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ABSTRACT 

 The purpose of this work was to determine the overall environmental impacts 

associated with the co-firing hazardous waste by burning in a cement kiln to replace the 

use of coal in the cement manufacturing process.  This environmental assessment was 

conducted using LCA methodology.  Understanding the environmental impacts 

associated with burning hazardous waste in a cement factory could help shape national 

environmental policy, regulations and the need for site specific human health risk 

assessments in the environmental regulatory permitting processes.  Accordingly, the 

primary objective of this study was to evaluate the environmental impacts from the 

hazardous waste burning for energy recovery in a cement plant compared to a base 

scenario of burning 100% coal for baseline comparison.  This study relied on real-time 

primary data from a hazardous waste burning cement plant and the functional unit for this 

LCA is one kilogram of cement.
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CHAPTER 1 

INTRODUCTION 

 Concrete is one of the oldest and most important building materials (Wordbook, 

1985).  Each year, approximately one ton of concrete is produced for every person in the 

world (Lippiate and Ahmad, 2005).  The installed capacity in the United States is 

approximately 100 metric tons per year (Global Cement, 2012).  The key ingredient in 

concrete is portland cement.  Manufacturing portland cement requires significant energy, 

thus requiring the burning of large amounts of fuel that ultimately results in the 

production of high levels of greenhouse gasses (GHGs) (Madlool, 2011), accounting for 

approximately 5 to 6% of the total non-mobile source-generated CO2 worldwide (Metz, 

2005; Worrell, 2000).   

 In an attempt to mitigate such impacts, significant attention has been paid to 

considering the use of alternative lower emitting fuels and lower emission yielding raw 

materials.  Results from several life cycle assessment (LCA) studies evaluating the use of 

alternative fuels, including refuse derived fuel (RDF), tires, other non-hazardous 

materials, and material selection (e.g., fly ash) (Guereca, 2015, Huntzinger, 2008, 

Holcim, 2009) suggest such changes do reduce cement manufacturing-related greenhouse 

gas production.  Guereca (2015) reported that 20% substitution of RDF resulted in a 3.6% 

reduction in CO2-equivalents (equiv. or e), and Huntzinger (2008) reported that blended 

cements (natural pozzolans, fly ash) reduce CO2-equiv. by 5%. In addition, Holcim 
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(2009) reported that every ton of tires substituted for every one ton of coal reduced CO2-

equiv. by 543 kg.   

 Another potentially viable and plentiful, but rather unexplored, alternative fuel 

source is hazardous waste.  Cement kilns have been burning hazardous waste as an 

alternative fuel since 1976 (Boateng, 2016).  The United States Environmental Protection 

Agency (USEPA) began regulating the burning of hazardous waste in cement kilns in 

August 1991 (56 FR 7134). According to the USEPA, greater than 34.3 million tons of 

hazardous wastes (e.g., industrial waste solvents, paints, resins, petroleum based 

chemicals and pharmaceuticals) are generated annually (EPA 2011), often with energy 

values greater than 5,000 Btu/lb.  In addition, these wastes generally do not require any 

special treatment technology other than combustion (40 CFR part 268, LDR 

Regulations), indicating that hazardous wastes can also be beneficially treated while 

substituting traditional fuels (e.g. oil and coal) in the pyro-processes of the cement 

industry (IPCC, 2007).   

 An LCA study commissioned by Febelcem (the Association of the Belgian 

cement producers) and conducted by TNO (2007) evaluated the life cycle emissions 

associated with using alternative fuels that are similar to the high BTU hazardous waste 

in the United States (TNO, 2007).  This study mainly focused on determining whether the 

environmental impact of the thermal treatment of wastes in a cement kiln were higher or 

lower than those associated with treatment in an incinerator.  Results from this study 

indicate that, from an environmental point of view, the thermal treatment of wastes in 

cement plants was favorable, lowering GHG emissions and minimizing release of toxic 

substances to water.  
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 There are potentially significant environmental advantages associated with using 

hazardous waste as a fuel source during cement manufacturing. By using this waste 

stream as a fuel in cement manufacturing, the demand for fossil fuels and associated raw 

materials decreases, and accordingly so do emissions associated with each (Guereca, 

2015, Galvez-Martos, 2014, Huntzinger, 2008).  Similarly, the IPCC (2007) reports that 

cement kilns are viable candidates for use of a wide variety of fuels, including waste 

fuels, which may ultimately reduce CO2 emissions when compared to their disposal via 

landfilling or burned without energy recovery (IPCC, 2007).  However, before 

widespread adoption of this practice occurs, there is a need for a more complete life cycle 

assessment of the use of hazardous waste as a fuel in cement manufacturing. More 

scientific LCA studies extending past GHG emissions are needed to assess their total 

potential environmental impacts. 

1.1 PROJECT PURPOSE 

 The purpose of this study is to evaluate the environmental impacts associated with 

the use of hazardous waste as an alternative fuel in the cement manufacturing process. 

The alternative cement production option in this study involved the co-burning of 

hazardous waste for energy recovery in the cement industry.  The cement industry offers 

a unique waste management alternative by reducing the consumption of natural resources 

(e.g. coal) while destroying or combusting the hazardous waste (Mokrzychi and Ulias-

Bochenczyk, 2003).   

 To LCA is also a framework that that can be used to evaluate the impacts of 

processes on the environment (ISO 14040, 2006) by considering all inputs and outputs 

associated with a system throughout its lifecycle (Matthews, 2014).  The use of an LCA 
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is dependent on the quality of the raw data and how representative of the real process the 

data really is to the actual processes life cycle (Galvez-Martos 2014).  

1.2 PROJECT SCOPE AND THESIS ORGANIZATION 

 Three portland cement production scenarios, each with a different fuel source, 

were modeled: (1) coal only (representing a traditional plant), (2) co-fired (use of coal 

and hazardous waste), and (3) waste only fired (only hazardous waste is used as the fuel 

source). A life cycle inventory (LCI) of emissions and process data representing 

operations of these three scenarios was populated using publicly available files associated 

with a cement manufacturing facility operating a modern preheater/precalciner portland 

cement kiln system in the United States (PADEP, 2013, MEDEP 2013).  An impact 

analysis was subsequently conducted and impact category-specific results were obtained 

and compared. 

 This thesis is organized in five chapters. Chapter 1 presents an introduction to the 

problem and project scope.  Chapter 2 describes the cement manufacturing processes 

modeled in this study.  Chapter 3 describes the methods used in this work, and chapter 4 

presents the study results. Chapter 5 outlines the conclusions and recommendations 

associated with and resulting from this study.  
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CHAPTER 2 

A DESCRIPTION OF THE CEMENT MANUFACTURING PROCESSES 
USED IN THIS STUDY 

 In order to fully understand the cement manufacturing process, one must first 

become familiar with the equipment involved in the process.  The purpose of this chapter 

is to describe the cement manufacturing processes modeled in this study.  

2.1 DESCRIPTION OF THE CEMENT MANUFACTURING PROCESS 

 All information associated with the cement manufacturing process modeled in this 

study originates from publicly available files associated with a cement manufacturing 

facility operating a modern preheater/precalciner portland cement kiln system in the 

United States (PADEP, 2013). This facility is capable of firing hazardous waste as fuel 

for energy recovery in two combustion zones; the kiln and the calciner.  In addition, this 

facility co-burns with bituminous coal and on-specification fuel oil at both locations in 

the combustion zones.  Figure 2.1 presents a schematic of the process, including all 

inputs and outputs modeled in this study. 

A typical modern preheater/precalciner cement plant is typically comprised of the 

following major equipment/processes (PADEP 2013): 

1. Quarry, Raw Mill and Feed Silo 

2. Preheater Tower (cyclone preheaters) 

3. Calciner 

4. Rotary Kiln 
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5. Air Pollution Control (Main and Bypass Baghouses) 

 
 

Figure 2.1 Modern Preheater/Precalciner Cement Plant  

  Please note that the equipment listed above is essential to the cement plant 

manufacturing process, starting in the quarry and ending with the production of clinker.  

In order to make clinker, temperatures in the kiln may reach 2800 to 3000 °F, and the 

calciner may encounter a typical temperature of 1600 °F.  After discharge or exiting the 

Rotary Kiln, the clinker is further ground with a small portion of gypsum (approximately 

five (5) percent (%)) to control the rate of hydration and ultimately yield the final 

portland cement (Alsop, 2005). 
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2.1.1 QUARRY, RAW MILL AND RAW FEED SILO 

 Cement manufacturing starts in a quarry with the mining of raw materials (ore).  

The ore is limestone and consists primarily of CaCO3 (calcium carbonate).  The raw 

materials are crushed, sized and then conveyed to the in-line raw mill where they are 

finely ground and subsequently fed into a storage silo. 

2.1.2 PREHEATER TOWER 

 The preheater tower consists of four stages (in series) of cyclone preheaters where 

raw meal is fed into the top of the tower and the hot gases simultaneously flow 

countercurrent to the feed.  This countercurrent movement of solids and gases causes a 

heat exchange to take place; thereby providing the right conditions for the preheated and 

precalcined material to eventually enter into the rotary kiln. 

