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DISCLAIMER 

 
This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
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ABSTRACT 

 
CONSOL Energy Inc., in conjunction with MEGTEC Systems, Inc., and the U.S. 
Department of Energy with the U.S. Environmental Protection Agency, designed, built, 
and operated a commercial-size thermal flow reversal reactor (TFRR) to evaluate its 
suitability to oxidize coal mine ventilation air methane (VAM).  Coal mining, and 
particularly coal mine ventilation air, is a major source of anthropogenic methane 
emissions, a greenhouse gas.  Ventilation air volumes are large and the concentration 
of methane in the ventilation air is low; thus making it difficult to use or abate these 
emissions.  This test program was conducted with simulated coal mine VAM in advance 
of deploying the technology on active coal mine ventilation fans.  The demonstration 
project team installed and operated a 30,000 cfm MEGTEC VOCSIDIZER oxidation 
system on an inactive coal mine in West Liberty, WV.  The performance of the unit was 
monitored and evaluated during months of unmanned operation at mostly constant 
conditions.   The operating and maintenance history and how it impacts the 
implementation of the technology on mine fans were investigated.  Emission tests 
showed very low levels of all criteria pollutants at the stack.  Parametric studies showed 
that the equipment can successfully operate at the design specification limits.  The 

results verified the ability of the TFRR to oxidize 95% of the low and variable 
concentration of methane in the ventilation air.  This technology provides new 
opportunities to reduce greenhouse gas emissions by the reduction of methane 
emissions from coal mine ventilation air.  A large commercial-size installation (180,000 
cfm) on a single typical mine ventilation bleeder fan would reduce methane emissions 
by 11,000 to 22,100 short tons per year (the equivalent of 183,000 to 366,000 metric 
tonnes carbon dioxide). 
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1. INTRODUCTION 

 
Methane is the second most important non-water greenhouse gas (GHG).  Coal mining, 
and particularly coal mine ventilation air, is a major source of anthropogenic methane 
emissions.  For example, the ventilation air methane (VAM) coming from mine 
ventilation fans accounted for 89 billion cubic feet (bcf) of the 151 bcf of coal mine 
methane (CMM) emitted in the United States in the year 2000.  The capture and use of 
VAM is problematic because of the large volumes of mine ventilation air and its low 
methane concentration, typically 0.3% to 1.5%.   
 
A thermal flow reversal reactor (TFRR) system (specifically, the MEGTEC 

VOCSIDIZER  oxidation system) can oxidize and destroy the dilute methane in the 
mine ventilation air.  The equipment is self-sustaining at low methane concentrations 
(0.2%-1.2%), without reliance on another source of heat.  The system will convert the 
methane to carbon dioxide and produce essentially no SOx, NOx, or particulate, and 
only very minor quantities of CO.  Because methane has a 21-times greater radiative 
forcing factor than carbon dioxide (over a 100-year time frame), this process will 
substantially reduce the effective greenhouse gas emissions to the atmosphere.  In 
addition, with the integration of a heat recovery system, the TFRR can be used to 
recover useful energy, thus avoiding the GHG emissions associated with the avoided 
fuel.  Even though a commercial-size unit has not been applied to a U.S. coal mine, the 
oxidation technology is a proven system for destroying volatile organic compounds in 
over 600 applications around the world.   
 
The original purpose of this project was to demonstrate the operation of a full-scale 
commercial TFRR system on a mine ventilation fan from an active U.S. coal mine.  
However, certain issues caused us to take an alternative approach to simulate coal 
mine ventilation air methane using coal mine methane emissions from a bore hole of a 
closed coal mine.  The objectives of the alternative approach were to: 1) design an 
effective interface between the TFRR and a mine ventilation system that does not 
compromise mine safety, 2) convert the low and variable concentrations of methane 
contained in the coal mine ventilation air to carbon dioxide effectively and economically 
by simulating the ventilation air stream using diluted coal mine methane, and 3) 
determine the quantity of useful energy that can be economically produced when 
processing ventilation air from a working coal mine and perform an 
engineering/economic evaluation of the concept.   
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2. EXECUTIVE SUMMARY 
 
CONSOL Energy Inc., with assistance from MEGTEC Systems, Inc. and the United 
States Department of Energy, successfully demonstrated a thermal flow reversal reactor 

(TFRR) system (specifically, the MEGTEC VOCSIDIZER  oxidation system) using 
simulated ventilation air methane. While simulating the ventilation air stream using 
diluted coal mine methane, the key objectives of this project were to demonstrate that 
the low and variable concentrations of methane contained in the coal mine ventilation 
air can be converted to carbon dioxide effectively and economically; to determine the 
quantity of useful energy that can be economically produced when processing 
ventilation air from a working coal mine; and to perform an engineering/economic 
evaluation of the concept.  
 
The location for the field demonstration was West Liberty, Brooke County, West 
Virginia, at a coal mine methane vent from the abandoned Windsor Mine.   The initial 
tasks were to test the vent to determine if there was sufficient methane to conduct the 
demonstration project, determine if an air permit was required, and to determine the 
structural integrity of the soil to support the equipment.  From the testing, it was 
determined that the vent could emit up to 1MM ft3/day of gas containing 43% methane 
which was sufficient to demonstrate a single VOCSIDIZER unit.  Based on the expected 
emissions of the process, it was determined that no air permit was required from the 
West Virginia Department of Environmental Protection.   The existing soil was not 
sufficiently competent to support the equipment weight of 58.2 tons and the civil design 
selected used structured back-fill under concrete slabs for the support system.   
 
Once the subcontract with MEGTEC Systems was finalized, it took less than a year to 
fabricate the equipment, install the system, and introduce methane to the unit.  
Fabrication of the equipment required about five months and, during that time, the site 
preparation was initiated.  Equipment foundations and 3-phase power were the primary 
resources required to support the equipment.  The VOCSIDIZER, fan, and control room 
arrived on site pre-assembled on skids, which minimized field installation time.   In order 
to complete the system, a gas train to simulate ventilation air methane was built, and 
the power and control wiring were connected to the unit and the instrumentation.  This 
installation required more instrumentation and safeties than what would typically be on a 
mine ventilation fan because simulated ventilation air methane had to be produced.   
 
On February 11, 2007, the check-out was complete and simulated mine ventilation air 
methane entered the VOCSIDIZER for the first time.  Unmanned operation of the 
equipment had three areas of focus.  The first area was to conduct parametric tests to 
measure the ability of the unit to convert methane at the limits of the equipment. The 
tests were to determine the effects of the mine ventilation air flow rate and VAM 
concentration on the response of the TFRR and methane conversion.  One set of 
parametric tests were conducted the week of April 9, 2007, and a second set of tests 
were conducted the week of April 28, 2008.  All tests showed that operation was 
sustainable at low (0.3%) and high (0.8%-1.0%) methane concentrations entering the 
VOCSIDIZER and low (15,000 scfm) and high (30,000 scfm) air flow into the 
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VOCSIDIZER.  Only one of the eleven tests, which was conducted at 1.0% methane 
and 15,000 scfm, failed to meet the manufacturer‟s guarantee of greater than 95% 
methane conversion.    
 
The second area of focus during the operating phase was to conduct air emission tests 
to determine the composition of the air emitted from the stack and to verify the 
performance of the unit.    Three campaigns were completed; August 7-9, 2007, August 
5-7, 2008, and September 8-10, 2008.  Considering all test results from the three 
campaigns, the typical measured concentration for each criteria pollutant were: 0-0.12 
ppmv NOx, 0-1.19 ppmv SO2, 1.32-2.01 ppmv CO, and 0.06-2.81 lb/hr particulate 
matter.  The low SO2 levels were assumed to represent uncertainty in the 
measurement.   The particulate matter was assumed to primarily be dust from the 
ceramic media.  All other criteria pollutants were below the manufacturer‟s guarantee.  
The emissions of methane were from 126-186 ppmv which calculated to greater than 
95% methane conversion.    
 
The third area of focus was to conduct long-term testing at one set of conditions that are 
representative of a mine ventilation fans.  During long-term testing, operating data were 
collected daily to review the operation of the system.  Long-term operability of the 
equipment and maintenance issues were the two areas that were evaluated during the 
testing.   
 
Two campaigns were run, with revisions made between campaigns to improve 
operability.  In the first campaign from May 9, 2007, to November 30, 2007, there were 
1300 unmanned hours logged on the equipment.  In the second campaign, from May 1, 
2008, to October 31, 2008, there were 2833 hours logged on the equipment.  The 
second campaign showed a significant uptime improvement to 64.4%.  Considering only 
core problems, the uptime on the equipment was 84.1%.  The core problem was a loss 
of media at the corners of the bed, which caused the corner temperatures to drop and 
shut down the system.  During the operating periods when the corner temperatures 
were dropping, the equipment continued to maintain methane conversions greater than 
95%. After viewing the results from the initial campaign, the manufacturer changed the 
equipment specification and lowered the maximum methane concentrations that could 
be processed in the bed from 1.2% to 0.8%. 
 
The equipment problems that caused downtime were failures of the air compressor, 
methane analyzers, flow meter, and bed thermocouples.  It is critical that the methane 
analyzer measuring the inlet methane concentration to the VOCSIDIZER have a quick 
response with a high level of accuracy for safety reasons.  Because the original 
analyzer did not meet the specification, it was replaced with a second analyzer from a 
different manufacturer. The replacement analyzer accurately measured methane with a 
response time from 5 to 6 seconds, depending on the probe length.   
 
In addition to the mechanical problems, there were challenges to operating the 
equipment unmanned, in a remote location, without an operator available 24 hours a 
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day.  This contributed to downtime.  Having an alarm call-out system was helpful in 
responding to problems in a timely manner.   
 
When this technology is advanced to a mine ventilation fan, a typical abatement-only 
installation would consist of six beds the size of the demonstration unit that would 
capture 180,000 scfm of ventilation air.  This system is only economically feasible when 
there is value for greenhouse gas emission reduction.  Our baseline assumptions for the 
economic analysis are: a complete installation would cost $5.412MM,  the maintenance 
costs are 5% of capital, the sales price for electricity is $0.058/kWh, manpower costs 
are $40/man-hour, the overall methane destruction is 95%, methane concentration is 
0.6%, equipment availability is 97%, the equipment life is ten years on a single fan, and 
the carbon credit is $7.00/tonne CO2e, The baseline case has an  internal rate of return 
(IRR) of  2.5%.  If optimistic conditions were selected, to achieve a 15% IRR, the value 
of the carbon credit would have to increase to $8.60/tonne CO2e.   
 
Considering a 180,000 scfm system having heat recovery with power generation , the 
capital investment increased to $15.335MM.   Changes to the abatement-only baseline 
assumptions in the economic analysis included: the maintenance costs are $0.015/kWh, 
a full time onsite operator at $40/man-hour is required, and electrical efficiency is 28% 
on a LHV basis. The base case produced 3.07 MW of electricity with a 2.8% IRR.  If 
optimistic conditions were selected, a 15% IRR could be achieved if the value of the 
carbon credit increased to $14.70/tonne CO2e.  High methane concentrations and high 
value of the generated electricity are favorable for considering power generation with 
the TFRR system.  
 
The single bed unit, operating at 30,000 scfm and 0.6% methane at Windsor Mine, 
reduced methane emissions by 894 short tons during the 13 months of operation which 
is equivalent to 14,849 metric tonne of carbon dioxide.  A large commercial-size 
installation (180,000 scfm) of TFRR technology on a single typical mine ventilation 
bleeder fan could reduce methane emissions between 11,000 and 22,100 ton per year 
(the equivalent of 183,000 to 366,000 tonne carbon dioxide) depending on the methane 
concentration.  Adding power generation to the system would reduce the demand on 
fossil fuel generating stations, thus reducing the emissions of SO2, NOX, CO, and other 
criteria pollutants and CO2.  The system could produce 3.3-8.2 MW of electricity or 11-
27 MW of thermal power.   
 
Based on this demonstration project, the TFRR technology appears to be a viable 
technology to mitigate ventilation air methane. CONSOL Energy is interested in 
advancing this technology to an active mine site by initially relocating the existing 
VOCSIDIZER unit to a mine fan under the Mine Safety and Health Administration‟s 
(MSHA) guidelines.  MEGTEC Systems is continuing to improve the equipment to 
obtain a more robust system and improve its operability.  In a carbon-constrained world, 
this technology provides the capability of utilizing a waste stream to reduce green house 
gases as well as the potential to produce useful energy.   
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3. TECHNOLOGY DESCRIPTION 
 

3.1 Principle of Operation 
 
The VOCIDIZER installed at 
CONSOL for the demonstration 
project is shown in Figure 1.   It 
consisted of a bed of ceramic 
material contained in an airtight 
steel container resting on a sturdy 
steel frame, see Figure 2.  
Commercial VOCSIDIZERs are 
usually installed as multi-bed 
systems.  In the current project, we 
used a full-size single bed system 
that processed 30,000 scfm of mine 
ventilation air.  Above and below 
the bed were air plenum chambers 
to provide even distribution of the 
inlet air.  The granular ceramic bed 
material ensured even flow and 
temperature distribution over the bed.  Electrical heating elements were placed in the 
bed to obtain the required start-up temperature (1832ºF or 1000ºC).  The process fan at 
the inlet side of the VOCSIDIZER forced the feed air, via pneumatically actuated valves, 
into the plenum and through the preheated bed where the air is heated to a temperature 
at which methane is completely oxidized.  The thermal energy released during methane 
oxidization was recovered by the bed media as the air moved to the outlet side of the 
bed.  The exhaust air was released to the atmosphere at a temperature higher than the 
incoming process air.  The exact temperature depended on the methane concentration 
in the mine ventilation air and flow rate of air.  (This would also be affected by a heat 
recovery system in the bed.) Thermocouples in the bed were tied to the programmable 
logic controller (PLC) system that monitored the temperature profile of the bed and the 
movement of the high-temperature zone, which moved toward the outlet of the ceramic 
bed.   
 
To maintain the high-temperature zone within the ceramic bed, large switching valves 
reversed the air flow through the bed periodically. The PLC program optimized valve 
switching intervals using time and temperature to maximize energy efficiency.  After the 
valves were switched and reversed the direction of air flow through the bed, the energy 
that was recovered and stored in one side of the bed heated the incoming process air to 
oxidation temperature.  The high temperature zone in the bed moved toward the new 
outlet and the process repeated.  In operation, the VOCSIDIZER typically changed air 
flow direction through the bed every few minutes.  The reaction zone at the oxidation 
temperature was sustained near the center of the bed by optimizing the regenerative 
heat exchange between the ventilation air and the ceramic bed.  Figure 3 shows the 
reversal of air flow through the bed as the valve position switches.   

Figure 1.   Full Size Single Bed Unit 
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The programmable logic controller also provides logic and sequence controls, and  
monitors various plant/process parameters.  The safety and alarm functions 
incorporated into the system include high and low bed temperatures, high exhaust 
temperatures, low compressed air pressure, and high methane concentration.   In alarm 
mode, the fan is shut off and the dampers are shut to isolate the unit from the gas 
source.  Because the unit has rugged construction, few moving parts, and advanced 
control, it is expected that the system will require little maintenance and maintain 
reliable emission control performance.  The guaranteed methane conversion is 95%. 
However, MEGTEC expects methane conversion rates to be higher. 
 
3.2 Competing Technology 
 
There are several technologies in use to remove volatile organic compounds from 
chemical operations.  Listed below are some technologies that have been developed for 
VAM applications.  
 
A Canadian company, Biothermica Technologies Inc. has developed a regenerative 
thermal oxidation (RTO) system, VAMOX, to mitigate the dilute methane emissions 
released by ventilation systems of underground mines.  The system utilizes two 
separate media beds and the oxidation reaction occurs in an open chamber above the 
media.  A propane burner brings the unit up to temperature. The VAMOX can process 
methane levels from 0.2% to 1.2%.  Whenever the concentration is above 0.25%, it is 
possible for the heat to be recovered as hot water, low grade steam, or electricity 
produced from superheated steam.  According to Biothermica‟s literature, a single unit 
is projected to process up to 100,000 ft3/min of ventilation air.   The expected methane 
destruction efficiency according to the literature is up to 98% at an oxidation 
temperature as low as 1472˚F.  The first demonstration of this technology is on a Jim 
Water Resources, Inc. active mine No. 4 in Brookwood, Alabama.  A 30,000 ft3/min unit 
was commissioned January 2009.   
 
CANMET (Canadian Mineral and Energy Technologies) Energy Technology Center 
(CETC-Varennes) has developed a catalytic flow reversal reactor (CH4MIN) to treat the 
methane in coal mine ventilation air.  The development comprised of computer 
simulations, pilot-scale trials, and a catalyst compatibility test at the Phalen coal mine 
(Nova Scotia, Canada).  The unit consists of a reactor, two pairs of valves, and a heat 
removal system in the central region separating the catalyst bed in two parts.  At both 
ends of the reactor, an inert material bed is present and acts as a thermal accumulator.  
Flow reversal is controlled by the two sets of valves.  An external heat source is 
required to bring the inert and catalyst beds up to an appropriate reaction temperature.  
The catalyst reduces the auto-ignition temperature of the methane by several hundred 
degrees to 662˚F (350˚C).  The excess heat generated by the exothermic chemical 
reaction is withdrawn by the heat removal system in the mid-section of the reactor.  The 
equipment can process dilute methane streams from 0.1% to 1.0% methane. At 
concentrations between 0.3% to 1.0% methane it is possible to recover the reaction 
heat as a high-quality hot air stream (i.e., from 1112-1472˚F) at a heat recovery 
efficiency between 50% and 95%.  For a typical coal mine concentration of 0.5% 
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methane the heat recovery efficiency is 75%.  Because the reaction temperature is 
below 1472˚F the outlet gas and extracted hot air do not contain nitrogen oxides.  In 
2003, CETC-Varennes began working with a Canadian equipment manufacturer 
Lefebvre Frères Ltée, to commercialize the CH4MIN technology.  A demonstration unit 
capable of process 10,600 cfm is being planned for a China coal mine.  A full scale 
commercial system is expected to process 210,000 cfm of ventilation air methane.    
 
Durr Systems, Inc. has developed an Ecopure RTO or regenerative thermal oxidation 
system to purify exhaust gases from chemical and pharmaceutical plants, paint finishing 
and coating plants, and printing presses.  The process consists of regenerator columns, 
combustion chamber with a burner system, and air-directing system with valves and 
fan.  The regenerator columns are filled with ceramic packing material which acts as a 
heat exchanger.  The combustion chamber connects the individual regenerator columns 
with each other.  The gas is transferred through the Ecopure RTO by a fan, and is 
directed through the valves by timer system alternately into one of the regenerator 
columns.  The gas flows through the hot packed beds from the bottom to top, and is 
pre-heated in the process.   If necessary, a burner heats up the raw gas to the final 
combustion temperature.  The purified hot exhaust air then flows through the heat 
exchanger in column two from top to bottom, transmitting its heat to the packed bed 
while doing so.  When the packed bed reaches a certain optimum heat storage point the 
direction of flow through the columns is changed.  The system is constantly switched 
over to ensure optimum heat exchanger performance and raw gas cleaning efficiency.  
There is no published information regarding use of this technology on a ventilation air 
methane application.   
 

4. EXPERIMENTAL 
 

4.1 Project Plan   
 
The original project approach was to install a VOCSIDIZER system, capable of oxidizing 
60,000 scfm of ventilation air methane, on an operating mine ventilation fan at an active 
mine in Northern Appalachia.  The criteria being used to determine the ideal site 
location for the VOCSIDIZER was to have 1) sufficient acreage to install the equipment, 
2) adequate topography to minimize site preparation, 3) an existing mine ventilation fan 
that will release sufficient concentration of methane, 4) site that had over 60,000 scfm 
mine ventilation air.  A suitable site that met the project criteria was identified in 
southwest Pennsylvania.  The fan at the site had been in operation since 1999 with an 
average flow rate of 210,000 cfm.  The methane concentration ranged from 0.9% to 1.5 
% in 2002.  It was located outside of the active underground mining area, which would 
reduce the potential dust particles in the air stream.   
 
The next task was the permitting process.  The Mine Safety and Health Administration 
(MSHA) ruled that the new installation would be under their jurisdiction on the surface of 
the coal mine.  Therefore, the design for the oxidation system and mine/oxidizer 
interface had to be acceptable to MSHA.  It was determined that the vehicle for design 
approval was through a 101(c) Petition for Modification to MSHA.   This document 
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explained the safety features of the equipment that would prevent a hazardous situation 
from occurring to the underground mining operating.   This was the first time this 
technology had been presented to the regulatory organization.   
 
After several months of work to obtain approval, it was recognized that the approval 
process could significantly delay the project.  The approach to put it on an active mine 
was terminated and a new approach was initiated.   The following time line shows 
milestones that were reached that transformed the project from an active mine to a 
closed mine.   
 

 October 1, 2002 - Cooperative Agreement awarded.  

 NETL and CONSOL agree to add NEPA compliance task to the proposed and 
amended SOW pending information supplied by CONSOL concerning noise 
abatement of existing mine fan and MSHA regulation.  

 February 10, 2003 - PA Department of Environmental Protection exempted the 
project from the Plan Approval/Operating Permit requirements under 25 PA Code 
§127.14(8). 

 March 21, 2003 – A 101(c) Petition for Modification of Application of Mandatory 
Safety Standard was filed with MSHA‟s Office of Regulations, Variances and 
Standards in Arlington, Virginia.    

 March 31, 2003 - Major subcontract with MEGTEC Systems was signed.  

 May 21, 2003 - Pre-Investigation Meeting held with MSHA to discuss the 
allegations on 101(c) Petition for Modification. 

 July 29, 2003 - CONSOL withdrew Petition for Modification.  

 January 9, 2004 - Alternative approach discussed with DOE.   

 February 12, 2004 - DOE accepted alternative approach in principal.  

 May 21, 2004 - Meeting with MSHA in Arlington to reopen the discussions on the 
original approach for the VOCSIDIZER.  

 July 9, 2004 - Letter from MSHA received, stating their expectation that the 
project would be regulated under both surface and underground standards. 

 September 16, 2004 - CONSOL formally requested an in-scope modification to 
the contract including a budgetary increase and a time extension for the 
alternative approach. 

 
The new approach was to locate the equipment at a shaft or bore hole of a closed coal 
mine or a sealed area of an active mine.   The mine ventilation air methane would be 
simulated by blending methane emissions from the mine vent with ambient air.  The 
advantages of this approach were to be able to test the equipment without impacting the 
operation of an active coal mine.  This would allow hands-on experience with the 
technology.  MSHA would be able to observe the operation and become more familiar 
with the technology.  Safety data and operability data could be collected on the 
equipment.  It would be the first step for future installation on a mine ventilation fan.   All 
the original objectives of the project could still be accomplished with the added benefit 
of no risk for the mining operation and better flexibility to test different operating 
conditions.   
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4.2 New Site 
 
The new design presented challenges to be overcome.  The abandoned substation at 
the closed Windsor Mine portal at West Liberty, West Virginia, was selected as the 
demonstration site.  It is located in the northern panhandle of West Virginia close to the 
Ohio/Brooke county line.  The site selection was based on the following characteristics; 
sufficient acreage, adequate topography, low dust from the mine, low risk of mine 
flooding (hence, a stable supply of gas), road access, ownership of surface, coal, and 
gas, and 3-phase power available.  The required production rate was from 150-300 
scfm of methane at a 
concentration from 30% to 
100% methane.   
 
The first step was to verify the 
quantity and quality of the 
methane from the vent hole at 
Windsor.  A capacity test was 
conducted in February 2005 
which consisted of pulling the 
gas from the vent hole for a 
month while monitoring the 
flow and concentration during 
that period of time.  If there is 
a significant decline in 
methane concentration or 
decline in flow rate over the 
duration of the test, then the 
vent would not be sufficient to 
sustain extended use of the 
gas.    Figure 4 shows the recorded rate of gas from the vent hole and Table 1 shows 
the concentration of gas samples that were collected during the testing period.  The test 
confirmed that the vent was capable of producing one million cubic feet a day of mine 
gas containing 43% methane.  The other components by analysis included 51% 
nitrogen, 3.8% carbon dioxide, 1.4% oxygen, and 0.3% ethane.   This quantity and 
quality of gas was within the requirements to operate the demonstration equipment.  

 

Table 1.   Gas Chromatography Analysis of Gas Samples Taken During Vent Capacity 
Tests 

Sample date 2/7/2005 2/16/2005 2/28/2005 

Component Volume % Volume % Volume % 

Methane 44 42 40 

Ethane  0.26 0.26 0.21 

C3+  0.06 0.07 0.06 

Nitrogen  50 52 53 

Carbon dioxide  4.0 3.6 4.1 

Oxygen  1.1 1.7 1.9 
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The next step 
was to 
determine the 
risk of the mine 
flooding. 
Flooding of the 
mine would 
prevent the 
methane from 
being liberated 
from the coal.  
There were 
three locations 
where the water 
level was being 
monitored in the 
mine.  As seen 
in Figure 5, the 
West Liberty 
location, around 
800 feet above sea level, was dry from 2003 to 2005.  The only water present in the 
mine was at 675 feet with a slow increase of one foot per month.  Therefore there was 
little risk that there would be flooding at the West Liberty location during the duration of 
the project. 
 
The next challenge that had to be resolved was the lack of 3-phase power at the site.   
Changing the land use from coal mining to light industry and donating the property to 
West Liberty College opened the door for American Electric Power (AEP) to provide 3-
phase power to the site.   During the time the power issue was being resolved, it was 
determined that an Environmental Assessment was not required for the Windsor Mine 
site.   
 
The specific sequence of events taken to assure that the site was viable for the 
demonstration project is listed below in chronological order. 
 

 February 2005 - Capacity test on potential vent hole at Windsor Mine in WV 
showed sufficient methane for demonstration with 43% methane at 1 MM cubic 
feet per day 

 April 19, 2005 - CONSOL submitted a Land Use Change permit revision for the 
Windsor Mine West Liberty Portal area to the WV DEP, as a first step to obtain 3-
phase power. 

 May 3, 2005 - CONSOL submitted a revised NEPA Environmental Questionnaire 
to DOE for the new project site at Windsor Mine.   

Figure 5.  Reported Water Levels in Windsor Mine 
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 June 29, 2005 - NEPA Compliance Officer signed off on a Categorical Exclusion 
for the alternative approach.  Therefore, an Environmental Assessment (optional 
Task 2) will not be required for the Windsor Mine site. 

 June 17, 2005 - CONSOL revised the request for an in-scope modification to the 
contract, including a new budget and schedule for the alternative approach.  

 CONSOL partitioned the Windsor Portal site so that the unneeded part of the site 
could be donated to West Liberty State College. 

 September 14, 2005 - CONSOL received the “Land Use Change” permit for the 
Windsor Mine West Liberty Portal to become permitted for light industry.   

 November 10, 2005 – A “Termination of Jurisdiction” was approved by the WV 
DEP for the Windsor Portal site as a second step to obtain 3-phase power. 

 November 21, 2005 – Local power company, AEP, agreed to provide three-
phase power to the site with no installation costs to the project. 

 
4.3 Project Tasks 
 
On January 17, 2006, DOE officially accepted the in-scope modification for the 
alternative approach and the project plan was implemented.  The work tasks included 
permitting, detailed design of the oxidation system, procurement of the unit and auxiliary 
equipment, preparation of the Windsor site, installation of the system, start-up and 
commissioning of equipment, operation, data analysis, and documentation.  The 
following paragraphs provide more details on the activities that occurred during each 
project task.    
 
4.3.1 Permitting 
Permitting at the Windsor site was simplified since MSHA approval was no longer 
required.  State and local regulatory agencies were involved in two areas; air emissions 
and local building codes.  A Permit Determination Form was submitted to West Virginia 
Department of Environmental Protection on August 17, 2005, to determine if an air 
permit was required for the new site location.  It was determined by the WVDEP that an 
air permit was not required for the project based on the fact the expected emissions 
from the equipment would not exceed 2 lbs/hr or 5 tons/year of total Hazardous Air 
Pollutants (HAPs) or 6 lbs/hour and 10 tons/year of any regulated pollutant.  There were 
no water discharges from the site so no water permit was required.  The local 
municipality was informed of the project and no building constraints were imposed. 
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4.3.2 Detailed Design 
The design for the installation at 
the Windsor site consisted of 
simulating ventilation air methane 
by diluting coal mine methane from 
the closed mine vent hole with 
ambient air to obtain methane 
concentration from 0.2%-1.2% 
(0.8%).  Figure 6 is a simplified 
process flow schematic showing 
the 45%-60% methane from the 
vent hole going through a sparger 
where it is diluted to mine 
ventilation air methane 
concentrations.  This simulated 
VAM is then pulled by the process 
fan into the VOCSIDIZER.   
 
The major components of the design included:  

 Mine gas blower with variable speed drive 

 Methane dilution system  

 Fan with variable speed drive  

 Purge damper 

 Single-bed thermal flow reversal reactor  

 Vent stack 

 PLC controls 

 Air compressor for instrument air 
 
The detailed process and instrumentation diagram is provided in Confidential Appendix 
F.  The following paragraphs provide more detail on the process flow.   
 
MEGTEC‟s standard design for installation of the VOCSIDIZER had to be modified to 
accommodate the capability of simulating ventilation air methane.  This required a 
means of mixing the mine gas with fresh air to create concentrations between 0.2 
volume percent and 1.2 volume percent (0.8%) methane.  The design allowed the 
concentration to be controlled by the operator.  The mine gas supply line could be 
thought of as a typical gas train.  Stepping through the components of the line, it began 
with an isolation valve at the mine, a check valve to prevent backflow of mine gas, and a 
rupture disc to relieve excess pressure in the line.  The next component was a knock-
out pot and filter that removed any water droplets and dust from the mine gas.  Since 
the mine gas flow was affected by the barometric pressure, a mine gas blower that 
allowed the amount of gas emitted from the vent to be controlled was installed as part of 
the gas train.  Downstream of the mine gas blower was a gas meter that measured the 
flow rate of mine gas.  A double block and bleed system was installed in the piping to 
isolate the mine gas when the system was shutdown.  As part of the system safety 

Figure 6.   Field Trial Schematic Diagram 
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features, an orifice plate and two pressure switches were installed to alarm for high gas 
flow.  The six-inch gas pipe then penetrated the main 47-inch air duct to make an air 
sparger.  One-inch holes were drilled perpendicular to the flow in the six-inch pipe that 
extended the diameter of the duct.  This allowed the mine gas to be dispersed with fresh 
air and produce dilute mixtures of methane.   A series of mixing vanes were installed in 
the air duct to improve the mixing of the mine gas with the fresh air.  The volume of 
fresh air was controlled by the main fan and variable speed drive on the motor.  The fan 
has a 200 hp motor capable of moving 30,000 scfm of air.  A flow meter in the duct 
measures the volume of the simulated ventilation air methane that entered the 
VOCSIDIZER. The concentration of the simulation ventilation air methane was 
measured with a methane analyzer on a sample pulled from the duct.  
 
