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Executive Summary: An Anaerobic Digester for Deicing Waste at DIA
Aircraft deicing operations are necessary to ensure safe air travel. However, aircraft
deicing fluids (ADF) are a potential contaminant at many airports. ADF containing propylene
glycol (PG) has a large biological oxygen demand (BOD) which diminishes the dissolved
oxygen in nearby soils and surface waters; thus ecosystems are impacted if ADF is released into
the environment. Current best practices involve collection and recycling of PG from the ADF. At
low concentrations, the PG cannot be recycled and is typically managed by a wastewater
treatment plant (WWTP). Airports, such as Denver International Airport (DIA), must pay for
treatment of the ADF. To decrease the environmental footprint and cost of deicing operations,
our team of five senior environmental engineering students from the University of Colorado at
Boulder (KANDE Consulting) investigated alternative deicing fluid treatment systems.
A state-of-the-art PG recovery system currently operates at DIA. However, there is still a
notable amount of PG-contaminated runoff produced from deicing operations, which constitutes
an annual cost of more than $600,000. An on-site remedial technology would reduce these costs.
Five technologies capable of treating the PG wastewater streams were analyzed in this report:
bubble aeration, anaerobic digestion, anaerobic fluidized bed reaction, advanced oxidation
processes, and reverse osmosis filtration. KANDE researched each of these systems and selected
the anaerobic digester as the option which best suits DIA’s unique needs. A comprehensive
cost/benefit analysis for the 20 year design life of the system revealed that the net present value
was -$508,100. While this project causes a slight economic loss to DIA over its lifetime, the
anaerobic digester system designed in this report could be implemented at other airports with
more concentrated deicing waste to generate a net profit.
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Problem Statement and Background
Snow and ice on aircraft and runways present a major operational challenge for airports
across the United States and in many areas of the world. Ice on the wings of a plane alters the
shape, causing the wings to produce more drag and less lift. Icing on runways is a slip hazard for
planes both taking off and landing. To prevent these hazards, airports in the colder parts of the
world must have deicing systems in place to treat all air traffic. The Federal Aviation
Administration (FAA) has established a variety of regulations to ensure that the aircrafts and
runways are safely deiced before takeoff (1). Approximately 25 million gallons of ADF are used
in the U.S. alone on an annual basis (2). ADF usage is an environmental health and safety hazard
and as such, its use is regulated. However, ADF is required for wintertime operations for all
airports in the US that are subject to ice, snow, or frost on the runways or on the aircraft. Safe
deicing operations require a combination of accurate weather predictions and effective deicing
technology. Subsequent sections detail the aircraft deicing system at DIA and ADF chemistry.

Aircraft Deicing Background and Introduction to ADF Chemistry
ADFs are applied to an aircraft or runway whenever any ice, frost, or snow is present on
the surface; they are also sprayed to prevent the future buildup of frozen water. These processes
are “deicing” and “anti-icing” respectively, but both will be referred to as “deicing” in this
proposal. Some of the alternatives to using ADFs for deicing include mechanical removal of
snow by compressed air, heat pads on the leading edge of wings, and infrared radiant heating in
large hangars. Because of the need for anti-icing to prevent future frosting, most alternative
technologies do not completely eliminate the need for these sprays (1).
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The most common deicing method is the spray application of ADFs which are usually
composed of PG (typically 50%), water (typically 48%), and a mixture of additives (<2%) (3).
Propylene glycol (C3H8O2) has replaced ethylene glycol (C2H6O2) as the preferred freezing point
depressant because it is less toxic (4). Propylene glycol, while readily biodegradable, has a
sizeable BOD, which deprives aquatic and terrestrial ecosystems of the oxygen they need to live.
This BOD is one of the primary concerns with releasing ADFs into the environment. There are
four classes of ADFs, differentiated by the percentage of additives. Type I has less than 1%
additives while types II, III, and IV
have less than 2% additives. ADF
additives include surfactants and
anticorrosive compounds such as
4(5) methyl-benzotriazole (MeBT).
Figure 1. Structure of 4(5)-MeBT (3)

As seen in Figure 1, MeBT has two
common isomers, 4(5)-MeBT. 4-MeBT is recalcitrant in the environment and accumulation and
persistence are known issues (3). Aerobic biodegradation of 5-MeBT has been explored and an
accepted pathway includes degradation to protocatechuate or cathecol which are subsequently
degraded (5). The use of triazoles in ADFs presents numerous environmental issues due to their
persistence in the environment, solubility in water, and toxicity to biotic organisms (4).
Anti-corrosives like MeBT are a class of compounds that are used in ADFs to decrease
the risk of fire caused by corrosion of parts carrying a direct electric current (6). These anticorrosive compounds may persist in the ground water and soil around airports years after being
released (3). Other ADF additives are largely proprietary but generally include surfactants,
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thickeners, colored dyes, and pH buffers. The environmental and toxicological effects of some of
these additives are only just beginning to be explored.

Denver International Airport (DIA) Environmental Management Systems
DIA is a leader in environmental management systems (EMS) and is certified by the
International Organization for Standardization (ISO) for their EMS which complies with the ISO
14001:2004 standard (7). The ISO 14001:2004 standard provides general requirements for an
EMS including: awareness of the multitude of environmental impacts related to the operation of
the business and attempting to limit the impacts that are within control of the business. DIA is
the first and only airport in the US to reach this standard and become certified (8), making it the
current state-of-the-art model in large scale deicing operations using glycol recovery systems.
Smaller and older airports in the US and around the world generally rely heavily upon local
wastewater treatment infrastructure for treatment. However, it is becoming more and more
common for on-site treatment and recycling of ADF at larger and recently renovated airports (4).
The specific flow and cost values for DIA can be seen in Table 1 below.

Table 1. DIA Dilute Deicing Waste Characteristics (9)
DIA Deicing Design Values
Average Annual Discharge to Denver Metro Wastewater Treatment 197 million gallons
Plant (DMWWTP)
2,600 mg/L
Average PG Concentration in DIA Wastewater
243 million gallons
Maximum Annual Wastewater Discharge
10,000 mg/L
Maximum PG Concentration in DIA Wastewater
8.707 tons/million gallons/year
Average BOD Load to DMWWTP
20,757.55 tons/million gallons/year
Maximum Historical Year BOD Load to DMWWTP
$652,000
Average Annual Cost of BOD Treatment at DMWWTP
$778,600
Average Annual Total Cost of Wastewater Treatment at DMWWTP
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DIA has four primary deicing pads which can service five to six airplanes at any given
time (10). A view of Denver International Airport’s facilities can be seen in Figure 3 below.
Each of the deicing pads includes an advanced
glycol recovery system, which attempts to recover
and recycle all of the ADF with greater than 1%
propylene glycol that falls onto the pad. The
collected PG is separated from the water and then
Figure 2. Reclamation and collection ratios of
ADF at DIA (10)

concentrated and distilled into an almost pure

glycol. Of the 1,949,230 gallons used at DIA in 2010/2011, 1,376,270 gallons were collected
(around 71%). Of this 71%, approximately 72 percent was recycled into pure PG, leaving 28% to
be treated by Denver Metro Waste Water Treatment Plant (DMWWTP). The charts in Figure 2
illustrate the overall efficiency of the recovery system.
DIA’s current system recycles glycol from the wastewater stream as long as the glycol
concentrations are above 1% (10,000 mg/L). Wastewater with less than 1% glycol is diverted
and treated at the DMWWTP (11). According to Keith Pass, a manager of the current EMS at
DIA, approximately $650,000 per year is allocated for wastewater treatment at DMWWTP
related to deicing operations and more than 80% of this cost is due to the treatment of BOD
alone (9). KANDE Consulting has decided to investigate a design alternative to treat the BOD on
site to reduce these costs.
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Figure 3. Plan View of Denver International Airport

Summary of Literature and Research Review
This report cites reputable sources including peer reviewed journals, textbooks, FAA and
USEPA guidance documents, conference proceedings, PhD theses, technical websites, and direct
interaction with experts and professionals. We have attempted to make this document as easily
9

accessible as possible for quick referencing and quality assurance. References to each source are
embedded in the design report.

Problem Solving Approach
KANDE Consulting provides a holistic approach to engineering design through
interdisciplinary evaluation of design alternatives. Alongside regulatory compliance, technical
considerations, and costs estimates, the decision-making process addresses social, political, and
environmental concerns. Selection of the appropriate design alternative and the subsequent
development of that solution are based on a sustainability analysis of the project. The alternative
evaluation provided in this report is based on a twenty year life cycle analysis. Several criteria
have been established to select the best alternative for DIA’s dilute deicing waste treatment; a
preliminary discussion of these criteria is addressed in this section of the report. A more detailed
discussion of the criteria is provided in the Decision Matrix section.