2.1.3 CALCINER 

 The calciner, located at the base of the tower, serves to ensure that nearly 100% of 

the raw feed that enters the kiln is calcined or thermally decomposed by undergoing a 

number of consecutive reactions as it (the kiln feed) moves into the highest temperature 

zone of the calciner as follows (Alsop 2005): 

 1) 212 °F | Evaporation of Moisture 

 2) >930 °F | CaCO3 → CaO + CO2 (calcination reaction) 

 3) >930 °F | Reactions between CaO and Al2O3, Fe2O3 and SiO2 

Typically, 60% of the overall heat input into the kiln system is burned in the 

calciner and 40% in the kiln.   This volume of overall heat input in the calciner serves to 

reduce the size of the kiln.    The calciner co-burns hazardous waste with bituminous coal 

and on-specification fuel oil, as necessary. 
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2.1.4 ROTARY KILN 

 The calcined feed enters the kiln which is canted on a slope (β) such that as it 

rotates (ω), the feed material continues to exchange heat with the hot gases as it travels to 

the discharge end (where kiln fuels are introduced) of the kiln.  The exit point of the kiln 

is the point where the highest temperatures are encountered in the process.  The kiln 

burner is located at this exit point where flame temperatures of approximately 3000 °F 

are experienced.  The kiln co-burns hazardous waste with bituminous coal and on-

specification fuel oil, as necessary to reach these temperatures.  As the feed material 

travels the length of the kiln the final reactions take place above 2300 °F.  The formation 

of C3S (tricalcium silicate) and the complete combining of CaO (lime) with iron, alumina 

and silica take place just before exiting the kiln.  

2.1.5 AIR POLLUTION CONTROL (MAIN AND BYPASS BAGHOUSES) 

 There are typically two baghouses directly associated with a co-fired (hazardous 

waste and conventional fuel) cement kiln system.  The main baghouse for the cement 

plant is a pulse jet baghouse with six compartments and a cloth area of approximately 

92,000 ft2.  The main baghouse controls the emissions from the kiln system (i.e., kiln, 

preheater/precalciner tower, and raw mill (when operating)).  The bypass baghouse is 

also a pulse jet baghouse with one compartment and a cloth area of approximately 14,200 

ft2.  The bypass baghouse controls a slipstream of exhaust from the rotary kiln; however, 

this exhaust from the bypass baghouse discharges back into the main kiln exhaust directly 

after the preheater tower and prior to the raw mill.  Consequently, the exhaust from the 

main baghouse is the sole discharge point to the atmosphere for this pyro-process.  

Conversely, a traditional cement manufacturing process that fires only conventional fuels, 
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would not typically need to operate the bypass baghouse even though it may be equipped 

with one.  When co-burning waste fuels the operation of the bypass baghouse is 

necessary in order to remove excess volatiles such as chlorides which can lead to 

plugging in the preheater tower (Alsop 2005).  
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CHAPTER 3 

MATERIALS AND METHODS 

 This study consists of an LCA evaluation of three portland cement production 

scenarios, each with a different fuel source: (1) base case (coal only, B.1), (2) co-fired 

(use of coal and hazardous waste, T.1), and (3) waste only fired (only hazardous waste is 

used as the fuel source, T.2). The functional unit for this study is the production of one kg 

of portland cement, which is consistent with other LCA studies (Josa, 2007, Guereca, 

2015).  This study followed the four steps of an LCA, as outlined in ISO14040: 2006): 1) 

Determine the goal and scope, 2) Build a life cycle inventory of all inputs and outputs, 3) 

Model and assess the environmental impacts, and 4) Interpret the results of the study. 

3.1 DEFINITION OF GOAL AND SCOPE 

 The goal of this study is to evaluate the environmental impact via LCA associated 

with using hazardous wastes as an alternative fuel in a portland cement manufacturing 

plant. All emissions and electricity requirements associated with all components of the 

cement manufacturing process were included in this modeling effort.  Specifically, the 

following were included: 

(1) emissions and electricity associated with the combustion of primary (e.g., coal) 

and secondary fuels (e.g., fuel oil) is included, 

(2) electricity consumption in the quarrying, cement production, and grinding 

processes,  
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(3) emissions and energy requirements associated with coal mining and transportation 

of the coal, 

(4) hazardous waste processing and transportation after centralized collection at a 

hazardous waste preparation facility were included, and  

(5) emissions which occur during the quarrying of limestone.  

Figures 3.1, 3.2 and 3.3 provide the specific systems studied and their boundaries, 

illustrating all system inputs and outputs included in the LCA models. 

 
 
Figure 3.1 System Boundaries of the Base Scenario (B.1) 
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Figure 3.2 System Boundaries of the Thermal Scenario (T.1) 
 

 
 

Figure 3.3 System Boundaries of the Thermal Scenario (T.2) 
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Three specific scenarios were modeled in this study and are defined in Table 3.1.  

System B.1 represents a scenario is which only coal is used as the source of fuel energy.  

In scenario T.1, the fuel source of hazardous waste is added to replace approximately 

60% of the coal.  Replacement of 60% of the coal was modeled because the data 

associated with the cement facility used in this study typically targets 50 to 70% fossil 

fuel replacement on an annual basis.  In Scenario T.2, the sole source of fuel for the 

production system is hazardous waste.    

Table 3.1 Definition of LCA Modeled Scenarios 

Scenario 

I.D. 

Model Plan Description Fuel/Waste Burned Functional  

Unit 

B.1 Base Cement Manufacturing 100% Bituminous 
Coal 

1 kg cement 

T.1 Cement Manufacturing with 
Hazardous Waste (Co-

combustion) 

Coal and Hazardous 
Waste 

1 kg cement 

T.2 Waste Burning Only Cement 
Manufacturing 

100% Hazardous 
Waste 

1 kg cement 

 

3.2 LIFE CYCLE INVENTORY 

 Inventory data for the three scenarios described in Table 3.1 were compiled for 

this study.  Data were collected separately for the following processes: (1) on-site quarry 

process, (2) cement production, (3) coal mining and transportation, and (4) hazardous 

waste procurement and transportation.  The on-site quarry process and cement production 

process data used in this study were based on data from the National Renewal Energy 

Laboratory (NREL) U.S. Life Cycle Inventory (USLCI) Database, Pennsylvania 

Department of Environmental Protection (PADEP) and the Maine Department of 
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Environmental Protection (MEDEP) public files (PADEP 2013, MEDEP 2012, USLCI, 

2003, 2015).  The coal mining and transportation data were based on USLCI data; coal 

mining was represented using the bituminous coal at mine dataset and the coal 

transportation truck was represented by the a U.S. Dump Truck with a twenty-six (26) ton 

payload dataset. No facility-specific data associated with the hazardous waste 

procurement and transportation process exists. Therefore, these processes were modeled 

using representative processes found in the USLCA databases. Hazardous waste 

procurement was modeled based on data associated with a benzene production facility 

(USLCI, 2003). The transportation of the hazardous waste was modeled as a U.S. tank 

truck with a twenty-five (25) ton payload (USLCI, 2015).  The data inventory and 

resulting emissions along with any data extrapolations are described in this Chapter.  A 

summary of the LCI inputs/outputs is also presented in this Chapter.   

3.2.1 COAL AND HAZARDOUS WASTE COMPOSITION  

 Data from the public files contained information on the metals from coal and the 

hazardous waste fuel and is presented in Table 3.2.  In addition, Table 3.2 presents an 

ultimate analysis of coal and hazardous waste fuel for comparison from a rotary kiln 

facility burning hazardous waste in Virginia.  Additional data is included in Appendix A 

for hazardous waste fuels regarding typical water contents and organic composition. 
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Table 3.2 Ultimate Analysis and Metal Concentration Coal and Waste Fuel 

Component (%) Coal1 
Hazardous 

Waste2,3 
Moisture  2.50 15.00 
Carbon 75.00 43.00 

Hydrogen 5.00 10.00 
Sulfur 2.30 0.09 

Nitrogen 1.50 1.35 
Oxygen 6.70 28.35 

Ash 7.00 2.21 
Total 100 1004 

Typical BTU/lb 12,000 to 13,000 7,500 to 11,000 
     

Arsenic (ppm)3 22 3 

Mercury (ppm)3 0.34 0.56 
1. Source EPA Publication number 450/2-80-063, ultimate analysis. 
2. Virginia Solite Company, Trial Burn Plan submitted to the Virginia Department of Environmental 

Quality, July 1999.  Hazardous waste fuel supplied by Giant Resource Recovery, Inc., typical moisture 
in waste fuel is 15.00% (Appendix A).   

3. PADEP, 2011, ultimate analysis of hazardous waste reported on dry basis. 
4. Summation accounts for typical moisture. 
 

3.2.2 B.1, T.1 AND T.2 SCENARIO LCI DATA COLLECTION AND 
MODIFICATION  
 
 As described previously, a large fraction of the data associated with these 

scenarios was taken from publically available files describing a cement plant burning 

hazardous waste (PADEP 2013). To prepare these data for use in this work, some 

conversion/modification was required.  Three random days of plant emissions data were 

selected from the public files, which representatively depicted the operation of the 

cement plant in its two operating conditions: (1) while firing 100% coal (B.1) and (2) co-

burning with hazardous waste at 60% energy substitution.  In both of these fuel operating 

conditions, the nature of the facility involves operating with an in-line vertical grinding 
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mill. The limestone, which is mined and transferred to the cement production facility, is 

crushed in the quarry and milled into a fine powder before entering the kiln system 

(Huntzinger, 2008).  This mill switches between being on and off, during which pollutant 

parameter emissions vary. Therefore, it was important for the data used in this LCI to 

capture the operation in both fuel conditions and both grinding conditions.  Accordingly, 

both operating scenarios (B.1 and T.1) in this study contained data with the raw grinding 

mill on and off.   

 The raw limestone grinding mill-on condition (Condition I) averaged 61% of the 

time and therefore the emissions from this operating condition are weighted at the same 

amount of time.  Correspondingly, the raw limestone grinding mill-off condition 

(Condition II) averaged 39% of the time and was weighted, accordingly.  The certified 

continuous emissions monitoring (CEM) systems recorded emissions data every minute 

and therefore, provided minute-by-minute data used in the averages for CO2, THC, NOx, 

CO and SOx for the B.1 and T.1 operating scenarios.  Data used in the T.2 scenario was 

extrapolated from the data set of T.1, and therefore was based on the CEM data and stack 

test data, but not a direct measurement while burning 100% waste fuels. Appendix A 

provides all of the cement plant minute-by-minute emissions and operating data.   