The remaining components of the design included dampers, the VOCSIDIZER, and the 
stack.  Part of the duct design includes a purge damper that is used to purge the duct 
and VOCSIDIZER at startup and to dump the air if there is a shutdown.  There is an 
isolation damper at the inlet of the VOCSIDIZER to block the entrance to the unit when 
required.  The outlet to the VOCSIDIZER is a stack that is 55 inches internal diameter 
and 19.7 feet above the base of the unit.  The programmable logic controller is housed 
in the control room.  An instrument air compressor generates the air to control the 
reversal valves and other air operated equipment.     
 
Many safety features are incorporated into the VOCSIDIZER design to assure that any 
malfunction would be contained within the equipment and not extend to the mining 
operation or other gas source.  One main operating constraint is that the fan and the 
electric heater cannot be running at the same time.  The electric heaters must shut off 
before any methane can be introduced into the bed.  Another safety feature is to 
prevent a methane concentration greater than 1.2% (0.8%) from entering the 
VOCSIDIZER.  The primary mechanism for preventing this is by measuring the inlet 
concentration with a methane detector.  The detector must be capable of accurately 
measuring the methane concentration and have a fast response time to signal an 
unacceptable methane level.   The electronic signal from the detector sends an alarm to 
the PLC when the concentration is above the limit and the equipment shuts down.   
Other safety features stop the process when specific operating parameters exceed the 
equipment specification.  Operating parameters that can indicate an operating problem 
are the temperature and differential pressure across the bed.  The temperature can be 
any thermocouple in the bed reading above its high temperature set point.  There are 
redundant thermocouples in the bed and all thermocouples are dual-wired for additional 
safety.  A greater-than-specified temperature on the inlet or exit of the bed can cause 
the equipment to shut down.  Some of the shutdowns are hard-wired while others are 
soft-wired through the PLC. The shutdowns are signaled to the operator through four 
tiers of alarms based on severity.  The types of shutdown are listed in Table 2, which 
indicates how the mode of equipment shutdown is impacted by the alarm condition.  In 
alarm Type C, the electric heaters come on automatically after the fan is shutdown to 
keep the bed warm and shorten the time to return to operation.   
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Table 2.   Type of Alarm Shutdowns 

Alarm Type 
Shutdown 

mode 
Condition equipment in 

Number of 
conditions 

causing Alarm 

Type A 

Emergency Stop 
Lock-out all 

active operating 
modes 

Control power OFF 
Electric heaters OFF 

All prime movers to fail-safe 
position 

4 

Type B 

Lock-out all 
operating modes 

except “Alarm 
Shutdown” 

Electric heaters OFF 
All prime movers to fail-safe 

position 
19 

Type C 
Interlock all 

operating modes 
Electric heaters ON 52 

Warning Unit continues 
running 

Running 
12 

 
When a shutdown occurs the following actions are initiated: the flow reversal valves 
close, the isolation damper closes, the purge damper opens, and the fan shuts down.  
All the valves have a fail-safe position to assure proper position during a shutdown.      
 
4.3.3 Future Design  
Applying this technology to an active mine ventilation fan will require taking the 
ventilation air methane directly from the mine fan as it is exhausted into the atmosphere. 
The gas train as described above will not be part of the design.   Ambient air dilution will 
only be required to maintain methane concentrations below 0.8%.  The additional 
safeties that will be part of the design include; shutdown of the VOCSDIZIER must have 
no impact on the mine operation, the shutdown of the mine ventilation fan will shutdown 
the VOCSIDIZER, the thermocouples will be replaced on a yearly basis, and the 
methane analyzer will be calibrated monthly.  The one added component that was not 
part of the demonstration project will be an interface between the ventilation fan and the 
inlet ductwork to the VOCSIDIZER.  The interface must not have any impact to the 
operation of the mine ventilation fan.  It must have a sufficiently close connection to the 
exhaust to prevent dilution of the methane, and it must not have a hard connection to 
the exit of the mine fan.  A preliminary design was completed for extracting 60,000 scfm 
from a typical mine ventilation fan.  It was found that backpressure created from an 
interface in front of the fan‟s exhaust is negligible so long as the available flow area is 
not restricted.  However, placement of the inlet duct is critical if it is to perform 
effectively.  The finite element model showed that being as close as possible to the 
exhaust louvers at an angle would meet the guidelines.  The complete report 
“VOCSIDIZER Duct Inlet Specification” is provided in Appendix A.   
 
4.3.4 Equipment Fabrication/Site Preparation/System Installation 
Once DOE officially accepted the in-scope modification for the alternative approach on 
January 17, 2006, the major subcontract with MEGTEC Systems was revised and 
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reissued reflecting the alternative approach.  On March 27, 2006, the green light was 
given to proceed with the procurement of the equipment.  The fabrication of the 
VOCSIDIZER took about five months.  Site preparation required about two months of 
field work and field hookups required two to three months.  The construction activities 
started in June 2006 and continued until February 2007.  The milestone dates listed 
below show the key accomplishments during this time.  The construction time was 
longer than expected because of delays from contractor availability, delivery of 
instruments, rework of misaligned piping, and inclement weather.  Details of the 
construction work follow. 
 

 March 27, 2006 A project “GO” decision was made between 
CONSOL Energy, MEGTEC Systems, and DOE. 

 

 June 1, 2006 Construction activities begin 

 August 1, 2006 Field construction work began 

 

 October 1, 2006 Major equipment arrived on site 

 

 January 1, 2007 Mechanical construction completed 
 

 January 4, 2007 Local utility energized 3-phase electrical service 
 

 January 15, 2007 MEGTEC field technicians began equipment 
checkout. 
 

 February 1, 2007 Electrical construction completed. 
 

 February 11, 2007 Simulated ventilation air methane introduced to 
VOCSIDIZER 

 
Initial construction included preparation of the site for the equipment.  This required 
work in two main areas; installation of foundations to support the equipment and 
installation of 3-phase electrical power to the site.   
 
Before foundations could be installed, the site had to be evaluated for strength.  A civil 
design engineering firm was contracted to evaluate the soil conditions and provide a 
foundation design to support the equipment.  Four exploratory bore holes were drilled at 
the site and a geotechnical analysis was completed.  The results showed the site had 
soft soil fill material that would not support the weight of the VOCSIDIZER.  To support 
the equipment, the civil design included over-excavation of the area and backfilling with 
a structural fill to support the slabs of concrete on grade.   
 
The civil work was completed in the field from mid-August to early-September 2006.  An 
area measuring 47 feet by 41 feet was excavated, backfilled, and compacted with 
structural fill.  Two large, eight-inch thick, concrete slabs were poured on which to set 
the equipment.  The pad supporting the 116,400-pound VOCSIDIZER was 16 feet by 30 
feet and the pad for the fan and control room skid was 10 feet by 28 feet.  A smaller pad 
for the mine gas blower, as well as small pads to support the duct and piping, were 
poured.   
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As previously stated, the site did not have any three-phase power available.  It was 
necessary for the power company to install a new 3-phase line from the substation in 
West Liberty to the site, which was a couple miles away.  Other components that were 
required included a 500 KVA transformer at the site and a metering box that served as a 
junction point for distributing the 480 volt power to the VOCSIDIZER.  Existing 
underground cable was used to connect the power from the source to the site.  The 
main power was brought into the motor control center (MCC) housed in the control 
room.  Other electrical work included installing an electrical grounding system that was 
tied into the existing system at the site.     
 
The main equipment arrived at the site in pre-assembled sections to minimize field 
installation time.  The VOCSIDIZER shipped as one unit and the fan with the MCC were 
on a second skid.  The components that required mechanical field installation were the 
stack, flow reversal valve air cylinders, VOCSIDIZER top railing, and duct work with 
damper valves.  The gas train was shipped as individual components that required field 
piping to connect the mine vent to the duct.  The air compressor was also shipped 
separately.  The mechanical field hook-ups including installing the instrument air lines 
and piping the gas train.   
 
The remaining electrical work included running the power and communication wires to 
all field instrumentation and bed heaters, and heat tracing.  The power and control 
conduit were installed from the MCC to three areas:  the junction boxes located on top 
of the VOCSIDIZER, the 
gas train pad, and the 
VOCSIDIZER bed 
heaters.  Heat tracing 
and insulation on the gas 
train and the gas 
sampling lines to the 
methane detectors was 
required to prevent 
condensate from 
freezing.  Figure 7 is a 
photograph of the 
complete field installation 
of the VOCSIDIZER at 
West Liberty, West 
Virginia. 
 
4.3.5 Startup and 
Commissioning   
MEGTEC Systems‟ field 
technicians arrived on site on January 15, 2007, to begin the startup.  Once the 
technicians completed the final wire terminations on the instruments, the performance of 
each device was proven.  Each instrument was systematically checked to assure the 
device was properly powered and the electronic signal was communicated to the 

Figure 7.   Completed Installation at West Liberty, WV 
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programmable logic controller (PLC).  Any device that malfunctioned during startup was 
replaced.  Some modifications to the operating logic were required in order to add 
safety features.  These included adding the operation of the automatic mine shutoff 
valve into the operating sequence, adding the rupture disc release to the shutdown 
logic, and adding a low methane concentration shutdown at 30% methane.   
 
The equipment was then started up and stepped through normal operating sequencing 
to check operation, test the control loops, and verify all shutdown alarms.  The first step 
of operation, the purge cycle, was successfully demonstrated.   The next step, the 
heating cycle of the VOCSIDIZER bed with the electrical heating coils, was proven 
operational.  The electric heaters were on for 48 hours from a first cold start before the 
temperature was reached that permits methane into the bed.  On February 11, 2007, 
the mine vent was opened and simulated mine ventilation air methane entered the 
VOCSIDIZER for the first time.  The separate control loops were then tested including 
the mine gas blower control, the main fan control, and control of the concentration of 
methane entering the VOCSIDIZER.  The shutdown alarm conditions on the pressure 
switches, the flow switches, and the methane detectors were all successfully set.  
Despite the coldest and snowiest weather of the winter, the system was fully operational 
at full capacity with 1.0% methane. 
 
The equipment operated successfully during startup except for the methane sampling 
systems.  After field checks with a handheld methane detector and a field flame 
ionization detection (FID) device, it was determined that the methane sampling systems 
had several problems.  There are two methane analyzers, one measuring the methane 
concentration in the mine gas and the other measuring the simulated ventilation air 
methane concentration in the duct. Both units were a Cirrus Fixed Point Infrared 
Flammable Gas Detector from Crowcon Detection Instruments.   The problems included 
the long response time on both systems, an inaccurate methane reading on the mine 
gas detector, and uncertainty that the sampling location in the duct provided a 
representative sample of the VOCSIDIZER inlet concentration at all flow conditions.  
Without the methane analyzers operating properly, the system could not be run 
unattended. 
 
MEGTEC Systems technical support personnel returned to the site on April 9, 2007, 
and again on May 2, 2007, to finish commissioning the equipment and making 
modifications to allow unattended operation.  The three areas of the operation targeted 
as important at this point included improving the methane detection system, improving 
the mixing and velocity profile in the duct, and adding additional safety shutdowns.    
 
To improve the accuracy and response time of the methane detection systems, 
mechanical changes were made to the methane sampling systems. The following items 
were done to reduce the response time of the methane analyzers: 1) both units were 
relocated closer to the sampling points; 2) the rotometers in the sampling lines were 
replaced to increase the sampling rate; 3) the volume percent analyzer was replaced 
with a different model that has a faster response time.  The following items were done to 
improve accuracy of the methane detectors: 1) pressure control devices were installed 
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on both sampling systems to provide constant pressure during all sampling conditions; 
2)  the sampling point for the mine gas was relocated to improve the representativeness 
of the sample taken; 3) baffles were installed in the inlet duct to improve the mixing of 
the mine gas with the fresh air to reduce the possibility of withdrawing an 
unrepresentative sample from the air stream.  Despite all the changes, the analyzers 
still do not meet the project specifications.  The improvements that were made showed 
that the methane analyzer measuring the mine gas was inaccurate despite a fast 
response; whereas the methane analyzer measuring the simulated mine ventilation air 
was accurate despite a slow response.   
 
Since the problems with the methane analyzers were not resolved completely, 
MEGTEC Systems added redundant hard-wire safeties and software safety shutdowns 
to protect the system from unsafe mixtures in the duct.  The safety interlocks physically 
restricted the ratio of air and mine gas that could enter the VOCSIDIZER such that an 
explosive mixture could not be created.  The CONSOL R&D Safety Review process 
determined that there were sufficient safeties to allow the equipment to operate 
unattended.   Finally on May 9, 2007 the equipment was ready for unattended 
operation. 
 
4.3.6 Operation                                                                           
Unmanned operation of the equipment had three areas of focus.  The first area was to 
conduct parametric tests to measure the ability of the unit to convert methane at the 
limits of the equipment. The tests were to determine the effects of the mine ventilation 
air flow rate and VAM concentration on the response of the TFRR and methane 
conversion.  The second area of focus was to conduct air emission tests to determine 
the composition of the air emitted from the stack and to verify the performance of the 
unit.  The third area was to conduct long-term testing at one set of conditions that are 
representative of a mine ventilation fan.   
 
Operating for a proposed eight to twelve months would allow time to evaluate operation 
and maintenance of the equipment.  During long-term testing, operating data were 
collected daily so that the operation of the system could be reviewed continuously.  
Table 3 and Table 4 summarize data collected from the main operating parameters and 
the frequency at which they were collected. 
 
  
  



- 28 - 

Table 3.   Monitored Operating Parameters for Temperature 

Type of 
Measurement 

Location 
Instrument 

ID 
Units Frequency Frequency 

    Phase I Phase II 
Temperature  Center of Bed TE101 ˚F 5 min 5 min/1sec 
 Center of Bed TE104 ˚F 5 min 5 min/1sec 

 
NE Corner of 

Bed 
TE111A ˚F 5 min 5 min/1sec 

 
SE Corner of 

Bed 
TE111B ˚F 5 min 5 min/1sec 

 
SW Corner of 

Bed 
TE111C ˚F 5 min 5 min/1 sec 

 
NW Corner of 

Bed 
TE111D ˚F 5 min 5 min/1 sec 

 Top Plenum TE110-1 ˚F 5 min/5 sec 5 min/5 sec 
 Bottom Plenum TE110-2 ˚F 5 min/5 sec 5 min/5 sec 

 
Inlet 

VOCSIDIZER 
TE126 ˚F 5 sec 5 sec 

 
Outlet 

VOCSIDIZER TE123A ˚F 5 sec 5 sec 

 
Table 4.   Monitored Operating Parameters for Flow, Concentration, and Pressure 

Type of 
Measurement 

Location 
Instrument 

ID 
Units Frequency Frequency 

    Phase I Phase II 

Flow 
Inlet Duct 

VOCSIDIZER 
FI240 scfm 5 min 5 min 

 Inlet Duct 
VOCSIDIZER 

FI240 % 5 sec/1 sec 5 sec/1 sec 

 Process Fan 
Motor Speed 

SIC240 % 5 sec/1 sec 5 sec/1 sec 

 Mine Gas FI409 scfm 5 min 5 min/5 sec 
 Mine Fan 

Motor Speed 
SIC428 % 1 sec 5 sec 

Methane 
Concentration 

Inlet Duct 
VOCSIDIZER 

AI432 % LEL 
5 min/5 sec/1 

sec 
5 min/5 sec/1 

sec 

 
% CH4 Mine 

Gas 
AI403 

Volume  
% 

1 sec 1 min 

Pressure 
Differential 
across Bed 

PI421 
Inches 

WC 
5 min 5 min 

 Mine Gas PI429 
Inches 

WC 
5 min/1 sec 5 min/5 sec 

Miscellaneous 
Electric 
Heaters 
Powered 

EH101 % 5 min 5 min 
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Two primary variables that were tracked to monitor effects of continuous operation were 
bed temperatures and pressure drop.  The bed temperatures were monitored to assure 
oxidation of methane. The pressure drop across the TFRR bed was monitored to 
determine any long-term change, such as might be caused by dust accumulation.   Over 
450,000 data points per day were collected through the programmable logic controller 
system from May to October 2008. 
 
The long-term testing was divided into two phases separated by a rebuild of the bed, 
which was initiated by a mechanical failure of the heater coupled with non-reliable 
performance.  Parametric tests were conducted during the first phase and repeated on 
the modified bed design.  One set of emission tests were conducted during phase one 
and two sets completed during the second phase.  Long-term operation for the first 
phase was seven months from May 2007 through November 2007 and for the second 
phase was six months from May 2008 through October 2008.  
 
 

5. RESULTS AND DISCUSSION 
 

5.1 Parametric Test Plan – Phase I 
The Phase I parametric test plan for the VOCSIDIZER, which was conducted during the 
week of April 9, 2007, consisted of six test runs to measure the effect of methane 
concentration and flow rate on the bed temperature, methane conversion, and bed 
pressure drop.  The specific test runs are listed in Table 5.  The test conditions 
bracketed the operating limits of the equipment.  Each test run required the unit to 
operate for up to three hours at steady state conditions.  Gas samples were obtained at 
the stack, inlet to the VOCSIDIZER, and the mine vent three times during the steady 
state operation.   

Table 5.   Phase I Parametric Test Plan 

Test Run 
ID 

Methane 
Concentration 

(%) 

Process Air 
Flow Rate 

(scfm) 

TEST A 0.3 15,000 

TEST B 1.0 15,000 

TEST C 0.3 30,000 

TEST D 1.0 30,000 

TEST E 1.0 22,500 

TEST F 0.6 22,500 

 
The plan required gas methane concentrations at the stack to be measured using the 
integrated bag procedure outlined in EPA Method 18, which consisted of a stainless 
steel sampling probe, moisture knock-out impinger (empty impinger in an ice bath), 
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leak-proof Teflon-coated sampling pump, low-range flowmeter, and leak-tested Tedlar 
bags.  Teflon tubing was used for all transport lines.  The system was leak-tested before 
sampling started by plugging off the inlet and noting the rotometer activity.  After 
conducting the leak check, the probe was inserted in the stack and the system was 
flushed for five minutes.  At the start of the test, a 25 L Tedlar sample bag was 
connected to the pump discharge and the flow rate was adjusted to uniformly fill the 
bag.  Bag samples were also taken from the other two locations simultaneously.  The 
contents of all bags were analyzed using gas chromatography at CONSOL‟s R&D 
Laboratory.   
 
5.1.1. Results on Parametric Testing – Phase I 
The VOCSIDIZER was capable of operating at all six test conditions.  The conditions 
demonstrated operation was successful at low (0.3%) and high (0.9%) methane 
concentrations entering the VOCSIDIZER and low (15,000 scfm) and high (30,000 
scfm) air flow into the VOCSIDIZER.  Mid-point conditions of 21,000 scfm air and 0.6% 
methane were also tested.  The gas samples from the VOCSIDIZER inlet and stack, 
analyzed using gas chromatography, were used to determine the methane conversion 
at each test condition.   
 
Table 6 summarizes the results from the six experimental tests.  The values reflect the 
average of the three sets of gas samples that were taken for each test condition over a 
three-hour period of time.  All but one test resulted in methane conversions greater than 
the vendor‟s emission guarantee of 95% methane reduction rate.  The data show that 
as the flow rate of air and the concentration of methane increase, the temperature of the 
bed and the pressure drop across the bed increase.     
 

Table 6.   Phase I Parametric Test Plan Results 

 Test A Test C Test D Test B Test E Test F1  

Target % CH4 0.3 0.3 1.0 1.0 1.0 0.6 

Actual % CH4 0.3 0.35 0.85 1.0 0.94 0.64 

Target flow, scfm 15,000 30,000 30,000 15,000 22,500 22,500 

Actual flow, scfm 14,750 29,572 31,178 14,650 22,000 21,609 

Temp of stack, ˚F 209 229 524 523 529 379 

Delta T bed, ˚F 129 171 451 444 449 329 

Delta P bed, “WC2 0.39R 1.00R 1.37R 0.47R 0.77R 0.72R 

Maximum bed temp, ˚F 1863 1974 2113 2017 2049 2007 

% CH4 Conversion 96.4 97.7 95.4 91.5 95.7 96.6 
1 Results reflect average of two tests. Third test was discarded since unit not at steady state conditions.  
2 

Reference pressure is pressure drop across the bed during Phase I at operating conditions of 0.3% CH4 

and 30,000 scfm 
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5.2 Parametric Test Plan  - Phase II 
                                                                    Table 7.   Phase II Parametric Test Plan 

 The parametric test plan was 
repeated on the rebuilt 
VOCSIDIZER the week of 
April 28, 2008 to confirm 
operability of the modified 
equipment.  The maximum 
methane concentration tested 
was lowered from 1.0% to 
0.8% methane due to the new manufacturer‟s specification for the equipment.   The 
originally planned Test E at high methane concentration and mid-range air flow rate was 
eliminated from the plan as testing proceeded.   The test plan is shown in Table 7. 

 

The same field sampling method used in Phase I was repeated for the Phase II 
parametric tests.  In brief summary, a test includes three half-hour sampling periods 
when the equipment has reached steady-state at the desired operating conditions.  Gas 
bag samples are collected at the stack, inlet to the VOCSIDIZER, and the mine vent 
simultaneously during the sampling period.  The contents of the bags are analyzed 
using gas chromatography at CONSOL‟s R&D Laboratory.   
 
Besides monitoring the inlet methane concentration of the VOCSIDIZER with the new 
in-line AcuPro LEL analyzer, a temporary continuous sampling system was setup.  The 
sampling system included a heated probe, sample conditioner, sample and calibration 
gas transport lines, calibration gases, and a portable flame ionization detector (FID).  
The probe was inserted into the VOCSIDIZER inlet near the flow reversal valve. The 
measured methane readings were manually recorded from the analyzer during the test 
period.   

 
5.2.1 Results on Parametric Testing - Phase II 
The system was successfully operated at the five test conditions. The conditions 
demonstrated operation of the VOCSIDIZER at low (0.3%) and high (0.8%) methane 
concentrations entering the bed and low (15,000 scfm) and high (30,000 scfm) air flow 
into the unit.  Mid-point conditions of 22,500 scfm air and 0.6% methane were also 
tested.  The VOCSIDIZER inlet gas and stack samples collected were analyzed using 
gas chromatography to determine the methane conversion. The inlet methane 
concentration was continuously monitored with the FID during the test periods and 
compared to the inline AcuPro methane analyzer readings and hand-held methane 
meter readings to assure the inlet concentrations were at the desired targets.  There 
were slight discrepancies between all measuring devices, but the FID method is 
considered to be the most reliable for measuring methane.     
 
Table 8 summarizes the results from the five parametric tests.  The values reflect the 
average value of the data collected for the three individual sample periods for each test.   
Appendix B provides graphical representations of the operating and process data that 
were automatically recorded through the PLC during the test periods.   All tests resulted 

Test Run 
ID 

Methane 
Concentration (%) 

Process Air Flow 
Rate (scfm) 

TEST A 0.3 15,000 

TEST B 0.8 15,000 

TEST C 0.3 30,000 

TEST D 0.8 30,000 

TEST F 0.6 22,500 



- 32 - 

in methane conversions greater than the vendor‟s emission guarantee of 95% methane 
reduction rate.   

Table 8.   Phase II Parametric Test Plan Results 

Date 
4/30/08 

PM 
5/1/08 

AM 
4/30/08 

AM 
5/1/08 

PM 
4/29/08 

AM 

Test ID Test A Test B Test C Test D Test F 

Target % CH4 0.3 0.8 0.3 0.8 0.6 

Actual % CH4 by FID 0.29 0.70 0.30 0.79 0.62 

Actual % CH4 by GC 0.23 0.58 0.22 0.60 0.50 

Target flow, scfm 15,000 15,000 30,000 30,000 22,500 

Actual flow, scfm 16,738 16,530 29,812 29,824 21,689 

Temperature stack, ˚F 196 388 192 453 327 

Delta T bed, ˚F 133 333 133 364 266 

Delta P bed, “WC1 0.51R 0.67R 1.25R 1.56R 0.94R 

Maximum bed temp, ˚F 1897 2023 1945 2095 2034 

Fan Speed (% of max) 52 58 86 95 69 

% CH4 Conversion (based on GC 
results) 

97.9 97.0 98.8 97.8 98.2 

1 Reference pressure is pressure drop across the bed during Phase I at operating conditions of 0.3% CH4 

and 30,000 scfm 
 
The data show similar trends from the original test plan: as the flow rate of air and the 
concentration of methane increases, the temperature of the bed and the pressure drop 
across the bed increases.  Confidential Appendix G provides more details on the 
parameter relationships.  Confidential Appendix H provides MEGTEC‟s detailed 
analysis of the parametric tests.  One difference between the data on the rebuilt bed 
was that the pressure drop increased on average 28% with the new bed configuration.   
 
5.3 Emission Test Plan 
The emission testing plan for the VOCSIDIZER consists of testing the emissions three 
times throughout the duration of project operation.  The purpose of the tests is to 
measure nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), carbon 
dioxide (CO2), oxygen (O2), volatile organic compounds (VOCs), particulate matter 
(PM), and methane (CH4) that are emitted from the stack during normal operating 
conditions.  Each campaign consists of three one-hour test periods using EPA-style 
emission measurement equipment to manually sample and analyze the emissions from 
the VOCSIDIZER.  The first set of tests or campaign was conducted August 7-9, 2007. 
The second campaign was conducted August 5-7, 2008 and the third campaign was 
conducted September 8-10, 2008. 
 
A continuous emission monitoring (CEM) system was used for measuring the SO2, NOx, 
CO, CO2, O2, and total VOC concentrations at the stack of the VOCSIDIZER.  The 
system was comprised of a heated probe, heated out-of-stack filter, sample conditioner 
(cryogenic moisture removal), sample and calibration gas transport lines, sample 
manifold, CEMs, programmable logic controller, calibration gases, and computer-
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controlled data acquisition system.  The CEM equipment was maintained in a 24‟ 
mobile, self-contained, laboratory trailer and was operated by the CONSOL R&D gas 
sampling team on site.   
 
The test required a sample to be continuously extracted from the gas stream; a portion 
of the sample stream is conveyed to each CEM for simultaneous analysis.  Table 9, 
below, summarizes the separate analyzers and methods used to individually measure 
each component.  With this system, all QA/QC procedures are computer controlled, 
along with the sample acquisition and reporting.  The emission data were automatically 
recorded and the final data were corrected for span and zero drift, as specified in EPA 
Method 6C.  The sampling points used for the particulate matter (PM) and velocity 
determinations at the stack were selected as outlined in EPA Method 1.  
 
To measure the gas methane concentration according to EPA Method 18, a bag 
sampling system was integrated into the total VOC CEM sampling system.  The gas 
sample was extracted through the heated sample line into a 25 L Tedlar sample bag.  At 
the completion of the test, the contents of the bag were analyzed using gas 
chromatography with equipment at CONSOL‟s R&D Laboratory.  Besides collecting a 
gas sample from the stack, bag samples of the mine gas and inlet gas to the 
VOCSIDIZER were collected to determine methane conversion.  
 
  

Table 9.   Equipment and Methods for Gas Analysis 

Component Analyzer 
Manufacturer 

Model Type Testing Method 

CO 
Rosemount 
Analytical 

880A 
Non-Dispersive 

Infrared Analysis 
(NDIR) 

EPA Method 10 
 

O2 Maihak 
OXOR 

610 
Paramagnetic 

Analysis 
EPA Method 3A 

CO2 
Horiba 

Instruments 
PIR-2000 

Non-Dispersive 
Infrared Analysis 

(NDIR) 

EPA Method 3A 
 

SO2 
Bovar Engineered 
Products-Western 

Research 
721AT2 Ultraviolet Analysis 

EPA Reference 
Method 6C 

 

NOx Teledyne-API 200EH 
Chemiluminescence 

Analysis 
EPA Reference 

Method 7E 

Total VOC JUM Engineering VE-7 
Flame Ionization 
Detector Analysis 

EPA Method 25A 

PM 
Thermo-Andersen 

Instruments 
2010A Isokinetic EPA Method 5 

CH4 Varian CP 4900 
Gas 

Chromatography 
EPA Method 18 
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In addition to the computer controlled sample acquisition and reporting system as part 
of the emission measurement equipment, a second data logging device was connected 
in series during the second and third test campaigns.  This provided the capability of 
collecting data at a shorter frequency to better capture the behavior of the equipment 
when the flow reversal valves switch.   
 
5.3.1 Results on Emission Testing 
The first set of tests conducted on August 7-9, 2007, tested the performance of the 
original bed configuration. The second and third set of tests conducted on August 5-7, 
2008, and September 8-10, 2008, respectfully, were conducted on the rebuilt 
equipment.   

5.3.1.1 Emission Campaign 1 

Table 10 below summarizes the detailed results obtained during the first campaign 
conducted from August 7-9, 2007.  During the campaign, the operating conditions at the 
inlet of the VOCSIDIZER were controlled at 30,000 scfm and 0.6% methane.  All 
recorded CEM gas measured concentrations were corrected for instrument calibration 
using EPA Method 7E.   The full report is provided in Appendix C.  Methane was 
measured via gas chromatography on a bag sample collected over an approximately 
one-hour period.  The other species were measured with continuous monitors over the 
same duration.  The analytical data showed all criteria pollutants and methane 
conversions were within the manufacturer‟s specifications.  
   
 

Table 10.  Results from Emission Tests August 7-9, 2007 

  Test 1 Test 2 Test 3 
Average of all 

valid Tests 

Components 
in Stack 

 
Concentration in stack 

O2 % 19.9  20.0  21.1  1 20.0  

CO2 % 0.67  0.55  0.62  1 0.61 

NOx ppmv 0.25  0.10 -0.1 4 0.12 

SO2 ppmv 2.37 2 0.00 -0.1 1 1.19  2 

CO ppmv -0.1 4 1.32 2.34 1.22  

THC 3 ppmv 12.1  13.9  13.0 1 13.0  

Methane ppmv 212  197  149  186  

%  CH4 
Conversion 

% 95.7  95.9  96.8  96.1  

1
 Test was invalid due to sampling measuring equipment overheating.  Values were eliminated from 
average. 

2
 No sulfur is expected in the gas.  Potential contamination in sampling equipment. 

3
 Total hydrocarbon values from the monitor were not consistent with methane values obtained from the 
bag samples, and we consider them to be invalid. 

