 INTRODUCTION  

 

Construction and demolition (C&D) waste is solid waste generated during the 

construction, renovation, or demolition of buildings and other structures. The nature of C&D 

waste makes it difficult to provide exact estimates of generation rates. The EPA estimates 

that 136 million tons of building-related C&D wastes were generated in the United States in 

1996 (USEPA 1998). In 2005, the state of Delaware recovered 188 tons of mixed C&D 

waste. Mixed C&D is currently banned from landfills in the state, and is sent to a material 

recovery facility (MRF) near Philadelphia for recovery (DSM 2006). 

The objective of this report is to describe the development and implementation of a life-

cycle model to evaluate two alternatives for the management of C&D waste; (1) recycling (2) 

and landfill disposal. A life-cycle inventory (LCI) consists of determining the energy and 

material inputs and outputs for every operation involved in a process. The emissions that are 

included in this analysis are listed in Table 4-1.  

 

Table 4-1: List of Outputs Included in LCI 

CO 

SO2 

NOx 

Total PM 

Energy Use 

GW P 

 

The modeling approach developed for the C&D recycling alternative is described in 

Section 4.2. The modeling approach for the landfill disposal of C&D waste is described in 

Section 4.3. Model results are discussed in Section 4.4. Appendix I provides a description of 

the equations used in the C&D MRF model. Appendix J provides a list of the inputs, their 
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default values, and distributions. Appendix K presents information on the development of 

numerous default values by linear regression of manufacturer data. 
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4.2 CONSTRUCTION AND DEMOLITION WASTE RECOVERY MODELING 

APPROACH 

 

 It is assumed that C&D waste is recovered at a C&D MRF. A C&D MRF receives 

loads of mixed C&D, recovers recyclable materials for sale, and sends the rest of the 

materials to a landfill. The functional unit for this analysis is 1 ton of mixed C&D waste with 

the assumed composition given in Table 4-2.  

 

Table 4-2: Mixed C&D Composition  
Materials Composition by weight 

Dirt/Fines 25% 

Bricks 5% 

Concrete 10% 

Asphalt 6% 

Corrugated Cardboard (OCC) 7% 

Ferrous Metal 3% 

Non-Ferrous Metal 2% 

Gypsum Wallboard  8% 

Wood 22% 

Miscellaneous 12% 

 

 All of the materials except for wallboard and miscellaneous materials are recovered 

for beneficial use. All of the recovered materials except for wood a re assumed to replace 

some virgin materials. For example, asphalt and concrete are crushed and sold as aggregate. 

Wood is assumed to be burned in a co-fired coal plant to produce electricity. Based on 

current market conditions, it is assumed that wallboard and the miscellaneous fraction are 

disposed of in a landfill.  It is recognized that wallboard is recovered in some locations; 

however, wallboard markets appear to be erratic and site-specific. As such, to be 

conservative, no beneficial use was assigned to wallboard.     
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4.2.1 Material Flows through Material Recovery Facilities 

 

 The model considers the flow of ten materials (Table 4-2) through a C&D MRF. Fig. 

4-1 presents a process flow diagram for the C&D MRF. A series of equations was formulated 

to represent a mass balance for each material through the C&D MRF (Appendix I).  The 

mass balance describes the recovery of each material at each step in the MRF process (e.g. 

the fraction of concrete recovered by the grapple, the fraction of soil in the screen 

underflow). All mass entering the facility either is recovered or sent to a landfill. After 

recovery, the dirt/fines, bricks, and metals are shipped offsite for reuse. Asphalt and concrete 

are crushed to be used as aggregate. Wood is ground for use as fuel in a utility boiler, and 

OCC is baled to increase density for transport.  

 As illustrated in Fig. 4-1, initially, large recyclable materials are removed by using a 

grapple. The rest of the materials are sent through a trommel. The underflow from the 

trommel is sent to a vibrating screen. The underflow from the vibrating screen is recovered as 

soil. The overflow from the vibrating screen is sent to a landfill for disposal. The overflow 

from the trommel is sent through a magnet, where ferrous metals are recovered. The 

remaining C&D waste is then sent to a picking line by conveyor. Brick, asphalt, concrete, 

OCC, wood, and non-ferrous metal are recovered on the picking line by manual sorting. The 

rest of the materials form the residuals, which are sent to a landfill. The recovered OCC is 

baled for transport to remanufacturing facilities. The recovered asphalt and concrete are 

crushed onsite and recovered as aggregate. The wood is ground onsite and sent to a utility 

boiler for use as a fuel. Recovered soil and bricks are ready for reuse from the MRF. Metals 

are sent offsite for remanufacture.  
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Fig. 4-1: Material flows through a C&D MRF 

 

4.2.2  Emissions and Energy Use Associated with Trommel Use 

 

Everything that is not picked out by the grapple is sent through the trommel. The trommel 

is used to separate large materials from rocks, broken glass, dirt and fines. The trommel is 

electrically powered. The electricity used by the trommel is assumed to vary linearly with 

throughput. The calculations used to determine the electricity used per mass entering the 

trommel are presented in Appendix K.  

All electricity use in the model is assumed to be provided by the Mid-Atlantic regional 

electrical grid which services Delaware. The emissions from electricity use were developed 

from the electrical energy sub-model (Dumas 1997), of  the Solid Waste Management – Life-

Cycle Inventory (SWM-LCI) model developed at North Carolina State University. The 

electrical energy sub-model calculates combustion and pre-combustion emissions resulting 

from electrical energy generation.  
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4.2.3  Emissions and Energy Use Associated with Vibrating Screen Use 

 

The underflow from the trommel is sent through the vibrating screen. The vibrating 

screen is used to separate rocks, broken glass and other larger materials from dirt and fines. 

The overflow is sent to a landfill, and the underflow is recovered as soil. The vibrating screen 

is electrically powered. The electricity used by the vibrating screen is assumed to vary 

linearly with throughput. The calculations used to determine the electricity used per mass 

entering the vibrating screen are presented in Appendix K. 

 

4.2.4  Emissions and Energy Use Associated with Magnet Use 

 

The overflow from the trommel is sent through the magnet. The magnet is used to 

remove ferrous metal from the waste stream. The magnet is electrically powered. The 

electricity used by the magnet is assumed to vary linearly with the amount of ferrous metal 

recovered. The calculations used to determine the electricity used per mass of ferrous metal 

recovered are presented in Appendix K. 

 

4.2.5  Emissions and Energy Use Associated with Primary Sorting Line  

 

After passing through the magnet, the waste stream is sent to the primary sorting line. 

The materials are recovered by pickers. Emissions result from the electricity required to 

operate the conveyor. The electricity used by the conveyor is assumed to vary linearly with 

throughput. The calculations used to determine the electricity used per mass sent over the 

conveyor are presented in Appendix K.  

 

4.2.6  Emissions and Energy Use Associated with Rolling Stock Use 

 

Rolling stock is used throughout the C&D MRF. Front end loaders are used to move 

materials, and the grapple is used to remove bulky materials at the tipping area. It is assumed 
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that the fuel used by rolling stock at a C&D MRF varies linearly with the amount of waste 

entering the facility. The calculations used to determine the diesel fuel used per mass 

entering the facility are presented in Appendix K. 

 

4.2.7 Equipment and Storage Area Requirements, Emissions and Energy Use 

 

The C&D MRF is assumed to be located in a warehouse like building.  Electricity is used 

to light, heat, and cool the warehouse structure. To allocate this electricity use to the 

individual materials, it is necessary to determine how much area is used for each piece of 

equipment. It is assumed that the area required varies linearly with the daily throughput of 

each material. The calculations used to determine the area required per mass flow rate of 

incoming material for the trommel, vibrating screen, baler, wood grinder, and rock crusher 

are presented in Appendix K. The area for the primary sorting area is based on an assumed 

width of the sorting room, and a length based on the overall picking rate of each material. 

The overall picking rate is based on the number of pickers, how they are arranged, and a 

redundancy factor. The tipping floor area is calculated based on a rolling stock 

maneuverability factor, as well as the density and height of the waste pile. There is also 

warehouse area attributed to OCC bale storage based on the time stored as well as the density 

and height of the OCC bales. The electricity demand per area of warehouse was developed 

from DOE (2003).  

Office area use was allocated per ton of each material entering the facility. The electricity 

demand per area of office was developed from DOE (2003).  

 

4.2.8 Emissions and Energy Use Associated with Dirt/Fines Recovery  

  

The fines passing through the vibrating screen are reused as soil. No further processing is 

necessary at the MRF, and it assumed that the transportation distances from the MRF are the 

same as virgin soil extraction. The emission factor for virgin soil extraction is from APME 

(1993). 
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4.2.9 Emissions and Energy Use Associated with Asphalt and Concrete Recovery 

 

Asphalt and concrete are assumed to be crushed at the MRF. The rock crusher is assumed 

to be electrically powered. The rock crusher‟s electricity use is assumed to vary linearly with 

the incoming mass. The rock crusher‟s electricity use factor is calculated in Appendix K. 

Fugitive particulate matter (PM) is also emitted during rock crushing. The fugitive PM 

emission factor is provided by AP-42 Chapter 11: Crushed Stone Processing and Pulverized 

Mineral Processing. The fuel and electricity used to extract and process virgin aggregates is 

from USDOE (2002). It is assumed that the transportation distance for crushed rock is the 

same as for virgin aggregate. 

 

4.2.10 Emissions and Energy Use Associated with Brick Recovery 

 

Intact bricks are also recovered at the MRF. No further processing is necessary for the 

bricks after recovery. The emissions and energy use associated with virgin brick 

manufacturing were provided by in USEPA (2003 and 2004). It is assumed that brick 

transportation distances from the MRF were the same as for virgin brick.  

 

4.2.11 Emissions and Energy Use Associated with OCC, Ferrous Metal, and Non-

Ferrous Metal Recovery 

 

OCC is baled at the MRF, and then sent to a remanufacturing facility. Ferrous and non-

ferrous metals are recovered and then sent to their respective remanufacturing facilities. The 

emission and energy use factors for OCC, ferrous metal, and non-ferrous metal 

remanufacture and virgin production were developed for the SWM-LCI model (US EPA). 
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4.2.12 Emissions and Energy Use Associated with Wood Recovery 

 

Recovered wood is ground at the MRF. The ground wood is then transported to a co-fired 

coal plant to produce electricity. Since the wood is sent to a co-fired coal plant, it is assumed 

that the wood replaces coal on a kWh produced basis. The pre-combustion and combustion 

emission factors and heat rate for coal were provided by the SWM-LCI.  

 

4.2.13 Energy and Emissions Associated with Landfilling Residuals  

 

The overflow from the vibrating screen and materials that are not recovered from the 

picking line are sent to a landfill. The C&D model makes extensive use of the landfill model 

from the SWM-LCI model (Sich and Barlaz 2000 and Fedrizzi 2006) for all landfill disposal. 

The landfill model included in the SWM-LCI considers emissions from daily operations, gas 

and leachate collection and treatment, landfill closure, and post-closure monitoring. The 

unrecovered wood and OCC will produce methane in the landfill. The methane generated in 

the landfill is collected and flared. The other materials that are landfilled are assumed to be 

inert and therefore do not produce methane.  It should be noted however, that hydrogen 

sulfide emissions are associated with the landfill disposal of wallboard.  Thus, while 

hydrogen sulfide emissions are not quantified in this analysis, they are a disadvantage to the 

landfill disposal of wallboard. 

 

4.2.14 C&D Recovery Sensitivity and Uncertainty Analysis  

  

Many of the inputs used to calculate the energy demand and environmental emissions 

associated with C&D management are uncertain and/or vary from facility to facility. 

Uncertain inputs are those that are inherently stochastic, such as the fuel consumption of 

rolling stock. Variable inputs are those that depend on the individual facility or process such 

as sorting room width. Each facility will have a sorting room with a specific width, but 

sorting room widths vary among facilities. A LCI of a particular facility could eliminate most 
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of the variability, but not the uncertainty. Due to the uncertainty and variability, a Monte-

Carlo analysis was performed on the recycling alternatives. Statistical distributions were 

provided for each input and the model was run 10,000 times using different randomly chosen 

values for the inputs. Triangular distributions based on expert estimation were used for the 

input distributions. Cumulative distribution functions (CDFs) were determined for each of 

the outputs to show the reasonable ranges of values for each output. The CDFs were 

developed using the Hazen formula (Hazen 1930). 

 

n

i
Fi

5.0
 

 

Fi: The cumulative probability for the ith value in a data set. 

n: The number of values in the data set.   

 

A sensitivity analysis was also performed that determined the Spearman rank correlation 

between each input and output. The Spearman rank correlation is useful for determining 

monotonic relationships between variables. The sensitivity analysis indicates which uncertain 

or variable inputs have the greatest effect on the final outputs. This is useful to determine 

where additional data would be most useful.  
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4.3 LANDFILL MODELING APPROACH 

 

An estimate of the energy and environmental emissions attributable to the disposal of 

materials in a landfill requires consideration of many processes. Materials must be buried in 

the landfill, daily and final covers must be applied, landfill gas and leachate must be 

managed, and the facility must be maintained. Fig. 3-1 shows the material flow for the 

landfill alternative. 

 

 

Fig. 4-2: Material flows through landfill alternative. 

 

 For this study, the previously discussed SWM-LCI landfill sub-model an existing was 

utilized (Sich and Barlaz 2000 and Fedrizzi 2006). The landfill model considers emissions 

from daily operations, gas and leachate collection and treatment, landfill closure, and post-

closure monitoring. The emissions from each process are determined on a per ton of refuse 

basis. Landfill gas is collected and flared. Eq. 4-1 determines the emissions from the landfill 

process.  
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(4-1) 
silfisilf eMp ,,,,
 

 

Where, 

  

plf,i,s: The total emissions of pollutant, s, due to landfill disposal of material i (lbs). 

Mi: The total wet mass of material i entering the facility (tons).  

elf,i,s: The emissions of pollutant, s, per ton of material i  buried in a landfill. The 

default values were determined from the SWM-LCI model (lbs/ton). 

 

Eq. 4-2 was used to determine the energy use for the landfill alternative.  

 

(4-2) enerilfisilf eME ,,,,  

 

Where, 

  

Elf,i,s: The total energy use due to landfill disposal of material i (Btu). 

Mi: The total wet mass of material i entering the facility (tons).  

elf,i,ener: The energy used per ton of material i buried in a landfill. The default values 

were determined from the SWM-LCI model (Btu/ton). 
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4.4 MODEL RESULTS AND DISCUSSION 

 

The C&D model was run using the default values provided in Appendix J, and 

considering 1 ton of mixed C&D waste. The emissions, energy use, and GWP resulting from 

the recovery of each material in a C&D MRF and from disposing each material in a landfill 

are presented in Tables 4-3 and 4-4, respectively. Negative values indicate that the avoided 

virgin material production emissions are greater than the emissions from processing that 

material. As presented in Table 4-3, the total emissions for each category for a C&D MRF 

are less than zero, indicating that as configured, the processing of C&D waste in a MRF is 

environmentally desirable.   

 

Table 4-3: Life-Cycle Emissions from Processing 1 Ton of Mixed C&D Waste  

  CO (tons) SO2 (tons) NOx (tons) 

Total PM 

(tons) 

Energy 

Use 

(kBtu) 

GW P    

(lbs CO2e) 

Dirt/ Fines -0.01 0.03 -0.02 0.003 70 6 

Brick -0.02 -0.2 -0.06 -1 -100 -20 

Concrete 0.004 0.007 0.01 -0.006 20 1 

Asphalt 0.002 0.005 0.007 -0.004 10 0.9 

OCC -1 -0.5 -0.4 -0.9 -500 50 

Ferrous Metal -1 -0.09 -0.04 -0.3 -4000 -50 

Nonferrous Metal -1 -2 -0.7 -0.7 -2000 -300 

Drywall 0.007 0.007 0.01 0.002 26 2 

Wood 0.05 -2.00 -0.9 -0.4 -1000 -300 

Misc. 0.02 0.01 0.03 0.003 70 3 

Total -3 -5 -2 -3 -9000 -600 
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Table 4-4: Life-Cycle Emissions from Processing 1 Ton of Mixed C&D in a Landfill 

  CO (tons) SO2 (tons) NOx (tons) 

Total PM 

(tons) 

Energy 

Use 

(kBtu) 

GW P    

(lbs CO2e) 

Dirt/ Fines 0.01 0.005 0.03 0.002 100 2 

Brick 0.002 0.001 0.006 5.00E-04 30 0.4 

Concrete 0.004 0.002 0.01 0.001 50 0.8 

Asphalt 0.003 0.001 0.007 6.00E-04 30 0.5 

OCC 0.2 0.02 0.02 0.007 60 100 

Ferrous Metal 0.001 6.00E-04 0.003 3.00E-04 20 0.3 

Nonferrous Metal 8.00E-04 4.00E-04 0.002 2.00E-04 10 0.2 

Drywall 0.003 0.002 0.009 8.00E-04 40 0.7 

Wood 0.08 0.01 0.03 0.005 100 70 

Misc. 0.005 0.003 0.01 0.001 60 1 

Total 0.3 0.04 0.1 0.02 600 200 

 

Table 4-5 presents the difference in emissions between processing in a C&D MRF and in 

a landfill. Fewer emissions, energy use, and GWP result from sending mixed C&D waste to a 

C&D MRF for recovery relative to disposal in a landfill. The results for some materials and 

categories are positive, which means that processing the same amount of that material in a 

landfill results in fewer emissions. For example, disposing of OCC in a landfill results in 

fewer CO emissions than recovering OCC in a C&D MRF. These relatively small positive 

values are overwhelmed by the significant emission offsets resulting from recovering metals, 

wood, and brick. This leads mixed C&D recycling to have lower values in every category 

overall.   
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Table 4-5: Emission Savings from Processing Mixed C&D in a C&D MRF Instead of a 

Landfill 

  CO (tons) SO2 (tons) NOx (tons) 

Total PM 

(tons) 

Energy 

Use 

(kBtu) 

GW P    

(lbs CO2e) 

Dirt/ Fines -0.020 0.025 -0.050 0.0010 -30 4 

Brick -0.022 -0.20 -0.066 -1.0 -130 -20 

Concrete 0.0 0.0050 0.0 -0.0070 -30 0.2 

Asphalt -0.0010 0.0040 0.0 -0.0046 -20 0.4 

OCC -1.0 -0.52 -0.42 -0.91 -560 -50 

Ferrous Metal -0.60 -0.091 -0.043 -0.30 -4000 -50 

Nonferrous Metal -1.0 -2.0 -0.70 -0.70 -2000 -300 

Drywall 0.0040 0.0050 0.0010 0.0012 -14 1.3 

Wood -0.030 -2.0 -0.93 -0.41 -1100 -370 

Misc. 0.015 0.0070 0.020 0.0020 10 2 

Total -3.3 -5.0 -2.0 -3.0 -9600 -800 
a
Negative values indicate that recovery in a C&D MRF results in less emissions than landfilling.  

 

In the case of soil, concrete and asphalt, emissions in several LCI categories were 

positive when considering processing in a C&D MRF.  As presented above, these positive 

emissions were in general lower than the corresponding landfill emissions.  The refore, 

processing through a C&D MRF is still favorable.  To further explore the potential benefits 

of recovering soil, asphalt, and concrete, an additional analyses was performed for a MRF 

that did not recover soil, asphalt or concrete. For this analysis, the vibrating screen energy 

and area use were set to zero. This means that the entire underflow from the trommel is sent 

to a landfill, and that no emissions are attributed to the vibrating screen. Also, asphalt and 

concrete were not separated out for recovery by the grapple or during primary sorting. This 

meant that no asphalt or concrete were crushed or recovered. Finally, the rock crusher area 

use factor was set to zero to eliminate emissions attributed to the rock crusher.  

The results of this analysis are presented in Table 4-6. The total C&D recovery results do 

not change because soil, asphalt, and concrete recovery activities are a minor part of the total 

MRF emissions. Recovering soil leads to decreased CO, NOx, Total PM emissions and 

energy use. GWP is the same with or without soil recovery, and SO2 emissions are increased 
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due to soil recovery. Asphalt and concrete recovery is beneficial in every category relative to 

a case where these materials are not recovered at the MRF and crushed for use as aggregate. 

 

Table 4-6: Emissions from Mixed C&D in a C&D MRF that Does Not Recover Soil, 
Asphalt or Concrete 

 

CO 

(tons) 

SO2 

(tons) 

NOx 

(tons) 

Total PM 

(tons) 

Energy Use 

(kBtu) 

GW P    

(lbs CO2e) 

Dirt-Fines 0.03 0.02 0.07 0.006 200 6 

Concrete 0.01 0.008 0.03 0.002 60 3 

Asphalt 0.008 0.005 0.02 0.001 40 2 

Total -3 -5 -2 -3 -9000 -600 

 

Fig. 4-3 to Fig. 4-8 show the emission savings for each material from recovering mixed 

C&D waste at a C&D MRF instead of disposing of it in a landfill. It is clear from the figures 

that the slight positive values in some of the categories are considerably lower than the 

negative values. It must be noted that these results do not indicate that lower value materials 

(e.g., soil and concrete) should not be recovered at the MRF. The higher value materials (i.e., 

metals and wood) need to be separated out of the stream at the MRF. Comparing Table 4-6 to 

Table 4-5, it is clear that once the low value materials enter the MRF, recovering them for 

beneficial use will generally result in lower emissions than transporting them from the MRF 

to a landfill for disposal. The overall totals are far more significant because the functional 

unit for the LCI is 1 ton of mixed C&D waste, which cannot be separated into its component 

streams without a MRF. 
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Fig. 4-3: CO Emission Savings from Processing Mixed C&D in a C&D MRF Instead of 

a Landfill 
 

 
Fig. 4-4: SO2 Emission Savings from Processing Mixed C&D in a C&D MRF Instead of 

a Landfill 
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Fig. 4-5: NOx Emission Savings from Processing Mixed C&D in a C&D MRF Instead of 

a Landfill 
 

 
Fig. 4-6: Total PM Emission Savings from Processing Mixed C&D in a C&D MRF 

Instead of a Landfill 

 



71 

 

 
Fig. 4-7: Energy Use Savings from Processing Mixed C&D in a C&D MRF Instead of a 

Landfill 

 

 
Fig. 4-8: GWP Savings from Processing Mixed C&D in a C&D MRF Instead of a 

Landfill 
 



72 

 

An uncertainty analysis was performed on the LCI results as described in Section 4.2.14. 

Summary statistics of the output distributions are presented in Table 4-7. Fig. 4-9 presents 

the output distributions for each life-cycle category. The results vary considerably, but every 

category is also always negative. This is noteworthy because it indicates that the benefits 

associated with recovery of C&D are robust, and not appreciably sensitive to uncertainty and 

variability in the inputs. The emissions, energy use, and GWP associated with landfill 

disposal without beneficial use of methane always results in positive emissions. As a result, 

an uncertainty analysis on the landfill was not performed.  

 

Table: 4-7: Sample Statistics for Output Distributions  

  

Mean       

(std. dev.) 

25th 

Percentile  

75th 

Percentile  

10th 

Percentile  

90th 

Percentile  

CO (lbs) -3.5 (0.54) -3.9 -3.1 -4.2 -2.8 

SO2 (lbs) -5.2 (0.63) -5.6 -4.7 -6.1 -4.4 

NOx (lbs) -2.3 (0.27) -2.5 -2.1 -2.6 -1.9 

Total PM (lbs) -3.7 (0.44) -4.0 -3.4 -4.3 -3.2 

Energy Use (kBtu) -9900 (1500) -11000 -8700 -12000 -8100 

GW P (lbs CO2e) -600 (84) -650 -530 -710 -490 
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Fig. 4-9: Output CDFs from LCI Uncertainty Analysis  

 

 A sensitivity analysis was performed on each of the inputs of the C&D model as 

discussed in Section 4.2.14. The five most significant inputs for each output are presented in 

Table 4-8. The sensitivity analysis shows that the outputs are quite sensitive to the savings 
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from recycling OCC, metals, and brick. These emission factors greatly affect the overall 

emissions from processing C&D waste. The landfill emission factor is also significant due to 

the amount of residual waste that is disposed in the landfill.  

 

 

Table. 4-8: Spearman Rank Correlation Associated with the Five Most Significant Inputs 
for Each Output 

CO SO2 

Input 
*  

Input  

OCC emission savings (lbs/ton). -0.65 

Non-ferrous metal emission savings 

(lbs/ton). -0.95 

Non-ferrous metal emission savings 

(lbs/ton). -0.64 OCC emission savings (lbs/ton). -0.23 

Ferrous metal emission savings 

(lbs/ton). -0.31 Brick emission savings (lbs/ton). -0.091 

Landfill emission factor (lbs/ton). 0.072 Offset electricity factor (lbs/kWh). -0.071 

Wood grinder fuel use factor 

(gal/ton). 0.045 Heat rate of wood (kWh/Btu).  0.062 

NOx PM Total 

Input  Input  

Non-ferrous metal emission savings 

(lbs/ton). -0.77 Brick emission savings (lbs/ton) -0.61 

OCC emission savings (lbs/ton). -0.48 OCC emission savings (lbs/ton). -0.57 

Diesel combustion emission factor 

(lbs/gal). 0.23 

Non-ferrous metal emission savings 

(lbs/ton). -0.45 

Wood grinder fuel factor (gal/ton).  0.14 

Ferrous metal emission savings 

(lbs/ton). -0.16 

Rolling stock fuel factor (gal/ton).  0.12 Landfill emission factor (lbs/ton). 0.035 

Energy Use  GW P 

Input  Input  

Ferrous metal energy savings 

(Btu/ton). -0.85 

Non-ferrous metal emission savings 

(lbs/ton). -0.93 

Non-ferrous metal energy savings 

(Btu/ton). -0.48 Landfill emission factor (lbs/ton). 0.25 

OCC energy savings factor (Btu/ton). -0.10 

Ferrous metal emission savings 

(lbs/ton). -0.19 

Landfill energy use factor (Btu/ton). 0.051 Offset electricity factor (lbs/kWh). -0.083 

Brick energy savings (Btu/ton). -0.029 Heat rate of wood (kWh/Btu).  0.077 
*
Spearman rank correlation coefficient.  
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4.5 CONCLUSIONS 

 

The results of this analysis indicate that recovering mixed C&D in lieu of landfilling 

leads to significant reductions in emissions, energy use, and GWP. The uncertainty analysis 

indicated that the benefits of recycling mixed C&D were robust. Recycling of mixed C&D is 

therefore recommended over landfill disposal from an environmental standpoint. Future work 

would benefit from analyzing specific C&D MRF locations and designs to better quantify the 

benefits at a specific location.  However, the results are sufficiently robust that site-specific 

analyses are not essential.  
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5. CONCLUSIONS 

 

The results of this analysis indicate that recovering used HMA leads to reductions in 

emissions, energy use, and GWP. Recovering used HMA as new pavement was preferable to 

recovering it as aggregate, and landfilling was the worst analyzed alternative from an 

environmental standpoint. The uncertainty analysis indicated that the benefits of recycling 

used HMA were robust. Recycling of used HMA as either new pavement or aggregate, if 

recovery as new pavement is not possible, is therefore recommended over landfill disposal.  

Among the commercial food waste alternatives, anaerobic digestion resulted in the lowest 

emissions, GWP, and energy use. An uncertainty analysis indicated that the rank of the AD 

alternative was robust. The low GWP from the AD alternative is due to avoided electrical 

energy production. The offsets for avoided mineral fertilizer production did not affect the 

rank of the alternatives in any category. The high GWP from the landfilling alternatives was 

driven by the assumed fugitive methane emissions from the landfill. The relative rankings 

based on energy are similar to the GWP results, except the landfilling with energy recovery 

alternative has the second lowest energy use, whereas it had the second highest GWP. The 

rank of AD and composting alternatives do not change because fossil fuel CO2 is their main 

greenhouse gas emission, and it is highly correlated to energy use.  

The results of this analysis indicate that recovering mixed C&D in lieu of landfilling 

leads to reductions in emissions, energy use, and GWP. The uncertainty analysis indicated  

that the benefits of recycling mixed C&D were robust. Recycling of mixed C&D is therefore  

recommended over landfill disposal from an environmental standpoint. 
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APPENDIX 

 



Appendix A: HMA Model Inpute Definitions and Values

Input  Description Units Reference

a cm the efficiency of the RAP crusher motor. N/A Baldor 60 hp motor performance data 

(CM4314T). This motor is recommended for the 

Kenco Black Gold RAP Crusher.

c ag the proportion of aggregate in HMA. N/A EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

c mr RAP crusher motor rating. kW Baldor 60 hp motor specification (CM4314T). 

This motor is recommended for the Kenco Black 

Gold RAP Crusher.

c ng the proportion of natural gas powered heaters 

at mixing plants. 

N/A EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

c ng,BK the total energy input to supply electricity on 

the national grid in Btu consumed per kWh 

supplied.

Btu/kWh SWM-LCI

c rg,BK the total energy input to supply electricity on 

the national grid in Btu consumed per kWh 

supplied.

Btu/kWh SWM-LCI

d cr the average distance to a RAP crusher from 

an HMA recovery site in miles. 

mi. Assumed as reasonable, but site-dependent values 

should be used.

d cus the average distance to a customer from a 

RAP crusher in miles. 

mi. Assumed as reasonable, but site-dependent values 

should be used.

d lf the average distance to a landfill from an 

HMA recovery site in miles.

mi. Assumed as reasonable, but site-dependent values 

should be used.

d mp the average distance to a mixing plant from 

an HMA recovery site in miles. 

mi. Assumed as reasonable, but site-dependent values 

should be used.

d mpq the average distance to a mixing plant from a 

quarry in miles. 

mi. Assumed as reasonable, but site-dependent values 

should be used.

d t the diameter of the asphalt storage tanks at 

the mixing plant in feet.

ft. EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

CO2 2608.31

CO 2.6798

SO2 1.3255

NOx 5.76155

Total PM 2.5333

PM-10 1.86175

PM-2.5

PM-

coarse

Methane 0.1115

NMHC 0.130978

Dioxins

Furans

HAPs

HCl

CO2 

Biomass

Ammonia

Lead 0.012862

Value

0.9

0.92

44

0.8

6,433

e coal,c,s lbs/1000 

lbs

NREL Database- Bituminous Coal Combustion in 

Industrial Boilers modules. (NREL 2004g)

the amount of pollutant, s, emitted per 1000 

lbs of coal combusted.

10,481

20

20

20

20

50

8
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Input Units Reference

CO2 135.0402278

CO 0.432754025

SO2 0.257366276

NOx 0.731420338

Total PM 1.533135523

PM-10 0.020013512

PM-2.5 0

PM-

coarse

0

Methane 3.90658659

NMHC 0.036068203

Dioxins 5.66E-09

Furans 2.84E-11

HAPs 0

HCl 0.008608395

CO2 

Biomass

0.657582629

Ammonia 0.000372906

Lead 7.29E-06

e cr,pm the amount of PM emitted in pounds of PM 

per ton of crushed HMA. 

lbs PM/ton 

HMA

AP-42 Chapter 11 (USEPA 2004)

CO2 2.25E+04

CO 1.17E+02

SO2 5.00E+00

NOx 4.41E+02

Total PM 1.38E+01

PM-10 1.38E+01

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 1.12E+00

NMHC 1.13E+01

Dioxins 0.00E+00

Furans 0.00E+00

HAPs 0.00E+00

HCl 0.00E+00

CO2 

Biomass

0.00E+00

Ammonia 0.00E+00

Lead 0.00E+00

CO2 3258.093873

CO 105.6637052

SO2 13.97646181

NOx 25.0499211

Total PM 2.487618501

PM-10 0.642221506

PM-2.5 0

PM-

coarse

0

Methane 34.93951826

NMHC 15.61452964

Dioxins 1.96E-07

Furans 8.74E-10

HAPs

HCl 0.252884631

CO2 

Biomass

22.84473422

Ammonia 0.161317551

Lead 0.000134854

NREL Database-Diesel Industrial Equipment 

module (NREL 2004b)

the amount of pollutant, s, emitted in pounds 

per gallon of diesel fuel combusted.

Value

e coal,pc,s lbs/1000 

lbs Coal

e die,pc,s lbs/1000 

gallons

NREL Database-Energy and Fuel Precombustion 

module (NREL 2004a)

the amount of pollutant, s, emitted in pounds 

per cu. ft. of natural gas due to 

precombustion of natural gas.

0.00059

e die,c,s lbs/1000 

gallons

NREL Database- Energy and Fuels 

Precombustion   module (NREL 2004a)

the amount of pollutant, s, emitted in pounds 

per gallon of diesel fuel consumed due to 

precombustion processing of diesel fuel. 
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Input Units Reference

CO2 2.28E+04

CO 5.01E+00

SO2 5.00E+00

NOx 2.40E+01

Total PM 1.00E+00

PM-10 1.00E+00

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 5.10E-02

NMHC 2.00E-01

Dioxins 0.00E+00

Furans 0.00E+00

HAPs 0.00E+00

HCl 7.00E-01

CO2 

Biomass

0.00E+00

Ammonia 0.00E+00

Lead 1.20E-03

CO2 3258.093873

CO 105.6637052

SO2 13.97646181

NOx 25.0499211

Total PM 2.487618501

PM-10 0.642221506

PM-2.5

PM-

coarse

Methane 34.93951826

NMHC 15.61452964

Dioxins 1.96E-07

Furans 8.74E-10

HAPs

HCl 0.252884631

CO2 

Biomass

22.84473422

Ammonia 0.161317551

Lead 0.000134854

CO2 2.54E+01

CO 2.29E-01

SO2 4.52E-02

NOx 3.11E-01

Total PM 2.02E-02

PM-10 6.42E-04

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 3.49E-02

NMHC 2.88E-02

Dioxins 1.96E-10

Furans 8.74E-13

HAPs 0.00E+00

HCl 2.53E-04

CO2 

Biomass

2.28E-02

Ammonia 1.61E-04

Lead 1.35E-07

e dt,s lbs/gal of 

diesel

SWM-LCIthe amount of pollutant, s, emitted per gallon 

of diesel used in a in a dump truck including 

precombustion emissions.

e dis,c,s lbs/1000 

gallons

NREL Database-Distillate Fueled Boiler 

Emissions (NREL 2004d)

e dis,pc,s lbs/1000 

gallons

NREL Database-Precombustion module (NREL 

2004a)

the amount of pollutant, s, emitted per 1,000 

gallons of distillate fuel combusted in a 

boiler. 

the precombustion emissions of pollutant, s, 

per 1,000 gallons of distillate fuel. 

