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ABSTRACf 

Field Demonstration of Biological Denitrification of Polluted Groundwater 

and 

Pilot Scale Field Testing of Biological Den.itrification 
with Widely Varied Hydraulic Loading Rates 

From 1989 through 1991 a pilot-scale field study of biological denitrification of 
shallow groundwater was conducted by faculty and students at the University of 
Co~orado at a site in Brighton, Colorado. One purpose of this study was to 
demonstate the reliability of the biological process under field conditions, including 
natural variations in water quality, especially nitrate concentration. A second more 
specific goal was to study the effect of flow variations on the denitrification process. 
Especially of interest were large changes in flow resulting from seasonal fluctuations 
in water use. We have found that the fixed biomass denitrification reactor used in 
the Brighton study readily adapted to fourfold variation of hydraulic loading rate (1.8 
to 7.2 m3fm2Jday). At all loading rates, nitrate was reduced from over 13 mg/1 to less 
than 5 mg/1, as N. These findings were significant for two reasons: 1) they have 
demonstrated that it is not necessary to maintain unused biological capacity to insure 
consistent denitrification performance during seasonal water demand changes, and 
2) the adaptation was not predicted by previous investigators, whose observations 
were based on short duration experiments. 

Final polishing of biologically denitrified water is necessary to remove biomass­
generated by-products. We have studied the removal of these contaminants in two 
downstream processes, a biofilm prefilter and a slo~ sa.nd filter. The prefilter I slow 
sand filter combination consistently produced water with turbidity of 0.5 NTU. After 
maturation, total coliform bacteria were reduced by over 95%; no E. coli were ever 
found. Furthermore, the effluent water had the same organic "fingerprint" as the 
untreated Brighton water supply, indicating that a polishing process had been 
developed to reliably produce denitrified water to meet potable standards. 
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1. MOTIVATION FOR RESEARCH 

Nitrate contamination of much of t.he world's groundwater resources has 
reached serious levels. As researchers document the acute and chronic health effects of 
nitrate contamination of drinking water, the need for effective treatment strategies 
becomes increasingly important. Although current technologies such as reverse 
osmosis and ion exchange can remove nitrates from drinking water, these processes 
are not feasible for many communities which are most affected by nitrate pollution, 
namely small towns in rural and semi-rural areas. For this reason, new nitrate 
removal methods must be developed which can be successfully implemented by these 
small communities. 

. 
The major acute health concern posed by nitrate contaminated water is the 

blood disorder methemoglobinemia which is potentially fatal to infants. Jn Want 
methemoglobinemia or "blue baby" disease, nitrate is converted to nitrite, which is 
taken up by hemoglobin to form methemoglobin. Methemoglobin renders red blood 
cells unable to transport oxygen from the lungs. In infants, nitrate is converted 
especially efficiently to nitrite and methemoglobin is not destroyed fast enough, 
leading to oxygen deficiency and possible suffocation (Shuval et al., 1980). 

Other chronic health effects of nitrate have been noted, but not as clearly. IP 
adults, nitrates can be converted to N•nitroso compounds by bacteria in the saliva, 
stomach, or infected urinary bladder. These compounds have been associated with 
cancers of the stomach, esophagus, nasopharynx, and urinary bladder (Forman, 1989). 
It has also been suggested that leukemia and non·Hodgkin's lymphoma may be 
induced by N·nitroso compounds (Weisenburger, 1990). 

Because nitrate is very soluble and therefore highly mobile in water, it has 
become a common groundwater contaminant. The major sources of nitrates in 
groundwater are agricultural fertilizers (both chemical and natural), certain industrial 
wastewaters, and municipal waste waters. Nitrate contamination of groundwater is 
especially a problem for small rural communities where over-fertilization and 
minimal wastewater treatment have pushed nitrate concentrations to critical levels in 
many regions. 

ln Europe, a survey of the nitrate contamination situation in the twelve 
European Economic Community Member States was presented at a Seminar of the 
European Institute for Water in 1985. The data indicated a tre.nd of increasing 
contamination of European waters. An alarming percentage of these waters exceeded 
the EEC standard of 11.3 mg/1 NO]-N. The foUowing is a summary of some of the 
findings <Fried, 1990). (Concentrations of nitrate have most likely increased in the six 
years since this survey was conducted.) 

Bel&ium - Groundwater concentratio.ns of nitrate ranged from 2.3 mg/1 NOJ­
N in the Ardennes to 22.6 mg/1 N03-N in the Bruxellian sand, with an 
average concentration of 4.5 to 11.3 mg/1 N03-N i.n the agricuJtural zon.es 
south of Brussels. 
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Denmark - Waterworks supplying more than 99% of the drinking water to 
the population, have shown nitrate concentrations greater than 11.3 mg/1 
NOJ-N in 8% of the plants. 

Germanv - Surveys show that 5% of the waterworks supply drinking water 
with nitrate concentrations in excess of 11.3 mg/1 NO)-N. 

France - In 1981, the Ministry of Health found that more than one million 
people were supplied with water containing nitrate concentrations greater 
than 11.3 mg/1 NO)-N (approximately 2% of the population). H the present 
trend were allowed to continue, It was estimated that 20% of the population 
would be supplied with nitrate contaminated water exceeding 11.3 mg/1 ND)­
N by1995. 

In the United States, surveys have found that approximately 5 percent of the 
private wells sampled had nitrate levels above the U.S. Primary Drinking Water 
Standard of 10 mg/1 NOJ-N. In areas of the country that are heavily farmed, up to 20 
percent of the wells exceed the standard (Amsden, U.S. E.P.A.). In Colorado, a recent 
report of the Colorado Water /Sewer Needs Committee (Colorado Division of Local 
Government, 1989) categorized the drinking water supplies of Baxter, Brighton, 
Chambers Subdivision, Fort Lupton, Gilcrest, Hudson, Kim, LaSalle, Milner, Peyton, 
Platteville, and Southgate as demonstrated health hazards or producing immediate 
health effects due to high nitrate concentrations. 

By law water sources exceeding the nitrate standard of 10 mg/1 N03-N must be 
treated. Most nitrate polluted groundwaters which are potential sources of potable 
water contain between 10 and 40 mg/1 N03-N. Within this range biological 
denitrification, using a fixed biofilm reactor with acetic acid as the supplemental 
carbon source, is economically competitive with ion exchange and reverse osmosis. 
Furthermore, it avoids the problems of by-product (brine) disposal associated with ion 
exchange and reverse osmosis, and does not require specially trained operators. The 
simplicity of operation of fixed biofilm processes makes biological denitrification a 
suitable choice for water treatment in small communities which do not have the 
resources to run an ion exchange or reverse osmosis plant. 

There are some aspects of potable water denitrification that are significantly 
different from wastewater processes. One is the requirement for reliability. Another is 
the concern about bacteria contacting potable supplies (even nonpathogenic bacteria). 
For these reasons, the following study was undertaken. 

2. BIOLOGICAL DENITRIFICATION 

Nitrate is removed from water readily by denitrification, a bacterial respiration 
process which has end products of dinitrogen gas and nitrous oxide (Payne, 19?3). 
Denitrification is carried out by numerous bacterial species found in soil and aquatic 
environments. These bacteria are primarily facultative heterotrophs, which can respire 
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using either oxidized nitrogen or oxygen as a terminal electron acceptor. 
Denitrification is inhibited by the presence of oxygen which is a more energetically 
favorable electron acceptor for the bacterial cell (Painter, 1970). 