4
 Negative values reflect noise in the measuring system.  

 
 



- 35 - 

Problems that were encountered during Test 3 were the result of the instruments in the 
trailer becoming overheated.  An auxiliary electric generator was required at the site to 
power the trailer housing the continuous emission monitoring system due to insufficient 
and unstable power available at the site.  As a result, the trailer air conditioner 
malfunctioned and due to excessive ambient temperatures, the trailer got too warm and 
caused the instruments to fail during the QA/QC calibration procedures.  Hence, not all 
the data from Test 3 could be used. 
 
There is no sulfur expected to be present in the coal mine gas.  Therefore, the number 
reported in the first test showing sulfur is suspect and is believed to be caused from 
contamination in the sampling equipment.  The negative values that are reported in the 
table for NOx, SOx, and CO are the result of noise in the measuring system.  When the 
component concentrations are near zero, noise is noticeable.   
 
The values for the total hydrocarbons were not consistent with the methane values 
obtained from the bag samples and were considered to be invalid.  This was due to the 
frequency at which the data was reported in the data acquisition system.  The data 
acquisition system was only capable of logging a value for total hydrocarbons every 
minute.  Meanwhile, the flow reversal valves switched every couple of minutes.   When 
the valves switched, there was an opportunity for the incoming feed to bypass the bed 
and exit out of the stack since the pressure drop across the bed was greater than the 
open stack.  This caused unreacted methane to exit the stack and show up as spikes in 
the emission data.  Even though these spikes were visible on the continuous emission 
monitors, the logging apparatus was not fast enough to record them.   
 
The particulate loading was 0.0003 grains/dscf (dry standard cubic feet) or 0.06 lb/hr.  
This low value was expected since the incoming methane from the coal mine was 
diluted with ambient air and an inactive mine would contain little mining dust.   

5.3.1.2 Emission Campaign 2  

Table 11 summarizes the detailed results obtained during the second emission tests 
conducted August 5, 2008.  The full report is provided in Appendix D.   The 
VOCSIDIZER operation was very stable at 0.6% methane and 30,000 scfm of total flow 
during the testing period. Methane was measured via gas chromatography on a bag 
sample collected over an approximately one-hour period.  The other species were 
measured with continuous monitors over the same duration.   
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Table 11.  Results from Emission Tests Campaign 2 - August 6-7, 2008 

 
Use of the data logger provided a more representative measurement of the volatile 
organic compounds and resulted in a better comparison to the gas chromatography 
analysis.  Figure 8 illustrates the spikes of increased VOC concentration every time the 
flow reversal valves would switch.  The VOCs are reported on a dry propane-
equivalency basis.  The analytical results showed all criteria pollutants were within the 
manufacturer‟s specifications. The average methane conversion for all three tests was 
96.6%, which was above the manufacturer‟s guarantee.  

 
Measuring particulate 
matter emissions based 
on EPA Method 5 
provided a thorough 
method for determining 
solid emissions.  A 12-
point traverse with six 
points in each of the two 
stack ports yielded a 
representative sampling 
of the stack.  The 
average particulate 
loading was 0.006 
grains/dscf or 1.96 lb/hr.  
We believe this is the 
result of the powdered 
media from the lower 

plenum being carried 
out the stack.  This 
dust formation was worse than the expected performance of the media and caused 
MEGTEC to investigate the source of the problem. 

  Test 1 
Aug-1 

Test 2 
Aug-2 

Test 3 
Aug-3 

Average of 
all Tests 

Components  
in stack 

 
Concentration in stack 

O2 % dry 19.8  19.8  19.7 19.8  

CO2 % dry 0.67  0.67  0.62   0.65 

NOx ppmv 0.00 0.00  -0.10 2 -0.03 2 

SO2 ppmv -1.08  2 -1.34 2  -0.64 2 -1.02 2 

CO ppmv 2.76 2.04  1.22 2.01  

THC  ppmv 64.2  66.7  62.5 64.4  

Methane ppmv 152 1 188 1 132 1 157 1 

%  CH4 Conversion % 96.8 95.9  97.2 96.6 
1
 Data from GC analysis, all other data from CEM 

2
 Negative values reflect noise in the measuring system.  
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5.3.1.3 Emission Campaign 3 

Table 12 shows the results from the third series of emission tests conducted September 
8-10, 2008.  The full report is provided in Appendix D.  The tests were conducted using 
the same procedures followed for the second series of emission tests.  The procedure 
included three one-hour tests in which the team continuously sampled and analyzed the 
emissions from the stack. The VOCSIDIZER operation was stable during the testing 
period.  
 

Table 12.  Results from Emission Tests Campaign 3 - September 9 - 10, 2008 

  
Test 1 
Sept-1 

Test 2 
Sept-2 

Test 3 
Sept-3 

Average of all 
Tests 

Components 
in stack 

 Concentration in stack 

O2 % dry 19.9 19.9 19.9 19.9 

CO2 % dry 0.58 0.58 0.58 0.58 

NOx ppmv -0.10 2 -0.64 2 -0.06 2 -0.27 2 

SO2 ppmv -1.52 2 -0.91 2 -0.98 2 -1.14  2 

CO ppmv 1.64 1.65 1.28 1.52 

THC ppmv 59.3 61.3 63.7 61.4 

Methane ppmv 121 1 139 1 119 1 126 1 

%  CH4 
Conversion 

% 97.3 96.7 97.0 97.0 

1
 Data from GC analysis, all other data from CEM 

2
 Negative values reflect noise in the measuring system.  

 
The results were very similar to the results from the second emission test.  All criteria 
pollutants met the manufacturer‟s specification and the average methane conversion for 
all three tests was 96.4%, which was above the manufacturer‟s guarantee.  The 
particulate loading was 0.009 grains/dscf or 2.81 lb/hr.  This was slightly greater than 
the results from the second series of tests.  As in Test 2, we believe this particulate to 
be dust from abraded ceramic media.  Insufficient material was available to conduct any 
laboratory analysis.   
 
5.4 Long-Term Testing – Phase I 
 
The first phase of long-term testing at one set of conditions went from May 9, 2007, until 
November 16, 2007.  The conditions that were chosen to operate are 0.6% methane 
concentration (typical of a mine ventilation fan) and 30,000 scfm of total flow (full flow 
for a single bed).  The system logged 1300 unmanned hours from May 2007 through 
November 2007.   This represented 26.4% uptime on the equipment.  The specific 
operating hours for each month are:  

 May 2007   436 operating hours  
 June 2007   116 operating hours 
 July 2007  119 operating hours 
 August 2007  267 operating hours  
 September 2007   56 operating hours 
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 October 2007 277 operating hours  
 November 2007   30 operating hours 

 
Some shutdowns occurred due to equipment problems and others were operational 
problems.  Prior to November 30, 2007, corrective action was taken after each 
shutdown, which resulted in successfully returning the equipment to operation.  A call-
out system was installed so that immediate notification of the alarm condition was sent 
to the responsible team.  This was helpful in responding to the different types of alarms 
in a timely manner.   
 
The major sources of equipment problems were the methane detector and the 
compressed air system.  As discussed in Startup and Commissioning, Section 4.8, the 
original methane detectors were not sufficiently accurate and were too slow to respond 
to changes. Even after the modifications made during commissioning, they continued to 
be problematic.  The compressor air system problems resulted from mechanical failure 
of component parts.  The major sources of operating problems were power outages and 
settling of the bed media. 
 
Quantifying the amount of time resulting from each type of shutdown alarm is subject to 
interpretation.  Many shutdowns had multiple causes.   Once the system shut down, our 
safety rules required a manual restart.  Sometimes, the re-start was delayed due to the 
remote location of the facility. If the re-start was not effected quickly, the bed cooled and 
reheating the bed added to the downtime.  The length of down time would have been 
reduced if on-site operators checked the equipment daily.  Figure 9 shows the operating 
time for each month from May 2008 through November 2008 with a breakdown of down 
time due to each type of problem.  Figure 10 graphically shows how each type of 
shutdown contributed to the amount of total downtime on the equipment.  Table 13 
provides the number of downtime hours that each cause shutdown represented.  The 
downtime represented 73.6% of the maximum potential operating time.  If all the 
problems that were “non-core” were not considered, the availability improved to 46.1%.  
Specific details follow on the changes made for each of the shutdown causes in order to 
increase the run time on the equipment.   
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Figure 9.   Monthly Operating Time during Phase I 
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Table 13.  Causes of Operation Shutdowns 

 
 
 
 
 
 
 
 
 
 
 

 
5.4.1 Equipment Problems – Phase I 
Even after the changes made on the methane analyzing system during commissioning, 
the methane analyzer measuring the inlet duct concentration continued to cause 
problems that prevented the system from operating.   The most common alarm 
condition was “Low Concentration Mine Gas”, which was caused by the LEL analyzer 
reporting an erroneously low reading of the methane entering the VOCSIDIZER.  This 
resulted in an erroneously low back-calculated value (below 30% methane) of mine gas 
concentration.  CONSOL‟s safety requirements are that the mine vent must be closed if 
the actual concentration of methane in the mine gas is below 30%.  Sampling of the 
mine gas and the inlet to the VOCSIDIZER verified that the concentration of the 
methane in the mine had not changed from 45% to 50% methane since the beginning of 
the long-term testing. .  The LEL sampling system, from the probe inside the duct to the 
detector, was disassembled and cleaned.  The calibration of the detector was checked.  
The source of the problem was dirt in the flow switch that restricted the flow of the 
sample gas and gave an erroneously low measurement of methane.   
 
The most common alarm that shutdown the air compressor system was “Low Pressure 
Compressed Air”.  The low compressed air pressure shutdowns were the result of 
problems with the 1) compressed air piping system including faulty solenoid valves and 
leaking pipes, 2) serious mechanical failure of the compressor, and 3) mechanical 
failure of the regenerative dryers.   
 
Corrective action that was taken on the air piping included replacing a faulty solenoid 
valve in the air delivery system, adjusting the manual air valve on the inlet flow reversal 
valve to allow positive closure of the flow reversal valve, and repairing leaks in the air 
line.  It was also theorized that the pressure drop across the compressor discharge 
filters increased, which reduced the available pressure at the flow reversal valves.  
Adjusting the compressor pressure switch by five psig was sufficient to prevent the low 
pressure shutdown.  Since the low pressure alarm was noticed when the flow reversal 
valves switched, a delay timer was added into the control logic so the instantaneous 
demand on the compressor would not trip the low pressure sensor.   Adjustment of the 

Cause Hours Down 
% of Total Down 

Time 

Methane analyzer 802 22.1 

Air Compressor 607 16.8 

Solenoid Valve 142 3.9 

Power Outage 381 10.5 

Manpower 167 4.6 

Bed 1446 39.9 

Bed Heaters 76 2.1 

Total down time 3621 100 
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compressor discharge and increasing the delay time were required a second time after 
additional run time on the equipment. 
 
Serious mechanical repairs on the compressor included replacing a faulty check valve 
on the compressor tank and replacing a broken air compressor intercooler that required 
a new unit from the compressor manufacturer.  Other modifications made to the 
compressor were modifying the inlet air piping so it would have more flexibility and 
realigning the compressor to handle vibration better.   
 
The malfunctioning of the regenerative dryers on the discharge of the air 
compressor was due to failure of the purge valve on the dryers, which prevented the 
canisters from switching.  The principle of operation of the dryers is to flow the 
compressed air through one canister to remove moisture while the second canister is 
regenerating. An automatic timer causes the canisters to switch and continuously dry 
the compressed air.  When the canisters did not switch, the air line filled with moisture; 
this reduced the pressure and caused a low compressed air pressure shutdown alarm.   
The purge valve on the dryers was replaced and the compressed air lines were blown 
dry of water to correct the problem. 
 
5.4.2 Operational Problems – Phase I 
Operating problems that caused shutdown included:  1) power outages due to 
thunderstorms; 2) limited manpower; 3) temperature sensing problem in bed; 4) settling 
of bed packing affecting thermocouples; 5) failure of the heating elements.   
 
Through the summer months the site was vulnerable to power outages caused by local 
thunderstorms and unstable utility power.  A power outage caused the unit to go into an 
“Emergency Shutdown” which put the system into a cold shutdown that de-energized 
the electric heaters.   This extended the shutdown period because the bed would have 
to be reheated to oxidation temperatures before introducing the mine methane.  The 
most cost effective method of dealing with this type of shutdown was to install a call-out 
system.  Instantaneously making the operator aware of a loss of power reduced the 
time to respond to the shutdown and often prevented the bed heat from cooling too 
much.   
 
The down time due to an emergency shutdown could have also been reduced if an 
operator was located at the site.  In some cases when the equipment was at oxidation 
temperatures the introduction of methane was delayed due to the availability of on-site 
trained manpower.   Even though all down time was extended by the remote location 
and available personnel, it specifically was responsible for 5% of the down time.   
 
The majority of the down time was associated with the operation of the bed.  There 
were several problems associated with the bed operation.  The main alarm that 
continued to occur was “Low Temperature Corner”.  There were several causes for the 
erratic temperature readings.  Initially the focus was on the temperature sensing 
equipment. Corrective action that was taken included: the height of the thermocouples 
were adjusted to assure the proper bed depth were being measured, the electrical 
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connections were rechecked to assure the wires were not damaged, and suspect 
thermocouples were replaced.  A damaged ceramic sheath around one corner 
thermocouple was replaced.   
 
The next area of focus to explain the low corner temperatures was the integrity of the 
bed media.   Observation of the bed packing repeatedly showed settling in the corners, 
along the walls, and through the middle of the bed.  Inspection of the lower plenums 
showed an excess amount of ceramic debris ranging in particle size from dust to large 
pieces of ceramic packing.  Samples of the media were collected and sent to MEGTEC 
for analysis. All analyzes conducted on the bed material showed that the ceramic 
material met the chemical composition and strength specifications.  Internal inspection 
of the bed support structure was conducted and found no significant damage.  The only 
observation made that related to any potential cause of the debris was small gaps 
between the support plate and frame. The corrective action taken was to weld 
extensions onto the frame at the corners and the center of the bed to eliminate the 
gaps.  The other action taken was to fill the cavities in the bed corners with fresh 
ceramic material in order to prevent the problem from reoccurring.    However, refilling 
the ceramic media was repeated several times during the course of five months but it  
was not successful in preventing the unit from shutting down on low corner 
temperatures. 
 
The electric bed heaters caused a serious problem in November 2007.  The heating bar 
above the bed, which is connected to the bed heating elements, cracked.  This was 
successfully repaired in place but evidence showed more damage existed on the 
heating elements submerged in the bed.  When the electric heaters were turned on to 
begin the heat up process, one section of the bed heaters failed completely.  The repair 
of the damaged heating elements is a major job that would require removal of half of the 
bed media at a major expense.  It therefore required the team to determine if it would be 
cost effective to repair the damages or rebuild the bed to address the problems. 
 
5.4.3 Rebuild Design 
Since the performance of the bed had not met expectations, MEGTEC proposed to 
rebuild the internals of the bed.  On November 30, 2007, it was decided to shutdown the 
equipment and focus on rebuilding the bed internals.  The design for the rebuild was 
modified to improve the operation of the equipment. Details of the design are in 
Confidential Appendix I.  MEGTEC changed the rebuilt equipment specification by 
reducing the maximum allowable concentration of methane that could be introduced into 
the VOCSIDIZER from 1.2 volume percent methane to 0.8 volume percent methane. 
The constraint on maximum methane concentration was established to ensure the unit 
operates within an acceptable temperature range to enhance long-term durability.   
DOE approved a no-cost extension on February 5, 2008, to rebuild the bed internals.  
The modified contract with MEGTEC Systems was signed on March 14, 2008, to 
proceed with the construction.   
 
The rebuild required two to three weeks of field work, which began in April, 2008.  
Besides making repairs to the bed, other equipment was replaced that had caused 
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significant down time during Phase I, including the methane monitors and the air 
compressor.  The methane monitor measuring the percent LEL entering the 
VOCSIDIZER was replaced with a Control Instruments‟ AcuPro IR Sensor and the 
methane monitor measuring the mine gas concentration was replaced with a Rel-Tek 
Gas Boss100 sensor.  The air compressor was replaced with an Ingersoll-Rand screw-
type compressor.   
 
Additional miscellaneous construction activities were completed to improve the 
operation of the system.  New electric heaters were installed.  New thermocouples with 
protective sleeves were installed in the corners and center of the bed.  New gasket 
material was used to seal the top lids.  The deflection of the flow reversal valves was 
checked to assure they were sealing properly.   
 
On April 18, 2008, the heaters were turned on to begin heating up the bed slowly.  The 
objective was to assure the moisture was removed from the bed and the insulation was 
dried before methane was introduced.  All the safety shutdowns that were impacted by 
the rebuild were retested.  On April 24, 2008, mine gas was successfully introduced to 
the bed.  During the week of April 28, 2008, a series of test runs were completed to 
determine the performance of the rebuilt bed (see Parametric Testing – Phase II, 
Section 5.2.)  
 
5.5 Long-Term Testing - Phase II 
 
The system began operating unattended for the second phase of long-term testing on 
May 1, 2008.  The operating conditions chosen for the long-term test remained 
unchanged at 0.6% methane concentration (typical of a mine ventilation fan) and 30,000 
cfm of total flow (full flow for a single bed).  The system logged 2833 unmanned hours 
from May 1, 2008 through October 31, 2008.   The specific operating hours for each 
month during Phase II are:  

 May 2008   699 operating hours  

 June 2008  433 operating hours 

 July 2008   223 operating hours 

 August 2008  466 operating hours 

 September 2008  357 operating hours 

 October 2008  655 operating hours 
 
There was a significant improvement in the number of hours the equipment operated 
compared to the first phase of operation:  the equipment availability in 2007 was 26.4% 
versus 64.4% in 2008.  The new LEL analyzer was reliable with better accuracy and a 
faster response time (see Response Test on Methane Analyzer, Section 6.4) than the 
original analyzer.  Equipment problems and operational problems were greatly reduced, 
but continued to be the source of shutdowns.  The equipment problems were due to the 
main fan air flow meter and the air compressor.  The operational problems were caused 
by power outages, operator error, and settling of the bed media.   
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Figure 11 shows the operating 
and downtime for each month in 
2008 during Phase II of 
operation.  Table 14 quantifies 
the hours attributed to each 
type of shutdown.  In a great 
improvement over Phase I 
operation, the problems with the 
methane analyzer were 
eliminated; however, problems 
with the air flow meter 
appeared.  There was less 
down time due to power 
outages and no down time 
directly attributed to manpower 
availability.  Some of the other problems from Phase I, such as the air compressor and 
bed media problems continued to persist through Phase II.  Figure 12 graphically shows 
the percent each type of downtime contributed to the total down time.  Overall the total 
downtime was much lower than Phase I: 35.6% of the maximum potential run time in 
Phase II versus 73.6% in Phase I.  If everything that was repairable (that is, non-core 
problems) was removed from consideration, the availability was 84.1% compared to 
46.1% during Phase I.  This shows that the modified bed design made a significant 
improvement in the operation of the system.  
    

Table 14.  Causes of Operation Shutdowns Phase II 

 
 
 
 
 
 
 
 
 
 
 
Throughout Phase II the root causes of the shutdowns were determined and corrective 
actions were taken to resolve the problems and allow continued unmanned operation of 
the VOCSIDIZER.  Equipment modifications continued to develop a more robust system 
that operated without operator interaction for an extended period of time.  Specific 
details follow on the changes made for the major shutdown causes in order to increase 
the run time on the equipment.   

Cause Hours Down % of Total 
Down Time 

Flow Meter 656 41.9 

Air Compressor 213 13.6 

Bed 467 29.9 

Operator Error 70 4.5 

Power Outage 29 1.9 

Planned 130 8.3 

Total down time 1565 100 

Figure 11.  Monthly Operating Time during Phase II 
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5.5.1 Equipment Problems – Phase II 
There were several problems with the main fan air flow meter.  The air flow rate is part 
of the control loop for the mine gas booster such that as the air flow 
increases/decreases the mine gas flow also increases/decreases to maintain the 
desired methane concentration setpoint entering the VOCSIDIZER.  Initially the meter 
showed erroneously low air flow rate readings, which caused the mine gas flow rate to 
reduce and allow the methane concentrations to go below the setpoint. Removing and 
cleaning the flow meter corrected the readings and resulted in better control of the 
methane concentration at 0.6%, but for only a short time.  Then, the meter readings 
became erratic, which caused the fan speed and mine gas flow to be unstable.  The 
resulting effect was that the unit shut down on high LEL.  The flow meter also lost 
communication with the PLC, which contributed to the shutdown problems.  Tightening 
loose wires on the meter improved the operation of the meter and stabilized the flow 
rate into the VOCSIDIZER and appeared to correct the problem initially. The meter then 
repeatedly read erroneously high readings, which appeared to be associated with rain 
events.  It was speculated the high readings were due to impingement of water droplets 
on the thermal dispersion probe that extends into the duct to measure the air flow.  This 
caused a high LEL in the duct and the methane analyzer shut the system down.    
 
Since moisture was the source of the erroneous readings on the flow meter, added 
concern was placed on the functionality of the safety flow switches in the duct that 
operated with the same principle of flow measurement. It was decided to replace the 
safety switches with a pressure differential type switch that protects the system in a low-
flow condition.   Modifications were also made to the operating logic to put the main fan 
on a fixed speed in order to continue the long-term testing and prevent erroneous 
readings of the flow meter from shutting the system down.  A replacement flow meter 
was installed but the same behavior occurred during rainy weather.  This means that 
rain droplets are problematic to this type of flow meter.  However, it is expected that this 
instrument would not be a problem on a mine site, since the ventilation air methane will 

Figure 12.  Causes Contributing to Downtime on 
VOCSIDIZER - Phase II 
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not have water droplets in the gas.  The flow meter will require routine maintenance to 
clean the probe from accumulated dirt in order to avoid erroneous flow rate readings.   
 
Low compressed air pressure alarms continued to shutdown the system even though 
the original air compressor was replaced during the rebuild of the VOCSIDIZER.  One 
area of concern was the amount of oil the new compressor discharged into the 
compressed air stream, which could contribute to an increased backpressure in the air 
line.  Items that were changed included; replacing the oil separator inside the 
compressor cabinet, installing a new filter in the separator upstream of the regenerative 
dryers, and replacing the desiccant in the regenerative dryers with new material.  The 
purge drain timer on the separator was also adjusted to minimize the loss of air 
pressure.   These changes appeared to have corrected the alarm condition for a while.  
After two weeks of operation the problem reoccurred and the new corrective action 
taken was to replace and relocate the low pressure switch on the compressed air 
system.  The automatic drain valves on the air surge tank and air filter were shut off.  A 
leaking pressure regulator was replaced.  Based on recommendations from the 
compressor manufacturer it was decided to run the compressor continuously to reduce 
wear on the equipment and to maintain a more stable pressure in the air system.   
Weekly maintenance checks require oil usage to be monitored to determine if any 
compressor components have failed.    
 
5.5.2 Operational Problems- Phase II 
Settling of the bed packing and lower corner temperatures were first noticed at the end 
of July, which was after three months of operation.  The top plenum of the VOCSIDIZER 
was opened and the bed corners were inspected.  Cavities in the bed media had formed 
in the corners around the thermocouples. These cavities could be the cause of the 
lower recorded temperatures in the corners.  Fresh media was used to fill in the corners 
and level the surface of the bed.  In mid-August erratic temperature swings in the bed 
corner thermocouples were beginning to impact the ability to operate the unit 
continuously.  Low bed corner temperatures shut the unit down and caused difficulty in 
starting the equipment back up.  The bed internals were inspected; cavities were found 
in the corners and a layer of stuck-together media was noticed.  The bottom plenum had 
a layer of powder that appeared to increase with every inspection.  To help understand 
the behavior of the corners, replacement corner ceramic media were painted.  During 
the next bed inspection the colored media appeared to remain in the corners but had 
settled.  There was no sign that the corner colored media had dispersed in the bed to 
indicate excessive fluidization in the corners.  Confidential Appendix J provides more 
details on the fluctuations of the corner bed temperatures throughout the operating 
period. 
 
Unreliable utility power still contributed to downtime and caused emergency shutdowns.  
The reduced amount of downtime it caused during this phase was because the operator 
was able to respond to the shutdown more quickly with the call-out system operational.  
Operator error was another cause of shutdowns during this phase that contributed to 
the downtime.  There were also planned shutdowns that were used to inspect the bed 
internals and conduct equipment checks. 
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6. OPERATION EVALUATION 

 
6.1 Startup and Shutdown Period 
 
One aspect of the operation that plays a role in both operating time and down time is 
the time required for heating up and cooling down the bed.  These periods contribute to 
the time the bed is not oxidizing methane. The rate of heating and cooling the bed 
impacts the required operator responsiveness, the operating costs, and maintenance 
requirements.   
 
During the commissioning of the equipment when the heat was initially introduced to the 
bed, the heat-up was slow in order to dry out all the moisture in the bed.  A slow heat-up 
evaporated all the water in the bed insulation and the media.  The process took a 
couple days to assure there was no structural damage to the media.     
 
The heat-up required the 175 kW electric heaters to be on at full load until the center of 
the bed reached the methane oxidation temperature.  There were setpoints within the 
PLC logic, which the operator could not change, that controlled the cycling operation of 
the electric heaters.  Once the oxidation temperature was reached, the function of the 
heaters was to maintain the hot zone until methane could be introduced into the bed.   
Figure 13 shows a startup with the electric heaters in a cyclic pattern.  A typical cycle  

 
 

Phase I - Bed Temperature Profile - Startup with Electric Heaters 
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Figure 13.  Startup of VOCSIDIZER on Electric Heaters 
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was a 55-minute period with the heaters “ON”, followed by a 1-hour, 55-minute period 
with the electric heaters “OFF”.     
 
During operation of the equipment the time to cool down the bed was important in 
responding to alarm situations.  During a Type C shutdown the electric heaters would 
automatically turn on when the center of the bed reached a predetermined set point.   It 
took about 17 hours for the bed to naturally cool down to where the electric heaters turn 
on.   This cool-down time became very important when there was a Type A or Type B 
alarm and the electric heaters did not come on automatically.  Therefore, if the operator 
had not responded to the alarm situation within 17 hours, there was a potential that the 
bed temperature profile would become irregular and unsuitable to allow methane to be 
introduced into the unit. During times when the corner temperatures became unstable, 
the time to respond was even less than 17 hours before the electric heaters where 
unable to heat the bed uniformly.  The corrective action at this point was to cool down 
the bed below 250 degrees F and begin the heat up process again.  This caused more 
down time.  
 
The other situation when cool down and heat up time was important was when the unit 
had to be shut down for maintenance.  The condition that required operator intervention 
was when the corner temperatures were erratic and decreasing.  Corrective action was 
for the operator to enter the upper bed plenum and install new media in the corners and 
level off the bed cavities.   
 
To naturally cool down the bed so it could be opened for maintenance took about three  
to four days.  This was a loss of operating time that was unacceptable.  Therefore a 
procedure was developed to decrease the time it took to cool down and purge the 
system.   Modifying the time the flow reversal valves switched allowed a controlled bed  
cool-down that minimized damage to the ceramic media.  Using the main fan to purge 
the bed with ambient air was successful in cooling the bed internals to ambient 
temperature in about 24 hours.  
 
The heating time to bring the bed up to temperature with the electric heaters was about 
32 hours.  To provide optimum performance of the bed, the operating practice was to 
wait for the heaters to cycle at least two times before introducing methane to assure 
stable temperatures throughout the bed.  Figure 14 shows the temperature profile of the 
bed during a typical startup.  The temperature zigzag on the graph is the result of the 
electric heaters turning on and off.  Once methane was introduced, it took about 3.25 
hours for the bed to reach steady state temperatures.   
 
Continuous monitoring of the system operating parameters provided data that assisted 
in trouble-shooting the alarm shutdowns and upfront awareness of potential operating 
problems before they occurred.   
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Figure 14.  Cold Startup of VOCSIDIZER from Electric Heaters to Methane Gas 

 
6.2 Performance of Equipment 
 
As stated under Operation, Section 4.3.6, the system operating parameters were 
continuously monitored.  The collected data assisted in trouble-shooting the alarm 
shutdowns and provided upfront awareness of potential operating problems before they 
occurred.  The following figures are graphical representations of several of the operating 
parameters listed in Tables 3 and 4, Section 4.3.6. The graphs plot data from the 
Emission Campaign 2, Run ID: Aug-2, which is a good illustration of steady state 
operation of the VOCSIDIZER.  
 
The main parameter monitored was the bed temperature profile.  The temperature 
profile is flat with the center bed temperatures slightly higher than the corner 
temperatures.  This is expected since the center bed thermocouples are embedded 
deeper in the middle of the bed. The corner thermocouples are located in the corners 
where the equipment walls affect the temperature.  Figure 15 shows that there is at 
most only 100 degree difference between the center and the corners and all 
temperatures are above the oxidation temperature of methane.    
  

Phase II - Bed Temperature Profile during Startup
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Figure 15.  Temperature Profile of VOCSIDIZER during Steady-State Operation on 

8/6/2008 

 

Flow rates of the air entering the VOCSIDIZER and of the mine gas were both 
continuously monitored.  The rates were important in maintaining the desired methane 
concentration entering the VOCSIDIZER.  During typical operations, the flow rate of the 
main fan was held constant while the flow rate of the mine gas could vary if the 
concentration of the inlet duct did not meet the desired setpoint.  As seen in Figure 16, 
the mine gas rate was stable at around 300 scfm and the air flow was on average 
28,600 scfm.  The percent methane, recorded in terms of Lower Explosive Limit (% 
LEL) was mainly held at 12% LEL but occasionally would drop to 11% LEL.  The  
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pressure drop across the bed was constant at 1.64 times the reference pressure 
measured during operation at 6% LEL and 30,000 scfm in inches of water column (WC).   
 
