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I research and development activities at both SERI and SandiaABSTRACT National Laboratory.

Recent work has demonstrated tLat com.entrated solar energy can In determining a representative application for solar destn_ction,

I destroy many hazardous chemicals that are of national concern
including dioxins, polychlorinated biphenyls (PCBs), and importance was placed on the quantity of waste that already
chlorinated solvents. A detailed systems analysis was peribrmed exists in the environment, the quaatity oi' waste that is currently
to determine the applicability of solar detoxification to the being reieasedinto the environment, and the h)cation of the waste,
treatment of chlorinated solvents. This work determined the cost specifically the occurrence oi"wastes in the southwestern United

I ofdestructionofthchloroethylene('rCE)ausingconventionaland States-Colorado,New Mexico,Arizona, Utah, Nevada, andasolar-basedtechnology.The costofsolardetoxiiicationand that California,theregionofhighestsolarinsoiation.

oftheconventionaltechnologywerecomparedforthisapplication. CbJorinatedorganicsolvents,as a class,were chos,]nforthis
Thiswork providesa basisforchoosingan applicationinwhich

I solar can beusedtoitsfullestpotentialtosolvea growing analysis.A searchofthe NationalPriority[Ast(NPL) _howed
energy that31% ofsitescontainedthesecontaminantsinthe statesor

nationalproblem. Colorado,Wyoming, and Utah. A totalof63% ofsitescontained
thesesubstancesinCalifornia,Arizona,and Nevada. A searchof

INTRODUCTION the EnviromentalProtectionAgency Toxic Chemical Release

I This century has been characterized by en ever increasing use of
Inventory showed that a total of 13,000,000 lbs trichloroethyIene,

resources and, as a result, an ever increasing production of perchloroethylene, and methylene chloride are re:eased annaally
hazardous wastes that accumulate in the air, water, and soil. In from manufacturing processes to the atmosphere m Nevada, Utah,
recent years, the number of sites considered hazardous under the Arizona, and California.

I Comprehensive Environmental Response,
Compensation, and

Liability Act tCERCLA) has increased sharply from approximately Photochemical solar destn_ction of these types of substances mustbe based on a photocataiytic or photoinitiated process because
9,000 in I980 to more than 27,000 in I989 (1). Manufactunng these subst_mces do not absorb in the solar spectrum.
facilities continue to release toxhc chemicals to the mr and water.

I 2.,t billion pounds of toxic chemicals were released to the Photocatalytic and photoinitiated destruction are potentiallyInair1988,inthe United States (2). In that same year, 310 million applicable to mixtures and raise the possibility for dramaticreductions in the reaction temperature. These advantages will be
pounds of toxic chemicals were released as water discharges, discussed later.

I Organic wastes constitute a broad range of compounds that are A detailed performed to determine the
sy._;tems analysis

found in soils and groundwater. Many of these substances are
was

currently being produced and released into the environment. The applicability of solar detoxiiication to the treatment of chlorinated
wastes include chlorinated organics such as dioxins, solvents. This work determined the cost of destruction oi"TCE

I polychlorinatedbiphenyls (PCBs), trichloroethylene(TCE), usingconventionaland solar-basedtechnologies.The variationof
systemcostwithreactionconditionsa_d wastecharacteristicswas

perchloroethylene,and methylene chloride.They 'alsoinclude determinedforthesolartechnologyand compared tothecostoi"
nitratedorganicssuchastrinitrotoluene(TNT) and itsderivatives theconventionaltreatmenttechnology.
(3,4). ,'

I The Solm- Industrial Technology Program is looking for industrial

CONVENTIONAL TECt-kNO LOG IES OF CIIOICE

and environmental applications such as these lhr the solar
thermal tech_aotogy. This Department of Energy program is Chlorinated organic soh'ents are released from manufacturing

I managed by the Solar Energy Research Institute (SERI) with processes into the atmosphere Jn the gas phase. In addition,
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I
pr,,)cesses that remecuate s(_,is contamlnatc'd with these :,()Isr Cllerl_y _iiillinatl2s the ne(_d h)r fuel fin' colI1DtlStlun al_c!
substances, e._., vacuum extracuon, also produce a _as stream oi ,.Iimmates unnecv._sar3' pI'OUUCti/U1 (li _Fcenll(luse I_ltses, AJthol.l_|l

chlorinated or_amcs m air. Treatment of these _as streams uy _oiar thL!l'lnlli t:llurKy iS in(ire exl)LtllSlVe Lhltll that ol naturai t_tls
conventKmaJ metnoas can be affected by two basic methods, _m a l_tu baals, ehminatmn of the fuel and extra mr needed for i

solvent recovery aria thermai oxmation, "ombustlon Krcatlv reduces the :nuiar tluw rate, resuiting iu a |
._maller reactor tbr the same waste throughp_t. The reduction m