The necessary data modification involved several steps.  The first step involved 

taking several hours of data for each of the days available and then averaging the data 

into two scenarios representing B.1 and T.1 (100% coal and burning (co-firing or co-

combustion) hazardous waste fuel) and then further calculating the emissions from the 

two operating conditions I and II in B.1 and T.1.  Only valid data were considered in the 

calculations and therefore only normal operations with cement production were 
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considered (e.g. no malfunctions, system upsets or low raw feed conditions etc.). Once 

modified, the data were summarized in two scenarios, each with two conditions as shown 

in Tables 3.3 and 3.4 in a mass per time format (e.g. lb/hr) and then weighted based on 

the percent of time the in-line raw grinding mill was on and off in order to provide a 

normalized result taking into account the status of the raw mill operation and the 

variability in the emissions from these two observed conditions.  This step was necessary 

in order to capture the variability between the operation of the mill on and off because the 

raw mill-on condition tends to have different overall emissions than the raw mill-off 

condition.   

Table 3.3 B.1 Scenario by Condition 

Parameter Condition I 
(61% time weighted) 

Condition II 
(39% time weighted) 

Weighted Summary 
B.1 

Prime Mover 
(KWSCFM) 

222.9 186.4 208.7 

Kiln Feed (ton/hr) 204.9 203.9 204.5 
CO2 (%) 16.2 19.6 17.5 

CO2 (mton/hr) 101.9 101.9 101.9 
NOx (lb/hr) 358.7 383.9 368.5 
SO2 (lb/hr) 869.9 643.1 781.7 
THC (lb/hr) 0.12 2.50 1.05 
CO (lb/hr) 145.2 130.4 139.5 

Waste Fuel (ton/hr) 0.0 0.0 0.0 
Coal (ton/hr) 13.9 11.5 12.9 

Energy (MMBtu/hr) 318.7 264.2 297.5 
Clinker (ton/hr) 121.2 120.6 121.0 

MMBtu/ton clinker 2.6 2.2 2.5 
Co-Product (ton/hr) 0.0 0.0 0.0 
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Table 3.4 T.1 Scenario by Condition 
 

Parameter Condition I 
(61% time weighted) 

Condition II 
(39% time weighted) 

Weighted Summary 
T.1 

Prime Mover 
(KWSCFM) 

255.8 182.0 227.1 

Kiln Feed (ton/hr) 195.1 205.0 198.9 
CO2 (%) 13.9 20.5 16.4 

CO2 (mton/hr) 94.5 97.4 95.6 
NOx (lb/hr) 332.5 414.2 364.3 
SO2 (lb/hr) 735.9 550.9 663.9 
THC (lb/hr) 0.10 1.63 0.69 
CO (lb/hr) 113.9 142.5 124.9 

Waste Fuel (ton/hr) 9.7 9.45 9.62 
Coal (ton/hr) 5.7 5.8 5.76 

Energy (MMBtu/hr) 349.7 345.5 348.3 
Clinker (ton/hr) 115.4 121.3 117.7 

MMBtu/ton clinker 3.03 2.85 2.96 
Co-Product (ton/hr) 3.3 3.3 3.3 

 

3.2.3 B.1, T.1 AND T.2 EMISSION AND PROCESS INVENTORIES 

The cement LCI was generated from data available in the public files (PADEP 

2013, MEDEP 2012).  Figure 3.4 is a comparison of the annualized operating parameters 

of B.1, T.1 and T.2. 

 

Figure 3.4 Comparison of B.1, T.1 and T.2 Annualized Operations 

  

Limestone Feed Cement Product Hazardous Waste Coal

B.1 991,552 646,664 0 62,713

T.1 991,552 628,921 46,640 27,936
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 The cement plant emissions data for scenarios B.1 and T.1 were obtained from the 

continuous emissions monitor systems (CEMs) for the pollutants of NOx, SOx, CO, THC 

and CO2.  Actual air emissions stack tests were available in the public files to populate 

the LCI for heavy metals, hydrochloric acid and particulate matter emissions (As, Be, Cr, 

Cd, Pb, Hg, HCl and PM) and for all of the CEMs data (PADEP, 2013, MEDEP, 2012).   

Table 3.5 is a summary of the LCI inputs into the three scenarios for the cement 

production system as shown in Figures 3.1, 3.2 and 3.3 for each scenario. 

Table 3.5 Cement Production Systems Materials Units per kg portland cement  
 

Cement Production System Materials B.1 T.1 T.2 Unit Source 

Electricity [Electric power] 0.256 0.263 0.316 MJ PADEP, 2013 

Bituminous coal, combusted in Kiln 0.097 0.044 0.0 kg PADEP, 2013 

Gasoline, combusted in equipment 1.33E-07 1.33E-07 1.33E-07 m3 NREL USLCI 

Liquefied petroleum gas, combusted in kiln 1.43E-08 1.43E-08 1.43E-08 m3 NREL USLCI 

Residual fuel oil, combusted in Kiln 4.42E-08 4.42E-08 4.42E-08 m3 NREL USLCI 

US: Cement bags, at plant 0.00068 0.00068 0.00068 kg NREL USLCI 

Explosives, at plant 0.00022 0.000226 0.000271 kg PADEP, 2013 

US: Filter bags, at plant 1.92E-05 1.92E-05 1.92E-05 kg NREL USLCI 

US: Grinding aids, at plant 0.00036 0.00036 0.00036 kg NREL USLCI 

US: Grinding media, at plant 0.00014 0.00014 0.00014 kg NREL USLCI 

US: Fuel Oil, combusted in Kiln 1.07E-06 1.07E-06 1.07E-06 m3 NREL USLCI 

US: Oil and grease, at plant 0.00013 0.00013 0.00013 kg NREL USLCI 

Recycling, cement kiln dust 0.0000 0.0256 0.222 kg PADEP, 2013 

US: Refractory material, unspecified, at plant 0.0006 0.0006 0.0006 kg NREL USLCI 

Hazardous Waste, solvents, combusted in Kiln 0.0 0.0742 0.1436 kg PADEP, 2013 

Gypsum (natural gypsum) [Nonrenewable resources] 0.0615 0.0615 0.0615 kg NREL USLCI 

Iron ore 0.0135 0.0135 0.0135 kg NREL USLCI 

Limestone (calcium carbonate) Quarry 1.53 1.54 1.55 kg PADEP, 2013 

Sand 0.0405 0.0405 0.0405 kg NREL USLCI 

Cooling Water (non-contact) 0.0187 0.0193 0.0193 kg PADEP, 2013 

 

 Table 3.6 is a summary of the model inputs used for the quarried material 

(limestone) which is mined on-site and transported to the cement production system as 

shown in Figures 3.1, 3.2, and 3.3. 
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Table 3.6 Limestone Quarrying Materials Units per kg portland cement  
 

Limestone Quarry Materials B.1 T.1 T.2 Unit Source 

Electricity [Electric power] 0.439 0.451 0.541 MJ PADEP 2013 

US: Diesel, combusted in equipment 5.84E-07 5.84E-07 5.84E-07 m3 NREL USLCI 

US: Gasoline, combusted in equipment 5.11E-08 5.11E-08 5.11E-08 m3 NREL USLCI 

 

 Table 3.7 presents a summary of the outputs associated with the three scenarios 

studied.  As previously mentioned, the LCI was generated from data available in the 

public files (PADEP 2013, MEDEP 2012) and the NREL USLCI database.  In addition, 

actual reported air emissions data for the EPA criteria pollutants was also readily 

available, as referenced in Table 3.7.  EPA's criteria pollutants are typically considered as 

NOx, SOx, PM, CO and recently CO2 etc.  Therefore, LCIs were developed using actual 

cement plant reported data while burning coal and co-burning with hazardous waste.   

3.3 LCA MODELING APPROACH 

 LCA modeling was performed using GaBi software following the general ISO 

14040:2006 LCA framework developed by the International Organization for 

Standardization (ISO).  All processes in Figures 3.1 - 3.3 were modeled, with the data 

described in Tables 3.3 - 3.7.  
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Table 3.7 Summary of the Outputs for the scenarios studied 

Cement Production System  B.1 T.1 T.2 Unit Source 

Cement 1.0 1.0 1.0 kg Functional Unit 

Aluminum (+III) [Inorganic emissions to fresh 
water] 

8.60E-07 8.60E-07 8.60E-07 kg NREL USLCI 

Ammonia [Inorganic emissions to air] 4.76E-06 4.76E-06 4.76E-06 kg NREL USLCI 

Ammonium / ammonia [Inorganic emissions to 
fresh water] 

9.48E-07 9.48E-07 9.48E-07 kg NREL USLCI 

Arsenic (+V) [Heavy metals to air] 4.10E-06 2.12E-06 2.96E-07 kg PADEP, 2013 

Beryllium [Inorganic emissions to air] 6.24E-07 5.33E-07 2.96E-07 kg PADEP, 2013 

Cadmium (+II) [Heavy metals to air] 1.01E-06 5.33E-07 8.60E-08 kg PADEP, 2013 

Carbon dioxide [Inorganic emissions to air] 0.841 0.811 0.750 kg PADEP, 2013 

Carbon monoxide [Inorganic emissions to air] 0.522 0.481 0.468 kg PADEP, 2013 

Chloride [Inorganic emissions to fresh water] 0.000727 0.000727 0.000727 kg NREL USLCI 