In general the main fan air flow was stable.  Looking at the main fan at a more frequent 
data logging collection rate (5 seconds versus 5 minutes), shows more precisely what is 
occurring.  In Figure 17, the data show the fluctuations in the flow rate due to the  
 

switching of the flow reversal valves.  Every valve switch allows more air to be pulled 
through the fan because there is less resistance in the bed.  The peaks are so quick 
that it does not affect the overall stability of the air flow through the fan.  Graphing air 
flow with ambient air temperature shows there may be some affect of volume due to 
temperature.   
 
The LEL value also fluctuates as the flow reversal valves switch.  It makes sense that 
as the fan pulls more air through the duct on a momentary basis, the methane 
concentration in the duct would momentarily decrease.  The control loop for the booster 
mine fan responding to the change in LEL is slower than the peaks and is not intended 
to react to these fluctuations in the LEL.  Figure 18 shows the spikes in LEL during the 
duration of the emission test.   

Figure 17.  Air Flow Rate through VOCSIDIZER at More Frequent Data 
Collection (5-Second Data) 
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Figure 18.  Variation of VOCSIDIZER Inlet Methane Concentration Due to Data Collection 

Method 

 

This graph is another illustration of how the frequency and accuracy of the data 
collected can provide a different perspective of the operation.  The data collected every 
five minutes are average values truncated to two significant figures and they show a 
step change in LEL from 11% to 12%.   The one second and five second data are 
recorded with three significant figures and show the drop in LEL during the flow reversal 
valve switch.  The range in concentration was from 8.4% to 13.0% LEL with an average 
of 11.6% LEL.  There was no significant difference between the one and five second 
readings.  Even though our objective was to have a constant duct concentration it varied 
by the nature of the design.  This level of variability in the methane concentration may 
be present in a ventilation mine fan.  Since the instability of the inlet concentration did 
not affect the operation of the bed, it is a good indication that the equipment will be able 
to handle any similar fluctuations on an active mine.   

 
The one trend that most distinctively shows how the performance of the bed changes 
during a flow reversal valve switch is the temperature of the outlet of the VOCSIDIZER.  
The purpose of the valve switch is to maintain the hot reaction zone in the middle of the 
bed and prevent the heat from exiting the bed.  Figure 19 shows the outlet temperature 
measured at the stack in relationship to the inlet temperature.  The inlet temperature is 
relatively constant from 97˚F to 101˚F.  The outlet temperature changes from 266˚F to 
501˚F, with an average temperature of 357˚F.  Each spike represents a valve switch 
and a change in air flow direction in the bed.  The flow downward through the bed has a 
slightly higher peak temperature by about 30 degrees.    
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Figure 20 shows the flow reversal valve switch in more detail and illustrates how the 
bed plenum temperatures also fluctuate with each switch.   The graph again shows the 
stable inlet 
temperature of 
the gas and the 
fluctuating 
temperature of 
the outlet.  The 
upper and lower 
plenum 
temperatures 
fluctuate with 
each switch, 
which indicates 
which direction 
the flow is in the 
bed.  The other 
two variables 
plotted on the 
graph are the 
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flow rate of air and the inlet duct methane concentration as % LEL.  During the valve 
switch, the duct methane concentration goes down and the air flow rate peaks up as 
previously discussed.  Even though these changes occur continually, the overall 
operation of the bed is very stable. 
 
6.3 Performance Test at Low Corner Temperatures 
 
As discussed in Operational Problems, Sections 5.4.2 and 5.5.2, unstable corner 
temperatures where observed during both phases of operation.  It was of concern 
whether the methane conversion in the bed was impacted by the erratic corner 
temperatures that repeatedly shut down the unit.  A performance test was conducted on 
the equipment during a period of time when the temperature profile of the bed was 
unstable (see Figure 21).   It is more desirable to maintain a more uniform temperature 
profile as observed during the Emission Campaign 2 (see Figure 15).  The amount of 
methane unreacted in the stack gas was the primary focus of the test.  On October 7, 
2008, field testing equipment and procedures similar to those used for the parametric 
tests were used for the performance test at low corner temperatures.   Bag samples 
were collected from the inlet of the VOCSIDIZER and at the stack during two, half-hour 
periods and one, one-hour period.  Samples were analyzed for methane using gas 
chromatography.  Results summarized in Table 15 show that the performance of the 
bed still met the performance criteria even though the temperatures in the corners were 
fluctuating and at most 700˚F colder than the center temperatures.   
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Table 15.  Conversion Test Conducted on 10/7/08 With Undesirable Bed Temperature 
Profile 

  Test 1 Test 2 Test 3  

Time  11:00-11:35 12:00-12:30 13:10-14:12  

 
Average Inlet 
composition 

Stack 
composition 

Stack 
composition 

Stack 
composition 

Average 
Stack 

composition 

CH4% 0.44 0.0116 0.0109 0.0115 0.0113 

C2H6% <0.01 <0.01 <0.01 <0.01 <0.01 

CO2% 0.10 0.56 0.56 0.57 0.56 

O2% 20.72 19.97 19.96 19.94 19.96 

N2% 77.94 78.64 78.65 78.67 78.65 

% Methane 
Conversion 

 97.3 97.6 97.4 97.4 

 
6.4 Response Test on Methane Analyzer 
 
The methane analyzer for measuring the methane concentrations in the duct at levels 
below 1.2% was a key component for the safe operation of the system.  As mentioned 
in Startup and Commissioning, Section 4.3.5, the ability to measure accurately and 
quickly were important criteria to detect out-of-range methane concentrations and 
shutdown the equipment.  The original unit was a Cirrus Fixed Point Infrared Flammable 
Gas Detector from Crowcon Detection Instruments.  The instrument specification lists a 
response time of T90 less than ten seconds and a repeatability of ± 2%.  The inability of 
the equipment to meet those specifications delayed our ability to operate the equipment 
unmanned and contributed to 22% of the down time in Phase I of the long-term 
operation. 
 

During Phase II of the long-term operation, the instrument used for measuring the low 
methane concentration entering the VOCSIDIZER was replaced with an Acupro Infrared 
Process Analyzer – Model 610 Series from Control Instruments Corporation.  The 
manufacturer‟s specifications include a response time of T90 less than three second to 
90% of final reading, an accuracy of ±3% of full scale, or 10% of applied gas 
concentrations, whichever is greater, a repeatability of ±1% of measurement range, a 
zero stability of ±1% in 30 days, and a span stability of ±5% per year. 
 
The principle of operation of the instrument is that the gas sample is drawn into the 
analyzer‟s optical cell by suction produced by an air aspirator.  The aspirator runs from 
a regulated supply at constant pressure on the air inlet.  Flammable gases and vapors 
in the sample absorb energy from an infrared source.  Detectors located opposite the 
infrared source convert the resulting energy change into an electrical signal, which is 
proportional to the concentration of flammable gas from 0 to 100% of the Lower 
Flammable Limit (LFL or LEL).  The optical cell has inlet and exhaust flame arrestors to 
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prevent flame propagation out of the optical cell.  Disposable filters inside the flame 
arrestors keep the sensor flow path clean.   
 
The instrument was calibrated on a monthly basis using “zero” air with no flammables, 
and “span” gas containing 50% LEL.  The calibration was controlled electronically 
through the operating panel of the analyzer.  There was very little drift in the calibration 
from month to month.   
 
In September 2008, after four-and-a-half months of operation, MEGTEC Systems and 
Control Instruments inspected the unit and conducted a response time test.  
Modifications were made to the sample collection system at that time to allow proper 
outdoor housing of the instrument.  Inspection of the internal filters showed no debris, 
and no other instrument problems were identified.  The purpose of the response test 
was to measure the time it took for a known concentration sample to read 90% of its 
maximum value on the instrument.  This is known as the response time at T90.  
 
The response test on the analyzer was conducted by placing a bag of 50% LEL 
calibration gas at the end of a standard length sample probe.  The time the analyzer 
read a specific methane concentration was recorded using an electronic switch and 
electronic data collection system.  The probe length and calibration gas concentration 
were varied to see the effect on response time of the instrument.  
 
The response time published by the instrument manufacturer is a T90 of less than three 
seconds to 90% of final reading, plus a sample transport time of one second.  One 
second is to be added for every additional 6 feet of ¼ inch OD sample tubing used.  The 
results summarized in Table 16 appear to meet the manufacturer‟s specifications.  The 
time to reach T60, or 60% of the maximum value, was also recorded.  As seen in Figure 
22, there is a step change in the methane concentration measured on the instrument 
which implies the electronics do not update as fast as the instrument is measuring.  The 
average response time measured at T90 for each set of conditions tested ranged from 
4.8 to 5.7 seconds. 
 
Table 16.  LEL Analyzer Response Times at Varying Sample Probe Lengths with 50% LEL 

Calibration Gas 

  
Test 1 for 

each 
Setup 

Test 2 for 
each 
Setup 

Test 3 for 
each 
Setup 

Test 4 for 
each 
Setup 

Average 
for each 
Setup 

 
Length of 

probe, 
inches 

Response 
time, sec 

Response 
time, sec 

Response 
time, sec 

Response 
time, sec 

Response 
time, sec 

 
3/8” 
tube 

¼” 
tube 

T60 T90 T60 T90 T60 T90 T60 T90 T60 T90 

Setup 1 60 36 4.5 6.5 5.1 5.1 5.7 5.8 5.2 5.2 5.1 5.7 

Setup 2 32 36 4 6 5.8 5.8 4.8 4.8   4.9 5.5 

Setup 3 24 4 3.7 5.7 5 5 4.5 4.6   4.4 5.1 

Setup 4 2 4 5.1 5.1 4.4 4.4 4.8 4.8   4.8 4.8 
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The results show that the shorter the sampling probe the faster the response time, see 
Figure 23.  The sample probe in our demonstration site is a 3/8 inch tube that extends 
across the width of the duct.  We chose this design to provide a more representative 
sample of the simulated mine ventilation air methane.       

 
 
 
 
The analyzer response time is important for the implementation of the TFRR technology 
to a mine ventilation fan.  One of the safety features at a mine installation is to assure 

LEL Analyzer Response Test -  Measured Methane Concentration versus Time
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that gas above a predetermined concentration is not permitted to enter the high 
temperature VOCSIDIZER.  The response time of the instrument becomes important in 
designing the duct and locating the measuring point to prevent the high concentration 
gas from entering the VOCSIDIZER.  Besides the infrared technology, a flame based 
sensor such as a flame ionization detector has high accuracy with fast response times 
but has restrictions from MSHA due to the flame.   Laser based sensors are another 
technology that could be investigated in the future for application to a mine fan.    
 
6.5 Public Communications 
 
The technology concepts and project accomplishments have been presented to the 
public in several venues throughout the duration of the project.  In total, eight 
presentations, three published papers in conference proceedings, two posters, and five 
organized site tours have been shared with the public.    The details on each 
presentation are provided.  
 
A paper entitled “Capture and Use of Coal Mine Ventilation Air Methane” was presented 
at the Second Annual Conference on Carbon Sequestration in May 2003 in Alexandria, 
Virginia.   
 
A paper entitled “Capture and Use of Coal Mine Ventilation Air Methane” was published 
in the proceedings of the Twentieth Annual International Pittsburgh Coal Conference, 
September 2003.  A poster illustrating this project was presented at the conference.  
The poster presentation garnered an Award for Honorable Mention-Technical Poster 
from the conference.   
 
A presentation entitled “Capture and Use of Coal Mine Ventilation Air Methane” was 
presented to a joint meeting of the Northern West Virginia Association for the 
Advancement of Cost Engineering (AACE) International & Morgantown Chapter of West 
Virginia Society of Professional Engineers on May 23, 2007.   
 
The project was selected to be reviewed during the 2007 Carbon Sequestration Peer 
Review sponsored by U.S. DOE on September 18, 2007.  An eleven-page Project 
Summary document was submitted to the review panel in late July and a presentation 
was made at the DOE Peer Review Meeting in Pittsburgh.  The panel‟s requested 
additional information is being provided in the final project report and the 
techno/economic analysis at the end of the project.  The recommendations did not 
require any changes to the project goals and objectives. 
 
A presentation was made to the First Annual Coal Mine Methane Conference 
sponsored by U.S. EPA in St. Louis, MO, on September 25, 2007.  Results from the 
experimental test program and the emission test were presented.   
 
A presentation entitled “Oxidation Technology for Ventilation Air Methane: First U.S. 
Field Trial”, was made at the MinExpo International 2008, September 22 - 24, 2008 in 
Las Vegas, Nevada.  
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A presentation entitled, “First U.S. Field Trial of Oxidation Technology for Coal Mine 
Ventilation Air Methane”, was given at the 25th Annual International Pittsburgh Coal 
Conference, September 29 - October 2, 2008.  The corresponding paper was published 
in the proceedings of the conference. 
 
A presentation entitled, “Case Study: Results from the First U.S. Field Trial of Oxidation 
Technology for Coal Mine Ventilation Air Methane”, was given at the U.S. EPA Coalbed 
Methane Outreach Program 2008 U.S. Coal Mine Methane Conference, October 28 - 
30, 2008, in Pittsburgh, PA.  As part of the conference, a site tour of the operating 
equipment was given to about 60 conference attendees and other invited guests.   
Posters highlighting the project accomplishments were displayed during the tour.   
 
A presentation entitled, “Oxidation Technology for Ventilation Air Methane: First U.S. 
Field Trial”, was given at the Coal and the Carbon Markets Conference in Charleston, 
WV, on April 17, 2009. 
 
6.6 Interaction with MSHA 
 
Personnel from the U.S. Mine Safety and Health Administration visited the site several 
times during the field demonstration. The equipment was observed during pre-startup 
before methane was introduced and during operation when the equipment was running 
at 30,000 scfm and 0.6% methane.  The largest MSHA group who visited the Windsor 
site on June 16-17, 2008, included personnel from MSHA headquarters, MSHA District 
3, MSHA Technical Support, EPA Coalbed Methane Outreach Program (CMOP) team, 
DOE, MEGTEC, and CONSOL.  The purpose of the meeting was for a technology 
exchange among the attendees and a discussion on MSHA„s design guidelines for the 
equipment to be located on an active mine ventilation fan.  During the meeting, 
presentations were made on the progress of the Windsor project and on MEGTEC‟s 
Australian VOCSIDIZER system that is producing electricity from ventilation air 
methane.   
 
Because of the continual transfer of information to MSHA from the initial conceptual 
design phase through the final operating phase, MSHA has an understanding of the 
system.   The main concern for installation on an active coal mine is for the safety of the 
mining operation; the VOCSIDIZER system cannot negatively impact the mine.  Key 
issues are the ability of the methane detection system to accurately measure methane 
concentrations entering the VOCSIDIZER, the ability of the system to prevent a 
hazardous mixture of methane from entering the VOCSIDIZER, and the ability of the 
system to prevent a fire from returning back to the mine.   It was determined that the 
installation of a VOCSIDIZER system will be part of the mine ventilation plan.  The plan 
will require approval from the MSHA District in which the installation will be placed. 
MSHA supports the concept of installing the units on an active mine provided all safety 
concerns are addressed.   
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7. ECONOMICS 
 
7.1 Technical basis 
 
An economic evaluation was performed to determine the impact of varying parameters 
on the internal rate of return for installation of a full-scale VOCSIDIZER system handling 
180,000 scfm of ventilation air.  The following information was used to provide a basis 
for the economics.  It is assumed that the coal mine methane venting from a mine 
ventilation fan contains 0.6% methane with a volumetric flow of at least 180,000 scfm.  It 
is assumed that the VOCSIDIZER system is amenable to modular construction with 
each unit capable of processing 30,000 scfm.  Therefore, the full scale system 
represents six units of the same size used during the demonstration project.   
 
An ideal site for the VOCSIDIZER would have three-phase power and telephone 
communication available.  The site should be flat and have sufficient acreage to install 
six VOCSIDIZER units with auxiliary equipment and maintain a 100-foot distance from 
the mine ventilation fan.  The site will be fenced and be accessible via a road capable of 
supporting trucks in and out of the site. 
 
The economic parameters that remained constant for all cases studied include: 

Equipment life - 10 years 
Depreciation rate – 200% declining balance 
Depreciation time – 7 years 
Total ordinary tax rate - 38% 
Inflation rate - 3% 

 
The two main areas of interest to conduct an economic analysis are for an abatement- 
only system and a heat recovery system.  
 
7.2 Abatement case studies  
 
The cost components that were varied in the economic analysis for the abatement 
cases included; capital costs, flow rate, relocation costs, operating & maintenance 
costs, electricity costs, the value of carbon dioxide credits, operating availability, and 
methane concentration.  The base case for the economics set the variable parameters 
at the following conditions:  
 
Base Case, Abatement: 

 VOCSIDIZER equipment capital costs - $30.1  /scfm  

 Flow rate – 180,000 scfm of ventilation air  

 Operating & maintenance costs –$5800 labor per year for onsite operators 
plus 5% of capital 

 Electricity cost - $0.058/kWh 

 Carbon dioxide credit value – $7.00/ tonne CO2e 

 Methane destruction - 95%  

 Availability - 97%  
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 Methane concentration – 0.6% 

 The unit would be located in one place with no relocation for 10 years  
 
Each of these parameters was varied based on experiences with the demonstration 
project and MEGTEC Systems‟ experiences.  The summary of the variables changed 
with the ranges selected for the sensitivity analysis are provided in Table 17. The 
underlined values reflect the conditions that were used for the base case in the analysis.  
The paragraphs following the chart describe in more detail the basis of the parameters 
selected and the ranges used. 
 

Table 17.  Parameters for Sensitivity Analysis 

Parameter Units Low limit Mid range High limit 

Ventilation air 
flow rate 

scfm 30,000 150,000 180,000 300,000 

Maintenance 
cost  

% of 
capital 

2 3 5 10 

Labor rate 
$/man-
hour 

25 40  60 

Electricity cost $/kWh 0.026 0.0438 0.058 0.067, 0.10 

CO2 credit 
value 

$/tonne 
CO2e 

0-3 5-7 10-15 20 

Equipment 
availability 

% 64 84 90 97 

Methane 
concentration 

volume % 0.3-.05 0.6 0.8 0.9-1.2 

Relocation cost $M 0 100 250 500 

 
The values for capital costs were indirectly changed based on the flow rate and 
methane concentration.  The values for capital investment were extrapolations from 
curves MEGTEC provided.  Three curves were provided that show the investment cost 
in Euros as a function of system flow rate at three separate methane concentrations; 
i.e., 0.3%, 0.75%, and 1.2% methane.  The costs were converted to US dollars using 
the exchange rate on February 4, 2009, which was 1 Euro equals 1.28866 US dollars.   
Figure 1 in Confidential Appendix K is a graph of the three curves.  The range of capital 
investment was $4.5 million for a 150,000 scfm system operating at 0.3% methane to 
$9.5 million for a 300,000 scfm system operating at 1.2% methane.  It was assumed 
that for methane concentrations between 0.3% and 0.49%, the investment cost of the 
system would follow MEGTEC‟s curve at 0.3% methane.  For methane concentrations 
from 0.50% to 0.80%, the investment cost would be taken from MEGTEC‟s 0.75% 
curve.  Since the maximum allowable concentration in the VOCSIDIZER is 0.8% CH4, 
the VAM from any mine fan that emits concentrations greater than 0.8% would have to 
be diluted with fresh air before entering the bed.  Another way to express the investment 
cost is as a cost per scfm of ventilation air.  The range of values obtained for abatement 
cases when considering from 150,000 scfm to 300,000 scfm of ventilation air were 
$31.8/scfm to $26.6/scfm with an average cost of $29.2/scfm.  The VOCSIDIZER 
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equipment is currently fabricated in Europe. With a potential market developing in the 
U.S., there are discussions of expanding fabrication to the U.S.  Fabrication location 
and the strength of the American dollar will have an impact on future costs of the 
equipment.     
 
The operating and maintenance costs represent several different types of activities.  
There are maintenance activities that would occur during downtimes and there are 
normal operating activities. There are costs associated with spare or replacement parts. 
There are utility costs to operate the equipment.  For the analysis it is assumed that 
maintenance activities conducted by a MEGTEC service technician would occur during 
the 3% down time on the unit.  This corresponds to a total of 263 hours per year that the 
equipment is not running.  It is assumed that three times per year the bed will have to 
be shutdown and the temperature lowered to ambient conditions in order to enter the 
bed internals.  It is assumed that this procedure will require 60 hours which allows time 
to cool the bed, make the internal repairs. and bring the bed back up to combustion 
temperature.  Besides the standard planned routine maintenance, the second type of 
downtime would be unplanned shutdowns caused by power outages or minor 
equipment problems occurring three to four times a year.  Planned normal operator 
activities would include checking the equipment daily for 15 minutes, and conducting 
MSHA required safety checks and instrument calibration monthly for 6 hours.  Overall 
the total operating and maintenance time requires 24 minutes per day or 145 man-hours 
per year.  At the base conditions this represented $5800/year.  The cost of the man-
hours was varied from $25/man-hour to $60/man-hour in the analysis.  The change in 
man-hour costs could be dependent on whether an outside contractor was hired to 
conduct the field checks or if a full-time mining operator did the work.   To capture the 
costs of replacement parts, unknown maintenance, and travel time to the site, 
maintenance costs were also included as a percentage of capital investment.  The value 
was changed from 2% to 10% of capital to determine the impact on the economics.   
 
The abatement analysis assumes that the electricity to operate the equipment would be 
purchased from the power company. The main demand is from the fan forcing the 
ventilation air through the VOCSIDIZER.  The existing fan at Windsor has a brake 
horsepower of 190, or 142 kW of electricity which is the energy required to overcome 
the pressure drop through the bed.  For the analysis, it was assumed that the energy 
requirements would be six times as great since there are six beds in operation.  The 
second energy demand is from the electric heaters used during startup.  Each bed 
would have an electric heater demanding 175 kW during startup.  Based on our field 
experience it is assumed that 34 hours are required to bring the bed up to temperature 
and assure uniform heating throughout the bed.  The value of the electricity used was 
representative of different electricity costs CONSOL currently pays.  The base case of 
$0.058/kWh was the average cost of electricity during five months of operation in 2009 
at the Windsor Mine. The values used were $0.026/kWh (energy costs at a 
Pennsylvania mine), $0.0438/kWh (total costs including energy costs, demand charges, 
and power factor charges at that same Pennsylvania mine), $0.067/kWh (average cost 
at Windsor Mine in 2008), and $0.10/kWh. 
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The economics include the impact of a carbon credit market on the implementation of 
the technology.  The calculation of the CO2 equivalents is based on the amount of 
methane that is converted to CO2 and water.  The methane conversion used was the 
manufacturer‟s guarantee of 95%.  During the demonstration project it was confirmed 
that this conversion was usually exceeded under all system operating conditions.  The 
total amount of methane sent through the VOCSIDIZER to be converted to CO2 is 
dependent on the concentration of VAM in ventilation air and the VOCSIDIZER fan flow 
rate.  The base concentration for the economic analysis was 0.6% methane which was 
the concentration tested during the demonstration project.  This quantity is expected to 
be an average concentration of a typical mine application.  The expectation is that when 
the VOCSIDIZER is placed on the operating mine fan the concentration will initially be 
greater at 0.8% to 1.2% methane.  Over time the methane concentration will reduce to 
less than 0.6% but never go below 0.3% methane.  The total methane captured and 
oxidized by an 180,000 scfm VOCSIDIZER system, which would otherwise be emitted 
to the atmosphere, will be 523 million ft3/year if the inlet concentration is stable at 0.6% 
methane.  Converting this quantity to CO2 equivalents by using a global warming 
equivalent of 21 and then correcting for the carbon dioxide that is emitted from the 
VOCSIDIZER leaves an overall global warming equivalent of 18.27.  Using a methane 
density of 0.04217 lb/ft3 at 60˚F and 30” Hg, the methane reduction equates to a net 
183,187 tonnes/year of CO2 equivalents.  The value of a CO2 credit in dollars per metric 
tonne of carbon dioxide equivalent was varied in the analysis for comparison.  The 
values used included; $0.00/tonne CO2e, $2.00/tonne CO2e, $3.00/tonne CO2e, 
$5.00/tonne CO2e, $7.00/tonne CO2e, $10.00/tonne CO2e, $15.00/tonne CO2e, and 
$20.00/tonne CO2e.  
 
Equipment availability was assumed to be 97%.  This means the equipment is down for 
263 hours of the year.  During the demonstration project, the availability, considering 
only core problems, was 84%.  With an experienced operator who can readily respond 
to any operating problems, we believe the existing equipment could be operated at 90% 
availability.  This would allow one shutdown per month to adjust the bed internals and 
continue running.  MEGTEC is investigating other bed media that would require less 
operator attention and allow less downtime and a greater availability. There are several 
impacts if the equipment does not reach the 97% availability.  Increased downtime 
reduces the amount of methane that is destroyed, which reduces the potential income 
from carbon credits, it increases maintenance costs if the bed internals require 
adjustment, it increases power costs to heat up and cool down the bed, and it adds 
mechanical wear on the electric heaters.   We are optimistic that the availability can be 
improved to 97%. 
 
The methane concentration was varied from 0.8% to 0.3%.  Ventilation fans normally 
operate with a decaying concentration curve during the life of the fan.  The bleeder fans 
are located close to the active longwall and are pulling ventilation air through the active 
mining area.   As the longwall moves away from the fan, the concentration of methane 
decreases.  After a one-year start-up period, ventilation air methane may begin at 1.5% 
and reduce to 0.3% before the fan is relocated to a new site.  The time for the relocation 
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may be from 5 to 10 years depending on the location of the fan, the ventilation plan, and 
the mining plan.    
 
The base case assumes that the VOCSIDIZER will remain in one place for the ten-year 
life of the unit.  A variation to the base case was to assume the unit would be moved 
one time after five years at a cost of $100,000.  The cost to prepare a new site and 
relocate the equipment was varied up to $500,000 in the analysis.  Depletion of the 
concentration of the ventilation air methane at the mine fan would be the main reason 
for relocating a unit.   
 
7.3 Heat Recovery Case Studies  
 
An analysis was conducted to include heat energy recovery with the system.  It is 
assumed that the heat recovered will be converted into electricity using the same basis 
of 0.6% methane and 180,000 scfm.  The additional assumptions for the base case are 
as follows:   
 
Base Case, Heat Recovery: 

 VOCSIDIZER equipment and generator capital costs - $85.2/scfm  

 Flow rate – 180,000 scfm of ventilation air 

 Maintenance costs – $0.015/kWh plus $345,700 per year of labor for 
onsite operators 

 Electricity cost (consumed and sold) - $0.058/kWh 

 Carbon dioxide credit value – $7.00/ tonne CO2e 

 Methane destruction - 95% 

 Electrical efficiency, LHV basis – 28% 

 Availability - 97% 

 Methane concentration – 0.6% 

 The unit would be located in one place with no relocation for 10 years  
 
The parameters were all varied according to Table 17 except for maintenance and 
relocation costs.  The maintenance costs were changed on the basis of power 
generated instead of a percent of capital.  The equipment was assumed to remain in 
one location for ten years with no relocation costs included.  The other change from the 
abatement sensitivity analysis was that the equipment availability was held constant at 
97% instead of being varied.  Electrical efficiency based on the lower heating value was 
added as a variable to the analysis.  Table 18 shows the range of values used for the 
changed parameters with the values underlined representing the base case.   The 
following paragraphs discuss the parameters that are different with the heat recovery 
case.   
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Table 18.  Parameters for Heat Recovery Sensitivity Analysis 

Parameter Units Low limit Mid range High limit 

Power 
Maintenance   

$/kWh .010 0.015 0.026 0.045 

Electrical 
efficiency, LHV 
basis 

% 25 28 30  

 
The information provided in a graph by MEGTEC representing the investment for power 
production for three concentrations of methane at various flow rates of ventilation air  
served as the basis for the capital costs.  Methane concentration is directly related to 
the amount of energy available to produce electricity.  An increase in potential electricity 
production increases the capital cost for power generation equipment.  Therefore, 
separate equations for cost as a function of methane concentration were generated to 
predict costs not plotted on MEGTEC‟s graphs.  Specifically the investment costs for 72 
m3/sec or 150,000 scfm for 0.3% CH4, 0.75% CH4, and 1.2% CH4 were provided by 
MEGTEC‟s informational graph.  These three values were plotted on a graph with 
investment cost as a function of methane concentration at a specific flow rate.  A curve 
was fit to the points and the equation associated with that curve would serve as the 
calculation for any investment for various methane concentrations. This was repeated 
for the flow rates of 180,000 scfm and 300,000 scfm.   The capital investment for the 
base case of 180,000 scfm and 0.6% methane was $15.3MM.   This calculated to 
$85.2/scfm of ventilation air produced.  The generated curves are plotted in Figure 2 in 
Confidential Appendix K. 
 
The maintenance and operating costs are based on a combination of an estimate of 
undefined maintenance items and on experiences gained from units operating in the 
field.  To address the undefined costs, a maintenance cost based on a cost per kWh 
was used.  For the base case, $0.015/kWh was used for the undefined maintenance 
costs.  The range of maintenance costs was from $0.010 to $0.045 per kWh.  This 
would include materials, supplies, spare parts, replacement parts, and manpower.  In 
Australia, at the only power-producing VAM project, one person is scheduled full time 
every day to do the maintenance.  Operating costs are considered to be manpower 
required to operate the facility.  It is assumed that one person is required to be at the 
site full-time during operation.  At the plant in Australia, it is required by law that the 
power generation facility be manned around the clock.  The assumption was made that 
all the required operating activities for the beds for abatement would still be necessary.   
For the case study, the labor costs were changed from $25/man-hour to $60/man-hour.    
 
For the base case, the two components making up the operating and maintenance 
costs are summarized in Table 19.  It shows that the combination of these costs 
represent 4.81% of the capital investment.  Based on feedback from MEGTEC, it is 
projected that a total O&M cost would be around 2-3% of capital.  Our estimate is high 
to compensate for a learning curve, as this will be the first project of its type in the U.S.  
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Table 19.  Calculation of Operating and Maintenance Costs for Heat Recovery Base Case 

   Cost - $ 
% of 
O&M 

% of 
Capital 

Components 
Used to 
Calculate 
Maintenance 
Costs 

Maintenance cost $.015/kWh    

Electric power 
generated – kW 

3071 
   

Operating hrs/year 8497    

Maintenance 
costs/year 

 
$391,424 53.1% 2.55% 

Components 
Used to 
Calculate 
Operating 
Costs 

Operating hrs/year 8642    

Man-hour cost $40/man-
hour 

   

Operating  
costs/year 

 
$345,680 46.9% 2.25% 

 Total O&M costs  $737,104  4.81% 

Capital 
Costs 

Capital investment $15,335,000    

 
The amount of available energy that can be converted into electricity is generated from 
the combustion reaction of methane to carbon dioxide and water.  That reaction 
releases the lower heating value of 912 Btu/ft3 of methane in the bed.  It is assumed 
that 0.2% methane is required to maintain the reaction temperature for self-
sustainability.  Methane concentrations greater than 0.2% will generate excess energy 
available for energy recovery.  The assumed method of removing the heat from the unit 
is through coils embedded in the bed that carry water which is vaporized to steam.  
Steam is then used to turn a turbine to make electricity.   The efficiency in converting 
the energy into electricity is a function of the quality of steam, temperature, pressure, 
and the type of generators purchased.  A more detailed cost estimate and flow diagram 
would be required to define the exact efficiency of the system.  For this study, there is 
assumed a 28% rate of efficiency on a LHV basis for the base case with a range from 
25-30%.   
 