Heterotrophs require an organic carbon energy source (electron donor) for 
respiration. Since most drinking water supplies contain very little organic carbon, 
supplemental organic carbon must be added to the reactor influent for significant 
denitrification to occur. The carbon source chosen for the research described here was 
acetic acid, because of its availability, non-toxicity to humans, solubility in water and 
the ease with which it is degraded by a broad range of bacterial species. Furthermore, it 
can be stored without some of the special precautions required for the more flammable 
organic compounds, methanol and ethanol. 

3. PREVIOUS RESEARCH AI C.U .. BQULPER 

Stoicbjomth:y 
Research a.t the University of Co.lorado was begun by Nevis Cook, J. Silverstein 

and Victor I<etellapper (1988) who created a rational theoretical framework for 
determining the quantity of acetic add required for complete reaction of all influent 
nitrate and dissolved oxygen. The stoichiometric equations given below were 
developed by assuming that 65 percent of the carbon source (acetate) is u sed for cell 
production when molecular oxygen is the terminal electron acceptor and tha t 35 
percent of the acetate is converted to cell mass when nitrate is the terminal electron 
acceptor: 

1.00 ();! + 1.43 CH3coo· + 0.263 No3- + 0.263 H+ -> 
0.265 C5H7N0;! + 0.0523 C02 + 1.43 HCOJ· + 0.63 H20 .. ... .... . .. Equation (1) 

1.00 NOJ- + 0.877 CH3COO' + H+ - > 
0.0877 C5H7N0;! + 0.456 N2 + 0.422 C0;! + 0.877 HCOJ' + 1.07 H2<) .•... Equation (2) 

These equations were ther1 verified experimentally using a bench scale packed tower 
denitrification reactor (I<etellapper. 1988). 

Kinetics 
A half-order model has been used to model fixed film denitrification kinetics 

Oiarremoes, 1976). The half-order rate expression is: 

r = -kC 1 12 • . • • • • • • • • • • • • • • • • • • • • . . • • • • . . • . • • • • Equation (3} 

where: C • Substrate concentration (mg/ 1). 
k = Half-order reaction coeffident ((mg/1)1/2/min). 
r • Rate of substrate removal (mg/1-min). 

3 



From Equation (3), assuming an ideal plug-flow reactor: 

C112 = Co1fl- K9H ...........•••.. ... •..•.......•.... Equation (4) 

where: C = Nitrate nitrogen concentration after detention time 9 in the reactor. 
Co = Initial (reactor influent) nitrate nitrogen concentration. 
K = Combined half-order reaction coefficient (includes integration constant). 
9H = Hydraulic detention time (empty bed). 

Reactor 
From November 1988 through October 1989, pilot scale tests of a fixed bed 

denitrification process were conducted by Bill Hogrewe and faculty investigatoTS {1990) 
in the University of Colorado En'fironmental Engineering Laboratories. Table 1 shows 
the standard operating conditions for these tests. Hogrewe et al .. developed a procedure 
for removing excess biomass which aJiowed continuous reactor operation as welJ as 
completing an extensive series of tests to determine the steady state performance of the 
reactor system with respect to nitrate concentration reduction. Hogrewe verified the 
half-order kinetic model, with the f1tted constant K ranging from 0.025 to 0.049 
(mg/J)1/2fmin (Hogrewe, 1990). 

Table 1: Standard Reactor _Ot>eratin2_Conditions for I -""" SttJdv at C.U. 
Influent Nitrate: 19.5 mg/1 N03-N 
Influent Dissolved Oxygen: 2.8 mg/1 
Influent Acetate: 90% of stoichiometric 
influent Alkalinity: 200 mg/ 1 as CaC0;3 added 
Temperature: 21 C 
pH: 6.5 
Flow: 1.1 1/min. 
Hydraulic Loading: 3.63 m3fhr./m2 

Filtration 
To demonstrate a fil tration technology appropriate for small communities 

capable of producing water meeting the turbidity and bacteriological standards for 
potable water, the denitrification reactor effluent was applied to two slow sand filters 
operated in paralle.l for a period of three months. During the first month of operation, 
two different filter configurations were investigated, during which odor and head loss 
problems arose. For the last two months, the operating conditions summarized in 
Table 2 were used for both filters (Bram, 1990). The denitrification effluent was also 
aerated within both of the slow sand filters by using an air stone suspended in the filter 
influent basin above the filler sand surface. 

Table 2: Standard filter ne> Conditions for Tests Conducted at C.U. 
Sand Depth: 
Sand Size <D1o>: 
Uniformity Coefficient (Oro/ D1o>: 

1.0 meter (3.25 11.) 
0.92 mm (0.036 ln.) 
2.3 

Hydraulic Loading: 0.08gpm/sq. ft. 
Terminal Head: 1.0 meter (3.25 ft.) 
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Both filters achieved effluent turbidity levels ~onsistently below 1.0 NTU after 
the fifth day of operation. The filters operated for 51 and "59 days respectively before one 
meter of headloss developed, and the run was stopped (Bram, 1990). This was 
considered an acceptable run length, demonstrating that slow sand filtration was a 
viable filtration choice following denitrification and preceding disinfection. 

4. DESCRIPTION OF CURRENT PROJECT 

Based on the previous research, a field demonstration of the biological 
denitrification process followed by slow sand filtration was initiated. A simplified 
schematic of this facility is shown in Figure 1. It was the objective of the project to 
demonstrate the operation of the plant under conditions which are typical of a small 
community water supply operation, i.e., significant periods of unattended operation, 
natural variations of water temperatures and influent nitrate concentrations, and 
seasonal variations in water demand producing variations in hydraulic loading to the 
denitrification tower. After slow sand filtration the performance of the plant was 
expected to produce a high-quality water meeting the Safe Drinking Water Act 
standards for n itrate, turbidity, and coliform bacterial concentrations. 

Fi&ure 1: Schematic of Pilot ~!ant 

Denibification 
Reactor 

Acetate Feed ----1 

Vertical Roughing 
Filter 

Slow Sand 
Filter 

Out of several Weld County communities, Brighton was selected as the final 
location for the demonstration facility. Brighton's water supply is drawn exclusively 
from a shallow aquifer with a nitrate-contaminated groundwater which contains 
between 13 and 17 mg/1 nitrate nitrogen (1.3 to 1.7 times the standard). Using Brighton 
water as an influent to the denitrification reactor provided an excellent opportunity to 
test the reactor's performance on a naturally occurring contaminated groundwater. A 
summary of Brighton water characteristics is shown in Table 3. 
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Table 3: Summarv of Bri2hton Water Characteri~tics 
Nitrate-Nitrogen: 13- 17 mg/1 NOJ-N 
Dissolved Oxygen: 5 - 6 mgll 
Temperature: 15-16 C 
pH: 7.8 
Alkalinity: 320 mg/1 
Calcium: 44{) mg/ 1 
Sulfate: 330 mg/ 1 

Denitrification Reactor WNRl 
The effects of varying the hydraulic loading on the DNR were investigated by 

Nevis Cook, J. Silverstein and Marcia Mendonca (1991). The long-term (21 day 
average) performance of the reactor and the short-term (48 hour) response to regular 
air scour were of prim.ary interest. An investigation into the effects of varying the 
hydraulk loading rates on a biological denitrification reactor has been previously done 
by Harremoes (1976). He reported no significant changes in the half-order rate 
coefficient, K, when hydraulic loading rates ranging from 11.4 to 27.3 m3fhr fm2 were 
applied to a down-flow denitrification packed tower. Based on these results, an 
increase of the hydraulic loading should result in a decrease of the reactor's 
performance, i.e., an increase in nitrate concentration in the reactor effluent. 