Value
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Input Units Reference

CO2 1.49E+00

CO 7.05E-04

SO2 1.10E-02

NOx 5.91E-03

Total PM 1.14E-03

PM-10 1.46E-05

PM-2.5

PM-

coarse

Methane 3.05E-03

NMHC 7.95E-05

Dioxins 5.34E-12

Furans 2.62E-14

HAPs

HCl 8.90E-02

CO2 

Biomass

6.21E-04

Ammonia 3.88E-06

Lead 8.01E-08

CO2 5.19E-01

CO 3.95E-04

SO2 8.65E-03

NOx 5.07E-03

Total PM 2.15E-04

PM-10 1.89E-06

PM-2.5

PM-

coarse

Methane 3.39E-04

NMHC 4.81E-05

Dioxins 1.26E-12

Furans 5.93E-15

HAPs

HCl 3.33E-02

CO2 

Biomass

2.71E-03

Ammonia 6.64E-06

Lead 6.55E-08

CO2 1.89E+04

CO 3.40E+02

SO2 4.52E+00

NOx 1.11E+02

Total PM 5.43E-01

PM-10 5.43E-01

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 4.08E+00

NMHC 2.53E+01

Dioxins 0.00E+00

Furans 0.00E+00

HAPs 0.00E+00

HCl 0.00E+00

CO2 

Biomass

0.00E+00

Ammonia 0.00E+00

Lead 0.00E+00

Value

e elc,n,s lbs/kWh SWM-LCI model

e elc,r,s lbs/kWh SWM-LCI model using Mid-Atlantic Region

the amount of pollutant, s, emitted per kWh 

of electricity use on the national grid. 

the amount of pollutant, s, emitted per kWh 

of electricity use on the regional grid.

lbs/1000 

gallons

NREL Database-Gasoline Fueled Single Unit 

Truck Transportation module (NREL 2006a)

the amount of pollutant, s, emitted per 1000 

gallons of gasoline combusted in a single 

unit truck.

e gas,c,s
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Input Units Reference

CO2 2776.380394

CO 90.04118694

SO2 11.91002349

NOx 21.34625721

Total PM 2.119820823

PM-10 0.547268208

PM-2.5

PM-

coarse

Methane 29.77366438

NMHC 13.30590083

Dioxins 1.67E-07

Furans 7.45E-10

HAPs

HCl 0.215495305

CO2 

Biomass

19.46711012

Ammonia 0.137466538

Lead 0.000114916

CO2 2.54E+01

CO 1.21E-01

SO2 2.10E-02

NOx 7.64E-02

Total PM 5.88E-02

PM-10 6.42E-04

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 3.49E-02

NMHC 1.56E-02

Dioxins 1.96E-10

Furans 8.74E-13

HAPs 0.00E+00

HCl 2.53E-04

CO2 

Biomass

2.28E-02

Ammonia 1.61E-04

Lead 1.35E-07

CO2 8.54E+00

CO 4.43E-02

SO2 2.15E-02

NOx 1.20E-01

Total PM 1.04E-02

PM-10 0.00E+00

PM-2.5

PM-

coarse

Methane 1.69E-03

NMHC 2.90E-02

Dioxins

Furans

HAPs

HCl 1.54E-05

CO2 

Biomass

2.11E-03

Ammonia 1.38E-05

Lead 4.83E-08

Value

e lf,s lbs/1000 

lbs HMA 

landfilled

SWM-LCI model for Misc. Inert Materials.the total energy required to dispose of HMA 

in an landfill in Btu.

 e gas,pc,s lbs/1000 

gallons

NREL Database-Fuel and Energy Precombustion   

module (NREL 2004a)

e hd,s lbs/gal of 

diesel

SWM-LCI

the amount of precombustion emissions of 

pollutant, s, emitted to process 1,000 gallons 

of gasoline. 

the amount of pollutant, s, emitted per gallon 

of diesel used in a in a heavy duty truck 

including precombustion emissions.
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Input Units Reference

CO2 1.22E+02

CO 8.40E-02

SO2 6.30E-04

NOx 1.00E-01

Total PM 7.60E-03

PM-10 7.60E-03

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 2.20E-03

NMHC 5.50E-03

Dioxins 0.00E+00

Furans 0.00E+00

HAPs 0.00E+00

HCl 0.00E+00

CO2 

Biomass

0.00E+00

Ammonia 0.00E+00

Lead 5.00E-07

CO2 11.54540064

CO 0.013637738

SO2 1.214105661

NOx 0.016357147

Total PM 0.001419836

PM-10 0.000817131

PM-2.5

PM-

coarse

Methane 0.703851742

NMHC 0.000421932

Dioxins 3.91E-10

Furans 1.88E-12

HAPs

HCl 0.000512533 

0.045621278

CO2 

Biomass

4.38E-06

Ammonia 2.41E-07

Lead

er cus the proportion of trucks delivering crushed 

HMA to customers that return empty.

N/A Assumed as reasonable.

er cr the proportion of trucks delivering used 

HMA to a RAP crusher that return empty.

N/A Assumed as reasonable.

CO2 2.72E+04

CO 5.33E+00

SO2 4.27E+01

NOx 5.87E+01

Total PM 2.03E+00

PM-10 2.03E+00

PM-2.5 0.00E+00

PM-

coarse

0.00E+00

Methane 1.07E+00

NMHC 3.00E-01

Dioxins 0.00E+00

Furans 0.00E+00

HAPs 0.00E+00

HCl 0.00E+00

CO2 

Biomass

0.00E+00

Ammonia 0.00E+00

Lead 1.50E-03

Value

e ng,c,s lbs/1000 ft
3 NREL Database-Natural Gas Combustion in 

Industrial Boilers Module (NREL 2004f)

e ng,pc,s lbs/1000 ft
3 NREL Database-Fuel and Energy Precombustion   

module (NREL 2004a)

the amount of pollutant, s, emitted per 1,000 

cu. ft. of natural gas combusted in a boiler.

the precombustion emissions of pollutant, s, 

per 1,000 cu. ft. of natural gas. 

1

1

e res,c,s the amount of pollutant, s, emitted per 1,000 

gallons of residual fuel combusted in a 

boiler. 

lbs/1000 

gallons

NREL Database-Residual Oil Combustion in 

Industrial Boilers module (NREL 2004e)
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Input Units Reference

CO2 3548.472559

CO 115.0810176

SO2 15.22211856

NOx 27.28250354

Total PM 2.709328317

PM-10 0.699459708

PM-2.5

PM-

coarse

Methane 38.05351429

NMHC 17.00617972

Dioxins 2.14E-07

Furans 9.52E-10

HAPs

HCl 0.275423057

CO2 

Biomass

24.88077866

Ammonia 0.17569503

Lead 0.000146873

er HM the proportion of trucks delivering used 

HMA to mixing plants that return empty.

N/A Assumed as reasonable.

er lf the proportion of trucks delivering used 

HMA to landfills that return empty.

N/A Assumed as reasonable.

er OAg the proportion of trucks delivering virgin 

aggregate to customers that return empty.

N/A Assumed as reasonable.

f ra the residual oil to asphalt allocation factor 

that is unitless.

N/A NREL Database – Petroleum Refining module 

(NREL 2004g).

g hp the rate of diesel consumption per equipment 

horse-power.

gal/hp-hr John Deere front end loader sales literature. 

(composting report)

h l the heat loss over the surface of the asphalt 

storage tanks at a mixing plant in Btu/ft2.

Btu/sq ft EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

hp lo the rated horse-power of the loader. hp John Deere 644J product specifications.

H coal the total energy from precombustion and 

combustion of a pound of coal in Btu/lb. 

Btu/lb SWM-LCI

H dies the total energy from precombustion and 

combustion of a gallon of diesel in Btu/gal.

Btu/gal SWM-LCI

H dis the total energy from precombustion and 

combustion of a gallon of distillate oil in 

Btu/gal. 

Btu/gal SWM-LCI

H gas the total energy from precombustion and 

combustion of a gallon of gasoline in 

Btu/gal.

Btu/gal SWM-LCI

H ng the total energy from precombustion and 

combustion of a cu.ft. of natural gas in 

Btu/cu.ft.

Btu/ft
3 SWM-LCI

H pre,res the total energy from precombustion of a 

gallon of residual oil in Btu/gal. 

Btu/gal SWM-LCI

H res the total energy from precombustion and 

combustion of a gallon of residual oil in 

Btu/gal. 

Btu/gal SWM-LCI

l cap the volumetric capacity of the loader in yd3. yds
3 John Deere front loader literature.

l t the length of asphalt storage tanks at the 

mixing plant in feet.

ft EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

max dt the maximum payload of a dump truck in 

tons.

tons SWM-LCI

max hd the maximum payload of a heavy duty truck 

in tons.

tons SWM-LCI

e res,pc,s lbs/1000 

gallons

the precombustion emissions of pollutant, s, 

per 1000 gallons of residual fuel.

158,300

158,000

1

1

1

0.6

Value

NREL Database-Fuel and Energy Precombustion   

module (NREL 2004a)

141,400

1,151

0.025

60

167

10,666

21,000

170,700

3

40

19.8

33.1
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Input Units Reference

n tanks Number of asphalt tanks at mixing plant. N/A EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

pay cr the average actual payload of a truck 

delivering crushed HMA to a customer in 

tons.

tons SWM-LCI

pay cus the average actual payload of a truck 

delivering HMA to a RAP crusher in tons.

tons SWM-LCI

pay HM the average actual payload of a truck 

delivering HMA to a mixing plant in tons.

tons SWM-LCI

pay lf the average actual payload of a truck 

delivering HMA to a landfill in tons.

tons SWM-LCI

pay OAg the average actual payload of a truck 

delivering aggregate to a customer in tons.

tons SWM-LCI

p dist the proportion of fuel oil that is distillate oil. N/A Annual Energy Review (USDOE 2007)

r bin the density of the asphalt binder in lb/gal. lbs/gal Asphalt Institute Technical Bulletin – Laboratory 

Mixing and Compaction Temperatures (@325 
o
F) 

r HMA the density of the HMA in the loader in 

lb/yd3. 
lbs/yds

3 Volvo front loader literature.

r gas,ag the rate of gasoline use per ton of aggregate 

in gallons of gasoline per 1000 lbs of 

aggregate. 

gal/1000lb 

agg

NREL Datebase – Limestone Mining and Lime 

Production module (NREL 2004c).

r c,ag , the rate of coal use per ton of aggregate in 

lbs/1000 lbs aggregate.

lbs/1000 

lbs agg

NREL Datebase – Limestone Mining and Lime 

Production module (NREL 2004c).

r cr the crushing rate in tons of HMA per hour. tons per 

hour

Kenco Engineering - Black Gold RAP Crusher 

literature

r e,ag the rate of electricity use per ton of aggregate 

in kWh/1000 lbs aggregate.

kWh/1000 

lbs agg

NREL Datebase – Limestone Mining and Lime 

Production module. (NREL 2004c).

r fo,ag the rate of fuel oil use per ton of aggregate in 

gal/1000 lbs aggregate.

gal/1000lb 

agg

NREL Datebase – Limestone Mining and Lime 

Production module (NREL 2004c).

r ng,ag the rate of natural gas use per ton of 

aggregate in ft3/1000 lbs aggregate.
ft

3
/1000lb 

agg

NREL Datebase – Limestone Mining and Lime 

Production module (NREL 2004c)

sc dt the specific rate of fuel consumption for a 

dump truck in miles per gallon.

mpg SWM-LCI

sc hd the specific rate of fuel consumption for a 

heavy duty truck in miles per gallon.

mpg SWM-LCI

t op the number of months a typical mixing plant 

operates annually.

months EPA-454/R-00-019 – Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000)

t trip the roundtrip time the loader spends 

collecting, dumping, and returning a single 

load of material in minutes.

min Assumed as reasonable.

Value

2,865

0.006125

2

19.8

19.8

19.8

19.8

33.1

0.76

7.64

0.035833

100

1.916667

5

3

0.07

2.25

6.4

6.4
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Appendix B:  EQUATIONS USED TO ESTIMATE EMISSIONS AND ENERGY 

CONSUMPTION FOR CONVERSION OF USED HMA INTO 

AGGREGATE  

 

The life-cycle emission of a given pollutant due to recycling HMA as aggregate is given by 
Eq. B.1.  
 

(B.1) , , , , , , , , , , , ,ag s ag tr s ag lo s ag cr s ag ctr s OAg s ag cp pmp p p p p p p  

   
Where,  

 
pag,s:  the net amount of pollutant, s, emitted in pounds due to recycling HMA as 

aggregate. 

pag,tr,s:  the amount of pollutant, s, emitted in pounds due the transportation of HMA 
to  crushers (Eq. B.2).  

pag,lo,s:  the amount of pollutant, s, emitted in pounds due to loading HMA into 
crushers (Eq. B.4). 

pag,cr,s:  the amount of pollutant, s, emitted in pounds due to generating electricity to 

crush the HMA (Eq. B.7).  
pag,ctr,s:  the amount of pollutant, s, emitted in pounds due transporting crushed HMA 

to  customers (Eq. B.10). 
pOAg,s:  the amount of pollutant, s, emitted in pounds from processing virgin 

aggregate (Eq. B.15). 

pag,cp,pm:  the amount of Total PM emitted in pounds due to crushing the HMA (Eq. 
B.9). This equation applies to PM only. 

 
Eq. B.2 is used to determine the amount of pollutants emitted transporting used HMA to the 
crusher.  

 

(B.2) , , , ,ag tr s ag tr dt sp f e   

 

Where, 
 

fag,tr:  the amount of diesel fuel used to transport waste HMA to the crushing 

facilities in gallons (Eq. B.3). 
edt,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel used by a 

dump truck. These values are provided by the SWM-LCI model. 
 

The fuel used to transport HMA to RAP crushers is determined by Eq. B.3 assuming that 

two-thirds of a truck’s fuel consumption is independent of the truck’s load.   
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(B.3) ,

2 1 2
[ ( ) ]
3 3 max 3

agcr cr
ag tr cr

dt dt cr

md pay
f er

sc pay
  

 
Where, 
 

dcr: the average distance to a RAP crusher from a HMA recovery site. The default 
value of 20 mi. is assumed as reasonable, but a site-specific distance is 

preferable. 
 scdt: the average specific fuel consumption of a dump truck. The default value of 

6.4 mi/gal was provided by the SWM-LCI model. 

paycr: the average actual payload weight of a dump truck transporting HMA to a 
RAP crusher in tons. The default value of 19.8 tons was provided by the 

SWM-LCI model. 
maxdt: the average maximum payload weight of a dump truck transporting HMA to a 

RAP crusher in tons. The default value of 19.8 tons was provided by the 

SWM-LCI model. 
ercr: the proportion of the time that trucks are returned empty from a RAP crusher. 

The default value is 1 indicating that all trucks are returned empty from RAP 
crushers. 

mag: the weight of HMA being recycled as aggregate in tons.  

 
Total loader emissions were calculated using Eq. B.4. 

 

(B.4) , , , , , ,( )ag lo s ag lo die pc s die c sp m f e e ,  

 
Where,  

 
flo: the fuel consumption of loaders in gallons per ton of HMA (Eq. B.5).  

edie,pc,s: the amount of pollutant, s, emitted in pounds per gallon of diesel fuel 
consumed due to precombustion processing of diesel fuel. The current values 
are from the NREL Database- Energy and Fuels Precombustion module 

(NREL 2004a). 
edie,c,s: the amount of pollutant, s, emitted in pounds per gallon of diesel fuel 

combusted. The current values are from the NREL Database – Diesel 
Combustion in Industrial Equipment module (NREL 2004b).  

  

The fuel consumption due to loader travel is determined by Eq. B.5. 
 

(B.5) 
hp lo

lo

lo

g hp
f

r
,  
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Where,  
 

ghp: the rate of diesel consumption per equipment horse-power. The units are 
gallons per horse-power-hour. The current value of 0.025 gal/hp-hr is used in 

the SWM-LCI model. 
hplo: the average rated horsepower of  loaders. The current value of 167 hp is from 

the John Deere 644J front-end loader series specifications.  

rlo: the rate at which loaders can move reclaimed HMA in tons per hour (Eq. B.6).  
 

(B.6) 
60

2000

cap HMA

lo

trip

minl hrr
lbst

ton

  

Where,  
 

lcap:  the average volumetric capacity of loaders and is currently set to 3 cu. yd. 

This input value was given in John Deere front end loader literature.  

:  the density of the HMA in loaders. The current input value of 2,865 lbs/yd3 

was found in Volvo front loader specification literature.  
ttrip:  the time necessary to complete a single round-trip from the pile to the crusher 

in minutes. The current value of 2 minutes was assumed as reasonable.  
 

The emissions due to crushing HMA are given in Eq. B.7. 

 

(B.7) , , , ,ag cr s ag ec elc r sp m r e   

 

Where,  
 

eelc,r,s:  the amount of pollutant, s, emitted per kWh of electricity use on the regional 

grid and  is provided by the SWM-LCI model.  
rec:  the crusher’s rate of electricity use in kWh per ton (Eq. B.8). 

mag: the weight of HMA being recycled as aggregate in tons.  
 

(B.8) 
mr

ec

cm cr

c
r

r
  

Where, 

  
cmr:  the crusher motor’s rating in kW. The current values of 44 kW is from the 

Baldor 60 hp motor (CM4314T) performance details.  

cm:  the efficiency of the motor and is unitless. The current value of 0.9 is from the 

Baldor 60hp motor (CM4314T) performance details.  
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rcr:  the crushing rate in tons of HMA per hour. The current value of 100 tph was 
found in the Kenco Engineering - Black Gold RAP Crusher literature.  

 
Crushing RAP also generates PM. The Total PM emissions from RAP crushing is determined 

by Eq B.9.  
 

(B.9) , , ,ag cr pm ag cr pmp m e   

 

Where, 
 

ecr,pm:  the amount of PM emitted in pounds of PM per ton of crushed HMA. The 
default value of 0.00059 lbs per ton HMA aggregate was provided in AP-42 
11.19.2 (USEPA 2004). 

mag: the weight of HMA being recycled as aggregate in tons.  
 

Eq. B.10 is used to determine the amount of pollutants emitted transporting crushed HMA to 
customers.  
 

(B.10) , , , ,ag ctr s ag ctr dt sp f e   

 
Where, 

 
fag,ctr:  the amount of diesel fuel used to transport crushed HMA to customers in 

gallons (Eq. B.11). 

edt,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used by 
a dump truck. These values are provided by the SWM-LCI model. 

 
The fuel used to transport HMA to customers is determined by Eq. B.11 assuming that two-
thirds of a truck’s fuel consumption is independent of the truck’s load.   

 

(B.11) ,

2 1 2
[ ( ) ]
3 3 max 3

agcus cus
ag ctr cus

dt dt cus

md pay
f er

sc pay
  

 

Where, 
 

dcus: the average distance to a customer from a RAP crusher. The default value of 

20 mi. is assumed as reasonable, but a site-specific distance is preferable.  
 scdt: the average specific fuel consumption of a dump truck. The default value of 

6.4 mi/gal was provided by the SWM-LCI model. 
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paycus: the average actual payload weight of a dump truck transporting HMA to a 
customer in tons. The default value of 19.8 tons was provided by the SWM-

LCI model. 
maxdt: the average maximum payload weight of a dump truck transporting crushed 

HMA to a customer in tons. The default value of 19.8 tons was provided by 
the SWM-LCI model. 

ercus: proportion of the time that trucks are returned empty from customers. The 

default value is 1 indicating that all trucks are returned empty from customers. 
mag: the weight of HMA being recycled as aggregate in tons.  

 
Eq. B.12 is used to determine the net energy use for recycling HMA as aggregate.  
 

(B.12) , ,ag tr cr cr cr OAgE E E E
 

  
Where,  

 
Eag:  the net energy use from recycling HMA as new aggregate in Btu. 
Etr,cr:  the energy used to transport HMA to crushers in Btu (Eq. B.13). 

Ecr,cr:  the energy used to crush HMA in Btu (Eq. B.14). 
EOAg:  the energy offset from not processing virgin aggregate in Btu (Eq. 5.9).  

 
Eq. B.13 is used to determine the energy used in transporting HMA to a crusher.  
 

(B.13)  , , ,( )tr cr ag tr ag ctr diesE f f H  

 
Where, 

 
fag,tr:  the amount of diesel fuel used to transport waste HMA to the crushing 

facilities in gallons (Eq. B.3). 

fag,ctr:  the amount of diesel fuel used to transport crushed HMA to customers in 
gallons (Eq. B.11). 

Hdies: the total energy from precombustion and combustion of a gallon of diesel. The 
precombustion energy use was 21,815 Btu/gal and developed from the NREL 
Database – Fuels and Energy Precombustion module (NREL 2004a). The 

combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 
Eq. B.14 is used to determine the energy used to crush HMA into new aggregate. 

 

(B.14) , ,cr cr ag ec rg BKE m r c  
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Where, 

  
crg,BK: the total energy input to supply electricity on the national grid in Btu 

consumed per kWh supplied. The current value of 6,433 Btu/kWh is from the 
SWM-LCI model Mid-Atlantic Region. 

rec:  the crusher’s rate of electricity use in kWh per ton (Eq. B.8). 

mag: the weight of HMA being recycled as aggregate in tons.  
 

The total emission offset due to aggregate recycling is found by Eq. B.15. 
 
(B.15)

 

, , , , , , , , , , , , , , ,OAg s OAg tr s OAg ee s OAg co s OAg ng s OAg gas s OAg fo s OAg pr pmp p p p p p p p  

 
Where,  

 
pOAg,s: the amount of pollutant, s, emitted in pounds due to the processing of 

virgin aggregate.  

pOAg,tr,s: the amount of the pollutant, s, emitted in pounds due the transportation of 
aggregate to customers from the quarry (Eq. B.16). 

pOAg,ee,s: the amount of the pollutant, s, emitted in pounds due the electrical energy 
used to process virgin aggregate (Eq. B.18). 

pOAg,co,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the coal used to process virgin aggregate (Eq. B.19). 
pOAg,ng,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the natural gas used to process virgin aggregate (Eq. 
B.20). 

pOAg,gas,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the gasoline used to process virgin aggregate (Eq. 
B.21). 

pOAg,fo,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 
and combustion of the fuel oil used to process virgin aggregate (Eq. B.22). 

pOAg,pr,pm: the amount of the particulate matter emitted in pounds from the processing 

of virgin aggregate (Eq. B.23). This equation only applies to particulate 
matter. 

 

Eq. B.16 is used to determine the amount of pollutant emitted transporting virgin aggregate 
to customers in a heavy-duty truck.  

 

(B.16) , , , ,OAg tr s OAg tr hd sp f e   
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Where, 
 

fOAg,tr:  the amount of diesel fuel used to transport aggregate from a quarry to 
customers in gallons (Eq. B.17). 

ehd,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used by 
a heavy duty truck. These values are provided by the SWM-LCI model. 

 

The fuel used to transport HMA to a customer is determined by Eq. B.17 assuming that two-
thirds of a truck’s fuel consumption is independent of the truck’s load.   

 

(B.17) ,

2 1 2
[ ( ) ]
3 3 max 3

mpq OAg OAg

OAg tr OAg

hd hd OAg

d pay m
f er

sc pay
  

 
Where, 

 
dmpq: the average distance to a customer from a quarry in miles. The default value 

of 50 mi. is assumed as reasonable, but a site-specific distance is preferable. 

 schd: the average specific fuel consumption of a heavy duty truck. The default value 
of 6.4 mi/gal was provided by the SWM-LCI model. 

payOAg: the average actual payload weight of a dump truck transporting aggregate to a 
customer in tons. The default value of 33.1 tons was provided by the SWM-
LCI model. 

maxhd: the average maximum payload weight of a heavy-duty truck transporting 
HMA to mixing plant in tons. The default value of 33.1 tons was provided by 

the SWM-LCI model. 
erOAg: the proportion of the time that trucks are returned empty from customers. The 

default value is 1 indicating that all trucks are returned empty from customers.  

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 
Eq. B.18 is used to determine the amount of emissions from the electrical energy used to 
extract and process virgin aggregate.  

 

(B.18)  , , , , ,2OAg ee s oag e ag elc n sp m r e    

 
Where,  

 
re,ag:  the rate of electricity use per mass of aggregate in kWh per 1000 lbs of 

aggregate. re,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production module (NREL 2004c).  
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eelc,n,s:  the amount of pollutant, s, emitted in pounds per kWh of energy use on the 
national grid, and is provided by the SWM-LCI. 

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 
Eq. B.19 is used to determine the amount of emissions from the coal used to extract and 
process virgin aggregate. 

 

(B.19) , , , , , , ,2 ( )OAg co s oag c ag coal c s coal pc sp m r e e     

 

Where,  
 

rc,ag,: the rate of coal use per mass of aggregate in lbs of coal per 1000 lbs of 

aggregate. rc,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production (NREL 2004c) module.  

ecoal,c,s: the amount of pollutant, s, emitted in pounds per pound of coal combusted, 
and is calculated using the NREL Database Bituminous Combustion in 
Industrial Boilers module (NREL 2004g). ecoal,pc,s, is the precombustion 

emissions of pollutant, s, per 1000 lbs of coal, and is provided by the NREL 
Database Fuels and Energy Precombustion module (NREL 2004a).  

ecoal,pc,s: the amount of pollutant, s, emitted in pounds per cu. ft. of natural gas due to 
precombustion of natural gas, and is provided by the NREL Database Fuels 
and Energy Precombustion (NREL 2004a)  module.  

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 

Equation B.20 is used to determine the amount of emissions from the natural gas used to 
extract and process virgin aggregate.  

 

(B.20) , , , , , , ,2 ( )OAg ng s oag ng ag ng c s ng pc sp m r e e      

 

Where,  
 

rng,ag:  the rate of natural gas use per mass of aggregate in cubic feet of natural gas 

per 1000 lbs of aggregate. rng,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

e,ng,c,s:  the amount of pollutant, s, emitted per cu. ft. of natural gas combusted in a 
boiler, and is provided by the NREL Database Natural Gas Combustion in an 
Industrial Boiler (NREL 2004f) module.  

eng,pc,s: the amount of pollutant, s, emitted in pounds per cu. ft. of natural gas due to 
precombustion of natural gas, and is provided by the NREL Database Fuels 

and Energy Precombustion (NREL 2004a)  module. 
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moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 

Eq. B.21 is used to determine the amount of emissions from the gasoline used to extract and 

process virgin aggregate. 
 

(B.21) , , , , , , ,2 ( )OAg gas s oag gas ag gas c s gas pc sp m r e e     

 

Where,  
 

rgas,ag:  the rate of gasoline use per mass of aggregate in gallons of gasoline per 
1000 lbs of aggregate. rgas,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

e,gas,c,s:  the amount of pollutant, s, emitted per gallon of gasoline combusted in a 
single unit truck, and is from the NREL Database Gasoline Single Unit 

Truck module (NREL 2006a).  
egas,pc,s: the amount of pollutant, s, in pounds per gallon of gasoline due to the 

precombustion of gasoline, and is provided by the NREL Database Fuels 

and Energy Precombustion (NREL 2004a) module.  
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 
 
Eq. B.22 is used to determine the amount of emissions from the fuel oil used to extract and 

process virgin aggregate. 
 

(B.22) , , , , , , , , , , ,2 [ ( ) (1 )( )]OAg fo s oag fo ag dist dis c s dis pc s dist res c s res pc sp m r p e e p e e

  
Where,  
 

rfo,ag: the rate of fuel oil use per mass of aggregate in gallons of fuel oil per 1000 lbs 
of aggregate. rfo,ag is currently provided by the NREL Database Limestone 

Mining and Lime Production module (NREL 2004c).  
pdist:  the proportion of distillate fuel oil used.  The current value of 0.5 is the 

proportion of supplied fuel oil in the US that is distillate from the Energy 

Information Administration’s Annual Energy Review 2006 (USDOE 2007).  
e,dis,c,s: the amount of pollutant, s, emitted per gallon of distillate fuel combusted in a 

boiler, and is from the NREL Database Distillate Oil Combustion in an 
Industrial Boiler module (NREL 2004d).  

edis,pc,s: the amount of precombustion emissions of pollutant, s, in pounds per gallon of 

distillate fuel, and is provided by the NREL Database Fuels and Energy 
Precombustion module (NREL 2004a).  
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e,res,c,s: the amount of pollutant, s, emitted per gallon of residual fuel combusted in a 
boiler, and is from the NREL Database Residual Oil Combustion in an 

Industrial Boiler module (NREL 2004e).  
eres,pc,s the amount of precombustion emissions of pollutant, s, in pounds per gallon of 

residual fuel, and is provided by the NREL Database Fuels and Energy 
Precombustion module (NREL 2004a).  

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 
 

Eq. B.23 is used to calculate the amount of PM emitted from processing virgin aggregate.  
 

(B.23) , , , , 2000OAg pr pm oag Ag pr pm
lbsp m e

tons
,  

 

Where, 
 

eOAg,pr,pm:  the amount of PM emitted in pounds of PM per pound of aggregate 
processed. The default value of 5.11 x 10-5 lbs PM/lb aggregate was 
provided by the NREL Database Limestone Mining and Lime Production 

module (NREL 2004c). 
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass 

of HMA being recycled, and cag is the proportion of aggregate in the 
HMA. 

 

Eq. B.24 is used to determine the total energy to process virgin aggregate.  
 

(B.24) , , ,OAg OAg tr OAg elc OAg fuelE E E E   

Where,  
 

EOAg:  the energy used processing virgin aggregate in Btu. 

EOAg,tr:  the energy used virgin aggregate from the quarry to a mixing plant in Btu 
(Eq. B.25). 

EOAg,elc:  the electrical energy used to process virgin aggregate in Btu (Eq. B.26). 
EOAg,fuel:  the fuel energy used to process virgin aggregate in Btu (Eq. B.27). 

 

Eq. B.25 is used to determine the energy used in transporting HMA to a crusher.  
 

(B.25)  , ,OAg tr OAg tr diesE f H
 

 
Where, 
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fOAg,tr:  the amount of diesel fuel used to transport crushed HMA to customers in 
gallons (Eq. B.17). 

Hdies: the total energy from precombustion and combustion of a gallon of diesel. The 
precombustion energy use was 21,815 Btu/gal and developed from the NREL 

Database – Fuels and Energy Precombustion module (NREL 2004a). The 
combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 

Eq. B.26 is used to determine the total energy use due to electricity use.  
 

(B.26)  , , ,OAg elc oag e ag ng BKE m r c
 

 

Where, 
 

cng,BK: the total energy input to supply electricity on the national grid in Btu 
consumed per kWh supplied. The current value of 10,481 Btu/kWh is from 
the SWM-LCI. 

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

re,ag:  the rate of electricity use per mass of aggregate in kWh per 1000 lbs of 
aggregate. re,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production module (NREL 2004c).  

 
The energy from fuel usage in aggregate processing is determined in Eq. B.27. 

 

(B.27) 
, , , , ,( ( (1 ) ))OAg fuel OAg c ag coal ng ag ng gas ag gas fo ag dist dis dist resE m r H r H r H r p H p H

 
 

Where, 
 

Hcoal: the total energy from precombustion and combustion of a pound of coal. The 

current value of 10,666 Btu/lb is from the SWM-LCI. 
Hng: the total energy from precombustion and combustion of a cubic foot of natural 

gas. The current value of 1,151Btu/ft3 is from the DST model SWM-LCI. 
Hdis: the total energy from precombustion and combustion of a gallon of distillate 

oil. The current value of 158,000 Btu/gal is from the DST model SWM-LCI. 

Hres: the total energy from precombustion and combustion of a gallon of residual 
oil. The current value of 170,700 Btu/gal is from the DST model SWM-LCI. 

Hgas: the total energy from precombustion and combustion of a gallon of gasoline. 
The current value of 141,400 Btu/gal is from the DST model SWM-LCI. 

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 
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rc,ag,: the rate of coal use per mass of aggregate in lbs of coal per 1000 lbs of 
aggregate. rc,ag is currently provided by the NREL Database Limestone 

Mining and Lime Production (NREL 2004c) module.  
rng,ag:  the rate of natural gas use per mass of aggregate in cubic feet of natural gas 

per 1000 lbs of aggregate. rng,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

rgas,ag:  the rate of gasoline use per mass of aggregate in gallons of gasoline per 1000 

lbs of aggregate. rgas,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

rfo,ag: the rate of fuel oil use per mass of aggregate in gallons of fuel oil per 1000 lbs 
of aggregate. rfo,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production module (NREL 2004c).  

pdist:  the proportion of distillate fuel oil used.  The current value of 0.5 is the 
proportion of supplied fuel oil in the US that is distillate from the Energy 

Information Administration’s Annual Energy Review 2006 (USDOE 2007).  
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Appendix C:  EQUATIONS TO ESTIMATE EMISSIONS AND ENERGY 

CONSUMPTION FOR CONVERSION OF USED HMA INTO NEW 

HMA  

 

The net emissions due to recycling HMA as new HMA are calculated using Eq. C.1. 
 

(C.1) , , , , , , , , , , ,HM s HM tr s HM lo s HM cr s OAg s OBin s HM cp pmp p p p p p p  

  

Where,  
pHM,s:  the net amount of the pollutant, s, emitted in pounds due to recycling HMA 

as new HMA. 
pHM,tr,s: the amount of pollutant, s, emitted in pounds due to transporting of HMA to 

mixing plants (Eq. C.2). 

pHM,lo,s: the amount of pollutant, s, emitted in pounds due to loading of HMA into 
crushers (Eq. C.4).   

pHM,cr,s: the amount of pollutant, s, emitted in pounds due to crushing HMA (Eq. 
C.9).  

pOAg,s: the amount of pollutant, s, emitted in pounds from processing virgin 

aggregate (Eq. C.13). 
pOBin,s: the amount of pollutant, s, emitted in pounds from processing virgin asphalt 

binder (Eq. C.26). 
 
Eq. C.2 was used to determine the amount of each pollutant emitted due to transporting used 

HMA to the mixing plant.  
 

(C.2) , , , ,HM tr s HM tr dt sp f e   

 
Where, 
 

fHM,tr:  the amount of diesel fuel used to transport waste HMA to mixing plants in 
gallons (Eq. C.3). 

edt,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used by 
a dump truck. These values are provided by the SWM-LCI model. 

 

The fuel used to transport HMA to the mixing plant is determined by Eq. C.3 assuming that 
two-thirds of a truck’s fuel consumption is independent of the truck’s load.   

 

(C.3) ,

2 1 2
[ ( ) ]
3 3 max 3

mp HM HM
HM tr HM

dt dt HM

d pay m
f er

sc pay
  

 
Where, 
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dmp: the average distance to a mixing plant from a HMA recovery site. The default 

value of 20 mi. is assumed as reasonable, but a site-specific distance is 
preferable. 

 scdt: the average specific fuel consumption of a dump truck. The default value of 
6.4 mi/gal was provided by the SWM-LCI model. 

payHM: the average actual payload weight of a dump truck transporting HMA to a 

mixing plant in tons. The default value of 19.8 tons was provided by the 
SWM-LCI model. 

maxdt: the average maximum payload weight of a dump truck transporting HMA to 
mixing plant in tons. The default value of 19.8 tons was provided by the 
SWM-LCI model. 

ermp: the proportion of the time that trucks are returned empty from mixing plants. 
The default value is 1 indicating that all trucks are returned empty from 

mixing plants. 
mHM: the weight of material being transported to the mixing plant in tons.  

