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Abstract

Gas-phase photocatalytic oxidation (PCO) appears to be particularly well suited for waste streams
with low pollutant concentrations (1000 ppm or less) and low to moderate flow rates (< 20,000
cubic feet per minute, cfm). The PCO technology is modular in nature and thus is well suited
to treat dispersed or low flow rate streams. This same attribute minimizes the advantages of
scale for PCO and makes the technology comparatively less attractive for high volume waste
streams. Key advantages for PCO lie in its low operating cost and ability to completely destroy
pollutants at ambient temperature and pressure.

Introduction

The photocatalytic oxidation process destroys organic air pollutants at ambient temperature and
pressure through the use of a light-excited titanium dioxide catalyst [1,2]. - The National
Renewable Energy Laboratory (NREL), International Technology Corporation (IT), and other
industrial partners are currently developing this process for the treatment of industrial emissions,
site remediation [3], and indoor air quality. The objective of our study is to compare PCO costs
to those for other common means of treating volatile organic compounds (VOCs) in air.

Method

In late 1992, the American Institute of Chemical Engineers (AIChE) Center for Waste Reduction
Technologies completed a study on VOC control technologies [4]. Also, a recent issue of
Chemical Engineering Progress dealt with the question of air pollution control [S]. In
completing the present study, we endeavored to duplicate the costing and evaluation methods of
the AIChE reports. Thus the PCO process was compared on the same terms as the other
technologies. It is important to remember that, while costs for the other technologies are based
on full-scale commercial systems and prices, data on commercial PCO systems are not yet
available and PCO costs are estimates based on data obtained from laboratory and pilot-scale
systems.

The core of this report is a list of key assumptions (Table 1) and the display of the major



findings (Table 2). Most of the content of Table 2 was taken from reference [5]. We added the
last two rows to provide a comparison of the PCO process. As shown, costs for air pollution
control equipment are typically quoted as $/cfm, emphasizing the strong effect stream flow rate
has on system cost.

Table 1: Assumed Values for Determining Photocatalytic Oxidation (PCO) Costs.

Variable Assumed Value Reference
Photoefficiency 10% at 100 ppm VOC [9],[10]
Effective solar ultraviolet intensity 10 W/m? [5]
Solar system equipment cost $200/m* [3]
Lamp ultraviolet efficiency 25% Wyv Per Weiecetic

Lamp system equipment cost ($000) 1.0*(kW)+30 [7]
Electrical energy cost $0.06/kWh

Capital cost factor* 1.61 (4]
Indirect Annual Costs 6% of total capital cost (4]
Direct Annual Labor $14,600 (4]
Direct Annual Materials 2% of total capital cost [4]

* Total capital cost = (purchased equipment cost)x(capital cost factor)

The final capital and annual operating costs shown in Table 2 reflect the use of each system at
the extremes of applicable concentration and capacity ranges. The PCO costs were projected for
systems ranging from 250 cfm to 20,000 cfm. While the technology can easily treat lower flow
rates, the current costing method is not suitable for very small systems. The lamp equipment cost
formula shown in Table 1 is consistent with the cost of the 250 cfm PCO pilot unit built by IT
Corporation. Levelized annual costs were computed by multiplying the capital cost by a fixed
charge rate of 16.28% (10-year life assumed) and adding this capital recovery cost to the other
annual costs [4].