However, an increase in hydraulic loading rate at a constant co.ncentralion of 
nitra te and acetic acid results in an increase in mass loading of both electron donor and 
electron acceptor to the denitrification reactor. From previous studies (Cook et a!., 
1990), it was suspected that the reactor could accommodate biofilm growth resulting 
from long-term changes in hydraulic loading. U this were the case, K would increase 
and long-term denitrification performance of the reactor would not decrease. 
Therefore, the primary purpose of these experiments was to test the constancy of K at 
various hydraulic loadings, as well as to investigate the recovery of the reactor after air 
scouring procedures. 

Operation. of the reactor began in January 1990 continuing through May 1991, for 
a total of 17 months of continuous operation. Figure 2 shows the denitrification reactor 
configuration. The reactor consisted of a single upflow packed column 15.2 em in 
d iameter and 5.2 m high. Twelve sample ports were evenly distributed along the 
length of the reactor (41cm apart), with an additional sample port on the influent line 
as well 4.7 meters of the reactor height was packed with a high porosity plastic media 
(Jaegar Tripack #2). The remaining volume was reserved for bed expansion during the 
air scour procedure which was periodically carried out to remove excess biomass. 
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Figure 2: Denitrification Reactor Configuration 
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During the period of pilot plant operation, two separate hydraulic loading 
sequences were performed. In the first sequence, there were three loading periods: 
from January 22 to May 4, 1990 the hydraulic loading was 3.6 m3/hr/m2, from May 5 to 
July 7, 1990 the loading was increased to 7.2 m3/hr / m2, after July 7, 1990 the loading 
was reduced back to 3.6 m3/ hr I m2. In the second sequence, performed by graduate 
students at the University of Colorado (Dunning et al., 1991), there were two periods of 
constant loading: from January 24 to February 26, 1991 the hydraulic loading was 1.8 
m3/hr/m2, after February 26,1991 the loading was increased to 11.6 m3/hr/m2. 

Because of the possibility of producing anaerobic conditions in the reactor 
effluent which could lead to odor problems, and the fact that the nitrate concentration 
need only be reduced to less than 10 mg/1 N03-N, it was decided to limit the acetic acid 
feed to 75 percent of the stoichiometric requirement for complete removal of influent 
dissolved oxygen and nitrate. In addition to avoiding anaerobic conditions in the 
reactor emuent, this "'standard" mode of operation has the advantage of minimizing 
acetic acid requirements. 

For continuous operation of the reactor, it is critical to remove excess biomass 
which accumulates in the reactor due to bacterial growth. Once every three weeks, a 
five minute air scour of 0.5 m3fmin per m2 of reactor cross-section was applied. Tb.e 
reactor was then drained, removing any biomass that was loosened during the air 
scour. The period of time between air scours constituted a cycle, maki.ng one cycle 
equivalent to 21 days of reactor operation. 

Two or three times per week, samples of the DNR influent and effluent were 
analyzed for nitrate u.sing the uV spectrophotometric method (Standard Methods, 
1990), as well as for turbidity (Hach 2100A). On.ce per cycle, a reactor profile was also 
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analyzed for nitrate. Pressure in the DNR was measured with a pressure gauge 
connected to sample port #1 at the bottom of the reactor. An ISCO (model 1390) 
automatic sampler was used to take samples from the DNR effluent every 2 hours for 
48 hours after a backwash to form a reactor recovery profile. These results are 
presented and discussed in Section 5. 

Slow Sand Filter (SSF) 
The ability of a slow sand filter and a roughing filter + slow sand filter 

combination to act as a polishing process for DNR effluent was investigated by Nevis 
Cook, J. Silverstein and Roger Sydney (1991). In particular, the fate of particulates, 
pathogenic and non-pathogenic bacteria, dissolved and colloidal organic coqtpounds, 
and chlorine demand in the downstream processes were examined. Run time was also 
investigated as another important parameter of filter system performance. 

Operation of the slow sand filter ran concurrently with the denitrification 
reactor from January 1990 to May 1991. Figure 3 shows a schematic of the slow sand 
filter . The slow sand filter stood 2.4 m high, with a cross sectional area of .348 m2 (.6 m 
by .58 m). The filter medium consisted of 90 ern of sand (d = .85mm, uniformity coef. = 
1.53), placed over 20 ern of gravel which acted as an underdrain. The effluent outlet 
was placed 1.4 m from the bottom of the filter providing a minimum water level of 40 
ern above the surface of the sand. 

Fi~ure 3: Filter Configuration 

..... ,~ 
fll trr 
t f flutnt .. 

... 

The hydraulic loading on the SSF was maintained at 3.16 l/min.-m2 
(approximately .08 gal/min-ft2), corresponding to a flow rate of 1.1 1/min. When a 
head loss of 90 em above the effluent outlet was achieved, the filter run was terminated 
and the top layer of sand was removed. 

The filter runs can be divided into three categories, runs 1-6 without a roughing 
filter (RF), runs 7 and 8 with a roughing filter preceding the SSF and run 9 with a 
roughing filter and with the DNR covered to control algae growth. The roughing filter 
consisted of a 2.6 m high acrylic cylinder, 15.2 em in diameter, packed with high rate 
plastic roughing filter media (Koch Flexirings). The cylinder was covered to prevent 
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the growth of algae. 

Two or three times per week dissolved oxygen, flow rate, nitrate concentration, 
pH, total organic carbon, total suspended solids, turbidity, temperature, and headless 
were measured. The presence or absence of coliform bacteria and E. coli were tested for 
runs 7, 8, and 9. In addition, chlorine demand and a heterotrophic plate count were 
conducted for run 8, and an apparent molecular weight distribution of nonpurgable 
organic carbon was determined for run 9. 

5. DENITRIFICATION REACTOR RESULTS 

The following is a summary of Mendonca's work on biological denitrification of 
a nitrate contaminated groundwater in Brighton, Colorado (Mendonca, 1991). 

Long Term Results . 
Figure 4 shows the long term influent and effluent nitrate data. It should be 

noted that sporadic failures of the feed system occurred during the first 11 days of 
operation at 7.2 m3/hrfm2. Table 4 shows the average long term nitrate removal and 
standard deviations for flow rates of 1.8, 3.6, 7.2, and 11.6 m3/hr fm2. 

:z: ., 
II ... 

...... 
t:l' e 

Figure 4· Long Term Influent and Effluent N'trate-N'trogen Data I I 
18 
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.,-~ .... .-..,........,. u .. 12 '"'" + 
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10 + ~ 1.2 m3/m2/hr 
+ 

8 ... + .,r ......... 
6 ~~· '"*+ .......... ~. + ...... ...... ... ... 
4 •+ ++ + ++ • • ... ~- + ...... ~ ..... ++ .... + .... 
2 

... + ..... • . ... ++ + 
0 

+ 

27 -Jan 26- Feb 28-Mar 27-Apr 27-May 26-Jun 26-Jul 25-Aug 
DATE 

• NOx INFLUENT + NOx EFFLUENT 

Table 4: Averal!e Lon!! Term Nitrate-Nitrol!en Removals 
Hydraulic 1.8 3.6 7.2 11.6 
Loading m3/hrfm2 m3fhrfm2 m3/hrfm2 m3/hr/m2 

Std. Std. Std. Std. 
Statistic Mean Dev. Mean Dev. Mean Dev. Mean Dev. 