As shown in Table 20, there are several different ways to represent the quantity of 
energy available.  This analysis assumed 3.07 MW of electricity could be generated 
from an 180,000 scfm system having 0.6% methane.    
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Table 20.  Energy Available from VOCSIDIZER System 

Operating Conditions 
180,000 scfm, 0.6% CH4, 

97% Availability,  95% 
Methane Conversion 

Energy Units  

Heat of combustion, LHV basis Btu/ft3 912 

Maximum potential thermal 
energy 

MW 16.45 

Electrical efficiency % 28 

Maximum electricity generated MW 4.61 

Actual thermal energy available 
for energy recovery 

MW 10.97 

Actual electricity generated MW 3.07 

 
Another means of extracting energy from the equipment is to utilize the thermal energy 
in the form of hot water.  This would allow 10.97 MW of thermal energy to be available 
to produce hot water for public or commercial consumption.   This is equivalent to 
37.4MM Btu/hr of energy.  This is capable of raising the temperature of 420 gpm of 
water from 50˚F to 200˚F.  Removal of this heat would operate on the same principle of 
putting coils within the bed and pumping water through them to extract the heat.   
Another method of heat recovery is to remove the heat from the stack.  This would 
require installing coils in the exhaust and removing heat from the hot gas. There is 
available about 16 MM Btu/hr of energy that could be extracted.  This has the potential 
of heating 273 gpm of water by 100 degrees.   This method of recovery heat from the 
system is being implemented in projects in China. These hot-water options were not 
considered in our economic analysis. 
 
7.4 Results 
 
7.4.1 Abatement cases 
Table 1 in Appendix E shows the results for all the cases that were analyzed for 
abatement.  Figure 24 graphically shows the internal rate of return (IRR) for each case 
analyzed. For the range of parameters that was chosen, the selling price of the carbon 
credits had the largest impact on the range of the profitability for the abatement case.   
The base case for the abatement case showed an internal rate of return of 2.5%. The 
following paragraphs interpret the effect each of the parameters had on the internal rate 
of return.  
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Figure 24.  Economic Analysis for Full-Scale VOCSIDIZER System on Mine Fan 

 
Flow rate changes affect the size of the abatement system and the capital investment.  
Increasing the flow rate of the system means increasing the size of the system.  For 
every 30,000 scfm of flow requires another ceramic bed to be installed.  For every 
60,000 scfm of flow required another fan to be installed.  Therefore by increasing the 
size of the system from 180,000 scfm to 300,000 scfm increases the number of 
operating beds from six to ten and the number of fans from three to five.  The results 
showed that the return of investment increased to 5.0% when the system was increased 
to 300,000 scfm.  The analysis assumes there is sufficient land to accommodate the 
equipment and the concentration of the VAM is stable at 0.6% methane.   
 
Increasing the maintenance costs from 2% of the capital to 10% of the capital, while 
holding all other parameters at the base case values, decreased the internal rate of 
return from 6.1% to -4.8%.  Changing the labor rates did not impact the results 
significantly.  This is due to the fact that only 145 hours of manpower were specifically 
defined for operation.  Any other manpower requirements would be absorbed in the 
maintenance costs as percent of capital and would not be affected by changing the cost 
of the labor hours.  This would include costs like the operators travel time back and forth 
to the site.   
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The price of electricity is important to the economics of the project.  Using a value of 
2.6¢/kWh, the return on investment was 7.8%, whereas using a value of 10¢/kWh 
showed a -6.6% IRR when all other parameters where unchanged from the base case.  
The electricity is mainly used to run the VOCSIDIZER fans and represents 60.0% of the 
operating and maintenance costs at the base case level of 5.8¢/kWh.     
 
The value of the CO2 credit greatly influenced the profitability of the system.  As a 
carbon credit market becomes enacted and the value of a carbon credit increases, the 
implementation of the technology on a coal mine fan becomes more economical.  For 
the project to break even over 10 years, it requires a carbon credit value of $6.60/tonne 
CO2e.  At $7.00/tonne CO2e the IRR is 2.5% and it increases to 39.3% when the value 
of the credit is at $20.00/tonne CO2e.   
 
Any reduction of uptime from the base case lowers the internal rate of return.   The IRR 
went from 2.5% at the base of 97% uptime to –7.0% at 64% availability.   The percent 
uptime achieved in Australia during the first year of operation of the power generating 
plant was around 95% with no signs of equipment problems observed during planned 
inspection shutdowns.  CONSOL was unable to maintain that level of uptime during the 
demonstration project.   
 
The concentration of the methane impacts the value of the project only if there is a 
carbon market.  The higher methane concentration in the mine exhaust, the more 
methane that will be converted to carbon dioxide.  The analysis assumes that the 
methane conversion is not impacted by the methane concentration which was 
confirmed during the demonstration project.  The more methane that is converted to 
CO2 the more the income from selling the carbon credits.  The analysis assumes a 
slight increase in capital investment as the methane concentration increases.  At 
methane concentrations below 0.5%, the capital cost is $5.0MM and it increases to 
$5.4MM when the concentration is from 0.5% to 0.8%.  The increased cost in capital 
does not significantly impact the return because it is offset by the value of the carbon 
credits sold.  The internal rate of return for 0.6% methane at $7.00/tonne CO2e is 2.5% 
and it increases to 11.2% at 0.8% methane.   
 
The analysis showed that if the unit was moved after five years of its ten-year life, it 
would decrease the IRR to 0.2% when the cost of relocation was $500,000 and all other 
parameters were unchanged from the base values.  To minimize the relocation costs, 
the plan is to design skid-mounted equipment so it can be relocated easily.  There may 
be opportunities to reduce the installation costs.  The best scenario is for the ventilation 
fan to exhaust sufficient levels of methane to operate the VOCSIDIZER for ten years 
and never relocate the equipment.   At the end of the ten year life, it is expected the bed 
internals will need to be rebuilt.  This is due to a combination of wear on the bed 
heaters, bed media, and bed insulation.  The rebuild will require a two-to three-week 
shutdown.  All construction activities can be accomplished in the field at an estimated 
cost of $200,000 per bed.  After the bed internals are rebuilt, the bed units should be 
operational for a second ten-year period.   
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7.4.2 Heat Recovery Cases  
Table 2 in Appendix E shows the results for all the cases that were analyzed for heat 
recovery.  Figure 25 graphically shows the internal rate of return (IRR) for each case 
analyzed. For the range of parameters that was chosen, the methane concentration and 
the carbon credit values were major influences on the profitability of a power generating 
system.   The base case for the power generation case showed an internal rate of 
return of 2.8% or a pay back in the ninth year of operation. 
 
The capital 
investment to add 
power generation 
capabilities to the 
VOCSIDIZER 
system can be a 
three-fold increase 
from the 
abatement-only 
scenario.  The 
capital investment 
for the base case 
to produce 
electricity was 
$15.3MM 
compared to 
$5.4MM for 
abatement case.   
This investment 
cost in terms of the 
quantity of electricity 
generated was 
$4993/kW based on a 
net 3.07MW of electricity.  This is expensive compared to the average cost of traditional 
fossil fuel power plants.    A carbon credit market could help offset the cost of the power 
generation from VAM.    
 
The power generating cases showed a lower internal rate of return than abatement for 
most cases that had similar fixed parameters.   One case where power generation 
showed significantly improved profitability over abatement was when the system was 
sized for 300,000 scfm.  In that case the return was 5.0% for abatement and 9.3% for 
power generation when maintaining the base conditions.   
 
Increasing the operating and maintenance costs decreased the internal rate of return.  
Increasing the maintenance costs from $0.010/kWh to $0.045/kWh, while holding all 
other parameters at the base case values, decreased the internal rate of return from 
3.9% to -4.7%.  Changing the labor rate impacted the IRR more for the heat recovery 
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cases than the abatement cases.  The IRR changed from 3.9% at $25/man-hour to 
1.3% at $60/man-hour.  This is because, in the heat recovery analysis, we have 
estimated one operator will be required to man the facility for 24 hours a day.   
 
The value of the electricity impacts the economic results.  When electricity is being 
generated, the higher the electricity value, the better the economics.  In contrast, with 
abatement only, the cheaper the power, the better the economics.  The amount of 
energy required to operate the fans was treated as a parasitic load which reduced the 
net electricity that could be sold to the power grid.  The power used by the system was 
not taken as an operating cost but as a loss of revenue.  It is assumed that the value of 
the electricity is the same value whether it is bought or sold.  The base case had a 
parasitic load of 29%.  The system used 891 kW of the 3071 kW that was produced.  
Using a value of 2.6¢/kWh the return on investment was -2.7%, whereas 10¢/kWh 
showed an 8.7% IRR when all other parameters where unchanged from the base case.  
The power generated could also be used internally by the mine depending on the 
proximity to the company‟s internal power grid.    
 
The value of the CO2 credit greatly influences the economics of the system.  It required 
a value of $5.50/tonne CO2e for the project to break even over ten years for the base 
case.  At $7.00/tonne CO2e the IRR was 2.8% and it increased to 18.5% when the 
value of the credit is at $20.00/tonne CO2e.  The methane concentration is tied to the 
ability to generate carbon credits.  At higher methane concentrations, more methane is 
available to be destroyed.   Concentrations less than 0.6% do not have a positive return 
of investment even when $7.00/tonne CO2e is available.  As the methane concentration 
increases, the return on investment increases.  At a VAM concentration of 0.6% 
methane the IRR is 2.8% and at 1.2% methane it increases to 15.5%.    The value of 
the CO2 credit and the concentration of methane have the biggest impact on the range 
of profitability of the power generation case.              
 
Electrical efficiency has an impact on the return of investment.  The efficiency is related 
to the capital investment and the type of equipment purchased.  For this analysis we 
assumed that without making any capital changes to the equipment, the efficiency could 
vary from 25 to 30% on a LHV basis.  Using this small range in efficiency the projected 
change in IRR was from 1.8% to 3.5%.   
 
7.5 Cost Reduction Opportunities  
 
Coal mines are a new application for the thermal flow reversal reactor technology.   New 
applications for existing proven technology usually encounter higher costs initially.  
There is a learning curve for the operators, maintenance personnel, and engineers. 
Equipment modifications are often required before the problems are resolved.  Systems 
become streamlined and costs are reduced as the problems are worked out of the 
system.  With this in mind, the analysis was conservative with the system costs and 
there may be opportunities to reduce the expenses and improve the profitability of the 
system.    
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Changes in the design and manufacture of the equipment may provide opportunities to 
reduce the capital investment.  The base cost of the VOCSIDIZER units may be 
reduced depending on where they are manufactured.  Equipment costs will depend on 
the quantity of units being built, whether they are manufactured overseas or in the US, 
and the strength of the US dollar.  If the VOCSIDIZER without heat recovery is capable 
of operating at concentrations greater than 0.8% methane, the system could be more 
economical.  This assumes that the incremental cost of upgrading the materials of 
construction to handle the heat would be less than the value of the carbon credits.  
Using MEGTEC‟s estimate for investment costs, a system capable of operating at 1.2% 
methane can increase the internal rate of return from 11.2% to 20.9% when the value of 
the carbon credit is at $7.00/tonne CO2e.  A change in the design of the bed could 
increase the volumetric flow through each unit.  The beds built for the Australian project 
were capable of handling 41,000 scfm, slightly larger than the Windsor demonstration 
unit at 30,000 scfm.  This allowed the Australian site to contain four beds and two fans 
to process 165,000 scfm, which would have required six beds of our size.  The 
reduction in the number of beds and fans has potential in reducing the capital and 
power consumption costs.   
 
There may be opportunities to lower the maintenance costs.  Even though a high 
availability was assumed in the analysis, a high level of maintenance was used due to 
the uncertainty of how well the equipment will operate long-term.  Once any unreliable 
equipment is replaced and the operators establish routine maintenance practices, the 
maintenance costs should drop.   The system has very few moving parts and should not 
require much repair time.    
 
There may be an opportunity to reduce the costs of electricity when an abatement-only 
system is installed at a mine site.  The cost of electricity is usually cheaper at the mines 
due to the quantity of power used at a mine in comparison to the quantity that was used 
at the Windsor test site.   
 
 Actual methane destruction may be greater than 95%.    During our demonstration test 
we calculated as high as 98.8% destruction of the methane during a one-hour test.  A 
higher destruction rate increases the amount of methane destroyed which will result in 
an increase in revenue from selling the equivalent carbon credit.   
 
For a heat recovery system, there is an opportunity to increase the amount of thermal 
energy available.  It was assumed that 0.2% methane is required to sustain the reaction 
(i.e., overcome energy losses) and the remaining methane is available for heat 
recovery. If this value is high and it is possible to remove more heat from the reactor 
and still sustain the operation, then it would increase the amount of electricity produced 
and therefore raise the revenue for the project.  It is also possible for the electricity 
efficiency to increase to 30%. 
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7.6 Optimistic Cases 
 
An optimistic set of conditions was analyzed to determine what internal rate of return 
could be expected from an installation of a VOCSIDIZER system on a mine in 
southwestern Pennsylvania.  The assumptions made are that the installation is for an 
180,000 scfm system with the ventilation air containing 0.6% methane.  The value for 
the carbon credit is constant at $7.00/tonne CO2e for the ten years of operation.  It is 
assumed that the capital costs can be reduced by 5% from the base case, the 
maintenance costs are only 2% of capital, the costs for electricity are the all-in power 
costs being paid by one of CONSOL‟s Pennsylvania mines ($0.0438/kWh), and the 
methane destruction in the bed is 96.5%.   The $40/man-hour rate and 97% equipment 
availability were unchanged from the base case. For an abatement-only case, the IRR 
increased from 2.5% at the base case conditions to 9.7% for the optimistic case as seen 
in Table 21.  To achieve a 15% IRR, the value of the carbon credit would have to 
increase to $8.60/tonne CO2e.  If the assumption was made that the methane 
concentration from the mine was 0.9% and the equipment was capable of handling the 
heat, it would only require the value of the carbon credit to be $6.40/tonne CO2e to 
achieve a 15% IRR, or $4.80/tonne CO2e, if the methane concentration was 1.2%.   
 

Table 21.  Summary of Economic Analysis for Optimistic Abatement Cases 

Case  500 580B 585A 585B 585C 

Description  
Base 
Case 

Optimistic 
Conditions 

CO2e 
value for 
15% IRR 

CO2e value 
for 15% IRR 
at 1.2% CH4 

CO2e value 
for 15% IRR 
at 0.9% CH4 

Variable parameters Units      

Methane 
concentration % 0.6 0.6 0.6 1.2 0.9 

Methane Conversion % 95 96.5 96.5 96.5 96.5 

Parasitic load % 100 100 100 100 100 

Carbon credit value 
$/tonne 
CO2e 7.00 7.00 8.60 4.80 6.40 

Electricity value $/kWh 0.058 0.0438 0.0438 0.0438 0.0438 

Flow air scfm 180,000 180,000 180,000 180,000 180,000 

Total installed costs $/scfm 30.07 28.57 28.57 32.65 32.65 

Capital cost reduction %  5 5 5 5 

Total capital 
investment $M 5412 5142 5142 5876 5876 

Availability % 97 97 97 97 97 

O&M cost % of cap 5 2 2 2 2 

Electricity costs $M/yr 447 338 338 338 338 

O&M man-hours hr/yr 145 145 145 145 145 

Total O&M costs $M/yr 745 460 460 475 475 

Life of machine years 10 10 10 10 10 

       

IRR % 2.48 9.71 15.27 15.39 15.39 

Year pay back  9 7 5 5 5 
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For the heat-recovery case it was assumed that the maintenance costs were lowered to 
$0.005/kWh, the electrical efficiency was 30% on a LHV basis, and 0.18% methane was 
required to sustain the reaction in the bed.   With all the other parameters at the 
optimistic conditions that were used for the abatement only case, the IRR increased 
from 2.8% at the base case conditions to 4.9% at the optimistic conditions.  See Table 
22 for the details.  To achieve a 15% IRR, the value of the carbon credit would have to 
increase to $14.70/tonne CO2e.  If the assumption was made that the methane 
concentration from the mine was 0.9%, it would only require the value of the carbon 
credit to be $8.80/tonne CO2e to achieve a 15% IRR, or $5.70/tonne CO2e if the 
methane concentration was 1.2%.  The optimistic conditions for a power generation 
case to be profitable include high methane concentration in the ventilation air and high 
value of generated electricity.   
 

Table 22.  Summary of Economic Analysis for Optimistic Heat Recovery Cases 

Case  600 680B 685A 685B 685C 

Description  
Base 
Case 

Optimistic 
Conditions 

CO2e 
value for 
15% IRR 

CO2e value 
for 15% IRR 
at 1.2% CH4 

CO2e value 
for 15% IRR 
at 0.9% CH4 

Variable parameters Units      

Methane 
concentration % 0.6 0.6 0.6 1.2 0.9 

Methane Conversion % 95 96.5 96.5 96.5 96.5 

Power kW 3071 3510 3510 8524 6017 

Parasitic load % 29 25.38 25.38 10.45 14.80 

Electrical efficiency % 28 30 30 30 30 

Carbon credit value 
$/tonne 
CO2e 7.00 7.00 14.70 5.70 8.80 

Electricity value $/kWh 0.058 0.0438 0.0438 0.0438 0.0438 

Flow air scfm 180,000 180,000 180,000 180,000 180,000 

       

Total installed costs $/kW 4993 4151 4151 2255 2821 

Total installed costs $/scfm 85.20 80.94 80.94 106.78 94.31 

Capital cost reduction %  5 5 5 5 

Total capital 
investment $M 15335 14568 14568 19220 16976 

Availability % 97 97 97 97 97 

O&M costs $/kWh 0.015 0.005 0.005 0.005 0.005 

Electricity costs $M/yr      

O&M man-hours hr/yr 8642 8642 8642 8642 8642 

Total O&M costs $M/yr 759 510 510 729 619 

Life of machine years 10 10 10 10 10 

       

IRR % 2.82 4.89 15.02 15.07 15.10 

Year pay back  9 8 5 5 5 
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7.7 Methane Emission Reduction 
 
The TFRR technology can provide new opportunities to reduce greenhouse gas 
emissions by the reduction of ventilation air methane emissions from coal mines.   As 
shown in Table 23, the single-bed unit, operating at 30,000 scfm and 0.6% methane, 
reduced methane emissions by 894 short tons during the 13 months of operation, which 
is the equivalent of 14,849 metric tonnes of carbon dioxide.  Breaking this down by year, 
there were 4,668 metric tonnes of CO2e reduced in 2007 and 10,181 metric tonnes of 
CO2e reduced in 2008.  Because the equipment availability was less than expected, the 
methane reduction was less than what the technology is capable of producing.  
Specifically, if the equipment during Phase II long-term testing in 2008 operated at the 
expected 97% availability, 15,335 metric tonnes of CO2e would have been reduced 
instead of 10,181 metric tonnes.  If the equipment operated with all the non-core 
problems removed at 84.1% availability, 13,296 metric tonnes of CO2e would have been 
reduced.   
 
Another aspect of the expected performance is the manufacturer‟s guaranteed 
emissions of criteria pollutants.  Using the guaranteed rate of emissions for each criteria 
pollutant for the actual hours of operation during both phases of operation, the 
equipment could have emitted 23,477 lbs of CO, 4695 lbs of NOX, 470 lbs of particulate, 
and no SO2 and still meet specifications.  Based on the manufacturer‟s experiences 
from lab testing with natural gas, they expected the CO emissions to be less than the 
guarantee at 5469 lbs. However, assuming that the criteria pollutant emission rates that 
were measured during the Emission Campaigns were representative of the emissions 
during the total operating hours of Phase I and Phase II, then the total emissions during 
the demonstration project were 810-1008 lbs of CO, 52 lbs of NOX, no measurable SO2, 
and 5631-8039 lbs of particulate material. 
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Table 23.  Comparison of Expected VOCSIDIZER Performance With Actual Windsor 
VOCSIDIZER Performance 

 
Expected 

Performance 
Phase II 

Core 
Problem 

Performance 
Phase II 

Actual 
Performance 

Phase II 
2008 

Actual 
Performance 

Phase I 
 2007 

Actual 
Performance  
Phase I & II 
2007 & 2008 

Hours of operation 
(maximum/actual) 

4400 4400 4400/2833 4921/1300 9321/4133 

Air flow rate, scfm 30,000 30,000 30,000 30,000 30,000 

Methane inlet 
concentration 

0.6% 0.6% 0.6% 0.6% 0.6% 

Methane 
conversion 

95% 95% 95% 95% 95% 

Reduction of 
methane 
emissions, MM ft3 

44 38 29 13 42 

Reduction of 
methane 
emissions, short 
tons 

923 801 613 281 894 

Reduction of 
methane 
emissions, metric 
tonnes 

839 728 557 255 812 

Net reduction of 
equivalent carbon 
dioxide, metric 
tonnes 

15,335 13,296 10,181 4668 14,849 

Percent uptime  97% 84.1% 64.4% 26.4%  

Power usage, kWh 663,930 561,055 494,000 313,640 807,640 

Emissions of 
carbon monoxide 
(CO), lbs    
   guaranteed/ 
   expected/ 
   actual 

 
 

23,845 
5554 
------ 

 
 

20,674 
4816 

888-1147 

 
 

15,831 
3688 

680-878 

 
 

7646 
1781 
130 

 
 

23,477 
5469 

810-1008 

Emissions of NOx, 
lbs   
   guaranteed/ 
   actual 

 
4769 
------ 

 
4135 

0 

 
3166 

0 

 
1529 
52 

 
4695 

52 

Emissions of 
particulate, lbs  
   guaranteed/ 
   actual 

 
477 
­---- 

 
414 

7253-10,398 

 
317 

5554-7962 

 
153 
78 

 
470 

5632-8040 
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The measured criteria pollutant emission rates and concentrations used to calculate the 
total emission weights for each pollutant are discussed below.  The measured CO level 
of 2 ppm in the stack gas was less than the guaranteed level of 50 ppm and even lower 
than MEGTEC‟s expectation from lab testing of 10 ppm. The maximum measured NOX 

value was at 0.22 mg/m3, which was less than the guarantee of 10 mg/m3. The 
measured particulate emissions were much greater than the expected values, 14.4-21.2 
mg/m3 versus 1 mg/m3.  The expected value of 1 mg/m3 is based on the maximum 
allowable particulate loading entering the bed with the mine methane.  In our case, the 
particulates were not coming from the gas entering the bed but from degradation of the 
bed media.  The dust was visible in the lower plenum during inspections and was 
carried out of the stack during operation.  The level of particulate emissions was 
undesirable and unacceptable to MEGTEC.  MEGTEC is investigating alternative media 
that will be more resistant to the operating conditions of the bed.   
 
A large commercial-size installation (180,000 scfm) of the TFRR technology on a single 
typical mine ventilation bleeder fan could reduce methane emissions between 0.52 and 
1.05 billion cubic feet per year, or 11,000 and 22,100 short tons per year.  This has a 
net equivalent global warming potential (GWP) reduction of 183,000 to 366,000 metric 
tonnes carbon dioxide per year (after accounting for the carbon dioxide that is emitted 
from the VOCSIDIZER).  The assumptions used to determine these numbers are: 

 Methane concentration range of 0.6% - 1.2%  

 97% equipment availability 

 95% methane destruction 

 GWP of methane = 21 times CO2  

 GWP reduction of 87% upon oxidation 
 

Added benefits result when heat recovery of the oxidation process is included with the 
system.  The heat recovered may be utilized directly as warm air or water, or steam 
used to generate electricity.  Generating electricity would reduce the demand on fossil 
fuel generating stations, thus reducing the emissions of SO2, NOX, CO, and other 
criteria pollutants.  A single commercial TFRR installed on a typical mine bleeder fan 
unit could produce 3.3-8.2 MW of electricity or 11-27 MW of thermal power.  The 
available energy accounts for the heat required to sustain the oxidation reaction in the 
bed.  The parasitic load on the system to primarily operate the process fan is about 0.9 
MW. This assumes an electricity efficiency of 30% on a LHV basis.  If the electricity 
generating efficiency is assumed to be 30% on a HHV basis, the maximum gross 
electricity generation would be 5.5 -11.0 MW and 18-36 MW of gross thermal power.   
 
Table 24 summarizes the impact of a specific case when the VAM concentration is 
0.9% methane and a large system with heat recovery is installed.  This system would 
abate 797 million cubic feet of methane from the atmosphere every year and generate a 
net 43.6 million kWh of electricity.  The major pollutant that is avoided when producing 
electricity with the TFRR technology compared to a coal-fired power plant is sulfur 
dioxide.  The basis for the emissions avoided with a coal fired power plant are that for 
every 10,000 Btu/kWh generated, the criteria pollutants will be emitted at the following 
rates on a lb/MMBtu basis: SO2 – 1.2; NOx - 0.4; particulate – 0.1; and CO – 0.07.  The 
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carbon monoxide showed a net increase compared to a coal-fired power plant when 
using the guaranteed emission concentration.  Based on the measured emission 
performance during the demonstration project, it is likely the carbon monoxide 
emissions would be less than from a coal-fired power plant.   
 

Table 24.  Optimistic VOCSIDIZER Performance at 180,000 scfm and Power Generation 

Description   

Methane concentration 0.9% 

Methane conversion 96.5% 

Electrical efficiency, LHV basis 30% 

Reduction of methane emissions, MM ft3 797 

Reduction of methane emissions, short tons 16,805 

Reduction of methane emissions, metric tonnes 15,277 

Net reduction of equivalent carbon dioxide, metric tonnes 279,119 

Electricity produced, kW 6017 

Electricity used, kW 890 

Net electricity produced, kWh 43,557,557 

Percent uptime  97% 

  

Emissions of CO (based on 10 ppm in stack), lbs/yr 66,654 

CO, tons/yr 33.327 

Emissions of NOx (based on 10 mg/m3 in stack), lbs/yr 57,230 

                      NOx, tons/yr  28.615 

Emissions of SO2, lbs/yr 0 

Emissions of particulate (based on 1 mg/m3 in stack), lbs/yr 5728 

                     particulate, tons/yr 2.86 

  

Emissions avoided from coal fired power plant:  

CO, tons (15.4) 

NOx, tons 73.6 

SO2, tons 306.7 

Particulate, tons 22.7 

 
 

8. CONCLUSION 
 
The single-bed VOCSIDIZER equipment was successfully operated for 4133 hours, 
primarily at 30,000 scfm and 0.6% methane.  The equipment was operated in two 
phases with equipment rework conducted between phases to improve operability.   
Equipment modifications were successful in improving the availability to 64.4%, and 
considering only core problems, the uptime was 84.1%.  
 
Parametric tests were conducted during each phase of operation that tested the 
operability of the equipment at the limits of methane concentrations and air flow rates.  
Three separate emission testing campaigns were conducted throughout the operating 
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time.  Testing showed that the VOCSIDIZER could successfully oxidize methane at the 
concentrations typically found in VAM.  The unit successfully operated between 0.3% 
and 0.8% methane. The methane destruction efficiency at all conditions tested was 
better than 95%.  Even when the bed temperature profile was erratic, the methane 
destruction still met the manufacture‟s guarantees.  Carbon monoxide emissions were 
less than projections and there were no significant amounts of NOx, or SO2 in the stack 
gas.   The particulate material emitted was greater than expected, but it was the dust 
from the ceramic media.  MEGTEC expects that an improved media will be available for 
future VOCSIDIZER installations.  
 
Oxidation of methane in the bed generates a significant amount of heat.  The energy 
released raised the center temperature of the bed to over 2000˚F when 0.6% methane 
was in the feed.  The temperature at the bed inlet/outlet swings from ambient to around 
500˚F and back with each valve switch.  These frequent changes in temperature at the 
upper and lower plenums caused expansion and contraction of the bed.  This energy 
can also be a resource which can be captured for use.  Recovery of the heat from the 
bed by raising the steam will cause smaller temperature swings and less thermal stress 
on the equipment.   
 
The equipment was safely operated during the field demonstration.  After several 
revisions, all of the mechanical and logical safeties operated according to design.  The 
multiple levels of shutdown in the control logic proved helpful in defining the seriousness 
of each shutdown and the proper startup sequence that followed.   The automatic safe 
shutdown sequence instantaneously shut the flow reversal valves, closed the inlet 
isolation damper to the VOCSIDIZER and released the gas in the duct through bypass 
damper. These steps assure that a problem in the bed does not propagate to the inlet 
duct and vice versa.    The LEL methane analyzer measuring the inlet concentration to 
the VOCSIDIZER was the main component to prevent a high level of methane from 
entering the unit.  The replacement analyzer accurately measured concentrations below 
1.2% methane with a response time of 5.1 seconds when using a 24” long, 3/8” 
diameter sample probe in the duct.  Since the site was unmanned, the automatic call-
out system initiated after each shutdown was useful to respond to problems in a timely 
manner.  Safe operation of the equipment is critical for its deployment to an active mine 
site.  
 
It is clear from the demonstration test that the quality of auxiliary equipment had an 
impact on the operability of the system.  The demonstration project had 962 hours of 
downtime due to the instrument air compressor, 802 hours due to the methane 
analyzer, and 656 hours due to a flow meter.   To minimize downtime in a commercial 
system, the compressor must be rugged and sized properly to operate the flow reversal 
valves.  The methane analyzer must be reliable and all instrumentation must be 
designed to operate over the range of local ambient conditions.    
 