 

Total loader emissions were found using Eq. C.4.  
 

(C.4) , , , , , ,( )HM lo s HM lo die pc s die c sp m f e e , 

 
Where,  
 

flo: the fuel consumption of loaders in gallons per ton of HMA.  
edie,pc,s: the amount of pollutant, s, emitted in pounds per gallon of diesel fuel 

consumed due to precombustion processing of diesel fuel. The current values 
are from the NREL Database- Energy and Fuels Precombustion module 
(NREL 2004a). 

edie,c,s: the amount of pollutant, s, emitted in pounds per gallon of diesel fuel 
combusted. The current values are from the NREL Database – Diesel 

Combustion in Industrial Equipment module (NREL 2004b).  
mHM: the weight of material being transported to the mixing plant in tons.  
  

The fuel consumption due to loader travel is determined by Eq. C.5. 
 

(C.5) 
hp lo

lo

lo

g hp
f

r
,  

Where,  
 



 104 

ghp: the rate of diesel consumption per equipment horse-power. The units are 
gallons horse-power-hour. The current value of 0.025 gal/hp-hr is from SWM-

LCI model. 
hplo: the rated horsepower of the loader. The current value of 167 hp is from the 

John Deere 624J front-end loader series specifications.  
rlo: the rate at which the loader can move reclaimed HMA in tons per hour (Eq. 

C.6).  

 

(C.6) 
60

2000

cap HMA

lo

trip

minl hrr
lbst

ton

  

Where,  

 
lcap:  the volumetric capacity of the loader and is currently set to 3 cu. yd This input 

value was given in John Deere literature.  

:  the density of the HMA in the loader. The current input value of 2,865 lbs/yd3 
was found in Volvo front loader specification literature.  

ttrip:  the time necessary to complete a single round-trip from the pile to the crusher 
in minutes. The current value of 2 minutes was assumed as reasonable.  

 
The emissions due to crushing the HMA are given in Eq. C.7. 
 

(C.7) , , ,HM cr s HM ec elc sp m r e   

 
Where,  

 
eelc,s:  amount of pollutant, s, emitted per kWh of electricity use on the regional grid. 

eelc,s  is provided by the SWM-LCI model.  

rec:  the crusher’s rate of electricity use in kWh per ton (Eq. C.8). 
mHM: the weight of material being transported to the mixing plant in tons.  

 

(C.8) 
mr

ec

cm cr

c
r

r
  

Where,  
 

cmr:  the crusher motor’s rating in kW. The current values of 44 kW is from the 
Baldor 60 hp motor specification. 

cm:  the efficiency of the motor and is unitless. The current values of 0.9 is from 
the Baldor 60hp motor specification  

rcr:  the crushing rate in tons of HMA per hour. The current value of 100 tph was 
found in the Kenco Engineering Black Gold RAP Crusher literature.  
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Total PM emissions from RAP crushing is determined in Eq C.9.  

 

(C.9) , , ,HM cr pm HM cr pmp m e ,  

 

Where, 
 

ecr,pm:  the amount of PM emitted in pounds of PM per ton of crushed HMA. The 

default value of 0.00059 lbs per ton HMA aggregate was provided AP-42 
11.19.2 (USEPA 2004). 

mHM: the weight of material being transported to the mixing plant in tons.  
 
Eq. C.10 is used to determine the net energy use for recycling HMA as new HMA.  

 

(C.10) , ,HM tr HM cr HM OAg OBinE E E E E   

 

Where,  
 

EHM:  the net energy use from recycling HMA as new HMA in Btu.  

Etr,HM:  the energy used to transport HMA to mixing plants in Btu (Eq. C.11). 
Ecr,HM:  the energy used to crush HMA in Btu (Eq. C.12). 

EOAg:  the energy offset from not processing virgin aggregate in Btu (Eq. C.22). 
EOBin:  the energy offset from not processing virgin asphalt binder in Btu (Eq. C.40). 

 

Eq. C.11 is used to determine the energy used in transporting HMA to a crusher.  
 

(C.11)  , ,tr HM HM tr diesE f H
 

 
Where, 
 

fHM,tr:  the amount of diesel fuel used to transport crushed HMA to customers in 
gallons (Eq. C.3). 

Hdies: the total energy from precombustion and combustion of a gallon of diesel. The 
precombustion energy use was 21,815 Btu/gal and developed from the NREL 
Database – Fuels and Energy Precombustion module (NREL 2004a). The 

combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 
Eq. C.12 is used to determine the energy used to crush HMA. 
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(C.12)  , ,cr HM HM ec rg BKE m r c  

 
Where, 

 
crg,BK: the total energy input to supply electricity on the regional grid in Btu 

consumed per kWh supplied. The current value of 6,433 Btu/kWh is from the 
SWM-LCI model Mid-Atlantic Region. 

mHM: the weight of material being transported to the mixing plant in tons.  

rec:  the crusher’s rate of electricity use in kWh per ton (Eq. C.8). 
 

The total emission offset due to aggregate recycling is found by Eq. C.13. 
 
(C.13)

 

, , , , , , , , , , , , , , ,OAg s OAg tr s OAg ee s OAg co s OAg ng s OAg gas s OAg fo s OAg pr pmp p p p p p p p  

 
Where,  

 
pOAg,s: the amount of pollutant, s, emitted in pounds due to the processing of 

virgin aggregate.  

pOAg,tr,s: the amount of the pollutant, s, emitted in pounds due the transportation of 
aggregate to customers from the quarry (Eq. C.14). 

pOAg,ee,s: the amount of the pollutant, s, emitted in pounds due the electrical energy 
used to process virgin aggregate (Eq. C.16). 

pOAg,co,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the coal used to process virgin aggregate (Eq. C.17). 
pOAg,ng,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the natural gas used to process virgin aggregate (Eq. 
C.18). 

pOAg,gas,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 

and combustion of the gasoline used to process virgin aggregate (Eq. 
C.19). 

pOAg,fo,s: the amount of the pollutant, s, emitted in pounds due to the precombustion 
and combustion of the fuel oil used to process virgin aggregate (Eq. C.20). 

pOAg,pr,pm: the amount of the particulate matter emitted in pounds from the processing 

of virgin aggregate (Eq. C.21). This equation only applies to particulate 
matter. 

 

Eq. C.14 is used to determine the amount of pollutant emitted transporting virgin aggregate 
to customers in a heavy-duty truck.  
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(C.14) , , , ,OAg tr s OAg tr hd sp f e   

 
Where, 

 
fOAg,tr:  the amount of diesel fuel used to transport aggregate from a quarry to 

customers in gallons (Eq. C.15). 
ehd,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used by 

a heavy duty truck. These values are provided by the SWM-LCI model. 

 
The fuel used to transport HMA to a customer is determined by Eq. C.15 assuming that two-

thirds of a truck’s fuel consumption is independent of the truck’s load.   
 

(C.15) ,

2 1 2
[ ( ) ]
3 3 max 3

mpq OAg OAg

OAg tr OAg

hd hd OAg

d pay m
f er

sc pay
  

 

Where, 
 

dmpq: the average distance to a customer from a quarry in miles. The default value 

of 50 mi. is assumed as reasonable, but a site-specific distance is preferable. 
 schd: the average specific fuel consumption of a heavy duty truck. The default value 

of 6.4 mi/gal was provided by the SWM-LCI model. 
payOAg: the average actual payload weight of a dump truck transporting aggregate to a 

customer in tons. The default value of 33.1 tons was provided by the SWM-

LCI model. 
maxhd: the average maximum payload weight of a heavy-duty truck transporting 

HMA to mixing plant in tons. The default value of 33.1 tons was provided by 
the SWM-LCI model. 

erOAg: the proportion of the time that trucks are returned empty from customers. The 

default value is 1 indicating that all trucks are returned empty from customers.  
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 
Eq. C.18 is used to determine the amount of emissions from the electrical energy used to 

extract and process virgin aggregate.  
 

(C.16)  , , , , ,2OAg ee s oag e ag elc n sp m r e    

 

Where,  
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re,ag:  the rate of electricity use per mass of aggregate in kWh per 1000 lbs of 
aggregate. re,ag is currently provided by the NREL Database Limestone 

Mining and Lime Production module (NREL 2004c).  
eelc,n,s:  the amount of pollutant, s, emitted in pounds per kWh of energy use on the 

national grid, and is provided by the SWM-LCI. 
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 
Eq. C.17 is used to determine the amount of emissions from the coal used to extract and 

process virgin aggregate. 
 

(C.17) , , , , , , ,2 ( )OAg co s oag c ag coal c s coal pc sp m r e e     

 

Where,  
 

rc,ag,: the rate of coal use per mass of aggregate in lbs of coal per 1000 lbs of 
aggregate. rc,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production (NREL 2004c) module.  

ecoal,c,s: the amount of pollutant, s, emitted in pounds per pound of coal combusted, 
and is calculated using the NREL Database Bituminous Combustion in 

Industrial Boilers module (NREL 2004g). ecoal,pc,s, is the precombustion 
emissions of pollutant, s, per 1000 lbs of coal, and is provided by the NREL 
Database Fuels and Energy Precombustion module (NREL 2004a).  

ecoal,pc,s: the amount of pollutant, s, emitted in pounds per cu. ft. of natural gas due to 
precombustion of natural gas, and is provided by the NREL Database Fuels 

and Energy Precombustion (NREL 2004a)  module. 
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 

Equation C.18 is used to determine the amount of emissions from the natural gas used to 

extract and process virgin aggregate.  
 

(C.18) , , , , , , ,2 ( )OAg ng s oag ng ag ng c s ng pc sp m r e e      

 

Where,  
 

rng,ag:  the rate of natural gas use per mass of aggregate in cubic feet of natural gas 
per 1000 lbs of aggregate. rng,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

e,ng,c,s:  the amount of pollutant, s, emitted per cu. ft. of natural gas combusted in a 
boiler, and is provided by the NREL Database Natural Gas Combustion in an 

Industrial Boiler (NREL 2004f) module.  
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eng,pc,s: the amount of pollutant, s, emitted in pounds per cu. ft. of natural gas due to 
precombustion of natural gas, and is provided by the NREL Database Fuels 

and Energy Precombustion (NREL 2004a)  module.  
moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 
 

Eq. C.19 is used to determine the amount of emissions from the gasoline used to extract and 

process virgin aggregate. 
 

(C.19) , , , , , , ,2 ( )OAg gas s oag gas ag gas c s gas pc sp m r e e     

 
Where,  
 

rgas,ag:  the rate of gasoline use per mass of aggregate in gallons of gasoline per 
1000 lbs of aggregate. rgas,ag is currently provided by the NREL Database 

Limestone Mining and Lime Production (NREL 2004c) module.  
e,gas,c,s:  the amount of pollutant, s, emitted per gallon of gasoline combusted in a 

single unit truck, and is from the NREL Database Gasoline Single Unit 

Truck module (NREL 2006a).  
egas,pc,s: the amount of pollutant, s, in pounds per gallon of gasoline due to the 

precombustion of gasoline, and is provided by the NREL Database Fuels 
and Energy Precombustion (NREL 2004a) module.  

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 

HMA being recycled, and cag is the proportion of aggregate in the HMA. 
 

Eq. C.20 is used to determine the amount of emissions from the fuel oil used to extract and 
process virgin aggregate. 
 

(C.20) , , , , , , , , , , ,2 [ ( ) (1 )( )]OAg fo s oag fo ag dist dis c s dis pc s dist res c s res pc sp m r p e e p e e

  
Where,  

 
rfo,ag: the rate of fuel oil use per mass of aggregate in gallons of fuel oil per 1000 lbs 

of aggregate. rfo,ag is currently provided by the NREL Database Limestone 

Mining and Lime Production module (NREL 2004c).  
pdist:  the proportion of distillate fuel oil used.  The current value of 0.5 is the 

proportion of supplied fuel oil in the US that is distillate from the Energy 
Information Administration’s Annual Energy Review 2006 (USDOE 2007).  

e,dis,c,s: the amount of pollutant, s, emitted per gallon of distillate fuel combusted in a 

boiler, and is from the NREL Database Distillate Oil Combustion in an 
Industrial Boiler module (NREL 2004d).  
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edis,pc,s: the amount of precombustion emissions of pollutant, s, in pounds per gallon of 
distillate fuel, and is provided by the NREL Database Fuels and Energy 

Precombustion module (NREL 2004a).  
e,res,c,s: the amount of pollutant, s, emitted per gallon of residual fuel combusted in a 

boiler, and is from the NREL Database Residual Oil Combustion in an 
Industrial Boiler module (NREL 2004e).  

eres,pc,s the amount of precombustion emissions of pollutant, s, in pounds per gallon of 

residual fuel, and is provided by the NREL Database Fuels and Energy 
Precombustion module (NREL 2004a).  

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

 

Eq. C.21 is used to calculate the amount of PM emitted from processing virgin aggregate.  
 

(C.21) , , , , 2000OAg pr pm oag Ag pr pm
lbsp m e

tons
,  

 
Where, 
 

eOAg,pr,pm:  the amount of PM emitted in pounds of PM per pound of aggregate 
processed. The default value of 5.11 x 10-5 lbs PM/lb aggregate was 

provided by the NREL Database Limestone Mining and Lime Production 
module (NREL 2004c). 

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass 

of HMA being recycled, and cag is the proportion of aggregate in the 
HMA. 

 
Eq. C.22 is used to determine the total energy to process virgin aggregate.  
 

(C.22) , , ,OAg OAg tr OAg elc OAg fuelE E E E   

Where,  
 

EOAg:  the energy used processing virgin aggregate in Btu.  
EOAg,tr:  the energy used virgin aggregate from the quarry to a mixing plant in Btu 

(Eq. C.23). 

EOAg,elc:  the electrical energy used to process virgin aggregate in Btu (Eq. C.24). 
EOAg,fuel:  the fuel energy used to process virgin aggregate in Btu (Eq. C.25). 

 
Eq. C.23 is used to determine the energy used in transporting HMA to a crusher.  
 

(C.23)  , ,OAg tr OAg tr diesE f H
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Where, 
 

fOAg,tr:  the amount of diesel fuel used to transport crushed HMA to customers in 
gallons (Eq. C.15). 

Hdies: the total energy from precombustion and combustion of a gallon of diesel. The 
precombustion energy use was 21,815 Btu/gal and developed from the NREL 
Database – Fuels and Energy Precombustion module (NREL 2004a). The 

combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 
Eq. C.24 is used to determine the total energy use due to electricity use.  

 

(C.24)  , , ,OAg elc oag e ag ng BKE m r c
 

 

Where, 
 

cng,BK: the total energy input to supply electricity on the national grid in Btu 

consumed per kWh supplied. The current value of 10,481 Btu/kWh is from 
the SWM-LCI. 

moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

re,ag:  the rate of electricity use per mass of aggregate in kWh per 1000 lbs of 

aggregate. re,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production module (NREL 2004c).  

 
The energy from fuel usage in aggregate processing is determined in Eq. C.25. 
 

(C.25) 
, , , , ,( ( (1 ) ))OAg fuel OAg c ag coal ng ag ng gas ag gas fo ag dist dis dist resE m r H r H r H r p H p H

 
 
Where, 

 
Hcoal: the total energy from precombustion and combustion of a pound of coal. The 

current value of 10,666 Btu/lb is from the SWM-LCI. 
Hng: the total energy from precombustion and combustion of a cubic foot of natural 

gas. The current value of 1,151Btu/ft3 is from the DST model SWM-LCI. 

Hdis: the total energy from precombustion and combustion of a gallon of distillate 
oil. The current value of 158,000 Btu/gal is from the DST model SWM-LCI. 

Hres: the total energy from precombustion and combustion of a gallon of residual 
oil. The current value of 170,700 Btu/gal is from the DST model SWM-LCI. 

Hgas: the total energy from precombustion and combustion of a gallon of gasoline. 

The current value of 141,400 Btu/gal is from the DST model SWM-LCI. 
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moag: the mass of offset aggregate in tons. moagc = mrec·cag where mrec is the mass of 
HMA being recycled, and cag is the proportion of aggregate in the HMA. 

rc,ag,: the rate of coal use per mass of aggregate in lbs of coal per 1000 lbs of 
aggregate. rc,ag is currently provided by the NREL Database Limestone 

Mining and Lime Production (NREL 2004c) module.  
rng,ag:  the rate of natural gas use per mass of aggregate in cubic feet of natural gas 

per 1000 lbs of aggregate. rng,ag is currently provided by the NREL Database 

Limestone Mining and Lime Production (NREL 2004c) module.  
rgas,ag:  the rate of gasoline use per mass of aggregate in gallons of gasoline per 1000 

lbs of aggregate. rgas,ag is currently provided by the NREL Database 
Limestone Mining and Lime Production (NREL 2004c) module.  

rfo,ag: the rate of fuel oil use per mass of aggregate in gallons of fuel oil per 1000 lbs 

of aggregate. rfo,ag is currently provided by the NREL Database Limestone 
Mining and Lime Production module (NREL 2004c).  

pdist:  the proportion of distillate fuel oil used.  The current value of 0.5 is the 
proportion of supplied fuel oil in the US that is distillate from the Energy 
Information Administration’s Annual Energy Review 2006 (USDOE 2007). 

 
The total emissions offset due to aggregate recycling are calculated using Eq. C.26. 

 

(C.26) , , , , , ,OBin s as fuel s as fug s ap sp p p p ,    

 
Where,  

 
pOBin,s:  the amount of pollutant, s, emitted in pounds due to the extracting, refining, 

and transportation of virgin binder.  
pas,fuel,s:  the amount of pollutant, s, emitted in pounds due to the use of fuel (natural 

gas or distillate oil) to heat asphalt binder in storage tanks (Eq. C.29). 

pas,fug,s:  the amount of pollutant, s, emitted from venting, and filling asphalt storage 
tanks (Eq. C.39). 

pap,s:  the amount of the pollutant, s, emitted in pounds due to the extracting, 
processing, and delivering asphalt binder (Eq. C.27). 

 

The emissions due to extracting, processing, and delivering asphalt binder are found using 
Eq. C.27. 

 

(C.27) 3, , ,7.481ap s ra rb res pc s

gal
p f v e

ft  

  

Where,  
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fra:  the allocation factor that converts residual oil processing to asphalt pavement. 
The current value of 0.60 reflects the relative volumetric processing of asphalt 

to residual for a given input volume of crude oil and was supplied by the 
NREL Database – Petroleum Refining module (NREL 2004g).  

vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq C.28). 
eres,pc,s: the amount of pollutant, s, emitted in pounds due to the precombustion of a 

gallon residual oil. The default values are supplied by the NREL Database – 

Fuels and Energy Precombustion module (NREL 2004a).  
 

(C.28) 
2000rb

rb

bin

lbsm
tonv    

Where,  
 

mrb:  the mass of reclaimed binder (Eq. C.29) 

bin:  the density of asphalt binder in pounds per gallon. The current value is 8.346 
lbs/gal. The constant 2000 is used to convert tons to pounds.  

 

(C.29) (1 )rb HM agm m c   

   

Where, 
 

mHM:  the mass of HMA recycled as new HMA in tons.  

cag:  the proportion of aggregate in HMA, and is also set by the user. The current 
value of 0.92 is a standard value found in the EPA’s Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000).  
 

The emissions due to the use of heating asphalt storage tanks are determined by Eq. C.30. 

 

(C.30) , , , , , , , , , ,( ) ( )as fuel s ng ng c s ng pc s dis dis c s dis pc sp v e e v e e    

 

Where, 
 

vng:  the volume of natural gas in cubic feet burned to heat asphalt binder tanks 

(Eq. C.31). 
eng,c,s:  the amount of pollutant, s, emitted in pounds due to the combustion of 1 ft3 of 

natural gas from the  SWM-LCI model. 
eng,pc,s:  the amount of pollutant, s, emitted in pounds due to the precombustion of 1 ft3 

of natural gas from the SWM-LCI model. 

vdis:  the volume of fuel oil in gallons burned to heat asphalt binder in tanks (Eq. 
C.32). 
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edis,c,s:  the amount of pollutant, s, emitted in pounds due to the combustion of gal of 
fuel oil SWM-LCI model. Fuel oil is assumed to be No. 2 distillate oil from 

EPA’s Hot Mix Asphalt Plants Emission Assessment Report (USEPA 2000).  
edis,pc,s: the amount of pollutant, s, emitted in pounds due to the precombustion of 1 

gal of fuel oil SWM-LCI model. Fuel oil is assumed to be No. 2 distillate oil 
from EPA’s Hot Mix Asphalt Plants Emission Assessment Report (USEPA 
2000).  

 
Eqs. C.31 and C.32 are used to determine the volume of natural gas and fuel oil burned, 

respectively. 
 

(C.31) 
as ng rb

ng

ng

E c v
v

H
  

  
Where, 

 
Eas:  the energy used to heat a gallon of asphalt binder at a typical mixing plant in 

Btu/gal (Eq. C.33). 

cng:  the proportion of natural gas powered heaters. The current value of 0.80 is an 
estimate from EPA’s Hot Mix Asphalt Plants Emission Assessment Report 

(USEPA 2000). 
Hng:  the energy use in precombustion and combustion of natural gas in units of Btu 

per cubic foot. The current value of 1,151 Btu/ft3 is from the SWM-LCI 

model. 
vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq C.28). 

 
The volume of fuel oil used is found by Eq. C.32, which is similar to Eq. C.31. 
 

(C.32) 
(1 )as ng rb

dis

dis

E c v
v

H
  

 
Where, 

 
Hdis:  the energy use in precombustion and combustion of distillate oil in units of 

Btu per gallon. The current value of 158,000 Btu/gal is from the SWM-LCI 

model. 
Eas:  the energy used to heat a gallon of asphalt binder at a typical mixing plant in 

Btu/gal (Eq. C.33). 
cng:  the proportion of natural gas powered heaters. The current value of 0.80 is an 

estimate from EPA’s Hot Mix Asphalt Plants Emission Assessment Report 

(USEPA 2000). 
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vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq C.28). 
 

The energy used to heat a gallon of binder in asphalt storage tanks at a typical mixing plant is 
found using Eq. C.33. 

 

(C.33) as h tankE t C  

   
Where, 

 
th:  the time in hours that a cubic foot of asphalt binder is heated. The units are 

hr/ft3 (Eq. C.37). 
Ctank:  the heat capacity of the tanks in a typical mixing plant in Btu/ ft3-hr (Eq. 

C.34). 

 

(C.34) tank l tC h A   

  

Where, 
 

hl:  the heat loss over the surface of the tanks in units of Btu/sq. ft-hr. The current 

value of 60 Btu/sq ft-hr was provided by EPA’s Hot Mix Asphalt Plants 
Emission Assessment Report (USEPA 2000).  

vt:  the total volume of a typical asphalt storage tank at a typical mixing plant (Eq 
C.36). 

At:  the surface area of a typical cylindrical tank (Eq. C.35). 

 

(C.35) 

2

4

t
t t t

d
A d l   

  

Where, 
 

dt:  the diameter of a typical tank in feet. The current value of 8 ft. was provided 

by EPA’s Hot Mix Asphalt Plants Emission Assessment Report (USEPA 
2000). 

lt:  the length of a typical tank in feet. The current value of 50 ft. was provided by 
EPA’s Hot Mix Asphalt Plants Emission Assessment Report (USEPA 2000).  

 

The total volume of the tanks at a typical mixing plant is determined by Eq C.36. 
 

(C.36) 

2

4

t
t t

d
v l  
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The time that a volume of binder will be heated is dependent on the throughput of the mixing 

plant in question, and is found by Eq. C.37. 
 

(C.37) 

720 op

h

ann

hrs t
mont

b
 

 
Where, 
 

 top: the time in months that a typical mixing plant is in operation annually. The 
current value of 5 months is provided by EPA’s Hot Mix Asphalt Plants 

Emission Assessment Report (USEPA 2000).  
 bann: the annual binder usage in a single tank at a typical mixing plant in cubic feet 

(Eq. C.38). 

 

(C.38) 3

2000(1 )

7.4805

tp ag

ann

tanks bin

lbsmp c tonb
n gal ft

 

 

Where, 
 
 mptp: the annual throughput of HMA from the mixing plant in tons. The current 

value of 100,000 tons is provided by EPA’s Hot Mix Asphalt Plants Emission 
Assessment Report (USEPA 2000).  

 ntanks:  the number of tanks at a typical mixing plant. The current value of 2 was by 
EPA’s Hot Mix Asphalt Plants Emission Assessment Report (USEPA 2000).  

 

Eq. C.39 is used to determine the fugitive emissions from asphalt storage.  
 

(C.39) , , , ,as fug s rb as fug sp v e  

 

Where, 

vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq. C.28). 
eas,fug,s: the amount of pollutant, s, emitted in pounds due to the storage of liquid 

asphalt binder and is provided by EPA’s Hot Mix Asphalt Plants Emission 

Assessment Report (USEPA 2000).  
 

Eq. C.40 is used to determine the energy offset for recycling used HMA as new HMA. 
 

(C.40) , ,OBin OBin stor OBin procE E E
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Where,  

 
EOBin:  the energy used to process virgin asphalt binder in Btu.  

EOBin,stor: the energy used to store asphalt binder at mixing plants in Btu (Eq. C.41). 
EOBin,proc: the energy used to extract and refine virgin asphalt binder in Btu (Eq. C.42). 
 

The energy used to store asphalt binder is determined by Eq. C.41. 
 

(C.41)  ,OBin stor rb asE v E  

 
Where, 

Eas:  the energy used to heat a gallon of asphalt binder at a typical mixing plant in 

Btu/gal (Eq. 6.8). 
vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq C.28). 

 
The energy used to extract crude oil and refine it into asphalt binder is determined by Eq. 
C.42. 

 

(C.42)  , ,OBin proc rb ra pre resE v f H  

 

Where, 
 

fra:  the allocation factor that converts residual oil processing to asphalt pavement. 

The current value of 0.60 reflects the relative volumetric processing of asphalt 
to residual for a given input volume of crude oil and was supplied by the 

NREL Database – Petroleum Refining module (NREL 2004g).  
Hpre,res: the energy required to extract and refine residual oil in Btu/gal. The default 

value is 21,000 Btu/gal. 

vrb:  the volume of offset asphalt binder in cubic feet, and is determined (Eq. C.28). 
 



 118 

Appendix D:  Equations to Estimate Emissions and Energy Consumption for 

Landfilling Used HMA 

 
Eq. D.1 is used to calculate the emissions associated with disposal in landfills.  

 

(D.1) , , , , ,lf s lf tr s lf lf sp p p   

 
Where, 

plf,s: the amount of pollutant, s, emitted in pounds due to disposing of HMA in 
landfills.  

plf,tr,s:  the amount of pollutant, s, emitted in pounds due the transportation of HMA 
to landfills (Eq. D.2). 

plf,lf,s:  the amount of pollutant, s, emitted in pounds from processing HMA at 

landfills (Eq. D.4).  
 

Transportation to Landfills Emissions 

 

 The model of transportation to landfills assumes the use of dump trucks. Eq. D.2 is used 

to determine the amount of each pollutant emitted.  
 

(D.2) , , , ,lf tr s lf tr dt sp f e   

 
Where, 
 

flf,tr:  the amount of diesel fuel to transport waste HMA to landfills in gallons (Eq. 
D.3). 

edt,s:  the amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used by 
dump trucks. These values are provided by the SWM-LCI model. 

 

(D.3) ,

2 1 2
[ ( ) ]
3 3 max 3

lf lf lf

lf tr lf

dt dt lf

d pay m
f er

sc pay
  

 
Where, 

 
dlf: the average distance to a landfill from a HMA recovery site. The default value 

of 20 mi. is assumed as reasonable, but a site-specific distance is preferable. 

 scdt: the average specific fuel consumption of a dump truck. The default value of 
4.4 mi/gal was provided by the SWM-LCI model. 

paylf: the average actual payload weight of a dump truck transporting HMA to a 
landfill in tons. The default value of 19.8 tons was provided by the SWM-LCI 
model. 
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maxdt: the average maximum payload weight of a dump truck transporting HMA to a 
landfill in tons. The default value of 19.8 tons was provided by the SWM-LCI 

model. 
erlf: proportion of the time that trucks are returned empty from landfills. The 

default value is 1 indicating that all trucks are returned empty from landfills.  
mlf: the weight of material being transported to landfills in tons.  

 

 
Landfill Emissions 

 

 Eq. D.4 is used to calculate landfill emissions.  
 

(D.4) , , ,lf lf s lf lf sp m e   

 
Where,  

elf,s:  the emission rate of pollutant, s, per ton of HMA disposed in landfills, and is 
provided by the landfill model.  

mlf: the weight of material being transported to landfills in tons.  

 
Landfill Energy use 

 

 The energy used to transport HMA to landfills, and to bury HMA in landfills is given by 
Eq. D.5. 

 

(D.5) , ,lf tr lf lf lfE E E   

 

Where, 
 

Elf: the total energy required to dispose of HMA in landfills in Btu.  

Etr,lf: the energy required to transport HMA to landfills in Btu (Eq. 4.6).  
Elf,lf: the energy required to process HMA at landfills in Btu (Eq. 4.7). 

 
 The energy required to transport materials to a landfill is determined by the fuel used in 
transport. Eq. D.6 is used to determine the energy used in transporting HMA to a landfill.  

 

(D.6) , ,tr lf lf tr diesE f H
 

 

Where, 
 

flf,tr:  the amount of diesel fuel to transport waste HMA to landfills in gallons (Eq. 

4.3). 
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Hdies: the total energy from precombustion and combustion of a gallon of diesel. The 
precombustion energy use was 21,815 Btu/gal and developed from the NREL 

Database – Fuels and Energy Precombustion module (NREL 2004a). The 
combustion energy is the higher heating value of diesel fuel or 139,000 

Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 
diesel. 

 

 The energy required to process HMA at landfills is determined by the landfill model. Eq. 
D.7 is used to determine the energy used at the landfill in the HMA model.  

 

(D.7) , ,tr lf lf lf engE m e  

 
Where, 

 
elf,eng: the energy used to dispose of a ton of HMA in a landfill in Btu. The current 

value of 2.01 x 106 Btu was calculated using the SWM-LCI landfill model. 
mlf: the weight of material being transported to landfills in tons.  
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APPENDIX D: COMPOSTING MODEL EQUATIONS 
 

E.1  Material Flows through Composting Facilities 
 

 Eq. 1-1 is used to determine the amount of a substrate other than food waste that is 

blended into the initial mix.  

(1-1) 
lbs

tonVM iii 2000
1  

 

Where, 
 
Mi: The mass of substrate, i,  (excluding food waste) in tons. 

Vi: The volume of substrate, i, in cubic yards (Eq. 1-2). 

i: The density of substrate, i, in lbs/yd3 (Table 1). 

 
 The volume of each substrate is determined in Eq. 1-2 based on user defined 

volumetric blending proportions. 
 

(1-2) 
fw

i
fwi

p

p
VV  

 

Where, 
 

Vi: The volume of substrate, i, in cubic yards. 
Vfw: The volume of a food waste in cubic yards by (Eq. 1-3). 
pi: The volumetric proportion of substrate, i (Table 2). 

pfw: The volumetric proportion of food waste (Table 2).  
 

 The volume of food waste is determined in Eq. 1-3 using the mass of food waste and 
its density. 
 

(1-3) 
ton

lbs
M

V
fw

fw

fw 1
2000  

 

Where, 
 

Vfw: The volume of a food waste in cubic yards (Eq. 1-3). 

Mfw: The mass of food waste in tons. 

fw: The density of food waste in lbs/yd3 (Table 1) 

 
 The total wet mass at the tipping floor is the sum of the mass of the substrates and is 

calculated in Eq. 1-4. 
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(1-4) 
i

iMM 1
 

 

Where, 
 

M1: The total mass at the tipping floor in tons.  
Mi: The mass of substrate, i, (including food waste) in tons (Eq 1-1). 

 

 The dry mass at the tipping floor is determined by Eq. 1-5 using the moisture content 
of each substrate. 

 

(1-5) )1(1 i

i

id mcMM  

 
Where, 

 
Md1: The initial dry mass at the tipping floor in tons. 

Mi: The mass of substrate, i, (including food waste) in tons (Eq 1-1). 
mci: The moisture content of substrate, i, (including food waste) (Table 2).  

 

 The dry mass after active composting is determined from the CO2 production during 
active composting. The basis of the CO2 production calculations are discussed in E.5.  Eq. 1-

6. is used to determine the dry mass after active composting.  
 

(1-6) dmrdd pMM 12  

 

Where, 
 

Md2: The total dry mass after active composting in tons.  
Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 
pdmr: The proportional dry mass reduction (Eq. 5-7). 

 
 The total wet mass after active composting is determined by Eq. 1-7. 

 

(1-7) 2
2

1

d
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M
M

mc
 

 

Where, 
 
 M2: The total wet mass after active composting in tons. 

Md2: The total dry mass after active composting in tons (Eq. 1-6). 
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mcac: The moisture content of compost after active composting (Table 1).  
 

 After screening, the mass flow is separated into three streams. Materials passing the 
screen are sent on to be cured and are calculated using Eq. 1-8. The mass of screen rejects 

recycled into the initial blend was determined using Eq. 1-1. The rest of the screen rejects are 
disposed of in a landfill as calculated by Eq. 1-9. 
 

(1-8) )1(23 srpMM  

 
Where, 

  
 M3: The total wet mass after screening composting in tons.  
 M2: The total wet mass after active composting in tons (Eq. 1-7). 

psr: The proportion of wet mass entering the screen that is rejected. The default 
value of 0.3 was developed through communication with composting facility 

operators.  
 
 The amount of screen rejects that are sent to a landfill are determined by Eq. 1-9. 

 

(1-9) srsrlf MpMM 2  

 
Where, 
  

 Mlf: The total wet mass of screen rejects being sent to a landfill in tons. 
 Msr: The total wet mass of screen rejects used in the initial blend in tons (Eq. 1-1). 
 M2: The total wet mass after active composting in tons (Eq. 1-7). 

psr: The proportional of wet mass entering the screen that is rejected. The default 
value of 0.3 was developed through communication with composting facility 

operators.  
 

 The dry mass after the screen is determined by Eq. 1-10. 

 

(1-10) 33 )1( MmcM acd  

 

Where, 
  

Md3: The total dry mass after screening in tons.  

 M3: The total wet mass after screening in tons (Eq. 1-8). 
mcac: The moisture content of compost after active composting (Table 1).  