FAA Design Competition Requirements
The FAA provides the framework for a safe, secure, and efficient aviation system.
Innovative research on the potential benefit of the long-term growth of civil aviation is vocally
encouraged by the FAA. The pursuit of basic and applied research in scientific and engineering
disciplines in aviation is crucial to the realization of this goal. KANDE Consulting is proud to
deliver this caliber of research for the FAA Airport Environmental Interactions design
competition. An important goal of the FAA design competition is that each student team
interacts with airport operators and industry experts. See Appendix C for a complete description
of these interactions. Other important FAA goals which pertain to this design are provided in the
10

Flight Plan 2009-2013 charter (12). These goals include the ability of future projects to “address
environmental issues associated with capacity enhancements” and this design report aims to do
just that with regard to PG use. The main goal of our team for our client is to provide a solution
to the adverse effects of deicing while providing DIA with both economic and social benefits.

Preliminary Design Criteria
KANDE Consulting has identified criteria and constraints which are applicable to DIA,
our partner airport. These criteria and constraints are discussed fully in the “Decision Process”
section of this report. However, a basic review of the most important constraints is pertinent to
the preliminary selection of alternatives. The following three constraints for the design were
developed in cooperation with airport operators at DIA and were used in the “Preliminary
Screening of Alternatives” section below.
1) The alternative has the ability to treat less than 1% propylene glycol waste stream.
2) The alternative has the ability to adapt to variable wastewater flow rates throughout the year.
3) The alternative minimizes the cost of implementation and maintenance over design life.

Preliminary Screening of Alternatives
To identify the best possible solution for treatment of DIA’s dilute deicing waste,
KANDE Consulting has researched thirteen preliminary design alternatives. A literature review
of the preliminary alternatives elucidated the main design and operational considerations of each.
The relevant design, construction, and operational characteristics of each preliminary alternative
were evaluated based on the three constraints described in the previous section. The process of
elimination used to select the five best alternatives is presented in Table 2. Description of
Preliminary Alternatives In this table, the preliminary alternatives are categorized according to
11

their mechanism of operation—physical, chemical, or biological. The advantages and
disadvantages of each preliminary alternative are discussed. References that apply to the
preliminary screening process are provided along with the indication of whether the alternative is
likely to meet the preliminary criteria. Out of the thirteen preliminary alternatives, eight were
eliminated by the preliminary screening process because they did not effectively meet the
preliminary criteria.
The preliminary elimination of alternatives based on the above criteria resulted in five
feasible solutions: fine bubble aeration, anaerobic biogas digestion, anaerobic fluidized bed
reaction, advanced oxidation processes, and reverse osmosis membrane filtration. Each of these
was explored in more detail in this report. Final elimination of these five alternatives resulted in
a single, best alternative for DIA.

Future Deicing Considerations
KANDE Consulting understands that no engineering challenge stays constant over time.
As each alternative was evaluated, increases in wastewater flow rates and changes in BOD
concentration were considered. DIA has informed KANDE Consulting that there are plans to
build another concourse in the near future. This expansion will inevitably require additional ADF
use and thus more wastewater as air traffic increases. This increased load on the selected
technology will be evaluated in more detail during the final design process in order to ensure that
the design will be flexible enough to fit the client’s future needs. The selected technology will
also be evaluated for its ability to conform to future regulations.
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Alternative
Type

Table 2. Description of Preliminary Alternatives
Disadvantages
References / Examples

Alternative
Name

Advantages

Reverse
Osmosis

‣ Can recover PG
‣ No seasonality issues

Mechanical
Vapor
Recompression
and Vacuum
Distillation
Fine Bubble
Aeration

‣ Modification to existing
system at DIA
‣ Allows for recovery of PG
‣ Can operate seasonally

Physical

Chemical

Plug Flow
Trench
Aeration

UV with
Oxidizer

‣ Can use existing
infrastructure
‣ Low capital costs
‣ Can operate seasonally
‣ More efficient than pond
aeration
‣ Modular (for future
expansion)
‣ Can operate seasonally
‣ Can be easily turned off and
on
‣ UV lighting has long
lifetime and system has low
maintenance
‣ Relatively short treatment
time needed

Meets Preliminary
Criteria

‣ Storage tanks are needed to
regulate flow
‣ May be too costly to
remove the lowest
concentrations of PG
‣ Costly
‣ Large vacuum pump and
heater power requirements

‣ (13)
‣ Installed at Pittsburgh
International Airport

‣ Yes: Effectively
removes propylene
glycol and MeBT, along
with other contaminants

‣ (Inland Technologies, 2011)
‣ Installed at DIA

No: Power requirements
are prohibitive

‣ Large pump power
requirement
‣ Potential wildlife hazard

‣ (13)
‣ Installed at Greater
Rockford Airport, NY

Yes: Low cost option

‣ Large pump power
requirement

‣ (Siemens, 2011)
‣ Installed at Red Gold tomato
processing plant, IN

No: Similar to Pond
Aeration but more costly

‣ Must either buy or make
oxidizer (peroxide or ozone)
onsite
‣ Turbidity of the influent
could occlude the UV’s
penetration

Clark County, Nevada has
employed a 30 MGD
wastewater treatment plant

Yes: Thoroughly
removes propylene
glycol and MeBT, along
with other contaminants
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Alternative
Type

Alternative
Name
Anaerobic
Fluidized Bed
Reactor (FBR)

Advantages

Disadvantages

References / Examples

‣ Less energy required over
aerobic processes
‣ No odors
‣ Methane generated

‣ Needs to be heated for
maximum efficiency
‣ Seasonal concentration
fluctuations are bad for
microbes

‣ (13) (14)
‣ Installed in both the Albany,
New York and Akron/Canton,
Ohio airports

Batch-loaded
FBR

‣Effectively biodegrades
propylene glycol
‣ Can be aerobic or anaerobic

‣ Clogging
‣ Batch process causes it to
require more storage space
for wastewater

‣ (13)
‣ No current implementation
found but studies assert
feasibility

Membrane
Bioreactor

‣ Up and coming technology
‣ Would help reduce
propylene glycol in two steps
‣ Proven system for lower
loading rates
‣ Fairly simple design

‣ Similar to RO but requires
more space and is more
costly

‣ (15)
‣Pilot study performed for
general municipal waste water.
‣ (16)
‣Utilized in many WWTP, but
none for these loading rates

No: Reverse Osmosis is
cheaper and allows for
recovery

‣ (13)
‣ Installed at Buffalo Niagra
International Airport in New
York
‣ (17)
‣Installed at Maker’s Mark
Distillery
‣ (18)
‣ Lemvig Biogas Digester in
Denmark
‣(Global Methane Initiative)

No: Need for dilution,
complications due to
sizing

‣Common practice in
Wastewater Treatment Plants

No: Prohibitive cost

Trickling Filter

Biological

Constructed
Wetlands

‣ Lower maintenance
compared to other methods
of treatment

Anaerobic
Mobilized Film

‣ Generates methane
‣ Proven to work with
organic high loading rates
‣ Generates methane
‣ Proven system for high
loading rates
‣ Possible to use current
Infrastructure
‣ Low maintenance costs
‣ Currently used to treat
DIA’s ADF at DMWWTP

Anaerobic
biogas digester

Activated
Sludge

‣ Clogging and pooling of
water on the surface
‣ Unproven at these loading
rates
‣ Wildlife issues - birds
‣ Highest concentrations of
PG will be present during
less active times for bacteria
‣ EcoLab discontinued
producing these systems
‣ Seasonal startup issues
‣ Needs to be heated for
maximum efficiency
‣ Batch reaction; need
extended period of time to
fully treat
‣ Seasonal startup issues
‣ Very large system

Meets Preliminary
Criteria
Yes, when compared to
the other options, this
option has the least
amount of technical
complications due to
sizing and cost.
No: Complications due
to sizing

No: Complications due
to sizing

No: Lack of accessibility
to technology
Yes: Currently used at
high loading rates
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Evaluation of Alternatives
The five proposed alternatives were evaluated in detail in the context of the design
criteria, described in the Decision Process section below. For each alternative, a cost analysis
was performed involving both the initial capital cost of the system and the operations and
maintenance costs over a 20 year lifespan. The costs were based off the current market price for
materials and labor. Every project was also analyzed for effectiveness under the unique needs of
deicing operations such as BOD loading rate, seasonal considerations, and sizing limitations
dictated by airfield regulations. In the case of DIA, the BOD loading sent to DMWWTP was
8.707 tons per million gallons per year. This average BOD loading rate was used because
detention ponds on the premises allow for flow equalization and dilution, resulting in a
consistent PG concentration throughout the year.
One of DIA’s main concerns is to minimize the cost associated with deicing waste
treatment, which averages $652,000 annually.

Each technology was designed to remove

approximately 90% of the BOD associated with PG (except for the advanced oxidation process
which would eliminate ~80% of the total PG).

