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1 INTRODUCTION - PURPOSE AND SCOPE OF THIS SUPPLEMENT 

The purpose of this supplement to the AOP-4 BACT Analysis submitted to the Arizona Department of 
Environmental Quality (ADEQ) in April 2020 is to provide an analysis of three additional control 
technology alternatives for reducing nitrogen oxide (NOX) emissions from the Ammonia Oxidation Plant 4 
(AOP-4) at the Apache Nitrogen Products, Inc. facility in St. David, Arizona.  The three additional control 
options that are addressed in this supplement are: 

 Selective Non-Catalytic Reduction (SNCR); 

 LoTOx®, a proprietary tail-end treatment technology developed by Linde; and, 

 Continuous Peroxide Injection at reduced reagent injection rates. 

On behalf of ANPI, Environmental Resources Management (ERM) has prepared this supplemental 
analysis consistent with the “top-down” approach as outlined in Chapter B of the United States 
Environmental Protection Agency (EPA) NSR Manual. 
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2. SUPPLEMENTAL BACT ANALYSIS FOR AOP-4 NOX EMISSIONS 

2.1 Step 1 – Identify All Control Technologies 

The objective in step 1 is to identify all control options with potential application to the source and 
pollutant under evaluation.  According to Part I, Chapter B, Section IV.A of the EPA NSR Manual, the top-
down BACT analysis should consider potentially applicable control techniques from all three categories:  
(1) Inherently Lower-Emitting Processes/Practices; (2) Add-on Controls; and (3) Combinations of 
Inherently Lower Emitting Processes and Add-on Controls.  Furthermore, Part 1, Chapter B, Section 
IV.A.1 provides that applicants are expected to identify all demonstrated and potentially applicable control 
technology alternatives. 

This supplemental analysis includes two additional potential control technology alternatives and a 
modification of a potential alternative that was evaluated in the April 2020 BACT Analysis:  

 Selective Non-Catalytic Reduction (SNCR); 

 LoTOx®, a proprietary tail-end treatment technology developed by Linde; and, 

 Re-evaluation of Continuous Peroxide Injection (CPI) at reduced reagent ratios. 

2.1.1 Selective Non-Catalytic Reduction (SNCR)  

A selective non-catalytic reduction (SNCR) abatement system for NOX involves injection of an ammonia 
(NH3)-containing reagent directly into an exhaust stream at a suitable location.  The injected NH3 reagent 
must be effectively mixed into the exhaust gases, and reaction occurs in a "reaction zone" in the duct 
downstream of the injection.  Since the system does not utilize a catalyst, the temperature regime in the 
reaction zone must be considerably higher than for catalytic systems in order to obtain beneficial NOX 
reduction levels.  Generally, SNCR is an effective control in a relatively high and narrow range of reaction 
zone temperatures.  Sources with stable temperatures in the range of 1,550 to 1,950oF, uncontrolled NOX 
concentrations above 200 ppm, and reaction residence times of at least 1 second can reach the higher 
reported control levels.1 

Based on these process characteristics, SNCR systems are almost exclusively used on combustion 
processes such as fossil-fuel power plants, cement kilns, steel furnaces, and similar units.  Control 
efficiency of SNCR systems vary depending on temperature, reaction zone residence time, the type of 
reagent used, and effective mixing of the exhaust stream with the reagent.  Systems that use urea-based 
reagents reportedly achieve 25 to 60 percent reductions, while those that use NH3-based reagents (as 
would be the case for AOP-4) deliver 61 to 65 percent control.2  

2.1.2 LoTOx® 

The relatively new LoTOX
® control technology has been developed by Linde Gases Division based in 

Germany.  DuPont is among the technology licensees in the United States.  Figure 2-1 illustrates a typical 
flow diagram for LoTOX

®. The technology is based on the reaction between NOX and ozone gases that 
convert relatively insoluble NO and NO2 species into higher oxides such as N2O5 that are more soluble in 
water.  In practice, a system to extract nearly pure oxygen from the atmosphere, and ozone generation 
system is installed on site.  To ensure full-time operation of the LoTOX

® technology and produce sufficient 
ozone, it is typical practice to install dual (redundant) oxygen and ozone generators.  The ozone is which 
is injected upstream of a gas scrubber using water as the circulating absorbent solution.  The ozone 
reactions are rapid even at moderate gas temperatures and mixing of a gaseous reagent can be more 

                                                      
1 EPA 2016, Control Cost Manual, Ch. 1, Selective Non-Catalytic Reduction, May 2016, Section  1.1 
2.EPA 2016, Section 1.1. 
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rapid than liquid-solution reagents.  The reactions occur in the existing duct and within the scrubber itself.  
With sufficiently high ozone to NOX ratio, and sufficient residence time for reaction, control efficiency of 95 
percent can be achieved.  The control level achieved also depends on the wet scrubber design and 
operating practices.  Technical information regarding the LoTOx® process is provided in Appendix E. 

2.1.3 Continuous Peroxide Injection (CPI) at Reduced Reagent Ratio 

For nitric acid plants, peroxide injection control is typically implemented by injection of a supplemental 
scrubbing solution containing hydrogen peroxide (H2O2) into the circulating liquid stream in the extended 
absorption tower.  This allows additional HNO3 to be recovered from the tail gas by shifting the pH of the 
absorbing solution, and providing a second reaction path to form soluble HNO3.  In practice, peroxide 
injection is used to control NOX emissions and avoid a colored tail gas plume during nitric acid plant 
startups.  In suitable cases, it has potential applicability as a continuous control option, although a large 
reagent storage facility would be needed to accommodate the much higher level of consumption.  The 
NOX control efficiency achieved depends primarily on the operating pressure and temperature of the 
absorption tower, the NOX concentration in the process gas, and the ratio of aqueous peroxide to gas-
phase NOX; although a high excess of peroxide does not offer additional control benefit.3   

Hydrogen peroxide injection is currently in use at ANPI to reduce NOX emissions in AOP-4 absorber tail 
gas during startup.  From a process chemistry standpoint, the continual presence of H2O2 in the extended 
absorption tower solution will make absorption of nitric acid more efficient, but this is not typical practice. 

                                                      
3 Thomas and Vanderschuren, The Absorption-Oxidation of NOX with Hydrogen Peroxide for the Treatment of Tail Gases. Chem. 

