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ABSTRACT 

Effective and efficient management of coal combustion products (CCP) and controlling 
associated financial risks are challenges that many power generation utilities face. For 
the first time, the US Environmental Protection Agency (USEPA) is regulating CCP 
disposal and beneficial use, changing the viable options for beneficial use and disposal, 
requiring more innovative and creative approaches for CCP management.  
 
Natural Resource Technology, Inc. (NRT) developed a probabilistic cost model (PCM) 
for a hypothetical landfill to assess future CCP management risks, such as potential 
cost savings that may be achieved through CCP beneficial use and reduction in long-
term management. Through the use of the PCM, risk reduction (cost savings) may be 
realized and those cost savings can potentially be apportioned to research and 
development for new CCP utilization markets. The PCM has been used to estimate the 
full life-cycle cost of CCP disposal by including disposal facility permitting, construction, 
monitoring, operations and maintenance, and post-closure care. Sensitivity analyses 
allow the user to increase the understanding between input and output variables, 
identify key cost elements, and provide more credible and understandable 
recommendations. The PCM incorporates many cost variables with wide ranges of 
values in the life-cycle cost of disposal and provides a tailored confidence level or 
assurance that those costs are reliable. It can be an important tool for exercising due-
diligence in engineering estimates. 
 
The PCM tool can aid in the analysis of CCP management decisions for future 
challenges utility owners may face, including: 
 

 Assessment of CCP beneficial use instead of disposal 

 Planning tool for CCP pond or impoundment closure 

 Prioritization of CCP pond or impoundment closure and evaluation of landfill 
disposal  

 
Example modeling and decision making processes are provided to illustrate the 
implementation of the PCM framework.  
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INTRODUCTION 

As a tool for assessing risk related to management of CCPs, the PCM builds upon 
detailed engineering cost estimates for disposal facility permitting, design and 
construction, operation and maintenance, closure, and post-closure care. The detailed 
cost estimates, or base case cost estimates, are analyzed using Monte Carlo 
simulation, drawing from probability distributions assigned to PCM line item costs to 
provide overall life-cycle costs within a desired statistical certainty and identify line items 
contributing the most variance to the statistical certainty.  
 
Examples of assessing risk are provided in this paper and include diverting CCP from 
the waste stream for beneficial use. Varying degrees of beneficial use provide long-term 
cost savings that can be utilized elsewhere, such as research and development for CCP 
utilization in material manufacturing, treatment systems, and other creative applications.  
 
The PCM includes a tool for estimating construction quantities, such as barrier soil, 
geosynthetics, daily cover, piping, and other materials as needed for the site-specific 
parameters. The construction quantity estimation tool allows cost simulations to be 
prepared without the need for a detailed engineering design. The flexibility of the PCM 
allows for adjustment of the physical parameters as needed to quickly assess various 
facility configurations. For instance, this can be useful during the site investigation stage 
when the disposal facility design is not yet complete.  

MODEL OVERVIEW  

The PCM is a tabular spreadsheet developed using Microsoft Excel® computer 
software and considers over 100 line items pertaining to potential costs to design, 
operate, maintain, and close a disposal facility, with the flexibility to modify or add more 
line items as needed. Statistical analysis, using Monte Carlo simulation is performed 
using Oracle Crystal Ball®, a Microsoft Excel® compatible add-on computer software.  
 
In general, the disposal facility configuration includes, from bottom to top: liner system, 
which consists of material with low hydraulic conductivity to isolate the waste in the 
disposal facility from the underlying soils and groundwater; leachate collection system to 
remove liquids from within the facility and reduce the driving force (hydraulic head) of 
leachate on the liner; and a cover system to prevent liquids from entering the facility and 
generating leachate. 
 