Chromium (+III) [Heavy metals to air] 1.17E-05 5.60E-06 2.96E-07 kg PADEP, 2013 

Dust (PM10) [Particles to air] 0.0109 0.0112 0.0134 kg PADEP, 2013 

Dust (PM2,5 - PM10) [Particles to air] 0.000296 0.000296 0.000296 kg NREL USLCI 

Dust (unspecified) [Particles to air] 0.00235 0.00235 0.00235 kg NREL USLCI 

Hydrocarbons (unspecified) [air (group VOC)] 0.00392 0.00264 0.00165 kg PADEP, 2013 

Hydrogen chloride [Inorganic emissions to air] 3.51E-05 0.0721 1.40E-01 kg PADEP, 2013 

Lead (+II) [Heavy metals to air] 9.67E-06 4.50E-06 8.60E-08 kg PADEP, 2013 

Mercury (+II) [Heavy metals to air] 5.32E-06 7.10E-06 9.70E-06 kg PADEP, 2013, 
MEDEP, 2012 

Methane [Organic emissions to air (group 
VOC)] 

3.95E-05 3.95E-05 3.95E-05 kg NREL USLCI 

Nitrate [Inorganic emissions to fresh water] 5.90E-06 5.90E-06 5.90E-06 kg NREL USLCI 

Nitrogen oxides [Inorganic emissions to air] 1.38 1.40 1.49 kg PADEP, 2013 

Oil (unspecified) [Hydrocarbons to fresh water] 7.52E-06 7.52E-06 7.52E-06 kg NREL USLCI 

Phenol (hydroxy benzene) [Hydrocarbons to 
fresh water] 

2.20E-08 2.20E-08 2.20E-08 kg NREL USLCI 

Phosphorus [Inorganic emissions to fresh water] 5.51E-09 5.51E-09 5.51E-09 kg NREL USLCI 

Polychlorinated dibenzo-p-dioxins (2,3,7,8 - 
TCDD) [emissions] 

9.98E-11 9.98E-11 9.98E-11 kg NREL USLCI 

Solids (suspended) [Particles to fresh water] 0.000234 0.000234 0.000234 kg NREL USLCI 

Sulphate [Inorganic emissions to fresh water] 0.000616 0.000616 0.000616 kg NREL USLCI 

Sulphide [Inorganic emissions to fresh water] 6.61E-08 6.61E-08 6.61E-08 kg NREL USLCI 

Sulphur dioxide [Inorganic emissions to air] 2.93 2.56 2.35 kg PADEP, 2013 

Total dissolved organic bounded carbon [to 
fresh water] 

1.38E-05 1.38E-05 1.38E-05 kg NREL USLCI 

Zinc (+II) [Heavy metals to fresh water] 3.31E-08 3.31E-08 3.31E-08 kg NREL USLCI 

Quarry Materials and Emissions           

Limestone [Minerals] 1.0 1.0 1.0 kg PADEP, 2013 

Dust (unspecified) [Particles to air] 5.11E-05 5.11E-05 5.11E-05 kg NREL USLCI 

 

3.3.1 IMPACT ANALYSIS 

 Five International Reference Life Cycle Data System (ILCD) categories 

were evaluated and compared in this work, as summarized in Table 3.8.  The categories 
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include: global warming potential (GWP), including biogenic carbon, human toxicity for 

cancer (HT-C), acidification potential (AP), terrestrial eutrophication potential (TEP) and 

Eco toxicity (ET). These categories were chosen because they are considered to be the 

most likely of a concern when shaping national policy or establishing emissions 

limitations for these facilities (SAIC, NRML, 2006).  No weighting or normalization of 

the LCA impacts was performed in this work. 

Table 3.8 Impact Categories Used in this Study 
 

ILCD Impact Category Abbreviation Unit/kg 

Climate Change GWP kg CO2-eq. 

Acidification Potentiala AP Mole H+ eq. 

Terrestrial Eutrophication Potentialb TEP Mole N eq. 

Human Toxicity, cancer effectc HT-C CTUh 

Freshwater Ecotoxicityd ET CTUe 

a AP (Mole H+ eq): ability of substance to build and release H+ ions. 
b TEP (Mole N eq.):  
c CTUh: comparative toxic unit for humans. 
d CTUe: comparative toxic unit for ecosystem.  

 

3.4 SCENARIO ANALYSIS 

 Analyses were performed to understand the impact specific processes on system 

environmental impacts.  Impacts associated with modifying two specific processes were 

investigated: (1) emissions associated with hazardous waste blending and (2) coal 

substitution rate. 

 In the development of the scenarios involving the burning of hazardous waste 

(T.1 and T.2), no specific data associated with the hazardous waste procurement and 

transportation facility (Figures 3.2 and 3.3) existed.  Therefore, the hazardous waste 

blending facility was modeled based on a benzene production facility. Because of the 

uncertainty associated with this operation, scenarios were run in which this process was 
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replaced and modeled based on two other potential similar processes: ethanol blending 

terminal and ethanol blending station.    The purpose of these simulations was to evaluate 

the influence of different hazardous waste procurement, transportation, and blending 

facilities (Figure 3.2 and 3.3) in the LCA model.  The specific USLCI data for these 

processes is included in Appendix A. 

 Lastly, two additional waste co-burning scenarios were modeled in order to 

compare their total ILCD impacts to the scenarios B.1, T.1 and T.2.  Since T.1 

represented 60% coal replacement and T.2 represented 100%, the additional model 

simulations were run at 40% and 80% fossil fuel replacement, T.1s3 (40%) and T.1s4 

(80%), respectively. 

3.5 MODEL ASSUMPTIONS 

 For the hazardous waste fuel blending which operated on the cement plant 

property site to test, store and blend the hazardous waste fuel the infrastructure was 

assumed to be in place and therefore no additional impacts were quantified.  Therefore, 

any impacts associated with the infrastructure necessary to operate the on-site hazardous 

waste storage facility were not included in this study.  In addition, for the purposes of this 

study, it was assumed all emissions are associated with the cement product. 
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CHAPTER 4 

RESULTS FROM THE LIFE-CYCLE ANALYSIS OF A CEMENT 
PLANT CO-BURNING HAZARDOUS WASTE COMPARED TO ITS 

BASE CASE 

4.1 INFLUENCE OF FUEL TYPE ON SYSTEM ENVIRONMENTAL IMPACTS 

 Five ILCD recommended impact categories were evaluated as part of this study 

(Table 3.8).  Figure 4.1 provides an overall summary of the ILCD categorical impact 

results for the three scenarios modeled. 

 

Figure 4.1 ILCD Impacts for (a) GWP, AP, TEP and ET and (b) HT-C 
 

 Overall, as illustrated in Figure 4.1a, GWP, AP and ET impacts decrease as the 

facility reduces their consumption of coal, mainly due to decreases in direct emissions of 

carbon dioxide (GWP), sulfur dioxide (AP), and pentavalent Arsenic (ET). The ET 
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category resulted in the greatest change (34%) when transitioning from 100% coal (B.1) 

to 100% hazardous waste (T.2) energy substitution. The TEP impact results, however, 

suggest that greater eutrophication impacts to the environment will result as fossil fuel is 

replaced with waste fuel. This increase in impact, as will be described in greater detail 

later in this chapter, results mainly from nitrogen oxides released during hazardous waste 

combustion due to the increase in airflow which causes an increase in thermal NOx from 

the oxidation of the molecular nitrogen in the combustion air.  

 The HT-C impacts also increase (62%, when comparing B.1 to T.2) as the facility 

reduces its consumption of coal and increases the burning of hazardous waste. This 

increase in impact results mainly from increases in mercury, dioxin, furan, and arsenic 

emissions associated with the direct burning of large amounts of hazardous wastes, as 

will be described in more detail later in this chapter.  

 The individual processes (Figures 3.1 – 3.3) contributing the most to each impact 

category for each scenario are illustrated in Table 4.1. The impacts have been separated 

into three categories: (1) Quarrying, (2) Cement Manufacturing, and (3) Fuel Source 

Acquisition.  Each of these three categories are broken into two types of impacts: 

� Quarry: (1) grid purchased electricity (Quarry Electricity) and (2) quarrying 

impacts at the plant site (Quarry Plant Emissions) 

� Cement Manufacturing: (1) grid purchased electricity (Cement Electricity) and (2) 

manufacturing impacts at the plant site (Cement Plant Emissions), including 

emissions associated with the coal and/or hazardous waste combustion for on-site 

energy generation 
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� Fuel source acquisition: (1) coal impacts (Coal), including off-site mining and the 

transportation of the coal to the cement manufacturing facility for storage and (2) 

hazardous waste impacts, including the collection, consolidation of blending the 

wastes, and transporting the wastes to the cement plant for storage. 

 As illustrated in Figure 4.1, direct emissions associated with the cement 

manufacturing process represent the greatest contribution to each impact category. 