Influent N03 12.5 0.3 13.0 0.7 14.0 0.7 16.8 0.4 
(mg/1 - N) 

Effluent N03 4.4 1.0 4.6 20 5.7 25 120 1.2 
(mg/1- N) 

Removal N03 8.1 1.3 8.4 21 8.3 2.0 4.8 1.6 
(mg/1- N) 
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The system was obviously overloaded at a hydraulic loading of 11.6 m3/hr/m2, 
and no other useful results were collected. A t-test was applied to the nitrate removal 
data (excluding data at 11.6 m3/hr /m2) and it was concluded with 99% probability that 
the nitrate removals were the same. These results indicate that the DNR was able to 
accommodate long teim changes in hydraulic loading by increasing the rate of nitrate 
removal (K) at higher flow rates, thus maintaining nitrate remova I performance. lt is 
interesting to note that although the DNR was able to adjust to the higher flow rate, it 
did take some time for it to reach the same denitrification level achieved at 3.6 
m3/hr/m2. This can be seen in Figure 4 by the steady improvement of the DNR's 
nitrate removal performance during the 7.2 m·3fhr /m2 period. This seems to indicate 
that an adjustment period is necessary for the biomass to assimilate to the new loading 
conditions. 

Kinetics 
Figure 5 shows typical nitrate profiles for hydraulic loadings of 1.8, 3.6, and 7.2 

m3fhrfm2. Average values of K were calculated for each of the flow rates and are 
shown in Table 5. The average rate coefficients Kt, K2, and K3 were compared using at­
test. It was found that K2 was significantly greater than K1, and K3 was significantly 
greater than K2 (K1 < K2 < K3l, i.e., the half-order reaction rate coefficient appears to be 
a function of hydraulic loading. 

Figure 5: TyJ2ical DNR Nitrate-Nitrogen Profiles 
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1.8 .0090 .0022 
3.6 .0161 .0056 
7.2 .0437 .0078 

Figure 6 shows the half-order reaction coefficient as a function of hydraulic 
loading. This result contradicts Harremoes' {1976) finding that the half-order 
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denitrification coefficient was unaffected by changes in hydraulic loading. It was 
speculated that the period of loading in Harremoes' experiments was shorter than the 
three week minimum periods used for this project, not allowing time for the biomass 
to adapt to the new loading conditions. While Harremoes did not specify the durations 
he used, there is some evidence in his 1976 paper that each loading period was very 
short. 

Figure 6: Half-Order Reaction Coefficients vs. Hydraulic Loading 
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Biomass. Pn:ssun:, Effluent Solids and Turbidity 
One explanation for the proportional increase in K with flow rate (Figure 6) is 

that the increase in substrate loading associated with an increase in hydraulic loading 
resulted in increased DNR biomass growth. In turn, the biological capacity of the DNR 
was increased, resulting in greater denitrification. This hypothesis is supported directly 
by scoured solids and DNR pressure results from hydraulic loading periods of 3.6 and 
7.2 m3 /hr fm2. Effluent suspended solids and turbidity data from these hydraulic 
loadings reinforce the conclusion that the DNR biomass is greater at higher hydraulic 
loading rates. 

Biofilm growth is confirmed by the long term DNR pressure profile shown in 
Figure 7. The general pattern is an increase in pressure from a low value just after air 
scour to a high value at the end of the 21 day cycle, with the pattern being more 
pronounced at the higher hydraulic loading (7 .2m3 /hr fm2). Maximum DNR pressure 
at 3.6 m3 /hr fm2 was approximately 9 psig with a cycle increase of about 1.5 psi g. At 7.2 
m 3 /hr /m2 the maximum DNR pressure was approximately 11 psig with a cycle 
increase of about 2 psig. 

11 



Figure 7: Reactor Influent Pressure, January- September 1990 
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Increased biofilm growth resulting from an increase in hydraulic loading is 
indicated by an increase in the dry weight of scoured solids drained from the reactor at 
the higher loading rate. Table 6 shows scoured biomass data for hydraulic loadings of 
3.6 and 7.2 m3fhrfm2. Scoured biomass is approximately 67% greater at 7.2 m3fhrfm2 
than at 3.6 m3/hrfm2. 

Table 6· Scoured Biomass 
Hyd. Loading Scoured Mean Std. 

Date (m3/hr/m2) Biomass (g) (g) Dev. (g) 

June 14 7.2 100 100 1 
July 5 7.2 99 - -

July 26 3.6 51 59 8 
Aug. 6 3.6 67 - -

Aug. 27 3.6 59 - -

The biomass increase at 7.2 m3/hr/m2 had a marked effect on the effluent 
suspended solids. Figure 8 shows that at a hydraulic loading of 7.2 m3/hrfm2 the 
effluent suspended solids increased to more than three times the average at 3.6 
m3f hr fm2. It is interesting to note that the effluent suspended solids at 2.2 !/ min did 
nol start to increase until after the first cycle, reinforcing the theory that it takes time 
for the biomass to adjust to the new loading conditions. 
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Figure 8: Reactor Effluent Sumendecl Solids. January- July 1990 
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The biomass increase also had an effect on the effluent turbidity. Figure 9 shows 
effluent turbidities for hydraulic loadings of 3.6 and 7.2 ml/ hr/ml. It can be seen that 
the effluent turbidity during the 7.2 m3 /hr / m2 loading period graduaUy increased 
until it was double the effluent turbidity at3.6 m3/hr/m2. Once again this increase did 
not begin until after the first cycle at 7.2 m3/hr/m2, further reinforcing the theory that 
it takes time for the biomass to adjust to the new loading conditions. 

Fif.!ure 9: Reactor Effluent Turbidities. January- July 1990 
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Short Icon RcsponK 
It was expected that immediately after air scour the denitrification performance 

of the DNR would decrease for a short period while the biomass recovered before 
returrung to the performance previous to the air scour. It was discovered that the 
recovery behavior of the DNR operating at a hydraulic loading of 3.6 ml/hr / m2 
differed from the recovery of the DNR operating at 7.2 m3/hr/m2. 
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3.6 m3fhrfm2 
The recovery results for the 3.6 m3 I hr I m2 flow rate presented and discussed 

here are from the period of operation from July 8 to August 29. These results were 
selected because the water temperature during this period was comparable to that of 
the june - July experiments at 7.2 m31hrlm2. Surprisingly, it was found that the 
denitrification performance of the DNR operating at 3.6 m31hrlm2 showed no 
decrease after air scour. Figure 10 shows two DNR recovery profiles. Although some 
variations in nitrate concentration occur in the profiles, the concentration in the first 
sample of a profile does not differ significantly from the concentration in the last 
sample of the profile taken over 40 hours later. This is indicated by the relatively flat 
appearance of the profiles in Figure 10. Statistical analysis of the profile data shown in 
Table 7 verified that the average of the recovery data was identical (99% probability) to 
the long term average denitrification during that same period (July 27 - Aug. 28). Thus, 
it appears that the denitrification capacity of the DNR operating at 3.6 m3 lhr 1m2 was 
not exceeded even though the biomass had been vigorously stripped by the air scour 
procedure. 