Engr. Sci. Vol. 51, No. 11, 1996. 
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EPA By‐pass Stack with Draft Fan Concept combined 
with Linde LOTOX Technology

 

 

Figure 2-1.  Illustration of LoTOx® Technology with By-Pass Stack for AOP-4
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2.2 Step 2 – Eliminate Technically Infeasible Options 
Step 2 is comprised of an evaluation of the technical feasibility of the control options identified in step 1.  
According to the EPA NSR Manual, Part 1, Chapter B, Section IV.B, “if the control technology has been 
installed and operated successfully on the type of source under review, it is demonstrated and it is 
technically feasible.”4 

Two key concepts are important in determining whether a technology option is feasible: "availability" and 
"applicability."  As explained in Part I, Chapter B, Section IV.B of the EPA NSR Manual, a technology is 
considered "available" if it can be obtained by the applicant through commercial channels or is otherwise 
available within the common sense meaning of the term.  An available technology is "applicable" if it can 
reasonably be installed and operated on the source type under consideration.  A technology that is 
available and applicable is technically feasible.  It should be noted that, with the exception of peroxide 
injection, the additional control alternatives have not been demonstrated in this sense for nitric acid plant 
tail gas treatment. 

This case-by-case BACT analysis of alternative NOX controls must carefully consider the process-specific 
features of AOP-4.  This includes consideration of physical, chemical, and engineering principles that may 
show that technical difficulties preclude successful use or deployment of the control option at AOP-4.  
Accordingly, the determination of technical feasibility is based on whether that control technology option 
can be reasonably installed and operated at AOP-4 and therefore considered “applicable.” 

2.2.1 SNCR 

The most apparent technical barrier to the use of SNCR for nitric acid tail gas treatment is the relatively 
high temperature regime that must be maintained for effective conversion of NOX in the absence of a 
catalyst..  This high temperature requirement is why SNCR technology has been applied almost 
exclusively in fossil-fuel power plants and other combustion processes with high exhaust gas 
temperatures. In the AOP-4 tail gas path downstream of the extended absorber tower, the highest design 
temperature achieved is 1,250oF at the exit of the turbine gas heater, which is 300 oF to 700 oF below the 
range necessary for effective conversion.   

The temperature and pressure conditions of the existing stream at this point are critical to the proper 
operation of the downstream high pressure expander that drives the Airco air compressor. Increasing the 
temperature of the tail gas as needed to operate SNCR would reduce the gas density, which will not allow 
the existing compressor to deliver the necessary discharge pressure. A further limitation is the maximum 
allowable inlet temperature to the high-pressure Expander, which according to specification is 1,350 oF.5  
So, increasing the tail gas temperature to accommodate SNCR at this location in the process is not 
considered feasible as it would to make it impossible for the existing Steam Turbine/Air Compressor/NOX 
Expanders to operate within the pressure regime and heat balance that are inherent requirements of the 
design. 

At another process location that may be considered for control retrofit, the exit of the low-pressure NOX 
Expander upstream of the final heat exchangers and tail gas stack, the tail gas is at the highest available 
design temperature of only 540oF.  Therefore, to achieve acceptable SCNR operation at this location, a 
new NOX control train (tail gas reheat, reagent injection, reaction zone, heat recovery and tail gas cooling 
exchangers) must be designed and integrated with the heat balance of the entire process to greatly 
increase the tail gas temperature. The existing tail gas heat exchangers and stack and other components 
are not designed to accommodate such high operating temperatures and the large amount of added 

                                                      
4 EPA NSR Manual 1990, Chapter B, Section IV.B. 
5 Apache Powder Co. Centrifugal Compressor Specification, 1978. 
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thermal energy.  The higher temperature operating regime would have adverse effects on the 
performance and service life of the other high-pressure equipment along the tail gas exhaust path. More 
importantly the potential for mechanical failures of high-pressure components operating at much higher 
temperatures poses an unacceptable safety risk.   

In combination, the issues described here are considered unresolvable for AOP-4 application of SNCR. 
Consequently, this alternative is considered technically infeasible, and therefore not addressed further in 
this analysis. 

2.2.2 Continuous Peroxide Injection (CPI) 

Given the status of peroxide injection at AOP-4 and other nitric acid plants, this technology can be 
considered “demonstrated in practice” and is an alternative control for AOP-4, although there is relatively 
little experience using CPI for continuous NOX control. Also, the effectiveness of reduced reagent ratio is 
subject to uncertainty, since it has only been evaluated at laboratory scale. On balance, this alternative is 
considered at this step to be available and applicable, and will be carried forward for more thorough 
evaluation. 

2.2.3 LoTOx® 

The feasibility of retrofit LoTOX
® is affected by the existing compact arrangement of AOP-4 process block 

equipment, piping, and ductwork, with no physical ground space available nearby to locate oxygen and 
ozone generation units that would be the size of semi-truck trailer, or accommodate a large wet scrubber 
and ancillary pumps. Additionally, measures to compensate for the added pressure drop of a tail gas wet 
scrubber would be similar to those needed in for an end-of-pipe SCR system. There would need to be a 
variable-speed booster fan installed in the tail gas path, and a bypass stack to allow for unobstructed gas 
exhaust in the event of a booster fan or scrubber malfunction.  The retrofit LoTOX

® installation would 
generally resemble the configuration shown for near-atmospheric SCR with an open bypass stack shown 
in Figure 4.3 of the April 2020 BACT Analysis.  In this case the wet scrubber would replace the SCR 
module, and the wet scrubber would be considerably larger in volume.  

To assess technical feasibility and potential costs, ANPI consulted with Linde Gases Division 
representatives in the U.S, and through them with the LoTOX

® technology team in Germany that designs 
systems for industrial customers. In an attempt to avoid the addition of a new wet scrubber, Linde initially 
suggested that the gaseous ozone might be injected in the existing AOP-4 acid absorber tower.  
However, due to the high pressure of the tower (approximately 280 psig, or higher), it was concluded after 
examination by Linde that there were no ozone generator systems that could deliver the reagent gas at 
sufficiently high pressure for injection.6 Consequently, Linde examined the implementation of LoTOX

® with 
a separate ground-level scrubber, new stack, and redundant oxygen and ozone generator systems. 