Fine Bubble Aeration
Technical Description and Literature Review
In the context of wastewater treatment processes, aeration systems introduce air into
wastewater to support aerobic microbial degradation of organic material. Aeration provides the
oxygen that aerobic bacteria need to metabolize the organic matter, and mixes the water so that
these microbes contact the full volume of water. Aeration systems may be used to reduce the

oxygen demand imposed by waste from deicing operations, and can be adapted to that specific
waste stream.
In a bubble aeration system, an air compressor forces air into a system of pipes laid
across the bottom of the pond. Diffusers are strategically spaced along the pipe system to
effectively bubble air into the entire body of water (19). Oxygen in the air stream partitions into
the water to fuel the growth of aerobic bacteria, which consume the oxygen demand associated
with deicing fluids. An aeration system could be implemented at DIA by retrofitting some of the
detention ponds have already been built for the purpose of storing deicing fluid before transport
to Metro WWTP. This would reduce the waste disposal fees that DIA pays to Metro WWTP,
which is the goal of this design evaluation (9). Based on the kinetics of aerobic degradation of
PG, the required residence time for ADF in the aeration ponds is five days. Figure 4 displays a
basic schematic of the aeration process.

Figure 4. Aeration Process Schematic (20)
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Design Summary
Table 3. Design Summary for Fine Bubble Aeration
Design Parameter

Value

Oxygen required to consume BOD
Air demand from blower
Blower discharge pressure
Blower power requirement
Diffuser Heads
Diffuser and Distribution Piping

13,200 lbs. O2 per day
5300 SCFM
19.7 psia
76 hp
3500
5,200 feet

References

(20); (21); (22); (9)

Cost Summary
Table 4. Cost Summary for Fine Bubble Aeration
Cost Item
System Component Initial Cost
Other Construction Initial Cost
Total Initial Cost
Annual Energy Cost
20 year projection Energy Cost (PV)
Total Annual O&M Cost
20 year projection O&M Cost (PV)

Present Value Cost (2012)
Capital Cost
$197,780
$71,340
$269,100
O&M Cost
$34,790 per year
$477,100
$8,042 per year
$110,300

Total Present Value Cost

References
(20); (9)
(20)

(20)
(20)

$865,400

Anaerobic Biogas Reactor
Technical Description and Literature Review
Anaerobic digestion is a naturally occurring process, which is driven by the
decomposition of organic matter by bacteria in environments that contain little to no oxygen. For
a biogas digester, the process is monitored under ideal conditions, resulting in the production of
methane gas. Organic material in the influent stream (PG) contains COD, which can be digested
by microorganisms to produce methane gas and treat the wastewater. DIA could use the methane
gas as an energy source to provide heating for the system.
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The biogas produced from the reaction above generally contains approximately 65%
methane and 35% carbon dioxide. The production of methane gas will almost completely remove
the COD from the wastewater propylene glycol stream. Under this assumption, at 35oC and 1
atmosphere, 1 gram of COD removed is equivalent to 395 mL of methane gas produced (23).
Figure 5 below depicts the basic design for an anaerobic biogas digester (24).

Figure 5. Anaerobic Biogas Reactor

Design Summary
Design Parameter
Temperature
Methane Produced
Retention Time
Volume of Tank
Heating Requirements

Table 5. Design Summary for Anaerobic Biogas Reactor
Value
35° Celsius
18.9 ft3/min
20 days
20,430 m3
144,350 kWh per year

References
(25)
(25)
(25)
(25)
(25)

Cost Summary

Cost Item
Annual O&M Cost
Initial Capital Cost
Initial Labor Cost
Total Capital Cost
Annual Savings
Present Value Benefit

Table 6. Cost Summary for Anaerobic Biogas Reactor
Present Value Cost (2011)
$12,990
$1,705,000
$12,000
$1,717,000
$165,500
$403,350

References
(25)
(26)
(27)
(26), (27), (28)
(29)
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Anaerobic Fluidized Bed Reactor (AFBR)
Technical Description and Literature Review
The anaerobic fluidized bed reactor is a type of anaerobic biological treatment for
different types of wastewater. Similar to the anaerobic biogas reactor, the treatment of
wastewater occurs when bacteria metabolize the organic material in the water without the
presence of oxygen. The general design of the anaerobic fluidized bed reactor consists of a
vertical cylindrical tank filled with granulated activated carbon, a fluidization pump, a separator
tank, and piping to transport the fluid (30). Contaminated water is pumped up through the bed of
media, usually activated carbon or sand, at a velocity high enough to suspend the solids in a
uniform manner. In the tank, microorganisms form a biofilm on the suspended media (31). The
suspended media provides a much larger surface area for the attachment of microbial consortia,
making a more effective system for treating contaminated water compared to fixed film reactors
(31). The microorganisms that occur in the in the anaerobic fluidized bed reactors are naturally
occurring in locations such as peat bogs, sediment, and cattle intestines (30). Microorganisms of
this type are then able to biodegrade the organic matter in the wastewater and produce methane
gas. AFBR technology is effective at removing BOD which could reduce our client’s fees to
DMWWTP.
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Design Summary

Figure 6. Anaerobic Fluidized Bed Reactor

Table 7. Design Summary for Anaerobic Fluidized Bed Reactor
Design Parameter
Value
References
Height = 23 meters
(32)
Approximate Tank Height and
Diameter = 24 meters
Radius
𝑘𝑔𝐶𝑂𝐷
(33)
COD Loading Rate
Up to 100
Successful Operation Flow Rate
Ranges
Acceptable Temperature Range
for Operations

𝑚3 𝑑𝑎𝑦

Between 5 and 6,000 gallons per
minute
Between 20 and 42 degrees Celsius

(34)
(33)

Cost Summary
Table 8. Cost Summary for Anaerobic Fluidized Bed Reactor
Cost Item
Present Value Cost (2012)
References
(35); (9)
Capital Cost (including storage for $16.2 million
spent fluid and mixing)
$92.80/year/lbs COD/day
(35)
Operations and Maintenance
Costs (normalized)
$759,000 per year
(35); (9)
Operations and Maintenance
Costs
(29)
Savings from Methane Production $165,533
Present Value Costs over a 20 year $24.3 million
lifetime
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Advanced Oxidation Process: Ultraviolet Degradation with Ozone
Technical Description and Literature Review
The use of advance oxidation processes is a relatively new technology in the realm of
wastewater treatment. While ultraviolet radiation (UV) is utilized as a disinfection treatment, its
use with oxidizers such as ozone and hydrogen peroxide is still not widely employed. Some
chemicals absorb UV directly, resulting in degradation of chemical bonds and removal of the
contaminant. However, not all organics react in this way, presenting the need for an oxidizer
such as hydrogen peroxide or ozone. The ultraviolet rays form hydroxyl radicals with the
oxidizer that catalyze the oxidation process. Due to the high reactivity of the radical, a wide
range of biologically toxic and non-biodegradable organic compounds can be destroyed. This is a
particularly desirable characteristic since advanced oxidation can remove both the PG and the
MeBT, along with other contaminants contained in the ADF (2). Oxidation is capable of
complete mineralization. In this process toxic, organic compounds react with the oxidizer
yielding carbon dioxide, water and salts (36). However, complete mineralization requires a high
dose of UV and oxidant; resulting in elevated operating costs. Therefore, for the purposes of this
project, the system will only administer the dose necessary to treat the water to meet the
standards put forth by the EPA and Federal regulations. Another beneficial quality of the
advanced oxidation process is the speed at which it is able to treat the water. Due to the high
reaction constant in free radical processes, a short exposure time would yield a completely
treated effluent stream. After applying the DIA effluent flow data, the specifications shown in
Table 9 were calculated assuming that a 2 minute retention time is necessary for
sufficient (>80%) degradation.
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Figure 7. Illustration of Ultraviolet Degredation Coupled with Oxidizing
Compound

Figure 8. Wedeco Technologies (36)

Design Summary
Table 9. Design Summary for Ultraviolet Degredation Coupled with Oxidizing Compound
Design Parameter
Value
References
Flow rate

380. gal/min

Required UV lamps

23 lamps

Power/lamp

kW

Annual Power Consumption

10,080 kWh/year

Required Ozone

345.47 kg/hr

Ozone Produced per Generator

200 kg/hr

Required Ozone Generators

4 units

(37)
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Cost Summary
Table 10. Cost Summary for Ultraviolet Degredation Coupled with Oxidizing Compound
Ozone Generation
UV System
O & M Cost
Annual cost of power

$15,380

Annual lamp replacement

$1,100

Maintenance

Lifetime Warranty

Annual power cost

$705

Total Cost per year:

$15,380

Cleaning/maintenance /yr.
Total Cost per year:

$1,440
$3,250

Overall O&M Cost: $18,630 per year
Overall O&M Cost for 20 year Lifespan: $255,400
Capital Cost
$549,000
Cost per Generator
Cost per Lamp
$2,196,000
Capital Cost for 4 generators
Total Lamp Cost
Installation Cost
Capital Cost:
Overall Capital Cost: = $2,214,630
Total Present Value Cost: $2,470,050

$48
$1,100
$20,000
$21,150

Physical Separation Process: Membrane Filtration (Reverse Osmosis)
Technical Description
Reverse osmosis (RO) is a membrane based water treatment technology that is normally
associated with desalination of seawater. RO involves high-pressure forcing of contaminated
water through membranes with very small pores. Water, a small molecule, is forced through the
pores and the larger contaminants, including salts such as propylene glycol and other ADF
additives, are not allowed to pass through the membranes due to their size relative to the pore
size of the membrane. The wastewater is separated into the permeate stream (through the
membrane) and the concentrate stream (the rejected water and contamination). The permeate
stream will have greatly reduced BOD (generally 99%+ removal rates (38)). The concentrate
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stream will have enhanced concentrations of PG. If the concentrations are high enough, the PG
from the concentrate stream may be recycled by Inland.
Reverse osmosis systems are beginning to be used for this purpose in the US. At
Pittsburgh International Airport a 1-4% PG by volume stream is fed to a reverse osmosis system
to concentrate the water to 8-12% PG by volume. This concentrated stream is then recycled by
the airport. The permeate is discharged to the local treatment plant (39). The USEPA conducted
a feasibility pilot study to clean glycols from airport wastewater using heated ceramic
membranes (40). The results of this investigation were promising and further large-scale pilot
scale experiments were recommended. A similar system was proposed by New Logic for the
Minneapolis / St. Paul International Airport in Minnesota (41). The New Logic system could be
adapted for implementation at DIA. New Logic’s process diagram is displayed in Figure 9.