  
 Some additional moisture is lost during the curing phase. The mass of final compost 
is determined by the final moisture content as calculated by Eq. 1-11. 
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(1-11) 
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Where, 

  
 Mf: The total final wet mass of compost in tons.  
 Md3: The total dry mass after screening in tons (Eq. 1-10). 

mccur: The moisture content of compost after curing (Table 1).  
 

 The final dry mass of compost is determined using Eq. 1-12. 
 

(1-12) )1( curfdf mcMM  

 
Where, 
  

 Mdf: The total wet mass of screen rejects being sent to a landfill in tons.  
 Mf: The total final wet mass of compost in tons (Eq. 1-11). 

mccur: The moisture content of compost after curing (Table 1). 
 
 

 The dry proportion of food waste is determined using Eq. 1-13. 
 

(1-13) 
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Where, 
  

 Ffw: The dry proportion of food waste in the incoming waste.  
 Mdf: The total wet mass of screen rejects being sent to a landfill in tons.  

Mfw: The mass of food waste in tons. 
mcfw: The moisture content of food waste (Table 1).  
Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 

 
The dry proportion of yard waste is determined using Eq. 1-14. 

 

(1-14) 
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Where, 
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 Fyw: The dry proportion of yard waste in the incoming waste.  

 Mdf: The total wet mass of screen rejects being sent to a landfill in tons.  
Myw: The mass of yard waste in tons (Eq. 1-1). 

mcfw: The moisture content of food waste (Table 2).  
Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 
 

 
E.2 Energy and Emissions Associated with Yard Waste Shredding 

 

(2-1) ywywgywg MmP  

 

Where, 
  

Pywg: The energy required to shred yard waste in hp-hr.  
mywg: The energy used in a grinder to shred yard waste in hp-hr/ton. The default 

value of 6.2 hp-hr/ton was developed from Diamond Z horizontal grinders.  

Myw: The total wet mass of yard waste used in the initial blend in tons (Eq. 1-1). 
  

 The diesel fuel consumed to shred yard waste is found using Eq. 2-2. 
 

(2-2) ywgywgfywg PmF  

 
Where, 
  

Fywg: The diesel required to shred yard waste in gallons.  
mywgf: The diesel consumption per energy used in a grinder to shred yard waste in 

gal/hp-hr. The default value of 0.045 gal/hp-hr was developed from Diamond 
Z horizontal grinders as discussed in Appendix E. 

Pywg: The energy required to shred yard waste in hp-hr (Eq. 2-1). 

 
 The CO2 emissions due to production and combustion of fuel used to shred yard 

waste are determined by Eq. 2-3. 
 

(2-3) )( 2,2,2, codpccoywsywgcoyws eeFp  

 
Where, 

  
pyws,co2: The total emissions of CO2 due to yard waste shredding in pounds.  
Fywg: The diesel required to shred yard waste in gallons (Eq. 2-2). 
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eyws,co2: The emission of CO2 per volume of diesel consumed in a grinder in lbs/gal. 
The default value of 23.005 lb/gal is from U.S. EPA 1991.  

edpc,co2: The emission of CO2 per volume of diesel due to the extraction, processing 
and transportation of crude oil in lbs/gal. The default value is provided by the 

SWM-LCI model.  
 

 

 The emissions of all pollutants excluding CO2 due to production and combustion of 
fuel used to shred yard waste are determined by Eq. 2-4. 

 

(2-4) 
, , ,yws s ywg yws s ywg dpc sp P e F e  

 

Where, 
  

pyws,s: The total emissions of pollutant, s, due to yard waste shredding in pounds.  
Pywg: The energy required to shred yard waste in hp-hr (Eq. 2-1). 
eyws,s: The emission of pollutant, s,  per volume of diesel consumed in a grinder in 

lbs/hp-hr. The default values are developed from EPA 1991.  
Fywg: The diesel required to shred yard waste in gallons (Eq. 2-2). 

edpc,s: The emission of pollutant, s, per volume of diesel due to the extraction, 
processing and transportation of crude oil in lbs/gal. The default values are 
provided by the SWM-LCI model.  

 

 The total energy used to turn windrows is determined using Eq. 2-5. 
 

(2-5) diesywgyws HFE  

 

Where, 
  

Eyws: The total energy used to shred yard waste in Btu.  

Fywg: The diesel required to shred yard waste in gallons (Eq. 2-2). 
Hdies: The total energy from precombustion and combustion of a gallon of d iesel. 

The precombustion energy use is 21,815 Btu/gal and developed from the 
NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 
The combustion energy is the higher heating value of diesel fuel or 139,000 

Btu/gal . Thus, the default value of the total energy use is 161,000 Btu/gal of 
diesel. 

 
E.3 Energy and Emissions Associated with Windrow Turning 
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(3-1) 
2

ei

wttwt

MM
mtfP  

 
Where, 
  

Pwt: The energy required to turn compost in hp-hr. 
ft: The frequency that windrows are turned in 1/days. The default value is 1/7 

days. 
t: The time spent in active composting or curing in days. The default value is 

100 days from communication with composting facility operators.  

mwt: The energy used to turn compost in hp-hr/ton. The default value of 0.294 hp-
hr/ton was developed from Backhus windrow turner literature.  

Mi: The initial wet mass of compost before active composting (M1) or curing (M3) 
(Eq. 1-4 and Eq. 1-8). 

Me: The exiting wet mass of compost after active composting (M2) or curing (Mf) 

(Eq. 1-7 and Eq. 1-11). 
 

The diesel fuel consumed to turn windrows is determined by Eq. 3-2. 
 

(3-2) wfwtwt mPF  

 
Where, 

  
Fwt: The diesel fuel consumed to turn compost in gallons.  
Pwt: The energy required to turn yard waste in hp-hr (Eq. 3-1). 

mwf: The diesel fuel consumed to turn compost per total energy in gal/hp-hr. The 
default value of 0.025 gal/hp-hr is from John Deere sales literature.  

 

  The CO2 emissions due to the generation and combustion of diesel fuel used for 
windrow turning are determined by Eq. 3-3. 

 

(3-3) )( 2,2,2, codpccowtwtcowt eeFp  

 

Where, 
  

pwt,co2: The total emissions of CO2 due to windrow turning in pounds.  
Fwt: The diesel required to windrows in gallons (Eq. 3-2). 
ewt,co2: The emission of CO2 per volume of diesel consumed in a windrow turner in 

lbs/gal. The default value of 23.005 lb/gal was from U.S. EPA 1991.  
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edpc,co2: The emission of CO2 per volume of diesel due to the extraction, processing 
and transportation of crude oil in lbs/gal. The default value is provided by the 

SWM-LCI model.  
 

 The emissions of all other pollutants excluding CO2 due to the generation and 
combustion of diesel fuel used for windrow turning are determined by Eq. 3-4. 
 

(3-4) 2,,, codpcwtswtswtswt eFePp  

 

Where, 
  

pwt,s: The total emissions of pollutant, s, due to windrow turning in pounds. 

Pwt: The energy required to turn windrows in hp-hr (Eq. 3-1). 
ewt,s: The emission of pollutant, s,  per volume of diesel consumed in a windrow 

turner in lbs/hp-hr. The default values are developed from EPA 1991.  
Fwt: The diesel required to windrows in gallons (Eq. 3-2). 
edpc,s: The emission of pollutant, s, per volume of diesel due to the extraction, 

processing and transportation of crude oil in lbs/gal. The default values are 
provided by the SWM-LCI model.  

 
The total energy used to turn windrows is determined using Eq. 3-5. 

 

(3-5) dieswtwt HFE  

 
Where, 
  

Ewt: The total energy used to turn windrows in Btu.  
Fwt: The diesel required to windrows in gallons (Eq. 3-2). 

Hdies: The total energy from precombustion and combustion of a gallon of diesel. 
The precombustion energy use was 21,815 Btu/gal and developed from the 
NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 

The combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 

E.4 Energy and Emissions Associated with Forced Aeration 

 

(4-1) 1
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Where, 
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Pfa: The electrical energy required to aerate compost in kWh.  
mbhp: The power required per volumetric flow rate of air in hp/cfm. The default 

value of 2.86 x 10-3 hp/cfm were developed from New York Blower Compact 
GI blowers. 

Aeff: The efficiency of the motor powering the blower in kW-in/hp-out. The default 
value is 1.15 kW-in/hp-out. 

mvt: The air required during active composting in cfph/tpd. The default value of 27 

cfph/tpd was developed from communications with composting facility 
operators. 

M1: The wet mass of compost before active composting (Eq. 1-4). 
 
 The emissions due to the electricity used for forced aeration are determined using Eq. 

4-2. 
 

(4-2) srelcfasfa ePp ,,  

 
Where, 

  
pfa,s: The total emissions of pollutant, s, due to forced aeration of compost in 

pounds. 
Pfa: The electrical energy required to aerate compost in kWh (Eq. 4-1). 
erelc,s: The emission of pollutant, s,  per kWh or energy use on the regional energy 

grid in lbs/kWh. The default values are provided by the SWM-LCI. 
 
 The total energy used to aerate compost is determined using Eq. 4-3. 

 

(4-3) rbkfafa mPE  

 
Where, 
  

Efa: The total energy used to aerate compost in Btu.  
Pfa: The electrical energy required to aerate compost in kWh (Eq. 4-1). 

mrbk: The total energy required to generate a kWh of electricity on the regional grid 
in Btu/kWh. The default value of 10,547 Btu/KWh is provided by the SWM-
LCI. 

 
E.5 Energy and Emissions Associated with Biological Degradation 

 
The yield of CO2 is determined using Eq. 5-1 and was developed from Komilis 2004. 
 

(5-1) ywfwco FFY 4807402  
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Where, 

  
Yco2: The yield of CO2 during active composting in lbs-C/dry ton. 

Ffw: The dry fraction of food waste (Eq. 1-13). 
Fyw: The dry fraction of yard waste (Eq. 1-14). 

 

 The total emissions of CO2 are determined using Eq. 5-2. 
 

(5-2) 
CgrCO

grCO
MYp dcocobio

2

2
122, 01.12

01.44
 

 

Where, 
  

pbio,co2: The total emissions of CO2 from biological degradation in lbs.  

Yco2: The yield of CO2 during active composting as a percent of dry weight (Eq. 5-
1). 

 Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 
 

The yield of NH3 is determined using Eq. 5-3 and was developed from Komilis 2004. 

 

(5-3) fwywnh FFY 764.103  

 
Where, 
  

Ynh3: The yield of NH3 during active composting in lbs-N/dry ton. 
Ffw: The dry fraction of food waste (Eq. 1-13). 
Fyw: The dry fraction of yard waste (Eq. 1-14). 

mcfw: The moisture content of food waste (Table 1). 
 

 The total emissions of NH3 are determined using Eq. 5-4. 
 

(5-4) 3133, nhdnhnhbio effMYp  

 
Where, 

  
pbio,nh3: The total emissions of NH3 from biological degradation in lbs.  
Ynh3: The yield of NH3 during active composting as a percent of dry weight (Eq. 5-

3). 
 Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 
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effnh3: The efficiency of the removal of NH3 by the biofilter. The value should be 
between 0 and 1. The default value is 0.80 (Sonesson 1996).  

 
 

The yield of VOC’s are determined using Eq. 5-5 and was developed from Komilis 
2004. 

 

(5-5) ywfwvoc FFY 1660920  

 

Where, 
  

Yvoc: The yield of VOC’s during active composting as a percent of dry weight.  

mcfw: The moisture content of food waste (Table 1).  
 

 The total emissions of VOC’s are determined using Eq. 5-6. 
 

(5-6) vocdvocvocbio effMYp 1,  

 
Where, 
  

Yvoc: The yield of VOC’s during active composting as a percent of dry weight (Eq. 
5-5). 

 Md1: The total dry mass at the tipping floor in tons (Eq. 1-5). 
effvoc: The efficiency of the removal of VOC’s by the biofilter. The value should be 

between 0 and 1. The default value is 0.18 (Pagans 2006).  

 
 The amount of dry mass reduction during active composting is determined by Eq-7. 

Eq-7 was developed in Komilis 2004. 
 

(5-7) 
980

2co

dmr

Y
p  

 
Where, 

  
pdmr: The proportional dry mass reduction of active compost.  

Yco2: The yield of CO2 during active composting as a percent of dry weight (Eq. 5-
1). 
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E.6 Energy and Emissions Associated with Compost Bag Management 

 

(6-1) 
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Where, 
  

Pbf: The energy required to fill composting bags in hp-hr. 

hpbag: The horsepower of the bag stuffing machine in hp. The default value of 55 hp 
is from A7-Bag Environmental CT-10 SL bag filler specifications.  

mbfr: The bag fill rate of the bag stuffing machine in tons/hr. The default value of 
180 tons/hr is from A7-Bag Environmental CT-10 SL bag filler specifications. 

M1: The wet mass of compost before active composting (Eq. 1-4). 

 
 The diesel fuel consumed to fill the bags is determined using Eq. 6-2. 

 

(6-2) bfbfbf mPF  

 

Where, 
  

Fbt: The diesel fuel consumed to fill compost bags in gallons.  

Pbf: The energy required to fill composting bags in hp-hr (Eq. 6-1). 
mbf: The diesel fuel consumed to turn compost per total energy in gal/hp-hr. The 

default value of 0.025 gal/hp-hr is from John Deere front end loader sales 
literature. 

 

 The emissions due to the filling of compost bags is determined by Eq. 6-3. 
 

(6-3) )( ,,, sdpcsbfbfsbf eeFp  

 
Where, 

  
pbf,s: The total emissions of pollutant, s, due to filling composting bags in pounds.  

Fbf: The diesel fuel consumed to fill compost bags in gallons (Eq. 6-2). 
ebf,s: The emission of pollutant, s, per volume of diesel consumed in a bag stuffer in 

lbs/gal. The default values are from the NREL Database – Diesel Combustion 

in Industrial Equipment module (NREL 2004b).  
edpc,s The emission of pollutant, s, per volume of diesel due to the extraction, 

processing and transportation of crude oil in lbs/gal. The current values are 
from the NREL Databas5- Energy and Fuels Precombustion module (NREL 
2004a). 
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 The total energy used to fill composting bags is determined using Eq. 6-4. 

 

(6-4) 
diesbfbf HFE  

 
Where, 
  

Ebf: The total energy used to fill composting bags in Btu.  
Fbf: The diesel fuel consumed to fill compost bags in gallons (Eq. 6-2). 

Hdies: The total energy from precombustion and combustion of a gallon of diesel. 
The precombustion energy use was 21,815 Btu/gal and developed from the 
NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 

The combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 

 The total mass of bags that need to be produced to is determined using Eq. 6-5. 

 

 (6-5) )
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Where, 
  

Mbag: The total mass of composting bags required to contain M1 tons of compost in 

tons. 
lbag: The length of composting bags in ft. The default value of 200 ft is from A7-

Bag Environmental CT-10 SL bag filler specifications. 

dbag: The diameter of composting bags in ft. The default value of 10 ft is from A7-
Bag Environmental CT-10 SL bag filler specifications. 

bag: The density of composting bags in lbs/ft3. The default value 59.6 lb/ft3 is the 
density of HDPE. 

tbag: The thickness of composting bags in inches. The default is 0.003 in., and is 
from  

M1: The wet mass of compost before active composting (Eq. 1-4). 

Mfull: The total mass of compost that can fit in a compost bag in tons. The default 
value of 200 tons is from A7-Bag Environmental CT-10 SL bag filler 

specifications. 
 
 The emissions due to producing composting bags is determined by Eq. 6-6. 

 

(6-6) sbpbagsbp eMp ,,  
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Where, 

  
pbp,s: The total emissions of pollutant, s, due to producing composting bags in 

pounds. 
Mbag: The total mass of composting bags required to contain M1 tons of compost in 

tons (Eq. 6-5). 

ebp,s: The emission of pollutant, s, per ton of composting bags produced in lbs/ton. 
The default values are from APME 1993. 

  
 The energy used to produce composting bags is determined using Eq. 6-7. 
 

(6-7) bpebagbp eME  

 

Where, 
  

Ebf: The total energy used to produce composting bags in Btu. 

Mbag: The total mass of composting bags required to contain M1 tons of compost in 
tons (Eq. 6-5). 

ebpe: The energy used to produce a mass of composting bags in Btu/ton. The default 
value is from APME 1993. 

 

 Once bags are produced they must be transported to the composting facility. The 
diesel fuel consumed to transport bags is determined using Eq. 6-8. Eq. 6-8 assumes that only 
1/3 of fuel use depends on payload.  

 

(6-8) 
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Where, 
  

Fbt: The diesel fuel consumed to transport composting bags to the composting 
facility in gallons. 

dtbag: The distance that composting bags are transporting from the production 
facility to the composting facility in miles. The default value of 250 mi. was 
used in the SWM-LCI. 

schd: The specific diesel consumption of heavy duty trucks. The default value of 6.4 
mi/gal was provided by the SWM-LCI.  

actbag: The actual payload of trucks carrying composting bags to the compost facility 
in tons. The default value is 33.1 tons, which is the full payload.  
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maxhd: The maximum payload of heavy duty truck in tons. The default value of 33.1 
tons was provided by the SWM-LCI model. 

erbag: The proportion of the time that trucks are returned empty from the composting 
facility. The default value is 1, meaning that trucks always return empty.  

Mbag: The total mass of composting bags required to contain M1 tons of compost in 
tons (Eq. 6-5). 

 

 The emissions from transporting composting bags to the composting facility are 
determined using Eq. 6-9. 

 

(6-9) )( ,,, sdpcshdbtstbag eeFp  

 

Where, 
  

ptbag,s: The total emissions of pollutant, s, due to transporting composting bags to the 
composting facility in pounds. 

Fbt: The diesel fuel consumed to transport composting bags to the composting 

facility in gallons (Eq. 6-8). 
ehd,s: The amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used 

by a heavy duty truck. These values are provided by the SWM-LCI model. 
edpc,s The emission of pollutant, s, per volume of diesel due to the extraction, 

processing and transportation of crude oil in lbs/gal. The current values are 

from the NREL Databas5- Energy and Fuels Precombustion module (NREL 
2004a). 

  

 The total energy used to transport composting bags to the composting facility 
determined using Eq. 6-10. 

 

(6-10) diesbtbt HFE  

 
Where, 

  
Ebt: The total energy used to transport composting bags to the composting facility 

in Btu. 
Fbt: The diesel fuel consumed to transport composting bags in gallons to the 

composting facility (Eq. 6-8). 

Hdies: The total energy from precombustion and combustion of a gallon of diesel. 
The precombustion energy use was 21,815 Btu/gal and developed from the 

NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 
The combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
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 Once bags are used for active composting they are cut open and must be transported 

to a landfill. The diesel fuel consumed to transport bags to final disposal is determined us ing 
Eq. 6-11. 

 

(6-11) 
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Where, 
  

Fbdt: The diesel fuel consumed to transport composting bags to a landfill in gallons.  
dlf: The distance that composting bags are transported from the composting 

facility to a landfill in miles. The default value of 20 mi. was assumed as 

reasonable. 
scdt: The specific diesel consumption of dump trucks. The default value of 6.4 

mi/gal was provided by the SWM-LCI.  
actlf: The actual payload of trucks carrying composting bags to a landfill in tons. 

The default value is 19.8 tons, which is the maximum payload.  

maxdt: The maximum payload of a dump truck in tons. The default value of 19.8 tons 
was provided by the SWM-LCI model. 

erlf: The proportion of the time that trucks are returned empty from the landfill. 
The default value is 1 meaning that all trucks are returned empty.  

Mbag: The total mass of composting bags required to contain M1 tons of compost in 

tons (Eq. 6-5). 
 
 The emissions from transporting composting bags to a landfill are determined using 

Eq. 6-12. 
 

(6-12) )( ,,, sdpcsdtbdtsdtbag eeFp  

 
Where, 

  
ptdbag,s: The total emissions of pollutant, s, due to transporting composting bags to a 

landfill in pounds. 
Fbdt: The diesel fuel consumed to transport composting bags to a landfill in gallons 

(Eq. 6-11). 

edt,s: The amount of pollutant, s, emitted, in pounds, per gallon of diesel fuel used 
by a dump truck. These values are provided by the SWM-LCI model. 

edpc,s The emission of pollutant, s, per volume of diesel due to the extraction, 
processing and transportation of crude oil in lbs/gal. The current values are 
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from the NREL Databas5- Energy and Fuels Precombustion module (NREL 
2004a). 

  
 The total energy used to transport composting bags to a landfill is determined using 

Eq. 6-13. 
 

(6-13) 
diesbdtbdt HFE  

 

Where, 
  

Ebdt: The total energy used to transport composting bags to a landfill in Btu.  
Fbdt: The diesel fuel consumed to transport composting bags to a landfill in gallons 

(Eq. 6-11). 

Hdies: The total energy from precombustion and combustion of a gallon of diesel. 
The precombustion energy use was 21,815 Btu/gal and developed from the 

NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 
The combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 

(6-14) sbaglfbagslfbag eMp ,,  

 
Where, 
  

plfbag,s: The total emissions of pollutant, s, due to landfill disposal of composting bags 
in pounds. 

Mbag: The total mass of composting bags required to contain M1 tons of compost in 

tons (Eq. 6-5). 
ebag,lf,s: The emission of pollutant, s, per ton of composting bags disposed of in a 

landfill in lbs/ton. The default values are provided by the SWM-LCI model. 
 

 The energy used to dispose of composting bags in a landfill is determined using Eq. 

6-15. 
 

(6-15) baglfebaglfbag eME  

 
Where, 

  
Elfbag: The total energy used to dispose of composting bags in Btu.  

Mbag: The total mass of composting bags required to contain M1 tons of compost in 
tons (Eq. 6-5). 
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ebag,lfe: The energy used to dispose of a mass of composting bags in a landfill in 
Btu/ton. The default value is provided by the SWM-LCI model. 

  
 The total emissions due to the use of composting bags are determined using Eq. 6-16. 

 

(6-16) slfbagsdtbagstbagsbpsbfsbag pppppp ,,,,,,  

 

Where, 
  

pbag,s: The total emissions of pollutant, s, due to the use of composting bags in 

pounds. 
pbf,s: The total emissions of pollutant, s, due to filling composting bags in pounds 

(Eq. 6-3). 
pbp,s: The total emissions of pollutant, s, due to producing composting bags in 

pounds (Eq. 6-6). 

ptbag,s: The total emissions of pollutant, s, due to transporting composting bags to the 
composting facility in pounds (Eq. 6-9). 

ptdbag,s: The total emissions of pollutant, s, due to transporting composting bags to a 
landfill in pounds.(Eq. 6-12). 

plfbag,s: The total emissions of pollutant, s, due to landfill disposal of composting bags 

in pounds (Eq. 6-14). 
 

The total energy use due to the use of composting bags is determined using Eq. 6-17. 
 

(6-17) slfbagsdtbagstbagsbpsbfsbag EEEEEE ,,,,,,  

 
Where, 

  
Ebag,s: The total energy used due to the use of composting bags in Btu.  
Ebf,s: The total used to fill composting bags in Btu (Eq. 6-3). 

Ebp,s: The total energy used to produce composting bags in Btu (Eq. 6-6). 
Etbag,s: The total energy used to transport composting bags to the composting facility 

in Btu (Eq. 6-10). 
Etdbag,s: The total energy used to transport composting bags to a landfill in Btu.(Eq. 6-

13). 

 Elfbag,s: The total energy used during landfill disposal of composting bags in Btu (Eq. 
6-15). 
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E.7 Energy and Emissions Associated with in-vessel Composting Electrical Energy 

Use 

 
 

(7-1) 
1MmP inviv
 

 
Where, 
  

Piv: The electrical energy required by the in-vessel composting system in kWh. 
minv: The energy required per mass of incoming compost in kWh/ton. The default 

value of 27.4 kWh/ton was developed from communication with the 
manufacturer of the Wright in-vessel composting system.  

M1: The wet mass of compost before active composting (Eq. 1-4). 

 
 The emissions due to the electricity used for in-vessel composting are determined 

using Eq. 7-2. 
 

(7-2) srelcivsiv ePp ,,  

 
Where, 

  
piv,s: The total emissions of pollutant, s, due to in-vessel processing of compost in 

pounds. 

Piv: The electrical energy required by the in-vessel composting system in kWh 
(Eq. 7-1). 

erelc,s: The emission of pollutant, s,  per kWh or energy use on the regional energy 

grid in lbs/kWh. The default values were developed from the SWM-LCI. 
 

 The total energy used to by the in-vessel composting system is determined using Eq. 
7-3. 
 

(7-3) rbkiviv mPE  

 
Where, 

  
Eiv: The total energy used to process compost in an in-vessel system in Btu. 
Piv: The electrical energy required by the in-vessel composting system in kWh 

(Eq. 7-1). 
mrbk: The total energy required to generate a kWh of electricity on the regional grid 

in Btu/kWh. The default value of 10,547 Btu/kWh were developed from the 
SWM-LCI.  
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E.8 Energy and Emissions Associated with Odor Control Systems  
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Where, 
  

Poc: The electrical energy required by the odor control system in kWh.  

Oeff: The efficiency of the motor powering the blower in kW-in/hp-out. The default 
value of 1.15 kW-in/hp-out was developed from Baldor electric motor data.  

moc: The power required per flowrate of air for odor control fans in hp/cfm. The 
default value of 2.2 x 10-3 hp/cfm were developed from New York Blower GI 
blowers. 

mvm: The volumetric flowrate of air required per mass of material from odor control 
fans in cfm/tpd. The default value of 57 cfph/tpd was determined by 

communication with composting facility operators.  
M1: The wet mass of compost before active composting (Eq. 1-4).  
 

 
 The emissions due to the electricity used for odor control are determined using Eq. 8-

2. 
 

(8-2) srelcocsoc ePp ,,  

 
Where, 
  

poc,s: The total emissions of pollutant, s, due to odor control of compost in pounds.  
Poc: The electrical energy required by the odor control system in kWh (Eq. 8-1). 

erelc,s: The emission of pollutant, s,  per kWh or energy use on the regional energy 
grid in lbs/kWh. The default values were developed from the SWM-LCI. 

 

 The total energy used the odor control system is determined using Eq. 8-3. 
 

(8-3) rbkococ mPE  

 
Where, 
  

Eoc: The total energy used to control odors in Btu.  
Poc: The electrical energy required by the odor control system in kWh (Eq. 8-1). 
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mrbk: The total energy required to generate a kWh of electricity on the regional grid 
in Btu/kWh. The default value of 10,547 Btu/kWh was developed from the 

SWM-LCI. 
 

E.9 Energy and Emissions Associated with Compost Screening  
 

(9-1) 
2MmP scsc

 

 

Where, 
  

Psc: The electrical energy required by the screen in kWh.  
msc: The energy required per mass of screened compost in kWh/ton. The default 

value of 0.8 kWh/ton was determined from Diaz et al. 1982. 

M2: The wet mass of compost after active composting (Eq. 1-7). 
 

 The emissions due to the electricity used for screening are determined using Eq. 9-2. 
 

(9-2) srelcscssc ePp ,,  

 
Where, 

  
psc,s: The total emissions of pollutant, s, due to screening of compost in pounds. 
Psc: The electrical energy required by the screen in kWh (Eq. 9-1). 

erelc,s: The emission of pollutant, s,  per kWh or energy use on the regional energy 
grid in lbs/kWh. The default values were developed from the SWM-LCI. 

 

 The total energy used to by the screen is determined using Eq. 9-3. 
 

(9-3) rbkscsc mPE  

 
Where, 
  

Esc: The total energy used to screen compost in Btu.  
Psc: The electrical energy required by the screen in kWh (Eq. 9-1). 

mrbk: The total energy required to generate a kWh of electricity on the regional grid 
in Btu/kWh. The default value of 10,547 Btu/kWh was developed from the 
SWM-LCI. 

 
 Screen rejects that are not recycled must be transported to a landfill. The diesel fuel 

consumed to transport screen rejects to final disposal is determined using Eq. 9-4. 
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Where, 
  

Fsrt: The diesel fuel consumed to transport screen rejects to a landfill in gallons.  
dlf: The distance that screen rejects are transported from the composting facility to 

a landfill in miles. The default value of 20 mi. is assumed as reasonable.  

scdt: The specific diesel consumption of dump trucks. The default value of 6.4 
mi/gal was provided by the SWM-LCI.  

actlf: The actual payload of trucks carrying composting bags to a landfill in tons. 
The default value is 19.8 tons, which is the maximum payload.  

maxdt: The maximum payload of a dump truck in tons. The default value of 19.8 tons 

was provided by the SWM-LCI model. 
erlf: The proportion of the time that trucks are returned empty from the landfill. 

The default value is 1 meaning that all trucks are returned empty.  

Mlf: The total mass of screen rejects disposed of in a landfill in tons (Eq. 1-11). 
 

 The emissions from transporting screen rejects to the landfill are determined using 
Eq. 9-5. 

 

(9-5) sdtsrtssrt eFp ,,  

 

Where, 
  

psrt,s: The total emissions of pollutant, s, due to transporting screen rejects to a 

landfill in pounds. 
Fsrt: The diesel fuel consumed to transport screen rejects to a landfill in gallons 

(Eq. 9-4). 
edt,s: The emission of pollutant, s, per gallon diesel diesel fuel consumed in a dump 

truck including precombustion emissions in lbs/ton. The default values were 

developed from the SWM-LCI. 
  

 The total energy used to transport screen rejects to a landfill is determined using Eq. 
9-6. 
 

(9-6) diessrtsrt HFE  

 
Where, 

  
Esrt: The total energy used to transport screen rejects to a landfill in Btu.  
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Fsrt: The diesel fuel consumed to transport screen rejects to a landfill in ga llons 
(Eq. 9-4). 

Hdies: The total energy from precombustion and combustion of a gallon of diesel. 
The precombustion energy use was 21,815 Btu/gal and developed from the 

NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 
The combustion energy is the higher heating value of diesel fuel or 139,000 
Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 

diesel. 
 

(9-7) ssrlflfslfsr eMp ,,  

 
Where, 

  
plfsr,s: The total emissions of pollutant, s, due to landfill disposal of screen rejects in 

pounds. 
Mlf: The total mass of screen rejects disposed of in a landfill in tons (Eq. 1-11). 
esrlf,s: The emission of pollutant, s, per ton of screen rejects disposed of in a landfill 

in lbs/ton. The default values were developed from the SWM-LCI. 
 

 The energy used to dispose of screen rejects in a landfill is determined using Eq. 9-8. 
 

(9-8) srlfelflfsr eME  

 
Where, 
  

Elfsr: The total energy used to dispose of screen rejects in Btu.  
Mlf: The total mass of screen rejects disposed of in a landfill in tons (Eq. 1-11). 

esrlfe: The energy used to dispose of a mass of screen rejects in a landfill in Btu/ton. 
The default values were developed from the SWM-LCI. 

  
 The total emissions due to screening materials and disposing of rejects are determined 
using Eq. 9-9. 

 

(9-9) slfsrssrtsscssct pppp ,,,,  

 

Where, 
  

psct,s: The total emissions of pollutant, s, due to screening materials and disposing of 

rejects in pounds. 
psc,s: The total emissions of pollutant, s, due to screening of compost in pounds (Eq. 

9-2). 
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psrt,s: The total emissions of pollutant, s, due to transporting screen rejects to a 
landfill in pounds (Eq. 9-5). 

plfsr,s: The total emissions of pollutant, s, due to landfill disposal of screen rejects in 
pounds (Eq. 9-7). 

 
 The total energy use due to screening materials and disposing of rejects is determined 
using Eq. 9-10. 

 

(9-10) slfsrssrtsscssct EEEE ,,,,  

 
Where, 
  

Esct,s: The total energy used due to screening materials and disposing of rejects in 
pounds. 

Esc: The total energy used to screen compost in Btu (Eq. 9-3). 
Esrt: The total energy used to transport screen rejects to a landfill in Btu (Eq. 9-6). 
Elfsr: The total energy used to dispose of screen rejects in Btu (Eq. 9-8). 

 
E.10 Energy and Emissions Associated with Front End Loader Use 

 
 The diesel fuel consumed by front end loaders is found using Eq. 10-1. 
 

(10-1) 1MtschpF dohfelfelfel  

 
Where, 

  
Ffel: The diesel required for front end loaders in gallons.  

hpfel: The required horsepower of the front end loaders in hp/tpd. The default value 
of 0.50 hp/tpd and was developed from Komilis and Ham 2004b.  

scfel: The specific diesel consumption of the front end loaders in gal/hp-hr. The 

default value of 0.025 gal/hp-hr was determined from John Deere Sales 
Literature. 

tdoh: The daily operating hours of composting facility in hours/day. The default 
value of 8 hours was determined from communications with composting 
facilities. 

M1: The wet mass of compost before active composting (Eq. 1-4). 
 

 The emissions from front end loaders are determined by Eq. 10-2. 
 

(10-2) )( ,,, sdpcsfelfelsfel eeFp  
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Where, 
  

Pfel,s: The total emissions of pollutant, s, due to front end loaders in pounds. 
Ffel: The diesel required for front end loaders in gallons (Eq. 10-1). 

efel,s: The emissions of pollutant, s, per volume of diesel consumed in a front end 
loader in lbs/gal. The default values were determined from Frey 2008.  

edpc,s: The emissions of pollutant, s, per volume of diesel due to the extraction, 

processing and transportation of crude oil in lbs/gal. The default value was 
determined from the SWM-LCI model. 

 
The total energy used to turn windrows is determined using Eq. 10-3. 

 

(10-3) diesfelfel HFE  

 

Where, 
  

Efel: The total energy used by front end loaders in Btu.  

Ffel: The diesel required for front end loaders in gallons (Eq. 10-1). 
Hdies: The total energy from precombustion and combustion of a gallon of diesel. 

The precombustion energy use was 21,815 Btu/gal and developed from the 
NREL Database – Fuels and Energy Precombustion module (NREL 2004a). 
The combustion energy is the higher heating value of diesel fuel or 139,000 

Btu/gal . Thus, the current value of the total energy use is 161,000 Btu/gal of 
diesel. 

 

E.11 Energy and Emissions Associated with Office Area Electrical Energy Use 
 

(11-1) 1M
t

mm
P

aod

taea
off  

 
Where, 

  
Poff: The electrical energy required the office area in kWh.  

mea: The annual energy required per area of office in kWh/yd2 The default value of 
269 kWh/yd2-yr and is from DOE 1994. 

mta: The office required per ton of incoming compost in yd2/ton. The default value 

of 2 yd2/tpd is from Komilis and Ham 2004b.  
taod: The annual operating days of composting facility in days/year. The default 

value of  250 days/yr is assumed as reasonable.  
M1: The wet mass of compost before active composting (Eq. 1-4). 
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 The emissions due to the electricity used for the office area are determined using Eq. 
11-2. 

