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ABSTRACT

A cost comparison has been conducted of 1 m?/sec in-
door air cleaners using granular activated carbon (GAC)
versus photocatalytic oxidation (PCO) for treating a
steady-state inlet volatile organic compound (VOC) con-
centration of 0.27 mg/m?3. The commercial GAC unit was
costed assuming that the inlet VOCs had a reasonable
carbon sorption affinity, representative of compounds
having four or more atoms (exclusive of hydrogen). A rep-
resentative model PCO unit for indoor air application was
designed and costed, using VOC oxidation rate data re-
ported in the literature for the low inlet concentration
assumed here, and using a typical illumination intensity.
The analysis shows that, for the assumptions used here,
the PCO unit would have an installed cost more than 10
times greater, and an annual cost almost seven times
greater, than the GAC unit. It also suggests that PCO costs
cannot likely be reduced by a factor greater than 2—4, solely
by improvements in the PCO system configuration and
reductions in unit component costs. Rather, an improved
catalyst having a higher quantum efficiency would be
needed, increasing reaction rates and reducing illumina-
tion requirements relative to the catalysts reported in the
literature. GAC costs would increase significantly if the
VOC:s to be removed were lighter and more poorly sorbed
than assumed in this analysis.

IMPLICATIONS

Due to the large amounts of ultraviolet (UV) energy and
catalyst surface areas required, PCO units are likely to
be very expensive for removing VOCs from indoor air.
Unless improved catalysts can be developed that sub-
stantially reduce energy and surface requirements,
PCO is not likely to increase the utilization of air clean-
ers for indoor VOC control, or to challenge GAC as the
most common VOC air cleaning method. Cost will likely
limit PCO to specialized indoor applications where GAC
is not an option (e.g., because the specific compound
is poorly sorbed on carbon).
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INTRODUCTION

While several types of air cleaners might be considered
for removing volatile organic compounds (VOCs) from
indoor air, the type most commonly assumed for remov-
ing general VOC mixtures involves physical adsorption
on granular activated carbon (GAC).! There is extensive
commercial experience with carbon adsorption in indus-
trial applications,> where inlet VOC concentrations are
higher and where the costs associated with operating and
maintaining deep carbon beds can be absorbed. However,
there is little experience with GAC in indoor air applica-
tions, where pressure drop limitations necessitate very
shallow beds, and where extensive maintenance may not
be practical. The sorption capacity of carbon tends to de-
crease significantly for organic compounds having
fewer than four atoms (exclusive of hydrogen). The
limited use of GAC in indoor air applications could be
due, in part, to uncertainty regarding the removal per-
formance and maintenance requirements of shallow
carbon beds when the indoor VOC mixture is expected
to contain light organics.

Photocatalytic oxidation (PCO) is an alternative VOC
air cleaning approach that has been under development
over the past two decades,** and that could offer the po-
tential for removing the lighter organic compounds that
are not effectively adsorbed on carbon. This developmen-
tal process utilizes a solid semiconductor photocatalyst—
commonly titanium dioxide (TiO,)—that, when illumi-
nated with ultraviolet (UV) light, can promote oxidiza-
tion of airborne organics at room temperature. This same
oxidation reaction would require perhaps 1,000 °C to
achieve purely thermally, and 350 °C or more to achieve
thermocatalytically. Most PCO studies to date on airborne
organics have focused on VOC concentrations in the range
of 10-1,000 ppmv, representative of industrial waste
streams. However, some recent studies have addressed the
sub-ppmv levels representative of indoor air applica-
tions.>¢ There do not appear to be many (if any) commer-
cial PCO installations for treating gaseous streams, either
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in industrial or indoor air applications. However, there are
a number of vendors marketing proprietary PCO reactors.

The objective of the current analysis is to compare
the installed costs and the annual costs of indoor VOC
air cleaners based on both GAC and PCO technology, us-
ing practical in-duct hardware configurations and oper-
ating procedures that might realistically be applied in the
heating, ventilation, and air conditioning (HVAC) systems
of commercial buildings. This analysis is intended to sug-
gest the costs that generally might be associated with the
use of air cleaning as a method for indoor VOC removal,
and the economic potential for PCO as an alternative to
GAC for indoor air applications.

GENERAL COSTING ASSUMPTIONS

The key assumptions used in this analysis, applicable to

both the GAC and PCO units, are summarized in Table 1.
The overall configuration envisions a building zone

being conditioned by an HVAC system that recirculates

the zone air at seven air changes per hour (representing a

typical cooling/heating load), and that provides outdoor

Table 1. General assumptions used in the cost analysis.

Parameter Assumed Value

Building outdoor air ventilation rate
(mechanical plus infiltration) 10 L/sec of outdoor air/person7

VOC concentration in outdoor air Zero

Building occupancy 14-m? floor a\rea/person7

Indoor air recirculation rate through
air handler (and air cleaner)

VOC generation rate inside building

7 air changes/hr

5 mg VOC/hr/m? floor area (which
would result in an indoor
concentration of 2 mg/m3, or about
0.5-1.1 ppmv, in the absence of

an air cleaner).

Air cleaner must reduce indoor
concentration by 85% t0 0.3 mg/m3
(about 0.07-0.17 ppmv)

Required VOC removal efficiency

Nature of installation

Year of installation

Escalation (inflation) rate

Interest rate

Equipment lifetime and depreciation
Insurance and real estate taxes
Cost of electricity

Air cleaner operating hours
HVAC system characteristics

New building; no retrofit costs

1996

5%

8%

10-year lifetime, straight-line depreciation
2% of original investmem/yr8

$0.0473/kWh plus demand charge of
$9.96/kW for usage rates greater than 10 kW
273 hr/month (off overnight, weekends)
Packaged variable air volume system;
cooling electric input ratio =

0.34-W electric input per W cooling

output; overall fan efficiency = 0.6; cooling
capacity » 20 KW/m?/sec, fan static pressure =
870 Pa, in absence of air cleaner.
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ventilation air at a rate of 10 L/sec/person. Inside the zone
is a steady source of generic VOCs releasing 5 mg VOC/
hr/sq m of floor area—fairly high for a steady source. With
the assumed ventilation, this source would result in a
steady-state indoor concentration of 2 mg/m? in the ab-
sence of an air cleaner.