Figure 9. Membrane Filtration Implementation at DIA (41)
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Design Summary
Table 11. Design Summary for Reverse Osmosis Sysem
Design Parameter
Value
600 m2
Area of Membrane Required
32 m2
Area per Membrane
197
Number of Thin-film Composite Spiral Wound Membranes
6.2 m3
Total Volume of Membranes

References
(38)
(38)

Cost Summary
Table 12. Cost Summary for Reverse Osmosis System (42)
Construction Costs
Value
$1,178,640
Concrete
$259,700
Labor
$239,720
Electrical and Instrumentation
$319,630
Housing
Total
$1,997,700
Annual Operations and Maintenance Costs
$249,700
Electricity (3.56E6 kWh/yr.)
$177,400
Labor
$230,000
Maintenance Material, Membrane Replacement, and Cleaning
Chemicals
Total Cost per Year
$657,100
Total 20 Year Net Present Cost
$9,049,000

Decision Process
To select the best possible alternative for DIA, a variety of decision factors were
considered. They key factors which have influenced our decision are client-specific criteria and
constraints and FAA design competition guidelines. A preliminary discussion of the criteria was
discussed in the Problem Solving Approach section at the beginning of this report. These criteria
are fully developed in the section below.

Criteria and Constraint Analysis
To objectively compare the alternatives, each was assessed based on the criterion
descriptions shown in Table 13. Explanation of Decision Matrix Categories and Alternative
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Scoring Economic, socio-political, environmental, and technical aspects were taken into
consideration. Each of these categories was broken down into subcategories, with the exception
of economic constraints which were grouped together to best evaluate the total economic value
for all present and future operations. The economic value of each alternative is based on a
standard process explained in the Financial Analysis section below. These specific factors were
developed in collaboration with DIA (9). The alternatives were scored in the decision matrix
according to the specific factors explained in the right-most column of Table 13.
Explanation of Decision Matrix Weights
The relative importance of each criterion was determined through careful consideration
of the opinions of the client Denver International Airport, University of Colorado Professors and
Teaching Assistants, and the KANDE Consulting team. Because DIA is at the forefront of
environmentally responsible deicing practices, their main concern is that the new design will
improve upon the current costs they face when treating the non-recyclable deicing wastewater.
Therefore, the Economic portion of our decision matrix was weighted at 0.5. Environmental and
technical considerations were weighted at 0.2 each because it is understood that the client is
currently leading in environmental responsibility and has implemented technically challenging
projects already. These categories, therefore, are less important for this particular design because
any improvement on current technology will go above and beyond technical and environmental
standards. The social and political section of the decision matrix was weighted at a 0.1 because
we feel that the client currently possesses a great reputation for environmental stewardship and
that any additions to their current system would only be an improvement from this currently
good standing.
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Financial Analysis
Financial analysis was the most important criteria in the alternatives assessment. Capital
costs include all of the building material, labor costs, and extra costs associated with initial
implementation of the technology. Annual operations and maintenance costs include labor,
replaceable material costs, and upkeep.

In this equation, annual savings refers to the

technologies that will be producing a form of energy that the client may either use or sell and is
only applicable for the anaerobic technologies as well as the savings associated with the BOD
reduction sent to DMWWTP. All alternatives except the AOP system were designed to reduce
BOD concentrations to 2.2mg/L, which is the current DMWWTP BOD effluent (43). The AOP
system was designed for 80% BOD reduction due to elevated costs associated with the amount
on UV radiation and ozone necessary for complete mineralization, and will therefore not produce
as much savings as the other alternatives. It is also important to note that the anaerobic biogas
digester produces a valuable product: methane. This gas can be sold for auxiliary revenue,
making this alternative especially attractive. The equation used to determine the present value
cost of the technology over a twenty year lifetime is shown below. Each alternative assessment
will undergo analysis to normalize the costs of the different alternatives in a uniform manner.
Equation 1. Net present cost

1 − (1 + 𝑖)−𝑛
𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 = 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 + 𝐴𝑛𝑛𝑢𝑎𝑙 𝑂&𝑀 𝐶𝑜𝑠𝑡𝑠 ∗ �
�
𝑖

In this equation, ”i” is the inflation rate (44) and “n” is the design lifetime of 20 years.
The outcome of the above analysis can be seen in the individual alternatives decision matrices
which can be found in the Decision Matrix section below. Each alternative has been scored
accordingly to facilitate in the design decision process.
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Table 13. Explanation of Decision Matrix Categories and Alternative Scoring
Categories
Economic

Social and
Political

Environmental

Subcategories
Cost

Reputation

Public Perception

∙The public will view the alternative as an improvement to the
current system
∙The alternative won’t negatively impact public livelihood

Government
Perception

∙DIA is setting new standards for controlling airport environmental
footprints
∙The alternative will meet potential future regulatory requirements
∙The alternative will reduce loading to DMWWTP
∙Environmental stewardship
∙ Shows proactive responsibility for actions
∙Full life-cycle analysis with regard to sustainability of the system
∙The alternative uses minimal non-renewable resources
∙The alternative promotes renewable resources

Ethics and
Responsibilities
Resource Use

Technical

Subcategory Explanation
∙Based on net present value ($) in 2012 for a 20-year lifespan
∙Includes capital costs: construction, equipment, labor, operations
and maintenance costs: electricity, labor, replacement parts
∙Includes income associated with operation (if applicable)
∙The alternative improves DIA’s reputation as a leader in
environmental management systems
∙It demonstrates state-of-the-art use and application
∙DIA is pioneering a system that could be applied elsewhere

Pollution Control

∙The alternative contributes minimal greenhouse gases (directly or
indirectly)
∙The alternative has small waste streams
∙The alternative requires minimal use of hazardous materials

Design Complexity

∙ Historically relevant case studies for the design and operation of
the alternative
∙Geography and geometry are not inhibitory
∙The construction and operation of the alternative do not interfere
with the day to day operations of DIA
∙The operation of the alternative is highly automated
∙The alternative requires a low amount of labor for day to day
operation
∙The alternative does not require extremely skilled or specialized
operators

Operation
Complexity

Explanation of Relative Scoring
Cost ratings based on differences in present value costs for each
technology; exponential distribution of prices but differences are
significant enough to warrant different ratings on a score of 1 to
5
RO, anaerobic biogas digester, and anaerobic fluidized bed
reactor technologies received a 5 because they allow for
recovery of PG or the recovery of methane gas; other
technologies received a 3 because they remove COD from
airport waste but do not recover desirable products
Alternatives are situated far from local residents but smell and
visual distractions could still be an issue for the anaerobic
technologies therefore they scored lower than other options.
RO scored the highest because it allows for recovery of PG
Waste to energy options are rated higher because of the general
push for renewable energy; other options scored neutral

It is ethical to completely treat deicing wastewater;
technologies that treat the water so that it is closest to
appropriate for direct discharge rated highest
RO has the highest resource use (the majority being electricity)
therefore scored lowest; AFBR has energy demands but it also
produces energy so it rated neutrally; other options do not use
many resources and scored highly
RO requires cleaning with RCRA classified hazardous
materials so it scored low; UV with ozone has no solid waste
and oxidizes all contaminants so this technology scored highly;
other technologies scored neutrally because they have small
waste streams or do not treat all contaminants
Large construction, the anaerobic technologies score lowly in
this category; fine bubble aeration scores highly because it
utilizes current infrastructure; other technologies score
neutrally
Anaerobic technologies require nutrients and temperature
regulation and fine bubble aeration requires some nutrient input
and monitoring, these technologies receive neutral ratings;
other technologies are difficult to operate and require more
hands on monitoring so they will score lower than the rest

Decision Matrix Development
Each of the five alternatives was evaluated according to the criteria explained previously
in Table 13. Explanation of Decision Matrix Categories and Alternative Scoring The alternatives
were scored on a scale of one to five, where one represents non-attainment of the criteria and five
represents full attainment of the criteria. The scores for each alternative were compared to
decision matrix scores for the “do nothing/no change” option, which constitutes continued
deicing waste shipments to DMWWTP. Comparison to the ‘no change’ option is critical to
evaluating the relative benefit of each alternative to the current practices. The scores for all
options are condensed into a single decision matrix table, which was used for the selection of an
alternative. The decision matrix is displayed in Figure 10.