Physical parameters of the disposal facility are defined in the PCM to provide quantity 
estimates for materials typically used for disposal facility construction. It should be noted 
that the costs in this model do not specifically represent any particular landfill 
development, but are generic costs which are generalized cost ranges across past and 
future costs. It is also important to note, that the PCM is not intended for design 
purposes, rather the PCM is a planning tool to assist with CCP management decision 
making. That said, the PCM considers a simplified disposal facility configuration using 
accepted and typical design parameters to estimate construction quantities for a CCP 



disposal facility. Figure 1 provides a plan view and cross-section of the CCP disposal 
facility configuration. 
 

 
Figure 1. Typical CCP disposal facility plan view and cross-section. 
 
Figure 1 shows the major features of a typical CCP disposal facility, including:  
 

 Composite cover components (listed from top to bottom): topsoil, rooting zone, 
drainage layer (sand or geocomposite), geomembrane, and barrier soil  

PLAN VIEW 

CROSS-SECTION 



 Composite liner components (listed from top to bottom): leachate collection 
system (including collection and conveyance pipe), geotextile cushion layer, 
geomembrane, and low permeability clay layer 

 Perimeter berms, ditches, and roads 
 
The above described CCP disposal facility components may or may not be included in 
the PCM as necessary to represent facility-specific configurations.  
 
The PCM disposal facility life-cycle considers five phases: (1) permitting, (2) design and 
construction, (3) operation and maintenance, (4) closure, and (5) post-closure. In 
general, each life-cycle phase consists of the following: 
 

 The permitting phase includes regulatory siting requirements for the disposal 
facility to satisfy federal, state, and local requirements. In addition, this phase 
includes purchasing property, condemning existing structures, performing due 
diligence, land surveying, zoning, preparing an alternative analysis, traffic 
studies, installation of a groundwater monitoring network, and other consulting 
services.  

 The design and construction phase encompasses planning and construction of 
the disposal facility. Some facilities are partially constructed in cells, phases, or 
modules as needed to accommodate the anticipated CCP disposal volume per 
year or for several years. The design and construction phase consists of items 
such as: preparing bid documents, contractor procurement, erosion controls, 
clearing vegetation, topsoil stripping, excavation, road construction, liner 
construction, piping, tanks, utilities, cover construction, screening berms, and 
security measures.  

 Disposal facility operations and maintenance begins when CCP is managed in 
the disposal facility. Along with maintaining the in-place infrastructure, operations 
and maintenance includes CCP hauling, placement, compaction, and dust 
control. Examples of other expenses considered in the operation and 
maintenance phase include: security, training, insurance, environmental 
monitoring, agency fees, local community fees, and miscellaneous consulting 
services.  

 Closure of the disposal facility is typically sequenced to close portions of the 
facility where the approved disposal grades are achieved. Some items 
considered in the closure phase include: construction management, insurance, 
security, consulting expenses, cover construction, and borrow area restoration.  

 The post-closure phase begins after the facility has exhausted its disposal 
capacity and the closure activities are complete. This phase is sometimes 
referred to long-term care and is typically considered to extend 40 years after 
final closure for cost estimating purposes. Some items considered for the 
post-closure phase include: project management, surveying, reporting, agency 
fees, miscellaneous consulting services, environmental monitoring, leachate 
management, and infrastructure maintenance.  

 



The built-in life-cycle timeline provides a visual reference to show the interaction of the 
five life-cycle phases. An example life-cycle timeline is presented later in the paper 
where the PCM example landfill scenarios are presented (Figure 2).  
 
Base case costs for each life-cycle phase are estimated by the PCM and presented in 
today’s dollar, inflated cost, and present worth cost. These base case costs can be 
useful for budgeting and determining parameters such as CCP disposal cost per cubic 
yard. Improving upon the typical base case cost assessment, the PCM applies 
statistical analysis using Monte Carlo simulation to determine probability of exceeding 
the base case cost estimate and key variables for cost uncertainty. 

PCM LIFE-CYCLE ANALYSIS EXAMPLES 

The following example cost simulations are provided to demonstrate potential uses for a 
comprehensive life-cycle assessment tool using PCM and statistical analysis. Results 
provided herein are not indicative of actual landfill or impoundment life-cycle costs and 
therefore should not be relied upon for CCP management and decision making 
purposes. Case-by-case assessment of each landfill, impoundment, or other disposal 
facility is recommended.  
 