Using the above assumptions, the costs for the PCO systems were generated by examining
several hypothetical applications varying in flow volume, VOC concentration, and
photoefficiency. This analysis showed that cost per cfin increased with VOC concentration but
was relatively insensitive to flow rate. For VOC concentrations above about 1000 ppm, costs
for the PCO system were deemed too expensive relative to other technologies. Thus the upper
bound on the applicable concentration range was set at 1000 ppm. PCO costs per cfm are
relatively insensitive to flow rate, whereas $/cfm costs for other technologies tend to decrease
with increasing flow volume, as shown in Figure 1. Incineration costs display a similar lack of
sensitivity to flow rate at higher flows. These trends indicate that the relative advantage of PCO
lies at lower flow rates, and the value of 20,000 cfm was selected as the upper bound. It should
be noted that the conditions depicted in Figure 1 put PCO at a relative disadvantage compared
to the other treatment technologies. This occurs because a hydrocarbon pollutant is easily
incinerated, adsorbed, or biodegraded, but is only moderately reactive in the PCO system. In
contrast, chlorinated compounds, particularly chlorinated ethylenes such as TCE, are particularly
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well suited for PCO treatment. These compounds degrade rapidly in PCO systems but are
difficult to treat by other means. Additionally, by running at ambient temperatures, PCO systems
can be constructed with plastic materials and acid gas products like HCl pose no corrosion
problems.

Naturally, PCO cost was highly ‘sensitive to photoefficiency. For this analysis we assumed a
photoefficiency of 10% (0.10 moles VOC destroyed per einstein UV incident) at an initial VOC
concentration of 100 ppm. This value is consistent with published reports [9] and internal NREL
data [10]. Some chlorinated compounds display even faster reaction rates. Photoefficiencies in
excess of 100% (presumably due to radical chain reactions) have been reported for TCE. For
TCE and similar compounds, the costs for the PCO process will be lower than those shown in
Figure 1 and Table 2. Lastly, photoefficiency was assumed to increase with VOC concentration
as seen in laboratory studies. The functionality of the dependence was taken from data published
by ClearFlow for the destruction of TCE in air [9].

Results and Conclusions

The estimated costs and performance ranges for the PCO technology are based on laboratory
data, pilot-scale tests, and engineering estimates. Although these data are less accurate than
information from commercially operating systems, they are sufficient to identify the following
trends pertaining to the relative merits of the PCO technology.

First, photocatalytic oxidation appears to be best suited for low concentration (1000 ppm or less)
waste streams. This is partially due to the strong dependence of PCO cost on VOC concentration
and partially due to the suitability of product recovery technologies (such as condensation) to
high-concentration waste streams. Based on this fact and on common concerns regarding
oxidation products and catalyst fouling, PCO can be most easily compared to catalytic oxidation.
Thus when looking at potential applications, likely market size, and probable competitors of the
photocatalytic process, current thermal catalytic oxidation serves as a good role model.

Second, as a modular technology, the advantages of PCO are most apparent on low- to moderate-
volume streams. The modular nature of PCO offers the advantage of system flexibility.
However, this same attribute prevents PCO from benefitting from economies of scale like most
of the other air pollution control technologies. Thus, while PCO costs normalized as $/cfm
remain relatively constant as flow rate increases, the normalized costs for the competing
technologies drop. Conversely, the modular nature of PCO designs, much like carbon canisters,
is a key advantage when treating smaller flow rate streams. Given that surveyed users expect
80% of their expenditures for VOC control systems to be for low-flow-rate streams (< 5000 cfm)
[4], PCO systems could make significant inroads into this market.

When compared to the other technologies, PCO generally has similar or slightly higher capital
costs. The major benefit of PCO arises from its lower operating costs. The PCO process has
the lowest operating costs of any of the VOC control technologies. IT Corporation has stated
that the low operating cost of the PCO technology has been a major selling point with interested
users [8]). Largely because of these low operating costs, when levelized annual costs are
examined, both the solar and lamp PCO processes have cost advantages over the other destructive
technologies for the specified range of conditions. As depicted in Figure 1, the cost advantage
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of PCO is most apparent on low flow rate streams.

Under the current assumptions, levelized annual costs for the electric and solar PCO systems are
roughly equal (see Figure 2). Of course, the solar technology must deal with limited system
availability due to weather and nightfall. These restraints make solar units best suited for
applications where daylight operation is sufficient, averaged emission levels are more important
than temporal levels, and electricity is expensive or not available. A good example of an
application favorable to solar is a site with emissions during an 8-to-5 work shift and regulatory
requirements based on total annual emissions. Such applications are not uncommon, particularly
with small emitters. Other possible solar applications include remote sites, storage tank vents,
or potentially explosive waste streams.