Decision Matrix
Categories

Economic
Social and
Political

Environmental

Technical

Criteria
Weight Subcategories

Total Cost
Reputation
Public
0.1
Perception
Government
Perception
Ethics and
Responsibility
0.2
Resource Use
Pollution
Control
Design
Complexity
0.2
Operation
Complexity
Total Scores
0.5

Alternatives
Advanced
Pond
Oxidation Aeration

Weight

AFBR

RO

Biogas
Reactor

No
Change

1.0
0.4
0.3

1
5
4

2
5
5

3
3
4

4
3
4

5
5
4

2
3
3

0.3

4

3

3

3

4

3

0.3

4

5

4

3

3

3

0.3
0.4

3
2

2
2

5
4

4
3

5
3

3
3

0.4

2

4

4

5

2

5

0.6

2

5

3

4

2

5

3.2

3.7

3.8

2.7

1.7
2.7
Figure 10. Decision Matrix

Anaerobic Biogas Reactor Design
Based on the results of the decision matrix, an anaerobic reactor has been selected as the
technology of choice for the client, DIA.

This system includes several principal process

components. The anaerobic reactor receives dilute deicing waste from an existing detention pond
at DIA called Pond 009. After removing most of the BOD in the deicing waste stream, the
treated water is discharged to DMWWTP via an existing pipeline at a constant flow rate of 0.33
MGD. In steady state conditions, the digester will produce a constant flow rate of biogas. The
gas will be used for mixing the reactors and powering the boiler, which heats the incoming
deicing waste. The purpose of this design is to reduce the fees paid by DIA to DMWWTP for
BOD and TKN loads through the anaerobic degradation of PG. Below is a flowchart depicting
the necessary components of the biogas digester system.

Figure 11. Flowchart Depicting Biogas Digester System
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The placement of the digesters, as seen below, accounts for proximity to the settling
ponds, amount of excavateable land area, FAA regulations regarding on-site construction, and
proximity to other existing airport infrastructure.

Figure 12. Arial view of the digesters near the existing settling ponds at DIA

The sections that follow present a more detailed design of this system, including the
rationale for selecting individual process components.

Safety and Risk Assessment
A review of the FAA Safety Management Systems Manual (2011) provided guidance for
our team to perform a thorough safety risk assessment of this project. The five steps set forth by
the document allow for possible hazards to be identified, analyzed, and mitigated by utilizing the
necessary safety mechanisms.
The deicing waste, which is less than 1% by volume PG, is hazardous to both human and
ecological health. Although PG is less toxic than ethylene glycol, adverse health effects can be
caused by exposure. If ingested in relatively large quantities PG can cause nausea, cognitive
problems, heart and kidney complications and even death. Skin and eye contact with undiluted
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liquid PG rarely causes irritation; however, airborne concentrations have been known to cause
eye and upper respiratory inflammation (44). In order to avoid all of the above health hazards,
human contact with the waste must be minimized. Operators of the digester must take
preventative precautions not to inhale or touch the influent waste. Proper safety gear such as
respirators and gloves should be worn when operating machinery in or around the digester
system.
Once introduced into the environment, PG depletes its surroundings of oxygen due to a
large BOD necessary for complete biodegradation. Ecosystems need a certain dissolved oxygen
concentration in order to sustain life. If this value drops below a critical value species will
emigrate or die, drastically affecting the biodiversity of the area. As with any system, prolonged
use could result in corrosion of piping, releasing contents into the environment. The correct
materials must be chosen to ensure endurance and compatibility of the PG with the piping.
Regular and thorough inspection of the system should safeguard against leaks or malfunctions.
This measure will minimize the amount of fugitive PG introduced both into the air and water,
preventing accidental exposure of humans and the environment.
In order to foster optimal microbial growth, the digester must be heated to 35 degrees
Celsius. The boiler will be heated by a methane powered generator presenting the need for
technicians to regularly inspect the gas storage pressure and piping to protect against leaks.
Similarly, the digester’s mixing system is powered by the same methane gas and requires safety
measures to be exercised. For both processes the use of pressurized fuel gas can cause an
explosive environment if not maintained properly.
The effluent from the digester will be pumped straight to DMWWTP, eliminating safety
concerns on the tail end in terms of water treatment; however, the digester will produce a
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sizeable amount of solid waste. Microbial metabolism and death will cause accumulation of
sediment in the bottom of the tank. General cleaning and maintenance of the digester and
examinations of associated systems must happen regularly. Due to the possibility of residual
deicing chemicals, operators must employ the same precautions as stated above when handling
influent deicing runoff.
To ensure proper operation, only properly trained personnel should be allowed to work
on the system. The training should include not only technical material but also safety and risk
information associated with the toxicology of compounds as well as the proper medical measures
that must be taken with each. If any health concern is encountered, employees should be
encouraged to seek immediate medical attention.

Technical Design Considerations
The design of the anaerobic reactor system is comprised of several components that work
together to treat the dilute dicing waste. These sections focus on the key components of the
system, from the reactor kinetics to the design of a reactor tank and heating and mixing systems.
Reactor Kinetics and Microbial Considerations
A hydraulic residence time of 20 days was selected for the anaerobic reactor based on
kinetic parameters for anaerobic of PG (45) (46) (47) (48) (49) and published references for
anaerobic reactor design (50). To verify this as appropriate, first-order Monod kinetics were used
to model the degradation of 2600 mg/L of PG to 0 mg/L in approximately 16 days with an initial
biomass concentration of 150 mg VSS/L and a mean of 0.01 per day for the endogenous decay
coefficient. This affirms that the selection of a residence time of 20 days is appropriate and the
majority of the PG will be degraded in the reactor.
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A concern with using an anaerobic digester is the startup time to handle the full BOD
loading rate. This becomes an issue when considering the initial startup time, startup after
cleaning the digester, and seasonal fluctuations. Using the kinetic parameters for anaerobic
digestion of PG, kinetic rates were calculated for the growth of biomass in the reactor. If the
reactor is seeded with 1500 kg of anaerobic reactor sludge (12 mg/L as biomass) from the nearby
DMWWTP, the reactor will take between 90 and 110 days to reach operation conditions. The
microbial population doubles in roughly 20 to 25 days which is sufficient since the concentration
of PG will likely not double in this timeframe due to DIA’s large flow equalization pond.
However, more sludge may be added to reduce this startup time if necessary.
The reactor will require nitrogen and phosphorous additions of 28 and 6 mg/L
respectively to prevent micronutrient limitation effects on the microbial population. Calcium
carbonate will also need to be added at 2750 mg/L to buffer the pH in the reactor. Other
micronutrients (sodium, chloride, potassium, calcium, and sulfate) may need to be added in low
concentrations if pilot scale studies show deficiencies in the DIA wastewater.
Using Figure 13, the yield of the biomass (45), the concentration of methane in the biogas
(50), and the average yearly wastewater conditions at DIA, the calculated production of methane
is 1615.8 kilograms per day. BioWin WWTP modeling software was used to verify reactor
parameters, nutrient additions, and kinetic calculations.

Figure 13. Propylene gycol biodegradation pathway (45)
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Toxic effects on the microbial populations from the ADF additives are anticipated to be
low. The most toxic ADF component is tolyltriazole (MeBT). However, the concentration of
MeBT will be approximately 25 mg/L in the influent and 5.7 mg/L in the biomass. Both of these
concentrations are below significantly toxic effect levels (6).
Design and Sizing of Reactor
A cylindrical reactor shape has been selected for this design because of advantages such
as low vertical profile and significant gas storage capacity. These advantages outweigh the
disadvantages, which include accumulation of grit in the bottom of the reactor. The volume of
the reactors is based on the average flow rate of deicing waste into the system. To ensure
complete mixing of the reactors, a maximum diameter of 125 feet is recommended (51). At the
specified steady-state flow rate, two reactors are needed to satisfy this maximum diameter
constraint. The mixing system used in these reactors will be an unconfined gas-injection system;
providing the optimum combination of complete mixing and low operational expense (51). The
reactor cover will be fixed, which allows for sufficient gas storage while minimizing capital and
operational costs (52). The sludge generated by this anaerobic reactor design is less than that of
comparable municipal wastewater systems (43), and the concentration of total suspended solids
exiting the reactor will not be a significant burden on DMWWTP. For this reason, the sludge will
be transported along with the treated deicing waste to DMWWTP without further sludge
processing. A summary of the reactor design parameters is provided in the table below. This
design will be able to handle anticipated future increases in loading rates due to expansion at
DIA.
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Table 14. Anaerobic Biogas Digester Design Parameters
Parameter
Description
20 days
Hydraulic Retention Time
Cylindrical
Reactor Shape
579,960 ft3
Total Volume of One Reactor
33,750 ft2
Total Surface Area of One Reactor
Fixed dome
Cover style
Unconfined gas-injection via floor mounted,
Mixing system
12” diameter fine bubble diffusers
Discharge to DMWWTP
Sludge Disposal

Source
(50)
(50)

(51)
(51)

Heating Requirements
In order for Anaerobic Biogas Digesters to operate properly and efficiently, constant temperature
must be maintained inside the digester tank to ensure an optimal microbial environment. The
energy that is required to provide sufficient heat in order to maintain a constant, elevated
temperature is considerable, however. There are three major heat requirements for anaerobic
digesters:
•

The amount of heat required to raise the temperature of the incoming feedstock to the
temperature of the sludge within the digester (typically 35oC for mesophilic organisms).