The air cleaner is to be designed to reduce the zone
concentration by 85%, to 0.3 mg/m?® (about 0.07-0.17
parts per million by volume (ppmv), depending upon
molecular weight). This reduction requires a per-pass VOC
removal efficiency of 82%, given that the zone air makes
seven passes through the air cleaner per hour. The inlet
concentration to the air cleaner (0.27 mg/m?3, or about
0.10 ppmv) is less than the zone concentration; the air
cleaner is assumed to be mounted in the return air duct-
ing downstream of the point where the recirculated zone
air is diluted with incoming outdoor air.

The VOC air cleaner is located just prior to the
central air handler and coils, and is operating at re-
turn air temperature. But it is downstream of the par-
ticulate filter protecting the air handler and coils. Thus,
the pre-existing particle filter also serves to protect the
charcoal and the photocatalyst panels from blinding,
and is assumed to protect the catalyst and the UV lamps
in the PCO unit from being deactivated by a coating
of dust. For this analysis, it is assumed that the pre-
existing particulate filter does not have to be upgraded
to one having increased efficiency on fine particles, to
further protect the air cleaner.

Commonly, particulate (and gaseous) filters for
HVAC systems are sold in modules capable of handling
about 1 m?/sec, and having a cross section of about
0.6~ 0.6 m. For air handlers moving greater flows, these
modules are combined into banks. Accordingly, in this
analysis, the costs have been estimated for air cleaners
having a capacity of 1 m?/sec, and both the installed
and the annual costs are expressed as cost per cubic
meter per second. Scale-up to capacities larger than 1
m3/sec should be approximately linear within the un-
certainties of this analysis.

DESIGN AND ASSUMPTIONS FOR THE GAC UNIT
The GAC unit that was costed in this analysis is illustrated
in Figure 1. The illustrated configuration—involving a se-
ries of 2.5-cm-thick GAC panels in a V-bank arrangement—
is representative of many units being offered commercially
for indoor air applications. The cost estimates here address
only the elements shown in solid lines in the figure.

The design details for this GAC unit—along with the
key assumptions used in the GAC cost analysis—are pre-
sented in Table 2.

The GAC unit dimensions and equipment costs are
based on vendor literature and quotes (Farr Co., El
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by the bed prior to 30% breakthrough signifi-
cantly impacts the GAC cost estimates, deter-
mining the mass of carbon that is required and
the frequency with which it will have to be re-
placed. Carbon sorption capacity depends
heavily upon the specific organic compounds
and their concentrations in the entering mix-
ture. It was decided to base this estimate on
organic compounds that have a reasonable
sorption capacity (i.e., that have four or more
atoms exclusive of hydrogen). Based on lim-
ited information for various VOCs at inlet
concentrations of 10 ppmv and lower,''? the

capacity for hexane appears to be at about

Figure 1. Granular activated carbon VOC air cleaner (side view).

Table 2. Design specifications and costing assumptions for the GAC unit.

Parameter Assumed or Computed Value
Number of activated carbon panels 12

Dimensions of each panel 0.3x0.6m, 2.5 cm thick

Total mass of granular carbon in unit 41kg

1 m*/sec (capable of treating 190-m?
floor area under Table 1 assumptions);

Total airflow through unit

superficial (approach) velocity 2.5 m/sec

Face velocity through panels 0.4 m/sec

Total pressure drop across unit 250 Pa (see text for derivation)
Equipment cost of GAC unit, including carbon ~ $1,100 uninstalled (Farr Co.,
El Segundo, CA)

$100/m*/sec uninstalled
(derived from vendor quote)

Cost of housing to mount unit in duct

Cost of replacement carbon

(8 x 16 mesh activated coconut shell) $6.60/kg (Charcoal Service Corp.,
Bath, NC)
$0.10/kg (typical for collection and
landfilling)
0.27 mg/m® (about 0.10 ppmv)
Zero initially; 0.08 mg/m* at 30%
breakthrough

Disposal of spent carbon (municipal landfill)

Inlet VOC concentration at steady state
Outlet VOC concentration at steady state

Mass loading of VOC on carbon
(0.10 ppmv VOC, 50% RH in inlet) 0.020 g VOC/g carbon at
30% breakthrough™

Carbon replacement frequency

Every 3.7 months, at 30% breakthrough

Segundo, CA). Three labor hours are assumed for installa-
tion; labor rates were obtained from Means Mechanical
Cost Data.’ The carbon bed is assumed to sorb 100% of
the entering VOC:s initially, with the bed being replaced
at the point of 30% breakthrough, providing an average
per-pass removal over the bed lifetime greater than the
required 82%.
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the median for such compounds at very low
concentrations.

Accordingly, the VOC sorption capacity shown in Table
2—0.020 g VOC/g carbon at 30% breakthrough—is the ca-
pacity for hexane on 8~ 16 mesh coconut shell carbon at
the inlet conditions assumed for this study (0.10 ppmv,
50% relative humidity (RH), room temperature).

This value is extrapolated from data reported by
VanOsdell et al.!° with this same carbon, humidity, and
temperature, and with inlet hexane concentrations
close to the inlet assumed here. The sorption capaci-
ties reported in that reference (0.10, 0.060, and 0.032
g/g for inlets of 10.8, 2.3, and 0.40 ppmyv, respectively)
were extrapolated logarithmically to 0.10 ppmv. Thus,
0.020 g/g should be a fair measure of the performance
that can be expected with hexane at the conditions
assumed in this analysis.