Electricity requirements from both the quarry and cement manufacturing process (quarry 

electricity and cement electricity) represent the next largest contributions to each 

category, but only significantly impact the GWP, HT-C, and ET.  The acquisition of each 

primary fuel source (e.g., coal and hazardous wastes) represents relatively minor 

contributions to each of the impact categories, with the acquisition of coal playing the 

largest role in the ET impact category (scenario B.1 and T.1, see Table 4.1). It should be 

noted that emissions associated with the burning of each of these fuels are included in the 

direct emissions associated with the cement manufacturing process. 
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Table 4.1 Contribution of Individual Processes on the Environmental Impacts1 
Sc

en
ar

io
 Impact 

Category 
Quarry Cement Manufacturing Primary Fuel Source Acquisition2 

Electricity3 Plant Emissions Electricity3 Plant Emissions Coal4 Hazardous Waste5 

B.1 

GWP 0.134 (12.78) 0.00283 (0.27) 0.051 (4.87) 0.843 (80.42) 0.0174 (1.7) NA NA 

AP 0.000494 (0.01) 4.22E-05 (8.70E-04) 0.00018 (3.71E-03) 4.85 (99.98) 5.18E-05 (1.07E-03) NA NA 

TEP 0.000595 (0.01) 0.000212 (3.63E-03) 0.000226 (3.87E-03) 5.84 (99.98) 0.000106 (1.81E-03) NA NA 

HT-C 4.14E-09 (8.61) 4.20E-11 (0.09) 1.57E-09 (3.26) 4.23E-08 (87.93) 5.40E-11 (0.11) NA NA 

ET 0.0438 (19.19) 0.00774 (3.39) 0.0167 (7.32) 0.15 (65.72) 0.01 (4.38) NA NA 

T.1 

GWP 0.138 (13.62) 0.00282 (0.28) 0.0505 (4.98) 0.811 (80.02) 0.00796 (0.79) 0.00319 (0.31) 

AP 5.07E-04 (0.01) 4.22E-05 (9.63E-04) 0.00019 (4.34E-03) 4.38 (99.98) 2.37E-05 (5.41E-04) 3.58E-05 (8.17E-04) 

TEP 0.00061 (0.01) 0.000212 (3.56E-03) 0.00023 (3.86E-03) 5.96 (99.98) 4.82E-05 (8.09E-04) 3.90E-05 (6.54E-04) 

HT-C 4.25E-09 (7.10) 4.19E-11 (0.07) 1.62E-09 (2.71) 5.39E-08 (90.08) 2.46E-11 (0.04) 1.79E-17 (2.99E-08) 

ET 0.0449 (21.76) 0.00774 (3.75) 0.0171 (8.29) 0.132 (63.98) 0.00458 (2.22) 4.87E-09 (2.36E-06) 

T.2 

GWP 0.165 (16.72) 0.00282 (0.29) 0.0628 (6.36) 0.750 (76.00) NA NA 0.00621 (0.63) 

AP 0.000608 (0.01) 4.22E-05 (1.01E-03) 0.00023 (0.01) 4.17 (99.98) NA NA 6.97E-05 (1.67E-03) 

TEP 0.000732 (0.01) 0.000212 (3.34E-03) 0.00027 (4.26E-03) 6.34 (99.98) NA NA 7.58E-05 (1.20E-03) 

HT-C 5.09E-09 (6.49) 4.19E-11 (0.05) 1.94E-09 (2.48) 7.13E-8 (90.98) NA NA 3.48E-17 (4.44E-08) 

ET 0.0539 (35.95) 0.00774 (5.16) 0.0205 (13.67) 0.0678 (45.22) NA NA 9.48E-09 (6.32E-06) 

 
1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 
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4.2 GWP RESULTS  

 Detailed GWP impact category results for each scenario (B.1, T.1 and T.2) are 

depicted in Figure 4.2, and indicate that the GWP impact is dominated by on-site direct 

emissions associated with the cement manufacturing process (which includes the 

combustion of hazardous waste and/or coal), with the electricity requirements for the 

quarry representing the second most significant contribution to the GWP impact. The 

GWP-related impacts associated with the acquisition of the coal and/or hazardous waste, 

emissions at the quarry, and cement manufacturing electricity needs all represent small 

contributions to this category, with a combined contribution of < 7%. 

 

Figure 4.2 ILCD Impacts for GWP 

 The GWP impact associated with the on-site direct emissions associated with the 

cement manufacturing process (which includes the combustion of hazardous waste and/or 

coal) decrease as the facility shifts from burning 100% coal to burning 100 % hazardous 

waste.  This change in impact results mostly from a reduction in carbon dioxide 
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emissions (Table 4.2) when burning hazardous waste, consistent with the lower carbon 

content of the hazardous waste when compared to coal (see Table 3.2) (Boateng, 2016). 

 The GWP-related impacts associated with the electric grid (quarry and cement) 

trended in the opposite direction because of greater electricity needs per kg of cement 

when burning hazardous waste.  The need for additional electricity is because the kiln 

experiences lower performance in terms of cement per BTU of energy when using 

hazardous waste (Boesch and Hellweg, 2009).  This performance reduction is due in part 

to increases in required energy to evaporate the higher water content found in waste fuels 

(i.e., 9 to 15%, see Table 3.2)(VSTPB, 1999).  These results are consistent with the 

results of other cement plants burning alternative fuels (e.g., RFD, solvents, tires) 

(Valderrama, 2011 and Galvez-Martos, 2014, Strazza, 2011).   

Table 4.2 lists the three pollutants contributing most significantly to each process 

within each scenario. Interestingly, the carbon dioxide, either from direct plant emissions 

from cement manufacturing or electricity, appear to dominate the GWP impact.  Methane 

emissions also contribute significantly to this impact category, with nitrous oxide 

emissions making a relatively small contribution. 
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Table 4.2 Summary of GWP Scenario by Process 

Sc
en

ar
io

 

Pollutants Contributing Most Significantly1 | GWP [kg CO2e] 

Quarry 
 

Cement Manufacturing Secondary Fuel Source Acquisition2 

Pollutant Electricity3 Pollutant Plant Emissions Pollutant Electricity3 Pollutant Plant Emissions Pollutant Coal4  Pollutant Hazardous Waste5  

B.1 

CO2 0.124 (95.40) CO2 
2.72E-

03 
(96.60) CO2 

4.70E-
02 

(95.40) CO2 0.842 (99.87) Methane 9.95E-03 (57.50) NA NA NA 

Methane 
5.16E-

03 
(3.99) Methane 

9.44E-
05 

(3.35) Methane 
1.96E-

03 
(3.99) Methane 

1.00E-
03 

(0.12) CO2 7.35E-03 (42.47) NA NA NA 

Nitrous  
Oxide 

7.03E-
04 

(0.54) 
Nitrous  

Oxide 
6.37E-

07 
(0.02) 

Nitrous 
Oxide 

2.68E-
04 

(.054) 
Nitrous 

Oxide 
3.22E-

06 
(3.83E-

04) 
Nitrous 

Oxide 
1.10E-5 (0.03) NA NA NA 

T.1 

CO2 0.127 (95.40) CO2 
2.72E-

03 
(96.60) CO2 

4.82E-
02 

(95.40) CO2 0.810 (99.87) Methane 4.55E-03 (57.50) CO2 3.15E-03 (99.97) 

Methane 
5.29E-

03 
(3.99) Methane 

9.44E-
05 

(3.35) Methane 
2.01E-

03 
(3.99) Methane 

1.00E-
03 

(0.12) CO2 3.36E-03 (42.47) 
Nitrous 

Oxide 
7.93E-07 (0.03) 

Nitrous  
Oxide 

7.22E-
04 

(0.54) 
Nitrous  

Oxide 
6.37E-

07 
(0.07) 

Nitrous 
Oxide 

2.75E-
04 

(0.54) 
Nitrous 

Oxide 
3.22E-

06 
(3.97E-

04) 
Nitrous 

Oxide 
5.01E-06 (0.03) Methane 5.62E-08 

(1.78E-
03) 

T.2 

CO2 0.152 (95.40) CO2 
2.72E-

03 
(96.60) CO2 

5.78E-
02 

(95.40) CO2 0.749 (97.87) NA NA NA CO2 6.14E-03 (98.80) 

Methane 
6.35E-

03 
(3.99) Methane 

9.44E-
05 

(3.35) Methane 
2.42E-

03 
(3.99) Methane 

1.00E-
03 

(0.12) NA NA NA 
Nitrous 

Oxide 
1.54E-06 (.03) 

Nitrous  
Oxide 

8.65E-
04 

(0.54) 
Nitrous  

Oxide 
6.37E-

07 
(0.02) 

Nitrous 
Oxide 

3.29E-
04 

(0.54) 
Nitrous 

Oxide 
3.22E-

06 
(4.30E-

04) 
NA NA NA Methane 1.09E-07 

(1.78E-
03) 

1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 
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It should also be noted that these GWP impact potentials are influenced by the use 

of biogenic carbon. The electricity mix modeled in this study represents the use of 

biomass in order to produce electricity, which includes the use of a small amount of 

biomass (3.6%), which  represents a source of biogenic carbon in these scenarios.  As the 

electricity needs increase, so does the release of this biomass-bound biogenic carbon. The 

biogenic carbon emissions are considered neutral, and are therefore ultimately subtracted 

from this category.  The fraction of biogenic carbon subtracted from each GWP impact is 

< 1% of the total impact potential for each scenario, indicating its influence on overall 

GWP impact is small.  

4.3 AP RESULTS  

 The AP impact potential results are presented in Figure 4.3 and Table 4.3.  Only 

inorganic emissions to air result in AP-related environmental impacts. As with GWP, the 

AP impact is dominated by on-site direct emissions associated with the cement 

manufacturing process (which includes the combustion of hazardous waste and/or coal). 

The impact potentials associated with these emissions are 4 to 5 orders of magnitude 

greater than the impact potentials associated with all other processes (Table 4.3).  As the 

fuel source transitions from 100% coal (B.1) to 100% hazardous waste (T.2), the AP-

related impact decreases by 14% and results from a reduction in sulfur dioxide (Table 

4.3).  Sulfur in the waste fuel is significantly less than that of coal (Table 3.2), thus the 

shift to waste fuel results in less emissions of sulfur dioxide (Table 3.2) (VSTBP, 1999). 

 Similar to that associated with the GWP impact potentials, the AP-related impact 

potentials associated with the system electricity needs (e.g., US grid electricity for both 
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the quarry and cement manufacturing) increase as the fuel source transitions from coal to 

hazardous waste, consistent with a greater need for electricity when burning hazardous 

wastes. As noted previously, however, the overall contribution of these emissions on the 

AP impact potential is small (< 0.01%, Table 4.1). 