•

The amount of heat required to compensate for heat losses through the floor (conical),
roof (dome), and walls (cylindrical) of the digester.

•

The amount of heat required to compensate for any heat losses that occur between the
piping to the heating source and the digester tank. For typical digesters, however, the
heating required for the piping is considered negligible due to a small surface area
subjected to heat loss.

The table below summarizes the monthly heating requirements for both anaerobic digester
tanks. The total heat requirement incorporates the amount of heat required to raise the
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temperature of the incoming feedstock and the amount heat required to compensate for the heat
loss to surroundings
Table 15. Montly Heating Requirements
Month
Total Heat Requirement
(KJ/day)
January
1.69E+08
February
1.64E+08
March
1.54E+08
April
1.44E+08
May
1.09E+08
June
9.30E+07
July
7.74E+07
August
7.78E+07
September
1.22E+08
October
1.38E+08
November
1.54E+08
December
1.84E+08

Source
(50),
(51),
(52)

The influent wastewater to the reactor will need to be heated to 35 degrees Celsius and
the reactor will need to be maintained at this temperature during operation in order to achieve
maximum efficiency. These heating requirements will be met by implementing a gas burning
boiler which will be designed to run on the biogas produced by the reactor and supplemental
natural gas. This boiler will feed steam to three shell and tube heat exchangers (53). The
equipment displayed in Table 16 will be used to meet the heating requirements.

Heat
Exchanger
Purpose

Heat
Exchanger
Type

Heating
influent
waste water
Maintaining
reactor
temperature

Shell and
Tube
Shell and
Tube – 2 units
required

Table 16. Heat Exchanger Description
Heat
Heating Duty Cost per
Transfer
per Unit
Unit
Surface Area
per Unit
11.80 square
8,481,400 kJ
$13,000
meters
per hour
.31 meters
s0quared

201,500 kJ
per hour

$2,000

Flow Rate of
Steam per
Unit
4,160 kg per
hour
100 kg per
hour

Flow Rate of
Reactor
Water per
Unit
0.33 million
gallons per
day
5000 kg per
hour
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Heat exchangers were sized using a chemical engineering program called SuperPro
Designer. Input parameters were influent water temperature, exit temperature, heat exchanger
type, influent flow rate, heat transfer efficiency (53), heating agent, and fluid composition.
To have sufficient steam for these heating requirements, a 3.5 MW boiler is required.
This boiler will have an efficiency of about 75% when close to a full load (54) and will operate
around 90% capacity on average throughout the year.
Biogas Production and Usage/Electricity Generation
KANDE has calculated that the reactors will produce 1615.8 kg of methane per day. It is
recommended to the client that the gas be used in the boiler to offset the costs of natural gas.
However, should the client choose to produce electricity with the biogas, three different gas
turbine generators were evaluated and are shown in Table 17.

Biogas
Production
(MMBTU/hr)

Capstone
Turbine
(55)

Table 17. Cogeneration Considerations (55)
Turbine
Energy Input Energy Input
Efficiency
Requirements Requirements
for one unit for one unit
(MMBTU/hr) (kW)

1.56

C30 HP

26%

.393

115

4

1.56

C65 ICHP

29%

.765

224

3

1.56

C200 HP

33%

2.068

606

1

Number
Units

of

Net
Electrical
Output
(Running
at % load)
119 kW at
99% load
133 kW at
68% load
151 kW at
76% load

KANDE recommends that if the client chooses to cogenerate electricity, 4 30 kW gas
turbines should be installed. This will ensure that the turbines operate as close to maximum load
as possible to maintain the highest efficiency.
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Cost Estimation
The cost of the system is dependent on both the capital and operations and maintenance
costs associated with implementation. The two tables below show the calculated values for both
cost types.
Table 18. Summary of Operations and Maintenance Costs for Biogas Digester
Annual Cost Item
Annual Cost (in 2012)
Net Present Cost
Source
$40,770
$559,000
(56)
Operator salary
$1,130
$15,500
(57)
Boiler, heat exchanger,
pump, and compressor
maintenance
$18,650
(57)
Grit cleaning and mixing $1,360
system maintenance
$303,570
$4,162,250
(58)
Natural gas
$7,600
$104,200
(58)
Pump power
$2,760
$37,800
(58)
Compressor power
$160,900
$2,206,100
(59), (60)
Nutrients
$518,090
$7,103,500
Total annual costs
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Table 19. Estimated Capital Cost for Biogas Digester
System Component
Reactor

Excavation
Boiler
Heat Exchanger
Mixing System
Gas Compressors
Pumps
Housing
Electrical

Piping
Supplemental
Nutrients for First
Year of Operation

Total Capital Cost

Specifications
12” thick concrete walls, 4” thick
concrete cover. Stainless Steel
Reinforcing wire. Water Curing.
(Equipment/Operations)
3 C.Y excavator, deep excavation
3.5 MW, cast iron with controls and
insulated jacket
12.1 meters squared heat transfer area,
shell and tube
12” ceramic disc diffuser system
Compression ratio ≈2
Centrifugal, single stage, 30HP, end
suction
500 ft2 control room for operation and
control systems
10% of total cost including everything
except piping and supplemental
nutrients
PVC, 50 mm diameter, includes joints
and valves
28 mg/L Nitrogen
6 mg/L Phosphorous
1,711 mg/L Calcium Carbonate

Useful Life
(years)
20

Amount Needed
2

Total
Capital Cost
$737,000

N/A
10

27,270 yd3
1

$105,000
$181,200

10

3

$17,000

10

2

$32,450

10
10

2
4

$25,000
$33,400

20

1

$153,000

10

N/A

$37,000

20

0.5 miles

$69,550

1
1
1

- 29.7 tons N/year
- 8.3 tons P/year
- 2,658 metric tons
CaCO3/year

$22,220
$5,810
$132,900
Total
$160,900
$1,551,500

Source
(57)
(61)

(57)
(57)
(62)
SuperPro Designer
(57)
(62)
(63)
(57)
(62)
(57)
(62)
(57)

(57)
(64)
(59)
(60)

The total net present cost of the anaerobic reactor system includes the capital cost and the
net present costs from operations, maintenance, and replacement. The total net present cost of
this system, in 2012 dollars, is $8,803,100.
This system eliminates 90% of the BOD fees paid to DMWWTP annually. The following
equation was used to calculate the net present savings, in 2012 dollars.
1 − (1 + 0.039)−20
𝑁𝑒𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝑓𝑒𝑒 𝑝𝑎𝑖𝑑 𝑡𝑜 𝐷𝑀𝑊𝑊𝑇𝑃 ∗ �
�
0.039

This formula yields a net present savings of $8,223,000 assuming that the annual BOD

fees are reduced by 90%, or approximately $600,000 per year.
The net present value of this system is the net present savings minus the net present cost.
Note that the net present cost is greater than the net present savings; therefore the net present
value is negative meaning there is an overall loss in capital investment. The net present value of
this design is -$580,100 over 20 years.
Although the system costs more money than it saves over a twenty year lifespan, the cost
of the system must be considered next to other factors. For example, the cost of wastewater
treatment at DMWWTP could rise in the future, causing greater expenses for deicing waste
discharge from DIA. These costs may also rise when DIA expands in the future. These
considerations could make the system more economically feasible. Furthermore, if future
regulations mandate that a greater amount of deicing waste must be recovered and treated, the
system may become necessary to meet these regulations. Finally, implementing this anaerobic
reactor would enhance DIA’s reputation as a preeminent leader in airport environmental
interactions. Each of these possibilities suggests that proactive steps toward reducing the
environmental footprint of DIA deicing operations are worth the expense.
1