Routine maintenance on the equipment will be required when a system is deployed on 
an operating coal mine.  The methane analyzer will have to be calibrated routinely, the 
flow meter will require routine cleaning, and all rotating equipment will need to be 
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greased.   Daily visual inspections and remote cameras would be helpful in addressing 
system problems.  Phone connections at the site are important so that on-line 
communication with the PLC is possible in order to make logic changes through the 
modems and allow MEGTEC‟s help-center to provide assistance when needed.  Data 
collection of operating parameters through the phone lines is also important in 
understanding the equipment operation and in determining the root causes of the 
shutdowns.   
 
The demonstration project reduced the economic uncertainty associated with future 
installation by providing more reliable capital, operating, and maintenance cost 
information.   This information was used to conduct an economic evaluation of an 
180,000 scfm system installed on a ventilation fan at an active mine.  Some of the 
assumptions used for the analysis included that the ventilation fan would emit 0.6% 
methane for ten years and the site did not require major preparation to install the 
equipment.   It is assumed that the capital costs for complete installation are $30.1/scfm 
or $5.412MM, the maintenance costs are 5% of capital, the cost for electricity is 
$0.058/kWh, manpower costs are $40/man-hour, the methane destruction in the bed is 
95%, and equipment availability is 97%.  If the project intention was for methane 
abatement only, the IRR was 2.5% when the value of the carbon credit is $7.00/tonne 
CO2e.  If optimistic conditions were selected so that the capital costs are lowered to 
$28.6/scfm or $5.142MM, the maintenance costs are only 2% of capital, the cost for 
electricity is lowered to $0.0438/kWh, manpower costs remain at $40/man-hour, the 
methane destruction in the bed increases to 96.5%, and the equipment availability stays 
at 97%, the IRR increased to 9.7% for the abatement only case at $7.00/tonne CO2e. 
Under these optimistic conditions, to achieve a 15% IRR, the value of the carbon credit 
would have to increase to $8.60/tonne CO2e.   
 
When considering an 180,000 scfm system having heat recovery with power 
generation, the economic evaluation showed the capital investment increased to 
$85.2/scfm or $15.335MM.   The analysis assumed that 0.6% methane was available 
for ten years and 3.07 MW of electricity was generated at 28% electrical efficiency, LHV 
basis.  The other assumptions used in the analysis were that the maintenance costs 
were $0.015/kWh, a full time onsite operator at $40/man-hour was needed, the costs for 
electricity were $0.058/kWh, the methane destruction in the bed was 95%, and the 
equipment availability was 97%.  The IRR for heat recovery was 2.8% when the value 
for the carbon credit is $7.00/tonne CO2e.  If optimistic conditions were selected, it 
would require the value of the carbon credit to be $14.70/tonne CO2e to achieve a 15% 
IRR.   High methane concentration and high value of electricity are beneficial for power 
generation with the TFRR system.   
 
The single bed unit, operating at 30,000 scfm and 0.6% methane at Windsor Mine, 
reduced methane emissions by 894 short tons during the 13 months of operation, which 
is equivalent to 14,849 metric tonnes of carbon dioxide.  A large commercial-size 
installation (180,000 scfm) of TFRR technology on a single typical mine ventilation 
bleeder fan could reduce methane emissions between 11,000 and 22,100 short tons per 
year (the equivalent of 183,000 to 366,000 tonnes carbon dioxide) depending on the 
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methane concentration.  Adding power generation to the system would reduce the 
demand on fossil fuel generating stations, thus reducing the emissions of SO2, NOX, 
CO, and other criteria pollutants.  The system could produce 3.3-8.2 MW of electricity or 
11-27 MW of thermal power. The parasitic load on the system primarily due to the 
process fan is about  0.9 MW.    
 
The TFRR technology proves to be a viable technology to mitigate ventilation air 
methane. Based on this demonstration project, CONSOL Energy Inc. is interested in 
advancing this technology to an active mine site by initially relocating the existing 
VOCSIDIZER unit to a mine fan under MSHA‟s guidelines.  MEGTEC Systems, Inc. is 
continuing to improve the equipment to obtain a more robust system and increase its 
availability.  In a carbon-constrained world, this technology provides the capability to 
utilize a waste stream to reduce greenhouse gases, as well as the potential to produce 
useful energy.   
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LIST OF ACRONYMS AND ABBREVIATIONS 
 
   
AACE - Association for the Advancement of Cost Engineering 
acfm - actual cubic feet per minute (wet) 
AEP - American Electric Power 
AM - morning 
bcf - billion cubic feet 
Btu - heating value in British Thermal Units 
cap - capital 
CBM  - coal bed methane 
CEM - continuous emission monitor 
cfm - cubic feet per minute 
CH4 - methane 
CMOP - U.S. EPA Coalbed Methane Outreach Program 
CO - carbon monoxide 
CO2 - carbon dioxide 
CO2e  - carbon dioxide equivalent  
DAS - data acquisition system 
dscf - dry standard cubic feet 
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DOE - U.S. Department of Energy 
EPA - U.S. Environmental Protection Agency 
FID - flame ionization detector 
ft - feet 
ft2 - square feet 
ft3 - cubic feet 
g - grams 
GC - gas chromatography 
gpm - gallons per minute 
GWP - global warming potential 
H2O - water 
Hg - mercury 
hp - horsepower 
hr - hour 
hrs - hours 
in - inch 
IRR  - internal rate of return 
kVA  - kilovolt-ampere  
kW  - kilowatt  
kWh  - kilowatt hour 
L - liter 
lb - pound 
lbs - pounds 
lb/MMBtu - pounds per million British thermal units of heat input 
LEL - Lower Explosive Limit 
LFL  - Lower Flammable Limit 
LHV  - lower heating value 
M - thousand 
m - meter 
m3 - cubic meter 
MCC  - motor control center 
mg -  milligram 
min -  minute 
MM - million 
MSHA  - Mine Safety and Health Administration 
MW  - megawatt 
N2 - nitrogen 
NO2 - nitrogen dioxide 
NOx - oxides of nitrogen 
O&M  - operating and maintenance 
O2 - oxygen 
PC  - pulverized coal 
PLC - programable logic controller 
PM - afternoon 
PM - particulate matter 
ppm - parts per million  
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ppmv - parts per million by volume 
QA - quality assurance 
QC - quality control 
R&D - CONSOL Energy Inc., Research & Development 
rpm - revolutions per minute 
RTO - regenerative thermal oxidation 
scf - standard cubic feet (68 oF and 29.92"Hg) 
scfm - standard cubic feet per minute  
sec  - second 
SO2 - sulfur dioxide 
SOx - oxides of sulfur 
temp - temperature 
TFRR - thermal flow reversal reactor 
VAM - ventilation air methane 
VOC - volatile organic compounds 
WC - water column (in inches) 
wt - weight 
WVDEP - West Virginia Department of Environmental Protection 
yr - year 
yrs - years 
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“VOCSIDIZER Duct Inlet Specification” 
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APPENDIX B 

 
OPERATING DATA  

FROM PARAMETRIC TESTING – PHASE II 



OPERATING DATA FROM PARAMETRIC TESTING – PHASE II 
 
 
The VOCSIDIZER operating and process data were recorded automatically through the 
unit’s data-logging system during the parametric tests.  Data were recorded at regular 
intervals from 1 second to 5 minutes depending on the instrument as discussed in the 
Operation, Section 4.3.6, and detailed in Tables 3 and 4 in Section 4.3.6.  
 
The following parameters were graphed with operating time for each parametric test; 
main fan air flow rate, mine gas flow rate, measured inlet methane concentration as % 
LEL, pressure drop across the bed against a reference value, internal bed media 
temperatures, bed plenum temperatures, bed inlet temperatures, and bed outlet 
temperatures.  The following graphs are provided for each parametric test: 

 
• Bed Temperature Profile 
• Mine Gas Flow, LEL, Air Flow, Bed Pressure Drop 
• Inlet & Outlet Temperature 
• Plenum Temperatures 
• Air Flow versus Inlet Temperature 
• Inlet Methane Concentration – LEL 

 
Each graph represents the total duration of the test with each half-hour sampling period 
labeled.  The graphs show the VOCSIDIZER operation was very stable over the testing 
periods.  For more explanation of what information can be interpreted from the graphs 
refer to the Performance of Equipment Section. 
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DISCLAIMER 

 

This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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REVIEW AND CERTIFICATION 

 

All work, calculations, and other activities and tasks performed and documented in this 
report were carried out under the direction and supervision of J. E. Locke, test team 
supervisor, CONSOL Energy Inc., Research & Development. 

 

_________________________     5/18/09       

J. E. Locke        Date 
Manager, Field Testing & Operations 
CONSOL Energy Inc., Research & Development 

 

This report was prepared by J. E. Locke.  To the best of our knowledge, this source test 
report has been checked for completeness.  The procedures, calculations, and 
emissions results contained herein are accurate, error-free, legible, and representative 
of the actual emissions measured during testing. 

 

_________________________     5/18/09       

J. E. Locke        Date 
Manager, Field Testing & Operations 
CONSOL Energy Inc., Research & Development 

 

I am responsible for the generation of the analytical data presented in this source test 
report and to the best of my knowledge; the analytical data have been checked for 
completeness.  The results contained herein are accurate, error-free, legible, and have 
been conducted in accordance with the methods in the approved protocol. 

 

_________________________     5/18/09       

J. E. Locke        Date 
Manager, Field Testing & Operations 
CONSOL Energy Inc., Research & Development 
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1.0 INTRODUCTION  

The MEGTEC VOCSIDIZER is a regenerative thermal oxidizer utilized in the destruction 
of volatile organic compounds in a wide variety of industrial applications.  CONSOL 
Energy R&D, in partnership with MEGTEC Systems and under U.S. Department of 
Energy (DOE) cooperative agreement DE-FC26-02NT41620, has applied this 
technology in a study to determine the system’s effectiveness at destroying methane 
from mine ventilation air discharge streams.  To verify the control capabilities, 
performance testing was conducted on the MEGTEC VOCSIDIZER oxidation system on 
August 8 and 9, 2007, to measure emissions of: 

 Nitrogen oxides (NOx),  

 Sulfur dioxide (SO2),  

 Carbon monoxide (CO),  

 Carbon dioxide (CO2),  

 Oxygen (O2), 

 Volatile organic compounds (VOCs), and 

 Particulate matter (PM) and also 

 VOCSIDIZER methane (CH4) reduction rates.   

The sampling consisted of three one-hour tests, conducted over two days.  This report 
documents the emission rates, measurement methods, QA/QC procedures, and 
process conditions measured during the test program.  The field sampling was 
conducted by personnel from the CONSOL R&D Field Testing and Operations Group.  
The project team leader was Brian W. Green. 

The results of the analytical data showed all criteria pollutants and methane conversions 
were within the manufacturer’s specifications.  Table 1 summarizes actual emissions in 
comparison to the VOCSIDIZER performance guarantees.   

Table 3 summarizes detailed results for all components measured.  The non-methane 
VOC (nmVOC) results shown are questionable.  This is due to the method of operation 
of the VOCSIDIZER in relationship to the data collection system.  Gas is routed through 
a thermal bed vertically.  After a few seconds the gas flow reverses direction.  During 
this switch, high levels of methane exit the VOCSIDIZER, through the exhaust stack.   

The VOC CEM records data once per minute and the methane sampling system 
extracts a continuous sample of the exhaust gas for the duration of the test period.  
CONSOL believes the recorded once-per-minute VOC readings did not coincide with 
the high methane periods created during the bed switches. The methane sample would 
have captured these excursions, resulting in an average methane value that exceeded 
the single point-in-time VOC values, creating negative nmVOC values.  Consequently, 
CONSOL believes the reported nmVOC results are not representative of actual 
conditions. 

Additionally, the CEM trailer air conditioning was not able to maintain stable 
temperatures resulting in a temperature increase that caused the O2, CO2, SO2, and 
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VOC analyzers to experience a negative drift in excess of the method limits.  The issue 
had an impact on the third test and on the average concentrations from the affected 
analyzers, mass flow rates, and mass emission rates of all measured pollutants.  
Therefore, throughout this report, test three averages are only included for the 
concentrations recorded by the unaffected analyzers. 

Table 1.  Emissions Guarantee and Performance Summary  

Performance 
Category 

Performance 
Guarantee 

Measured Resulta 

Methane reduction 
rate 

≥ 95% removal  96.1 % 

Carbon monoxide 
concentration 

< 50 mg/dscm 1.41 mg/dscm 

Nitrogen oxides 
(expressed as 

nitrogen dioxide) 
concentration 

< 10 mg/dscm 0.22 mg/dscm 

   a
 Measured results consist of the average of three test runs 

1.1 Pollutants Tested  

Pollutants and flue gas parameters, as well as equipment and methods used for 
sampling are summarized in the following table. 

Table 2.  Summary of Testing Performed 

Parameter Manufacturer Model Type 
EPA Reference 

Method 

CO 
Rosemount 
Analytical 

880A NDIR 10 

O2  Maihak OXOR 610 Paramagnetic 3A 

CO2 Horiba Instruments PIR-2000 NDIR Analysis 3A 

SO2 
Bovar – Western 

Research 
721AT2 Ultraviolet Analysis 6C 

NOx Teledyne-API 200EH Chemiluminescence 7E 

Total VOC JUM Engineering VE-7 Flame Ionization 25A 

PM 
Thermo-Andersen 

Instruments 
2010A Isokinetic 5 

CH4 Varian  CP 4900  Gas Chromatography 18 
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1.2 Summary of Results 

A total of three emissions tests were completed on August 8 and 9, 2007.  
Concentrations and emissions are summarized in Table 3.   

Table 3.  Summary of Test Results 

Note:  All units reported on dry basis 

Test ID 1 2 3 

Averages1 Test Date 8/8/2007 8/9/2007 8/9/2007 

Sample Time 1610-1715 0959-1104 1153-1257 

Gas Flow, dscfm 29,500 35,300 36,2002 33,700 

Gas Flow, dscmm 840 1,000 1,0202 920 

CO2, %  0.67 0.55 0.62 0.61 

CO2, lb/hr 0.14 0.13 0.15 0.13 

CO2, mg/dscm 1.22 1.00 1.13 1.11 

PM, gr/dscf 0.0005 0.0000 0.0004 0.00033 

PM, lb/hr 0.12 000 0.12 0.06 

PM, mg/dscm 1.11  0.00  0.89  0.653 

NOX, ppm  0.25 0.10 0.00 0.123 

NOX, lb/hr 0.05 0.03 0.00 0.04 

NOX, mg/dscm 0.48 0.19 0.00 0.223 

Total VOC, ppm4 12.1 13.9 13.0 13.0 

Total VOC, lb/hr4 2.44 3.34 3.20 2.89 

Total VOC, mg/dscm4 22.1 25.3 23.6 23.7 

nmVOC, ppm4 -58.6 -51.8 -36.7 -49.03 

nmVOC, lb/hr4 -11.8 -12.5 -9.06 -12.2 

nmVOC, mg/dscm4 -107 -94.4 -66.9 -89.43 

CO, ppm 0.00 1.32 2.34 1.223 

CO, lb/hr 0.00 0.20 0.37 0.10 

CO, mg/dscm 0.00 1.53 2.71 1.413 

SO2, ppm 2.37 0.00 0.00 1.19 

SO2, lb/hr 0.30 0.00 0.00 0.15 

SO2, mg/dscm 2.75 0.00 0.00 1.38 

1
 – Average of tests 1 and 2 unless otherwise noted. 
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2
 – Oxygen analyzer drift, invalid mass flow rates. 

3
 – Average of all tests. 

4
 – Methane concentration was higher than Total VOC concentrations due to CEM system 
recording intervals resulting in negative and invalid results.  

Shaded areas indicate data not considered to be trustworthy.  

2.0 Description of the MEGTEC VOCSIDIZER System 

The MEGTEC VOCSIDIZER system is situated on the property of the CONSOL Energy, 
Inc. Windsor Mine, which is no longer a producing mine.  The system utilizes methane 
exhausted from a mine vent at a volume of approximately one million cubic feet per day 
at a methane concentration of approximately 43 percent.  The system is designed to 
capture and eliminate ventilation air methane (VAM) from the exhaust of mine 
ventilation fans.  To simulate the low methane concentration of these sites, the vent gas 
(45 - 60 percent methane) must be diluted with ambient air to a concentration of 0.1 - 
1.2 percent methane.  Following dilution, the simulated mine ventilation air is routed to 
the VOCSIDIZER for control.  Figure 1 depicts the MEGTEC VOCSIDIZER system. 

The VOCSIDIZER consists of a bed of ceramic medium contained in an airtight steel 
container resting on a sturdy steel frame (Figure 2).  The granular ceramic bed material 
ensures optimum flow and temperature distribution over the bed.  Air plenum chambers 
are located above and below the bed to provide even distribution of the inlet air.  
Electrical heating elements are used to obtain the required start-up bed temperature of 

ca. 1000 C.   

The process fan at the inlet side of the VOCSIDIZER forces the feed air via dampers 
into the plenum and through the preheated bed where the air is heated to a temperature 
at which methane is completely oxidized.   The thermal energy released during methane 
oxidization is recovered by the bed media as the air moves to the outlet side of the bed.     

Thermocouples in the bed are tied to the programmable logic controller (PLC) system 
that monitors the temperature profile of the bed and the movement of the high-
temperature zone, which moves towards the outlet of the ceramic bed.  To maintain the 
high-temperature zone within the ceramic bed, switching valves reverse the air flow 
through the bed periodically.  The PLC program optimizes valve switching intervals 
using time and temperature to maximize energy efficiency.  After the valves have 
switched and reversed the direction of air flow through the bed, the energy that was 
recovered and stored in one side of the bed heats the incoming process air to oxidation 
temperature.  After the reversal, the high-temperature zone in the bed begins to move 
toward the new outlet and the process repeats.   

In operation, the VOCSIDIZER typically changes air flow direction through the bed 
every few minutes.  The reaction zone at the oxidation temperature is sustained in the 
center of the bed by optimizing the regenerative heat exchange between the ventilation 
air and the ceramic bed.   
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The expected methane conversion is 95%, with the capability of sustaining oxidation of 
methane at concentrations from 0.3 to 1.2% in air.  Therefore, it is well suited to oxidize 
ventilation air methane into CO2 and water.  

3.0 SAMPLING AND ANALYSIS PROCEDURES 

3.1 Point Selection 

The sampling points used to determine the flue gas velocity in the stack were selected 
as outlined in EPA Method 1.    Based on EPA criteria, a total of 12 sampling points (two 
six-point traverses) were used in making the volumetric gas flow measurements.  The 
location of the sampling points and traverse distances are presented in Figure 2. 

The samples for gas composition (O2, CO2, NOX, CO, SO2, CH4, and total VOC) were 
obtained in each of the two ports located ~15' above ground level.   

3.2 Verification of Axial Flow / Volumetric Gas Flow Rate 

Volumetric flow rate should be determined when the stack gas flow is axial or non-
cyclonic.  An axial flow check was performed prior to Test 1 and resulted in an absolute 

“null yaw” flow angle of 0.0 , which confirms the stack gas flow was axial or non-

cyclonic.  EPA Method 1 states that if the average “null yaw” angle is within 20° of the 
vertical gas flow axis, axial flow can be assumed.   

A volumetric gas flow rate determination was conducted during each of the three 
sampling test periods.  The results of these measurements are summarized in Table 4. 

3.3 Particulate Emissions Measurement  

Particulate matter emissions were determined using procedures described in EPA 
Method 5.  CONSOL used a 12 point traverse (6 points in each of two ports), sampling 
at each point for five minutes, which resulted in a total test time of 60 min and sample 
volumes >44.5 dscf.  Velocity measurements were obtained at each traverse point 
during the PM sampling to calculate the isokinetic sampling ratio and volumetric gas 
flow rate.  The EPA Method 5 sampling train is shown in Figure 3.  Field data sheets 
can be found in Appendix A.  Analytical summaries can be found in Appendix B.  Table 
4 summarizes the results of the PM sampling. 
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Table 4.  Flue Gas Parameters and Particulate Emissions Data 

Run 1 2 3 

Avg.1 Date 08/08/07 08/09/07 08/09/07 

Avg. Stack Temp [°F] 358 372 349 3603 

Gas Velocity [fps] 50.7 61.2 61.2 57.73 

Gas Flow Rate [acfm] 50,200 60,600 60,6002 57,200 

Gas Flow Rate [dscfm] 29,500 35,300 36,2002 33,700 

Flue Gas Moisture [%] 4.09 3.78 4.02 3.963 

Sample Time [min] 60 60 60 603 

Sample Volume [dscf] 44.5 48.4 47.7 46.93 

Sample Volume [dscm] 1.26 1.37 1.35 1.333 

PM [grains/dscf] 0.00 0.00 0.00 0.003 

PM [lb/hr] 0.12 0.00 0.12 0.06 

PM [mg/dscm] 1.11 0.00 0.89 0.653 

% Isokinetic 109 98.6 94.8 1013 

1
 – Average of tests 1 and 2 unless otherwise noted. 

2
 – Oxygen analyzer drift, invalid mass flow rates. 

3
 – Average of all tests. 

Shaded areas indicate data not considered to be trustworthy.  

 

3.4 Gaseous Emissions Measurement  

A continuous emission monitoring (CEM) system was used to determine concentrations 
of O2, CO2, NOX, SO2, CO, and total VOC concentrations for this test program.  The 
CEM data acquisition system (DAS) software records once every minute.  The 
VOCSIDIZER unit switches flow direction through the bed approximately every 120 
seconds, which results in a short-duration release of high methane concentrations.  The 
change in emissions during this time occurs too quickly to be recorded by the CEM DAS 
and as a result the average total VOC concentration was low.  The Method 18 sample 
for methane, which is collected continually, captured the high concentration “spikes”.  
When the methane concentration was subtracted from the  erroneously low total VOC 
value, negative non-methane VOC results were generated. Future testing will include 
the collection of additional Method 18 samples, which will be analyzed with the total 
VOC analyzer to verify the average values. 

The CEM system components can be configured with two separate sampling lines; a 
dry sampling line for the O2, CO2, NOX, SO2, and CO analyzers; and a wet sampling line 
for the VOC analyzer, or as one system utilizing just the dry line, which was 
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incorporated in this test.  The dry sampling system is equipped with a probe, heated 
filter, heated Teflon transport line, cryogenic moisture removal system, and a Teflon line 
to the CEM trailer.  Inside the trailer, the gas sample enters a manifold to distribute the 
gas sample to the individual analyzers and gas bag port.   

Calibration gases are automatically routed to the sampling probe for the sample system 
bias check and also directly into the analyzers for the calibration error check.  All initial 
and final zero checks and initial and final span checks are performed by routing the 
calibration gases to the sampling probe.  All calibrations and response time checks are 
computer monitored and controlled.  A computer-based data acquisition system stores 
and reduces the field data.  The system is also equipped with a dedicated printer.  A 
schematic of the CONSOL R&D CEM system is presented in Figure 4.  Specific 
sampling details are discussed below. 

3.4.1 Oxygen and Carbon Dioxide 

The O2 and CO2 sample was obtained and analyzed using the continuous emission 
monitoring (CEM) procedures outlined in EPA Method 3A and 7E, utilizing the sampling 
system described above.  All applicable QA/QC procedures were followed including 
initial calibration, calibration error, initial zero and span, final zero and span, response 
time, and sample system bias.  The QA/QC procedures are discussed in detail in 
Section 4.0.  Supporting documentation is contained in Appendix C.   

Average concentrations are summarized in Table 5.  Run three is considered invalid 
due to excessive instrument drift.  The reported averages do not include Run 3.  Raw 
field data can be found in Appendix A. 

Table 5.  Oxygen and Carbon Dioxide Concentrations 

Run 1 2 3 

Average1 Test Date 8/8/2007 8/9/2007 8/9/2007 

O2, % dry 19.9 20.0 21.1 19.9 

CO2, % dry 0.67 0.55 0.62 0.61 

CO2, mg/dscm 1.22 1.00 1.13 1.11 

  
1
 – Average of Tests 1 and 2. 

   Shaded areas indicate data not considered to be trustworthy.  

3.4.2 Oxides of Nitrogen 

The NOX sample was obtained and analyzed using the continuous emission monitoring 
(CEM) procedure outlined in EPA Method 7E, utilizing the same sampling hardware 
previously discussed.  A portion of the stack flue gas sample is conveyed to the 
chemiluminescent NOX analyzer through a manifold system.  All applicable QA/QC 
procedures were followed including initial calibration, calibration error, initial zero and 
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span, final zero and span, response time, and sample system bias.  The QA/QC 
procedures are discussed in detail in Section 4.0.  Supporting documentation is 
contained in Appendix C.   

Average concentrations are summarized in Table 6.  Raw field data can be found in 
Appendix A. 

Table 6.  Oxides of Nitrogen Concentration 

Run 1 2 3 

Average Test Date 8/8/2007 8/9/2007 8/9/2007 

NOx, ppmv (dry) 0.25 0.10 0.00 0.12 

NOx, mg/dscm 0.48 0.19 0.00 0.22 

3.4.3 Sulfur Dioxide 

The SO2 sample was obtained and analyzed using the continuous emission monitoring 
(CEM) procedure outlined in EPA Method 6C, utilizing the same sampling hardware 
previously discussed.  A portion of the stack flue gas sample is conveyed to the 
ultraviolet fluorescence SO2 analyzer through a manifold system.  All applicable QA/QC 
procedures were followed including initial calibration, calibration error, initial zero and 
span, final zero and span, response time, and sample system bias.  The QA/QC 
procedures are discussed in detail in Section 4.0.  Supporting documentation is 
contained in Appendix C.   

Average concentrations are summarized in Table 7.  Run three is considered invalid 
due to excessive instrument drift.  The reported averages do not include Run 3.  Raw 
field data can be found in Appendix A. 

Table 7.  Sulfur Dioxide Emissions Data 

Run 1 2 3 

Average1 Test Date 8/8/2007 8/9/2007 8/9/2007 

SO2, ppmv (dry) 2.37 0.00 0.00 1.19 

SO2,  mg/dscm 2.75 0.00 0.00 1.38 

 
1
 – Average of Tests 1 and 2. 

   Shaded areas indicate data not considered to be trustworthy.  
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3.4.4 Carbon Monoxide 

The CO sample was obtained and analyzed using the continuous emission monitoring 
(CEM) procedure outlined in EPA Method 10, utilizing the same sampling hardware 
previously discussed.  A portion of the stack flue gas sample is conveyed to the infrared 
CO analyzer through a manifold system.  All applicable QA/QC procedures were 
followed including initial calibration, calibration error, initial zero and span, final zero and 
span, response time, and sample system bias.  The QA/QC procedures are discussed 
in detail in Section 4.0.  Supporting documentation is contained in Appendix C.   

Average concentrations are summarized in Table 8.  Raw field data can be found in 
Appendix A. 

Table 8.  Carbon Monoxide Emissions Data 

Run 1 2 3 

Average Test Date 8/8/2007 8/9/2007 8/9/2007 

ppmv (dry) 0.00 1.32 2.34 1.22 

mg/dscm 0.00 1.53 2.71 1.41 

3.4.5 Methane 

The CH4 sample was obtained by extracting a sample from the CEM system overflow.  
The gas was analyzed for methane as outlined in EPA Method 18.  Analytical data 
summaries can be found in Appendix B. 

At the start of the test, a 25 L sample bag was connected to the CEM gas distribution 
manifold line in the CEM trailer.  The flow rate through this line was adjusted to 
uniformly fill the bag over the entire test period.   

Samples were also taken at the VOCSIDIZER inlet, where the sample gas is under 
positive pressure.  A rotameter was used in front of the Tedlar bag to sample at a 
uniform rate over the hour long test period.  After the test, the bag contents were 
analyzed for methane concentrations by gas chromatography.  The samples were 
collected from a single-point for one-hour, coinciding with all other measurements.   

The inlet and outlet CH4 concentrations are used to calculate methane reduction during 
each test period.  Table 9 summarizes the results.  Since all bag samples were 
collected continuously, the results include the excursion periods, which take place when 
the valves switch and uncontrolled gas flows through the system.  Therefore, the 
methane analysis for each run is the average for each sample and is a more accurate 
representation of VOC concentrations than results generated from the CONSOL CEM 
system. 
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Table 9.  Methane Reduction Summary 

Run 1 2 3 

Average Test Date 8/8/2007 8/9/2007 8/9/2007 

Inlet CH4 concentration [ppm] 4,900 4,800 4,700 4,800 

Outlet CH4 concentration [ppm] 212 197 149 186 

CH4 reduction rate [%] 95.7 95.9 96.8 96.1 

3.4.6 Total VOC 

Total VOC emissions were determined using a continuous VOC analyzer and the 
procedure outlined in EPA Method 25A, using the common sampling system previously 
discussed.  The VOC analyzer is equipped with a flame ionization detector, computer 
controlled data acquisition system, and a series of calibration gases (see Figure 4).  All 
applicable QA/QC procedures were followed including initial calibration, calibration 
error, initial zero and span, final zero and span, response time, and sample system bias.  
The QA/QC procedures are discussed in detail in Section 4.0.  Supporting 
documentation is contained in Appendix C.   

All of the calibrations were conducted by introducing the calibration gases through a tee 
fitting located on the sampling probe. The total VOC concentration for each test was 
continuously recorded and logged.  The average total VOC concentration was obtained 
from the values recorded by the CEM DAS.  Total VOC concentrations are expressed 
on a propane-equivalency basis.  The sample was taken at a single-point, for a period 
of one-hour, taken to coinciding with the other flue gas samples. 

3.4.7 Non-Methane VOC 

The non-methane VOC emission rate was calculated from the total VOC emissions 
corrected for the methane contribution as determined from the Method 18 sample bag.  
Total VOC results are reported on a dry, propane-equivalency basis.  The methane 
emissions are reported on a dry basis, as methane, and converted to propane 
equivalence (ratio of carbon atoms in methane vs. propane), and then subtracted from 
the total VOC value to provide non-methane VOC emissions.   