 

(11-2) 
srelcoffsoff ePp ,,
 

 
Where, 
  

poff,s: The total emissions of pollutant, s, due to office area electrical use in pounds.  
Poff: The electrical energy required the office area in kWh (Eq. 11-1). 

erelc,s: The emission of pollutant, s,  per kWh or energy use on the regional energy 
grid in lbs/kWh. The default values were developed in the SWM-LCI model. 

 

 The total energy used due to the office area electricity is determined using Eq. 7-3. 
 

(11-3) rbkoffoff mPE  

 
Where, 

  
Eoff: The total energy used due to the office area electricity in Btu.  
Poff: The electrical energy required the office area in kWh (Eq. 11-1). 

mrbk: The total energy required to generate a kWh of electricity on the regional grid 
in Btu/kWh. The default value of 10,547 Btu/kWh was developed from the 

SWM-LCI. 
 
E.7 Avoided Energy and Emissions Associated with Fertilizer Offsets 

 
 The total avoided emissions due to nitrogen fertilizer production is determined using 

Eq.  12-1. 
 

(12-1) NdfNsNsN MFEMFep ,,,  

 
Where, 

  
pN,s: The total emissions of pollutant, s, due to nitrogen fertilizer production in 

pounds. 

eN,s: The emission of pollutant, s,  due to the production of nitrogen fertilizer in 
lbs/ton. The default values are from Patyk & Reinhardt 1997.  

FN: The proportion of Nitrogen per dry mass of finished compost. The default 
value of 0.071 is from Patyk 1996. 

MFEN: The mineral fertilizer equivalent of the nitrogen in the finished compost. This 

is the value for the amount of nitrogen in compost that actually substitutes 
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commercial fertilizers. The default value of 0.3 is developed from Hansen et. 
al. 2006. 

Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  
 

 The total offset energy from to avoided nitrogen fertilizer production is determined 
using Eq. 12-2. 
 

(12-2) NdfNeNN MFEMFeE ,,  

 

Where, 
  

EN: The total offset energy use to avoided nitrogen fertilizer production in Btu.  

eN,e: The energy used to produce a ton of nitrogen fertilizer in Btu/ton. The default 
values are from Patyk & Reinhardt 1997.  

FN: The proportion of Nitrogen per dry mass of finished compost. The default 
value of 0.071 is from Patyk 1996. 

MFEN: The mineral fertilizer equivalent of the nitrogen in the finished compost. This 

is the value for the amount of nitrogen in compost that actually substitutes 
commercial fertilizers. The default value of 0.3 is developed from Hansen et. 

al. 2006. 
Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  

 

 The total avoided emissions due to phosphorus fertilizer production is determined 
using Eq.  12-3. 
 

 

(12-3) 
N

PMFep dfPsPsP ,,  

 

Where, 
  

pP,s: The total emissions of pollutant, s, due to phosphorus fertilizer production in 

pounds. 
eP,s: The emission of pollutant, s,  due to the production of phosphorus fertilizer in 

lbs/ton. The default values are from Patyk & Reinhardt 1997.  
FP: The proportion of phosphorus per dry mass of finished compost. The default 

value of 0.041 is from Patyk 1996. 

Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  
P/N: The ratio of the compost required to meet the phosphorus demand to the 

amount of compost required to meet the nitrogen demand. The default value is 
0.4 and was calculated from USDA corn and soybean production data (Eq 12-
7). 
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 The total offset energy from to avoided phosphorus production is determined using 

Eq. 12-4. 
 

(12-4) NPMFeE dfPePP /,  

 
Where, 

  
EP: The total offset energy use to avoided phosphorus fertilizer production in Btu.  

eP,e: The energy used to produce a ton of phosphorus fertilizer in Btu/ton. The 
default values are from Patyk & Reinhardt 1997.  

FP: The proportion of phosphorus per dry mass of finished compost. The default 

value of 0.041 is from Patyk 1996. 
Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  

P/N: The ratio of the compost required to meet the phosphorus demand to the The 
default value is 0.4 and was calculated from USDA corn and soybean 
production data (Eq 12-7). 

 
 The total offset energy from to avoided potassium production is determined using Eq. 

12-4. 
 

(12-5) NKMFep dfKsKsK /,,  

 
Where, 
  

pK,s: The total emissions of pollutant, s, due to potassium fertilizer production in 
pounds. 

eK,s: The emission of pollutant, s,  due to the production of phosphorus fertilizer in 
lbs/ton. The default values are from Patyk & Reinhardt 1997.  

FK: The proportion of potassium per dry mass of finished compost. The default 

value of 0.054 is from Patyk 1996. 
Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  

K/N: The ratio of the compost required to meet the potassium demand to the 
amount of compost required to meet the nitrogen demand. The default value is 
0.4 and was calculated from USDA corn and soybean production data (Eq. 12-

8). 
 

 The total offset energy from to avoided potassium production is determined using Eq. 
12-2. 
 

(12-6) NKMFeE dfKeKK /,  
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Where, 

  
EK: The total offset energy use to avoided potassium fertilizer production in Btu.  

eK,e: The energy used to produce a ton of potassium fertilizer in Btu/ton. The 
default values are from Patyk & Reinhardt 1997.  

FK: The proportion of potassium per dry mass of finished compost. The default 

value of 0.054 is from Patyk 1996. 
Mdf: The total dry mass of finished compost in tons (Eq. 1-12).  

K/N: The ratio of the compost required to meet the potassium demand to the 
amount of compost required to meet the nitrogen demand. The default value is 
0.4 and was calculated from USDA corn and soybean production data (Eq. 12-

8). 
 

 The ratio of the compost required to meet the phosphorus demand to the amount of 
compost required to meet the nitrogen demand is determined using Eq. 12-7 

(12-7)  

N

NN

P

PP

F

MFED

F

MFED

N
P  

 
Where, 

  
P/N: The ratio of the compost required to meet the phosphorus demand to the 

amount of compost required to meet the nitrogen demand. 
DP: The demand of phosphorus in lbs/acre/year. The default value was determined 

from USDA corn and soybean production data.  

DN: The demand of nitrogen in lbs/acre/year. The default value was determined 
from USDA corn and soybean production data. 

FP: The proportion of phosphorus per dry mass of finished compost. The default 
value of 0.041 is from Patyk 1996. 

FN: The proportion of Nitrogen per dry mass of finished compost. The default 

value of 0.071 is from Patyk 1996. 
MFEN: The mineral fertilizer equivalent of the nitrogen in the finished compost. This 

is the value for the amount of nitrogen in compost that actually substitutes 
commercial fertilizers. The default value of 0.3 is developed from Hansen et. 
al. 2006. 

MFEP: The mineral fertilizer equivalent of the phosphorus in the finished compost. 
This is the value for the amount of phosphorus in compost that actually 

substitutes commercial fertilizers. The default value of 1.0 is developed from 
Hansen et. al. 2006. 
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 The ratio of the compost required to meet the potassium demand to the amount of 
compost required to meet the nitrogen demand is determined using Eq. 12-8. 

 

(12-8) 

N

NN

k

KK

F

MFED

F

MFED

N
K  

 
Where, 

  
K/N: The ratio of the compost required to meet the potassium demand to the 

amount of compost required to meet the nitrogen demand.  

DP: The demand of potassium in lbs/acre/year. The default value was determined 
from USDA corn and soybean production data.  

DN: The demand of nitrogen in lbs/acre/year. The default value was determined 
from USDA corn and soybean production data.  

FP: The proportion of potassium per dry mass of finished compost. The default 

value of 0.041 is from Patyk 1996. 
FN: The proportion of Nitrogen per dry mass of finished compost. The default 

value of 0.071 is from Patyk 1996. 
MFEN: The mineral fertilizer equivalent of the nitrogen in the finished compost. This 

is the value for the amount of nitrogen in compost that actually substitutes 

commercial fertilizers. The default value of 0.3 is developed from Hansen et. 
al. 2006. 

MFEK: The mineral fertilizer equivalent of the potassium in the finished compost. 
This is the value for the amount of phosphorus in compost that actually 
substitutes commercial fertilizers. The default value of 1.0 is developed from 

Hansen et. al. 2006 
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APPENDIX F: ANAEROBIC DIGESTION MODEL EQUATIONS 
 

F.1  Material Flows through Anaerobic Digestion Facilities 

 

mcFWFWLoadmassSol 11  (F-1) 

 

massSol1: Mass of solids at tipping area (lbs).  
FWLoad: The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
mcFW: The moisture content of the incoming food waste (0.7) 

 

mcFWFWLoadmassWat1  (F-2) 
 

massWat1: Mass of water at the tipping area (lbs). 
FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
mcFW:  The moisture content of the incoming food waste (0.7) 

 

perFWresResPerFWLoadmassRes 1  (F-3) 

 
massRes: Mass of inerts that are pre-screened out and sent to a landfill (lbs). 

ResPer: The proportion of incoming material that is pre-screened out (0.1). 
FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
perFWres:  The proportion of food waste in the pre-screened material (0.1). 

 

perFWresResPerFWLoadmassFWlf  (F-4) 

 
massFWlf: Mass of food waste that is pre-screened out and sent to a landfill (lbs). 

ResPer: The proportion of incoming material that is pre-screened out (0.1). 
FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
perFWres:  The proportion of food waste in the screened out material.  

 
)1()(2 mcFWmassFWlfmassResFWLoadmassSol  (F-5) 

 
massSol2: Mass of solid materials entering the reactor (lbs).  

massRes: Mass of inerts that are pre-screened out and sent to a landfill (lbs) (F-3). 
FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
massFWlf: Mass of food waste that is pre-screened out and sent to a landfill (lbs) (F-4). 

mcFW:  The moisture content of the incoming food waste (0.7). 
 

mcFWmassFWlfmassResFWLoadmassWat )(2  (F-6) 

 

massWat2: Mass of water entering the reactor (lbs).  
massRes: Mass of inerts that are pre-screened out and sent to a landfill (lbs) (F-3). 
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FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
massFWlf: Mass of food waste that is pre-screened out and sent to a landfill (lbs) (F-4). 

mcFW:  The moisture content of the incoming food waste (0.7). 
 

mass2 = massSol2 + massWat2 (F-7) 
 
mass2: Mass of waste entering the reactor (lbs).  

massSol2: Mass of dry solid waste entering the reactor (lbs) (F-5). 
massWat2: Mass of water in the waste entering the reactor (lbs) (F-6). 

 

mcReactor

mcFWmcReactor
massmassWatAdd

1
2  (F-8) 

 

massWatAdd: Mass of water added to the materials entering the reactor (lbs).  
mass2: Mass of waste entering the reactor (lbs) (F-7). 

mcReactor: Moisture content of materials in the reactor (0.75).  
mcFW:  The moisture content of the incoming food waste (0.7). 
 

massWat3 = massWat2 + massWatAdd (F-9) 
 

massWat3: Mass of water inside the reactor (lbs).  
massWat2: Mass of water in the waste entering the reactor (lbs) (F-6). 
massWatAdd: Mass of water added to the materials entering the reactor (lbs) (F-8). 

 
mass3 = massSol2 + massWat3 (F-10) 
 

mass3: Mass of material inside the reactor (lbs).  
massSol2: Mass of dry solid waste entering the reactor (lbs) (F-5). 

massWat3: Mass of water inside the reactor (lbs) (F-9). 
 
volCH4Prod = massSol2∙ultYieldFW (F-11) 

 
volCH4Prod: Volume of methane produced (cu.ft.).  

massSol2: Mass of dry solid waste entering the reactor (lbs) (F-5). 
ultYieldFW: Ultimate yield of methane from food waste (6.4 cu.ft/dry lb) .  
 

CH4Prop

volCH4Prod
volBioGas  (F-12) 

 
volBioGas: Total volume of biogas generated (cu.ft.) .  

volCH4Prod: Volume of methane produced (cu.ft.) (F-11). 
CH4Prop: Proportion of methane in the biogas (0.6).  
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)1(044.0016.0
4.22

2.232.28
CH4PropCH4Prop

volBioGas
massBiogas  (F-13) 

 
massBiogas: Mass of biogas produces (lbs.) .  

volBioGas: Total volume of biogas generated (cu.ft.) (F-12) . 
CH4Prop: Proportion of methane in the biogas (0.6).  
2.2 lbs/kg 

28.32 liters/cu.ft. 
22.4 liter/mol. 

0.016 kg/mol of methane. 
0.044 kg/mol of CO2. 
 

massSol4 = massSol2 – massBiogas (F-14) 
 

massSol4: Mass of dry materials exiting the reactor to be dewatered (lbs).  
massBiogas: Mass of biogas produces (lbs) (F-13). 
massSol2: Mass of dry solid waste entering the reactor (lbs) (F-5). 

 
mass4 = massSol4 + massWat3 (F-15) 

 
mass4: Mass of materials exiting the reactor to be dewatered (lbs).  
massSol4: Mass of dry materials exiting the reactor to be dewatered (lbs) (F-14). 

massWat3: Mass of water inside the reactor (lbs) (F-9). 
 

emcDigestat

massemcDigestatmassWat
massWatDew

1

43
 (F-16) 

 

massWatDew : Mass of water produced from dewatering (lbs).  
mass4: Mass of materials exiting the reactor to be dewatered (lbs) (F-15). 

massWat3: Mass of water inside the reactor (lbs) (F-9). 
mcDigestate: The moisture content of the materials after dewatering (0.5). 
 

massWatPOTW = massWatDew – massWatAdd (F-17) 
 

massWatPOTW: Mass of water sent to the wastewater treatment plant (lbs).  
massWatDew : Mass of water produced from dewatering (lbs) (F-16). 
massWatAdd: Mass of water added to the materials entering the reactor (lbs) (F-8). 

 
massWat5 = massWat3 – massWatDew (F-18) 

 
massWat5: Mass of water in materials after dewatering (lbs).  
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massWat3: Mass of water inside the reactor (lbs) (F-9). 
massWatDew : Mass of water produced from dewatering (lbs) (F-16). 

 
mass5 = massSol4 + massWat5 (F-20) 

 
mass5: Mass of digested materials to be cured (lbs).  
massSol4: Mass of dry materials exiting the reactor to be dewatered (lbs) (F-14). 

massWat5: Mass of water in materials to be composted after AD (lbs) (F-18). 
 

massSolInComp = massSol4 + YWLoad ∙ (1 – mcYW) (F-21) 
 
massSolInComp: Mass of dry materials to be cured (lbs).  

massSol4: Mass of dry materials exiting the reactor to be dewatered (lbs) (F-14). 
YWLoad: Mass of yard waste to be added to digested material (1,200 lbs).  

mcYW: The moisture content of the shredded yard waste (0.5). 
 
massWatInComp = massWat5 + YWLoad ∙mcYW (F-22) 

 
massWatInComp: Mass of water in materials to be composted after AD (lbs).  

massWat5: Mass of water in materials to be composted after AD (lbs) (F-18). 
YWLoad: Mass of yard waste to be added to digested material (1,200 lbs).  
mcYW: The moisture content of the shredded yard waste (0.5). 

 
massInComp = mass5 + YWLoad (F-23) 

 
massInComp: Mass of materials to be composted after AD (lbs).  
mass5: Mass of digested materials to be composted after AD (lbs) (F-20). 

YWLoad: Mass of yard waste to be added to digested material (1,200 lbs).  
 

ompmassSolInC

massSol4
dfFW  (F-24) 

 
dfFW: Dry fraction of digested food waste.  
massSol4: Mass of dry materials exiting the reactor to be dewatered (lbs) (F-14). 

massSolInComp: Mass of dry materials to be composted after AD (lbs) (F-21). 
 

dfYW = 1 - dfFW (F-25) 
 
dfYW: Dry fraction of yard waste.  

dfFW: Dry fraction of digested food waste (F-24). 
 

co2Yield = inhibFactor∙dfFW∙co2FacFW + dfYW∙co2FacYW (F-26) 



 155 

 
co2Yield: Biomass CO2 produced during composting (lbs C/lbs dry compost).  

inhibFactor: Aerobic activity remaining in digested food waste (0.25). 
dfFW: Dry fraction of digested food waste (F-24). 

co2FacFW: Biomass CO2 produced from food waste (0.37 lbs CO2/lb dry food waste). 
dfYW: Dry fraction of yard waste (F-25). 
co2FacYW: Biomass CO2 produced from yard waste (0.24 lbs CO2/lb dry yard waste). 

 

ompmassSolInC
co2PropDMR

Yieldco
massSol

2
16  (F-27) 

 

massSol6: Mass of dry materials to be screened (lbs).  
co2Yield: Biomass CO2 produced during composting (lbs) (F-26). 
co2PropDMR: Dry mass reduction per mass of biomass CO2 produced during 

composting (0.5 lbs C/ lbs dry compost lost). 
massSolInComp: Mass of dry materials to be composted after AD (lbs) (F-21). 

 

mcFC

mcFCmassSol
massWat

1

6
6  (F-28) 

 

massWat6: Mass of water in materials to be screened (lbs).  
massSol6: Mass of dry materials to be screened (lbs) (F-27). 

mcFC: The moisture content of the finished compost (0.45). 
 
mass6 = massSol6 + massWat6 (F-29) 

 
mass6: Mass of materials to be screened (lbs). 
massWat6: Mass of water in materials to be screened (lbs) (F-28). 

massSol6: Mass of dry materials to be screened (lbs) (F-27). 
 

massSol7 = massSol6∙screenEff (F-30) 
 
massSol7: Mass of dry final compost (lbs). 

massSol6: Mass of dry materials to be screened (lbs) (F-27). 
screenEff: Proportion of materials that pass the screen (0.98).  

 
massWat7 = massWat6∙screenEff (F-31) 
 

massWat7: Mass of water in finished compost (lbs).  
massWat6: Mass of water in materials to be screened (lbs) (F-28). 

screenEff: Proportion of materials that pass the screen (0.98).  
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mass7 = massSol7 + massWat7 (F-32) 
 

mass7: Mass of finished compost (lbs). 
massSol7: Mass of dry final compost (lbs) (F-30). 

massWat7: Mass of water in finished compost (lbs) (F-31). 
 
massInertLF = mass6 - mass7 + massRes (F-33) 
 

massInertLF: Mass of inerts that are sent to a landfill (lbs) (F-3). 

mass6: Mass of materials to be screened (lbs) (F-29). 
mass7: Mass of finished compost (lbs) (F-32). 
massRes: Mass of inerts that are pre-screened out and sent to a landfill (lbs) (F-3). 

 
 

HeatRate

CH4EngContvolCH4ProddownTime
enGrossElecG

1
 (F-34) 

 
GrossElecGen: Gross electricity generated at AD facility excluding house load (kWh).  

downTime: Proportion of the time that generator is not operating (0.05).  
volCH4Prod: Volume of methane produced (cu.ft.) (F-11). 
CH4EngCont: Energy content of methane (1,013 Btu/cu.ft).  

HeatRate: Amount of energy required to produce a kWh of electricity in a gas 
turbine (11,000 Btu/kWh). 

 
elecOffEmit = -GrossElecGen∙offElecEF (F-35) 
 

elecOffEmit: Avoided emissions due to electricity generation at AD facility (lbs.)  
GrossElecGen: Gross electricity generated at AD facility excluding house load (kWh).  

offElecEF: Avoided emissions resulting from exported electricity (lbs/kWh). 
 
elecOffEng = -GrossElecGen∙oBtuPerkWh (F-36) 

  
elecOffEng: Avoided energy use due to electricity generation at AD facility (Btu.)  

GrossElecGen: Gross electricity generated at AD facility excluding house load (kWh).  
oBtuPerkWh: Avoided energy use resulting from exported electricity (10,547 

Btu/kWh). 

 
elecHouseEmit = elecUsage∙ (FWLoad/2000) ∙RegElecEF  (F-37) 

 
elecHouseEmit: Emissions due to electricity use at AD facility (lbs.) 
elecUsage: Electricity usage per ton of material (45 kWh/ton).  
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FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 
lbs). 

RegElecEF : Emissions resulting from the production of electricity on the Mid-
Atlantic regional grid (lbs/kWh). 

2,000: lbs/ton. 
 
elecHouseEng = elecUsage∙(FWLoad/2000)∙rBtuPerkWh (F-38) 

 
elecHouseEng: Energy use due to electricity use at AD facility (Btu.)  

elecUsage: Electricity usage per ton of material (45 kWh/ton).  
FWLoad: The load of food waste sent to the anaerobic digestion facility (2,000 

lbs). 

rBtuPerkWh: Energy used to produce a kWh of electricity on the Mid-Atlantic 
regional grid (10,999 Btu/kWh). 

2,000: lbs/ton.  
 
FelFuel = hpFEL∙mfFEL∙(FWLoad/2000) ∙Tdoh (F-39) 

 
FelFuel: Fuel used by front end loaders at the AD facility (gal.).  

hpFEL: Front end loader energy required per weight flow of material ( 0.5 hp/tpd). 
FWLoad: The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
mfFEL: Front end loader specific fuel consumption (0.025 gal/hp-hr). 

Tdoh: Average daily operating hours of front end loaders (8 hrs/day). 
 2,000: lbs/ton.  

 
FelEmis = FelFuel∙(diesPrecom + FelEF) (F-40) 
 

FELEmis: Emissions due to front end loader use at AD facility (lbs.) 
FelFuel: Fuel used by front end loaders at the AD facility (gal.) (F-39). 

diesPrecom : Pre-combustion emissions from diesel fuel extracting, refining, and transport 
(lbs/gal). 

FelEF: Combustion emissions from front end loader use (lbs/gal). 

 
FelEng = FelFuel∙diesEnergy (F-41) 

 
FELEng: Energy use due to front end loader use at AD facility (lbs.)  
FelFuel: Fuel used by front end loaders at the AD facility (gal.) (F-39). 

diesEnergy: Pre-combustion and combustion energy use of diesel fuel (160,815 Btu/gal).  
 

ScreenEmit = engScreen∙RegElecEF∙mass7 (F-42) 
  
ScreenEmit: Emissions due to the post-screening of compost at the AD facility (lbs.) 

engScreen: The energy used to screen material (4E-04 kWh/lb). 
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RegElecEF : Emissions resulting from the production of electricity on the Mid-Atlantic 
regional grid (lbs/kWh). 

mass7: Mass of finished compost (lbs) (F-32). 
 

ScreenEng = engScreen∙mass7∙rBtuPerkWh (F-43) 
 
ScreenEng: Energy use due to the post-screening of compost at the AD facility (lbs.) 

engScreen: The energy used to screen material (4E-04 kWh/lb). 
rBtuPerkWh: Energy used to produce a kWh of electricity on the Mid-Atlantic regional grid 

(10,999 Btu/kWh). 
mass7: Mass of finished compost (lbs) (F-32). 
  

officeEmit = oaElecEng∙RegElecEF∙(FWLoad/2000) (F-44) 
  

officeEmit: Emissions due to the office area energy use at the AD facility (lbs.)  
oaElecEng: The energy used to power the office area (0.0079 kWh/ton). 
RegElecEF : Emissions resulting from the production of electricity on the Mid-Atlantic 

regional grid (lbs/kWh). 
FWLoad:  The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 

2,000: lbs/ton.  
 
officeEng = oaElecEng∙rBtuPerkWh∙(FWLoad/2000) (F-45) 

 
officeEng: Energy use due to the office area energy use at the AD facility (Btu.)  

oaElecEng: The energy used to power the office area (0.0079 kWh/ton). 
FWLoad: The load of food waste sent to the anaerobic digestion facility (2,000 lbs). 
rBtuPerkWh: Energy used to produce a kWh of electricity on the Mid-Atlantic regional grid 

(10,999 Btu/kWh). 
2,000: lbs/ton.  

 
Pgr =   Mtgp∙(YWLoad/2000) (F-46) 
 

Pgr: Energy required to shred yard waste (hp-hr).  
Mtgp: Tub grinder power rating (14.2 hp-hr/ton). 

YWLoad: Mass of yard waste to be added to digested material (1,200 lbs).  
2,000: lbs/ton. 
 

Fgr =   Mtgf∙Pgr (F-47) 
 

Fgr: Diesel fuel required to shred yard waste (gal.).  
Mtgf: Tub grinder specific fuel consumption (0.0508 gal/hp-hr). 
Pgr: Energy required to shred yard waste (hp-hr) (F-46).  
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YWEmis = Pgr∙YWCombEF + Fgr∙diesPrecom (F-48) 
 

YWEmis: Emissions due to shredding yard waste (lbs).  
Fgr: Diesel fuel required to shred yard waste (gal.) (F-47).  

YWCombEF: Yard waste shredder combustion factor (lbs/hp-hr). 
Pgr: Energy required to shred yard waste (hp-hr) (F-46).  
diesPrecom : Pre-combustion emissions from diesel fuel extracting, refining, and transport 

(lbs/gal). 
  

YWEng = Fgr∙diesEnergy (F-49) 
 
YWEng: Energy use due to shredding yard waste (Btu). 

Fgr: Diesel fuel required to shred yard waste (gal.) (F-47).  
diesEnergy: Pre-combustion and combustion energy use of diesel fuel (160,815 Btu/gal).  

 
Pwta = Tcur∙(massCompost/2000)∙Mwta∙turnFreq (F-50) 
 

Pwta: Energy required to turn compost during curing (hp-hr). 
Tcur: Time spent curing compost (14 days).  

massCompost: Mass of materials to be composted after AD (lbs).  
Mwta: Energy required to turn a mass of compost (0.294 hp-hr/ton). 
turnFreq: Frequency with which curing windrows are turned (0.5 day-1). 

2,000: lbs/ton. 
 

Fwta =  Pwta∙Mwfa (F-51) 
 
Fwta: Fuel Consumed by windrow turners (gal). 

Pwta: Energy required to turn compost during curing (hp-hr). 
Mwfa: The fuel consumption of a windrow turner (0.025 gal/hp-hr) 

  
WTEmis = Pwta∙WindrowTurnerEF + Fwta∙diesPrecom (F-52) 
 

WTEmis: Emissions from windrow turning (lbs).  
Pwta: Energy required to turn compost during curing (hp-hr). 

Fwta: Fuel Consumed by windrow turners (gal).  
WindrowTurnerEF :  Combustion emissions from windrow turner (lb/hp-hr). 
diesPrecom : Pre-combustion emissions from diesel fuel extracting, refining, and 

transport (lbs/gal). 
 

WTEng = Fwta∙diesEnergy (F-53) 
 
WTEng: Energy used during windrow turning (Btu). 

Fwta: Fuel Consumed by windrow turners (gal).  
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diesEnergy: Pre-combustion and combustion energy use of diesel fuel (160,815 Btu/gal).  

Poc =   (Moc/60)∙Mvm∙Oeff∙24∙(massInComp/2000) (F-54) 

 
Poc: Energy required for odor control blowers (kWh). 

Moc: Blower energy required per air flow (2.2E-03 hp/cfm)  
Oeff : Odor control motor efficiency (1.15 kW/hp).   
Mvm: Flow rate of air required per tpd of compost for odor control (57 

cfph/tpd). 
massSolInComp: Mass of dry materials to be composted after AD (lbs) (F-21). 

24: Hours/day. 
60: Minutes/hour. 
2000: lbs/ton. 

 
OCEmis = Poc∙RegElecEF (F-55) 

  
OCEmis: Odor control electricity use emissions (lbs) 
Poc: Energy required for odor control blowers (kWh). 

RegElecEF : Emissions resulting from the production of electricity on the Mid-Atlantic 
regional grid (lbs/kWh). 

  
OCEng = Poc∙rBtuPerkWh (F-56) 
 

OCEng: Odor control energy use (Btu).  
rBtuPerkWh: Energy used to produce a kWh of electricity on the Mid-Atlantic regional grid 

(10,999 Btu/kWh). 
 
NEmis = NdmProp∙SolMass7∙MFEN∙fertNEmitEF (F-57) 

 
NEmis: Emission offset from avoided nitrogen fertilizer production (lbs.) 

NdmProp: Dry mass proportion of nitrogen (0.0137). 
SolMass7: The dry mass of finished compost (lbs.).  
MFEN: Mineral nitrogen fertilizer equivalent (0.3).  

 fertNEmitEF: Emission factor for virgin nitrogen fertilizer production (lbs/lb N). 
 

KEmis = KdmProp∙SolMass7∙KtoN∙fertKEmitEF (F-58) 
 
KEmis: Emission offset from avoided potassium fertilizer production (lbs.)  

KdmProp: Dry mass proportion of potassium (0.0091). 
SolMass7: The dry mass of finished compost (lbs).  

KtoN: Factor to calculate mass of avoided K per mass of applied K (0.5). 
 fertKEmitEF: Emission factor for virgin potassium fertilizer production (lbs/lb K).  
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PEmis = PdmProp∙SolMass7∙PtoN∙fertPEmitEF (F-59) 
 

PEmis: Emission offset from avoided phosphorus fertilizer production (lbs).  
PdmProp: Dry mass proportion of phosphorus (0.003). 

SolMass7: The dry mass of finished compost (lbs).  
PtoN: Factor to calculate mass of avoided P per mass of applied P (0.4).  
 fertPEmitEF: Emission factor for virgin phosphorus fertilizer production (lbs/lb P).  

 
FertEmis = -(NEmis + KEmis + PEmis) (F-60) 

  
FertEmis: Emission offset from avoided fertilizer production (lbs).  
NEmis: Emission offset from avoided nitrogen fertilizer production (lbs.) (F-57). 

KEmis: Emission offset from avoided potassium fertilizer production (lbs.) (F-58) 
PEmis: Emission offset from avoided phosphorus fertilizer production (lbs.) (F-59). 

 
NEng = NdmProp∙SolMass7∙MFEN∙fertNEngEF (F-61) 
 

NEng: Energy offset from avoided nitrogen fertilizer production (Btu.).  
NdmProp: Dry mass proportion of nitrogen (0.0137). 

SolMass7: The dry mass of finished compost (lbs).  
MFEN: Mineral nitrogen fertilizer equivalent (0.3).  
 fertNEngEF: Energy use factor for virgin nitrogen fertilizer production (6.13E+07 Btu/lb 

N). 
 

KEng = KdmProp∙SolMass7∙KtoN∙fertKEngEF (F-62) 
 
KEng: Energy offset from avoided potassium fertilizer production (Btu.).  

KdmProp: Dry mass proportion of potassium (0.0091). 
SolMass7: The dry mass of finished compost (lbs).  

KtoN: Factor to calculate mass of avoided K per mass of applied K (0.5).  
 fertKEngEF: Energy use factor for virgin potassium fertilizer production (4.35E+06 Btu/lb 

K). 

 
PEng = PdmProp∙SolMass7∙PtoN∙fertPEngEF (F-63) 

 
PEng: Energy offset from avoided phosphorus fertilizer production (Btu.)  
PdmProp: Dry mass proportion of phosphorus (0.003). 

SolMass7: The dry mass of finished compost (lbs).  
PtoN: Factor to calculate mass of avoided P per mass of applied P (0.4). 

 fertPEngEF: Energy use factor for virgin phosphorus fertilizer production (1.24E+07 
Btu/lb P). 

 

FertEng = -(NEng + KEng + PEng) (F-64) 
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FertEng: Energy use offset from avoided fertilizer production (Btu.)  

NEng: Energy use offset from avoided nitrogen fertilizer production (Btu.) (F-61). 
KEng: Energy use offset from avoided potassium fertilizer production (Btu.) (F-62). 

PEng: Energy use offset from avoided phosphorus fertilizer production (Btu.) (F-63). 
 
GasEmis = (volCH4Prod) ∙ ((1-downTime)∙biogasTurbComEF + downTime ∙ 

biogasFlarComEF) (F-65) 
  

GasEmis: Emissions from biogas combustion (lbs.) 
volCH4Prod: Volume of methane produced (cu.ft.) (F-11). 
downTime: Proportion of the time that energy is not generated and is instead flared 

(0.05). 
biogasTurbComEF: Gas turbine emission factor (lbs/cu.ft. CH4). 

biogasFlarComEF: Flare emission factor (lbs/cu.ft. CH4). 
 
fugMethane = ((1-desEffCH4)∙ volCH4Prod)∙(28.32)∙(1/22.4)∙(0.016)∙(2.2) (F-66) 

 
fugMethane: Fugitive methane emissions from biogas combustion (lbs) 

volCH4Prod: Volume of methane produced (cu.ft.) (F-11). 
desEffCH4: Destruction efficiency of methane (0.995).  
2.2 lbs./kg 

28.32 liters/cu.ft. 
22.4 liter/mol. 

0.016 kg/mol of methane. 
 
nh3Yield = inhibFactor∙dfFW∙nh3FacFW + dfYW∙nh3FacYW (F-67) 

  
nh3Yield: NH3 yield from curing (lbs N/dry lb compost). 

inhibFactor: Proportion of aerobic potential remaining after anaerobic digestion of food 
waste (0.25). 

nh3FacFW : NH3 yield from food waste (0.038 lbs N/lb dry food waste). 

nh3FacYW : NH3 yield from yard waste (0.00515 lbs N/dry lb yard waste).  
dfFW: Dry fraction of digested food waste (F-24). 

dfYW: Dry fraction of digested yard waste (F-25). 
 
biodegNH3 = (1-effNH3) ∙nh3Yield∙massSolInComp∙ (17/14) (F-68) 

  
biodegNH3: NH3 emissions from curing (lbs). 

nh3Yield: NH3 yield from curing (lbs N/dry lb compost) (F-67). 
effNH3: The proportion of NH3 removed by the biofilter (0.8).  
massSolInComp: Mass of dry materials to be composted after AD (lbs) (F-21). 

17: Grams per mole of NH3. 
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14: Grams per mole of N. 
 

vocYield = inhibFactor∙dfFW∙vocFacFW + dfYW∙vocFacYW (F-69) 
  

vocYield: VOC yield during curing (lbs VOC/dry lb compost). 
inhibFactor: Proportion of aerobic potential remaining after anaerobic digestion of food 

waste (0.25). 

vocFacFW : VOC yield from food waste (3.7E-07 lbs VOCs/dry lb food waste). 
vocFacYW : VOC yield from yard waste (4.58E-07 lbs VOCs/dry lb yard waste).  

dfFW: Dry fraction of digested food waste (F-24). 
dfYW: Dry fraction of digested yard waste (F-25). 
 

biodegVOC = (1-effVOC) ∙vocYield∙massSolInComp (F-70) 
 

biodegVOC : VOC emissions from curing (lbs). 
vocYield: VOC yield from curing (lbs VOC/dry lb compost) (F-69). 
effVOC: The proportion of VOC removed by the biofilter (0.35). 

massSolInComp: Mass of dry materials to be composted after AD (lbs) (F-21). 
 

TotEmis = elecOffEmit + elecHouseEmit + FELEmis + ScreenEmit + 
OfficeEmit + YWEmis + WTEmis + OCEmis + FertEmis + 
GasEmis +( fugMethane + biodegNH3 + biodegVOC) (F-71) 

 
elecOffEmit: Avoided emissions due to electricity generation at AD facility (lbs.) (F-

35). 
elecHouseEmit: Emissions due to electricity use at AD facility (lbs.) (F-37). 
FELEmis: Emissions due to front end loader use at AD facility (lbs.) (F-40). 