It is noted that the capacity for compounds having
fewer than four atoms (exclusive of hydrogen) can some-
times be one or more orders of magnitude poorer than
that for hexane. It is also noted that, in practice, the VOCs
entering an air cleaner will be a mixture, the composition
of which can vary with time; some of the individual com-
pounds in this mixture might impact the sorption perfor-
mance of others. The assumption that this mixture will
behave, on average, like pure hexane is a convenience for
this analysis.

Assuming a maximum acceptable loading of 0.020 g/
g, the 41-kg-carbon bed will have to be replaced at 3.7-
month intervals under the conditions assumed here
(which require removal of about 800 mg/hr VOCs, 273
hr/month). Two labor hours are assumed to be required
to remove and replace the carbon inside the panels. The
assumption that the spent carbon (containing 2% or-
ganics by weight) can be placed in a municipal land-
fill (at $0.10/kg) appears reasonable, based on current
Federal regulations. If, instead, the spent carbon were
classified as hazardous, this disposal cost (including
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transport) would increase to about $5.60/kg (disposal
contractor quote).

Given the assumed panel thickness and face velocity,
and the particle size of the carbon, this GAC unit will
create a pressure drop of about 250 Pa in the HVAC duct-
ing, assuming no gas bypassing. This pressure drop is
obtained from standard industry curves for 8 16 mesh
carbon beds (Barnebey & Sutcliffe Corp., Columbus, OH),
and from independent calculations for flow through fixed
beds of granular solids." Some GAC vendors use coarser
carbon (4” 8 or 4 10 mesh) in indoor air applications,
which would reduce this pressure drop to about 125 Pa.
However, since the VOC sorption capacity data used above
were obtained using 8~ 16 mesh carbon, the pressure drop
associated with the finer carbon was used in this analysis.
Reducing the pressure drop to 125 Pa would decrease the
GAC installed costs presented later by 7%, and the an-
nual costs by 3%.

The pressure drop across the GAC unit increases en-
ergy consumption by the central air handler and poten-
tially necessitates a fan that can produce a higher static
pressure. Also, the increase in fan energy adds heat to the
airstream, increasing the cooling load during cooling pe-
riods (or reducing the heating load during heating peri-
ods). This results in a net increase in annual coil energy
consumption and an increase in required cooling coil ca-
pacity. These increases in energy consumption and cool-
ing capacity were estimated by modeling the air cleaner
using the DOE-2 building energy model,'® addressing an
office building for which the model input files were al-
ready available!® and considering a range of climates.

The incremental costs for enlarged HVAC air handlers
and cooling units were estimated by computing the in-
cremental installed cost per kPa of static pressure, or per
kW of cooling capacity, from comparing alternative units
in Means.’ The air cleaner was charged only for the num-
ber of kPa or kW that it adds, realizing that, in practice,
increases in fan or cooling requirements can require a step
change up to a fan or cooling unit of the next larger in-
crement in commercial capacity.

DESIGN AND ASSUMPTIONS FOR THE PCO UNIT
Although some firms market PCO units for industrial (and
even indoor air) applications, insufficient information is
available regarding these proprietary designs to enable
their use in a rigorous cost analysis here. Accordingly, it
was necessary to develop a reasonable “model” PCO reac-
tor design as part of this study.

Following a review of PCO reactor configurations that
have been considered in the published literature,'” it was
decided that the PCO unit designed here would be a panel
reactor of essentially the same configuration as the GAC
unit in Figure 1. The carbon bed panels shown in Figure 1
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would be replaced by panels of ceramic foam substrate,
coated with the catalyst. UV bulbs would be positioned
in the front and rear of the panel beds to illuminate
the catalyst.

The model PCO design developed here is undoubt-
edly different from those being offered commercially. It
includes some apparent drawbacks; for example, the V-
bank panel configuration will degrade the distribution of
UV radiation into the interior of the substrate matrix.
However, it provides fairly efficient contact between the
gas stream and illuminated TiO,, providing a significant
illuminated surface area per unit reactor volume, and it
results in a fairly low pressure drop. Thus, the model
should represent indoor air PCO costs adequately for
the purposes of this comparison, and should effectively
illustrate the significant cost centers associated with
these units.

To design the model PCO reactor for this compari-
son, it is necessary to define two key design parameters
which will have a substantial impact on the size and cost
of the unit. These parameters are the oxidation rate for
sub-ppmv VOC inlet concentrations, and the UV illumi-
nation intensity, incident on the catalyst surface, that is
required to achieve this oxidation rate. These parameters
dictate the required amount of catalyst surface area (the
number of panel beds) and the number of bulbs (the UV
power consumption).

PCO Oxidation Rate
The rate at which an organic compound will be oxidized
over a photocatalyst depends on a number of variables.
Key among these are (1) the nature of the specific com-
pound, (2) its concentration, and (3) the intensity of UV
illumination.

To select a representative reaction rate for reactor de-
sign in this study, data were analyzed from published ex-
perimental studies involving PCO of individual gaseous
organics in low concentrations (below 500 ppm) in air-
streams at ambient temperature.>*82” These studies ad-
dressed differing values of the variables listed in the pre-
ceding paragraph, and different experimental reactor con-
figurations, so that the reported results are often not di-
rectly comparable. To express the results from these dif-
ferent studies on comparable terms, the analysis here at-
tempted to convert all of the results to a common form:
the differential reaction rate at 1 ppmv of the organic
compound, under an illumination of 1-mW UV/geomet-
ric cm? of illuminated TiO, area, expressed as mmol/hr of
the compound oxidized/geometric cm? of illuminated
TiO, area.

The results of this analysis are summarized in Table 3.

The geometric square centimeters of TiO, surface area
includes only the gross surface area of substrate coated by
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Table 3. Reaction rates for PCO of various individual VOCs, expressed on a com-
mon basis, estimated from available literature data.