Separate from the installation practicality and configuration issues, a more critical feasibility consideration 
is the incorporation of an additional piece of equipment into the AOP-4 process stream while maintaining 
the system’s necessary operational characteristics. These considerations were discussed in depth in 
Sections 4.2.1 and 4.3.2 of the April 2020 BACT Analysis. This discussion described the critical balance 
of many factors that are unique to the Airco system design during transient startup and shutdown must be 
considered in determining the technical feasibility of implementing tail gas NOX control.  ANPI made Linde 
aware of these pressure drop and stability factors for the added scrubber. Prior feasibility studies have 
stated that any modification to the Steam Turbine/Compressor/Expander gas flow, shaft rotating speed to 
or operating pressures requires an in-depth analysis to investigate whether safe and reliable system 
operation is possible. Specifically, turbine rotating speed within the range of resonant vibration 

                                                      
6 LInde U.S. Industrial Gases, e-mail communication with ERM and ANPI, October 22, 2020. Copy provided in Appendix E. 
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frequencies must be avoided (as noted in the operating procedure) to reduce the chance of blade 
failures,7  Lack of a compressor map to does not allow the AOP-4 operator to predict how pressure 
differences will affect steam turbine input and compressor rotating speed.8    

In common with the SCR alternatives for AOP-4, there is the potential for uncontrolled release of 
untreated tail gas through the bypass stack. This stack is necessary to provide an unobstructed, alternate 
gas exhaust path during those events when the booster fan or scrubber malfunctions cause an instability 
in pressure drop losses through the scrubber and and exhaust stack. It is anticipated that periods of 
imbalance will likely occur during each AOP-4 startup, when the control of the booster fan (a variable 
speed unit) must be coordinated with pressure and flow transient conditions. In these events, the NOX 
emission rate from AOP-4 would no longer be controlled by the LoTOx® system. Events when the bypass 
stack would open can also cause pressure profile transients, with unpredictable effects on the turbine 
shaft speed and possible compressor surging. 

Assuming that bypass emissions will occur throughout each 2-hour startup period occurring 8 times per 
year, this amounts to about 450 pounds per year of unabated NOX emissions.9 These transient conditions 
would violate the expected performance level that would potentially apply to LoTOx® during startup and 
shutdown. There would also be unpredictable bypass emissions that would occur during process 
transients that affect the tail gas pressure conditions, and these would also violate a full-time NOX 
emission limit.    

 Primarily, there are too many unknowns and uncertainties regarding the effects of added pressure drop 
of any end-of-pipe abatement unit, such as a LoTOx® scrubber during startup transient operations.  There 
are no other Airco systems currently in operation with end-of-pipe controls, and there is neither a reliable 
compressor map, nor field experience with this combination of technologies.  Consequently, industry 
experts "cannot recommend any change to the system that would affect the rpm of this turbine, either 
under normal operation or during failure conditions (i.e. [booster] fan failure)."10   In light of these 
uncertainties, ANPI would be encumbering a substantial risk of catastrophic equipment failure, especially 
during initial startups of a LoTOx®-controlled AOP-4 process.  Under these circumstances there would be 
no available operator experience, no quantitative process operation or pressure map data, and no advice 
from the now non-existent system vendor.   

After consideration of the anticipated technical barriers described above, Linde declined to offer detailed 
cost information or proceed with the development of an AOP-4 project. Even if the technical feasibility 
issues could be resolved, Linde estimated in general terms to ANPI that total capital expense for a retrofit 
system would range from 3 to 5 times higher than SCR alternatives for AOP-4.11 Because the U.S. 
provider of LoTOx® has declined to offer ANPI a retrofit control project, this alternative is not considered 
available and applicable to AOP-4, and it is not further addressed in this analysis. 

2.3 Step 3 – Rank Remaining Options by Control Effectiveness 

Step 3 involves ranking all the technically feasible control alternatives that have been identified in Step 2.  
The control alternatives are ranked-ordered from the most to the least effective in terms of emission 
reduction potential. The additional control alternatives addressed in this supplemental analysis are ranked 

                                                      
7 Hickham 1999, pg. 19 
8 Advantech Feasibility Study, pgs. 24-25 
9 Based on 5-year averages of ANPI operating data, annual emissions average 106 tons per year, over an average operating period 

of 7,505 hours per year. Assuming 16 hours per year to be at baseline emission rate, 

 (16 hrs/7,505 hrs) x 106 tons/yr  x 2,000 lbs/ton = 452 lbs/yr  
10 Advantech Feasibility Study, 2015, pg. 3. 
11 LInde U.S. Industrial Gases, e-mail communication with ERM and ANPI, October 22, 2020. Copy provided in Appendix E. 
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below by the incremental reduction in residual tail gas NOX concentration (i.e. parts per million) reduction 
that would be achieved based on published information as described in Section 2.3. compared to the 
effective control provided by the existing refrigerated extended absorption. While refrigerated extended 
absorption does serve as a means to reduce tail gas NOX, it is also an inherent element of the AOP-4 
process and in effect is the "baseline" control.  

The implementation of CPI to supplement the performance of the existing refrigerated extended 
absorption, although at reduced reagent ratio, is considered a technically feasible option for AOP-4. Upon 
review of the April 2020 BACT Analysis, the agency requested support for the reagent input rate, or 
equivalently the reagent ratio, currently used for AOP-4 start up. As described in the prior analysis a 
control effectiveness of 65 percent is achieved at a peroxide solution input of 478 gallons per hour.12 This 
reagent ratio has been implemented by ANPI based on USP recommendation and the measured relative 
speciation of NO and NO2 in the absorber inlet gas.13  Based on the USP recommended peroxide feed 
rate, the 50 percent diluted solution feed rate is 4,766 pounds/hour. 

Technical literature, not specific to nitric acid plant conditions, is available on the relationships between 
NOX gas concentration and speciation, the peroxide to NOX ratio, and other variables.14 This reference 
provides physical data relating the fractional absorption of NOX to the inlet concentration of H2O2 in the 
absorbing solution. The relationship between total peroxide available in solution to the resulting NOX 
absorption is not linear. For purposes of identifying how reduced input of peroxide will affect NOX 

absorption from the AOP-4 gases, this data provides a basis for scaling the removal efficiency for NOX for 
different levels of reduced input of peroxide to the extended absorption scrubber. This results of the 
scaling exercise is summarized in Table 3-2a. The detailed graphical analysis is provided in Appendix E, 
with the economic analysis supporting material for this alternative.  