The following examples explore two CCP landfill disposal scenarios. Landfill A 
considers all of the CCP generated at the power generation utility is landfilled. Landfill B 
has half the disposal capacity (airspace) of Landfill A because 50% of the CCP 
generated is beneficially used.  

LANDFILL A (100% CCP DISPOSAL) 

To describe how the PCM may be used to mitigate risk, the following example considers 
a hypothetical landfill with 7.5 million cubic yards of airspace owned and operated by an 
electric utility company within two miles of the power generation utility (Landfill A). The 
general configuration of Landfill A considers compliance with Resource Conservation 
and Recovery Act (RCRA) Subtitle D liner and cover requirements, as follows: 
 

 Composite basal liner components, listed from bottom to top: 

o Four-foot thick barrier soil overlain with a 60-mil high density polyethylene 
(HDPE) geomembrane  

o Leachate collection and conveyance system 

 Composite cover system, list from bottom to top: 

o Two-foot thick barrier soil overlain with a 40-mil polyvinylchloride (PVC) 
geomembrane 

o Geocomposite drainage layer 

o Two and a half (2.5) foot thick rooting zone 

o Six inches of topsoil 

o Vegetation and erosion protection 
 



The life of Landfill A extends 75 years, from the start of the permitting phase to the end 
of post-closure care. More specifically the life-cycle phases include:  
 

 Five years for permitting 

 Design and construction occurring intermittently over 21 years 

 Twenty-nine years of operation and maintenance (active disposal) 

 Closure activities occurring intermittently over 22 years 

 Forty years of post-closure care  
 
A graphical representation of the landfill life-cycle considered in this example and 
generated by the PCM is provided in Figure 2. 
 

 
Figure 2. Landfill life-cycle timeline. 

As shown in the landfill life-cycle timeline (Figure 2), this example landfill scenario 
assumes the permitting phase will be complete prior to initiating design and construction 
activities. The life-cycle phases represented in the timeline consider line items 
discussed in the Model Overview section. Generally, the lifecycle phase is complete 
prior to initiating design and construction activities, but could occur over a longer period, 
depending on site-specific circumstances. For example, the regulatory agency may 
grant partial approval for landfill construction prior to completing all of the permitting 
requirements, contingent upon the landfill owner/operator refining the closure plan prior 
to granting the final landfill plan of operation approval.  



 
As indicated in the timeline, some life-cycle phases of Landfill A occur concurrently. In 
particular, design and construction, operation and maintenance, and closure life-cycle 
phases were sequenced to occur concurrently. Six landfill cells were considered in this 
example (constructed during the design and construction phase). A landfill cell was 
assumed to be constructed every four years from year 5 to year 25 to accommodate an 
average CCP disposal rate of approximately 258,700 cubic yards per year. Therefore, 
CCP management occurs during the operation and maintenance phase from years 6 to 
34 to accommodate disposal of approximately 7.5 million cubic yards of CCP.  
 
Closure was assumed to begin in year 14 and incrementally sequenced every three 
years until year 35. The airspace in Landfill A was assumed to be exhausted at the end 
of year 34 and final closure completed at the end of year 35. Post-closure follows 
thereafter for 40 years, from year 36 to year 75.  
 
Landfill A base case costs determined for each life-cycle phase and the total costs in 
today’s dollar, inflated cost, and present worth are provided in Figure 3. Inflated and 
present worth costs were determined considering an inflation rate of 3.42% and an 
interest rate of 6.00%, respectively.  
 

 
Figure 3. Base case life-cycle costs for Landfill A, a hypothetical landfill with 7.5 million 
cubic yards of airspace.  
 
Typically base case costs, as shown in Figure 3, are developed and a contingency is 
applied for budgeting and planning purposes. Unit costs are developed using historical 
data and expert opinion. Unfortunately, applying a contingency to the base cost 
provides little in the way of certainty that the cost estimate will not be exceeded. 