ScreenEmit: Emissions due to the post-screening of compost at the AD facility (lbs.) 
(F-42). 

officeEmit: Emissions due to the office area energy use at the AD facility (lbs.) (F-
44). 

YWEmis: Emissions due to shredding yard waste (lbs.) (F-48). 

WTEmis: Emissions from windrow turning (lbs.) (F-52). 
OCEmis: Odor control electricity use emissions (lbs) (F-55). 

FertEmis: Emission offset from avoided fertilizer production (lbs.) (F-60). 
GasEmis: Emissions from biogas combustion (lbs.) (F-65). 
fugMethane: Fugitive methane emissions from biogas combustion (lbs.) (F-66). 

biodegNH3: NH3 emissions from curing (lbs) (F-68). 
biodegVOC : VOC emissions from curing (lbs) (F-70). 

 
TotEng = elecOffEng + elecHouseEng + FELEng + ScreenEng + 

OfficeEng + YWEng + WTEng + OCEng + FertEng (F-72) 
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elecOffEng: Avoided energy use due to electricity generation at AD facility (Btu.) 
(F-36). 

elecHouseEng: Energy use due to electricity use at AD facility (Btu.) (F-38). 
FELEng: Energy use due to front end loader use at AD facility (Btu.) (F-41). 

ScreenEng: Energy use due to the post-screening of compost at the AD facility 
(Btu.) (F-43). 

officeEng: Energy use due to the office area electricity use at the AD facility (Btu.) 

(F-45). 
YWEng: Energy use due to shredding yard waste (Btu.) (F-49). 

WTEng: Energy use from windrow turning (Btu.) (F-53). 
OCEng: Energy use due to odor control electricity use (Btu.) (F-56). 
FertEng: Energy use offset from avoided fertilizer production (Btu.) (F-61). 

 
 

 
 

 



Name Description Units Distribution Source

act_bag

Actual mass of bags in 

transport vehicle. tons Constant
SWM-LCI

act_bagd

Actual mass bags in 

disposal vehicle tons Constant
SWM-LCI

act_sr

Actual payload of dump 

trucks filled with screen 

rejects. tons Constant

SWM-LCI

Aeff Motor efficiency kW/hp Tri(0.5M,M,2M)

New York Blower Co Compact 

GI Fans

0.000E+00

7.477E-04

1.038E-05

4.050E-05

1.661E-05

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

9.969E-06

2.025E-01

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

CO

SO2

NOx

Total PM

Parameters

33.1

19.8

19.8

PM-10 

PM-2.5

PM-coarse

Methane

1.15

biogasFlareComEF Emission factor for 

biogas combustion in a 

flare.

Lbs/ft
3 Tri(0.5M,M,2M) CO2 - Fossil

HCl

CO2 Biomass

Ammonia

Lead

NMHC

Dioxins

Furans

HAPs

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Copper

Cadmium

BOD

COD

Oil

Sulfuric Acid

Chromium

Lead

Zinc

SWM-LCI

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia
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Name Description Units Distribution Source

0.000E+00

2.285E-04

1.039E-05

8.621E-05

2.181E-05

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

1.018E-05

2.025E-01

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

BODtrt The amount of BOD in 

the leachate sent to the 

wastewater treatment 

plant.

Lb/gal Constant Toronto AD report.

CH4EngCont Energy content of 

methane.
Btu/ft

3 Constant

CH4Prop Proportion of methane in 

biogas.

N/A Tri(0.55,0.6,0.65) Brecht II plant data.

co2FacFW 

Biomass CO2 yield from 

composted food waste.

Lbs 

CO2/lb 

digestate

Constant Komilis and Ham 2004

co2FacYW 

Biomass CO2 yield from 

composted yard waste.

Lbs 

CO2/lb 

digestate

Constant Komilis and Ham 2004

CO2PerBOD Biomass CO2 due to 

removal of BOD.

Lbs CO2/lb 

BOD.

Constant SWM-LCI

CO2PropDMR

Dry mass reduction per 

mass of biomass CO2 

produced during 

composting 

lbs CO2/lb 

food waste Constant Komilis and Ham 2004

Parameters

CO2 - Fossil

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

biogasTurbComEF Emission factor for 

biogas combustion in a 

gas turbine.

Lbs/ft
3 Tri(0.5M,M,2M)

CO2 Biomass

Ammonia

Lead

VOC

Dioxins

Furans

HAPs

HCl

Copper

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

Solid Waste #1

Solid Waste #2

Solid Waste #3

Solid Waste #4

Zinc

Cadmium

Arsenic

Mercury

COD

Oil

Phosphate

Sulfuric Acid

Iron

Ammonia

0.6

3.6

0.37

0.24

SWM-LCI

8.30E-03

1013

Selenium

Chromium

Lead

0.5
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Name Description Units Distribution Source

CODtrt The amount of COD in 

the leachate sent to the 

wastewater treatment 

plant.

Lb/gal Constant Toronto AD report.

Dbag Diameter of bag ft Constant Ag-Bag Sales literature

Den_bag

Density of bag in 

transport vehicle lb/ft3 Constant
SWM-LCI

Den_bagd

Density of bag in 

disposal vehicle lb/ft3 Constant
SWM-LCI

desEffCH4

Destruction efficiency of 

CH4 in the gas turbine. N/A

Tri(0.99,0.995,0.999

)

Dhdpe

Distance bag is shipped 

to facility miles Tri(0.5M,M,2M)
SWM-LCI

3.258E+03

1.057E+02

1.398E+01

2.505E+01

2.488E+00

6.422E-01

0.000E+00

0.000E+00

3.494E+01

1.561E+01

1.962E-07

8.737E-10

0.000E+00

2.529E-01

2.284E+01

1.613E-01

1.349E-04

0.000E+00

1.330E+02

0.000E+00

0.000E+00

0.000E+00

0.000E+00

3.480E+01

7.900E-01

1.300E-01

8.700E-01

8.100E-01

6.900E-03

1.900E-02

1.400E-02

0.000E+00

1.300E-03

0.000E+00

9.800E-08

3.500E-03

0.000E+00

1.300E-03

1.500E-05

6.500E-04

Dlf Distance to a landfill miles Tri(0.5M,M,2M) SWM-LCI

downTime Proportion of the time 

that biogas must be flared 

at AD facility.

N/A

Tri(0.01,0.05,0.1)

Assumption

Parameters

4.20E-02

10

59.6

diesPrecom Diesel precombustion 

emissions.

Lbs/1000 

gal.

CO2 - Fossil

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

59.6

0.995

250

Furans

HAPs

HCl

CO2 Biomass

PM-coarse

Methane

NMHC

Dioxins

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Ammonia

Lead

VOC

Solid Waste #1

Oil

Sulfuric Acid

Iron

Ammonia

Dis. Solids

Sus. Solids

BOD

COD

Chromium

Lead

Copper

Cadmium

Arsenic

Mercury

Zinc

SWM-LCI

20

0.05

Phosphate

Selenium
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Name Description Units Distribution Source

2.54E+01

2.29E-01

4.52E-02

3.11E-01

2.02E-02

6.42E-04

0.00E+00

0.00E+00

3.49E-02

2.88E-02

1.96E-10

8.74E-13

0.00E+00

2.53E-04

2.28E-02

1.61E-04

1.35E-07

0.00E+00

1.33E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.48E-02

7.90E-04

1.30E-04

8.70E-04

8.10E-04

6.90E-06

1.90E-05

1.40E-05

0.00E+00

1.30E-06

0.00E+00

9.80E-11

3.50E-06

0.00E+00

1.30E-06

1.50E-08

6.50E-07

DumpFC Fuel consumption of a 

dump truck.

Mi/gal Tri(0.75M,M,1.25M

)
SWM-LCI

DumpMaxPay Maximum payload of 

dump trucks.

tons Constant SWM-LCI

effBOD Efficiency of BOD 

removal at the 

wastewater treatment 

plant.

N/A Constant SWM-LCI

effCOD Efficiency of COD 

removal at the 

wastewater treatment 

plant.

N/A Constant SWM-LCI

effNH3 Biofilter NH3 removal 

efficiency.

N/A
Tri(0.9M,M,1.1M)

Sonesson 1996

effNH3ww Efficiency of NH3 

removal at the 

wastewater treatment 

plant.

N/A Constant SWM-LCI

Parameters

DumpEF Emission factor for dump 

truck use.

Lb/gal Tri(0.5M,M,2M)

Total PM

PM-10 

PM-2.5

PM-coarse

CO2

CO

SO2

NOx

HAPs

HCl

CO2 Biomass

Ammonia

Methane

NMHC

Dioxins

Furans

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Lead

VOC

Solid Waste #1

Solid Waste #2

Sulfuric Acid

Iron

Ammonia

Copper

Sus. Solids

BOD

COD

Oil

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate

0.8

0.8

0.216

SWM-LCI

6.4

19.8

0.921

Selenium

Chromium
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Name Description Units Distribution Source

effPO4 Efficiency of PO4 

removal at the 

wastewater treatment 

plant.

N/A Constant SWM-LCI

effTSS Efficiency of TSS 

removal at the 

wastewater treatment 

plant.

N/A Constant SWM-LCI

effVOC Biofilter VOC removal 

efficiency.

N/A
Tri(0.5M,M,2M)

Pagans 2006

elecUsage Electricity used by AD 

plant.

kWh/tpd
Tri(0.8M,M,1.2M)

Brecht II plant data.

engScreen Energy required per 

weight of material to be 

screened.

kWh/lb

Tri(0.5M,M,2M)

Diaz et. al. 1982

er_hdpe

Empty return of hdpe 

transport truck 0/1 Constant
SWM-LCI

erLF Empty return of haul 

truck to wastewater 

treatment plant (0-1)

N/A Constant SWM-LCI

er_lfbag

Empty return of bag 

disposal truck 0/1 Constant
Assumption

erPOTW Empty return of haul 

truck to wastewater 

treatment plant (0-1)

N/A

Constant

SWM-LCI

er_sr

Empty return of screen 

reject truck disposal 0/1 Constant
Assumption

2.30E+01

3.31E-02

0.00E+00

2.69E-01

1.79E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.53E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Parameters

0.216

1

1

1

1

0.96

0.35

4.40E-04

1

45

Fossil CO2

CO

SO2

NOx

felEF Combustion emissions 

from front end loader 

use.

Lbs/gal 

diesel

Tri(0.7M,M,1.3M)

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Cadmium

Arsenic

Mercury

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

Selenium

Chromium

Lead

Zinc

Frey et. al. 2008
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Name Description Units Distribution Source

6.19E+02

1.56E-01

3.85E+00

1.64E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.37E+00

5.56E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

5.45E-07

0.00E+00

0.00E+00

5.40E+01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.95E-03

1.64E-02

0.00E+00

0.00E+00

0.00E+00

4.79E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

PM-10 

PM-2.5

CO

SO2

NOx

Total PM

Parameters

PM-coarse

Methane

NMHC

Dioxins

fertKEmitEF Emissions of potassium 

fertilizer production.

lbs/ton Tri(0.5M,M,2M) Fossil CO2

Ammonia

Lead

VOC

Solid Waste #1

Furans

HAPs

HCl

CO2 Biomass

Cadmium

BOD

COD

Oil

Sulfuric Acid

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Patyk & Reinhardt 1997

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia

Dis. Solids

Sus. Solids

Copper

fertKEngEF Energy use from 

potassium fertilizer 

production.

Btu/ton Tri(0.5M,M,2M)

Chromium

Lead

Zinc

4.35E+06 Patyk & Reinhardt 1997
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Name Description Units Distribution Source

7.83E+03

2.51E+01

6.11E+01

3.01E+01

4.87E+00

0.00E+00

0.00E+00

0.00E+00

1.41E+01

1.31E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.05E+02

0.00E+00

0.00E+00

1.00E+02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.72E+00

1.12E+01

0.00E+00

0.00E+00

0.00E+00

1.22E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Parameters

fertNEmitEF Emissions of nitrogen 

fertilizer production.

lbs/ton Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

Patyk & Reinhardt 1997

fertNEngEF Energy use from nitrogen 

fertilizer production.

Btu/ton Tri(0.5M,M,2M) 6.13E+07 Patyk & Reinhardt 1997

Selenium

Chromium

Lead
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Name Description Units Distribution Source

1.67E+03

8.21E-01

6.56E+00

5.42E+00

8.48E-01

0.00E+00

0.00E+00

0.00E+00

4.37E+00

3.49E+00

0.00E+00

0.00E+00

0.00E+00

1.63E-01

0.00E+00

8.04E-05

0.00E+00

0.00E+00

1.13E+02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

4.18E-02

3.48E-01

0.00E+00

0.00E+00

0.00E+00

6.54E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Fta

Active composting 

turning frequency 1/days
Tri(1/3,1/2,1)

1/2
Discussions with composting 

facilities.

Ftc

Frequency of turning 

during compost curing  

phase 1/day

Tri(1/7,1/3,1/2)

1

Discussions with composting 

facilities.

Btu/lbs Coal

Btu/gal Natural Gas 

Btu/cu. ft. Residual Oil

Distillate Oil 

Uranium

Hydro

Wood

Other

Gasoline

Diesel

FWLoad Food waste entering AD 

facility.

lbs Cons\ Assumption.

GrindType

Tub Grinder (0) 

Horizontal Grinder (1) 0/1 Constant
Discussions with composting 

facilities.

Parameters

2000

Fossil CO2

CO

SO2

NOx

fertPEmitEF Emissions of phosphorus 

fertilizer production.

lbs/ton Tri(0.5M,M,2M)

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

Patyk & Reinhardt 1997

fertPEngEF Energy use from 

phosphorus fertilizer 

production.

Btu/ton Tri(0.5M,M,2M) 1.24E+07 Patyk & Reinhardt 1997

Selenium

Chromium

Lead

fuelEnergy Energy required to 

produce an amount of a 

given fuel.

Tri(0.8M,M,1.2M) 10992

1114

173460

160515

1009326886

3413

10350

8600

143590

Fta

Ftc

160815

SWM-LCI

0
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Name Description Units Distribution Source

1.92E+00

5.17E-04

6.12E-03

1.00E-02

2.00E-03

0.00E+00

2.82E-04

2.09E-02

5.95E-05

3.26E-04

5.90E-07

6.25E-09

0.00E+00

0.00E+00

0.00E+00

0.00E+00

4.67E-02

7.20E-04

2.86E-04

1.00E-04

2.04E-04

3.42E-05

1.16E-06

7.15E-06

1.01E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.61E-06

0.00E+00

1.39E-08

3.37E-12

4.81E-09

hdpeEng Energy used to produce 

HDPE sheets.

Btu/ton Tri(0.5M,M,2M) SWM-LCI

hdPOTW Haul distance to the 

wastewater treatment 

plant.

mi. Tri(0.5M,M,2M) SWM-LCI

HeatRate The Btu required to 

produce a kWh of 

electricity using a gas 

turbine.

Btu/kWh Tri(10,000,11000,12

500)

Caterpillar gas turbines

Parameters

NOx

hdpeEF Emission factor for the 

production of HDPE 

sheets.

Lbs/ton. Tri(0.5M,M,2M) Fossil CO2

CO

SO2

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Arsenic

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Chromium

Lead

Copper

Cadmium

Mercury

Oil

Sulfuric Acid

Iron

Ammonia

Zinc

SWM-LCI

1.44E+04

15

Phosphate

Selenium

11000
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2.54E+01

1.21E-01

2.10E-02

7.64E-02

5.88E-02

6.42E-04

0.00E+00

0.00E+00

3.49E-02

1.56E-02

1.96E-10

8.74E-13

0.00E+00

2.53E-04

2.28E-02

1.61E-04

1.35E-07

0.00E+00

1.33E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.48E-02

7.90E-04

1.30E-04

8.70E-04

8.10E-04

6.90E-06

1.90E-05

1.40E-05

0.00E+00

1.30E-06

0.00E+00

9.80E-11

3.50E-06

0.00E+00

1.30E-06

1.50E-08

6.50E-07

HeavyFC Fuel of consumption of a 

heavy hauling truck.

Tri(0.75M,M,1.25M

)

SWM-LCI

HeavyMaxPay Maximum payload of 

heavy trucks.

Tons Constant SWM-LCI

HPbag

Horsepower of bag 

stuffer hp Constant
Ag-Bag Sales literature

hpFEL Front end loader energy 

required per material 

flow rate.

hp-hr/tpd Tri(0.5M,M,2M) Komilis and Ham 2004

KdmProp Proportion of potassium 

in digestate.

N/A Tri(0.5M,M,2M) Hansen 2006

Kfc

Percent potassium of dry 

final compost. %
Tri(0.5M,M,2M) Hansen 2007

KtoN Ratio of potassium to 

nitrogen acceptance.

N/A Constant USDA’s Agricultural Chemical 

Usage 2002 Field Crops 

Summary
Lbag Length of bag ft Constant Ag-Bag Sales literature

leachDens Density of leachate. Lb/gal Constant SWM-LCI

leachElec Electrical energy used to 

remove BOD.

kWh/lb 

BOD

Constant SWM-LCI

leachTSS Total suspended solids in 

leachate sent to 

wastewater treatment 

plant.

Lb/gal Constant Toronto AD Report

Parameters

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

HeavyEF Emission factor for heavy 

truck use.

Lb/gal Tri(0.5M,M,2M) Fossil CO2

HCl

CO2 Biomass

Ammonia

Lead

NMHC

Dioxins

Furans

HAPs

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

SWM-LCI

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia

Copper

Cadmium

BOD

6.4

33.1

55

Chromium

Lead

Zinc

COD

Oil

Sulfuric Acid

200

8.34

0.45

1.30E-02

0.5

0.009

0.0091

0.4
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Name Description Units Distribution Source

leachNH3 Total NH3 in leachate 

sent to wastewater 

treatment plant.

Lb/gal Constant Toronto AD Report

leachPO4 Total PO4 leachate sent 

to wastewater treatment 

plant.

Lb/gal Constant Toronto AD Report

lfDist Distance to the landfill. mi. Tri(0.5M,M,2M) Assumption

7.52E+05

Parameters

lfFWEF Emission factor for 

landfilling food waste.

Lbs/ton of 

food waste

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

1.30E-02

1.30E-02

20

Furans

HAPs

HCl

CO2 Biomass

PM-coarse

Methane

NMHC

Dioxins

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Ammonia

Lead

VOC

Solid Waste #1

Oil

Sulfuric Acid

Iron

Ammonia

Dis. Solids

Sus. Solids

BOD

COD

Phosphate

Selenium

Chromium

Lead

Copper

Cadmium

Arsenic

Mercury

Zinc

2.73E+01

1.29E+00

1.65E-01

2.50E-01

6.21E-02

0.00E+00

0.00E+00

0.00E+00

4.09E+01

9.64E-03

6.82E+02

1.39E-04

1.13E-06

3.96E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

5.66E-03

3.78E-02

1.95E-02

0.00E+00

3.55E+00

1.70E+01

0.00E+00

0.00E+00

6.11E-07

1.18E+01

2.14E+01

1.57E-01

1.66E-04

1.36E-06

2.66E-07

2.41E-07

SWM-LCI

3.12E-09

4.16E-09

4.00E-05

2.49E-09

5.62E-05

2.12E-01

lfFWEng Energy used to landfill 

food waste..

Btu/ton of 

food 

waste.

Tri(0.5M,M,2M) SWM-LCI
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Name Description Units Distribution SourceParameters

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

lfhdpeEF Emission factor for 

landfilling HDPE.

Lbs/ton of 

HDPE

Tri(0.5M,M,2M) Fossil CO2

HCl

CO2 Biomass

Ammonia

Lead

NMHC

Dioxins

Furans

HAPs

Solid Waste #5

Dis. Solids

Sus. Solids

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

0.00E+00

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia

Copper

Cadmium

BOD

8.88E+00

4.24E-02

2.18E-02

1.16E-01

1.09E-02

0.00E+00

0.00E+00

1.70E-03

3.11E-02

0.00E+00

Chromium

Lead

COD

Oil

Sulfuric Acid

Solid Waste #4

1.43E-05

5.06E-08

0.00E+00

4.74E-02

0.00E+00

0.00E+00

2.08E-05

2.21E-03

1.82E-06

1.16E-04

8.20E-04

1.56E-01

2.59E-06

0.00E+00

0.00E+00

0.00E+00

5.66E-03

SWM-LCI

8.26E-09

1.75E-08

1.44E-06

1.58E-08

1.29E-04

1.45E-05

1.25E-02

5.91E-04

0.00E+00

lfhdpeEng Energy used to landfill 

HDPE.

Btu/ton of 

HDPE.

Tri(0.5M,M,2M)

4.23E-06

1.40E-06

2.75E-07Zinc

5.20E+05 SWM-LCI
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lfInertEF Emission factor for 

landfilling inert materials.

Lbs/ton of 

inerts

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate

8.31E+00

4.19E-02

2.10E-02

1.14E-01

Selenium

Chromium

Sulfuric Acid

Iron

Ammonia

Copper

1.60E-03

3.00E-02

0.00E+00

0.00E+00

9.59E-03

0.00E+00

0.00E+00

0.00E+00

4.74E-08

0.00E+00

4.43E-02

0.00E+00

0.00E+00

2.02E-05

2.07E-03

1.34E-05

5.73E-04

1.13E-04

7.99E-04

1.56E-01

0.00E+00

0.00E+00

5.66E-03

1.17E-02

2.17E-07

4.33E-07

0.00E+00

3.26E-11

1.36E-06

2.43E-06

7.19E-06

1.41E-05

0.00E+00

SWM-LCI

lfInertEng Energy used to landfill 

inerts.

Btu/ton of 

inerts

Tri(0.5M,M,2M) 5.20E+05 SWM-LCI

0.00E+00

4.35E-07

4.99E-09
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9.40E+00

7.61E-02

2.58E-02

1.19E-01

1.23E-02

0.00E+00

0.00E+00

0.00E+00

1.17E+00

3.14E-02

0.00E+00

0.00E+00

0.00E+00

2.82E-04

1.88E+01

1.78E-05

8.09E-08

0.00E+00

1.45E-01

4.77E-01

0.00E+00

0.00E+00

5.66E-03

1.32E-02

1.12E-03

3.31E-01

6.01E-01

1.56E-01

7.16E-06

2.96E-04

4.39E-02

0.00E+00

8.36E-07

1.08E-08

2.53E-08

5.33E-04

9.15E-09

4.84E-06

1.04E-06
2.59E-07

Mbag

Mass of compost that can 

fit in bag tons

Tri(0.75M,M,1.25M

)
Ag-Bag Sales literature

Mbfr Bag fill rate tph

Tri(0.75M,M,1.25M

)
Ag-Bag Sales literature

Mbhp

Blower energy required 

per air flow hp/cfm Tri(0.5M,M,2M)
New York Blower Co Compact 

GI Fans

MCac

Moisture content after 

active composting N/A Tri(0.9M,M,1.1M)
Haug 1993

MCcu

Moisture content after 

curing N/A Tri(0.9M,M,1.1M)
Haug 1994

mcDigestate Moisture content of 

digestate after 

dewatering.

N/A

Tri(0.9M,M,1.1M)

Ostrem 2004

mcReactor Moisture content in the 

reactor.

N/A
Tri(0.9M,M,1.1M)

Assumption

mcFC Finished compost 

moisture content.

N/A
Tri(0.9M,M,1.1M)

Hansen 2006

mcFW Moisture content of food 

waste.

N/A
Tri(0.9M,M,1.1M)

Haug 1993

mcYW Moisture content of food 

waste.

N/A
Tri(0.9M,M,1.1M)

Haug 1994

Name Description Units Distribution Source

Parameters

Parameters

0.5

Fossil CO2

CO

SO2

NOx

lfsrEF Emission factor for 

landfilling composting 

screen rejects.

Lbs/ton Tri(0.5M,M,2M)

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

SWM-LCI

lfsrEng Energy used to landfill 

composting screen 

rejects.

Btu/ton of 

inerts

Tri(0.5M,M,2M) 5.31E+05 SWM-LCI

Selenium

Chromium

Lead

0.45

0.5

0.75

0.36

200

180

2.86E-03

0.5

0.7

178



mcRes Moisture content of 

residuals sent to landfill.

N/A
Tri(0.75M,M,1.25M

)

Assumption

Mea Energy required to power 

office areas.
kWh/yd

2
-

yr Tri(07M,M,1.3M)

DOE 1994

MFEN Mineral fertilizer 

equivalent for nitrogen.

N/A
Tri(0.2,0.3,0.4)

Hansen 2006

mfFEL Specific fuel 

consumption of front end 

loaders. 

gal/hp-hr Tri(0.5M,M,2M) John Deere Sales Literature

Mhgf

Horizontal grinder fuel 

consumption gal/hp-hr
Tri(0.5M,M,2M) Diamond Z products

Mhgp

Horizontal grinder power 

rating. hp-hr/ton
Tri(0.5M,M,2M) Diamond Z products

Minv

Energy use per weight of 

material for an in-vessel 

system. kWh/ton

Tri(0.5M,M,2M) Wright In-Vessel rep discussion.

Moc Odor control blower 

power requirement.

Hp/cfm Tri(0.5M,M,2M) New York Blower Co GI Fans

Mta Office area required per 

ton per day of material.

sq.ft./tpd Tri(0.5M,M,2M) Komilis and Ham 2004b

Mtgf Tub grinder fuel 

consumption.

Gal/hp-hr Tri(0.5M,M,2M) Diamond Z products

Mtgp Tub grinder power rating. Hp-hr/ton Tri(0.5M,M,2M) Diamond Z products

Mvm Flow rate of air required 

for odor control per ton 

of compost.

Cfph/ton Tri(0.5M,M,2M) Discussions with composting 

facilities.

Mvt

Flow rate of air required 

for aeration per ton of 

compost cfph/ton

Tri(0.5M,M,2M) Discussions with composting 

facilities.

Mwfa Fuel consumption of a 

windrow turner.

Gal/hp-hr Tri(0.5M,M,2M) Backhaus windrow turners.

Mwta Energy required to turn 

compost.

hp-hr/ton Tri(0.5M,M,2M) Backhaus windrow turners.

NdmProp Proportion of nitrogen in 

digestate.

N/A Tri(0.5M,M,2M) Hansen 2006

Nfc

Proportion nitrogen of 

dry final compost. N/A
Tri(0.7M,M,1.3M) Hansen 2006

Oeff Odor control motor 

efficiency.

kW-in/hp-

out

Tri(0.5M,M,2M) New York Blower Co GI Fans

10547

0.025

0.0454

6.223

27.4

25%

268.5

0.3

57

27

0.294

0.025

2.20E-03

0.00763

0.0508

14.2

0.035

0.0137

1.15

oBtuPerkWh Offset energy input to 

generate a kWh of 

Btu/kWh Tri(0.95M,M,1.05M

)

SWM-LCI
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Name Description Units Distribution Source

2.06E+00

6.54E-04

1.40E-02

7.73E-03

2.58E-03

0.00E+00

0.00E+00

0.00E+00

4.55E-03

5.55E-04

0.00E+00

0.00E+00

0.00E+00

1.63E-04

2.93E-04

2.63E-06

8.65E-08

0.00E+00

3.86E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.67E-03

1.43E-03

2.62E-06

3.74E-05

4.68E-05

2.00E-05

1.08E-04

6.22E-08

0.00E+00

1.21E-07

0.00E+00

9.51E-12

1.00E-05

0.00E+00

1.21E-07

6.04E-12

4.16E-08

perFWres Proportion of food waste N/A Tri(0.5M,M,2M) Assumption.
Pfc Percent phosporous of % Tri(0.7M,M,1.3M) Hansen 2006
Psr Proportion of mass N/A Constant Discussions with composting 

PtoN Ratio of phosphorus to N/A Constant USDA’s Agricultural Chemical 

ResPer Proportion of incoming 

waste that is screened 

out.

N/A Tri(0.5M,M,2M) Assumption.

Parameters

Cadmium

Arsenic

Lead

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Zinc

Mercury

Phosphate

Selenium

Chromium

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

COD

Fossil CO2

CO

SO2

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

0.1
0.003

SWM-LCI

Dioxins

Furans

HAPs

HCl

CO2 Biomass

Solid Waste #2

0.35

0.5

rBtuPerkWh Mid-Atlantic Regional 

energy input to generate a 

Btu/kWh Tri(0.95M,M,1.05M

)

11019 SWM-LCI

0.1

offsetElecEF Offset electrical 

emissions.

lbs/kWh Tri(0.9M,M,1.1M)

Ammonia

Lead

VOC

NOx

Solid Waste #1

Solid Waste #3
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Name Description Units Distribution Source

1.24E+00

8.67E-04

8.09E-03

4.62E-03

1.03E-03

1.49E-05

0.00E+00

0.00E+00

2.41E-03

1.07E-04

6.06E-12

2.94E-14

0.00E+00

9.56E-05

7.06E-04

8.55E-06

7.20E-08

0.00E+00

2.34E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.57E-03

7.78E-04

1.98E-06

2.38E-05

2.85E-05

1.10E-05

7.71E-05

1.63E-06

0.00E+00

6.99E-08

0.00E+00

5.48E-12

5.49E-06

0.00E+00

6.99E-08

7.19E-11

2.50E-08

screenEff Percent of material left Constant Assumption.

sludgePerBOD Sludge produced per Lbs Constant SWM-LCI
Tact Active composting time days Constant Discussions with composting 

Taod Annual operating days. Days/year Constant Assumption
Tbag Thickness of bag in Constant Ag-Bag Sales literature
Tcur Compost curing time days Constant Discussions with composting 

TcurAD Days spent curing Days Constant Assumption

Tdoh Daily operating hours. Hours/day Constant Assumption

turnFreq Turning frequency of 1/day Tri(1/7,1/3,1/2) Assumption

ultYieldFW Ultimate yield of 

methane from food 

waste.

(L/dry kg) Tri(340,400,460) Davidson et. al. 2007

Parameters

RegElecEF Regional electrical 

emissions.

lbs/kWh Tri(0.9M,M,1.1M) Fossil CO2

CO

SO2

NOx

Methane

NMHC

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

60

260
0.007

30

SWM-LCI

0.98

0.5

Selenium

Chromium

Lead

14

8

1

400
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Name Description Units Distribution Source

Lbs/gal for 

fossil CO2

2.30E+01

1.51E-02

Lbs/hp-hr 

for others.

0.00E+00

2.32E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

4.22E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

YWLoad Yard waste used at AD 

facility.

lbs Constant Assumption.

Parameters

600

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

Dioxins

WindrowTurnerEF Emission factors for 

windrow turner use.

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

Ammonia

Lead

VOC

Solid Waste #1

Furans

HAPs

HCl

CO2 Biomass

Dis. Solids

Sus. Solids

BOD

COD

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Copper

Cadmium

Arsenic

Mercury

Oil

Sulfuric Acid

Iron

Ammonia

Zinc

US EPA 1991

Phosphate

Selenium

Chromium

Lead

182



Name Description Units Distribution Source

Lbs/gal for 

fossil CO2 

2.30E+01

Lbs/hp-hr 

for others.

1.10E-02

2.06E-03

1.77E-02

1.83E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.82E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Parameters

YWShredEF Yard waste shredder 

emission factor.

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

HCl

CO2 Biomass

Ammonia

Lead

NMHC

Dioxins

Furans

HAPs

Solid Waste #4

Solid Waste #5

Dis. Solids

Iron

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Sulfuric Acid

Ammonia

Copper

Sus. Solids

BOD

COD

Oil

US EPA 1991

Selenium

Chromium

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate
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Appendix H: Data Regression 

  

 Linear regression was used to determine several of the inputs used in the LCI models. 
The data and regression used to determine the specific fuel consumption of tub and 

horizontal grinders is shown in Fig. H-1 and Fig. H-2, respectively. The tub grinder data are 
from Vermeer TG5000, TG9000 and TG7000. The horizontal grinder data are from the 
Vermeer HG200 and HG6000.  

 

 
Fig. H-1: Tub grinder fuel consumption versus horsepower.  

 

 
Fig. H-2: Horizontal grinder fuel consumption versus horsepower. 
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 The data and regression used to determine the power rating of the tub and horizontal 
grinders is shown in Fig. H-3 and Fig. H-4, respectively. The tub grinder data are from 

Diamond Z 1463BT, 1463B, 1463BL, 1460BL, 1352BL, 1248B, and 1136B. The horizontal 
grinder data are from the Diamond Z DZH 7000 and DZH 5000 as well as the Bandit 3680 

and 2680. 
 
 

 
Fig. H-3: Tub grinder horsepower versus production rate.  

 

 
Fig. H-4: Horizontal grinder horsepower versus production rate.  
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 Fig. H-5 shows the data and regression used to determine the windrow turner power 
rating. The data are from Backhus 16.36, 16.43, 16.5, 16.6, and 16.75 models.  

 

 
Fig. H-5: Windrow turner horsepower versus production rate.  

 

 Fig. H-6 shows the data and regression used to determine the blower power rating for 
forced aeration. The data came from the New York Blower Co. Direct Drive Compact GI 

Blower, which would be appropriate for this application.  
 

 
Fig. H-6: Forced aeration blower horsepower versus flow rate. 
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 Fig. H-7 shows the data and regression used to determine the blower power rating for 
electric odor control. The data came from the New York Blower Co. GI Blower model 574 

LS, 8” SP, which would be appropriate for this application.  
 

 
Fig. H-7: Odor control blower horsepower versus flow rate. 
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Appendix I: CONSTRUCTION AND DEMOLITION WASTE MODEL EQUATIONS 

 

Mass Flow Equations 

 

inMassWaste = cAndDLoad∙wasteInComp (1) 
 
inMassWaste: A 10-element vector of the incoming mass of each material (tons).  

cAndDLoad: The total mass of C&D delivered to the facility (1 ton). 
wasteInComp: A 10-element vector of the proportion of each material in the total 

C&D load (Table I-1).  
 

Table I-1: C&D Mass Flow Parameters for Each Material 
    Separation Efficiency 

Index Material Waste 

Prop. 

Picking 

Rate 

Grapple  Trommel Vib. 