Table 3-2a. Estimated NOX Removal for Reduced CPI Levels for AOP-4 

Assumed Relative 

Reduction in CPI (%) 

Peroxide Injection 

Rate (gal/hr) 

Scaled Control Efficiency 

for NOX
1 (%) 

Tons NOX Abated 

(tons/yr) 

Current Operation 478 65 80 

33 320 64 79 

60 191 62 76 

80 96 56 69 

1 - Scaled control efficiency derived from NOX absorption data as a function of peroxide input concentration. Data set was for high 

nitric acid concentration (Thomas and Vanderschuren, 1996, Figure 2.) 

Normal start up data shows tail gas NOX concentration with peroxide in the extended absorber column is 
nominally 80 ppm, and this concentration increases to approximately 180 - 200 ppm after the peroxide is 
depleted. This relative control effectiveness for alternative controls options is assumed to be in addition to 
that provided by refrigerated extended absorption operating alone. The ranking of potential control 
technology alternatives based on control effectiveness is as follows: 

 

                                                      
12  CEMS data plot, AOP-4 start up, Appendix E, AOP-4 BACT Analysis, April 2020. 
13 In the case of AOP‐4, the full capacity design case heat and energy balance shows that the tail gas contains 1042.8 lbs NO/h 
and 5,958.38 lbs NO2/hr. The resulting hydrogen peroxide injection requirement is:  ((1.7 * 1,042.8) + (0.4 * 5,958.38) = 2,383 
lbs peroxide/hr. 

14 Thomas and Vanderschuren, Chem. Engr. Sci. 1996. 
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 CPI at 33 percent reduced reagent ratio       64%  

 CPI at 60 percent reduced reagent ratio       62%  

 CPI at 80 percent reduced reagent ratio       56%  

2.4 Step 4 – Evaluate Most Effective Controls and Document Results 

After identifying and listing the available control alternatives by control effectiveness, the next step is the 
determination of the energy, environmental, and economic impacts of each option.  Step 4 validates the 
suitability of the top control option in the listing for selection as BACT, or provides clear justification why 
the top candidate is inappropriate as BACT.  In the event that the top candidate is shown to be 
inappropriate, due to energy, environmental, or economic impacts, the next most effective alternative in 
the listing becomes the new control candidate and is similarly evaluated. 

2.4.1 Energy Considerations for CPI 

Potential energy effects of implementing CPI can be evaluated from process information for the use of 
HPI during AOP-4 startup only.  For the current HPI use during startup, the flow rate is less than 10 
gallons per minute (gpm), based on ANPI process data.  So the injection pump is fairly small, with an 8 
horsepower rating. To provide for reduced injection rate, a new injection pump at a lower rating would 
require even less energy. Consequently, there are minimal added on-site energy requirements for CPI, 
compared to overall energy consumption of the ANPI facility. 

The need to ship by truck or railcar large volumes of hydrogen peroxide does result in a substantial 
energy penalty for this alternative. Given the general lack of bulk chemical producers in Arizona, it is 
expected that the several hundred thousand additional gallons of peroxide would need to be shipped 
hundreds of miles from Southern California or the Gulf Coast. This incremental additional energy 
consumption is significant, given the relatively small amount of NOX that would be abated.  

2.4.2 Environmental Considerations for CPI 

There are a few substantive environmental considerations for expanded use of CPI at reduced reagent 
ratio. Per hour of operation, the levels of reduced reagent ratio considered in this analysis would consume 
between 96 and 320 gallons of aqueous hydrogen peroxide, which is an industrial grade solution that is 
diluted 1:1 with water.  There would be normal safety and environmental precautions that must be taken 
to safely handle increased volumes of peroxide and avoid the risk of spills. Handling of railcar loads of a 
second reactive chemical (in addition to anhydrous ammonia) using a new unloading facility at ANPI 
represents an additional challenge for the facility to meet the environmental requirements to control and 
safely operate the peroxide off-loading and storage facilities.  

Utilizing the current startup operation for HPI on AOP-4 on a continuous basis, even at reduced reagent 
ratio, still involves a large increase in the annual consumption of H2O2 solution. ANPI does not produce 
this material, so it would need to be delivered by truck or rail.  Based on the hourly rates of H2O2 industrial 
grade solution consumption at various reagent ratios, the annual deliveries would increase between 
360,000 and 1.2 million gallons per year. Although implementation of CPI at reduced reagent ratio 
somewhat mitigates the increase in delivery traffic, it is expected that the several hundred thousand 
additional gallons of peroxide would need to be shipped hundreds of miles from Southern California or the 
Gulf Coast. The energy use and pollutant emissions from the delivery vehicles are considered adverse 
environmental factors for CPI. The emissions from the added delivery vehicles required to implement CPI 
may more than offset the reduction in NOX at AOP-4. 
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2.4.3 Economic Considerations and Cost Analysis for CPI 

Compared to SCR options evaluated previously, the total capital investment is much lower to implement 
continuous injection of peroxide solution.  It is assumed that the equipment and piping that conveys the 
solution in to the Absorption Tower water feed stream would be essentially unchanged.  This is because 
AOP-4 already has much of the hardware in place and operating during each AOP-4 startup.  It is also 
assumed there would be no changes to the Extended Absorption column for this alternative.  However, 
the higher rate of H2O2 consumption would dictate that the available on-site storage must approximately 
double, which would require two new peroxide storage tanks.  Estimated direct costs for the new tanks, 
upgraded injection controls, and other factored direct costs are just under $224,000.  Allowing for typical 
indirect costs of construction15 the total capital investment is estimated to be $296,400. These capital 
costs are assumed to be identical for any selected reagent ratio. Cost analysis tables are provided to 
supplement Appendix D for CPI and supporting information for the control option equipment cost, direct 
and indirect costs is provided in the supplemental Appendix E. 

One potential disadvantage of CPI is that residual peroxide may remain in the nitric acid product due to 
"overdosing" of the reagent. Residual peroxide would be considered a contaminant of the nitric acid 
product and a reactivity hazard at any detectable concentration.16 The adoption of CPI must assume that 
upgraded process controls must be installed to operate such that the reagent addition rate will respond to 
process changes, to ensure stable relative flow of the injected reagent. 

Direct annual costs for this alternative include the normal levels of operating labor and maintenance 
defined by US EPA for acid gas scrubbing17.  There are minimal additional utilities for this option, similar 
to the alternative of reagent injection at the rate now used for AOP-4 start up periods.  A capital recovery 
factor is applied to allow for amortization of the invested capital cost over a period of 20 years at 5.5 
percent interest. 