Conversely, the contingency may increase the estimated cost to a level that indicates 
the project is not viable. Therefore, the PCM takes the base case cost estimate a step 
further to apply probability distributions to line item costs to account for their inherent 
variability due to factors such as fuel, labor, and material availability. For example, a 
normal distribution may be used where the minimum and maximum values are equally 
distributed around the most-likely value. Whereas, a BetaPERT distribution may be 
used to give more weight to the most-likely value and the distribution may be skewed 
toward the minimum or maximum value.  
 
Table 1 summarizes the results of the statistical analysis on the base case costs for 
Landfill A. The costs are presented alongside of the associated probability that the 
landfill life-cycle cost will not be exceeded.  
 
Table 1. Probabilistic total life-cycle costs for Landfill A, a hypothetical landfill with 7.5 
million cubic yards of airspace.  

 
 

Table 1 provides a summary of the statistical certainty for total costs and how they 
compare to the Landfill A base case cost estimates. The total cost represents cost in 
unadjusted dollars (inflation and interest are not considered). The assessment of this 
example considers the cost that will be incurred over the entire landfill life; therefore the 
total inflated cost will be used to assess cost sensitivity and be compared to the 
forthcoming CCP beneficial use scenario. Although not assessed in this example, 
present worth cost can be useful for comparing capital investment alternative scenarios 
and considers inflation and interest rates.  
 
The probability distribution for the total inflated cost for Landfill A is provided in Figure 4.  
 

Probability 
(%)

Total Cost 
(millions)

Total Inflated 
Cost 

(millions)

Total Present 
Worth Cost 
(millions)

10 $126.7 $194.4 $61.5
20 $127.8 $205.3 $64.9
30 $128.7 $214.1 $67.5
40 $129.4 $222.2 $69.8
50 $130.2 $230.4 $72.1
60 $130.9 $239.0 $74.5
70 $131.7 $248.9 $77.2
80 $132.6 $260.9 $80.6
90 $133.9 $278.4 $85.6
95 $134.9 $293.6 $89.9

Base Case $128.5 $281.5 $81.5



 
Figure 4. Statistical forecast for the total inflated landfill cost for Landfill A, a 
hypothetical landfill with 7.5 million cubic yards of airspace.  
 
As shown in Figure 4, the statistical certainty that the Landfill A inflated base case cost 
of approximately $281.4 million will not be exceeded is approximately 91%. This level of 
statistical certainty is typically considered reasonable and does not warrant additional 
contingency.  
 
In this example, the assumptions for inflation has a 97.5% positive contribution to the 
variance in the total inflated landfill cost because inflation has a compounding effect 
over the 75 year life-cycle considered. Therefore, it was excluded from the sensitivity 
analysis to assess PCM line items that may potentially be controlled. Figure 5 lists the 
top five assumptions and the respective percentage of the variance or uncertainty in the 
total inflated landfill cost caused by each assumption, excluding the effect of inflation.  
 



 
Figure 5. Top five contribution to variance factors for the total inflated landfill cost 
(excluding inflation) for Landfill A, a hypothetical landfill with 7.5 million cubic yards of 
airspace.  

 
As shown in Figure 5, the top five line items contributing to the total inflated landfill cost 
uncertainty for Landfill A are: 
 

1. CCP spreading, compacting, and dust control costs incurred during the 
operations and maintenance life-cycle phase 

2. CCP hauling costs incurred during the operations and maintenance life-cycle 
phase 

3. Leachate handling and disposal costs incurred during the post-closure care 
life-cycle phase 

4. Granular drainage material costs for the leachate collection system incurred 
during the design and construction life-cycle phase  

5. Groundwater monitoring costs incurred during the post-closure care life-cycle 
phase 

The two main items contributing to the variance occur during the operations and 
maintenance life-cycle phase and are related to CCP hauling and handling. BetaPERT 
distributions were applied to the line item costs covering CCP spreading, compacting, 
and dust control and CCP hauling using the likeliest, minimum, and maximum values 
presented in Table 2.  
 