 

Figure 4.3 AP Impact potentials for (a) quarry and cement electricity, direct quarry, 
and acquiring coal and hazardous waste and (b) direct emissions at the cement 
manufacturing plant 
 
 Table 4.3 presents a detailed summary of the results associated with this impact 

category. Overall, these results indicate that as the facility shifts its use of coal to 

hazardous waste, lower amounts of sulfur dioxide are emitted, while slightly greater 

amounts of nitrogen oxides are emitted.  The increase in nitrogen oxide emissions results 

from a need for increased thermal energy to produce the cement while burning waste 

fuels because of energy efficiency loss (Galvez-Martos, 2014).  This results in greater 

amounts of hazardous waste being burning which in turn causes an increase in 

combustion air flow and an increase in NOx emissions due to thermal NOx from the 

oxidation of the molecular nitrogen in the combustion air (Boateng, 2016).  The reduction 
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in SO2 is primarily due to reductions in the sulfur content of the hazardous waste (Table 

3.2). 

4.4 TEP RESULTS  

 Results associated with the TEP impact category are presented in Figure 4.4 and 

Table 4.4.  Overall, the total TEP impact potential increases as hazardous waste is used in 

place of coal (Figure 4.1); a 7.9% increase in this impact category results when 

completely replacing coal with hazardous waste. As shown in Figure 4.4, direct 

emissions from the cement fuel burning processes dominated the impacts in each 

category, accounting for 99.98% of the overall impact (Table 4.1).  Within this process 

category, nearly 100% of the impacts from the direct cement plant emissions are from 

nitrogen oxides (Table 4.4).   This increase in nitrogen oxide emissions is a result of 

greater amount of waste fuels used when compared to that of coal.  Additionally, along 

with the increase in thermal energy needed to produce cement there is an increase in air 

flow in the system due to the need to evaporate the water in the waste fuels in addition to 

supplying the necessary energy to the cement manufacturing system.  Increased airflow 

causes an increase in thermal NOx from the oxidation of the molecular nitrogen in the 

combustion air (Boateng, 2016). 
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 Table 4.3 Summary of AP Scenario by Process 

1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 

 

 

Sc
en

ar
io

 

Pollutants Contributing Most Significantly1 | AP [Mole of H+ eq.] 

Quarry 

Cement Manufacturing Secondary Fuel Source Acquisition2 

Pollutant Electricity3 Pollutant Plant Emissions Pollutant Electricity3 Pollutant Plant Emissions Pollutant Coal4 Pollutant Hazardous Waste5 

B.1 Sulfur 
Dioxide 

0.00039 (78.90) Nitrogen 
Oxides 

3.69E-05 (87.00) Sulfur 
Dioxide 

0.000148 (78.90) Sulfur 
Dioxide 

3.84 (79.10) Sulfur 
Dioxide 

3.34E-
05 

(64.50) NA NA NA 

Nitrogen 
Oxides 

0.000101 (20.30) Sulfur 
Dioxide 

5.43E-06 (12.80) Nitrogen 
Oxides 

3.83E-05 (20.30) Nitrogen 
Oxides 

1.01 (20.90) Nitrogen 
Oxides 

1.82E-
05 

(35.10) NA NA NA 

Ammonia 3.40E-06 (0.69) Ammonia 5.20E-08 (0.12) Ammonia 1.29E-06 (0.69) Ammonia 1.44E-05 (2.96E-
04) 

Ammonia 1.74E-
07 

(0.34) NA NA NA 

T.1 Sulfur 
Dioxide 

0.0004 (78.90) Nitrogen 
Oxides 

3.68E-05 (87.00) Sulfur 
Dioxide 

0.000152 (78.90) Sulfur 
Dioxide 

3.34 (76.30) Sulfur 
Dioxide 

1.53E-
05 

(64.50) Sulfur 
Dioxide 

2.90E-
05 

(81.10) 

Nitrogen 
Oxides 

0.000103 (20.30) Sulfur 
Dioxide 

5.42E-06 (12.80) Nitrogen 
Oxides 

3.93E-05 (20.30) Nitrogen 
Oxides 

1.04 (23.70) Nitrogen 
Oxides 

8.31E-
06 

(35.10) Nitrogen 
Oxides 

6.71E-
06 

(18.70) 

Ammonia 3.49E-06 (0.69) Ammonia 5.19E-08 (0.12) Ammonia 1.33E-06 (0.69) Ammonia 1.44E-05 (3.28E-
04) 

Ammonia 7.94E-
08 

(0.34) Ammonia 7.39E-
08 

(0.21) 

T.2 Sulfur 
Dioxide 

0.00048 (78.90) Nitrogen 
Oxides 

3.68E-05 (87.00) Sulfur 
Dioxide 

0.000183 (78.90) Sulfur 
Dioxide 

3.07 (73.60) NA NA NA Sulfur 
Dioxide 

5.65E-
05 

(81.10) 

Nitrogen 
Oxides 

0.000124 (20.30) Sulfur 
Dioxide 

5.42E-06 (12.80) Nitrogen 
Oxides 

4.71E-05 (20.30) Nitrogen 
Oxides 

1.1 (26.40) NA NA NA Nitrogen 
Oxides 

1.31E-
05 

(18.70) 

Ammonia 4.18E-06 (0.69) Ammonia 5.19E-08 (0.12) Ammonia 1.59E-06 (0.69) Ammonia 1.44E-05 (3.44E-
04) 

NA NA NA Ammonia 1.44E-
07 

(0.21) 
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Figure 4.4 TEP Impact potentials for (a) quarry and cement electricity, direct 
quarry, and acquiring coal and hazardous waste and (b) direct emissions at the 
cement manufacturing plant 

 

 

 

 

. 
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Table 4.4 Summary of TEP Scenario by Process 

Sc
en

ar
io

 

Pollutants Contributing Most Significantly1 | TEP [Mole of N eq.] 

 
Quarry 

 
Cement Manufacturing 

 
Secondary Fuel Source Acquisition2 

Pollutant Electricity3 Pollutant Plant Emissions Pollutant Electricity3 Pollutant Plant Emissions Pollutant Coal4 Pollutant Hazardous Waste5 

B.
1 

Nitrogen 
Oxides 

0.000579 (97.30) Nitrogen 
Oxides 

0.000212 (99.90) Nitrogen 
Oxides 

0.00022 (97.30) Nitrogen 
Oxides 

5.84 (100.00) Nitrogen 
Oxides 

1.05E-04 (99.30) NA NA NA 

Ammonia 1.52E-05 (2.55) Ammonia 2.32E-07 (0.11) Ammonia 5.77E-06 (2.55) Ammonia 6.42E-05 (0.00110) Ammonia 7.75E-07 (0.73) NA NA NA 

Nitrogen 
Monoxide 

8.34E-07 (0.14) NA NA NA Nitrogen 
Monoxide 

3.18E-07 (0.14) NA NA NA NA NA NA NA NA NA 

T.
1 

Nitrogen 
Oxides 

0.000594 (97.30) Nitrogen 
Oxides 

0.000212 (99.90) Nitrogen 
Oxides 

0.000226 (97.30) Nitrogen 
Oxides 

5.96 (100.00) Nitrogen 
Oxides 

4.79E-05 (99.30) Nitrogen 
Oxides 

3.86E-05 (99.20
) 

Ammonia 1.55E-05 (2.55) Ammonia 2.32E-07 (0.11) Ammonia 5.92E-06 (2.55) Ammonia 6.40E-05 (0.00107) Ammonia 3.54E-07 (0.73) Ammonia 3.29E-07 (0.85) 

Nitrogen 
Monoxide 

8.56E-07 (0.14) NA NA NA Nitrogen 
Monoxide 

3.26E-07 (0.14) NA NA NA NA NA NA NA NA NA 

T.
2 

Nitrogen 
Oxides 

0.000712 (97.30) Nitrogen 
Oxides 

0.000212 (99.90) Nitrogen 
Oxides 

0.000271 (97.30) Nitrogen 
Oxides 

6.34 (100.00) NA NA NA Nitrogen 
Oxides 

7.52E-05 (99.20
) 

Ammonia 1.86E-05 (2.55) Ammonia 2.32E-07 (0.11) Ammonia 7.09E-06 (2.55) Ammonia 6.40E-05 (0.00101) NA NA NA Ammonia 6.41E-07 (0.85) 

Nitrogen 
Monoxide 

1.03E-06 (0.14) NA NA NA Nitrogen 
Monoxide 

3.91E-07 (0.14) NA NA NA NA NA NA NA NA NA 

1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 
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4.5 ET RESULTS  

 Results associated with the ET impact potential are presented in Figure 4.5 and 

Table 4.5. As shown, and consistent with previously described impact potentials, on-site 

direct emissions associated with the cement manufacturing process (which includes the 

combustion of hazardous waste and/or coal) represent the largest ET-related 

environmental impacts, ranging from 45% (T.2) to 66% (B.1) of the total ET impact 

potential (Table 4.1). This impact potential decreases as the facility transitions from using 

coal as a fuel to that of hazardous waste. This reduction is primarily attributed to a 

reduction in metal emissions; hazardous wastes generally have lower metal contents than 

coal for certain metals (e.g. Arsenic), see Table 3.2.  