Figure 10: DNR Recovery Profiles after Air Scour (3.6 m:l.Jhr/m~l 
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Table 7: Short Term Influent and Effluent Nitrate Resoonse (3.6 m3 Lbr Lm 
Hyd. Loading Profile 1 Profile 2 Long Term 
3.6m3 lhr 1m2 Aug. 6-8 Aug. 27-29 Denit. 

Mean Std. Mean Std. Std. 
Statistic: X} Dev. X2 Dev. Mean Dev. 

Influent N03 13.0 0.4 13.0 0.4 13.0 0.4 
(m~ll- N) 

Effluent N03 3.4 0.8 3.8 1.0 3.0 1.1 
(m~ll- N) 

Removal N03 9.7 0.8 9.2 1.0 10.0 1.1 
(m~ll - N) 
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7.2 m3fhr/m2 

The recovery response of the DNR operating at a hydraulic loading of 7.2 
m3fhrfm2 was significantly different than the response at 3.6 m3fhr/m2. Figure 11 
shows three recovery profiles. In the first two profiles, taken on May 24 - 26 and June 
14 -16, the nitrate concentration in the first sample taken immediately after air scour is 
significantly greater than the nitrate concentration in the last sample taken 40 hours 
later. But, by the third cycle, after six weeks of operation, the profile (taken July 5 · 7) 
was much flatter (as in the profiles shown for 3.6 m3 /hr fm2). 

Figure 11: DNR Recovery Profiles after Air Scour (7.2 m.l/hr /m!l 
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To verify the slope observations made above, linear regressions were performed 
on each profile. The results of these regressions are shown in Table 8. Using a t-test, it 
was concluded that [31 < 0 and [32 < 0, indicating steady improvement in denitrification 
over the 48 hour recovery period. But, it was determined with 99% probability that jl3 
= 0, indicating no improvement in denitrification during the recovery period and 
suggesting no decline in the denitrification performance of the DNR after air scour. 

Table 8: Profilp LinPar Rel?:ression "' <7.2 m3 Ll:!rLm2} 
Profile 1 Profile 2 • Profile 3 

May24-26 June 14 - 16 July 5-7 
Slope (B) - 0.6 - 0.8 • 0.1 

~ - intercept 8.8 7.1 4.7 
• Note: Samples 1, 2, and 3 were not cons1dered. 

It appears from Figure 11 that the average denitrification performance of the 
reactor after air scour improved after each cycle. This trend was verified by making a 
statistical comparison of the average nitrate removals, shown in Table 9, for each 
profile. It was determined with 99% probability that the average denitrification (nitrate 
removal) in the profiles increased from profile 1 to profile 2 to profile 3, i.e., x1 < x2 < 
x3. In addition, the average denitrification .data from profile 3 is similar to the long 
term average denitrification for the 7.2 m3/hr/m2 period. It appears that the DNR 
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adapted to the higher loading rate after the third cycle, and is performing much as it 
did at a flow rate of 3.6 m3 /hr /m2. 

6. SLOW SANP HL TER RESULTS 

The following is a summary of Sydney's work on slow sand filtration of a 
biologically denltrified water in Brighton, Colorado (Sydney, 1991). 

Run Time 
Table 10 shows the run durations for slow sand filter runs 1 through 9. The 

durations of runs 1 - 6 were unacceptably short (average of 11 days). Jt was theorized 
that the high organic carbon loading on the SSF led to intense microbiological activity, 
dogging the SSF with a thick biofilm growth and that a reductio.n of the organic carbon 
loading would lead to longer run times. An aerobic biofilm reactor (trickling filter) was 
placed upstream of the SSF to act as a roughing filter to reduce the organic carbon 
loading on the SSF. During run 8, algae growth was apparent in the DNR, so for run 9 
the DNR was covered to investigate the effect of algae growth in the DNR on the SSF 
run times. 

Table 10· Run Times for SSF Runs 1 9 - . 
SSP Start End Number 
Ru n Date Date of Days 

1 1/22 1/'19 7 
2 1/31 2/12 12 
3 2/13 2/'lh 13 
4 2/2h 3/05 7 
5 3/08 3/19 ]] 

6 3/23 4/(1) 17 
Average for Runs I - 6: ]] 

7 5/'19 7/f!l 39 
8 7/09 8/24 46 
9 8/25 12/04 101 + 
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The addition of the roughing filter led to a dramatic increase in the SSF run 
times confirming the theory that high organic carbon loading played a role in the short 
durations of runs 1 - 6. Runs 1 and 8 had durations of 39 and 46 days respectively. 
Another dramatic increase in run time occurred during run 9 (with the DNR covered) 
which ran for 101 days before being terminated with a headloss of only 10 em, leaving 
80 em still available. This result demonstrated the importance of algae control if 
maximum SSP run times are to be achieved. 

Iurbjd!l)' 
Figures 12, 13, 14, and 15 show turbidity. profiles for SSP runs 1 - 6, 7, 8, and 9 

respectively. The SSF performed very well with respect to turbidity removal. It can be 
seen from the turbidity profiles that under widely varying turbidity conditions in the 
SSF reservoir, the SSP consistently produced an effluent with a turbidity less than the 
MCL of 1.0 N111 and often produced an effluent with a turbidity less than 0.5 NTIJ. 
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Figure 13: Turbidity Profile for Run 7 
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Fi&Ure 15: Turbidity Profile for Run 9 
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Total Suspended Solids ITSSl 
Figures 16, 17, 18, and 19 show total suspended solids profiles for runs 1 - 6, 7, 8, 

and 9 respectively. During runs 1 - 6, the SSF did not remove TSS very efficiently, but 
after the installation of the roughing filter (runs 7 - 9), the SSF consistently produced 
an effluent with a TSS concentration less than 1.0 mg/1. 

Fi&Ure 16: TSS Profile for Runs 1 - 6 
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Figure 18: TSS profile for Run 8 
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Figure 19; ISS Profile for fum 9

i

I
i
i

!
I

" , ,, , Peak 1$
DNR Effluenl, --D--, , 17.15mgfl, , , • SSFR-.voir, ,, , • SSFE!f1uenl

~

, ,, , , .-..~ ,
.§ , ,, I·... ,-..
~

, , ,.'• , , ". ' ", , ..., • ....,,
• ••• • • • • • •, , " " " " " " " " " '"[!ayo/Run

Coliform Bacteria
The presence or absence of coliform bacteria and E. coli were investigated for

runs 7, 8, and 9. In addition 10 determining the presence or absenC(' of coliforms, total
coli forms were found for run 9. Tables 11, 12, and 13 show the results of the
presence/absence tests performed for run 7, 8, and 9 respectively, and Table 14 shows
the results of the total coliform investigations performed during run 9.

dErfR7of rfI A"'"Tbl11Pr• , , eseng: nce co U!rmS an ,to I or yO

Coliforms E. coli
Date DNR Eff. SSF Efi. DNREff. SSF Eff.
Dilution
6 13 0 + - - -
6/19 0 - - - -
6/27 0 + + - -
7/04 0 + + - -

•i
I
i

I

I fdof rfT bl 12 Pres• ,
'"~ "~ co I orms an E. wi J}r Run 8

Coliforms E. coli
Date DNR Elf. SSF Eff. DNREff. SSF Efi.