Compound Differential Reaction Rate at 1 ppmv’ References
Trichloroethylene 0.05-0.2 18, 19,23 24, 27
Formaldehyde 0.01-03 56,21
Acetone 0.006 2
Benzene 0.007 25
Toluene 0.02-0.07 56

%Rate expressed as mmol/hr of VOC oxidized/geometric cm? of illuminated TiO2 sur-
face area, at a UV illumination intensity of 1 mW/geometric cm? of illuminated Ti02.

the catalyst, excluding the internal porosity of the sub-
strate or of the TiO, itself. The rate is normalized based
on the geometric surface area, rather than on the mass
of catalyst as is common in heterogeneous catalytic
reactor design.?® Studies suggest that perhaps only the
top 2 mm of an opaque catalyst layer participate in the
photocatalytic reaction,?” suggesting that surface area
rather than mass is a more meaningful measure of cata-
lyst capacity. Further, only the illuminated portion of the
surface area is considered, since most studies show that at
room temperature essentially no oxidation occurs in the
absence of illumination.

The various studies cited in Table 3 addressed VOC
concentrations ranging between 0.3 and 500 ppmv,
and illumination intensities ranging between 0.6 and
7 mW/geometric cm? of TiO, area. The reaction rates
shown in the table were adjusted to the reference con-
centration of 1 ppmv by assuming that the rate is first
order with respect to the VOC concentration over this
entire range. The rates were adjusted to the reference
intensity of 1 mW/cm? by assuming that the rate is
proportional to intensity to the power 0.6. This expo-
nent is suggested by experience®>1?2! for intermediate
values of intensity.

The greatest potential source of error in convert-
ing the literature data to the common units in Table 3
probably arises from the assumption that the reaction
rate is first order over the entire range. The single-com-
ponent form of the Langmuir-Hinshelwood rate equa-
tion, commonly used in interpreting PCO data, pre-
dicts that the reaction rate would approximate first
order at very low concentrations, and would transi-
tion to zero order at higher concentrations, when the
availability of reaction sites on the catalyst surface
becomes controlling. The concentration range over
which the transition occurs will vary with the com-
pound. However, the values that have been reported
in the literature for the chemical rate constants and
the adsorption coefficients for various com-
pounds®>52021.2627 indjcate that the transition will com-
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monly occur around 1-10 ppmv. When rates measured
at 20-100 ppmv are extrapolated down to 1 ppmv as-
suming first-order kinetics over the entire range—and
this includes most of the numbers in Table 3—the pre-
dicted rate at 1 ppmv might be low by an order of
magnitude if, in fact, the rate is actually zero order
over much of the range.

Accordingly, only those data from Table 3 that were
obtained at 3 ppmv or less were used in deriving the dif-
ferential rate at 1 ppmv used in this analysis. These data
include 21 discrete measurements of the rate for toluene’¢
at RHs between approximately 30 and 60% (yielding a
mean of 0.042 mmol/hr/cm? with a standard deviation of
0.016), and 12 measurements for formaldehyde®® (mean
= 0.179 mmol/hr/cm?, s = 0.070). All of these measure-
ments were obtained with experimental reactors utiliz-
ing ceramic foam catalyst substrates, as in the model re-
actor assumed here.

In the absence of other data, the average of these
means for toluene and formaldehyde was used here in
the design of the PCO reactor. The resulting differential
oxidation rate is 0.11 nmol/hr/geometric cm? of illumi-
nated TiO, (at 1 ppmv and 1 mW/geometric cm?).

The assumption that the complex VOC mixture en-
tering the PCO unit will behave, on average, like a mix-
ture of toluene and formaldehyde (with neither com-
pound influencing the oxidation of the other) is a conve-
nience required for this analysis. Also, it is being assumed
that the inlet VOC mixture is being completely oxidized
to carbon dioxide and water at this average rate, with no
intermediate products of incomplete oxidation remain-
ing in the airstream.

UV Illumination Intensity

As indicated previously, the rate data reported in the lit-
erature were obtained with illumination intensities rang-
ing between 0.6 and 7 mW/geometric cm? incident on
the catalyst surface. These intensities reflect a fairly low
quantum efficiency, commonly on the order of 1-10%.
Apparently, a large fraction of the UV photons do not
create reactive electron-hole pairs in the catalyst, and/or
the electrons and holes re-combine without contribut-
ing to catalysis. Also, the PCO of an organic compound
might involve a number of intermediate steps consum-
ing a number of photons.

Reaction rate varies with light intensity to an expo-
nent between 0.5 and 1, with the exponent approaching
1 at low intensities.? Thus, reducing the design intensity
in the reactor would reduce the reaction rate, correspond-
ingly increase the amount of catalyst surface area that is
required for a given degree of oxidation, and potentially
achieve only a modest (if any) reduction in total UV en-
ergy consumption.
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Figure 2. Model photocatalytic oxidation VOC air cleaner (side view).

Table 4. Design specifications and costing assumptions for the PCO unit (ceramic foam panels).

Parameter

Assumed or Computed Value

Nature of panels

Dimensions of each panel

Number of catalyst panels per bank
Total airflow through unit

Face velocity through panels

Inlet VOC concentration at steady state
QOutlet VOC concentration at steady state
Reaction rate at 1 ppmv inlet

UV illumination intensity

Geometric surface area of ceramic foam
Optical depth of foam

Number of panel banks in reactor
Total pressure drop across reactor
UV bulb efficiency

Input power to UV bulbs (medium-
pressure mercury bulbs)

Overall quantum efficiency

Air temperature rise caused by bulbs

UV bulb and ballast cost

Bulb lifetime

Cost of catalyst panels (support + TiOZ)

Catalyst regeneration frequency

Catalyst replacement frequency

Ceramic foam, 4 pores/cm, 2 nm TiO2 coating
0.37 0.6 m, 2-cm thick

12

1 m¥/sec, superficial (approach) velocity 2.5 m/sec
0.4 m/sec

0.27 mg/m® (about 0.10 ppmv)

0.05 mg/m?® (82% removal per pass)

0.1 nmol/hr/em? llum. Ti0, at 1-mW/em” Ti0,

1 mW/geometric cm? of illuminated TiO2

22.8 cm?/cm® of foam®

Fraction of geometric surface which is illuminated
drops exponentially from 100% at illuminated face to
near zero at 1-cm depth;® so 38% of the total area to
1-cm depth is illuminated.