As discussed in previous sections, the measured methane values were greater than the 
erroneous average recorded total VOC values, which resulted in erroneous negative 
non-methane values.  The methane results are detailed in Table 10.  Raw field data can 
be found in Appendix A. 
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Table 10.  Summary of Total and Non-Methane VOC Results 

(VOC emissions expressed as propane equivalents) 

Run 1 2 3 
Average1 

Test Date 8/8/2007 8/9/2007 8/9/2007 

Gas Flow  [dscfm] 29,500 35,300 36,2002 33,700 

Gas Flow, [dscmm] 836  999  10242 930  

Total VOC Emissions: 

ppmv (dry)a 12.1 13.9 13.0 13.03  

Methane: 

ppmv (dry) 212 197 149 1813 

ppmv as C3H8 70.7 65.7 49.7 60.23 

non-Methane VOC Emissions: 

ppmv (dry)b -58.6 -51.8 -36.7 -49.0 3 

lb/hrb -11.8 -12.5 -9.06 -12.2- 

mg/dscmb -107 -94.4 -66.9 -89.4 3- 

a
 – Invalid results due to recording concentrations not sampled at a frequency to accurately 

represent total VOC emissions. 

b
 – Methane concentrations were higher than the Total VOC concentration, due to CH4 samples 

being collected continuously and representing an average result for the test period and the 
Total VOC result is an average of data points collected at one minute intervals. 

1
 – Average of tests 1 and 2 unless otherwise noted. 

2
 – Oxygen analyzer drift, invalid mass flow rates. 

3
 – Average of all tests. 

Shaded areas indicate data not considered to be trustworthy.  

3.4.8 Process Data 

VOCSIDIZER operating and process data were recorded automatically through the 
unit’s data-logging system.  Data were recorded at regular intervals from 1 second to 5 
minutes depending on the instrument.  Appendix D includes graphical representation of 
data collected during the second test run which was typical for the other two test 
periods.  The following parameters were included; main fan air flow rate, mine gas flow 
rate, fixed mine gas concentration, measured inlet methane concentration as % CH4, 
pressure drop across the bed against a reference value, internal bed media 
temperatures, bed plenum temperatures, bed inlet temperatures, and bed outlet 
temperatures.     
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3.5 Sampling and Lab Equipment 

The CONSOL Field Sampling team used standard EPA-type sampling equipment, 
which conforms to all applicable test codes.    

The total VOC analyzer is manufactured by J.U.M. Engineering and is a Model VE-7.  
Total VOC is determined by a flame ionization detector analysis based on procedures 
described in EPA Method 25A. 

The GC used for the CH4 analyses is a Varian CP 4900 portable micro gas 
chromatograph that is very versatile and was specifically configured for the gases of 
interest.  As configured, this instrument has a minimum detection limit of 5 ppmv for 
methane. 

A Teledyne-API 200EH continuous emission monitor measured the flue gas NOX 
concentration.  NOX is determined by chemiluminescence and measures total NOX as 
NO2, based on procedures described in EPA Method 7E. 

A Rosemount Model 880A continuous emission monitor measured the flue gas CO 
concentration.  CO is determined by nondispersive infrared analysis (NDIR) based on 
procedures described in EPA Method 10. 

The CO2 CEM analyzer is manufactured by Horiba Instruments and is Model number 
PIR-2000.  CO2 is determined by NDIR based on procedures described in EPA Method 
3A.   

The O2 CEM analyzer is manufactured by Maihak and is Model OXOR 610.  O2 is 
determined by para-magnetic analysis based on procedures described in EPA Method 
3A. 

The CONSOL R&D CEM system includes a computer-based data acquisition system 
(DAS) that stores and reduces field data.  All CEM gas concentrations can be displayed 
on tabular or strip chart forms, and a hard copy can be printed.  In addition, CEM gas 
concentrations are corrected from a “raw” or “uncorrected” CEM reading to a “corrected” 
reading using EPA Method 7E, equation 7E-5. 

  Cgas = ( Cavg - Co )  *  Cma / ( Cm - Co ) 

where:   Cgas = corrected gas concentration, dry basis, ppm or % 

 Cavg = Average unadjusted gas concentration indicated by data recorder for 
the test run, ppmv or % 

 Co = average of initial and final zero calibration gas readings, ppm or % 

 Cm = average of initial and final upscale calibration gas readings, ppm or % 

 Cma = actual or certified concentration of upscale calibration gas, ppm or % 
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Within specified percent of span limits, as outlined in the applicable EPA Methods, this 
calculation corrects for offsets and/or drifts of the zero and/or spans during individual 
test periods.  This correction factor was used on all reported ppmv dry concentration 
readings for O2, CO2, NOx, SO2, CO, and total VOC. 

4.0 QA/QC 

The CONSOL test manager was responsible for the implementation of the quality 
assurance procedures for this project.  All required measuring devices, including pitot 
tubes, barometers, continuous gas analyzers, and the gas chromatograph were 
calibrated as required.  Records of these calibrations are maintained in files and are 
included in Appendix C.  All field data were recorded on standard forms, which are 
included in the appendices as appropriate.  All of the collected data were reduced in the 
field to assure data quality and completeness.  Methane concentrations were 
determined using a laboratory-quality portable gas chromatograph.  Individual testing 
QA/QC procedures are discussed below. 

4.1 Flue Gas Velocity Measurements 

The flue gas volumetric flow rate is required to calculate the emission rates in mass flow 
units (lb/hr).  Velocity measurements were made during each of the test periods.  Prior 
to the compliance sampling, axial flow was verified at the measurement location. This 
survey and all subsequent measurements were made with a standard type “S” pitot tube 
following U.S. EPA Methods 1 and 2 criteria.  The pitot tube coefficient was determined 
by CONSOL R&D personnel using the procedures outlined in Method 2 and an in-house 
wind tunnel specifically designed for Method 2 pitot calibrations.  A copy of the most 
recent calibration is included in Appendix C.  Also included are the barometer 
calibrations.  The velocity measurements obtained during this testing are consistent with 
predicted flow rates for this test program. 

4.2 Particulate Measurements 

PM measurements were conducted using a 12 sampling point traverse, as outlined in 
EPA Method 1.   

Leak checks were conducted on the PM sampling train for each test run prior to 
sampling, after the components had reached sampling temperature and a post-
sampling leak check was conducted at the completion of the particulate run.  Pre- and 
post-sampling leak checks were conducted on the pitot system.  All pre- and post-
sampling system leak checks were satisfactory (<0.02 cfm @ >10 “H2O). 

At the completion of the post-sampling leak check, the probe was disconnected from the 
filter box.  Both ends of the probe (nozzle and ball cap) were sealed, and the probe was 
allowed to cool.  The probe and nozzle were rinsed and brushed with acetone three 
times.  The probe and nozzle rinse was caught in an approved sample container for 
subsequent particulate weight analysis.  Protective caps were secured on the pitot tips 
to ensure that they were not disfigured during probe transport.  The pitot tips and 
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sampling nozzle were inspected prior to the start of each PM run.  No tip damage was 
observed. 

CONSOL test personnel utilized a programmable calculator to determine the isokinetic 
sampling ratio.  The isokinetic sampling ratios for all runs were calculated in the field on 
a daily basis to ensure that no errors were made in setting up the sampling ratio or in 
the sampling itself.  The isokinetic sampling ratios for all tests were within the allowable 

range (100% 10%). 

Particulate weights were determined in the field using a Mettler electronic balance.  The 
accuracy of this balance was verified by class "S" weights.  The accuracy of the final 
filter weights was verified by both lab control filter blanks and field blanks. 

4.3 Total VOC Measurements  

Total VOC measurements were obtained with a continuous emission monitor spanned 
using VOC free air (0 ppmv propane) and high calibration gas (452 ppmv propane) on a 
0 to 1000 ppmv scale.  Linearity was verified using a low (151 ppmv propane) and 
middle (254 ppmv propane) calibration gases.  The analyzer was checked for drift using 
the zero and middle (250 ppmv propane) calibration gases following each test.  All 
calibration gases are EPA protocol gases, as documented in Appendix C.  The results 
of the pre-test calibration, linearity check, and post- test calibration tests verified that 
this analyzer was operating accurately.  All QA/QC documentation for the VOC analyzer 
is contained in Appendix C. 

As previously discussed, CONSOL used a single sampling system for all gas species, 
consisting of a sample probe, heated filter with calibration gas port, heated Teflon 
transport line, cryogenic moisture trap, and a Teflon transport line.  Results are 
transmitted from the CEM systems PLC system to a CONSOL computer, where data 
are recorded.  During this test program the DAS was not able to record more than one 
reading per minute.  Due to the DAS problem the Total VOC results are biased low.  
During the next test program at this facility extra Tedlar bag samples will be taken and 
analyzed for all emission parameters as well as methane concentrations.  This will 
provide a more accurate average result of emissions during the sampling periods in 
conjunction with the real-time CEM data.   

4.4 Methane Measurements  

Methane samples were collected at three locations during the test period.  
VOCSIDIZER inlet and outlet concentrations were used to determine the CH4 reduction 
rate.  Mine gas was also sampled to verify that the proper dilution ratio was being 
achieved from mine gas to VOCSIDIZER inlet. The bag sampling system was leak-
checked prior to sampling.  The bags were leak-checked in the CONSOL lab prior to the 
program and again during the field sampling.  The concentrations of the methane 
calibration gases were 100, 504, and 1000 ppmv.  The calibration curve is presented in 
Appendix C.  
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4.5 NOX Measurement 

NOX emissions were determined with a Teledyne-API chemiluminescent continuous 
emission monitor (CEM) spanned with a nitrogen (0 ppmv NOX) and high calibration gas 
(90.8 ppmv NOX) on a 0 to 500 ppmv scale.  Linearity was verified with a middle 
calibration gas (49.9 ppmv NOX).  The analyzer was checked for drift using the zero and 
middle (50 ppmv NOX) calibration gases following each test.  All calibration gases are 
EPA protocol gases, as documented in Appendix C.  The results of the pre-test 
calibration, linearity check, and post- test calibration tests verified that this analyzer was 
operating accurately.  All of the QA/QC documentation for the NOX analyzer is 
contained in Appendix C. 

4.6 CO Measurement 

CO emissions were determined with a Rosemount NDIR continuous emission monitor 
(CEM) spanned with a nitrogen (0 ppmv CO) and high calibration gas (60.0 ppmv CO) 
on a 0 to 1000 ppmv scale.  Linearity was verified with a middle calibration gas (30.7 
ppmv CO).  The analyzer was checked for drift using the zero and middle (30.7 ppmv 
CO) calibration gases following each test.  All calibration gases are EPA protocol gases, 
as documented in Appendix C.  The results of the pre-test calibration, linearity check 
and post-test calibration tests verified that this analyzer was operating accurately.  All of 
the QA/QC documentation for the CO analyzer is contained in Appendix C.   

4.7 SO2 Measurement  

SO2 emissions were determined with a Bovar chemiluminescent continuous emission 
monitor (CEM) spanned with a nitrogen (0 ppmv SO2) and high calibration gas 
(90.ppmv SO2) on a 0 to 200 ppmv scale.  Linearity was verified with a middle 
calibration gas (50.7 ppmv SO2).  The analyzer was checked for drift using the zero and 
middle (50.7 ppmv SO2) calibration gases following each test.  All calibration gases are 
EPA protocol gases, as documented in Appendix C.  The results of the pre-test 
calibration, linearity check, and post- test calibration tests verified that this analyzer was 
operating accurately.  All of the QA/QC documentation for the SO2 analyzer is contained 
in Appendix C. 

4.8 QAQC Incidents 

The air conditioner in the CEM trailer was unable to maintain cooling during Run 3 
causing the temperature to become elevated.  The temperature increase caused the O2, 
CO2, SO2, and total VOC analyzer calibrations to drift resulting in an unacceptable post-
test drift.  Any data generated from calculations utilizing concentrations from these 
analyzers is considered to be invalid and is noted as such throughout this report. 

No other QA/QC incidents were noted during this test episode. 
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5.0 Recommendations 

The concentrations of the CEM DAS data collection did not provide accurate data of the 
total VOC and it is possible that the flow switching may have also impacted the results 
of other parameters.  To improve the results, CONSOL R&D will implement the 
following steps in any future testing: 

 Increase the data collection frequency for all CEM monitors by using a data logger 
with the capability of collecting data once per second, then recording a 60 second 
average once per minute.   

 Collect additional gas bag samples for analysis by the total VOC monitor by feeding 
the gas directly into the sample port of the analyzer, which will provide an integrated 
sample for the test period. 
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Figure 2.  Internal Components of the VOCSIDIZER  
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Figure 3.  Schematic of the VOCSIDIZER Stack Sampling Location.  
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Figure 5.  Schematic of CONSOL R&D CEM System 
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DISCLAIMER 

 

This report was prepared as an account of work sponsored by an agency of the United 
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any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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1 

1.0 INTRODUCTION  

The MEGTEC VOCSIDIZER is a regenerative thermal oxidizer utilized in the destruction 
of volatile organic compounds in a wide variety of industrial applications.  CONSOL 
Energy R&D, in partnership with MEGTEC Systems and under U.S. Department of 
Energy (DOE) cooperative agreement DE-FC26-02NT41620, has applied this 
technology in a study to determine the systems effectiveness at destroying methane 
from simulated mine ventilation air.  To verify the control capabilities, performance 
testing was conducted on the MEGTEC VOCSIDIZER oxidation system on August 6 
and 7, 2008, as well as September 9 and 10, 2008, to measure methane (CH4) 
reduction rates and emissions of: 

 Nitrogen oxides (NOx),  

 Sulfur dioxide (SO2),  

 Carbon monoxide (CO),  

 Carbon dioxide (CO2),  

 Oxygen (O2), 

 Volatile organic compounds (VOCs), and 

 Particulate matter (PM).   

The two separate sampling events each consisted of three one-hour tests, conducted 
over two days each.  The events represent the overall second and third emission test 
periods conducted on the VOCSIDIZER equipment.  This report documents the 
emission rates, measurement methods, QA/QC procedures, and process conditions 
measured during the test programs.  The field sampling was conducted by personnel 
from the CONSOL R&D Field Testing and Operations Group.  The project team leader 
was James E. Locke. 

The results of the analytical data showed all criteria pollutants and methane conversions 
were within the manufacturer’s specifications.  Table 1 summarizes actual emissions in 
comparison to the VOCSIDIZER performance guarantees.  

Table 1.  Emissions Guarantee and Performance Summary  

Performance Category Performance Guarantee August Measured Result
a
 

September Measured 
Result

a
 

Methane reduction rate ≥ 95% removal 96.6% 97.0% 

Carbon monoxide 
concentration 

< 50 mg/dscm 2.33 mg/dscm 1.77 mg/dscm 

Nitrogen oxides 
(expressed as nitrogen 
dioxide) concentration 

< 10 mg/dscm 0.00 mg/dscm 0.00 mg/dscm 

a
 Measured results consist of the average of three test runs 
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2 

1.1 Pollutants Tested  

Pollutants and flue gas components, as well as equipment and methods used for 
sampling are summarized in the following table. 

Table 2.  Summary of Testing Performed 

Parameter Manufacturer Model Type 
EPA Reference 

Method 

CO Rosemount Analytical 880A NDIR 10 

O2  Maihak OXOR 610 Paramagnetic 3A 

CO2 Horiba Instruments PIR-2000 NDIR Analysis 3A 

SO2 
Bovar – Western 

Research 
721AT2 Ultraviolet Analysis 6C 

NOx Teledyne-API 200EH Chemiluminescence 7E 

Total VOC JUM Engineering VE-7 Flame Ionization 25A 

PM 
Thermo-Andersen 

Instruments 
2010A Isokinetic 5 

CH4 Varian  CP 4900  Gas Chromatography 18 

1.2 Summary of Results 

A total of three emissions tests were completed on August 6 and 7, 2008. Three 
additional emissions tests were completed on September 9 and 10, 2008.  
Concentrations and emissions are summarized in Table 3.   
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3 

Table 3.  Summary of Test Results 

Note:  All units reported on dry basis. 

Test Condition 2 

August 
Averages

 

3 

September 
Averages

 Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/2008 9/10/2008 9/10/2008 

Sample Time 
1106-
1207 

1350-
1450 

0931-
1031 

 
1620-
1727 

0937-
1042 

1137-
1242 

 

Gas Flow, dscfm 35380 36040 37200
 

36210 35980 34900 36080
 

35650 

Gas Flow, dscmm 1002 1021 1053
 

1025 1019 988 1022
 

1010 

CO2, % 0.67 0.67 0.62 0.65 0.58 0.58 0.58 0.58 

CO2, lb/hr 1617 1663 1566 1615 1423 1380 1427 1410 

CO2, mg/dscm 12211 12211 11300 11907 10571 10571 10571 10571 

PM, gr/dscf 0.0063 0.0066 0.0061 0.0063 0.0088 0.0096 0.0436
1
 0.0092

2
 

PM, lb/hr 1.90 2.02 1.95 1.96 2.73 2.88 13.5
1
 2.81

2
 

PM, mg/dscm 14.4 15.0 14.0 14.4 20.3 22.0 99.9
1
 21.2

2
 

NOX, ppm 0.00 0.00 -0.10 -0.03 -0.10 -0.64 -0.06 -0.27 

NOX, lb/hr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NOX, mg/dscm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total VOC, ppm 64.2 66.7 62.5 64.4 59.3 61.3 63.7 61.4 

Total VOC, lb/hr 15. 5 16.4 15.9 15.9 14.6 14.6 15.7 15.0 

Total VOC,                                                                       
mg/dscm 

117 121 113 117 108 112 116 112 

nmVOC, ppm 13.5 4.0 18.5 12.0 19.0 15.0 24.0 19.3 

nmVOC, lb/hr 3.26 0.99 4.69 2.98 4.66 3.57 5.92 4.72 

nmVOC, mg/dscm 24.6 7.3 33.6 21.9 34.6 27.3 43.9 35.2 

CO, ppm 2.76 2.04 1.22 2.01 1.64 1.65 1.28 1.52 

CO, lb/hr 0.42 0.32 0.20 0.31 0.26 0.25 0.20 0.24 

CO, mg/dscm 3.20 2.37 1.41 2.33 1.90 1.91 1.48 1.77 

SO2, ppm -1.08 -1.34 -0.64 -1.02 -1.52 -0.91 -0.98 -1.14 

SO2, lb/hr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SO2, mg/dscm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1
 Particles from bed degradation are the likely cause of this high value. 

2
 Sep-3 value not included in average 
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2.0 Description of the MEGTEC VOCSIDIZER System 

The MEGTEC VOCSIDIZER system is located on the property of the CONSOL Energy, 
Inc. Windsor Mine, which is no longer a producing mine.    The system is designed to 
capture and eliminate ventilation air methane (VAM) from the exhaust of mine 
ventilation fans.  In this demonstration, the VAM is being simulated by diluting the vent 
gas (45-60% methane) from an abandoned power bore hole on the property with 
ambient air to a concentration of 0.1 - 1.2 percent methane.  Following dilution, the 
simulated mine ventilation air is routed to the VOCSIDIZER for oxidation.  Figure 1 
depicts the MEGTEC VOCSIDIZER system. 

The VOCSIDIZER consists of a bed of ceramic medium contained in an airtight steel 
container resting on a sturdy steel frame (Figure 2).  The granular ceramic bed material 
ensures optimum flow and temperature distribution over the bed.  Air plenum chambers 
are located above and below the bed to provide even distribution of the inlet air.  
Electrical heating elements are used to obtain the required start-up bed temperature of 

ca. 1000 C.   

The process fan at the inlet side of the VOCSIDIZER forces the feed air via dampers 
into the plenum and through the preheated bed where the air is heated to a temperature 
at which methane is completely oxidized.   The thermal energy released during methane 
oxidization is recovered by the bed media as the air moves to the outlet side of the bed.     

Thermocouples in the bed are tied to the programmable logic controller (PLC) system 
that monitors the temperature profile of the bed and the movement of the high-
temperature zone, which moves towards the outlet of the ceramic bed.  To maintain the 
high-temperature zone within the ceramic bed, switching valves reverse the air flow 
through the bed periodically.  The PLC program optimizes valve switching intervals 
using time and temperature to maximize energy efficiency.  After the valves have 
switched and reversed the direction of air flow through the bed, the energy that was 
recovered and stored in one side of the bed heats the incoming process air to oxidation 
temperature.  After the reversal, the high-temperature zone in the bed begins to move 
toward the new outlet and the process repeats.   

In operation, the VOCSIDIZER typically changes air flow direction through the bed 
every few minutes.  The reaction zone at the oxidation temperature is sustained in the 
center of the bed by optimizing the regenerative heat exchange between the ventilation 
air and the ceramic bed.   

The expected methane conversion is 95%, with the capability of sustaining oxidation of 
methane at concentrations from 0.3 to 0.8% in air or 0.3 to 1.2% if heat removal is 
included.  Therefore, it is well suited to oxidize ventilation air methane into CO2 and 
water.  
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3.0 SAMPLING AND ANALYSIS PROCEDURES 

3.1 Point Selection 

The sampling points used to determine the flue gas velocity in the stack were selected 
as outlined in EPA Method 1.    Based on EPA criteria, a total of 12 sampling points (two 
6-point traverses) were used in making the volumetric gas flow measurements.  The 
location of the sampling points and traverse distances are presented in Figure 3. 

The samples for gas composition (O2, CO2, NOX, CO, SO2, CH4, and total VOC) were 
obtained in each of the two ports located ~15' above ground level.   

3.2 Verification of Axial Flow / Volumetric Gas Flow Rate 

An axial flow check was performed prior to Test 1 of the initial testing program at this 

location in August 2007, and resulted in an absolute “null yaw” flow angle of 0.0 , which 
confirms the stack gas flow was axial or non-cyclonic.  EPA Method 1 states that if the 

average “null yaw” angle is within 20° of the vertical gas flow axis, axial flow can be 
assumed.  As no physical or operational alterations were made at the sampling location 
since the initial axial flow check, and since no flow rate changes were noted during the 
test periods referenced in this report, no change to axial flow was assumed. 

A volumetric gas flow rate determination was conducted during each of the six sampling 
test periods.  The results of these measurements are summarized in Table 4. 

3.3 Particulate Emissions Measurement  

Particulate matter emissions were determined using procedures described in EPA 
Method 5.  CONSOL used a 12 point traverse (6 points in each of two ports), sampling 
at each point for five minutes, which resulted in a total test time of 60 min and sample 
volumes >47.5 dscf.  Velocity measurements were obtained at each traverse point 
during the PM sampling to calculate the isokinetic sampling ratio and volumetric gas 
flow rate. All isokinetic sampling ratios fell within acceptable limits of 90%-110%.  The 
EPA Method 5 sampling train is shown in Figure 4.  Field data sheets can be found in 
Appendix A.  Analytical summaries can be found in Appendix B.  Table 4 summarizes 
the results of the PM sampling. 
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Table 4.  Flue Gas Parameters and Particulate Emissions Data 

Test Condition 2  3  

Run ID Aug-1 Aug-2 Aug-3 
August 

Avg. 

Sep-1 Sep-2 Sep-3 
September 

Avg. Date 08/06/08 08/06/08 08/07/08 9/9/08 9/10/08 9/10/08 

Avg. Stack Temp [°F] 357 350 352 353 327 323 302 317 

Gas Velocity [fps] 59.8 60.2 62.2 60.7 58.0 55.5 55.6 56.4 

Gas Flow Rate [acfm] 59250 59650 61530 60143 57455 54955 55067 55826 

Gas Flow Rate [dscfm] 35380 36040 37200 36210 35980 34900 36080 35650 

Flue Gas Moisture [%] 3.11 2.77 2.44 2.77 2.12 1.73 1.56 1.80 

Sample Time [min] 60 60 60 60 60 60 60 60 

Sample Volume [dscf] 49.2 49.5 50.5 49.7 49.69 47.62 49.50 48.94 

Sample Volume [dscm] 1.39 1.40 1.43 1.41 1.41 1.35 1.40 1.39 

PM [grains/dscf] 0.0063 0.0066 0.0061 0.0063 0.0088 0.0096 0.0436
1 

0.0092
2 

PM [lb/hr] 1.90 2.02 1.95 1.96 2.73 2.88 13.51
1 

2.81
2 

PM [mg/dscm] 14.4 15.0 14.0 14.4 20.3 22.0 99.9
1
 21.2

2
 

% Isokinetic 96.2 95.0 93.9 95.0 95.6 94.5 95.0 95.0 
1. 

Particles from bed degradation are the likely cause of this high value. 
2. 

Sep-3 value not included in average 

 

3.4 Gaseous Emissions Measurement  

A continuous emission monitoring (CEM) system was used to determine concentrations 
of O2, CO2, NOX, SO2, CO, and total VOC concentrations for this test program. The 
CEM system components can be configured with two separate sampling lines; a dry 
sampling line for the O2, CO2, NOX, SO2, and CO analyzers; and a wet sampling line for 
the VOC analyzer, or as one system utilizing just the dry line, which was incorporated in 
this test.  The dry sampling system is equipped with a probe, heated filter, heated Teflon 
transport line, cryogenic moisture removal system, and a Teflon line to the CEM trailer.  
Inside the trailer, the gas sample enters a manifold to distribute the gas sample to the 
individual analyzers and gas bag port.   

Calibration gases are automatically routed to the sampling probe for the sample system 
bias check and also directly into the analyzers for the calibration error check.  All initial 
and final zero checks and initial and final span checks are performed by routing the 
calibration gases to the sampling probe.  All calibrations and response time checks are 
computer monitored and controlled.  A computer-based data acquisition system stores 
and reduces the field data.  The system is also equipped with a dedicated printer.  A 
schematic of the CONSOL R&D CEM system is presented in Figure 5.  Specific 
sampling details are discussed below. 
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3.4.1 Oxygen and Carbon Dioxide 

The O2 and CO2 values were obtained using the continuous emission monitoring (CEM) 
procedures outlined in EPA Method 3A and 7E, utilizing the sampling system described 
above.  All applicable QA/QC procedures were followed including initial calibration, 
calibration error, initial zero and span, final zero and span, response time, and sample 
system bias.  The QA/QC procedures are discussed in detail in Section 4.0.  Supporting 
documentation is contained in Appendix C.   

Average measured concentrations are summarized in Table 5.  Raw field data can be 
found in Appendix A. 

Table 5.  Oxygen and Carbon Dioxide Concentrations 

Test 
Condition 2 

August 
Average 

3 

September 
Average 

Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

O2, % dry 19.8 19.8 19.7 19.8 19.9 19.9 19.9 19.9 

CO2, % dry 0.67 0.67 0.62 0.65 0.58 0.58 0.58 0.58 

CO2, mg/dscm 12211 12211 11300 11907 10571 10571 10571 10571 

  

3.4.2 Oxides of Nitrogen 

The NOX value was obtained using the continuous emission monitoring (CEM) 
procedure outlined in EPA Method 7E, utilizing the same sampling hardware previously 
discussed.  A portion of the stack flue gas sample is conveyed to the chemiluminescent 
NOX analyzer through a manifold system.  All applicable QA/QC procedures were 
followed including initial calibration, calibration error, initial zero and span, final zero and 
span, response time, and sample system bias.  The QA/QC procedures are discussed 
in detail in Section 4.0.  Supporting documentation is contained in Appendix C.   

The average measured concentrations are summarized in Table 6.  Raw field data can 
be found in Appendix A.  Negative values reflect noise in the measuring system. 

Table 6.  Oxides of Nitrogen Concentration 

Test Condition 2 

August 
Average 

3 

September 
Average 

Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

NOx, ppmv (dry) 0.00 0.00 -0.10 -0.03 -0.10 -0.64 -0.06 -0.27 

NOx, mg/dscm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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3.4.3 Sulfur Dioxide 

The SO2 value was obtained using the continuous emission monitoring (CEM) 
procedure outlined in EPA Method 6C, utilizing the same sampling hardware previously 
discussed.  A portion of the stack flue gas sample is conveyed to the ultraviolet 
fluorescence SO2 analyzer through a manifold system.  All applicable QA/QC 
procedures were followed including initial calibration, calibration error, initial zero and 
span, final zero and span, response time, and sample system bias.  The QA/QC 
procedures are discussed in detail in Section 4.0.  Supporting documentation is 
contained in Appendix C.   

The average measured concentrations are summarized in Table 7. Raw field data can 
be found in Appendix A. 

Table 7.  Sulfur Dioxide Emissions Data 

Test Condition 2 

August 
Average 

3 

September 
Average 

Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

SO2, ppmv (dry) -1.08 -1.34 -0.64 -1.02 -1.52 -0.91 -0.98 -1.14 

SO2,  mg/dscm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3.4.4 Carbon Monoxide 

The CO value was obtained using the continuous emission monitoring (CEM) procedure 
outlined in EPA Method 10, utilizing the same sampling hardware previously discussed.  
A portion of the stack flue gas sample is conveyed to the infrared CO analyzer through 
a manifold system.  All applicable QA/QC procedures were followed including initial 
calibration, calibration error, initial zero and span, final zero and span, response time, 
and sample system bias.  The QA/QC procedures are discussed in detail in Section 4.0.  
Supporting documentation is contained in Appendix C.   

The average measured concentrations are summarized in Table 8.  Raw field data can 
be found in Appendix A. 

Table 8.  Carbon Monoxide Emissions Data 

Test ID 2 
August 
Average 

 

3 
September 

Average 

Test 3 

Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

ppmv (dry) 2.76 2.04 1.22 2.01 1.64 1.65 1.28 1.52 

mg/dscm 3.20 2.37 1.41 2.33 1.90 1.91 1.48 1.77 
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3.4.5 Methane 

The CH4 outlet concentration was determined by extracting a sample from the gas bag 
at the CEM system sample stream.  At the start of the test, a 25 L sample bag was 
connected to the CEM system metered pump.  The flow rate was adjusted to uniformly 
fill the bag over the entire test period.   

The gas was analyzed for methane as outlined in EPA Method 18.   

Samples were also taken at the VOCSIDIZER inlet, where the sample gas is under 
positive pressure.  A rotameter was used in front of the Tedlar bag to sample at a 
uniform rate over the hour long test period.  After the test, the bag contents were 
analyzed for methane concentrations by gas chromatography.  The samples were 
collected from a single-point for one-hour, coinciding with all other measurements.   

The inlet and outlet CH4 concentrations are used to calculate methane reduction during 
each test period.  Table 9 summarizes the results.   