Table 2. Distribution assumptions for CCP hauling and CCP spreading, compacting, 
and dust control. 

 
 
As shown in Table 2, the cost distributions for CCP hauling and handling individually 
range less than $1.40 per cubic yard. However, considering the volume of CCP, the 
variability in the Table 2 assumptions represent a $20 million cost range, not including 
inflation, for hauling and handling CCP for the Landfill A scenario.  
 
Another way of looking at the Landfill A probabilistic life-cycle costs is that there is a 
91% certainty that the cost to dispose of 7.5 million cubic yards of CCP will not exceed 
the inflated base case cost estimate of $37.52 per cubic yard. Table 3 provides a 
summary of the probability associated with the Landfill A CCP disposal cost per cubic 
yard.  
 
Table 3. Probabilistic cost per cubic yard of CCP disposal for Landfill A, a hypothetical 
landfill with 7.5 million cubic yards of airspace.  

  
 
Table 3 provides a summary of the probability distributions for inflated CCP disposal 
costs per cubic yard and how they compare to the Landfill A base case cost estimates. 
 
The Landfill A scenario presented in this section assessed disposal of all CCP 
generated by a power generation utility. The next example, Landfill B scenario, 
considers the same power generation utility diverting half of the CCP generated for 
beneficial use and landfilling the remaining CCP.  

LANDFILL B (50% CCP BENEFICIAL USE) 

This example was developed for comparison of disposing all the CCP generated, as 
presented above, to beneficially using a portion of CCP. This example considers similar 

Operations and Maintenance
Line Item Distribution Type Likeliest Minimum Maximum
CCP Hauling BetaPERT $5.35 $4.82 $6.06
Spread, compact, dust control BetaPERT $4.00 $3.60 $5.00

Probability 
(%)

Inflated 
Cost/CY

10 $25.94
20 $27.38
30 $28.56
40 $29.66
50 $30.74
60 $31.90
70 $33.18
80 $34.76
90 $37.14
95 $39.16

Base Case $37.52



parameters as the Landfill A example, except that 50% or 3,750,000 cubic yards of CCP 
are beneficially used and the other 50% of the CCP is landfilled (Landfill B). Other 
notable considerations for the Landfill B scenario: 
 

 Same life-cycle timeline and sequencing as considered for Landfill A, shown in 
Figure 2 

 Landfill B available airspace is 3,750,000 cubic yards  

 Smaller landfill footprint, requiring less land 

 Similar permitting effort as assumed for Landfill A  
 
Considering the above assumptions, estimated base case costs were developed for 
Landfill B and are presented in Figure 6.  
 

 
Figure 6. Base case life-cycle costs for Landfill B, a hypothetical landfill with 3.75 million 
cubic yards of airspace.  
 
Comparing Figure 6 to Figure 3, indicates that although the disposal capacity of Landfill 
B is half of the Landfill A disposal capacity, the estimated costs are not quite half of the 
life-cycle costs for Landfill A. More specifically, there is an approximate 40% cost 
decrease from the Landfill A base case costs to the Landfill B base case costs.  
 
Table 4 summarizes the results of the statistical analysis on the base case costs for 
Landfill B. The costs are presented alongside the associated probability that the landfill 
life-cycle cost will not be exceeded.  
 



Table 4. Probabilistic total life-cycle costs for Landfill B, a hypothetical landfill with 3.75 
million cubic yards of airspace.  

 
 

The statistical analysis of the Landfill B inflated costs provide similar insight to the cost 
certainty as identified for Landfill A, as shown in Table 4. The main line item costs 
contributing to variance are, as with Landfill A, CCP hauling and handling when inflation 
is excluded. The statistical certainty that the Landfill B inflated base case cost of $169.9 
million will not be exceeded is about 91%. The estimated inflated base case cost to 
dispose of 3.75 million cubic yards of CCP in Landfill B is approximately $45.32 per 
cubic yard. Table 5 provides a summary of the certainty associated with the Landfill B 
CCP disposal cost per cubic yard.  