6

75 Pa (incl. 5 Pa across each bank, per vendors)
0.25-W UV output (<400 nm) per W input

(Voltarc Technologies, Inc., Fairfield, CT)

750 W per face of each 12-panel bank

(9,000 W total to reactor, excluding ballast)

About 0.1%

8°C

$75/bulb, $400/ballast (Voltarc Technologies, Inc.)
1,000 operating hr (Voltarc Technologies, Inc.)
$90/panel (derived from vendor quotes)

Every 6 months (arbitrary)

Every 5 years (arbitrary)
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In view of these considerations, the model PCO
reactor here was designed to provide an incident
intensity of 1 mW/cm? of illuminated surface, a
representative value.

PCO Reactor Design
Based upon the oxidation rate and the illumina-
tion intensity selected above, the model PCO unit
is illustrated in Figure 2. Key design features and
assumptions are presented in Table 4.

Given the inlet concentration of 0.27 mg/m?
at steady state, it is computed that six banks of
catalyst panels would be required—providing 2.3

10° geometric cm? of illuminated surface—to
achieve the 82% per-pass reduction that is needed.

The required number of panel banks is cal-
culated through an iterative mass balance
around each bank, computing the outlet con-
centration based upon the inlet concentration
to that bank and the average reaction rate
through the bank. The average reaction rate—
at the average of the inlet and outlet concen-
trations for the bank—is computed assuming
that the differential rate of 0.11 nmol/hr/cm?
at 1 ppmv decreases linearly with concentra-
tion, according to first-order kinetics.

The computed number of panel banks is in-
versely proportional to the reaction rate, as would
be expected. Doubling the 0.11-nmol/hr/cm?
design rate would decrease the number of
banks to three; reducing it by half would in-
crease the number to about 12.

To provide the incident illumination inten-
sity of 1 mW/cm?, UV bulbs totaling 1,500 W
(input) are required between panel banks (750
W for each face of each bank), if the bulbs are
25% efficient and if the reactor walls are designed
to reflect all incident radiation back onto the
catalyst. A single tubular 1,500-W-medium-pres-
sure mercury bulb is located between each pair
of panel banks, with the bulbs in front of the
first bank and behind the sixth being operated
at 750 W. In practice, multiple bulbs would be
preferred between panel banks to improve UV
distribution and operating reliability; single
bulbs were assumed to reduce installed costs.
These high-intensity bulbs have an operating
lifetime of only 1,000 hr, and cost $75 each; their
associated ballasts cost $400 each (Voltarc Tech-
nologies, Inc., Fairfield, CT). Less expensive,
longer-lived commercial bulbs capable of prac-
tically providing the necessary intensity in the
available space could not be identified. The power
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consumption by all of the bulbs in the six-bank reactor
totals 9,000 W, raising the air temperature by 8 °C. An ad-
ditional 900 W is consumed by the ballasts. At the low VOC
inlet concentration, the overall quantum efficiency through
the reactor is about 0.1%.

The cost of the 2-cm-thick catalyst-coated foam
panels in large quantities was derived from quotes pro-
vided by three vendors of ceramic foams (Hi-Tech Ce-
ramics, Inc., Alfred, NY; Selee Corp., Hendersonville,
NC; and Ultramet, Pacoima, CA), with and without
the TiO, coating applied; and from estimates by a cata-
lyst vendor (Degussa Corp., Ridgefield Park, NJ) for
applying catalyst coatings to substrates. The cost of
$90/panel was derived from these estimates as a rea-
sonable figure for bulk quantities, although it does not
coincide with the quote from any one vendor. This
analysis assumes that the foam panels can be manu-
factured with the desired dimensions for this price, al-
though structural considerations for such porous foams
currently limit individual panels to smaller cross sec-
tions and/or greater thicknesses. According to the ven-
dors, the pressure drop across these foam panel banks
should be low (5 Pa/bank) at the design face velocity.

The installed cost of the PCO reactor, excluding the
catalyst, was derived using the uninstalled cost of six GAC
panel reactors excluding the carbon (obtained at a vol-
ume discount); the uninstalled cost of the UV bulbs
and ballasts; and fabrication and installation costs. The
fabrication and installation costs were derived using:
the installed costs of galvanized steel ducting for the
connecting sections between the panel banks and for
the ballast housing, computed according to Means;’
and an additional 13 labor hours for sheet metal work
and electrical wiring.

No definitive data could be found suggesting the fre-
quency with which the photocatalyst would have to be
regenerated or replaced, although some research papers
refer to the need for periodic regeneration. Given that
the catalyst will be encountering fine dust as well as a

Table 5. Installed costs of GAC and PCO VOC air cleaners.

Installed Cost ($/m*/sec capacity)

Cost ltem GAC Unit PCO Unit

Reactor (excluding carbon or catalyst) $850 $8,090

Initial charge of carbon or catalyst 470 6,480

Enlarged central air handler (to handle

increased static pressure) 60 20

Increased cooling coil capacity (to handle

added heat from enlarged air handler

and from UV bulbs) 150 1,720
$1,530 $16,310

Volume 48 October 1998

Henschel

variety of potentially deactivating gaseous contaminants,
the arbitrary selection of six months between regenera-
tions, and five years between complete replacements, was
felt to be optimistic. Considering possible alternative
methods of in situ and off-site regeneration, a rough
estimate of 2.5 labor hours (plus minimal materials and
utilities) per regeneration per panel bank was derived for
use here.