By far the largest component of annual direct cost is the purchase of large volumes of industrial grade 
H2O2. The effectiveness of NOX control at several different reagent levels was assessed in Section 2.3, 
using published literature describing the non-linear relationship between peroxide concentration and NOX 
absorption efficiency. The details of the evaluation of control efficiency at three selected levels of reagent 
input are provided in supplemental Appendix E. Based on current as-delivered 2020 pricing for ANPI, the 
continuous operation of the range of reduced injection rates considered for this alternative would 
consume between 360,000 and 1.2 million gallons per year, resulting in an estimated annual reagent 
solution cost of between $1.54 and $5.14 million per year. The reagent cost factor dominates the overall 
annualized control cost. The emission reductions achieved are not in direct proportion to the reagent 
ratio, as shown by published data.18 However, the direct control costs are essentially proportional to the 
reagent injection rate.  

The detailed cost estimation for this alternative is provided as a supplement to Appendix D.  Cost 
estimates obtained prior to 2019 were scaled to 2020 dollars using Federal Reserve Producer Price 
Indices (https://fred.stlouisfed.org/categories/32455), with copies of the index plots provided in Appendix 
E of this report.  Total annualized cost for this alternative is estimated to range from $1.9 to $5.5 million. 
The incremental control effectiveness that would be achieved, above that provided by the refrigerated 
extended absorption, was scaled from the current control level achieved by ANPI during startup (refer to 
Table 3-2a). Based on the upper bound annual baseline emissions of 122.9 tons per year (refer to Table 

                                                      
15 EPA Control Cost Manual. Section 5.2. 1995, Chapter 1-Wet Scrubbers for Acid Gas, Section 1.5.1.  
16 Solvay Chemicals, Inc. Nitric Acid with Hydrogen Peroxide: Reaction Hazards Technical Data Sheet, 2005. Accessed at: 

http://www.hydrogen-peroxide.us/chemical-catalyst-decomposition/Solvay-Hydrogen-Peroxide-Nitric-Acid-Hazards-2005.pdf 
17 EPA Control Cost Manual. Section 5.2, 1995, Chapter 1-Wet Scrubbers for Acid Gas, Sections 1.5.1 and 1.5.2. 
18 Thomas and Vanderschuren, Chem. Engr. Sci. 1996. 
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1.1 in the April 2020 BACT Analysis) and estimated emission reductions, the cost effectiveness values 
range from of approximately $27,500 to $70,000 per ton abated, depending on the selected reagent ratio.  

2.4.4 Summary of Economic Considerations and Combined Alternatives 

Evaluation of the economic factors and control retrofit costs for the technically feasible  control alternative 
indicates that CPI is cost prohibitive for AOP-4. In this case, total capital investment is not especially high 
because the existing Extended Absorber unit should not require internal modifications and the system for 
HPI injection currently operates on AOP-4. However, the high direct annual cost of purchased H2O2 
reagent solution to expand this operation from a few hours of startup per year to over 7,500 hours per 
year (based on 5-year operating history) drives the cost effectiveness results shown in Table 3-3a.  

Table 3-3a summarizes the control effectiveness and the annualized control costs, environmental, and 
energy impacts for continuous CPI at three reduced reagent ratios. This evaluation considers the 
incremental reduction to apply to the residual emission rate after the benefit of the existing extended 
absorption system. The baseline emission rate, with refrigerated extended absorption combined with HPI 
during startup, is 123 tons per year, which equals the highest annual rate from a 5-year history of 
reported NOX emission data for the AOP-4 tail gas stack. The emissions reduction is then the product of 
the specified control effectiveness and the baseline emissions, which are not affected by the retrofit 
controls. The detailed control cost analyses for the tabulated summary are provided in supplemental 
tables in Appendix D.  
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Table 3-3a: Summary of Cost Effectiveness Analysis for Added AOP-4 NOX Control Alternatives 

Control Alternative 

Annual 

Emissions 

(tons/year) 

Emission 

Reduction 2 

(tons/year) 

Economic Impacts 

Adverse 

Environmental 

Impacts 

 

Total 
Annualized 
Cost ($/year) 

Average  Cost 
Effectiveness 
($/ton abated) 

Incremental 
Cost 
Effectiveness 
($/ton) 3 

Energy Impacts 

Continuous Peroxide 
Injection at Current 

Start Up Rate 
(Addressed in Prior 

BACT Analysis) 

43  80 $8.033 million   
App. D, Table D-5 

$100,498        
App. D, Table D-6 $9,854 

Vehicle emissions 
and spillage risks 
with high number 
of long-distance 

reagent deliveries 

 

Fuel consumption 
by delivery 
vehicles.  

Minor increase in 
AOP-4 electricity 

consumption 

Continuous Peroxide 
Injection 33% 
Reduced Rate 

44 79 
$5.496 million   

App. D,           
Table D-5a 

$69,828         
App. D, Table D-

6a 
$12,647 

Continuous Peroxide 
Injection 60% 
Reduced Rate 

47 76 
$3.424 million   

App. D,           
Table D-5b 

$44,908         
App. D, Table D-

6a 
$1,733 

Continuous Peroxide 
Injection 80% 
Reduced Rate 

54 69 
$1.898 million   

App. D,           
Table D-5c 

$27,565         
App. D, Table D-

6a 
___ 

 

Notes:  
1 - Control effectiveness based on vendor performance specification for NOX concentration in treated tail gas. For alternatives with SCR combined with continuous HPI, the SCR 
control level applies to the residual emissions (43 tons per year) in the tail gas assuming operation of continuous HPI. 
2 - Baseline emissions are 123 tons per year.  Emission reduction (tons/year) = 123 x (% control effectiveness) 
3 - The incremental cost effectiveness is the difference in annualized cost for the alternative and the next highest ranked alternative, divided by the difference in emission reductions. 
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2.5 Step 5 – Identify Recommended NOX Control Alternative 

Consideration of the economic factors for CPI at reduced reagent ratios indicates that this alternative 
must be rejected as it is shown to be cost prohibitive. Continuous injection of H2O2 reagent solution to the 
Extended Absorption tower is technically feasible, with relatively low total capital investment.  However, 
the consumption of H2O2 reagent solution, even at reduced reagent ratios for all operating hours, results 
in an estimated annual direct cost of almost between $1.9 and $5.5 million. Reagent expense alone 
accounts for 81 to 94 percent of the annualized control cost, depending on the reagent ratio.  Further, the 
emission reduction benefit is reduced if peroxide is not present in excess, which also contributes to the 
resulting annualized cost range of $29,685 to $70,936 per ton abated.  