Screen 

Magnet Picking 

Line 

1 Dirt - Fine 

materials 

0.25 0.000 0.0 0.95 0.9 0.00 0.00 

2 Brick 0.05 0.200 0.0 0.00 0.0 0.00 0.55 
3 Masonry – 

Concrete 

0.10 0.833 0.5 0.01 0.1 0.00 0.55 

4 Masonry – 

Asphalt 

0.06 0.200 0.5 0.01 0.1 0.00 0.55 

5 Cardboard 0.07 0.188 0.0 0.01 0.0 0.00 0.55 
6 Ferrous 

Metal 

0.03 0.000 0.2 0.05 0.0 0.85 0.00 

7 Nonferrous 

Metal 

0.02 0.100 0.2 0.05 0.0 0.00 0.55 

8 Drywall 0.08 0.200 0.2 0.10 0.2 0.00 0.55 
9 Wood 0.22 1.925 0.2 0.01 0.1 0.00 0.55 
10 Misc. 0.12 0 0.1 0.10 0.1 0.00 0.00 
 

 outMassGrap = inMassWaste∙sepEffGrap (2) 
 

outMassGrap: Mass of bulk materials removed by grapple (tons). 
inMassWaste: A 10-element vector of the incoming mass of each material (tons) 

(Eq. 1). 

sepEffGrap: A 10-element vector of the proportion of each material removed by 
the grapple (Table I-1).  

  
inMassTrommel = inMassWaste∙(1-sepEffGrap) (3) 
 

inMassTrommel: Mass of materials sent to the trommel (tons). 
inMassWaste: A 10-element vector of the incoming mass of each material (tons) 

(Eq. 1). 
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sepEffGrap: A 10-element vector of the proportion of each material removed by 
the grapple (Table I-1).  

 
inMassVibScreen = sepEffTrommel∙inMassTrommel (4) 

 
inMassVibScreen: Mass of materials that go to the vibrating screen (tons). 
sepEffTrommel: A 10-element vector of the proportion of each material removed by 

the trommel (Table I-1).  
inMassTrommel: Mass of materials sent to the trommel (tons)(Eq. 3). 

  
outMassDirt = inMassVibScreen∙sepEffVibScreen (5) 
 

outMassDirt : Mass of unders of each material type from the vibrating screen that 
will be offset as dirt (tons). 

inMassVibScreen: Mass of materials that go to the vibrating screen (tons) (Eq. 4). 
sepEffVibScreen: A 10-element vector of the proportion of each material removed by 

the vibrating screen (Table I-1).  

  
outOversLf = inMassVibScreen∙(1-sepEffVibScreen) (6) 

 
outOversLf: Mass of overs from the vibrating screen that will be sent to a 

landfill (tons). 

inMassVibScreen: Mass of materials that go to the vibrating screen (tons) (Eq. 4). 
sepEffVibScreen: A 10-element vector of the proportion of each material removed by 

the vibrating screen (Table I-1).  
  
inMassMag = (1 - sepEffTrommel)∙inMassTrommel (7) 

 
inMassMag: Mass of materials sent to the magnet (tons).  

sepEffTrommel: A 10-element vector of the proportion of each material removed by 
the trommel (Table I-1).  

inMassTrommel: Mass of materials sent to the trommel (tons) (Eq. 3). 

  
outMassMag = inMassMag∙sepEffMag (8) 

 
outMassMag: Mass of materials recovered by the magnet (tons).  
inMassMag: Mass of materials sent to the magnet (tons) (Eq. 7).  

sepEffMag: A 10-element vector of the proportion of each material removed by 
the magnet (Table I-1).  

 
inMassPrimSort = inMassMag∙(1-sepEffMag) (9) 
 

inMassPrimSort: Mass of materials being sent to the primary picking line (tons).  
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inMassMag: Mass of materials sent to the magnet (tons) (Eq. 7).  
sepEffMag: A 10-element vector of the proportion of each material removed by 

the magnet (Table I-1).  
outMassPrim = inMassPrimSort∙sepEffPrim (10) 

 
outMassPrim : Mass of each material recovered at the picking line (tons). 
inMassPrimSort: Mass of materials being sent to the primary picking line (tons) (Eq. 

9). 
sepEffPrim: A 10-element vector of the proportion of each material removed at 

the picking line (Table I-1).  
  
outMassLf = outOversLf + inMassPrimSort∙(1 - sepEffPrim) (11) 

 
outMassLf: Total mass being sent to the landfill (tons). 

outOversLf: Mass of overs from the vibrating screen that will be sent to a 
landfill (tons) (Eq. 6). 

inMassPrimSort: Mass of materials being sent to the primary picking line (tons) (Eq. 

9). 
sepEffPrim: A 10-element vector of the proportion of each material removed at 

the picking line (Table I-1).  
  
outMassRecover = outMassPrim + outMassGrap + outMassMag (12)  

 
outMassRecover: Mass of each material recovered (tons). 

outMassPrim : Mass of each material recovered at the picking line (tons) (Eq. 
10). 

outMassGrap: Mass of bulk materials recovered by grapple (tons) (Eq. 2). 

outMassMag: Mass of materials recovered by the magnet (tons) (Eq. 8).  
 

10

1i

i1 toutMassDiroveroutMassRec  (13) 

outMassRecover1: Total mass of dirt recovered (tons).  
outMassDirt : Mass of unders of each material type from the vibrating screen that 

will be offset as dirt (tons). 
 
massBaled = outMassRecover5 (14) 

 
massBaled: Mass of OCC sent to the baler (tons).   

outMassRecover5: Mass of OCC recovered (tons) (Eq. 12).  
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massWoodGround = outMassRecover9 (15) 
 

massWoodGround: Mass of wood sent to the grinder (tons).  
outMassRecover9: Mass of wood recovered (tons) (Eq. 12).  

 
massRockCrushed = outMassRecover3 + outMassRecover4 (16) 
 

massRockCrushed: Mass of masonry materials sent to the rock crusher (tons).  
outMassRecover3: Mass of concrete recovered (tons) (Eq. 12). 

outMassRecover4: Mass of asphalt recovered (tons) (Eq. 12).  
 
MRF Processing Emissions and Energy Use 

 

elecConveyer = elecFacConveyer∙inMassWaste (17) 

 
elecConveyer: Conveyor electricity use for each material (kWh).  
elecFacConveyer: Conveyor electricity use rate (kWh/ton).  

inMassWaste: A 10-element vector of the incoming mass of each material (tons) 
(Eq. 1). 

  
emisConveyori = elecConveyeri ∙elecEFRegi (18) 
 

emisConveyori,j: Emission of pollutant j from conveyor electricity use for material i 
(lbs). 

elecConveyeri: Conveyor electricity use for material i (kWh)(Eq. 17). 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 

  
enerConveyor = elecConveyer∙elecEnerReg (19) 

 
enerConveyor: Conveyor energy use for each material (Btu).  
elecConveyer: Conveyor electricity use for each material (kWh)(Eq. 17). 

elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 
 

elecMagnet = elecFacMagnet∙outMassMag (20) 
 
elecMagnet : Magnet electricity use for ferrous metal (kWh). 

elecFacMagnet : Magnet electricity use rate (kWh/ton). 
outMassMag: Mass of materials recovered by the magnet (tons) (Eq. 8).  

  
emisMagnetj = elecMagnet∙ elecEFRegi (21) 
 

emisMagnet : Magnet electricity use emissions of pollutant j for ferrous metals (lbs). 
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elecMagnet : Magnet electricity use for ferrous metal (kWh)(Eq. 20). 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 
  

enerMagnet = elecMagnet∙elecEnerReg (22) 
 
enerMagnet : Magnet energy use for ferrous metal (Btu).  

elecMagnet : Magnet electricity use for ferrous metal (kWh)(Eq. 20). 
elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 

  
elecTrommel = elecFacTrommel∙inMassTrommel (23) 
 

elecTrommel: Trommel electricity use for each material (kWh).  
elecFacTrommel: Electricity use rate for trommel (3.165 kWh/ton).  

inMassTrommel: Mass of materials sent to the trommel (tons) (Eq. 3). 
  
emisTrommeli,j = elecTrommeli∙ elecEFRegi (24) 

 
emisTrommeli,j: Trommel electricity use emissions of pollutant j for material i (lbs). 

elecTrommeli: Trommel electricity use for material i (kWh)(Eq. 23) 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 

 
enerTrommel = elecTrommel∙elecEnerReg (25) 

 
enerTrommel: Trommel energy use for each material (Btu).  
elecTrommel: Trommel electricity use for each material (kWh)(Eq. 23). 

elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 
 

elecVibScreen = elecFacVibScreen∙inMassVibScreen (26) 
 
elecVibScreen: Vibrating screen electricity use for each material (kWh).  

elecFacVibScreen: Electricity use rate for vibrating screen (12.887 kWh/ton).  
inMassVibScreen: Mass of materials that go to the vibrating screen (tons) (Eq. 4). 

 
emisVibScreeni,j = elecVibScreeni∙ elecEFRegi (27) 
  

emisVibScreeni,j: Vibrating screen electricity use emissions of pollutant  j for material i 
(lbs). 

elecVibScreeni: Vibrating screen electricity use for material i (kWh)(Eq. 26) 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 
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enerVibScreen = elecVibScreen∙elecEnerReg (28) 
 

enerVibScreen: Vibrating screen energy use for each material (Btu).  
elecVibScreen: Vibrating screen electricity use for each material (kWh)(Eq. 26). 

elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 
 
fuelRS = fuelFacRS∙inMassWaste (29) 

 
fuelRS: Rolling stock diesel fuel use for each material (gal).  

fuelFacRS: Rolling stock diesel fuel use rate (0.203 gal/ton).  
inMassWaste: A 10-element vector of the incoming mass of each material (tons) 

(Eq. 1). 

  
emisRSi,j = fuelRSi∙(combEFDiesj + preCombEFDiesj) (30) 

  
emisRSi,j: Rolling stock diesel fuel use emissions of pollutant j for material i 

(lbs). 

fuelRSi: Rolling stock diesel fuel use for material i (gal)(Eq. 29). 
combEFDiesj: Emissions of pollutant j resulting from the combustion of diesel 

fuel (lbs/gal). 
preCombEFDiesj: Emissions of pollutant j resulting from the pre-combustion of 

diesel fuel (lbs/gal). 

 
enerRS = fuelRS∙fuelEnerDies (31) 

 
enerRS: Rolling stock energy use for each material (Btu).  
fuelRS: Rolling stock diesel fuel use for each material (gal)(Eq. 29). 

fuelEnerDies: The pre-combustion and combustion energy use associated with a 
gallon of diesel fuel (160,815 Btu/gal). 

  
fuelWoodGrind = fuelFacWoodGrind∙massWoodGround  (32) 
 

fuelWoodGrind: Diesel fuel used to grind wood (gal). 
fuelFacWoodGrind: Wood grinder diesel fuel use rate (1.654 gal/ton).  

massWoodGround: Mass of wood sent to the grinder (tons)(Eq. 15).  
 
emisWoodGrindj = fuelWoodGrind∙(combEFDiesj + preCombEFDiesj) (33) 

 
emisWoodGrindj: Wood grinder fuel use emissions of pollutant j (lbs). 

fuelWoodGrind: Diesel fuel used to grind wood (gal)(Eq. 32). 
combEFDiesj: Emissions of pollutant j resulting from the combustion of diesel 

fuel (lbs/gal). 
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preCombEFDiesj: Emissions of pollutant j resulting from the pre-combustion of 
diesel fuel (lbs/gal). 

  
enerWoodGrind= fuelWoodGrind∙ fuelEnerDies  (34) 

 
enerWoodGrind: Wood grinder energy use (Btu).  
fuelWoodGrind: Diesel fuel used to grind wood (gal)(Eq. 32). 

fuelEnerDies: The pre-combustion and combustion energy use associated with a 
gallon of diesel fuel (160,815 Btu/gal). 

 
elecBaler = elecFacBaler∙massBaled (35) 
  

elecBaler: Baler electricity use (kWh). 
elecFacBaler: Baler electricity use rate (3.985 kWh/ton).  

massBaled: Mass of OCC sent to the baler (tons)(Eq. 14).  
 
emisBalerj = elecBaler∙ elecEFRegi (36) 

 
emisBalerj: Baler electricity use emissions of pollutant j (lbs). 

elecBaler: Baler electricity use (kWh)(Eq. 35). 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 

enerBaler = elecBaler∙elecEnerReg (37) 
 

enerBaler: Baler energy use emissions (Btu). 
elecBaler: Baler electricity use (kWh)(Eq. 35). 
elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 

 

  

elecRockCrushi = elecFacRockCrush∙massRockCrushedi (38) 
  
elecRockCrush: Rock crusher electricity use for masonry material i (kWh). 

elecFacRockCrush: Rock crusher electricity use rate (6.701 kWh/ton).  
massRockCrushedi: Mass of masonry material i sent to the rock crusher (tons)(Eq. 16).  

 
emisRockCrushi,j = elecRockCrushi∙ elecEFRegi (39) 
  

emisRockCrushi,j: Rock crusher electricity use emissions of pollutant j for masonry 
material i (lbs). 

elecRockCrushi Rock crusher electricity use for masonry material i (kWh)(Eq. 38). 
elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 

(lbs/kWh). 
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enerRockCrushi = elecRockCrushi∙elecEnerReg (40) 
 

enerRockCrushi: Rock crusher energy use for masonry material i (Btu). 
elecRockCrushi: Rock crusher electricity use for masonry material i (kWh)(Eq. 38). 

elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 
  
Area Requirements and Associated Electricity Use 

 
areaTrommel = areaFacTrommel∙inMassTrommel (41) 

   
areaTrommel: Area required for the trommel (sq ft-days). 
areaFacTrommel: Area use factor for the trommel (7.5 sq ft/tpd). 

inMassTrommel: Mass of materials sent to the trommel (tons)(Eq. 3). 
 

areaVibScreen = areaFacVibScreen∙inMassVibScreen (42) 
 
areaVibScreen: Area required for the vibrating screen (sq ft-days). 

areaFacVibScreen: Area use factor for the vibrating screen (11.2 sq ft/tpd). 
inMassVibScreen: Mass of materials that go to the vibrating screen (tons)(Eq. 4). 

 
 areaWoodGrind = areaFacWoodGrind∙massWoodGround (43) 
 

areaWoodGrind: Area required for the wood grinder (sq ft-days). 
areaFacWoodGrind:  Area use factor for the wood grinder (22.8 sq ft/tpd). 

massWoodGround: Mass of wood sent to the grinder (tons)(Eq. 15).  
  
areaRockCrushi = areaFacRockCrush∙massRockCrushedi (44) 

 
areaRockCrushi: Area required for the rock crusher due to masonry material i (sq 

ft-days). 
areaFacRockCrush: Area use factor for the rock crusher (27 sq ft/tpd). 
massRockCrushedi: Mass of masonry material i sent to the rock crusher (tons)(Eq. 

16). 
  

ton
lbs

seheightRefuDenslooseWaste

TimetipStoragemanuevFac
FloorareaFacTip 000,2  (45) 

 
areaFacTipFloor: Tipping floor area factor (sq. ft./tpd) 
manuevFac: Equipment maneuverability factor (2.5).  

tipStorageTime: Tipping floor storage time (0.5 days). 
looseWasteDens: Loose density of C&D wastes on the tipping floor (88.7 lb/cu ft). 

heightRefuse: Height of refuse on tipping floor (10 ft.). 
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areaTipFloor = areaFacTipFloor∙inMassWaste (46) 

 
areaTipFloor: Tipping floor area (sq ft-days). 

areaFacTipFloor: Tipping floor area factor (sq. ft./tpd)(Eq. 45). 
inMassWaste: A 10-element vector of the incoming mass of each material (tons) 

(Eq. 1). 

  

kDaytimeEffWorepickingRat

sepEffPrim
numPickers  (47) 

 

numPickers: Number of pickers dedicated to each material (picker/tpd). 
sepEffPrim: A 10-element vector of the proportion of each material removed at 

the picking line (Table I-1).  

pickingRate: Speed at which each material can be picked (tons/picker hour).  
timeEffWorkDay: Effective working time each day (7.5 hrs/day).  

 

ckingbothSidePi

convRedFacdistPickernumPickers
LengthconveySort  (48) 

 
conveySortLength: Conveyor sort length (ft/tpd). 

numPickers: Number of pickers dedicated to each material (picker/tpd)(Eq. 47). 
distPicker: Distance between pickers (4 ft.).  

convRedFac: Conveyor redundancy factor (1.5).  
bothSidePicking: Is picking performed on both sides (Yes = 2).  
 

areaSortRoom = sortRmWidth∙conveySortLength∙inMassWaste (49) 
  

areaSortRoom : Sorting room area (sq.ft-day). 
sortRmWidth: Width of the sorting room (32 ft.) 
conveySortLength: Conveyor sort length (ft/tpd). 

inMassWaste: A 10-element vector of the incoming mass of each material (tons) 
(Eq. 1). 

 
  

eightbaleStackHbaleWeight

eTimebaleStoragintbaleFootPrmanuevFac
eStoreareaFacBal  (50) 

 

areaFacBaleStore: Bale storage factor (sqft/tpd). 
manuevFac: Equipment maneuverability factor (2.5).  

baleFootPrint: Footprint of a bale of OCC (20 sq. ft.).  
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baleStorageTime: Bale storage time (30 days). 
baleWeight : Weight of a bale of OCC (0.6 tons).  

baleStackHeight: Number of vertically stacked bales (3).  
 

areaBaling= (areaFacBaler + areaFacBaleStore)∙massBaled (51) 
 
areaBaling: Area needed for baling OCC and bale storage (sqft-days). 

areaFacBaler: Baler area factor (23 sqft/tpd). 
areaFacBaleStore: Bale storage factor (sqft/tpd)(Eq. 50). 

massBaled: Mass of OCC sent to the baler (tons)(Eq. 14).  
  
areaWHTotali = areaBalingi + areaTrommeli  +  areaVibScreeni + … (52) 

 areaWoodGrindi + areaRockCrushi + areaTipFloori + ... 
 areaSortRoomi 

 
areaWHTotali: Total warehouse area required for material i (sqft-day). 
areaBalingi: Area needed for baling OCC and bale storage (sqft-days)(Eq. 51). 

areaTrommeli: Area required to process material i through the trommel (sq ft-days)(Eq. 
41). 

areaVibScreeni: Area required to process material i through the vibrating screen (sq ft-
days)(Eq. 42). 

areaWoodGrindi: Area required to grind recovered wood (sqft-days)(Eq. 43). 

areaRockCrushi: Area required to crush masonry material i (sqft-days)(Eq. 44). 
areaTipFloori: Tipping floor area required for material i (sqft-days)(Eq. 46). 

areaSortRoomi: Sorting room area required for material i (sqft-days)(Eq. 49). 

 

areaOffice = areaFacOff∙inMassWaste (53) 

 
areaOffice: Office area (sq.ft-day). 

areaFacOff: Office area use factor (11 sqft/tpd).  
inMassWaste: A 10-element vector of the incoming mass of each material (tons) 

(Eq. 1). 

 

 
AnnOpDays

reaelecFacWHAlareaWHTota
elecWH  (54) 

 

elecWH: Warehouse area electricity use (kWh). 
areaWHTotal: Total warehouse area required (sqft-day)(Eq. 52). 
elecFacWHArea: Warehouse type areas energy use (14.03 kWh/year-ft2). 

AnnOpDays: Annual operating days (287 days).  
 

emisWHi,j = elecWHi∙ elecEFRegi (55) 
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emisWHi,j: Warehouse area electrical energy generation emissions of pollutant j due 

to material i (lbs). 
elecWHi: Warehouse area electricity use due to material i (kWh)(Eq. 54). 

elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 
(lbs/kWh). 

  

enerWH = elecWH∙elecEnerReg (56) 
 

enerWH: Warehouse area electrical energy generation energy use (lbs).  
elecWH: Warehouse area electricity use (kWh)(Eq. 54). 
elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 

  

AnnOpDays

AreaelecFacOffareaOffice
elecOffice  (57) 

 

elecOffice: Warehouse area electricity use (kWh). 
areaOffice: Office area (sq.ft-day)(Eq. 53). 
elecFacOffArea: Warehouse type areas energy use (34 kWh/year-ft2). 

AnnOpDays: Annual operating days (287 days).  
  

emisOfficei,j = elecOfficei∙ elecEFRegi (58) 
  
emisOfficei,j: Office area electrical energy generation emissions of pollutant j 

due to material i (lbs). 
elecOfficei: Office area electrical energy use due to material i (kWh)(Eq. 57). 

elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 
(lbs/kWh). 

 

enerOffice = elecOffice∙elecEnerReg (59) 
 

enerOffice: Office area electrical energy generation energy use (lbs).   
elecOffice: Office area electricity use (kWh). 
elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 

 
Offset Calculations 

 

tons
lbssavSoilEFtoutMassDirtoffEmisDir jij 000,2  (60) 

 
offEmisDirtj: Offset emissions of pollutant j from avoided dirt production (lbs).  
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outMassDirti: Mass of unders from material i from the vibrating screen that will 
be offset as dirt (tons)(Eq. 11). 

savSoilEFj: Emission factor for pollutant j from soil production and transport 
(lbs/lbs). 

 

tons
lbsrsavSoilEnetoutMassDirtoffEnerDir 000,2  (61) 

 
offEnerDirt: Offset energy use from avoided dirt production (Btu).  

outMassDirti: Mass of unders from material i from the vibrating screen that will 
be offset as dirt (tons)(Eq. 11). 

savSoilEner: Energy use factor for soil production and transport (Btu/lbs).  
 
offEmisBrick j = - savBrickEFj ∙outMassRecover2 (62) 

 

offEmisBrick j: Offset emissions of pollutant j from brick recycling (lbs).  

savBrickEFj: Emission factor for pollutant j due to brick production and transport 
(lbs/lbs). 

outMassRecover2: Mass of brick recovered (tons)(Eq. 12). 

 
offEnerBrick = -savBrickEner∙outMassRecover2 (63) 

 

offEnerBrick: Offset energy use from brick recycling (Btu). 
savSoilEner: Energy use factor for brick production and transport (Btu/lbs). 

outMassRecover2: Mass of brick recovered (tons)(Eq. 12). 
 

offAggElecj = virAggElec∙ elecEFRegi (64) 
 
offAggElecj: Emissions of pollutant j from electrical energy used to produce 

virgin aggregate (lbs/ton). 
virAggElec: Electricity required to produce virgin aggregate (3.83 kWh/ton).  

elecEFRegi: Mid-Atlantic regional electrical energy emissions of pollutant j 
(lbs/kWh). 

 

offAggCoalj = virAggCoal∙(preCombEFCoalj + combEFCoalj) (65) 
 

offAggCoalj: Emissions of pollutant j from coal used to produce virgin aggregate 
(lbs emissions/ton agg.). 

virAggCoal: The amount of coal required to produce virgin aggregate (0.0717 

lbs coal/ton agg.). 
preCombEFCoalj: Pre-combustion emissions of pollutant j from coal processing and 

transportation (lbs emissions/lbs coal). 
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combEFCoalj: Combustion emissions of pollutant j from coal processing and 
transportation (lbs emissions/lbs coal).  

 
offAggNatGasj = virAggNatGas∙(preCombEFNatGasj + combEFNatGasj) (66) 

 
offAggNatGasj: Emissions of pollutant j from natural gas used to produce virgin 

aggregate (lbs emissions/ton agg.). 

virAggNatGas: The amount of natural gas required to produce virgin aggregate 
(4.5 cuft natural gas/ton agg.). 

preCombEFNatGasj: Pre-combustion emissions of pollutant j from natural gas 
processing and transportation (lbs emissions/ cuft natural gas). 

combEFNatGasj: Combustion emissions of pollutant j from natural gas processing 

and transportation (lbs emissions/ cuft natural gas). 
 

offAggGasj = virAggGas∙(preCombEFGasj + combEFGasj) (67) 
 
offAggGasj: Emissions of pollutant j from gasoline used to produce virgin 

aggregate (lbs emissions/ton agg.). 
virAggGas: The amount of gasoline required to produce virgin aggregate (0.01225 

gal gasoline /ton agg.). 
preCombEFGasj: Pre-combustion emissions of pollutant j from gasoline processing 

and transportation (lbs emissions/gal gasoline).  

combEFGasj: Combustion emissions from of pollutant j gasoline processing 
and transportation (lbs emissions/gal gasoline).  

 
offAggDiesj = virAggDies∙(preCombEFDiesj + combEFDiesj) (68) 
 

offAggDiesj: Emissions of pollutant j from diesel used to produce virgin 
aggregate (lbs emissions/ton agg.). 

virAggDies: The amount of diesel required to produce virgin aggregate (0.14 gal 
diesel/ton agg.). 

combEFDiesj: Emissions of pollutant j resulting from the combustion of diesel 

fuel (lbs/gal). 
preCombEFDiesj: Emissions of pollutant j resulting from the pre-combustion of 

diesel fuel (lbs/gal). 
 
savAggEFi = offAggElecj + offAggCoalj + offAggNatGasj + offAggGasj + … (69) 

 offAggDiesj 
 

savAggEFi: Emission savings of pollutant j from recycling  aggregate (lbs/ton agg). 
offAggElecj: Emissions of pollutant j from electrical energy used to produce 

virgin aggregate (lbs/ton) (Eq. 64). 
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offAggCoalj: Emissions of pollutant j from coal used to produce virgin aggregate 
(lbs emissions/ton agg.) (Eq. 65). 

offAggNatGasj: Emissions of pollutant j from natural gas used to produce virgin 
aggregate (lbs emissions/ton agg.)(Eq. 66). 

offAggGasj: Emissions of pollutant j from gasoline used to produce virgin 
aggregate (lbs emissions/ton agg.)(Eq. 67). 

offAggDiesj: Emissions of pollutant j from diesel used to produce virgin 

aggregate (lbs emissions/ton agg.) (Eq. 68). 
 

savAggEFPM = savAggEF5 + virAggPMEF (70) 
 
savAggEFPM: Total PM savings from avoided aggregate use (lbs./ton agg). 

savAggEF5: Fuel and electricity related PM savings from avoided aggregate 
production (lbs. PM/ton agg). 

virAggPMEF: Total PM emission factor from virgin aggregate production 
(0.1022 lbs PM/ton agg.) 

 

offEmisAggi,j = -outMassRecoveri∙savAggEF (71) 
 

offEmisAggi,j: Offset emissions of pollutant j from aggregate recycling of 
masonry material i (lbs). 

outMassRecoveri: Mass of masonry material i recovered (tons)(Eq. 12). 

savAggEFi: Emission savings of pollutant j from recycling  aggregate (lbs/ton 
agg)(Eq. 69). 

 

virAggElecgelecEnerRevirAggFuelfuelEnergysavAggEner
i

ii  (72) 

 
savAggEner: Energy savings from recycling aggregate (Btu/ton agg).   

fuelEnergyi: Pre-combustion and combustion energy from processing fuel i 
(Btu/gal, Btu/lbs, and Btu/cuft).  

virAggEneri: Amount of fuel i used to process a ton of virgin aggregate (gal/ton 
agg, lbs/ton agg, and cuft/ton agg).  

elecEnerReg: Mid-Atlantic regional heat rate (11,039 Btu/kWh). 

virAggElec: Electricity required to produce virgin aggregate (3.83 kWh/ton).  
 

offEnerAggi = -savAggEner∙outMassRecoveri (73) 
 
offEnerAggi: Offset energy use from aggregate recycling from masonry material 

i (Btu). 
savAggEner: Energy savings from recycling aggregate (Btu/ton agg)(Eq. 72).  

outMassRecoveri: Mass of masonry material i recovered (tons)(Eq. 12). 
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offEmisOCCj = -savOCCEFj∙massBaled (74) 

 
offEmisOCCj: Offset emissions of pollutant j from OCC recycling (lbs). 

savOCCEFj: Emissions savings of pollutant j from recycling OCC (lbs/ton OCC). 
massBaled: Mass of OCC baled (tons)(Eq 14). 
 

offEnerOCC= -savOCCEner∙massBaled (75) 
 

offEnerOCC: Offset energy use from OCC recycling (Btu). 
savOCCEner: Energy use savings from recycling OCC (13 x 106 Btu/ton OCC). 
massBaled: Mass of OCC baled (tons)(Eq. 14).  

 
offEmisFerMetalj = -savFerMetalEFj∙outMassRecover6 (76) 

 
offEmisFerMetalj: Offset emissions of pollutant j from ferrous metal recycling (lbs). 
savFerMetalEFj: Emission savings of pollutant j from recycling ferrous metal (lbs/ton 

metal). 
outMassRecover6: Mass of recovered ferrous metal (tons)(Eq. 12).  

 
offEnerFerMetal= -savFerMetalEner∙outMassRecover6 (77) 
 

offEnerFerMetal: Offset energy use from ferrous metal recycling (Btu). 
savFerMetalEner: Energy use savings from recycling ferrous metal (171 x 106 Btu/ton 

metal). 
outMassRecover6: Mass of recovered ferrous metal (tons)(Eq. 12).  

 
offEmisNFMetalj = -savNFMetalEFj∙outMassRecover7 (78) 
 

offEmisNFMetalj: Offset emissions of pollutant j from non-ferrous metal recycling (lbs). 
savNFMetalEFj: Emission savings of pollutant j from recycling non-ferrous metal (lbs/ton 

metal). 

outMassRecover7: Mass of recovered non-ferrous metal (tons)(Eq. 12). 
 

offEnerNFMetal= -savNFMetalEner∙outMassRecover7 (79) 
 
offEnerNFMetal: Offset energy use from non-ferrous metal recycling (Btu). 

savNFMetalEner: Energy use savings from recycling non-ferrous metal (201 x 106 Btu/ton 
metal). 

outMassRecover7: Mass of recovered non-ferrous metal (tons)(Eq. 12). 
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dtdt payload

oundmassWoodGr

sc

distBoiler
ansfuelWoodTr

3

5
 (80) 

 
fuelWoodTrans: Diesel fuel used to transport wood to the utility boiler (gal).  

distBoiler: Distance to co-fired boiler (50 mi.). 
payloaddt: Actual payload of dump truck  (19.8 tons).  

scdt: Specific fuel consumption of a dump truck (6 mi/gal).  
massWoodGround: Mass of wood sent to the grinder (tons)(Eq. 15).  
 

emisWoodTransj = fuelWoodTrans∙(preCombEFDiesj + combEFDiesj) (81) 
 

emisWoodTransj: Emissions of pollutant j due to transporting wood to the utility 
boiler (lbs). 

fuelWoodTrans: Diesel fuel used to transport wood to the utility boiler (gal) (Eq. 

80). 
combEFDiesj: Emissions of pollutant j resulting from the combustion of diesel 

fuel (lbs/gal). 
preCombEFDiesj: Emissions of pollutant j resulting from the pre-combustion of 

diesel fuel (lbs/gal). 

 
enerWoodTrans = fuelEnergydies∙ fuelWoodTrans (82) 

 
enerWoodTrans: Energy used to transport wood to a utility boiler (Btu).  
fuelEnergydies: Pre-combustion and combustion energy from processing diesel 

fuel (Btu/gal). 
fuelWoodTrans: Diesel fuel used to transport wood to the utility boiler (gal) (Eq. 

80). 
 

i

j

j ansemisWoodTr
odheatRateWo

oundmassWoodGrodheatContWooffElecEF
doffEmisWoo  (83) 

 
offEmisWoodj: Emissions savings of pollutant j from recovering wood (lbs.)  
offElecEFj: Avoided electrical energy generation emissions of pollutant j on 

the Mid-Atlantic grid (lbs/kWh). 
heatRateWood: The heat rate from wood in a co-generation utility boiler (14,000 

Btu/kWh).  
heatContWood: The heat content of wood (9.96 x 106 Btu/ton). 

massWoodGround: Mass of wood sent to the grinder (tons)(Eq. 15).  
emisWoodTransj: Emissions of pollutant j due to transporting wood to the utility 

boiler (lbs)(Eq. 81). 
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ansenerWoodTr
odheatRateWo

oundmassWoodGrodheatContWofelecEnerOf
doffEnerWoo  (84) 

 

offEnerWood: Offset energy use from Wood recycling (Btu).  
elecEnerOff : Avoided total energy use from electrical energy generation (10,547 

Btu/kWh) 
heatRateWood: The heat rate from wood in a co-generation utility boiler (14,000 

Btu/kWh).  

heatContWood: The heat content of wood (9.96 x 106 Btu/ton). 
massWoodGround: Mass of wood sent to the grinder (tons)(Eq. 15).  

enerWoodTrans: Energy used to transport wood to a utility boiler (Btu)(Eq. 82).  
 
 

offTotalEmisj = offEmisDirtj + offEmisAggj + offEmisBrick j + offEmisOCCj + ... (85) 
     offEmisFerMetalj + offEmisNFMetalj + offEmisWoodj 

 
offTotalEmisj: Total offset emissions of pollutant j (lbs). 
offEmisDirtj: Offset emissions of pollutant j from avoided dirt production (lbs) (Eq. 

60). 
offEmisAggj: Offset emissions of pollutant j from aggregate recycling of 

masonry materials (lbs)(Eq. 71). 
offEmisBrick j: Offset emissions of pollutant j from brick recycling (lbs)(Eq. 62). 
offEmisOCCj: Offset emissions of pollutant j from OCC recycling (lbs)(Eq 74). 

offEmisFerMetalj: Offset emissions of pollutant j from ferrous metal recycling (lbs)(Eq. 
76). 

offEmisNFMetalj: Offset emissions of pollutant j from non-ferrous metal recycling 
(lbs)(Eq. 78). 

offEmisWoodj: Emissions savings of pollutant j from recovering wood (lbs.)(Eq. 83). 

 
offTotalEner = offEnerDirt + offEnerAgg + offEnerBrick + offEnerOCC + ... (86) 

     offEnerFerMetal + offEnerNFMetal + offEnerWood 
 
offTotalEner: Total offset energy use (Btu). 

offEnerDirt: Offset energy use from avoided dirt production (Btu)(Eq. 61). 
offEnerAgg: Offset energy use from aggregate recycling (Btu)(Eq. 73). 

offEnerBrick: Offset energy use from brick recycling (Btu)(Eq. 63). 
offEnerOCC: Offset energy use from OCC recycling (Btu)(Eq 75). 
offEnerFerMetal: Offset energy use from ferrous metal recycling (lbs)(Eq. 77). 

offEnerNFMetal: Offset energy use from non-ferrous metal recycling (lbs)(Eq. 79). 
offEnerWood: Offset energy use from wood recycling (Btu)(Eq. 84). 
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Residual Landfilling Calculations  

 

 

dtdt
i

payload

outMassLF

sc

distLF
sfuelLFTran

3

5
 (87) 

 

fuelLFTransi: Diesel fuel used to transport material i residuals to the landfill 
(gal). 

distLF: Distance to co-fired boiler (10 mi.). 

payloaddt: Actual payload of dump truck  (19.8 tons).  
scdt: Specific fuel consumption of a dump truck (6 mi/gal).  

outMassLFi: Mass of material i in residuals sent to the landfill (tons)(Eq. 11). 
 
emisLFTransi,j = fuelLFTrans∙(preCombEFDiesj + combEFDiesj) (88) 

 
emisLFTransi,j: Emissions of pollutant j due to transporting residuals to the landfill 

(lbs). 
fuelLFTransi: Diesel fuel used to transport material i residuals to the landfill 

(gal).(Eq. 87). 

combEFDiesj: Emissions of pollutant j resulting from the combustion of diesel 
fuel (lbs/gal). 

preCombEFDiesj: Emissions of pollutant j resulting from the pre-combustion of 
diesel fuel (lbs/gal). 