The impacts of the PCO air cleaner on the HVAC air
handler and cooling coils were estimated using the DOE-
2 model, as discussed previously for the GAC unit. With
the PCO unit, there will be less impact on the air handler
(since the pressure drop across the PCO air cleaner is much
less), but there will be a greater impact on the cooling
coils (due to the heat generated by the UV bulbs), and
there will be energy consumption by the bulbs.

COST RESULTS
Installed Costs

As shown in Table 5, the estimated installed cost for the
PCO unit is over 10 times that of the GAC unit. This
results from the high cost of the PCO reactor and cata-
lyst, and from the significant increase in HVAC cooling
capacity required to remove the heat added by the UV
bulbs and ballasts.

Most of the installed cost of the PCO reactor exclud-
ing catalyst ($8,090) results from vendor quotes for the
uninstalled components (the panel reactors and the bulbs/
ballasts). The fabrication and installation costs—the source
of the greatest uncertainty in this estimate—amount
to only 25% of the total reactor cost. Thus, the reactor
cost would not appear to be unreasonably inflated. The
catalyst cost estimate results directly from vendor
quotes—72 foam panels at $90 each—and thus would
seem to be reasonable.

Sensitivity analysis for GAC. 1If the VOCs to be removed
were assumed to be lighter compounds having only one-
tenth of hexane’s sorption capacity on carbon, one option
for maintaining the desired removal in a 1-m?*/sec GAC sys-
tem would be to install 10 of the reactors in Figure 1 in
series. As a first approximation, this would increase each of
the GAC cost elements in Table 5 by a factor of 10, and the
total GAC installed cost would increase to a value approach-
ing the cost of the PCO unit. Thus, depending upon the
nature of the compounds to be sorbed, the cost of the GAC
unit could increase substantially.

Sensitivity analysis for PCO. The reaction rate of 0.11 mmol/
hr/cm? at 1 ppmv and 1 mW/cm?, derived from the lit-
erature data, determines the required illuminated catalyst
surface area and the bulb wattage, regardless of PCO sys-
tem design. If this rate is fixed, no innovations in reactor
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design would enable the illuminated surface area or the
wattage to be reduced below the amounts used in the
model reactor. Thus, unless the reaction rate can be in-
creased, the only apparent approaches for significantly
reducing PCO system costs are improving the reactor
configuration, to compress more square centimeters
of illuminated TiO, into a smaller reactor volume, rela-
tive to the model; or reducing the unit costs of the reac-
tor components, such as the foam substrates or the bulbs.

Assume in the extreme that—through design inno-
vations—illuminated surface area could be compressed so
efficiently that the required number of panel banks could
hypothetically be reduced to zero while still providing
the required catalyst surface. Assume that the reactor could
be shrunk to a size that would accommodate only one
panel bank. The same wattage of UV bulbs and ballasts
would still be required, but assume that—through nego-
tiations with lighting vendors—the purchase price of these
items could be reduced by 50% per watt. Under these most
optimistic assumptions, the $8,090 cost of the reactor in
Table 5 would be reduced to $2,500/m3/sec, and the $6,480
cost of the catalyst would be reduced to zero. The $16,310
total cost of the system (including the cooling coil and
air handler modifications) would thus be reduced to about
$4,200/m3/sec, a fourfold decrease.

The other major contributor to the installed costs
in Table 5—the cost of increased cooling capacity—
cannot be reduced unless the reaction rate can be in-
creased. As long as the reactor requires sufficient power
to illuminate 2.3 "~ 10° geometric cm? of catalyst at 1
mW/cm?—as dictated by the rate derived from the lit-
erature—the bulbs and ballasts will necessarily be gen-
erating 9,900 W of heat, even if design innovations
could hypothetically reduce to zero the number of
panels required to provide that area. Thus, 9,900 W
will still have to be removed by the cooling coils.

Thus, even under the most optimistic assumptions re-
garding design innovations and reduced component costs,
PCO will continue to be a relatively expensive process—on
the order of $4,200/m?/sec installed—due in large part to
the high energy requirements. Even with these optimistic
assumptions, the PCO installed cost would still have to be
reduced by an additional factor of almost 3 to equal the
estimated cost of the GAC unit in Table 5. Such additional
cost reductions can be achieved only through increased
reaction rates, significantly reducing surface area and, es-
pecially, UV power requirements.

The PCO installed cost decreases approximately
linearly with decreases in the required catalyst surface
area and UV power. The area and power decrease in-
versely with reaction rate. Thus, even with extremely
optimistic assumptions regarding system design innova-
tion and reduced component costs, the PCO reaction
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Table 6. Annual costs of GAC and PCO VOC air cleaners (average over 10 yr).

Annual Cost ($/yr/m*/sec capacity)

Cost ltem GAC Unit PCO Unit

Operating costs

Electricity (for increased fan static

pressure, cooling load, UV bulbs) $100 $4,440

Maintenance

Replacement of carbon 1,360 —

Regeneration of catalyst — 1,510

Disposal of spent carbon or catalyst 20 ~0

Replacement of UV bulbs — 2,370

Replacement of PCO final filter — 20

Indirect expenses

Depreciation of equipment (10 yr) 150 980

Depreciation of catalyst (5 yr ~ 2) — 1,500

Insurance and real estate taxes 30 330

Interest on capital (installed cost) 60 650
$1,720 $11,800

rate at 1 ppmv would still have to be increased almost
threefold, to about 0.3 mmol/hr/cm? at 1 mW/cm?, to
match the GAC cost estimate. With the base-line costs
of the model PCO reactor in Table 5, the rate would
have to be increased more than 10-fold, to over 1 nmol/
hr/cm? at 1 mW/cm?. These required reaction rates are
as fast as, or faster than, the fastest individual mea-
sured rate shown in Table 3.