Dliution
7/16 0 + + - -
723 0 + + - -
7/23 I 10 + + - -
7/23 1/100 + + - -

•
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T ble 13 P esence/ Absence of coliforms and E coli for Run 9 a r ' 
Coli forms E. C••li 

Date DNREff. SSFEff. DNREff. SSFEff. 
Dilution 
9/03 0 + + - -
9/11 0 + + - -
9/18 0 + + - -
9/25 0 + + - -
10/02 0 + + - -
10/09 0 + + - -
10/09 1/10 NA + NA -
10/09 1/100 · NA - NA -
10/16 0 + + - -
10/16 1/10 NA + NA -
10/16 1/100 NA + NA -
10/23 0 + + - -
10/23 1/10 NA + NA -
10/23 1/100 NA - NA -
10/29 0 + + - -
10/29 1/10 NA + NA -
10/29 1/100 NA - NA -

Table 14: Total Coliforms for Run 9 
Date DNR Eff. SSF Eff. % Reduction 
8/28 930 450 51 .6 
9/03 330 160 51.5 
9/11 570 23 96.0 
9/18 1000 10 99.0 
9/25 240 5 97.9 
10/02 200 10 95.0 

Coliform bacteria were present in the SSF effluent on all but two occasions 
when the sample was undiluted, and at no time were E. coli ever discovered. When 
the samples were diluted to 1/100 for tests run during run 9, only 1 out of 4 results 
indicated the presence of coliforms, suggesting a coliform concentration of less than 2 
logs I ml in the SSF effluent. 

The results shown in Table 14 indicate an increase in coliform removal 
efficiency from approximately 51% to 95% as run time increased. This increase in 
efficiency is probably due to the maturation of the SSF's biofilm layer or schmutzdecke, 
leading to an increase in the SSF's pathogenic removal capacity. These results also 
confirm that the SSF effluent contains an average coliform concentration of less than 2 
logs/ml once the filter matures. 
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Chlorine Demand 
The 10 minute chlorine demand was measured four times during run 8. The 

results of these measurements are shown in Table 15. 

Table 15· 10 Minute Chlorine Demand for Run 8 
Day SSF Reservoir SSF Effluent 

Date of Run (mg/1) (mg/1) 
7/16 7 3.4 2.4 
7/24 15 6.5 4.3 
8/06 28 2.1 2.7 
8/14 36 13.9 3.5 

The SSF effluent had an average chlorine demand of 3.2 mg/1. The wide 
variations in the chlorine demand of the SSF reservoir may have been caused by the 
presence of algae. Even with these variations, the SSF produced an effluent with a 
fairly consistent 10 minute chlorine demand. 

HeterOtrQphic Plate Count 
Heterotrophic plate counts were conducted four times during run 8. The results 

of these counts is shown in Table 16. The results indicate a fairly consistent SSF 
reservoir and effluent count. 

Date 

Total Oxganic Carbon (TQC) 
Figures 20, 21, and 22 show TOC profiles for runs 1 - 6, 8, and 9 respectively. A 

TOC: profile was not produced for SSF run 7. Several interesting observations can be 
made about these figures. 
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Fi~re 22; TOC Profile for Run 9 
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The roughing filter was very effective at removing organic carbon. Figures 21 
and 22 show that most of the TOC removed by the polishing process (RF + SSF} during 
runs 8 and 9 was removed by the roughing filter, with only a small amount 
subsequently removed by the SSF. It can be seen in Figure 20 that without the 
roughing filter, the SSF was capable of reducing the TOC to approximately the same 
levels as in runs 8 and 9, but at the expense of run time. 

The roughing fiJter also proved to be very effective at protecting the SSF from 
organic carbon spikes. Figure 21 shows a region of high TOC in t.he DNR effluent due 
to an accidental overfeeding of acetic acid to the DNR from days 9 to 28. The roughing 
filter almost completely reduced this lOC spike, protecting the SSF from a high 
organic carbon loading and a possible decrease in run time. 

It was interesting that the TOC concentration in the SSF effluent was very 
consistent for all of the runs, averaging 25 mg/1 (std. dev. ~ 0.6). Because of this 
consistency and the low TOC removal by the SSP in runs 8 and 9, it was theorized that 
the TOC remaining in the SSF effluent was not very biodegradable and was possibly 
present in the DNR influent (Brighton tap water). 

Apparent Molecular Weight Distrjbutjon of Total Nonpuxgable Organic Carbon 
To better understand the addition and removal of nonpurgable organic carbon 

(NPOC) throughout the system, an investigation of the apparent molecular weight 
(AMW) distribution of total NPOC was conducted during run 9. The distribution was 
determined for samples taken from Brighton tap water, the DNR effluent, the SSF 
reservoir, and the SSF effluent. The results are shown in Figure 23. It is important to 
note that the NPOC for the SSF effluent and Brighton tap water were measured on 
different days than the DNR emuent and SSF reservoir (Brighton tap water (12/04/90), 
SSF Effluent {11/27 / 90}, DNR Effluent {11/6/90), SSF Res. (11/6/90)). 
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Figure 23: A""arent Molecular Weight Distribution for Run 9 
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Examining the figure, it appears that the concentration (mg/1) of NPOC with an 
AMW of lOOk • 10k and 10k • lk remain constant throughout the system, while the 
concentration (mg/1) of NPOC with an AMW distribution less thiln lk WJdergoes an 
increase from Brighton tap water to the DNR effluent and a decrease from the DNR 
effluent to the SSF effluent. It is important to note the simllarlty between the AMW 
distribution of Brighton tap water and the AMW distribution of the SSF effluent. It 
appears that any readily biodegradable organic carbon Is completely removed by the 
system (DNR + RF + SSP), leaving the less biodegradable organic carbon and producing 
an effluent very similar to the system influent (Brighton tap water). 

7. CONCLUSIONS 

The purpose of operating a pilot scale denitrification plant in Brighton was to 
demonstrate the operation of the plant Wider conditions which are typical of a small 
community. A more specific goal was to investigate the response of the denitrification 
reactor to variations in hydraulic loading and periodic air scourings. The performance 
of the polishing process was also investigated to determine if a potable quality water 
was produced by the system. 

The denitrification reactor performed well under field conditions. It was 
discovered that the reactor could accommodate changes in hydraulic loading wi thout a 
decrease in denitrification performance, contradicting other researcher's findings. It is 
believed that this was due to increased biomass growth in the reactor with a 
corresponding increase of the combined half-order rate c:oeffidenl. This was verified by 
scoured biomass and reactor pressure measurements. Short term denitrification 
performance recovery after air scour, which was normally immediate, exhibited a lag 
period at the beginning of a higher hydraulic loading stage. However, after six weeks 
the biomass adapted to the new loading conditions and short term recovery once again 
became immediate. 
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The roughing filter /slow sand filter polishing system also performed well under 
field conditions. The polishing system consistently produced water with a turbidity of 
o.s NTU after maturation of the slow sand filter's schmutzdecke. In addition, total 
coliform bacteria were reduced by over 95% and no E. coli were ever found. It was also 
found that the effluent water exhibited the same TOC "fingerprint" as the normal 
Brighton water supply, indicating that the polishing process was capable of producing a 
denitrified water of drinking water quality . 
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60. 

Gl. 

PROC&ED1NGS: SEV2NTII WORKSHOP ON ON•SITE WASTEWATER Ti(£ATHENT IN COLORADO, 
edited by Robert c. Ward . 