Manufitcturers inaicat_d that solvent recovery systems are useo molar ilow rate is silown m Figure Z. Both _as streams itl'e [Htsed

when the flow ann concentratmn of the orgmncs are relatively ,,_ 20% excess mr. When solar energy is used, addmona! air is n

high t>2000 stim, >(t,0005 by volumeJ and when the stream needed ibrTCE t'racuons above0.08 bvvolume, When naturalgas |
contains a relatively pure component that can be reused on site. is used, additional air is needed Ibr TCE fractmns above 0.005 by

The sotvent is recovered using carbon adsorption folluwed by volume. This additional excess mr results m a larger reactor and

steam stYipping of the carbon and condensation of the steam, therefore hlghercapltalcosttbr the nonsoiar process, lm
So[vep[, recovery under these conditions is very econommal |because the value of recovered solvent pays ibr the process. Solar heating also has the potential advantage of more unilbrm

heating within the reactor resulting in a larger effective residence

Chlorinated orgam_ in streams that have relatively low flow time at temperature lhr the same size reactor. Although this Im
rates and lowconcentrationst<2000sciha, <0.0005 by volumeiare effect has not been quantified, field test._ (6) indicated that
generally destroyed using thermal oxidation or thermal catalytic 99.9999% destruction and removal efficiency tDRE) of dioxin could II
oxidation, This is especially true if the stream consists of a be obtained at 960 °C under purely thermal conditions.
mixture of substances that cannot be used on site. These are Conventional incinerator regaflations require 1200°C for this level

generally the circumstances associated with remediation sites, of DRE; however, this temperature requirement include3 a II
significant safety factor. |

As an example of this type of stream, a report (5) was published

that described the remediation by soil vapor extractmn of a Improvements in pertbrmance because of the presence of high-

contaminated soil site in Michigan. The principal contaminant energy photons iu the solar spectrum have been demonstrated, lm
was TCE along wath other chlorinated organics. An analysis of The presence of these photons results in a greater reaction rate at |
conventional alternauves showed that thermal catalytic oxidation a _,nven temperature or a comparable reaction rate at a lower

was the most cost effective method for treatment of the off gas temperature. The main advantage oi' operating at lower
from the process. TTpicai stream characteristics were a flow oi' temperatures is smaller reactor capital costs. This is because the []
1500 sc'm and a TCE concentration between 100 to 5000 ppmv. volumemc flow rate tbr a given molar tlow rate or waste |The stream was produced continuously. An analysis was throughput increases linearly with temperature as a result ortho

peribrmed to determine the cost of using thermal catalytic ideal gas law. For a seven molar flow rate or waste throughput,

oxidation to treat the off gas. Components of the proces.q are reduction in the absolute reaction temperature by a factor of 2 ml
presented in Figure 1. Capital costs include the costs ,Jr the results in a reduction in the reaction volume by a factor of 2 while |catalytic oxidizer, heat exchanger, scrubber to remove hydrogen still maintaining the same residence time. This results in
chloride (HCI), and blower. Operation and maintenm_ce (O&M) significant savings in the capital cost of the hardware.
costs included cost ibr fuel (natural gash annual catalyst

replacement, labor, and maintenance. The total annual cost ibr The presence of high-energy photons also reduces products of n
the pL.ocess was $158,000. it, complete reaction (PIRs). This effect has been documented in ml

laboratory tests t7) and results in a cleaner and more effectix, e

SOLAR 'rECtLNOLOGY OF CItOICE process.

Advantages of Solar Ener_/ ? ] lR
!

Using solar energy to provide the thermal energy to the i., " ,

destruction reacuon nasa number of advantages, l leatin_ w_th _.;,

|e
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t

500 DDmv ICE _n a',
T=68_F

Flow. 1500 s,chrl ....

24 hrtOay ..... |p

1500 Elm i :_oze¢ --- ,'
o o005 k_..__ , ....

TCE "

24 hr/Oay _'

Cal_lal co_,l. • O&M . ' ....

..... Fuel $50,000 _ .i,2,ior - (?ro, []
I

Ox_ZOr .580.000 Calalysl 2,000 .... ICatalyst 5,000 Lab_ & 34,000
Heat excr_aw,ger 47 000 mamlen,ance -_.,
Scrubbe¢ 288,000 ....