 
Table 5. Probabilistic disposal cost per cubic yard of CCP for Landfill B, a hypothetical 
landfill with 3.75 million cubic yards of airspace.  

 
 
Table 5 provides a summary of the certainty for inflated CCP disposal costs per cubic 
yard and how they compare to the Landfill B base case cost estimates. 
 

Probability 
(%)

Total Cost 
(millions)

Total Inflated 
Cost 

(millions)

Total Present 
Worth Cost 
(millions)

10 $73.4 $114.1 $35.3
20 $74.0 $121.0 $37.3
30 $74.5 $126.4 $38.7
40 $74.8 $131.6 $40.1
50 $75.2 $136.8 $41.4
60 $75.6 $142.2 $42.8
70 $76.0 $148.3 $44.3
80 $76.4 $156.1 $46.2
90 $77.1 $167.4 $49.1
95 $77.6 $177.5 $51.6

Base Case $74.3 $169.9 $46.8

Probability 
(%)

Inflated 
Cost/CY

10 $30.42
20 $32.26
30 $33.71
40 $35.09
50 $36.47
60 $37.92
70 $39.56
80 $41.62
90 $44.63
95 $47.34

Base Case $45.32



The Landfill B scenario presented in this section assessed the life-cycle cost for 
disposing of 50% of the CCP generated by a power generation utility and diverting the 
other half for beneficial use. The following section compares the Landfill A and B 
scenario to provide more insight to how beneficial use impacted the costs. 

COMPARISON OF LANDFILL A AND LANDFILL B RESULTS 

As discussed in the examples the total inflated base case costs determined for Landfills 
A and B had an approximate 91% certainty of not being exceeded. The total inflated 
life-cycle cost were estimated to be $281.5 and $169.9 million for Landfills A and B, 
respectively. Therefore, the potential cost risk reduction by incorporating CCP beneficial 
use, as was presented for Landfill B, is approximately $111.5 million over the 75 year 
life-cycle assessment.  
 
The inflated base case unit disposal cost over the landfill life-cycles are approximately 
$37.52 and $45.32 per cubic yard for Landfills A and B, respectively, as shown in 
Figure 7.  
 

 
Figure 7. Statistical forecast comparing the total inflated landfill cost in terms of cost per 
cubic yard of CCP disposal for the Landfill A and Landfill B scenarios. 
 
Due to economy of size, the cost for CCP disposal in the Landfill B scenario increased 
by approximately $7.80 per cubic yard, compared to Landfill A.  

CONCLUSIONS 

As presented, the PCM was used to compare potential cost risk reduction by diverting 
CCP from the disposal facility by way of beneficial use. The Landfill A and B scenarios 



do not incorporate the potential cost or benefit of a beneficial use program, although 
adding relevant line items is possible. As may be expected, diverting CCP from the 
landfill provided a significant life-cycle cost reduction. However, the unit rate for disposal 
in the smaller landfill significantly increased. The increased unit disposal rate does not 
negatively impact the benefit of beneficial use; however in this example, additional risk 
reduction may be realized by considering alternative disposal options, such as at a 
private waste management facility. Another consideration may be implementing a 
centralized disposal facility if several power generation utilities are located in close 
proximity.  
 
Risk reduction can also be focused on individual cost items, such as CCP hauling and 
placement, as identified by the PCM as being the greatest contributors to cost variability 
in the Landfill A and B examples. Sensitivity analysis makes a large dataset more 
understandable by identifying key cost elements, and providing a means of conveying 
credible and defensible recommendations. 
 
Probabilistic cost analysis can be performed on an infinite number of CCP management 
scenarios to prepare reliable budgets, assess variability, and reduce risk. Moreover, 
cost savings through increased CCP management efficiency can better position the 
company in the energy delivery market.  