Table 9.  Methane Reduction Summary 

Test Condition 2 
August 
Average 

 

3 
September 

Average 

 

Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

Inlet CH4 

concentration [ppm] 
by GC 4700 4600 4700 4667 4400 4200 4000 4200 

Outlet CH4 

concentration [ppm] 

by GC 152 188 132 157 121 139 119 126 

CH4 reduction rate 
[%] 96.8 95.9 97.2 96.6 97.3 96.7 97.0 97.0 

3.4.6 Total VOC 

Total VOC emissions were determined using a continuous VOC analyzer and the 
procedure outlined in EPA Method 25A, using the common sampling system previously 
discussed.  Additionally, due to the oscillating flow design of the VOCSIDIZER 
discussed in Section 2.0, an additional high frequency data acquisition module was 
utilized to capture any rapid changes in VOC concentration during process flow 
changes. The VOC analyzer is equipped with a flame ionization detector, computer 
controlled data acquisition system, and a series of calibration gases (see Figure 4).  All 
applicable QA/QC procedures were followed including initial calibration, calibration 
error, initial zero and span, final zero and span, response time, and sample system bias.  
The QA/QC procedures are discussed in detail in Section 4.0.  Supporting 
documentation is contained in Appendix C.   
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All of the calibrations were conducted by introducing the calibration gases through a tee 
fitting located on the sampling probe. The total VOC concentration for each test was 
continuously recorded and logged.  The average total VOC concentration was obtained 
from the values recorded by the high frequency data acquisition module.  Total VOC 
concentrations are expressed on a propane-equivalency basis.  The sample was taken 
at a single point in the stack, for a period of one-hour, coinciding with the other flue gas 
samples. 

3.4.7 Non-Methane VOC 

The non-methane VOC emission rate was calculated from the total VOC emissions 
corrected for the methane contribution as determined from the Method 18 sample bag.  
Total VOC results are reported on a dry, propane-equivalency basis.  The methane 
emissions are reported on a dry basis, as methane, and converted to propane 
equivalence (ratio of carbon atoms in methane vs. propane), and then subtracted from 
the total VOC value to provide non-methane VOC emissions.   

The VOC, methane, and non-methane results are detailed in Table 10.  Raw field data 
can be found in Appendix A. 
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Table 10.  Summary of Total and Non-Methane VOC Results 

(VOC emissions expressed as propane equivalents) 

Test Condition 2 
August 
Average 

3 
September 

Average 
Run ID Aug-1 Aug-2 Aug-3 Sep-1 Sep-2 Sep-3 

Test Date 8/6/2008 8/6/2008 8/7/2008 9/9/08 9/10/08 9/10/08 

Total VOC Emissions: 

ppmv (dry) 64.2 66.7 62.5 64.4 59.3 61.3 63.7 61.4 

Methane Emissions: 

ppmv (dry) 152 188 132 157 121 139 119 126 

ppmv as C3H8 50.7 62.7 44.0 52.3 40.3 46.3 39.7 42.1 

Non-methane VOC Emissions: 

ppmv (dry) 13.5 4.0 18.5 12.0 19.0 15.0 24.0 19.3 

lb/hr 3.26 0.99 4.69 2.98 4.66 3.57 5.92 4.72 

mg/dscm 24.6 7.30 33.6 21.9 34.6 27.3 43.8 35.2 

3.4.8 Process Data 

VOCSIDIZER operating and process data were recorded automatically through the 
unit’s data-logging system.  Data were recorded at regular intervals from 1 second to 5 
minutes depending on the instrument.  Appendix D includes graphical representation of 
the data collected during each test period for the following parameters; main fan air flow 
rate, mine gas flow rate, fixed mine gas concentration, measured inlet methane 
concentration as % LEL, pressure drop across the bed against a reference value, 
internal bed media temperatures, bed plenum temperatures, bed inlet temperatures, 
and bed outlet temperatures.  Graphs are also provided that show each measured 
emission component in the stack over the duration of each run.  

3.5 Sampling and Lab Equipment 

The CONSOL Field Sampling team used standard EPA-type sampling equipment, 
which conforms to all applicable test codes.    

The total VOC analyzer is manufactured by J.U.M. Engineering and is a Model VE-7.  
Total VOC is determined by a flame ionization detector analysis based on procedures 
described in EPA Method 25A. 

The GC used for the CH4 analyses is a Varian CP 4900 portable micro gas 
chromatograph that is very versatile and was specifically configured for the gases of 
interest.  As configured, this instrument has a minimum detection limit of 5 ppmv for 
methane. 
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A Teledyne-API 200EH continuous emission monitor measured the flue gas NOX 
concentration.  NOX is determined by chemiluminescence and measures total NOX as 
NO2, based on procedures described in EPA Method 7E. 

A Rosemount Model 880A continuous emission monitor measured the flue gas CO 
concentration.  CO is determined by nondispersive infrared analysis (NDIR) based on 
procedures described in EPA Method 10. 

The CO2 CEM analyzer is manufactured by Horiba Instruments and is Model number 
PIR-2000.  CO2 is determined by NDIR based on procedures described in EPA Method 
3A.   

The O2 CEM analyzer is manufactured by Maihak and is Model OXOR 610.  O2 is 
determined by para-magnetic analysis based on procedures described in EPA Method 
3A. 

The CONSOL R&D CEM system includes a computer-based data acquisition system 
(DAS) that stores and reduces field data.  All CEM gas concentrations can be displayed 
on tabular or strip chart forms, and a hard copy can be printed.  In addition, CEM gas 
concentrations are corrected from a “raw” or “uncorrected” CEM reading to a “corrected” 
reading using EPA Method 7E, equation 7E-5. 

  Cgas = ( Cavg - Co )  *  Cma / ( Cm - Co ) 

where:   Cgas = corrected gas concentration, dry basis, ppm or % 

 Cavg = Average unadjusted gas concentration indicated by data recorder for 
the test run, ppmv or % 

 Co = average of initial and final zero calibration gas readings, ppm or % 

 Cm = average of initial and final upscale calibration gas readings, ppm or % 

 Cma = actual or certified concentration of upscale calibration gas, ppm or % 

Within specified percent of span limits, as outlined in the applicable EPA Methods, this 
calculation corrects for offsets and/or drifts of the zero and/or spans during individual 
test periods.  This correction factor was used on all reported ppmv dry concentration 
readings for O2, CO2, NOx, SO2, CO, and total VOC. 

4.0 QA/QC 

The CONSOL test manager was responsible for the implementation of the quality 
assurance procedures for this project.  All required measuring devices, including pitot 
tubes, barometers, continuous gas analyzers, and the gas chromatograph were 
calibrated as required.  Records of these calibrations are maintained in files and are 
included in Appendix C.  All field data were recorded on standard forms, which are 
included in the appendices as appropriate.  All of the collected data were reduced in the 
field to assure data quality and completeness.  Methane concentrations were 
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determined using a laboratory-quality portable gas chromatograph.  Individual testing 
QA/QC procedures are discussed below. 

4.1 Flue Gas Velocity Measurements 

The flue gas volumetric flow rate is required to calculate the emission rates in mass flow 
units (lb/hr).  Velocity measurements were made during each of the test periods.  Prior 
to the initial compliance sampling conducted in August 2007, axial flow was verified at 
the measurement location. This survey and all subsequent measurements were made 
with a standard type “S” pitot tube following U.S. EPA Methods 1 and 2 criteria.  The 
pitot tube coefficient was determined by CONSOL R&D personnel using the procedures 
outlined in Method 2 and an in-house wind tunnel specifically designed for Method 2 
pitot calibrations.  A copy of the most recent calibration is included in Appendix C.  Also 
included are the barometer calibrations.  The velocity measurements obtained during 
this testing are consistent with predicted flow rates for this test program. 

4.2 Particulate Measurements 

PM measurements were conducted using a twelve-point sampling traverse, as outlined 
in EPA Method 1.   

Leak checks were conducted on the PM sampling train for each test run prior to 
sampling, after the components had reached sampling temperature and a post-
sampling leak check was conducted at the completion of the particulate run.  Pre- and 
post-sampling leak checks were conducted on the pitot system.  All pre- and post-
sampling system leak checks were satisfactory (<0.02 cfm @ >10 “H2O). 

At the completion of the post-sampling leak check, the probe was disconnected from the 
filter box.  Both ends of the probe (nozzle and ball cap) were sealed, and the probe was 
allowed to cool.  The probe and nozzle were rinsed and brushed with acetone three 
times.  The probe and nozzle rinse was caught in an approved sample container for 
subsequent particulate weight analysis.  Protective caps were secured on the pitot tips 
to ensure that they were not disfigured during probe transport.  The pitot tips and 
sampling nozzle were inspected prior to the start of each PM run.  No tip damage was 
observed. 

CONSOL test personnel utilized a programmable calculator to determine the isokinetic 
sampling ratio.  The isokinetic sampling ratios for all runs were calculated in the field on 
a daily basis to ensure that no errors were made in setting up the sampling ratio or in 
the sampling itself.  The isokinetic sampling ratios for all tests were within the allowable 

range (100% 10%). 

Particulate weights were determined upon return to the laboratory using a Mettler 
electronic balance.  The accuracy of this balance was verified by class "S" weights.  The 
accuracy of the final filter weights was verified by both lab control filter blanks and field 
blanks. 
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4.3 Total VOC Measurements  

Total VOC measurements were obtained with a continuous emission monitor spanned 
using VOC free air (0 ppmv propane) and high calibration gas (463.9 ppmv propane) on 
a 0 to 1000 ppmv scale.  Linearity was verified using a low (151 ppmv propane) and 
middle (254 ppmv propane) calibration gases.  The analyzer was checked for drift using 
the zero and middle (250 ppmv propane) calibration gases following each test.  All 
calibration gases are EPA protocol gases, as documented in Appendix C.  The results 
of the pre-test calibration, linearity check, and post- test calibration tests verified that 
this analyzer was operating accurately.  All QA/QC documentation for the VOC analyzer 
is contained in Appendix C. 

As previously discussed, CONSOL used a single sampling system for all gas species, 
consisting of a sample probe, heated filter with calibration gas port, heated Teflon 
transport line, cryogenic moisture trap, and a Teflon transport line.  Results are 
transmitted from the CEM systems PLC system to a CONSOL computer, where data is 
recorded.   

4.4 Methane Measurements  

Methane samples were collected at three locations during the test period.  
VOCSIDIZER inlet and outlet concentrations were used to determine the CH4 reduction 
rate.  Mine gas was also sampled to verify that the proper dilution ratio was being 
achieved from mine gas to VOCSIDIZER inlet. The bag sampling system was leak-
checked prior to sampling.  The bags were leak-checked in the CONSOL lab prior to the 
program and again during the field sampling.  The concentrations of the methane 
calibration gases were 100, 504, and 1000 ppmv.   

4.5 NOX Measurement 

NOX concentrations were determined with a Teledyne-API chemiluminescent 
continuous emission monitor (CEM) spanned with a nitrogen (0 ppmv NOX) and high 
calibration gas (91.8 ppmv NOX) on a 0 to 500 ppmv scale.  Linearity was verified with a 
middle calibration gas (50.7 ppmv NOX).  The analyzer was checked for drift using the 
zero and middle (50.7 ppmv NOX) calibration gases following each test.  All calibration 
gases are EPA protocol gases, as documented in Appendix C.  The results of the pre-
test calibration, linearity check, and post- test calibration tests verified that this analyzer 
was operating accurately.  All of the QA/QC documentation for the NOX analyzer is 
contained in Appendix C. 

4.6 CO Measurement 

CO concentrations were determined with a Rosemount NDIR continuous emission 
monitor (CEM) spanned with a nitrogen (0 ppmv CO) and high calibration gas (60.0 
ppmv CO) on a 0 to 1000 ppmv scale.  Linearity was verified with a middle calibration 
gas (30.7 ppmv CO).  The analyzer was checked for drift using the zero and middle 
(30.7 ppmv CO) calibration gases following each test.  All calibration gases are EPA 
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protocol gases, as documented in Appendix C.  The results of the pre-test calibration, 
linearity check and post-test calibration tests verified that this analyzer was operating 
accurately.  All of the QA/QC documentation for the CO analyzer is contained in 
Appendix C.   

4.7 SO2 Measurement  

SO2 concentrations were determined with a Bovar chemiluminescent continuous 
emission monitor (CEM) spanned with a nitrogen (0 ppmv SO2) and high calibration gas 
(91.8.ppmv SO2) on a 0 to 200 ppmv scale.  Linearity was verified with a middle 
calibration gas (50.7 ppmv SO2).  The analyzer was checked for drift using the zero and 
middle (50.7 ppmv SO2) calibration gases following each test.  All calibration gases are 
EPA protocol gases, as documented in Appendix C.  The results of the pre-test 
calibration, linearity check, and post- test calibration tests verified that this analyzer was 
operating accurately.  All of the QA/QC documentation for the SO2 analyzer is contained 
in Appendix C. 

4.8 QAQC Incidents 

Prior to test run number three on September 10, 2008, the internal clock for the 
additional data acquisition module discussed in section 3.4.6 was not synchronized with 
the CEM system clock used to record official start and stop times of testing events. This 
resulted in a discrepancy of four hours and three minutes between official timed events 
for test three and the data records logged by the additional data acquisition module.  
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Figure 2.  Internal Components of the VOCSIDIZER  
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Figure 3.  Schematic of the VOCSIDIZER Stack Sampling Location.  
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Figure 5.  Schematic of CONSOL R&D CEM System 
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APPENDIX E 
 

SUMMARY OF ECONOMIC ANALYSIS BY CASE  
 



TABLE 1A.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - ABATEMENT ONLY
Full-Scale System - 180000 scfm

Capital Basis - Pick Costs from MEGTEC Graphs

Change Methane Concentration

CASE 500 500A 500B 500C 500CC 500D 500E

Base Change Methane
Changing variables

Methane concentration % 0.6 0.3 0.75 0.8 0.9 1 1.2

Methane conversion % 95 95 95 95 95 95 95

Power kW 0 0 0 0 0 0 0

Parasitic load % 100 100 100 100 100 100 100

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 0 0 0 0 0 0 0

Total installed costs $/scfm 30.07 27.92 30.07 30.07 34.36 34.36 34.36

Total installed costs $ 5412000 5026000 5412000 5412000 6186000 6186000 6186000

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0 0 0 0 0 0 0

% Maintenance cost % of cap 5 5 5 5 5 5 5

Maintenance cost $M/yr 271 251 271 271 309 309 309

Power costs $M/yr 447 447 447 447 447 447 447

Labor manhours hrs 145 145 145 145 145 145 145

Total O&M costs $M/yr 745 725 745 745 785 785 785

Life of machine years 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40

IRR % 2.48 n/a 9.24 11.23 11.78 15.02 20.94

year pay back 10 8 7 7 6 6

year pay back if investment year=0 9 7 6 6 5 5

Notes: These use fixed lines from MEGTEC's plots

3 graphs showing capital at low methane, mid-methane, and high methane

Fixed values for capital depending on what methane concentration - only 3 different capital costs

Red data indicate a change from the base case
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      TABLE 1B.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - ABATEMENT ONLY
Full-Scale System - 180000 scfm

Capital Basis - Pick Costs from MEGTEC Graphs

Change Carbon Credit & Availability

CASE 500 510A 510B 510C 510D 510DD 510E 510F 510G 510H 520A 520B 520C

Base Change Carbon Credit Change Availability
Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Methane conversion % 95 95 95 95 95 95 95 95 95 95 95 95 95

Power kW 0 0 0 0 0 0 0 0 0 0 0 0 0

Parasitic load % 100 100 100 100 100 100 100 100 100 100 100 100 100

Carbon credit $/tonne CO2e 7.00 0.00 2.00 3.00 5.00 6.60 10.00 15.00 20.00 30.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 0 0 0 0 0 0 0 0 0 0 0 0 0

Total installed costs $/scfm 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07 30.07

Total installed costs $ 5412000 5412000 5E+06 5E+06 5E+06 5E+06 5E+06 5E+06 5E+06 5E+06 5412000 5E+06 5E+06

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97 97 90 84 64

Contract O&M costs $/kWh 0 0 0 0 0 0 0 0 0 0 0 0 0

% Maintenance cost % of cap 5 5 5 5 5 5 5 5 5 5 5 5 5

Maintenance cost $M/yr 271 271 271 271 271 271 271 271 271 271 271 271 271

Power costs $M/yr 447 447 447 447 447 447 447 447 447 447 443 416 326

Labor manhours hrs 145 145 145 145 145 145 145 145 145 145 206 287 558

Total O&M costs $M/yr 745 745 745 745 745 745 745 745 745 745 744 719 637

Life of machine years 10 10 10 10 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 40 40 40 40 40

IRR % 2.48 N/A N/A N/A -8.21 0.69 13.39 27.34 39.27 60.83 0.24 -1.23 -6.97

year pay back 10 11 7 5 4 3 12

year pay back if investment year=0 9 10 6 4 3 2 11

Notes: These use fixed lines from MEGTEC's plots

3 graphs showing capital at low methane, mid-methane, and high methane

Fixed values for capital depending on what methane concentration - only 3 different capital costs

Red data indicate a change from the base case
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     TABLE 1C.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - ABATEMENT ONLY
Full-Scale System - 180000 scfm

Capital Basis - Pick Costs from MEGTEC Graphs

Change Air Flow Rate, Electricity Cost, & Labor Cost

CASE 500 530A 530B 530C 540A 540B 540C 540D 550A 550B

Base Change Flow Change Electricity Cost Change Labor Cost
Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Methane conversion % 95 95 95 95 95 95 95 95 95 95

Power kW 0 0 0 0 0 0 0 0 0 0

Parasitic load % 100 100 100 100 100 100 100 100 100 100

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.026 0.0438 0.067 0.1 0.058 0.058

Flow air scfm 180000 150000 300000 30000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 0 0 0 0 0 0 0 0 0 0

Total installed costs $/scfm 30.07 31.79 26.63 30.1 30.07 30.07 30.07 30.07 30.07 30.07

Total installed costs $ 5412000 4768000 7990000 903000 5412000 5412000 5412000 5412000 5412000 5412000

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0 0 0 0 0 0 0 0 0 0

% Maintenance cost % of cap 5 5 5 5 5 5 5 5 5 5

Maintenance cost $M/yr 271 238 399 40 271 271 271 271 271 271

Power costs $M/yr 447 373 744 76 200 338 516 771 447 447

Labor manhours hrs 145 145 145 145 145 145 145 145 145 145

Total O&M costs $M/yr 745 636 1184 125 491 633 817 1079 743 748

Life of machine years 10 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 25 60

IRR % 2.48 1.37 4.96 2.34 7.84 4.96 0.79 -6.55 2.53 2.41

year pay back 10 11 9 10 8 9 11 10 10

year pay back if investment year=0 9 10 8 9 7 8 10 9 9

Notes: These use fixed lines from MEGTEC's plots

3 graphs showing capital at low methane, mid-methane, and high methane

Fixed values for capital depending on what methane concentration - only 3 different capital costs

Red data indicate a change from the base case
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     TABLE 1D.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - ABATEMENT ONLY
Full-Scale System - 180000 scfm

Capital Basis - Pick Costs from MEGTEC Graphs

Change Maintenance Costs, Relocation Costs, & Optimistic Conditions

CASE 500 560A 560B 560C 570A 570B 570C 580A 580B 585A 585B 585C

Base Change Maintenance Change Relocation Optimistic Conditions Obtain 15% IRR
Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 1.2 0.9

Methane conversion % 95 95 95 95 95 95 95 96.5 96.5 96.5 96.5 96.5

Power kW 0 0 0 0 0 0 0 0 0 0 0 0

Parasitic load % 100 100 100 100 100 100 100 100 100 100 100 100

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 8.60 4.80 6.40

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.0438 0.0438 0.0438 0.0438 0.0438

Flow air scfm 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 0 0 0 0 0 0 0 0 0 0 0 0

Total installed costs $/scfm 30.07 30.07 30.07 30.07 30.07 30.07 30.07 27.06 28.57 28.57 32.65 32.65

Total installed costs $ 5412000 5E+06 5E+06 5412000 5412000 5E+06 5E+06 4871000 5142000 5142000 5876000 5876000

Capital cost reduction % 10% 5% 5% 5% 5%

Relocation costs $ M 0 0 0 0 100 250 500 0 0 0 0 0

Time between relocations yrs 0 0 0 0 5 5 5 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0 0 0 0 0 0 0 0 0 0 0 0

% Maintenance cost % of cap 5 2 3 10 5 5 5 2 2 2 2 2

Maintenance cost $M/yr 271 108 162 541 271 271 271 97 103 103 117 117

Power costs $M/yr 447 447 447 447 447 447 447 338 338 338 338 338

Labor manhours hrs 145 145 145 145 145 145 145 145 145 145 145 145

Total O&M costs $M/yr 745 578 634 1024 745 745 745 454 460 460 475 475

Life of machine years 10 10 10 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 40 40 40 40

IRR % 2.48 6.1 4.94 -4.82 2 1.31 0.21 10.76 9.71 15.27 15.39 15.39

year pay back 10 9 9 11 11 12 7 8 6 6 6

year pay back if investment year=0 9 8 8 10 10 11 6 7 5 5 5

Notes: These use fixed lines from MEGTEC's plots

3 graphs showing capital at low methane, mid-methane, and high methane

Fixed values for capital depending on what methane concentration - only 3 different capital costs

Red data indicate a change from the base case
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TABLE  2A.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - HEAT RECOVERY
Full-Scale System - 180000 scfm

Capital Basis - Equation as function of Methane Concentration at Specific Flow Rates

Change Methane Concentration

Base

CASE 600 600A 600A2 600A3 600B 600C 600D 600E 600F

Change Methane

Changing variables

Methane concentration % 0.6 0.3 0.4 0.5 0.75 0.8 0.9 1 1.2

Methane conversion % 95 95 95 95 95 95 95 95 95

Power generated kW 3071 768 1536 2303 4223 4607 5375 6143 7678

Power to grid % 71.00 -16.01 41.99 61.33 78.91 80.66 83.43 85.5 88.4

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 4993 16447 8823 6274 3936 3699 3325 3040 2635

Total installed costs $/scfm 85.2 70.16 75.28 80.29 92.35 94.69 99.27 103.76 112.4

Total installed costs $ 15335000 12629000 13550000 14452000 16624000 17044000 17869000 18676000 20232000

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015

Total Labor manhours hrs 8642 8642 8642 8642 8642 8642 8642 8642 8642

Operator manhours hrs 8497 8497 8497 8497 8497 8497 8497 8497 8497

Total O&M costs $M/yr 759 457 558 659 911 961 1062 1163 1364

Life of machine years 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 40

Parasitic load % 29 116.01 58.01 38.67 21.09 19.34 16.57 14.5 11.6

Electrical efficiency % 28 28 28 28 28 28 28 28 28

IRR % 2.82 -15.01 -6.21 -0.99 7.14 8.33 10.47 12.34 15.51

year pay back 10 8 8 7 7 6

year pay back if investment year=0 9 7 7 6 6 5

Notes: Red data indicate a change from the base case
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           TABLE 2B.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - HEAT RECOVERY
Full-Scale System - 180000 scfm

Capital Basis - Equation as function of Methane Concentration at Specific Flow Rates

Change Carbon Credit & Availability

Base

CASE 600 610A 610B 610C 610D 610DD 610E 610F 610G 610H 620A 620B 620C

Change Carbon Credit Change Availibility
Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Methane conversion % 95 95 95 95 95 95 95 95 95 95 95 95 95

Power generated kW 3071 3071 3071 3071 3071 3071 3071 3071 3071 3071 3071 3071 3071

Power to grid % 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00 70.77 70.75 70.65

Carbon credit $/tonne CO2e 7.00 0.00 2.00 3.00 5.00 5.50 10.00 15.00 20.00 30.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 4993 4993 4993 4993 4993 4993 4993 4993 4993 4993 4993 4993 4993

Total installed costs $/scfm 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2 85.2

Total installed costs $ 15335000 15335000 1.5E+07 1.5E+07 1.5E+07 1.5E+07 1.5E+07 1.5E+07 1.5E+07 1.5E+07 15335000 15335000 15335000

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97 97 90 84 64

Contract O&M costs $/kWh 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015

Total Labor manhours hrs 8642 8642 8642 8642 8642 8642 8642 8642 8642 8642 8090 7646 6165

Operator manhours hrs 8497 8497 8497 8497 8497 8497 8497 8497 8497 8497 7884 7358 5606

Total O&M costs $M/yr 759 759 759 759 759 759 759 759 759 759 707 664 520

Life of machine years 10 10 10 10 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 40 40 40 40 40

Parasitic load % 29 29 29 29 29 29 29 29 29 29 29.23 29.25 29.35

Electrical efficiency % 28 28 27 27 28 28 28 28 28 28 28 28 28

IRR % 2.82 -11.63 -6.33 -4.17 -0.42 0.43 7.08 13.18 18.54 28.01 1.78 0.86 -2.47

year pay back 10 11 8 7 6 5 11 11

year pay back if investment year=0 9 10 7 6 5 4 10 10

Notes: Red data indicate a change from the base case
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                   TABLE 2C.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - HEAT RECOVERY
Full-Scale System - 180000 scfm

Capital Basis - Equation as function of Methane Concentration at Specific Flow Rates

Change Air Flow Rate, Electricity Cost, & Labor Cost

Base

CASE 600 630A 630B 630C 640A 640B 640C 640D 650A 650B

Change Flow Rate Change Power Change Labor Rate

Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Methane conversion % 95 95 95 95 95 95 95 95 95 95

Power generated kW 3071 512 2559 5119 3071 3071 3071 3071 3071 3071

Power to grid % 71.00 70.63 70.98 71.03 71.00 71.00 71.00 71.00 71.00 71.00

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.026 0.0438 0.067 0.1 0.058 0.058

Flow air scfm 180000 30000 150000 300000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 4993 1764 5348 3523 4993 4993 4993 4993 4993 4993

Total installed costs $/scfm 85.2 30.1 91.26 60.12 85.2 85.2 85.2 85.2 85.2 85.2

Total installed costs $ 15335000 903000 13688000 18036000 15335000 15335000 15335000 1.5E+07 15335000 1.5E+07

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015

Total Labor manhours hrs 8642 8642 8642 8642 8642 8642 8642 8642 8642 8642

Operator manhours hrs 8497 8497 8497 8497 8497 8497 8497 8497 8497 8497

Total O&M costs $M/yr 759 423 692 1028 759 759 759 759 626 937

Life of machine years 10 10 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40 25 60

Parasitic load % 29 29.37 29.02 28.97 29 29 29 29 29 29

Electrical efficiency % 28 28 28 28 27 27 27 27 27 27

IRR % 2.82 n/a 1.34 9.33 -2.67 0.53 4.18 8.7 3.88 1.34

year pay back 10  11 8 11 9 8 9 11

year pay back if investment year=0 9  10 7 10 8 7 8 10

Notes: Red data indicate a change from the base case
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   TABLE 2D.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - HEAT RECOVERY
Full-Scale System - 180000 scfm

Capital Basis - Equation as function of Methane Concentration at Specific Flow Rates

Change Maintenance Costs & Electrical Efficiency

Base

CASE 600 660A 660B 660C 670A 670B 670C

Change Maintenance Rate Change Efficiency
Changing variables

Methane concentration % 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Methane conversion % 95 95 95 95 95 95 95

Power generated kW 3071 3071 3071 3071 2742 2962 3291

Power to grid % 71.00 71.00 71.00 71.00 67.52 69.92 72.93

Carbon credit $/tonne CO2e 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Electricity value $/kWh 0.058 0.058 0.058 0.058 0.058 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 4993 4993 4993 4993 5592 5178 4660

Total installed costs $/scfm 85.2 85.2 85.2 85.2 85.2 85.2 85.2

Total installed costs $ 15335000 15335000 15335000 15335000 15335000 15335000 15335000

Capital cost reduction %

Relocation costs $ M 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0.015 0.01 0.026 0.045 0.015 0.015 0.015

Total Labor manhours hrs 8642 8642 8642 8642 8642 8642 8642

Operator manhours hrs 8497 8497 8497 8497 8497 8497 8497

Total O&M costs $M/yr 759 625 1055 1566 716 745 788

Life of machine years 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40

Parasitic load % 29 29 29 29 32.48 30.08 27.07

Electrical efficiency % 28 27 27 27 25 27 30

IRR % 2.82 3.89 0.31 -4.68 1.8 2.48 3.48

year pay back 10 9 12 11 10 10

year pay back if investment year=0 9 8 11 10 9 9

Notes: Red data indicate a change from the base case
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     TABLE 2E.  SUMMARY OF ECONOMIC ANALYSIS FOR VOCSIDIZER  BY CASE - HEAT RECOVERY
Full-Scale System - 180000 scfm

Capital Basis - Equation as function of Methane Concentration at Specific Flow Rates

Optimistic Conditions

Base

CASE 600 680A 680B 685A 685B 685C 690A 690B

Optimistic Conditions CO2 to get 15% IRR Optimistic Conditions at

Changing variables Higher Electricity Cost
Methane concentration % 0.6 0.6 0.6 0.6 1.2 0.9 0.6 0.6

Methane conversion % 95 96.5 96.5 96.5 96.5 96.5 96.5 96.5

Power generated kW 3071 3510 3510 3510 8524 6017 3510 3510

Power to grid % 71.00 74.62 74.62 74.62 89.55 85.20 74.62 74.62

Carbon credit $/tonne CO2e 7.00 7.00 7.00 14.70 5.70 8.80 7.00 7.00

Electricity value $/kWh 0.058 0.0438 0.0438 0.0438 0.0438 0.0438 0.058 0.058

Flow air scfm 180000 180000 180000 180000 180000 180000 180000 180000

Total installed costs $/kW 4993 4151 4151 4151 2255 2821 4151 4151

Total installed costs $/scfm 85.2 85.01 80.94 80.94 106.78 94.31 80.94 80.94

Total installed costs $ 15335000 14568000 14568000 14568000 19220000 16976000 14568000 14568000

Capital cost reduction % 5 5 5 5 5 5 5

Relocation costs $ M 0 0 0 0 0 0 0 0

Time between relocations yrs 0 0 0 0 0 0 0 0

Availability 97 97 97 97 97 97 97 97

Contract O&M costs $/kWh 0.015 0.01 0.005 0.005 0.005 0.005 0.005 0.01

Total Labor manhours hrs 8642 8642 8642 8642 8642 8642 8642 8642

Operator manhours hrs 8497 8497 8497 8497 8497 8497 8497 8497

Total O&M costs $M/yr 759 663 510 510 729 619 510 663

Life of machine years 10 10 10 10 10 10 10 10

Labor rate $/hr 40 40 40 40 40 40 40 40

Parasitic load % 29 25.38 25.38 25.38 10.45 14.8 25.38 25.38

Electrical efficiency % 28 30 30 30 30 30 30 30

IRR % 2.82 3.64 4.89 15.02 15.07 15.1 7.38 6.22

year pay back 10 9 9 6 6 6 8 9

year pay back if investment year=0 9 8 8 5 5 5 7 8

Notes: Red data indicate a change from the base case
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