Blower 6,000 $86,000 .

Fi_e¢l charqeo rale=O.l I "i ":_ " _- .... r--,-',--_ I

ToLal $426,000 Annual cos1_44Z6,000) (. 17) • 66,000 _' O0 1 () '_ 1 ;.;. 1

[A,.,,',o.,_._,=_,_sS.ooo] ..... .." r'_,'2q'r-!i_"_;":C.r-_ .";_.;r:'-_,:=:'"¢[iq;,r; !

Figure 1. Schematic of waste treatment using thermal Figure 2. Molar tlow rate for 20% excess air: Incinerator I
catal._ic oxidation using natural gas versus reactor using solar energy |
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Solar t_mfiguranon 1. _he fraction of the solar spectrum that is utdized in a

photolytic rc'action mecnamsm.

I A solar contiffuratmn was developed to treat the same wastestream as that defined lhr tlm conventmnal technolo.g,y. A L! !he absorptivity of the waste molecah,.s or photocatalyst,
schemauc of the conliguratmn ts shown m Figure ;3. Because the
stream is produced continuously, actwated carbon is included in 3. the reaction temperature.

I the process to serve as a storage buffer/'or the waste. The wastestream is fed to bc,d i and purified while bed 2 is regenerated .\ schematic of the mraly'ais method is presented in Figure ,1,
Waste parameters, ft'action of spectrum utilized, and the

Solar Treatment : concentration ratios for the dish and trou_{h are entered. The

_c__mv _(::_,na., :, residence ume m_d total reactor volumes are calculated lhr the
.'.__o F _ dish and trough systems. 'l'he trough aperture width and dishFlow= 1500 sctm

,24 hr/oa¥ 4 area are entered. The trough/reactor length and capital cost are
i Granula,e_] Pu,t,eO

jgas determined along with the annual operating cost of the system.l acDvatea I "

I 0.00052415(30hrldaySCtmTCE"I cartaon[--I[-'--_Granulate°i r'-_ I Heat '''_ , .. :_ , i i The react°r size f°r the dish was determined al°ng with its c°st'acavateop_|:::,o,ar_-4 K _ r}_,Lb.cruo_er _ 0iear Flow Diagram for Calculating Solar Operating Costs
[ carbon I reactor I Ie cnanqe I - '_

I _ :_ I(T>350°CII _(bed 2) 1500 scfm _----':-'_-_ ii

8 hr/day .waste flow rate .fractmn oi solarsp_clzum ut_hzauon
•waste absorl:)uviW,

Capilat costs O&M quantum etltoency .Cor_..entratPon (# oi suns)tor Oish, trough

,," .. I---°c,°°-o ....
Vessels 4.O00 Labor & maintenance $34,000

o,a, ,.,ooo
(Heat excnar_ger 47,000 for T>350C)
SePabl3e.r 288,000 Fixed charge rate =0, t7 _ '....,owe,  .000 I.t,I, 34.00
Total $734,000 (781,000) [Annual cost.St59,000 ] Input.ough

t _ IC&lculale reactor s,ze, I
Calculate uoug_v_

Figure 3. Schematic of solar treatment configuration ter_h, _pit=cost J [_actorcost :

I ... J , __,,,s_reacOr;q

r..=-.

Calculate annual cost 1
Jfersystem ) J_equu'ed, total car_tal costs(

I Calculate annualusing solar energy. Because regeneration only occurs an average costt0rsystem
of eight hours per day, the average volume fraction of TCE exiting

m the carbon bed is 0.0015. IfTCE is desorbed at a volume fractiongreater than 0.0015, the average flow rate to the reactor will be
less than 1500 scfm resulting in a smaller reactor and lower Figure 4. Flow diagram of analysis metimd
capital costs,

m Azi argument can be made that carbon storage could be used in The number of dishes was then determined along with the total
the thermal catalytic oxidation method to reduce reactor size and capital cost. The annual operating cost is then determined for the
cost in that case. However, increasing the concentration of the dish system,

I chlorinated organic in the gas stream is not possible because it
results in rapid deactivation oi"tbo catalyst, COST COMPARISON

Documented cases show that soil vapor extraction can work more Many cases were run to determine the variation of annual cost

m efficiently when the soil pumping is peribrmed on a intermittent with the operating parameters. 'l.'he results are presented in
basis (8). This results from the time required Ibr the gas phase Figures 5 through 8. The base case (Figure 3} had the following
organic concentration to come to equilibrium with the organic that operating parameters:
is adam'bed to the sod particles. Under these circumstances, a

i solar coniiffuration could operate on an intermittent, basis and 1. maximum wavelength utilized = ,120 nm t5% of spectrum)
would not require activated carbon storage,

2. absorptivity = lO,000 l]mole/cm
Analyses were performed using both trough az_ddish designs. For
temperatures below 300 °C, a trough configuration was used and 3. reaction temperature = 300 °C.