 
Figure 4.5 ET Impact potentials for (a) quarry and cement electricity, direct quarry, 
and acquiring coal and hazardous waste and (b) direct emissions at the cement 
manufacturing plant 
 
 The highest observed ET-related impacts associated with emissions at the cement 

manufacturing plant in the B.1 scenario are from heavy metals to air where arsenic, 
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mercury, and chromium represent the most significant pollutants. As the facility shifts 

from burning coal (B.1) to burning hazardous waste (T.1 and T.2), the cement 

manufacturing ET impact related emissions decrease primarily because of decreases in 

arsenic emissions.  Coal generally contains 24 ppm of arsenic (Bragg, 1998, also see 

Table 3.2), so as coal combustion is reduced, so are the arsenic emissions; a 92.7% 

reduction of arsenic emissions occurs when eliminating the use of coal for on-site 

combustion.  However, it should be noted that the trends associated with Hg-related 

impacts increase, as shown in Figure 4.6, and are consistent with the higher mercury 

contents associated with the hazardous waste (Table 3.2).     

 
 

Figure 4.6 ET Comparison Arsenic (+V), Mercury (+II), Chromium (+III) 
 

 Unlike the previously described impact categories, the ET-related contributions 

associated with other system processes (e.g., quarry and cement manufacturing 

electricity, direct quarry emissions, and coal and hazardous waste acquisition) are 

significant, contributing up to 55% of the total ET impact. The importance of these other 

system processes increases as the fraction of hazardous waste burned for energy increases 

because metal emissions as the cement manufacturing plant decrease. This result also 

Arsenic(+V) (Air) Mercury (+II) (Air) Chromium(+III) (Air)

B.1 6.97E-02 6.48E-02 6.08E-03

T.1 3.60E-02 8.63E-02 2.90E-03
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suggests that substituting coal generated energy/electricity with that of on-site hazardous 

waste-generated power could reduce ET impacts.  The evaluation of alternative sources 

of energy (e.g., heat recovery) for other electricity needs should be considered for on-site 

co-generation.  

 The grid purchased electricity (quarry) emissions represent the second most 

significant fraction of the ET impact potential; as the facility transitions from coal to 

hazardous waste, the quarry electricity requirements increase, as does the magnitude of 

this contribution.  The metal contributing most significantly to these impacts is chromium 

(Table 4.5), which is a direct result of increases in electricity use. Cement purchased 

electricity also accounts for a significant amount of the impacts in all three scenarios 

where chromium, copper and arsenic impacts to water occur and increase as the fraction 

of coal used decreases.   

4.6 HT-C RESULTS  

The HT-C impact potential results are presented in Figure 4.7 (a-f) and Table 4.6.  

In Figure 4.7(d), it is observed that the direct effect of shifting facility fuel consumption 

from coal to waste fuels results in increasing the HT-C-related impacts by 68.6%. As the 

facility shifts from burning coal (B.1) to hazardous waste (T.1 & T.2), Hg emissions to 

air increase by 82% (Table 4.6), while total chromium emissions to freshwater for all of 

the purchased electricity (quarry and cement) increase by 23.3%.  The chromium impacts 

to freshwater are the result of flue gas cleaning of the electric utility.  The mercury 

impacts to air are from the increased rate of burning waste fuels which have higher 

emissions of mercury compared to when burning coal. 
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Table 4.5 Summary of ET Scenario by Process  

Sc
en

ar
io

 

Pollutants Contributing Most Significantly1 | ET [CTHe] 

 
Quarry 

 
Cement Manufacturing 

 
Secondary Fuel Source Acquisition2 

Pollutant Electricity3 Pollutant Plant Emissions Pollutant Electricity3 Pollutant Plant Emissions Pollutant Coal4 Pollutant Hazardous Waste5 

B.1 Chromium 
(Water) 

4.09E-
02 

(93.50) Barium 
(Water) 

5.67E-
03 

(73.20) Chromium 
(Water) 

1.56E-
02 

(93.50) Arsenic 
(+V) (Air) 

6.97E-
02 

(46.40) Barium 
(Water) 

7.13E-
03 

(71.10) NA NA NA 

Copper(+II) 
(Water) 

6.38E-
04 

(1.46) Silver 
(Water) 

1.28E-
03 

(16.50) Copper(+II) 
(Water) 

2.43E-
04 

(1.46) Mercury 
(+II) (Air) 

6.48E-
02 

(43.20) Silver 
(water) 

1.83E-
03 

(18.30) NA NA NA 

Arsenic(+V) 
(Water) 

3.96E-
04 

(0.91) Chromium 
(Water) 

4.08E-
03 

(5.27) Arsenic(+V) 
(Water) 

1.51E-
04 

(0.91) Chromium 
(+III) (Air) 

6.08E-
03 

(4.05) Chromium 
(Water) 

5.09E-
04 

(5.08) NA NA NA 

T.1 Chromium 
(Water) 

4.20E-
02 

(93.50) Barium 
(Water) 

5.67E-
03 

(73.20) Chromium 
(Water) 

1.60E-
02 

(93.50) Mercury 
(+II) (Air) 

8.63E-
02 

(65.50) Barium 
(Water) 

3.26E-
03 

(71.10) Benzene 
(Water) 

4.87E-
09 

(100.00) 

Copper(+II) 
(Water) 

6.54E-
04 

(1.46) Silver 
(Water) 

1.28E-
03 

(16.50) Copper(+II) 
(Water) 

2.49E-
03 

(1.46) Arsenic 
(+V) (Air) 

3.60E-
02 

(27.30) Silver 
(water) 

8.38E-
04 

(18.30) NA NA NA 

Arsenic(+V) 
(Water) 

4.07E-
03 

(0.91) Chromium 
(Water) 

4.08E-
03 

(5.27) Arsenic(+V) 
(Water) 

1.55E-
04 

(0.91) Chromium 
(+III) (Air) 

2.90E-
03 

(2.20) Chromium 
(Water) 

2.33E-
04 

(5.08) NA NA NA 

T.2 Chromium 
(Water) 

5.04E-
02 

(93.50) Barium 
(Water) 

5.67E-
03 

(73.20) Chromium 
(Water) 

1.92E-
03 

(93.50) Mercury 
(+II) (Air) 

1.18E-
01 

(93.00) NA NA NA Benzene 
(Water) 

9.48E-
09 

(100.00) 

Copper(+II) 
(Water) 

7.85E-
04 

(1.46) Silver 
(Water) 

1.28E-
03 

(16.50) Copper(+II) 
(Water) 

2.99E-
04 

(1.46) Arsenic 
(+V) (Air) 

5.02E-
03 

(3.96) NA NA NA NA NA NA 

Arsenic(+V) 
(Water) 

4.88E-
04 

(0.91) Chromium 
(Water) 

4.08E-
03 

(5.27) Arsenic(+V) 
(Water) 

1.86E-
04 

(0.91) Cadmium 
(+II) (Air) 

3.38E-
04 

(0.27) NA NA NA NA NA NA 

1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 
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Figure 4.7 HT-C Impact potentials for (a) quarry electricity, (b) direct quarry, (c) cement electricity, (d) cement 

manufacturing plant, (e) coal and (f) hazardous waste 
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Table 4.6 Summary of HT-C by Process  

Sc
en

ar
io

 

Pollutants Contributing Most Significantly1 | HT-C [CTHu] 

 
Quarry 

 
Cement Manufacturing 

 
Secondary Fuel Source Acquisition2 

Pollutant Electricity3 Pollutant Plant Emissions Pollutant Electricity3 Pollutant Plant Emissions Pollutant Coal4 Pollutant Hazardous Waste5 

B.
1 

Chromium 
(Water) 

4.11E-09 (99.40
) 

Chromium 
(Water) 

4.10E-
11 

(97.70
) 

Chromium 
(Water) 

1.56E-09 (99.40
) 

Hg (+II) 
(Air) 

3.75E-08 (88.70
) 

Chromium 
(Water) 

5.12E-11 (94.80
) 

NA NA NA 

Mercury (+II) 
(Air) 

9.14E-12 (0.22) Chromium (+VI) 
(Water) 

3.21E-
13 

(0.76) Mercury 
(+II) (Air) 

3.48E-12 (0.22) D/F 2.90E-09 (6.85) Mercury 
(+II) (Air) 

8.30E-13 (1.54) NA NA NA 

Arsenic (+V) 
(Air) 

3.99E-12 (0.10) Formaldehyde 
(Air) 

3.18E-
13 

(0.76) Arsenic 
(+V) (Air) 

1.52E-12 (0.10) Arsenic 
(+V) (Air) 

1.37E-09 (3.23) Chromium 
(Air) 

4.56E-13 (0.84) NA NA NA 

T.
1 

Chromium 
(Water) 

4.22E-09 (99.40
) 

Chromium 
(Water) 

4.10E-
11 

(97.70
) 

Chromium 
(Water) 

1.61E-09 (99.40
) 

Hg (+II) 
(Air) 

5.00E-08 (92.80
) 

Chromium 
(Water) 

2.34E-11 (94.80
) 

Benzene 
(Water) 

1.79E-17 (100.00
) 

Mercury (+II) 
(Air) 

9.38E-12 (0.22) Chromium (+VI) 
(Water) 

3.21E-
13 

(0.76) Mercury 
(+II) (Air) 

3.57E-12 (0.22) D/F 2.89E-09 (5.37) Mercury 
(+II) (Air) 

3.79E-13 (1.54) NA NA NA 

Arsenic (+V) 
(Air) 

4.09E-12 (0.10) Arsenic (+V) 
(Water) 

3.18E-
13 

(0.76) Arsenic 
(+V) (Air) 

1.56E-12 (0.10) Arsenic 
(+V) (Air) 

7.05E-10 (1.31) Chromium 
(Air) 

2.08E-13 (0.84) NA NA NA 

T.
2 

Chromium 
(Water) 

5.06E-09 (99.40
) 

Chromium 
(Water) 

4.10E-
11 

(97.70
) 

Chromium 
(Water) 

1.93E-09 (99.40
) 

Hg (+II) 
(Air) 

6.83E-08 (95.70
) 

NA NA NA Benzene 
(Water) 

3.48E-17 (100.00
) 

Mercury (+II) 
(Air) 

1.13E-11 (0.22) Chromium (+VI) 
(Water) 

3.21E-
13 

(0.76) Mercury 
(+II) (Air) 

2.04E-14 (0.22) D/F 2.89E-09 (4.06) NA NA NA NA NA NA 

Arsenic (+V) 
(Air) 

4.91E-12 (0.10) Arsenic (+V) 
(Water) 

3.18E-
13 

(0.76) Arsenic 
(+V) (Air) 

1.69E-12 (0.10) Arsenic 
(+V) (Air) 

9.84E-11 (0.14) NA NA NA NA NA NA 

1. Numbers in parentheses indicate percent contribution of that impact to the total impact category. 
2. Impacts associated with the processes required for source acquisition. 
3. Electricity-related emissions, including electricity at the grid as well as any electricity associated with any start-up fuels. 
4. Includes emission associated with mining and transportation to the cement plant. 
5. Includes emissions associated with necessary hazardous waste blending and transportation to the cement plant. 
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4.7 SCENARIO ANALYSIS 

4.7.1 INFLUENCE OF MODEL SELECTION FOR HAZARDOUS WASTE 
BLENDING FACILITY 
 

Two additional model simulations were run by replacing the benzene production 

data set with an ethanol blending terminal (T.1.s1) and an ethanol blending station 

(T.1.s2).  The results of the simulations are presented in Table 4.7. 