Improved catalysts will be necessary to achieve these
faster rates. To provide the faster rates, with the correspond-
ing substantial reduction in power requirements, the im-
proved catalyst will have to offer higher quantum efficien-
cies, above the value (~0.1%) at the conditions assumed
here. A greater percentage of the UV photons must become
effective in oxidizing VOC molecules, or PCO will remain
an energy-intensive and expensive process.

Annual Costs
As shown in Table 6, the total annual cost associated with
the PCO unit is almost seven times greater than that for
the GAC unit.

The two largest contributions to the annual PCO cost,
responsible for over half of the cost, result solely from the
UV bulbs: electricity, to operate the bulbs and the cooling
unit that removes the bulb heat from the airstream; and
bulb replacement. The PCO catalyst regeneration cost is
high—despite a fairly simple regeneration procedure—due
to the number of catalyst panels involved. And PCO indi-
rect costs are high because the installed cost is so high.
The primary contributor to the annual GAC costs is the
replacement of the carbon.
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Sensitivity analysis for GAC. If the VOCs were assumed to
have only one-tenth of hexane’s sorption capacity, then—
to maintain performance—it would be necessary to in-
crease the mass of carbon in the GAC unit or the carbon
replacement frequency (or some combination of the two)
by a factor of 10. In either case, the carbon replacement
and disposal costs in Table 6 would be increased by a fac-
tor of 10. The impact on the other GAC cost elements in
the table would depend upon the extent to which mass
versus replacement frequency were increased. But, as a
rough approximation, it appears that the total annual GAC
cost would increase by a factor of about 10, making GAC
more expensive than PCO.

Sensitivity analysis for PCO. The UV input power and
the cooling energy required to remove the resulting
bulb-generated heat—which are essentially entirely re-
sponsible for the $4,440/yr cost of electricity for the PCO
unit in Table 6—are fixed based upon the reaction rate
derived from literature data. Thus, this major cost com-
ponent cannot be reduced—regardless of any innova-
tions in reactor or lighting configuration—unless im-
proved catalysts are developed that reduce illumina-
tion requirements.

The $2,370/yr cost of bulb replacement in this 9,900-
W reactor could conceptually be reduced by a factor of
10—a savings of about $2,130/yr—if it were possible to
use low-pressure bulbs having a 10,000-hr lifetime in place
of the 1,000-hr-medium-pressure bulbs. If arrangements
with bulb manufacturers reduced the purchase price per
bulb by 50%, this would provide an additional sav-
ings of $120/yr, reducing the total bulb replacement
cost to $120/yr.

If the installed cost of the PCO unit could be re-
duced from $16,310 to $4,200 through design inno-
vations and reduced component costs, under the opti-
mistic assumptions discussed previously, then the in-
direct expenses listed in Table 6, which are all based
on the installed cost, would be reduced accordingly.
The catalyst depreciation cost would be eliminated
altogether, since the panel banks were hypothetically
reduced to zero. The total indirect costs would be re-
duced by $2,960/yr, from $3,460 to $500/yr.

Regarding catalyst regeneration costs, some PCO ven-
dors claim that they can produce the catalyst so inexpen-
sively that one might replace the catalyst instead of re-
generating it. If this were possible, the $1,510 annual re-
generation cost in Table 6 would drop to zero. Of course,
the cost of fresh catalyst—included as an indirect expense
under “depreciation of catalyst” in Table 6—would nec-
essarily increase under those circumstances. But such an
increase is not included in this sensitivity analysis, since
the catalyst cost is ideally assumed to be zero.
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If it were optimistically assumed that all of the pos-
sible savings listed above could be achieved, the annual
cost for the PCO system would decrease more than two-
fold, from $11,800 to about $5,100/yr/m?/sec. Thus,
even under the most optimistic combination of as-
sumptions regarding design innovations and reduced
component costs, the PCO system remains expensive
if the reaction rate at 1 ppmv cannot be increased above
the value of 0.11 mmol/hr/cm? at 1 mW/cm? derived
from the literature.

The $5,100/yr/m3/sec calculated under the extremely
optimistic assumptions above would have to be reduced
by an additional factor of 3 to equal the estimated annual
cost for the GAC unit. The annual costs for the base-line
model PCO reactor in Table 6 would have to be reduced
by a factor of 7. As discussed above for the installed costs,
the PCO annual costs decrease approximately inversely
with the reaction rate. Thus, the reaction rate would have
to be increased three- to sevenfold, to over 0.3-0.7 nmol/
hr/cm?, to match the GAC estimate.

These required rates are faster than the fastest rate in
Table 3, and would thus necessitate a catalyst superior to
those reported in the literature.

CONCLUSIONS

(1) With the assumptions used in this analysis,
the PCO reactor has an installed cost over 10
times greater, and an annual cost almost seven
times greater, than those of the GAC adsorber.

(2) Changes in the assumptions for the GAC unit, to
include VOCs not effectively sorbed on carbon,
can increase GAC installed and annual costs to
levels comparable to (or higher than) the PCO unit.

(3) However, even with the most optimistic as-
sumptions regarding possible PCO system de-
sign innovations and component cost reduc-
tions, it does not appear possible to reduce the
PCO installed and annual costs by a factor
greater than 2-4, if the catalyst performance
reported in the literature cannot be improved.
Even with reductions by a factor of 2-4, PCO
would still be sufficiently expensive such that
it would not likely be widely accepted for gen-
eral indoor air applications.

(4) To reduce PCO costs by a factor greater than
2-4, itis necessary to reduce the large catalyst
surface area—and the corresponding large UV
power consumption—computed in this analy-
sis. The high surface area and power require-
ments are dictated by the oxidation kinetics
obtained from the literature, and cannot be
reduced by reactor design innovations and re-
ductions in component costs.
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(5) Thus, only an improved catalyst having a greater
quantum efficiency—capable of providing faster
oxidation rates, and of reducing catalyst area and
UV power requirements—can reduce PCO costs
by a factor greater than 2-4. To reduce PCO in-
stalled and annual costs by a factor of 10, the im-
proved catalyst would have to provide oxidation
rates faster than the fastest rates reported in the
current literature, even if this improved catalyst
were accompanied by the most optimistic system
design innovations and component cost reductions.