I the hardware cost included the cost of a catalyst. Fortemperatures above 300 °C, a dish configuration was used. The Maxim,,m wavelength rind absorptivity were based on the
base case tFigure 8) at 300 °C used a dish configuration, absorption spectra of the photoinitiators molecular chlorine and

formaldehyde, The reaction temperature of 300 °C was chosen

l Size and cost of the carbon, heat exchanger (required for reactor because this was the lowest temperature at which photointitiatedtemperatures above 350 °C), scrubber, and blower were destruction of methylene chloride occurred using molecular
determined in the same manner as those tor the conventional chlorine as the initiator. The corrosive properties oi"molecular
thermal oxidatiop, system. A method was developed for chlorine precludes its use in a large-scale process. If another

i determining the size and cost of the solar hardware. Because the initiator can _.-, found that has a comparable ability to initiate
exact operating parameters of the solar reactor are not known, the photoreactim but is not corrosive, it will form the basis Ibr a
size and cost of the hardware were determined as a function oi" competitive solar process.

!
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In ,_d_tion. other factors inciuUe . •................................................................. III

1. ',.rough reactor cost = 50(.)$,/mete.r inclumn_ catalvst_

,1 I
'2. trough cost = 200 S/meter

3. trough aperture = 3 meters :._ '

• _ I

.1 ftish area = 50 meter 2 ,

5. dish cost = 200 $/meter 2

d. dish reactor cost = 9725(Vrctr0.20)06 $ " . ' '*"_ ' : I

I

Vrctr reactor volume in m 3 -:coo _ ::.,,se . ._7 "• . . _.

III-, /

7. fixed charge rate = 0.17. _ I [
/

The dish reactor cost varies as a function of volume to the 0,6

power _9). This is because process vessel costs are proportional to i
vessel su.trace area rather than vessel volume. _o000o +........................ I I-r---r.-_,

4_)00 *.000 ?_000 _;OOO 'li
:2000o . ,.',._,[)[" :_ .... rr_ 0 1@ / ,,Zr':q ;

]

!4

• Figure 6, Annual cost versus absorptivity of waste or initiator
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IFigure 5. Annual cost versus maximum wavelength utilized
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The [-'_se case parameters correspond to the costs presented in " _' ...... ". _, -.-. r?"_F)C:_(: "..., r ,:? |
Figure 3. Figure 5 shows the variation of annual cost w_th
maximum wavelength utilized. It can be seen that the annual
cost drops dramatically with an increase in the m_xximuru Figure 7. Annual cost versus temperature for a reaction rate lt
wavelength utilized. Figure 6 shows the variation oi"annual cost that increases with temperature |with absorptivity of the waste or photocatalyst. Again, the annual
cost vanes dramatically with this parameter.

Annual cost also vanes with temperature because of a number of I
effects. The volumetric flow rate of a gas increases linearly with II
absciute temperature. This effect causes the reactor volume, and temperature for a process that has an increasing photolytic
therefore its cost, to increase with increasing temperature, l'he .,:eactmn rate with temperature. This temperature dependence _s
reaction rate is "also temperature deI_endent. This effect causes typical fi_r pure photolytic reactions and favors operation at hiI_h I
the reactor cost to be lowest at temperatures at which the reaction temperatures. Figure 8 shows the annual cost as a function oi' ml
rate is highest, temperature tor a process that has a reaction rate that is

relatively constant w_th temperature. This temperature
The variation of annual cost with temperature is shown in Figures dependence has been observed in photoinitiated and photocatalytic I
7 and 8. Figure 7 shows the annual cost as a function of reactions and favors operation at low te,_nperatures. II

' |,
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i ........................................................................................... radimlt heatm_ and photo-enimnced reaction r:m,','_, S_hu"
destructmn processes can compete wltil the best collverltiontI_

'altermmve ii*the hardware size ar, d c'.os_can br,,reducc(i throul_h

I efficient utilization of the solar spectru;a.
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