Accordingly, this analysis concludes that there are no appropriate NOX control technology alternatives to 
the existing refrigerated extended absorption and HPI during startup for AOP-4. 
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SUPPLEMENT TO APPENDIX D -  

CONTROL COST ANALYSIS TABLES FOR CPI 
ALTERNATIVES  

  



Factor Cost

A 103,000

Freight 
2

0.05 A 5,150

0.07 A 7,210

Purchased Equipment Cost (PEC) PEC 115,360

Foundation and Supports/Construction 0.52 PEC 59,987

0.10 PEC 10,300

0.01PEC 1,154

0.30PEC 34,608

0.01PEC 1,154

0.01PEC 1,154

108,356

223,716

0.10 PEC 11,536

0.10 PEC 11,536

0.10 PEC 11,536

0.3 PEC 34,608

0.03 PEC 3,461

72,677

72,677

296,393

4 hrs/day 65,700

15% of operator 9,855

75,555

0.5 TCI 148,196

148,196

$4.28/gal current vendor pricing 7,677,015

-----  

10,000 kwh/yr 500

500

$40000/yr 40,000

40,000

7,941,266

0.03 x( Oper. Labor) + 0.4 (Ann. 

Maint Cost) 61,545

0.01TCI 2,964

0.01TCI 2,964

----- 0.0837

(CRF)(TCI) 24,808

92,281

8,033,547

Purchased Equipment Costs

TABLE D-5

TOTAL CAPITAL INVESTMENT AND ANNUAL COST CALCULATIONS

HYDROGEN PEROXIDE INJECTION (HPI) - CONTINUOUS OPERATION

Cost Item

Direct Costs

Injection Rate Remains at Current Rate Used for Startup

Indirect Costs

Two new H2O2 Storage Tanks (18,000 gal, 15 psig) 
1

Sales Tax (prevailing west U.S. tax rates)

Direct Installation Costs
2

Instrumentation (updated injection system controls)

Electrical

Upgrade peroxide piping and valves

Insulation for new tank and piping

Painting

Direct Installation Cost

Total Direct Costs (DC)

TOTAL CAPITAL INVESTMENT = DC + IC

Installation for New Tanks and Ancillary Equipment
2

Engineering (tank foundation, injection control)

Misc. Construction & Field Expenses

Contractor Fees

Start-Up (trials, devel/test new startup and operating procedures 

Contingencies

Indirect Installation

Total Indirect Costs (IC)

Direct Annual Costs

Operating Labor
3

Operator (@ $45/hr)

Supervisor

Total Operating Labor

Maintenance
3

Labor and Materials

Total Maintenance

H2O2 Reagent 
4

Aqueous H2O2, 50% diluted industrial grade, 478 gal per hour

Operating time 7,505 hrs/yr, based on past 5-yr average for AOP-4

Utilities
5

Electricity - (kW) (@$0.05/kwh)

Total Additional Utilities

Miscellaneous
6

Permitting/Performance Tests - control efficiency testing for HPI

TOTAL ANNUAL COST = DAC + IAC

Total Direct Annual Costs (DAC)

Indirect Annual Costs

Administrative Charges
2

Property Taxes
2

Insurance
2

Capital Recovery Factor
7

Capital Recovery

Total Indirect Annual Costs (IAC)

7
 The capital recovery factor was calculated assuming a 20-year equipment life and a 5.5% interest rate

1
 Cost for the storage tank derived from US Dept of Energy Process Equipment Cost Estim. Jan 2002, which provides 1998 costs for storage tanks. Adjusted to using 

Federal Reserve Economic Data Producer Price Index for Machinery and Equipment (2020): 1998 PPI = 145, 2020 PPI = 250; scaling ratio = 250/145 = 1.72 
2
 These factors were taken from the EPA Cost Control Manual Section 5.2, Chapter 1, for wet scrubbing control of acid gases

3
 Operating labor factors were taken from the EPA Cost Control Manual for add-on pollutant control systems (2019), or ANPI internal estimates. Calculations assume 

workers are on shift 1,500 hours/year, with employees paid at the rate of $45 per hour. 

4
 Baseline case consumption of peroxide solution based on current ANPI operating data for hourly flow during startup, and current (2020) supplier costs for industrial grade 

hydrogen peroxide. 
5
 Operation of small peroxide solution pump (8 gpm). 

6
 These miscellaneous costs are comparable to costs for similar functions for comparable control equipment.
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Continuous HPI

(Controlling NOX Only)

8,033,547

123.0

100%

65%

43

80

100,498

 

 

 

Injection Rate Remains at Current Rate Used for Startup

Capture Efficiency (%)

Incremental Control Efficiency above base case (%)

Expected Emissions after Control (tons/year)

Expected Emission Reduction after Control (tons/year)

Control Cost per Ton of Pollutant Removed ($/ton)

Base Case Controlled Pollutant Emissions (tons/year)

TABLE D-6

CONTROL COST EFFECTIVENESS

HYDROGEN PEROXIDE INJECTION (HPI) - CONTINUOUS OPERATION

Total Annualized Cost (refer to Table D-5)
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Factor Cost

A 103,000

Freight 
2

0.05 A 5,150

0.07 A 7,210

Purchased Equipment Cost (PEC) PEC 115,360

Foundation and Supports/Construction 0.52 PEC 59,987

0.10 PEC 10,300

0.01PEC 1,154

0.30PEC 34,608

0.01PEC 1,154

0.01PEC 1,154

108,356

223,716

0.10 PEC 11,536

0.10 PEC 11,536

0.10 PEC 11,536

0.3 PEC 34,608

0.03 PEC 3,461

72,677

72,677

296,393

4 hrs/day 65,700

15% of operator 9,855

75,555

0.5 TCI 148,196

148,196

$4.28/gal current vendor pricing 5,139,424

-----  

10,000 kwh/yr 500

500

$40000/yr 40,000

40,000

5,403,675

0.03 x( Oper. Labor) + 0.4 (Ann. 