Projected Impacts
At DIA, any deicing waste containing greater than 1% by volume PG is recycled by
Inland Technologies. The design presented in the preceding sections operates on the dilute
deicing waste which cannot be economically recycled. DIA has one of the most progressive PG
recycling systems in the nation, which is able to recycle about 50% of the deicing waste
generated at the airport for reuse. The concentration of PG available at DIA for the anaerobic
reactor is significantly less than that at other airports, meaning the reactor produces less biogas
than might be possible elsewhere. Because of this restriction, the implementation of an anaerobic
digester at an airport that lacks such a high PG recycling capability could prove more profitable.
If the digester at DIA were able to produce 233.1 kilograms of methane per hour (kg/hr.),
as opposed to the current capacity of 67.3 kg/hr., the system would be able to completely offset
the power requirements necessary for operation. To achieve this methane flow rate, the
concentration of PG in DIA’s wastewater would need to be approximately 9,000 mg/L on
average throughout the year, corresponding to a 0.9% concentration in the wastewater. This is
within the design parameter range for the DIA reactor; however, the current average PG
concentration in storm water is about 0.25% PG by volume. This is promising since most
airports in the US have higher concentrations of PG in their runoff due to lower recycling
capabilities. In general, PG concentrations for storm water runoff vary greatly depending on
geographic location. A reasonable average can be assumed to be 16,000 milligrams PG per liter
or 1.5% PG by volume (65). This percentage is almost twice as much as that necessary to
completely power DIA’s system. Therefore, it can be reasonably assumed that anaerobic
digestion will be viable in other airports along with the capability of producing enough methane
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to offset the energy requirements of the reactor. Also, it is a possibility that with this increased
concentration, excess methane could produce an auxiliary income by producing electricity via
gas turbine generators (53). The applicability of a biogas digester is highly dependent on the
unique characteristics of each airport. However, after analyzing the implementation at DIA,
KANDE Consulting is optimistic in its robustness for widespread use. As seen from the cost
analysis, the cost of implementation may be offset by conversion of PG to methane. This
economic benefit supplements a biogas digester’s ability to significantly reduce the
environmental footprint of the airport deicing operations.
Designing a system that meets the goals of the FAA was held at the forefront of KANDE
Consulting’s considerations during the design process. The FAA’s mission states that all
operations must “comply with regulations protecting the environment.” Specifically, the FAA
“has chosen to focus on making snow and ice removal more environmentally friendly”
(66). KANDE Consulting’s design meets this goal because implementation of a biogas digester
not only reduces the amount of contaminated water that must be sent to the local wastewater
treatment plant but it also produces a biogas that can be used in a number of different energy
applications. This design is applicable for many airports that produce consistent amounts of
deicing runoff. Overall, a biogas reactor can reduce environmental impacts of aircraft deicing
and be a source of energy for many airports. This will lead to a more sustainable future for
aircraft deicing, which ultimately complies with FAA goals.

Description of Interaction with Airport Operation and Industry Experts
KANDE Consulting interacted with airport operators and industry experts throughout the
design process. A meeting on February 10th consisted of disclosure of the desires of DIA’s
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Airport Environmental Interactions staff for the project. As a result of the first meeting, we were
introduced to several people who could help us with our design, namely Mr. Keith Pass.
Subsequently the team toured the ADF treatment facilities on March 2nd. During the tour of the
deicing facilities at DIA, the team had the opportunity to see the process of deicing in action and
gained a better understanding of DIA deicing procedures. The information and experiences from
this tour became especially important during the design of the anaerobic reactor system.
Correspondence with Mr. Keith Pass through email and phone was helpful to the design
process. On February 5th, Mr. Pass sent an email to the team clarifying the scope of the design
and explaining the duties of DIA and the airlines involved in deicing operation. This helped to
provide useful a perspective on the business of deicing at DIA. On Feb. 23rd, a phone call with
Mr. Pass elucidated the ADF control infrastructure at DIA.

This was instrumental in

understanding the flow of ADF around the airport and how our design might fit in to existing
infrastructure. On Feb. 24th, Mr. Pass provided feedback on the decision matrix that we had sent
to him for approval. His comments were used in part for the alternative selection process.
Additional industry contacts were helpful throughout the design process. John Lengel, a
P.E. for Gresham, Smith and Partners aided our team with useful industry advice. Phone
correspondence allowed for explanations of the current systems used for propylene glycol
wastewater. Moreover, John Lengel was able to provide KANDE Consulting with other industry
contacts, specifically Mark Ervin, who has a more specialized knowledge and experience with
anaerobic digesters. Mark Ervin, also a P.E. at Gresham, Smith and Partners was able answer
questions which provided relevant technical information concerning anaerobic biogas digesters
via email.
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Appendix A: Contact Information
Faculty Advisor:
Dr. Angela Bielefeldt
Associate Professor
Dept. of Civil, Architectural and Environmental
Engineering
College of Engineering and Applied Science
University of Colorado at Boulder
428 UCB
Boulder, CO 80309
Angela.Bielefeldt @colorado.edu
(303) 492- 8433

Non-University Partner:
Keith Pass
Planning & Development Division
Denver International Airport
Airport Office Building 7th Floor
8500 Pena Boulevard
Denver, Co 80249
Keith.Pass@flydenver.com
(303) 342-2689

Students:
Ethan Boor
450 South 42nd Street
Boulder, Co 80305
Ethan.boor@gmail.com
(303) 601-5607
Nicholas Dummer
1155 Marine Street #104
Boulder, CO 80302
Nicholas.dummer@colorado.edu
(763) 443-6912
Kelley Hestmark
2302 Goss Street
Boulder, CO 80302
hestmakv@gmail.com
(720) 333-9235
Angela Molli
2902 Shadow Creek Dr. D104
Boulder CO 80302
Angela.molli@gmail.com
(719) 314-8946
Douglas Winter
2863 Springdale Lane
Boulder, CO 80303
Douglas.m.winter@gmail.com
(303) 909-6738
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Appendix B: Description of University
The University of Colorado at Boulder was founded in 1876; the first graduating class
was comprised of only forty four students. Now, 136 years later, the college has expanded to
include the Boulder, Colorado Springs and Denver campuses. The Boulder campus is comprised
of four separate schools with an overall enrollment of over 30,000 students.
The University of Colorado at Boulder is one of thirty four public schools invited to join
the Association of American Universities. Entry into this organization is “based on the high
quality of programs of academic research and scholarship and undergraduate, graduate, and
professional education in a number of fields, as well as general recognition that a university is
outstanding by reason of the excellence of its research and education programs (67).”
Additionally, the National Science Foundation ranked CU in the top ten percent of Universities
in the United States. This excellence has been made possible by the renowned faculty, four of
which are Nobel Laureates.
The University of Colorado offers degrees in 80 majors at the bachelor’s level, 70 at the
master’s level and 52 and the doctoral level. The broad spectrum of majors offered has caused an
influx of students from around the nation and the world. One of seven enrolled students is from
minority or under-represented backgrounds. In order to perpetuate its prestigious reputation, the
University has developed Flagship 2030 Strategic Plan. Some core values of this initiative
include fostering research excellent, enhancing graduate education and enhancing education and
scholarship. This initiative will “set new standards in education, research, scholarship, and
creative work that will benefit Colorado and the world (68).”
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Appendix C: Description of Non-University Partners
Interaction with Airport and Industry Experts
Communications with airport and industry experts have been instrumental throughout the
design process. The majority of correspondence has been with Mr. Keith Pass, the Storm Water
Discharge Permit Manager for DIA. Mr. Pass has generously volunteered to be the liaison
between DIA and the University of Colorado for this design project. The KANDE Consulting
team has met with Mr. Pass at DIA twice, and interacted numerous times via phone and email
correspondence. One of the meetings included a tour of the deicing recovery and recycling
facilities on the airfield. KANDE Consulting has also corresponded with project engineers John
Lengel and Mark Ervin from Gresham, Smith, and Partners. These professional engineers
provided insight and answered specific questions regarding the implementation of an anaerobic
biogas reactor for treatment of propylene glycol at airports. Each of the airport and industry
professionals contacted by the design team is expert in their field, and their advice provided
practical insight into the design experience. The most important interactions with airport and
industry experts are summarized in the Meeting and Consultation Summary Reports on the
following pages.
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Meeting and Consultation Summary Report
Date and Location:
02/03/2012
Denver International Airport
8500 Pena Boulevard
Denver, Co 80249
Consultant(s) / Advisor(s):
Keith Pass, Manager of the Industrial Permit and Colorado Discharge Permit System
Norm Higley, Director of Environmental Services at DIA
Agenda:
• Discuss current technology
• Understand DIA’s desires for project
• Set up contact for future interactions
Comments:
This was the first interaction our team had with Denver International Airport; therefore the main
goal was to get acquainted with the project and the client. From this meeting we learned the
basics of the current Environmental Management System infrastructure as well as specific ways
in which the system could be improved to improve DIA’s reputation, decrease their
environmental footprint and reduce the cost of the current processes.
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Meeting and Consultation Summary Report
Date and Location:
03/02/2012
Denver International Airport
8500 Pena Boulevard
Denver, Co 80249
Consultant(s) / Advisor(s):
Keith Pass, Manager of the Industrial Permit and Colorado Discharge Permit System
Agenda:
• Tour the current PG recycling system implemented at DIA
• Gain better understanding of technology
Comments:
Three of the five members of our team were given a tour of the Inland Technologies propylene
glycol recycling facility. During this time, the main components of the ADF collection and
recycling processes were clarified. This was a particularly valuable experience that shed light
upon current cutting edge technologies. The team was granted special airfield visitation
clearances that would have been impossible were it not for the FAA design competition.
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Meeting and Consultation Summary Report
Date and Location:
04/11/2012
University of Colorado
Engineering Drive
Boulder, CO 80302
Consultant(s) / Advisor(s):
Mark Ervin, Project Engineer at Gresham, Smith and Partners
Agenda:
• Discussion of specific questions concerning technical aspects of anaerobic digestion
Comments:
Mark Ervin contacted our design team following a referral from John Lengel. Mr. Ervin has
worked specifically on anaerobic biogas digesters and fluidized bed reactors at airports. Both
processes were able to generate significant methane production from propylene glycol waste
streams. Most importantly, Mr. Ervin was able to answer questions concerning variable flow
rates, co-generation processes and heating requirements.
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Meeting and Consultation Summary Report
Date and Location:
04/10/2012
University of Colorado
Engineering Drive
Boulder, CO 80302
Consultant(s) / Advisor(s):
John Lengel, Project Engineer at Gresham, Smith and Partners
Agenda:
• Discussion of current systems in place for propylene glycol management.
Comments:
Over the phone, John Lengel was able to provide our team with insights on current projects
which are managing deicing wastes at airports around the U.S. Mr. Lengel emailed the team
relevant documents describing deicing waste management systems, and was able to put our team
in contact with other industry contacts working specifically on anaerobic biogas digestion
projects.