PROCEEDINGS: INTERNATIONAL sYMPOSIUM ON Tire DESIGN OF NA~R QUALITY I NFORMATION 
SYSTEMS, edited by Rob<ert C. Ward, Jim C. Lofti3, and Gr..'lhl)lll $. McBride . 

62 . HYDROLOGIC ~sPECTS OF DAM SAFrY, Edited by Neil S. Criqg. 

63. PROCEEDINGS: HIGH ALTITUDE REVEC£TATION WORKSHOP NO. 9. Edi ted by Warren 
R.. Ke3nlln8rer •nd Jeffrey Todd. 

64. PROCE&OIHGS: COLORADO WATER WORKSHOP, JU~Y 22-24, 1990, •coLORADO WAteR 
INS1'ITU1'IONS., VALUA8l£ T'AAOU'IONS - NEW FRONTIERS. 

65. pROC22DINGS: WATeR PROJEcT DEVELOPMENT AND FINANCING IN TilE l990S, Edited by 
Kate A. Ber-ry. 

66. SOUTH PLATTE RIVER RESOURCE Ml\NAG£MENT: FINDING A BALANCE, by R. Craig Woodrin9, 
8ditor. 

67. COLORADO CITIZENS WATER HANDBOOK - Colorado, The Next 100 Yea~s - by Georqe 
vrane3h. 

TECHNICAL REPORT SERIES 

1. SURPACE REHABILITATION OF LAND DISTURBANCES RESULTING FROM OIL SHALE 
DEVELOPMENT. by c. Wayne cook. 

2. ESTIMATED AV2RACE ANNUAL WATER BALANCE FOR PICEANCE AND YELWW CREEK WATER­
SHEDS, by Ivan P. Wymore. 

3. IMPLEMENTATION Of' TH£ fEDERAL WATER PROJ'ECT RECREATION ACT IN COLORADO. by 
John A. Spence. 

4. VEGETATION STABILIZATION OF SPENT OIL SHALES, by H.P. Horbert and 
W.A. BenJ. 

5. 

6 . 

1. 

8. 

9. 

R£11£GETATION OF DISTURBED SOILS IN VARIOUS VEGETATION ECOSYSTEMS OF THE 
PICEANCE BASIN, by P.L. Si~ bnd E.P . Rede~~e . 

COLORADO ENVIRONMENTAL DATA SYST&MS (.abridged) 1 by Ross A, • Wha.ley a.nd 
A .A. oy•r . 
MANUAL FOR TRAINING IN THE APPLICATION OF PRINCIPLES AND STANDARDS (Water 
Rc30vrce3 Council) , by Henry C3ulCicld, Jr. 

MODELS DllS(GNEO TO 1:\t'PICl ENTLY ALWCIITE t i\RI GAT!ON liA1'ER USE BASED ON CROP 
ReSPONSE TO SOIL MOISTURE STRESS, by R. L. Anderson, D. Y~ron And R. Younq. 
THE 1912 FEDERAL WATER POLLUTION CONTROL ACT'S AREA-WIDE PLANNING PROVI ­
SION: HAS EXECUTIVE IMPLEMENTATION ME-t' CONGRESSIONAL l .Nt'ENT? by D. F . Stark. 

10. EFFICIENCY OF WASTBWA1~R DISPOSAL IN HOUNTAIK AReAS, by Richard G. Walsh, 
Ja~ed P. Soper and Anthony A. Prato. 

11. FEDERAL WAT&R RECREATION IN COLORADO: COMPREHENSIVE VIEW AND ANA~YSlS, by 
Kharol £. s~efanec. 

12. RECREATION BENEFITS OF WATER QUALITY: ROCKY MOUNTAIN NATIONAL Pl\RX, SOUTH 
PLATT2 KIVtR BASIN, COLORADO, by R.G. W~l~h, R.K. Er!C$~n, J.R. McKean 
•nd 1\.A. Youn~. 

13. IMl'ACT OF IRRIGATION EFFICIENCY IMPROVEMENTS ON WATER AVAILA!l!L!TY IN THE 
SOUtll PLATTE RfVER BASI N, by H.W. 8ittin9oC, R.&. l)&nielson, W.A. 2\fa.na, 
w.e. Hart, II.J'. Morel- seytoux and H. H. Sklnn6r. 

1~. ECONOMIC VALUE OF BENEFITS FROM RECREATION AT HIGH MOUNTAIN RESERVOIRS, by 
Richard G. Wal .sh, Robert Aukcrruan .trnd Dc~n Rudd. 

15. WEEKLY CROP CONSUMPTIVE USE AND PRECIPITATION IN THE LOWER SOUTH PLATTE 
RIVER BASIN (tort Horgan , Sterl inq and Julesbur9) 1947-1975. 

16. WATER HANAGE.MEN1' MODEL FOR FRONT RANGE RIVER BASINS, by .John W. t,.abadi.e 
and John H. Sbafer . 

17• LAND TREATMENt OF MUNICIPAL SEWAGE EFFLUENT AT HAYDEN, COLORADO, by K. A. 
Ba rbariek, B.R. Sabey, and N.A. Evans. 

18. AN INTERl\CTIVll RIVllR BASIN WA~R MANAGEMENT MODEL: SYNTHESIS AND 
- - - --APPLICATION. by John H. Shafer. 

l9 . AN ECONOM.IC £VALUATION OF TH'£ GSH€A.Al.. MANAG&P-l.8H'l' r·oR YOSf!MTTR NATlONAl. 
PARK, by Richard c . W&lsh . 

STORAGE ( 

l--
20 . DeVELOPME~T OF ME~HODOLOGIES FOR DETERMINING OPTI~~ WAt ER 

STRATEGIES, by Darrell G. Fontane and John W. Labadie . 
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21, THE ECONOMY OP ALBANY. C~80~. AND SWP.P.twAfP.R COUNTfES, WYOMING • DESCRfP­
TlON AND ANALYSlS, by John R. HcKean and Joseph C. Weber. 

21. AN lNPUT-QUTPUT STUDY OP flm UPPI:R COLOAADO MAIN STEll REGION 01' WllSTel!ll 
COLORADO, by .John R. Kel<can and Jo•eph c. we.ber:. 

23. 'I'Hlt ECOHI'ltiY OP MOFPAT, ROUt'T AIID IUO IILAIICO COUWTl&S, COLOAADO- D'£$CRIP­
TION AMD A»ALYSIS, by John K. HcX.an and Joseph C. Weber. 

2 4 . T112 SUIIvrt-BASEO IIIPUT-ouTPUT IIOOJU. AS A R.ESOORC£ PUlllfTWG WOL. by Jobn 
II. llcke.ln • 

2S TliB I!X:OiiOtl'l OP -TIDIP.STilllll COIOUDO - DESCIUPTJOII Allll AliALYSIS, by S,L, 
c~ar. J.R. ~ .nd ~.c. W•b.r. 

2 • • Alf DI'POT-ooTPot A.XALTSlS 01' SPOitTSJIWI ZXPUDI!"UJU:S .tar CO'CP..UO. by .lobn a. 
HcJWon. 

21. U III?OT-outPOT S1'IIOT OP tH1! JaWO!LliiC !WaOII OF ~ COLOIWlO, l>y Jcbn 
R. llcl(eu Ol1d Josepb W..bet. 

21. U ASSes.sMZXT OF IIAtn 02 AliD PO.I.ICJ:ES tJr IJIQlm!I!IW C1!1 M*DO ClriU, by 
bUy Jl .. Dibt.le. 

2t. All ECOWOMIC IJO>UT-oo!l'UT stWT OF TliB lllliK PIADIS i!£G10ll OF !.AST!U 
COLORADO, by .J.I\ .. Hc:Kun. Jt.JC.. l.rlca.on and J.C. We-ber-. 