Maint Cost) 61,545

0.01TCI 2,964

0.01TCI 2,964

----- 0.0837

(CRF)(TCI) 24,802

92,275

5,495,951

7
 The capital recovery factor was calculated assuming a 20-year equipment life and a 5.5% interest rate

1
 Cost for the storage tank derived from US Dept of Energy Process Equipment Cost Estim. Jan 2002, which provides 1998 costs for storage tanks. Adjusted to using 

Federal Reserve Economic Data Producer Price Index for Machinery and Equipment (2020): 1998 PPI = 145, 2020 PPI = 250; scaling ratio = 250/145 = 1.72 
2
 These factors were taken from the EPA Cost Control Manual Section 5.2, Chapter 1, for wet scrubbing control of acid gases

3
 Operating labor factors were taken from the EPA Cost Control Manual for add-on pollutant control systems (2019), or ANPI internal estimates. Calculations assume 

workers are on shift 1,500 hours/year, with employees paid at the rate of $45 per hour. 

4
 Consumption of peroxide solution based on current ANPI operating data for hourly flow during startup, and current (2020) supplier costs for industrial grade hydrogen 

peroxide. 
5
 Operation of small peroxide solution pump (8 gpm). 

6
 These miscellaneous costs are comparable to costs for similar functions for comparable control equipment.

TOTAL ANNUAL COST = DAC + IAC

Total Direct Annual Costs (DAC)

Indirect Annual Costs

Administrative Charges
2

Property Taxes
2

Insurance
2

Capital Recovery Factor
7  

5.5% interest, 20 year service life

Capital Recovery

Total Indirect Annual Costs (IAC)

H2O2 Reagent 
4

Aqueous H2O2, 50% diluted industrial grade, reduced gal per hour

Operating time 7,505 hrs/yr, based on past 5-yr average for AOP-4

Utilities
5

Electricity - (kW) (@$0.05/kwh)

Total Additional Utilities

Miscellaneous
6

Permitting/Performance Tests - control efficiency testing for HPI

Total Operating Labor

Maintenance
3

Labor and Materials

Total Maintenance

Direct Annual Costs

Operating Labor
3

Operator (@ $45/hr)

Supervisor

TOTAL CAPITAL INVESTMENT = DC + IC

Indirect Costs

Installation for New Tanks and Ancillary Equipment
2

Engineering (tank foundation, injection control)

Misc. Construction & Field Expenses

Contractor Fees

Start-Up (trials, devel/test new startup and operating procedures 

Contingencies

Indirect Installation

Total Indirect Costs (IC)

Purchased Equipment Costs

Two new H2O2 Storage Tanks (18,000 gal, 15 psig) 
1

Sales Tax (prevailing west U.S. tax rates)

Direct Installation Costs
2

Instrumentation (updated injection system controls)

Electrical

Upgrade peroxide piping and valves

Insulation for new tank and piping

Painting

Direct Installation Cost

Total Direct Costs (DC)

Direct Costs

TABLE D-5a

TOTAL CAPITAL INVESTMENT AND ANNUAL COST CALCULATIONS

CONTINUOUS PEROXIDE INJECTION (CPI) - REDUCED REAGENT RATIO

Injection Rate Reduced by 33% from Current Rate Used During Startup

Cost Item
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Factor Cost

A 103,000

Freight 
2

0.05 A 5,150

0.07 A 7,210

Purchased Equipment Cost (PEC) PEC 115,360

Foundation and Supports/Construction 0.52 PEC 59,987

0.10 PEC 10,300

0.01PEC 1,154

0.30PEC 34,608

0.01PEC 1,154

0.01PEC 1,154

108,356

223,716

0.10 PEC 11,536

0.10 PEC 11,536

0.10 PEC 11,536

0.3 PEC 34,608

0.03 PEC 3,461

72,677

72,677

296,393

4 hrs/day 65,700

15% of operator 9,855

75,555

0.5 TCI 148,196

148,196

$4.28/gal current vendor pricing 3,067,594

-----  

10,000 kwh/yr 500

500

$40000/yr 40,000

40,000

3,331,845

0.03 x( Oper. Labor) + 0.4 (Ann. 

Maint Cost) 61,545

0.01TCI 2,964

0.01TCI 2,964

----- 0.0837

(CRF)(TCI) 24,802

92,275

3,424,120

7
 The capital recovery factor was calculated assuming a 20-year equipment life and a 5.5% interest rate

1
 Cost for the storage tank derived from US Dept of Energy Process Equipment Cost Estim. Jan 2002, which provides 1998 costs for storage tanks. Adjusted to using 

Federal Reserve Economic Data Producer Price Index for Machinery and Equipment (2020): 1998 PPI = 145, 2020 PPI = 250; scaling ratio = 250/145 = 1.72 
2
 These factors were taken from the EPA Cost Control Manual Section 5.2, Chapter 1, for wet scrubbing control of acid gases

3
 Operating labor factors were taken from the EPA Cost Control Manual for add-on pollutant control systems (2019), or ANPI internal estimates. Calculations assume 

workers are on shift 1,500 hours/year, with employees paid at the rate of $45 per hour. 

4
 Consumption of peroxide solution based on current ANPI operating data for hourly flow during startup, and current (2020) supplier costs for industrial grade hydrogen 

peroxide. 
5
 Operation of small peroxide solution pump (8 gpm). 

6
 These miscellaneous costs are comparable to costs for similar functions for comparable control equipment.

TOTAL ANNUAL COST = DAC + IAC

Total Direct Annual Costs (DAC)

Indirect Annual Costs

Administrative Charges
2

Property Taxes
2

Insurance
2

Capital Recovery Factor
7  

5.5% interest, 20 year service life

Capital Recovery

Total Indirect Annual Costs (IAC)

H2O2 Reagent 
4

Aqueous H2O2, 50% diluted industrial grade, reduced gal per hour

Operating time 7,505 hrs/yr, based on past 5-yr average for AOP-4

Utilities
5

Electricity - (kW) (@$0.05/kwh)

Total Additional Utilities

Miscellaneous
6

Permitting/Performance Tests - control efficiency testing for HPI

Total Operating Labor

Maintenance
3

Labor and Materials

Total Maintenance

Direct Annual Costs

Operating Labor
3

Operator (@ $45/hr)

Supervisor

TOTAL CAPITAL INVESTMENT = DC + IC

Indirect Costs

Installation for New Tanks and Ancillary Equipment
2

Engineering (tank foundation, injection control)

Misc. Construction & Field Expenses

Contractor Fees

Start-Up (trials, devel/test new startup and operating procedures 

Contingencies

Indirect Installation

Total Indirect Costs (IC)