Table 4.7 LCA Summary with Simulations S1 and S2 
 

Scenario GWP 
 (kg (CO2-eq.) 

AP 
 (Mole H+ eq.) 

TEP 
 (Mole N eq.) 

ET 
 (CTUe) 

HT-C 
(CTUh/kg) 

B.1 1.05 4.85 5.84 0.228 4.81E-08 

T.1s1 1.44 4.39 6.01 0.997 7.05E-08 
T.1 1.01 4.38 5.96 0.206 5.98E-08 

T.1s2 1.42 4.39 6.01 0.997 7.05E-08 
T.2 0.987 4.17 6.34 0.150 7.84E-08 

 

 
 
Figure 4.8 Simulation Comparison, (a) T.1s1 to T.1 and (b) T.1.s2 to T.1 
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Model simulation ratios (e.g. T.1.s1/T.1) were calculated by comparing the results 

T.1s1 and T.1s2 to T.1 in each impact category (Figure 4.8). Values greater than 1.0 

represent increased impacts and values equal to 1.0 are neutral or no significant change.  

The change in the selection of the process that simulated the hazardous waste collection 

facility indicate there was little change in the impacts of AP (0.2%) and TEP (0.8%).  The 

greatest observed impacts associated with changing these facilities from a benzene 

production facility to either an ethanol blending terminal or station were in the ET 

(383%), GWP (41%), and HT-C (17.8) impact categories.  These results clearly 

demonstrate that overall environmental impacts in this study from GWP, ET and HT-C 

are influenced by the type of facility used to blend the hazardous waste for preparation 

for use as a fuel. The type of blending facility imparts the greatest influence on the ET-

related impacts because of the organic emission impacts to freshwater.   

4.7.2 INFLUENCE OF HAZARDOUS WASTE REPLACEMENT 

Two additional model simulations were run in order to ascertain what relative 

changes in the total environmental impacts would be observed as waste fuel energy was 

substituted for coal energy at rates of 20% less and 20% (substitution rate) greater than 

those modeled in T.1 (i.e. 60%).  Therefore, the LCI data was extrapolated and two 

additional model simulations (T.1s3: 40% hazardous waste substitution rate and T.1s4: 

80% hazardous waste substitution rate) were conducted. Results from these model 

simulations are presented in Figures 4.9 through 4.13.  
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Figure 4.9 ILCD Impacts, GWP 
  

 
 

Figure 4.10 ILCD Impacts, AP  
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Figure 4.11 ILCD Impacts, TEP 
 

 
 

Figure 4.12 ILCD Impacts, ET 
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Figure 4.13 ILCD Impacts, HT-C 
 

The trends associated with Figures 4.9 to 4.13 can be explained by changes in 

emissions when transitioning from coal-based fuel to hazardous waste-based fuel. In 

Figure 4.9, the trend associated with changes in the GWP impact category correlate with 

the reduction of coal usage and the corresponding reduction in the carbon content of the 

fuels.  In Figure 4.10, changes in the AP impact category are attributed to changes in SO2 

and NOx emissions (Table 4.3);  the trend corresponds to reductions in the sulfur content 

of the fuel. In Figure 4.11, the TEP impact category is mostly impacted by changes in 

NOx emissions, which, as described previously, increase as the thermal energy 

requirements of the system increased with greater amounts of waste being burned. The 

ET impact category (Figure 4.12) results are relatively unchanged from 40% to 80% 

substitution rates. The HT-C impact category results (Figure 4.13) increased as more 

hazardous waste was burned.  Additionally, the impacts were observed to increase with 

greater emissions of Hg to air and Cr to freshwater.     
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In each of the impact categories of GWP, AP and ET points on the curves where 

change as a result of fuel substitution are GWP (40%), AP (40%) and ET (80%).  The 

substitution rate of hazardous waste (60%) for coal is also the rate at which a noticeable 

change in the impacts of HT-C and ET such that the slopes are noticeably increasing at a 

great rate compared to before the 60% point.  Accordingly, GWP, AP and ET resulted in 

a trend of less overall impacts to the environment while TEP and HT-C resulted in a trend 

of greater overall impacts as the burning of waste fuel increased to 40% for GWP and 

AP, and 80% for ET.  For TEP and HT-C 60% was the observed highest sloping trend in 

greater overall impacts. 

  



 

49 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The LCA conducted in this study compared the environmental impacts associated 

using hazardous waste as an alternative fuel in a cement manufacturing facility.  Results 

from this study indicate that replacing coal with hazardous waste (T.1 and T.2) reduces 

the environmental impacts associated with GWP, AP and ET.  However, the human 

toxicity impacts for cancer (HT-C) and TEP-related environmental impacts increase as 

the amount of coal used decreases.   Mercury emissions to air from the cement 

manufacturing and chromium emissions to water from the electric grid were shown to be 

the primary pollutants of concern associated with this increase in the HT-C impact 

potentials.   

These results confirm that there are certain positive environmental effects 

associated with the co-burning hazardous waste in an energy recovery process (e.g. 

cement manufacturing) and replacing fossil fuels, such as coal, with high BTU hazardous 

waste.  Among those are predicted lower impacts of GWP, ET and AP.  However, these 

results also confirm that EPA's use of Site Specific Human Risk Assessments (SSRA's) in 

the process of setting environmental limitations for facilities burning hazardous waste is 

greatly supported because of the predicted increase in HT-C (cancer) and TEP impacts to 

the environment (RCRA §3005(c)(3)). The results of this study indicate that Hg, As, Cr 
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and Ba impacts compared to other metals have significant environmental impacts and 

should be further studied.   

GWP was not significantly reduced by the replacement of coal with hazardous 

waste, but it was reduced.  AP was significantly reduced with the replacement of coal by 

14% and ET was reduced by 34%.  Conversely, HT-C and TEP increased by 68.6% and 

8.5%, respectively. 

From the simulations in the scenario analysis the results of this study could be 

improved with an actual LCI from a typical hazardous waste procurement facility, 

however the results obtained using a benzene production facility confirm that the main 

processes of the cement plant represent the largest component for influencing the 

evaluated environmental impacts.  The influence of waste fuel substitution rate in all 

evaluated environmental impact categories tends to show that areas when coal or waste 

tend to have the greatest influence on the results varies by impact category.  GWP and 

AP showed the greatest decreasing trend at 40%.  The ET impacts showed the greatest 

decreasing trend at 80%.  For both TEP and HT-C the 60% point was where the impacts 

showed the highest increasing trend.  

The production of portland cement is an ongoing process and it requires electrical 

energy and a fuel supply.  The supply of fuels can originate from fossil fuels or it can be 

energy substituted by hazardous waste fuels.  Certain environmental impacts can be 

reduced and others will increase as a facility shifts from burning coal to hazardous waste.   

5.1 RECOMMENDATIONS 

For a cement manufacturing facility considering implementing an alternative fuels 

program for hazardous waste and in the context of this study several points should be 
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considered.  First, a minimum substitution rate of 60% should be considered since it not 

only replaces more than 50% of the fossil fuel, this study also shows that reductions in 

two of the five impact categories can predict improved environmental performance 

(GWP and AP).  Secondly, given the HT-C results showed an increase as fuel 

substitution rates increased whereby mercury emissions played a role then placing a limit 

on mercury in the waste fuel to restrict fuel related mercury emissions should be 

considered to at least confirm that any mercury in the waste fuel is minimized and the 

environmental impacts would also be minimized.  Reducing grid purchased electricity by 

recuperating waste heat from the process, cooling the exhaust gases and generating 

electricity to offset electrical demand, would reduce environmental impacts associated 

with off-site grid purchased electricity.  The avoided cost of electricity may provide the 

capital necessary to support the project.  Lastly, the environmental impacts associated 

with constructing and operating an on-site hazardous waste storage and blending facility 

should be taken into account as part of the overall environmental impacts.  

5.2 LCA MANAGEMENT DECISIONS 

With the awareness and concern over environmental impacts associated with 

products in today’s global economy stakeholders (e.g. – regulators, community, 

employees etc.) desire to see company’s set and achieve sustainability goals.  An LCA 

should be considered as a management tool to for helping a company setting and 

targeting changes in its processes, materials used, methods of transportation for its goods 

purchased and sold to define those goals and to make management decisions on how to 

ascertain which goals can be realistically achieved in the short term and long term. 
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