51

Appendix D: Mentor Signoff Forms
Note: Signoff forms for the Faculty Advisor and Department Chair are provided in the hard copy
of this design report submission.

52

Appendix E: Evaluation of Educational Experience
For Students:
1. Did the FAA Design Competition provide a meaningful learning experience for you?
Why or why not?
Involvement in the FAA Design Competition has provided an ideal situation in which to further
our understanding of the engineering industry. Partaking in an in depth technical analysis
illuminated the complexity of designing a full scale system. Few members possessed previous
knowledge specific to deicing technologies forcing all members of the team to hone their
research skills. Also, our team was able to interact with professionals involved in the industry.
Regular correspondence with Mr. Keith Pass, the Storm Water Discharge Permit Manager for
Denver International Airport, allowed for insight into the airport industry as well as
contemporary

design

technologies.

Equally,

professional

correspondence

rendered

professionalism. When interacting with both faculty and industry representatives, it is important
to exude respect and enthusiasm for the project. Intra group interactions allowed for members to
practice the qualities important for functional team work such as communication and give and
receive criticism. The skills learned from this experience will prove useful in the future when
members go forth as professional engineers.

2. What challenges did you and/or your team encounter in undertaking the Competition?
How did you overcome them?
Such a high level design project presented several obstacles for our team. Most notably, a large
amount of research was necessary to ensure a reliable design was produced. Research starting
53

from scratch presents a limitless amount of data that must be sifted through. Discriminating
between sources proved very difficult. Multiple sources provided conflicting information, forcing
teammates to judge each to the best of their ability. In order to choose the best information, the
team consulted both the faculty and industry correspondents.

3. Describe the process you or your team used for developing your hypothesis.
In order to develop a high quality hypothesis for the proposed problem the team first conducted
in depth research on deicing fluid in general as well as the current technologies employed by
DIA. This required regular correspondence with both Keith Pass and faculty sponsors. After the
team gathered sufficient background information, we conducted further research on viable
alternatives that could be employed to treat the propylene glycol in the runoff stream. This
research yielded 13 alternatives. In order to narrow the possibilities each alternative went
through a preliminary screening process. The constraints required that the alternative has been
previously installed successfully for similar flow rates and BOD loading values, can function
with a seasonal startup and has a reasonable size requirement. After the initial constraints were
applied, only five alternatives remained for in depth analyses. These alternatives were
thoroughly researched. A decision matrix with economic, technical, social and environmental
categories was applied to each. Each alternative was ranked according to its specific
characteristics. The decision matrix scores ultimately produced our final hypothesis for the most
suitable technology to treat the deicing problem: implementation of a biogas digester.
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4. Was participation by industry in the project appropriate, meaningful and useful? Why or
why not?
Correspondence with Keith Pass proved very useful in the design process. Without help from Mr.
Pass, the team would have very limited knowledge on the current deicing situation at DIA. Mr.
Pass organized a meeting with our team that presented all the necessary data and dimensions for
the effluent stream in question. Mr. Pass played a key role in ensuring the applicability of our
alternative. He proofread our decision matrix and weighed the categories according to DIA’s
needs. His input on each alternative allowed us to better understand each one’s realistic
implementation. Also, the tour of the deicing facility was made possible by Mr. Pass. Witnessing
firsthand how the technology functions was an experience that would otherwise be impossible.

5. What did you learn? Did this project help you with skills and knowledge you need to be
successful for entry in the workforce or to pursue further study? Why or why not?
Competing in the FAA Design Competition provided each member with valuable skills and
knowledge that can be employed in the future. Each member was able to improve upon their
professionalism. Regular correspondence with both faculty and industry sponsors was conducted
both formally, through e-mails, and informally, through meetings and telephone conversations.
The mix of communication modes allowed for written and oral skills to be practiced. In the
professional world, the ability to communicate is paramount.
Intra team communication allowed for important teamwork skilled to be built. Each member was
encouraged to both give and receive constructive criticism, contribute valuable work to the
project and assess the progress of the team. Practicing these responsibilities will prove useful for
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future interactions. Possessing the ability to function as a valuable team member, especially in
the engineering industry, is essential for producing an exceptional product.
Along with the interpersonal skills gained from the experience, our team was exposed to
technical skills that will carry forth into our professional lives. The in depth design required
implementation of technical writing skills. Such writing presents the need for not only technical
knowledge but also the ability to portray such information in a way that is easily understood.
Each team mate was responsible for a portion of the design, requiring that everyone practice
these skills. Engineering professionals often lack the ability to write effectively. This experience
has certainly allowed for improvement in this area.

For Faculty Members:

1. Describe the value of the educational experience for your student(s) participating in
this Competition submission.

The context of environmental issues at airports was novel for all of the students. The opportunity
to meet with the folks at Denver International Airport (DIA) provided excellent real-world
context and an understanding of cutting edge needs in the industry. The students were able to
compare a wide array of options to explore the issues around aircraft deicing wastes. This
enabled the students to teach themselves new information and learn how to apply skills that they
had learned in other contexts to the needs at DIA.

2. Was the learning experience appropriate to the course level or context in which
the competition was undertaken?
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The students were all participating in the 4-credit Environmental Engineering Design course,
which is the required capstone design course for all students earning a bachelor’s degree in
Environmental Engineering from the University of Colorado Boulder. The learning experience
was unique compared to the other projects in the course, which were defined more tightly from
the very beginning of the semester. For example, the AECOM Academic Design Competition
defines a specific problem and site conditions for a drinking water or wastewater treatment
problem and then asked the students to propose a solution. The nature of the FAA competition
gave the students more choice on the direction of their project, but this same flexibility made it
more difficult to start the process.

3. What challenges did the students face and overcome?

The first challenge was starting the spring semester activities in January prior to meeting with
DIA representatives. This made it difficult for the students to get started on their project,
particularly since it was difficult to acquire specifics on DIA from traditional references and
sources. Therefore, some of the work that the students had completed at the beginning of the
semester was not used in the overall project and was not useful to DIA. The students also faced
challenges getting detailed information that allowed them to confidently design on-site de-icing
waste treatment. But some research that had been conducted at the University of Colorado
ended up being pertinent to their project, and it was nice for the students to see that CU research
was pertinent to their real-world design challenge.

4. Would you use this Competition as an educational vehicle in the future? Why or why
not?
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I hope to use the competition again. However, we would likely try to find a different local
airport partner, since we already worked on key environmental issues with DIA this semester. A
site visit was critical to helping the students appreciate the challenges and opportunities at
airports, so we would hope to continue to interface with experts at DIA. But since DIA is very
advanced in all of its environmental systems, it was difficult to find environmental elements to
improve upon.

My attempts to find interested partners at other local airports were less

successful, so I would likely need more lead time to cultivate these partnerships in advance of
spring semester next year. Using the student design reports as examples of the student work
might help entice partners for future years.

A challenge for me as the course instructor was to merge the learning objectives for the design
course and the project requirements for the competition.

Specifically, the course requires

students to complete designs, with detailed supporting calculations, AutoCAD drawings, etc.
The FAA competition guidelines were restrictive in terms of length and not allowing supporting
appendices, so this required the students to do “extra” work beyond the FAA competition for the
course (but did not allow them to present this information to the FAA), and extra formatting
challenges for the competition that were not required for the other students in the design course.

5. Are there changes to the Competition that you would suggest for future years?

The primary recommendation that I would make relates to changes in the formatting and length
requirements. Allowing students to submit appendices of supporting calculations would be
helpful. The double-spaced text also seemed odd – a shorter page limit with single spaced text
might be more effective. Further, environmental engineering designs are typically site-specific,
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but it is unclear the degree to which the FAA desires general ideas versus more detailed designs
for specific sites.
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