Purchased Equipment Costs

Two new H2O2 Storage Tanks (18,000 gal, 15 psig) 
1

Sales Tax (prevailing west U.S. tax rates)

Direct Installation Costs
2

Instrumentation (updated injection system controls)

Electrical

Upgrade peroxide piping and valves

Insulation for new tank and piping

Painting

Direct Installation Cost

Total Direct Costs (DC)

Direct Costs

TABLE D-5b

TOTAL CAPITAL INVESTMENT AND ANNUAL COST CALCULATIONS

CONTINUOUS PEROXIDE INJECTION (CPI) - REDUCED REAGENT RATIO

Injection Rate Reduced by 60% from Current Rate Used During Startup

Cost Item
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Factor Cost

A 103,000

Freight 
2

0.05 A 5,150

0.07 A 7,210

Purchased Equipment Cost (PEC) PEC 115,360

Foundation and Supports/Construction 0.52 PEC 59,987

0.10 PEC 10,300

0.01PEC 1,154

0.30PEC 34,608

0.01PEC 1,154

0.01PEC 1,154

108,356

223,716

0.10 PEC 11,536

0.10 PEC 11,536

0.10 PEC 11,536

0.3 PEC 34,608

0.03 PEC 3,461

72,677

72,677

296,393

4 hrs/day 65,700

15% of operator 9,855

75,555

0.5 TCI 148,196

148,196

$4.28/gal current vendor pricing 1,541,827

-----  

10,000 kwh/yr 500

500

$40000/yr 40,000

40,000

1,806,079

0.03 x( Oper. Labor) + 0.4 (Ann. 

Maint Cost) 61,545

0.01TCI 2,964

0.01TCI 2,964

----- 0.0837

(CRF)(TCI) 24,802

92,275

1,898,354

Purchased Equipment Costs

Injection Rate Reduced by 80% from Current Rate Used During Startup

TABLE D-5c

TOTAL CAPITAL INVESTMENT AND ANNUAL COST CALCULATIONS

CONTINUOUS PEROXIDE INJECTION (CPI) - REDUCED REAGENT RATIO

Cost Item

Direct Costs

Indirect Costs

Two new H2O2 Storage Tanks (18,000 gal, 15 psig) 
1

Sales Tax (prevailing west U.S. tax rates)

Direct Installation Costs
2

Instrumentation (updated injection system controls)

Electrical

Upgrade peroxide piping and valves

Insulation for new tank and piping

Painting

Direct Installation Cost

Total Direct Costs (DC)

TOTAL CAPITAL INVESTMENT = DC + IC

Installation for New Tanks and Ancillary Equipment
2

Engineering (tank foundation, injection control)

Misc. Construction & Field Expenses

Contractor Fees

Start-Up (trials, devel/test new startup and operating procedures 

Contingencies

Indirect Installation

Total Indirect Costs (IC)

Direct Annual Costs

Operating Labor
3

Operator (@ $45/hr)

Supervisor

Total Operating Labor

Maintenance
3

Labor and Materials

Total Maintenance

H2O2 Reagent 
4

Aqueous H2O2, 50% diluted industrial grade, reduced gal per hour

Operating time 7,505 hrs/yr, based on past 5-yr average for AOP-4

Utilities
5

Electricity - (kW) (@$0.05/kwh)

Total Additional Utilities

Miscellaneous
6

Permitting/Performance Tests - control efficiency testing for HPI

TOTAL ANNUAL COST = DAC + IAC

Total Direct Annual Costs (DAC)

Indirect Annual Costs

Administrative Charges
2

Property Taxes
2

Insurance
2

Capital Recovery Factor
7  

5.5% interest, 20 year service life

Capital Recovery

Total Indirect Annual Costs (IAC)

7
 The capital recovery factor was calculated assuming a 20-year equipment life and a 5.5% interest rate

1
 Cost for the storage tank derived from US Dept of Energy Process Equipment Cost Estim. Jan 2002, which provides 1998 costs for storage tanks. Adjusted to using 

Federal Reserve Economic Data Producer Price Index for Machinery and Equipment (2020): 1998 PPI = 145, 2020 PPI = 250; scaling ratio = 250/145 = 1.72 
2
 These factors were taken from the EPA Cost Control Manual Section 5.2, Chapter 1, for wet scrubbing control of acid gases

3
 Operating labor factors were taken from the EPA Cost Control Manual for add-on pollutant control systems (2019), or ANPI internal estimates. Calculations assume 

workers are on shift 1,500 hours/year, with employees paid at the rate of $45 per hour. 

4
 Consumption of peroxide solution based on current ANPI operating data for hourly flow during startup, and current (2020) supplier costs for industrial grade hydrogen 

peroxide. 
5
 Operation of small peroxide solution pump (8 gpm). 

6
 These miscellaneous costs are comparable to costs for similar functions for comparable control equipment.
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Reduce Injection Rate by 80%

Continuous HPI

(Controlling NOX Only)

1,898,354

123.0

100%

56%

54

69

27,565

Reduce Injection Rate by 60%

Continuous HPI
(Controlling NOX Only)

3,424,120

123.0

100%

62%

47

76

44,908

Reduce Injection Rate by 33%

Continuous HPI
(Controlling NOX Only)

5,495,951

123.0

100%

64%

44

79

69,828

Control Cost per Ton of Pollutant Removed ($/ton)

TABLE D-6a

CONTROL COST EFFECTIVENESS

CONTINUOUS PEROXIDE INJECTION (CPI) - REDUCED REAGENT RATIO

Total Annualized Cost (refer to Table D-5a)

Base Case Controlled Pollutant Emissions (tons/year)

Capture Efficiency (%)

Incremental Control Efficiency above base case (%)

Expected Emissions after Control (tons/year)

Expected Emission Reduction after Control (tons/year)

Capture Efficiency (%)

Incremental Control Efficiency above base case (%)

Total Annualized Cost (refer to Table D-5b)

Base Case Controlled Pollutant Emissions (tons/year)

Total Annualized Cost (refer to Table D-5c)

Base Case Controlled Pollutant Emissions (tons/year)

Capture Efficiency (%)

Expected Emissions after Control (tons/year)

Expected Emission Reduction after Control (tons/year)

Control Cost per Ton of Pollutant Removed ($/ton)

Expected Emission Reduction after Control (tons/year)

Control Cost per Ton of Pollutant Removed ($/ton)

Incremental Control Efficiency above base case (%)

Expected Emissions after Control (tons/year)
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