 

enerLFTransi = fuelEnergydies∙ fuelLFTransi (89) 
 

enerLFTransi: Energy used to transport material i residuals to the landfill (Btu). 
fuelEnergydies: Pre-combustion and combustion energy from processing diesel 

fuel (Btu/gal). 

fuelLFTransi: Diesel fuel used to transport material i residuals to the landfill 
(gal).(Eq. 87). 

 
emisLFi,j = outMassLFi∙lfEFi,j+ emisLFTransi,j (90) 
 

emisLFi,j: Emissions of pollutant j from landfill disposal of material i (lbs) 
outMassLFi: Mass of material i in residuals sent to the landfill (tons)(Eq. 11).  

lfEFi,j: Emissions of pollutant j from disposing of material i in a landfill 
(lbs/ton). 

emisLFTransi,j: Emissions of pollutant j due to transporting residuals to the landfill 

(lbs). 
 

enerLFi = outMassLFi∙lfEFi,j+ enerLFTransi (91) 
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enerLFi: Energy use for landfill disposal of material i (Btu). 

outMassLFi: Mass of material i in residuals sent to the landfill (tons)(Eq. 11).  
lfEneri: Energy used disposing of material i in a landfill (Btu/ton). 

enerLFTransi: Energy used to transport material i residuals to the landfill 
(Btu)(Eq. 89). 



APPENDIX J: C&D MODEL INPUT DEFINITIONS, DEFAULT VALUES, AND DISTRIBUTIONS

Name Description Units Distribution Notes

annOpDays Annual operating days. days Constant Assumption

areaFacBaler Baler area use factor. sq.ft./tpd Tri(0.5M,M,2M) Calculated in Appendix C

areaFacOff Office area use factor. sq.ft./tpd Tri(0.5M,M,2M) Calculated in Appendix C

areaFacRockCrush

Rock crusher area use 

factor. sq.ft./tpd Tri(0.5M,M,2M)
Calculated in Appendix C

areaFacTrommel Trommel area use factor. sq.ft./tpd Tri(0.5M,M,2M)
Calculated in Appendix C

areaFacVibScreen

Vibrating screen area use 

factor. sq.ft./tpd Tri(0.5M,M,2M)
Calculated in Appendix C

areaFacWoodGrind

Wood grinder area use 

factor. sq.ft./tpd Tri(0.5M,M,2M)
Calculated in Appendix C

baleFootPrint

Floor area used by a bale 

of OCC. sq.ft. Tri(0.8M,M,1.2M)
Assumption

baleStackHeight

Number of bales stacked 

vertically. # Constant
Assumption

baleStorageTime

Number of days bales are 

stored. days Constant
Assumption

baleWeight Weight of bales tons Tri(0.8M,M,1.2M) Assumption

bothSidePicking 

Are pickers on both sides 

of the conveyor?

1 = No    2 

= Yes Constant
Assumption

2.63E+00

2.89E-03

0.00E+00

5.75E-03

2.00E-03

2.00E-03

0.00E+00

0.00E+00

1.20E-04

1.40E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.80E-06

0.00E+00

7.90E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.30E-04

0.00E+00

0.00E+00

0.00E+00

2.20E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.10E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Phosphate

Selenium

Chromium

Lead

Zinc

Iron

Ammonia

Copper

Cadmium

Arsenic

Mercury

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

SWM-LCI, Fossil CO2 held 

constant.CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

combEFCoal Coal combustion 

emissions

Lbs/lbs Tri(0.5M,M,2M) Fossil CO2

Dioxins

Furans

HAPs

Parameters

HCl

CO2 Biomass

Ammonia

Lead

287

22.8

20

3

23

7

0.6

11

27

7.5

11.2

2
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Name Description Units Distribution Notes

2.25E+01
1.17E-01

5.00E-03

4.41E-01

1.38E-02

1.38E-02

0.00E+00

0.00E+00

1.12E-03

1.13E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00Zinc

SWM-LCI, Fossil CO2 held 

constant.

Phosphate

Selenium

Chromium

Lead

Copper

Cadmium

Arsenic

Mercury

Oil

Sulfuric Acid

Iron

Ammonia

Dis. Solids

Sus. Solids

BOD

COD

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Lead

VOC

Solid Waste #1

Furans

HAPs

HCl

CO2 Biomass

combEFDies Diesel combustion 

emissions

Lbs/gal Tri(0.5M,M,2M)

Dioxins

NOx

Total PM

PM-10 

PM-2.5

Ammonia

NMHC

Fossil CO2
CO

SO2

PM-coarse

Methane

Parameters
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Name Description Units Distribution Notes

1.89E+01

3.40E-01

4.52E-03

1.11E-01

5.43E-04

5.43E-04

0.00E+00

0.00E+00

4.08E-03

2.53E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Chromium

Lead

Zinc

Copper

Cadmium

Arsenic

Mercury

Phosphate

Selenium

BOD

COD

Oil

Sulfuric Acid

Iron

Ammonia

Lead

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

SWM-LCI, Fossil CO2 held 

constant.CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

CO2 Biomass

Ammonia

combEFGas Gasoline combustion 

emissions

Lbs/gal Tri(0.5M,M,2M)

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

Dioxins

Furans

HAPs

HCl

Fossil CO2

Parameters
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Name Description Units Distribution Notes

1.22E-01

8.40E-05

6.30E-07

1.00E-04

7.60E-06

7.60E-06

0.00E+00

0.00E+00

2.20E-06

5.50E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

5.00E-10

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

4.70E-05

5.00E-05

2.80E-07

2.40E-05

0.00E+00

0.00E+00

0.00E+00

5.40E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

convRedFac  

Converyor redundancy 

factor. N/A Tri(0.8M,M,1.2M)
Assumption

distPicker Distance between pickers ft Constant
Assumption

Distlf Distance to a landfill miles Tri(0.5M,M,2M) SWM-LCI

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Selenium

Chromium

COD

Oil

Sulfuric Acid

Iron

Ammonia

Copper

SWM-LCI, Fossil CO2 held 

constant.

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

CO2 Biomass

Ammonia

Lead

Methane

NMHC

Dioxins

Furans

HAPs

HCl

VOC

Solid Waste #1

combEFNatGas Natural gas combustion 

emissions

Lbs/cu.ft. 

natural gas

Tri(0.5M,M,2M) Fossil CO2

CO

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

20

4

1.5

Parameters
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Name Description Units Distribution Notes

2.54E+01

2.29E-01

4.52E-02

3.11E-01

2.02E-02

6.42E-04

0.00E+00

0.00E+00

3.49E-02

2.88E-02

1.96E-10

8.74E-13

0.00E+00

2.53E-04

2.28E-02

1.61E-04

1.35E-07

0.00E+00

1.33E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.48E-02

7.90E-04

1.30E-04

8.70E-04

8.10E-04

6.90E-06

1.90E-05

1.40E-05

0.00E+00

1.30E-06

0.00E+00

9.80E-11

3.50E-06

0.00E+00

1.30E-06

1.50E-08

6.50E-07

DumpFC Fuel consumption of a 

dump truck.

Mi/gal
Tri(0.75M,M,1.25M)

SWM-LCI

DumpMaxPay Maximum payload of 

dump trucks.

tons Constant SWM-LCI

elecEnerOff Offset electrical heat rate 

including precombustion.

Btu/kWh

Tri(0.95M,M,1.05M)

SWM-LCI

elecEnerReg Offset electrical heat rate 

including precombustion.

Btu/kWh

Tri(0.95M,M,1.05M)

SWM-LCI

elecFacBaler Baler energy use rate. kWh/ton 

OCC Tri(0.5M,M,2M)
Calculated in Appendix C

elecFacConveyor Conveyor energy use 

rate.

kWh/ton
Tri(0.5M,M,2M)

Calculated in Appendix C

elecFacMagnet Magnet energy use rate. kWh/ton 

ferrous Tri(0.5M,M,2M)
Calculated in Appendix C

elecFacOffArea Office type area energy 

use rate.

kWh/year-

ft2 Tri(0.5M,M,2M)
Calculated in Appendix C

elecFacRockCrush Rock crusher energy use 

rate.

kWh/ton
Tri(0.5M,M,2M)

Calculated in Appendix C

elecFacTrommel Trommel energy use rate. kWh/ton
Tri(0.5M,M,2M)

Calculated in Appendix C

6.4

19.8

Selenium

Chromium

Lead

Zinc

Phosphate

Sulfuric Acid

Iron

Ammonia

Copper

SWM-LCI, Fossil CO2 held 

constant.

Cadmium

Arsenic

Mercury

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Lead

VOC

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

CO2

CO

SO2

NOx

DumpEF Emission factor for dump 

truck use.

Lb/gal Tri(0.5M,M,2M)

Methane

NMHC

0.56

9.584

3.985

6.701

10547

11039

Parameters

34

3.165
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Name Description Units Distribution Notes

elecFacWHArea Warehouse type area 

energy use rate.

kWh/year-

ft2
Tri(0.5M,M,2M)

Calculated in Appendix C

engScreen Energy required per 

weight of material to be 

screened.

kWh/lb

Tri(0.5M,M,2M)

Diaz et. al. 1982

Btu/lbs Coal

Btu/gal Natural Gas 

Btu/cu. ft. Residual Oil

Distillate Oil 

Uranium

Hydro

Wood

Other

Gasoline

Diesel

fuelFacRS Rolling stock diesel fuel 

use rate

gal/ton
Tri(0.5M,M,2M)

Calculated in Appendix C

fuelFacWoodGrind Wood grinder diesel fuel 

use rate

gal/ton
Tri(0.5M,M,2M)

Calculated in Appendix C

heatContWood Heat content of wood.

Btu/ton 

wood Tri(0.95M,M,1.05M)
EIA 2008

heatRateWood

Heat rate of wood 

burning electricity 

generation. Btu/kWh Tri(0.9M,M,1.1M)

EIA 2008

2.54E+01

1.21E-01

2.10E-02

7.64E-02

5.88E-02

6.42E-04

0.00E+00

0.00E+00

3.49E-02

1.56E-02

1.96E-10

8.74E-13

0.00E+00

2.53E-04

2.28E-02

1.61E-04

1.35E-07

0.00E+00

1.33E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.48E-02

7.90E-04

1.30E-04

8.70E-04

8.10E-04

6.90E-06

1.90E-05

1.40E-05

0.00E+00

1.30E-06

0.00E+00

9.80E-11

3.50E-06

0.00E+00

1.30E-06

1.50E-08

6.50E-07

HeavyFC Fuel of consumption of a 

heavy hauling truck.

Tri(0.75M,M,1.25M) SWM-LCI

1.654

6.4

Chromium

Lead

Zinc

COD

Oil

Sulfuric Acid

SWM-LCI, Fossil CO2 held 

constant.

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia

Copper

Cadmium

BOD

Solid Waste #5

Dis. Solids

Sus. Solids

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Lead

NMHC

Dioxins

Furans

HAPs

Solid Waste #4

PM-coarse

Methane

HeavyEF Emission factor for heavy 

truck use.

Lb/gal Tri(0.5M,M,2M) Fossil CO2

HCl

CO2 Biomass

Ammonia

PM-10 

PM-2.5

Total PM

CO

SO2

NOx

SWM-LCI

3413

10350

8600

143590

fuelEnergy Energy required to 

produce an amount of a 

given fuel.

Tri(0.8M,M,1.2M) 10992

1114

173460

160515

160815

1009326886

4.40E-04

10000

9961000

0.203

Parameters

14.03
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Name Description Units Distribution Notes

HeavyMaxPay Maximum payload of 

heavy trucks.

Tons Constant SWM-LCI

heightRefuse

Height of refuse on 

tipping floor. ft Constant
Assumption

lfDist Distance to the landfill. mi. Tri(0.5M,M,2M) Assumption

SWM-LCI

lfInertEng Energy used to landfill 

inerts.

Btu/ton of 

inerts

Tri(0.5M,M,2M) 5.20E+05 SWM-LCI

0.00E+00

4.35E-07

4.99E-09

2.17E-07

4.33E-07

0.00E+00

3.26E-11

1.36E-06

2.43E-06

7.19E-06

1.41E-05

0.00E+00

7.99E-04

1.56E-01

0.00E+00

0.00E+00

5.66E-03

1.17E-02

0.00E+00

2.02E-05

2.07E-03

1.34E-05

5.73E-04

1.13E-04

Ammonia

Copper

1.60E-03

3.00E-02

0.00E+00

0.00E+00

4.74E-08

0.00E+00

4.43E-02

0.00E+00

8.31E+00

4.19E-02

2.10E-02

1.14E-01

Sulfuric Acid

Iron

9.59E-03

0.00E+00

0.00E+00

0.00E+00

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Selenium

Chromium

Sus. Solids

BOD

COD

Oil

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Solid Waste #1

Solid Waste #2

HAPs

HCl

CO2 Biomass

Ammonia

lfInertEF Emission factor for 

landfilling inert materials.

Lbs/ton of 

inerts

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Lead

VOC

20

Dioxins

Furans

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

33.1

10

Parameters
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Name Description Units Distribution Notes

lfMetalEng Energy used to landfill 

metals.

Btu/ton of 

food 

Tri(0.5M,M,2M) 7.52E+05 SWM-LCI

1.36E-06

2.66E-07

2.41E-07

SWM-LCI

3.12E-09

4.16E-09

4.00E-05

2.49E-09

5.62E-05

2.12E-01

0.00E+00

6.11E-07

1.18E+01

2.14E+01

1.57E-01

1.66E-04

3.78E-02

1.95E-02

0.00E+00

3.55E+00

1.70E+01

0.00E+00

9.64E-03

6.82E+02

1.39E-04

1.13E-06

0.00E+00

5.66E-03

Zinc

2.73E+01

1.29E+00

1.65E-01

2.50E-01

6.21E-02

0.00E+00

0.00E+00

0.00E+00

4.09E+01

Phosphate

Selenium

Chromium

Lead

Copper

Cadmium

Arsenic

Mercury

Oil

Sulfuric Acid

Iron

Ammonia

Dis. Solids

Sus. Solids

BOD

COD

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Ammonia

Lead

VOC

Solid Waste #1

HCl

CO2 Biomass

PM-coarse

Methane

NMHC

Dioxins

Furans

HAPs

3.96E-02

0.00E+00

0.00E+00

0.00E+00

PM-2.5

lfMetalEF Emission factor for 

landfilling metals.

Lbs/ton of 

food waste

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Total PM

PM-10 

Parameters
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Name Description Units Distribution Notes

Solid Waste #3 0.00E+00

Solid Waste #4 0.00E+00

VOC 0.00E+00

Solid Waste #1 3.55E+00

Solid Waste #2 1.70E+01

CO2 Biomass 6.82E+02

Ammonia 1.39E-04

Lead 1.13E-06

Furans 0.00E+00

HAPs 0.00E+00

HCl 9.64E-03

Methane 4.09E+01

NMHC 3.96E-02

Dioxins 0.00E+00

PM-10 0.00E+00

PM-2.5 0.00E+00

PM-coarse 0.00E+00

SO2

Sus. Solids 1.95E-02

Fossil CO2 2.73E+01

CO

NOx 2.50E-01

Total PM 6.21E-02

lfOCCEF Emission factor for 

landfilling OCC.

Lbs/ton of 

food waste

Tri(0.5M,M,2M)

1.29E+00

Solid Waste #5 5.66E-03

Parameters

Dis. Solids 3.78E-02

Ammonia 2.12E-01

BOD 1.18E+01

COD 2.14E+01

Oil 1.57E-01

Mercury 4.16E-09

Sulfuric Acid 1.66E-04

Iron 5.62E-05

Copper 0.00E+00

Cadmium 6.11E-07

Arsenic 3.12E-09

Zinc 2.41E-07

Selenium 2.49E-09

Chromium 1.36E-06

Lead 2.66E-07

SWM-LCI

1.65E-01

lfOCCEng Energy used to landfill 

OCC.

Btu/ton of 

food 

Tri(0.5M,M,2M)

Phosphate 4.00E-05

7.52E+05 SWM-LCI
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Name Description Units Distribution Notes

looseWasteDens  Loose waste density. lb/cu.ft. Tri(0.9M,M,1.1M) Assumption

manuevFac  

Equipment manuerability 

factor. N/A
Tri(0.9M,M,1.1M) Assumption

2.5

88.7

lfWoodEF Emission factor for 

landfilling wood.

Lbs/ton of 

food waste

Tri(0.5M,M,2M) 2.73E+01

0.00E+00

PM-2.5 0.00E+00

PM-10 

Fossil CO2

Furans

PM-coarse

1.65E-01

NOx 2.50E-01

Total PM 6.21E-02

0.00E+00

Methane 4.09E+01

NMHC 3.96E-02

Dioxins 0.00E+00

Solid Waste #2 1.70E+01

CO2 Biomass 6.82E+02

Ammonia 1.39E-04

Lead 1.13E-06

VOC 0.00E+00

Solid Waste #1 3.55E+00

0.00E+00

HAPs 0.00E+00

HCl 9.64E-03

BOD 1.18E+01

Solid Waste #3 0.00E+00

Solid Waste #4 0.00E+00

Solid Waste #5 5.66E-03

Dis. Solids 3.78E-02

Sus. Solids 1.95E-02

Copper 0.00E+00

COD 2.14E+01

Oil 1.57E-01

Sulfuric Acid 1.66E-04

4.16E-09

Phosphate 4.00E-05

Iron 5.62E-05

Ammonia 2.12E-01

lfWoodEng Energy used to landfill 

wood.

Btu/ton of 

food 

Tri(0.5M,M,2M)

1.36E-06

Cadmium 6.11E-07

Arsenic 3.12E-09

Mercury

SWM-LCI

Lead 2.66E-07

Zinc 2.41E-07

7.52E+05

SWM-LCI

CO 1.29E+00

SO2

Parameters

Selenium 2.49E-09

Chromium
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Name Description Units Distribution Notes

2.06E+00

6.54E-04

1.40E-02

7.73E-03

2.58E-03

0.00E+00

0.00E+00

0.00E+00

4.55E-03

5.55E-04

0.00E+00

0.00E+00

0.00E+00

1.63E-04

2.93E-04

2.63E-06

8.65E-08

0.00E+00

3.86E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.67E-03

1.43E-03

2.62E-06

3.74E-05

4.68E-05

2.00E-05

1.08E-04

6.22E-08

0.00E+00

1.21E-07

0.00E+00

9.51E-12

1.00E-05

0.00E+00

1.21E-07

6.04E-12

4.16E-08

0

0.2

0.833

0.2

0.188

0

0.1

0.2

1.925

0

OCC

Wood

Gypsum Wallboard

Miscellaneous

Asphalt

Concrete

Bricks

Ferrous Metal

Non-Ferrous Metal

NOx

Solid Waste #1

pickingRate Picking rate of each 

material on primary 

picking line.

tons/picker-

hour

Tri(0.8M,M,1.2M)

offElecEF Offset electrical 

emissions.

lbs/kWh Tri(0.9M,M,1.1M)

Ammonia

Lead

VOC

Solid Waste #2

Solid Waste #3

BOD

COD

Dirt/Fines

SWM-LCI

Dioxins

Furans

HAPs

HCl

CO2 Biomass

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

Fossil CO2

CO

SO2

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

Chromium

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Cadmium

Zinc

Mercury

Phosphate

Selenium

Arsenic

Lead

Parameters
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9.25E-02

4.30E-04

2.53E-04

7.69E-04

1.65E-03

2.10E-05

0.00E+00

0.00E+00

4.15E-03

3.60E-05

5.53E-12

2.79E-14

0.00E+00

8.43E-06

6.43E-04

3.72E-07

5.21E-09

0.00E+00

3.45E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

8.20E-05

1.41E-03

1.20E-07

1.30E-06

1.50E-06

2.50E-07

1.20E-04

1.40E-08

0.00E+00

3.60E-09

0.00E+00

2.80E-13

1.20E-07

0.00E+00

3.60E-09

5.70E-12

1.30E-09

Selenium

Chromium

Lead

Zinc

Ammonia

Copper

Cadmium

Arsenic

Mercury

Phosphate

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

Iron

Solid Waste #1

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

HAPs

HCl

CO2 Biomass

Ammonia

Lead

VOC

SWM-LCI

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

Dioxins

preCombEFCoal Coal precombustion 

emissions

lbs/lbs Tri(0.5M,M,2M) Fossil CO2

CO

SO2

Furans

Parameters
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Name Description Units Distribution Notes

3.26E+00

1.06E-01

1.40E-02

2.50E-02

2.49E-03

6.42E-04

0.00E+00

0.00E+00

3.49E-02

1.56E-02

1.96E-10

8.74E-13

0.00E+00

2.53E-04

2.28E-02

1.61E-04

1.35E-07

0.00E+00

1.33E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.48E-02

7.90E-04

1.30E-04

8.70E-04

8.10E-04

6.90E-06

1.90E-05

1.40E-05

0.00E+00

1.30E-06

0.00E+00

9.80E-11

3.50E-06

0.00E+00

1.30E-06

1.50E-08

6.50E-07

Chromium

Lead

Zinc

Arsenic

Mercury

Phosphate

Selenium

Iron

Ammonia

Copper

Cadmium

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Furans

HAPs

HCl

CO2 Biomass

Ammonia

Lead

SWM-LCI

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

preCombEFDies Diesel precombustion 

emissions

Lbs/gal 

diesel

Tri(0.5M,M,2M) Fossil CO2

Dioxins

Parameters

219



Name Description Units Distribution Notes

2.78E+00

9.00E-02

1.19E-02

2.13E-02

2.12E-03

5.47E-04

0.00E+00

0.00E+00

2.98E-02

1.33E-02

1.67E-10

7.45E-13

0.00E+00

2.15E-04

1.95E-02

1.37E-04

1.15E-07

0.00E+00

1.13E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.97E-02

6.80E-04

1.10E-04

7.40E-04

6.90E-04

5.90E-06

1.60E-05

1.20E-05

0.00E+00

1.10E-06

0.00E+00

8.40E-11

3.00E-06

0.00E+00

1.10E-06

1.30E-08

5.50E-07Zinc

Arsenic

Mercury

Phosphate

Selenium

Chromium

Lead

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Cadmium

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

COD

Ammonia

Lead

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

NMHC

Dioxins

Furans

HAPs

HCl

CO2 Biomass

SWM-LCI

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

preCombEFGas Gasoline precombustion 

emissions

Lbs/gal 

gasoline

Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

Parameters
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Name Description Units Distribution Notes

1.15E-02

1.36E-05

1.21E-03

1.64E-05

1.42E-06

8.17E-07

0.00E+00

0.00E+00

7.04E-04

4.22E-07

3.91E-13

1.88E-15

0.00E+00

5.13E-07

4.56E-05

4.38E-09

2.41E-10

0.00E+00

5.80E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

3.04E-03

5.40E-06

2.70E-06

1.90E-05

5.40E-05

2.10E-08

7.30E-08

4.90E-09

0.00E+00

1.40E-07

0.00E+00

1.10E-11

1.10E-08

0.00E+00

1.40E-07

1.10E-12

4.80E-08

SWM-LCIrBtuPerkWh Mid-Atlantic Regional 

energy input to generate a 

Btu/kWh Tri(0.95M,M,1.05M) 11019

Lead

Zinc

Cadmium

Arsenic

Mercury

Phosphate

Selenium

Chromium

COD

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

HAPs

HCl

Lead

VOC

Solid Waste #1

Solid Waste #2

SWM-LCI

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

Dioxins

preCombEFNatGas Natural gas 

precombustion emissions

Lbs/cu.ft. 

natural gas

Tri(0.5M,M,2M) Fossil CO2

CO

Furans

CO2 Biomass

Ammonia

Parameters
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Name Description Units Distribution Notes

1.24E+00

8.67E-04

8.09E-03

4.62E-03

1.03E-03

1.49E-05

0.00E+00

0.00E+00

2.41E-03

1.07E-04

6.06E-12

2.94E-14

0.00E+00

9.56E-05

7.06E-04

8.55E-06

7.20E-08

0.00E+00

2.34E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.57E-03

7.78E-04

1.98E-06

2.38E-05

2.85E-05

1.10E-05

7.71E-05

1.63E-06

0.00E+00

6.99E-08

0.00E+00

5.48E-12

5.49E-06

0.00E+00

6.99E-08

7.19E-11

2.50E-08Zinc

Cadmium

BOD

COD

SWM-LCI

Selenium

Chromium

Lead

Sulfuric Acid

Iron

Ammonia

Copper

Solid Waste #1

Solid Waste #2

Arsenic

Mercury

Phosphate

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

Methane

PM-10 

PM-2.5

PM-coarse

Lead

HAPs

HCl

CO2 Biomass

Ammonia

Total PM

RegElecEF Regional electrical 

emissions.

lbs/kWh Tri(0.9M,M,1.1M) Fossil CO2

CO

SO2

NOx

NMHC

Dioxins

Furans

Oil

VOC

Parameters
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Name Description Units Distribution Notes

7.30E+02

9.15E-01

8.21E+00

2.64E+00

3.54E+01

1.29E+01

0.00E+00

0.00E+00

1.73E+00

1.80E+00

0.00E+00

0.00E+00

0.00E+00

2.06E-02

6.86E-01

1.02E-02

2.34E-05

0.00E+00

6.81E+01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

9.81E+00

3.50E-01

9.68E-03

1.37E-01

1.72E-01

3.06E-03

1.55E-02

3.73E-04

0.00E+00

4.44E-04

0.00E+00

3.49E-08

1.53E-03

0.00E+00

4.44E-04

3.61E-08

1.53E-04

savBrickEner

Energy savings from 

recovering OCC.

Btu/ton 

OCC Tri(0.5M,M,2M)

Emission savings from 

recovering bricks.

Lbs/ton 

brick

Tri(0.5M,M,2M) Fossil CO2

Dioxins

Furans

HAPs

Methane

NMHC

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

HCl

CO2 Biomass

Ammonia

Lead

VOC

Solid Waste #1

Iron

Ammonia

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

Copper

Cadmium

Arsenic

Mercury

Phosphate

Selenium

Chromium

Lead

Zinc

5120000

savBrickEF  

Parameters
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Name Description Units Distribution Notes

2.06E+03

2.45E+01

3.55E+00

1.67E+00

1.00E+01

0.00E+00

0.00E+00

0.00E+00

1.71E+00

9.77E+00

0.00E+00

0.00E+00

0.00E+00

-3.61E-02

0.00E+00

0.00E+00

-1.38E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

5.08E+02

1.17E+00

4.45E-01

0.00E+00

0.00E+00

1.03E-02

0.00E+00

0.00E+00

1.02E-01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-5.29E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

savFerMetalEner

Energy savings from 

recovering ferrous metal.

Btu/ton 

metal Tri(0.5M,M,2M)

SWM-LCI

Dioxins

Fossil CO2

PM-10 

PM-2.5

savFerMetalEF  Emission savings from 

recovering ferrous metal

Lbs/ton 

metal

Tri(0.5M,M,2M) SWM-LCI

CO

SO2

NOx

Total PM

NMHC

PM-coarse

Methane

Solid Waste #4

Solid Waste #5

Furans

HAPs

HCl

CO2 Biomass

Ammonia

Lead

Iron

Ammonia

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

Zinc

171726050

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

Mercury

Phosphate

Selenium

Chromium

Lead

Copper

Cadmium

Arsenic

Parameters

224



Name Description Units Distribution Notes

2.12E+04

1.01E+02

1.70E+02

5.87E+01

5.92E+01

0.00E+00

0.00E+00

0.00E+00

3.26E+01

0.00E+00

0.00E+00

0.00E+00

0.00E+00

4.07E+00

0.00E+00

6.59E-02

5.13E-04

0.00E+00

2.04E+03

0.00E+00

0.00E+00

5.98E+03

0.00E+00

9.28E+01

9.05E+00

9.34E-03

2.18E+00

1.68E+00

1.11E-01

5.88E-01

8.22E-03

0.00E+00

4.10E-03

0.00E+00

5.82E-06

5.64E-02

0.00E+00

4.10E-03

2.13E-05

1.48E-03

savNFMetalEner

Energy savings from 

recovering non-ferrous 

metal.

Btu/ton 

metal Tri(0.5M,M,2M)

SWM-LCI

Fossil CO2

Dioxins

NMHC

savNFMetalEF  Emission savings from 

recovering non-ferrous 

metal

Lbs/ton 

metal

Tri(0.5M,M,2M)

Solid Waste #1

SWM-LCI

CO

SO2

NOx

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

HAPs

HCl

CO2 Biomass

Ammonia

Lead

VOC

Arsenic

Mercury

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

Ammonia

Copper

Cadmium

Solid Waste #2

Solid Waste #3

Solid Waste #4

Solid Waste #5

Furans

Chromium

Lead

Zinc

201882712

Iron

Parameters

Phosphate

Selenium
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Name Description Units Distribution Notes

-2.27E+02

3.30E+01

1.35E+01

1.18E+01

2.34E+01

0.00E+00

0.00E+00

0.00E+00

-7.20E-01

6.16E-01

0.00E+00

0.00E+00

0.00E+00

-2.34E-02

-2.43E+03

1.45E-01

1.88E-03

0.00E+00

6.54E+01

8.22E+00

0.00E+00

-1.71E+01

0.00E+00

6.07E-01

-1.13E+00

-2.01E+00

1.07E+01

-3.46E-01

-4.67E-03

-3.91E-01

4.48E-02

0.00E+00

4.67E-05

0.00E+00

3.74E-09

6.17E+01

0.00E+00

4.67E-05

7.48E-08

2.05E+00

savOCCEner

Energy savings from 

recovering OCC.

Btu/ton 

OCC Tri(0.5M,M,2M)
SWM-LCI

SWM-LCI

PM-coarse

Methane

NMHC

Dioxins

Furans

HAPs

HCl

CO2 Biomass

savOCCEF  Emission savings from 

recovering OCC.

Lbs/ton 

OCC

Tri(0.5M,M,2M)

Total PM

PM-10 

PM-2.5

Ammonia

Lead

VOC

Solid Waste #1

Solid Waste #2

Solid Waste #3

NOx

Fossil CO2

CO

SO2

Cadmium

Solid Waste #4

Solid Waste #5

Dis. Solids

Sus. Solids

BOD

COD

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Zinc

13001578

Arsenic

Mercury

Phosphate

Selenium

Chromium

Lead

Parameters
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Name Description Units Distribution Notes

4.30E-03

6.10E-05

1.90E-05

1.60E-04

1.30E-05

0.00E+00

0.00E+00

0.00E+00

1.90E-06

1.60E-05

0.00E+00

0.00E+00

0.00E+00

2.10E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

2.20E-06

4.80E-07

4.10E-06

1.30E-03

0.00E+00

0.00E+00

7.10E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

1.20E-15

0.00E+00

4.80E-14

0.00E+00

0.00E+00

savSoilEner

Energy savings from 

recovering soil. Btu/lb Tri(0.5M,M,2M)
SWM-LCI

0.25

0.05

0.1

0.06

0.07

0.03

0.02

0.08

0.22

0.12

Lead

Zinc

25.79

Cadmium

Arsenic

Mercury

Phosphate

Selenium

Chromium

COD

Oil

Sulfuric Acid

Iron

Ammonia

Copper

Solid Waste #4

Solid Waste #5

Solid Waste #3

Solid Waste #2

Ammonia

Lead

VOC

Solid Waste #1

Separation efficiency of 

the grapple

sepEffGrap N/A

Ferrous Metal

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

Dirt/Fines

Asphalt

Concrete

Bricks

SWM-LCI

Total PM

PM-10 

PM-2.5

PM-coarse

Methane

NMHC

Dioxins

Furans

HAPs

savSoilEF  Emission savings from 

recovering soil.

Lbs/lbs Tri(0.5M,M,2M) Fossil CO2

CO

SO2

NOx

HCl

CO2 Biomass

Dis. Solids

Sus. Solids

BOD

Parameters
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Name Description Units Distribution Notes

0

0

0

0

0

0.85

0

0

0

0

0

0.55

0.55

0.55

0.55

0

0.55

0.55

0.55

0

0.95

0

0.01

0.01

0.01

0.05

0.05

0.1

0.01

0.1

0.9

0

0.1

0.1

0

0

0

0.2

0.1

0.1

sortRmWidth

Width of the sorting 

room. ft Constant
Assumption

Taod Annual operating days. Days/year Constant Assumption

timeBreakStop

Daily time taken for 

breaks and stoppages hrs Constant
Assumption

timeWorkDay Work day length hrs Constant Assumption

tipStorageTime

Storage time of materials 

on the tipping floor days Constant

Assumption

virAggCoal

Coal used to process 

virgin aggregate. lbs/ton Tri(0.5M,M,2M)
DOE 2003

virAggDies

Diesel used to process 

virgin aggregate. gal/ton Tri(0.5M,M,2M)
DOE 2004

virAggElec

Electricity used to 

process virgin aggregate. kWh/ton Tri(0.5M,M,2M)

DOE 2005

virAggGas

Gasoline used to process 

virgin aggregate. gal/ton Tri(0.5M,M,2M)

DOE 2006

virAggNatGas

Natural gas used to 

process virgin aggregate. cu.ft./ton Tri(0.5M,M,2M)

DOE 2007

Concrete

Bricks

Ferrous Metal

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

sepEffVibScreen Separation efficiency of 

the vibrating screen.

N/A Dirt/Fines

Asphalt

Asphalt

Concrete

Bricks

Ferrous Metal

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

sepEffTrommel Separation efficiency of 

the trommel.

N/A Dirt/Fines

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

sepEffPrim Separation efficiency on 

the primary picking line

N/A Dirt/Fines

Asphalt

Concrete

Bricks

Ferrous Metal

Asphalt

Concrete

Bricks

Ferrous Metal

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

sepEffMag Separation efficiency of 

the magnet

N/A Dirt/Fines

0.5

0.5

8

260

32

4.5

0.14

Parameters

3.83

0.01225

0.0717
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Name Description Units Distribution Notes

virAggPMEF

PM emissions from 

processing virgin 

aggregate. lb/ton Tri(0.5M,M,2M)

AP-42 Chapter 11

wasteInComp

Incoming waste 

compostion N/A Constant 0.25 Assumption

0.05

0.1

0.06

0.07

0.03

0.02

0.08

0.22

0.12

Ferrous Metal

Non-Ferrous Metal

OCC

Wood

Gypsum Wallboard

Miscellaneous

Dirt/Fines

Asphalt

Concrete

Bricks

0.1022

Parameters
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APPENDIX K: C&D Data Regression 
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