REFERENCES

1.

Now

10.

11.

12.
13.

14.

15.

1995 ASHRAE Handbook: Heating, Ventilating, and Air-Conditioning
Applications; American Society of Heating, Refrigerating and Air-Con-
ditioning Engineers: Atlanta, GA, 1995; Chapter 41.

Ruddy, E.N.; Carroll, L.A. Chem. Eng. Prog. 1993, 89, 28-35.

Ollis, D.E; Pelizzetti, E.; Serpone, N. Environ. Sci. Technol. 1991, 25,
1523-1529.

Blake, D.M. Bibliography of Work on the Heterogeneous Photocatalytic
Removal of Hazardous Compounds from Water and Air: Update Number
1 to June 1995; National Renewable Energy Laboratory. U.S. Depart-
ment of Energy: Golden, CO, 1995; NREL/TP-473-20300.

Obee, T.N.; Brown, R.T. Environ. Sci. Technol. 1995, 29, 1223-1231.
Obee, T.N. Environ. Sci. Technol. 1996, 30, 3578-3584.

Ventilation for Acceptable Indoor Air Quality; ASHRAE Standard 62-1989;
American Society of Heating, Refrigerating and Air-Conditioning
Engineers: Atlanta, GA, 1989.

Humphreys, K.K.; Wellman, P. Basic Cost Engineering, 3rd ed.; Marcel
Dekker, Inc.: New York, 1996; p. 203.

Means Mechanical Cost Data, 19th ed.; Mossman, M.J., Ed.; R.S. Means:
Kingston, MA, 1996.

VanOsdell, D.W.; Owen, M.K.; Jaffe, L.B.; Sparks, L.E. J. Air & Waste
Manage. Assoc. 1996, 46, 883-890.

Liu, R-T. In Proceedings of the Fifth International Conference on Indoor
Air Quality and Climate; Conference Secretariat for Indoor Air ‘90:
Ottawa, 1990; pp 177-182.

Yaws, C.L.; Bu, L.; Nijhawan, S. Pollut. Eng. 1995, 27, 34-37.

U.S. Environmental Protection Agency. In Title 40, Code of Federal
Regulations; Part 261; National Archives and Records Administration:
Washington, DC, July 1, 1995; 40 CFR 261.

Boucher, D.E; Alves, G.E. In Chemical Engineers’ Handbook, 4th ed.;
Perry, R.H.; Chilton, C.H.; Kirkpatrick, S.D., Eds.; McGraw-Hill: New
York, 1963; pp 5-50-5-51.

DOE-2 Reference Manual (Version 2.1A), Part 1; York, D.A., Tucker, E.E;
Cappiello, C.C., Eds.; U.S. Department of Energy: Los Alamos, NM,
1981; LBL-8706 Rev. 2, Part 1.

994 Journal of the Air & Waste Management Association

16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

Henschel, D.B. Energy Costs of IAQ Control Through Increased Ventila-
tion in a Small Office in a Warm, Humid Climate: Parametric Analysis
Using the DOE-2 Computer Model; U.S. Environmental Protection
Agency: Research Triangle Park, NC, 1997; EPA-600/R-97-131.
Henschel, D.B. In Engineering Solutions to Indoor Air Quality Problems;
Air & Waste Management Association: Pittsburgh, PA, 1997; VIP-75;
pp 567-578.

Dibble, L.A.; Raupp, G.B. Environ. Sci. Technol. 1992, 26, 492-495.
Nimlos, M.R.; Jacoby, W.A.; Blake, D.M.; Milne, T.A. Environ. Sci.
Technol. 1993, 27, 732-740.

Sauer, M.L.; Ollis, D.E. J. Catal. 1996, 158, 570-581.

Peral, J.; Ollis, D.E. J. Catal. 1992, 136, 554-565.

Anderson, M.A.; Yamazaki-Nishida, S.; Cervera-March, S. In Photo-
catalytic Purification and Treatment of Water and Air; Ollis, D.E; Al-
Ekabi, H., Eds.; Elsevier Science: Amsterdam, 1993; pp 405-420.
Jacoby, W.A.; Nimlos, M.R.; Blake, D.M.; Noble, R.D.; Koval, C.A.
Environ. Sci. Technol. 1994, 28, 1661-1668.

Yamazaki-Nishida, S.; Cervera-March, S.; Nagano, K.J.; Anderson, M.A.;
Hori, K. J. Phys. Chem. 1995, 99, 15814-15821.

Jacoby, W.A.; Blake, D.M.; Fennell, J.A.; Boulter, J.E.; Vargo, L.M.;
George, M.C.; Dolberg, S.K. J. Air & Waste Manage. Assoc. 1996, 46,
891-898.

Nimlos, M.R.; Wolfrum, E.J.; Brewer, M.L.; Fennell, J.A.; Bintner, G.
Environ. Sci. Technol. 1996, 30, 3102-3110.

Jacoby, W.A.; Blake, D.M.; Nobel, R.D.; Koval, C.A. J. Catal. 1995,
157, 87-96.

Perry, R.H.; Sliepcevich, C.M.; Green, D.W.; Kobayashi, R.; Leland,
T.W. In Chemical Engineers’ Handbook, 4th ed.; Perry, R.H.;
Chilton, C.H.; Kirkpatrick, S.D., Eds.; McGraw-Hill: New York,
1963; pp 4-9-4-15.

About the Author

D. Bruce Henschel is a senior research engineer with the
Air Pollution Prevention and Control Division of the EPA’s
National Risk Management Research Laboratory. Address
correspondence to Mr. Henschel at MD-54, U.S. Environ-
mental Protection Agency, Research Triangle Park, NC
27711 (or e-mail bhenschel@engineer.aeerl.epa. gov).

Volume 48 October 1998