One promising application for a solar system is the regeneration of a carbon bed or other
adsorbent [11,12]. In this application, the adsorbent does the 24-hr VOC removal work, and the
solar system is used to purge and destroy the contaminants during daylight hours. By minimizing
the required capacity of both units, a combined system could be less expensive than either
process used individually.
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Table 2: Summary of Air Pollution Control Technologies. Table format and the first five rows taken directly from Reference [S].
Applicable Capacity Removal Capital Annual Levelized
Control Concen. Range, Efficiency Cost, Operating annual cost, Secondary Limitations and
Technology (ppm) (cfm) (%) ($/cfm) Cost ($/cfm) ($/cfm) Wastes Advantages Contraindications
Thermal 100 - 2000 1000 - 95 - 99+ recuperative |- recuperative recuperative Combustion Up to 95% energy Halogenated compounds may require
Oxidation 500,000 10 - 200 15-90 17 - 120 products recovery is possible additional control equipment
regenerative | regenerative regenerative g::z;s:e:;‘ionN:t recommended for
30 - 450 20 - 150 25 -220 P )
Catalytic 100 - 2000 1000 - 90 - 95 fixed bed fixed bed fixed bed Combustion Up to 70% energy Thermal efficiency suffers with
Oxidation 100,000 20 - 250 10 - 75 13-115 products recovery is possible swings in operating conditions.
fluidized fluidized fluidized Halogenated compounds may require
additional control equipment.
35-220 15-90 20 - 125 Certain compounds can poison the
catalyst (lead, arsenic, phosphorus,
chlorine, sulfur, particulate matter).
Condensation > 5000 100 - 50-90 10 - 80 20 - 120 22 - 130 Condensate Product recovery can Not recommended for materials with
20,000 offset annual operating boiling points < 100°F. Condensers
ts are subject to scale buildup, which
cos can cause fouling.
Carbon 20 - 5000 100 - 90 - 98 15 - 120 10 - 35 12-55 Spent Product recovery can Not _recommftrl_ded for streams with
Adsorption 60,000 carbon; offset costs. Can be relative humidity > 50%. Ketones,
Collected used as a concentrator aldehydes, and esters clo the pores
. . . . . of the carbon, decreasing system
organic in conjunction with efficiency.
another type of control
device. Works well
with cyclic processes.
Absorption 500 - 5000 2000 - 95 - 98 15-70 25-120 27 - 130 Waste- Product recovery can Mig*_lt require exotic scrubbing
100,000 water; offset annual operating media. Design could be difficult in
Captured costs the event of lack of equilibrium data.
p, : Packing is subject to plugging and
particulate fouling if particulates are in the gas
stream. Scale formation from the
absorbent-absorber interaction can
occur.
Photocatalytic < 1000 < 20,000 90 - 99+ 60 - 320 5-90 15 - 140 Oxidation Modular design. Low Solar availability approx. 1/3 due to
Oxidation: products energy and operating diurnal variations and weather.
Solar cost Halogenated compounds may require
. ) additional control equipment.
Catalyst fouling possible.
Photocatalytic < 1000 < 20,000 90 - 99+ 15 - 260 5-100 10 - 140 Oxidation Modular design Halogenated compounds may require
Oxidation: products additional control equipment.
Electric Catalyst fouling possible.

Note: cfm = cubic feet per minute, 35.3 ¢fm = 1 m*min
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Figure 1:

Cost of control technology versus flow rate. Values based on 500
ppm of a hydrocarbon pollutant. A hydrocarbon pollutant favors
the incineration, adsorption, and biofiltration technologies (see
text). Data for incineration, adsorption, and biofiltration
technologies taken from reference [4].
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Figure 2:

Cost of photocatalytic oxidation technology versus VOC pollutant
concentration. Assumed apparent photoefficiency is 10% at 100
ppm, flow rate is 500 cfm.