30. SMERGT PROilOCTlON AND 115:2 Ill COI.OIW>O' S BlGII PL.UitS iiECfOII, by - llc8rocoo. 

ll. COIII!UWl!Y A~D SOClQ-f<:OIIOIIlC AIIAI.YSIS OP COLDIWlO' S BlC11 PI.UMS alGI Oil, 
by flobe.rt 8urn:s. 

32. KYOROLOGlC AJID PUMPING DA,.A POR COLORADO'S OGAl..LA.LA ~OOIFER REGJON, 1979, 
by Ro~rt Lonqenbau9h . 

33. rROJECT!lD POPULA'l'JON, EI<I'LOYHZNT , AND ECONOKJC OUTPO'l' IN COLORADO'S EASniUI 
HICH PLAINS, 1979-2020, by John R. KeKoon . 

3 4 . EN2RGY AND WATE!t SCARCITY AND Tlll'l lRRICATED AGRICULTURAl. ECOMOHY OP TilE 
COLORADO HIGH P~NS: DIRECT eCONOHIC•HYDROLOGIC IMPACT FORECASTS Cl~79• 
2020) , by R.A . Younq, L.R. Conklin. R. A. 1ongeobaugh and M.~. Gatdner. 

35. THE ECONOMI ES OF MESA COUNTY AND GARFIELD, MO~PAT , RI O BIJINCU AND ROUTT 
COUNriES, COLORADO. by J.R. HcKoan, J.C. W$beC and R.K . Ericson. 

)6. TlfE ECONOM'I OF t He POWDeR RJVI\R 111\SIN ReGION oP EASTERN WYOMING: DESClUP• 
tlON AND ANALYSIS, by J . R. McKean, J.C. Weber and R.X. Ericson. 

37. AN l NTE!tlNDUSTRl ANAI.YSJS OP THI\EE PRONT RANGE FOOTHILLS COHIIUN1Tll!51 
ESTES PARX, Cn...PfN COUJI'n' AND WOODI..NlD PNUC, COLORADO, by John R. HcXean. 
Wa.rr·eD Troclt .and David R. Sene. 

)1. G:ROUND-tiAu::R OU.U.I'f"t R£GVLA1'10N Uf C'OLOJU.DO, by 'rbOIUs .J. LOofL. 

lt. SP<lR1'SittJI BXPuntruKU FOk WilTING AliD FlSBIWG Ill COLORADO • USl. by .John 
"· llckOJ> o.rul !Winetll c. ttobe . 

4 0 , D!J'.: l!:a»>IM! 0!' t..IliC'OlM, SUII1Z1'n, SIIZZftAIZ!I AND ltTIITA COIDI'fil!S, ln'OIIUIIi, 
AOCit SPfUXC:S 8Ut DISTtlCT, by J.k. McXu.o ~ J .. C. Webe:-. 

41. tm: ECOloUI'r OP IWWIT, ~ 11110 i'1WIOIIT COVIITl£.5, ~OHiliG. IIAIIlJWS !Ill< 
orsnucr. 1>J .John R. HcJCeon •nd JoMpb c. -<· 

42. THE ECO!ICta OF BIG aoalf. ROt SPAlliCS. P.Aillt AJI'D WASBA.'OE COUJIT12S,. WYOHDKZ, 
WOR.l.AJI:D Bt.ll D 1 Sft: I CT, b)' .JoN. ll. JllciC.a.aD ..,d, .Joseph C. Weber • 

<l. TK1I 8CtJHCAtt OP 8I.S'I'EIIll VTOIIIIIC, CASI'E:It RIM DISft1CT, by .J.ob:l a. ltckO!I ODd 
.Jcu«pb ~. ~. 

44 . Dllll!a AIID nn>J:N:CT !COMOIIlC El'naS Of' BU11U11C All!) ITSII11<G 18 COU*AOCI -
1981, by 3obn R. Hell"'" •nd K•nnetb c. aobe. 

t S. 11m I!:COI<CIKY 0£ SOO'I'lltiZST COLOIIA.DO, OllSCJU:PT:lOOI AKD AV.I.YSU, by 3ohn R. 
KcXa.a.o and 1fe.Ddel~ D. ttln.g•r • 

4S. llXPAIISIOII OP WATER DI!IJIIUT IY IWHIC:UA.I.ITU:S AliD SPECIAl. WA\'Eft DUTIUCTS 
lN THE HOum:Rll !'IIONT IIAIICE, COLOIW>O, U72·1982, by IU~nd L. Andu• on. 

4'7 . HANACINC AN lWTERREt.AT!.O :1~--AOUIP'ER SYSTEM: !CONOHJCS, lN:ST'I1"UTtONS, 
NfDROLOCY,.by J.T. D.aubert, M.A. Young and N.J. Kotel- Seytoux. 

48. P.VAPOTR.ANSPTRAnON OP PHM!ATOPMYT!S IN TH.8 SA~ Wl S VAJ..L2't, COLORADO. by 
Pr.Cerick L. Cbarlea. 

4 9. ECONOMIC BENEFITS AND COSTS OF THg FISH STOCKING PROGRAM AT BLUE MESA 
~SERVOrR, COLORADO, by Donn H. Jobnaon and R1ch~rd G. Wal1h . 
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50. WILDLIFE AND FISH US£ ASSESSMENT: LONG-RUN FORECASTS OF PARTICIPATION IN 
FISHING, HUNT1NG AND NONCONSUHPTIV2 WI~DL1~2 ~REATlON, by R.C. Walsh. 
J).A. H.arpNn, K.H. John, J.R. McKean and Lauren Le-Croy. 

51. STATUS, ISSUES AND IMPACTS OF COAL SLURRY PIPELINES ON AGRICULTURE AND 
WATER, by Ari H. Hl.chels.en and John W. Green. 

52 . COUNTY lNPUT-OUH>UT MODELS FOR TilE STATE OP WYOMING: WITH ANALYSIS OF N8W 
JMOUStR!£S AND NEW CONSTRUCtiON n~PACTS, by J.R. McKean and Aqdcultur&l 1987 
Enterprises, Inc. 

53. GUNNISON COUNTY INTeRINDUSTRY SPENDING AND EMPLOYMeNT ATTRI BUTED TO FISHING 
AT BLOa MESA RESERVOIR. by J.R. HeK•&n, O.H. Johnton and R.G. Walsh. 

5. . REVIEW OF OUTDOOR RECREATION ECONOKIC DEMAND STUDIES WI TH NON~T BENE­
fiT ESTIMATES, 1968-1988, by R.G. Walsh, D.M. Johnson and J.R. MCKean. 

55 . A COMPARISON OF LONG-RUN FORECASTS OP DEMAND POR FISHING, HUNTING, AND NON­
CONSUMPTIVE IIILOLIFE RECREATION DAStD ON filE 1980 AND 1985 SURVEYS, by 
Richard G. Walsh, Xun H. John and John R. HcXe~n. 
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1987 
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Dec. 
19S8 

Dec. 
1988 

Dec. 
1988 

5.00 
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56. MULTIVARlATB METHODS f'OR DE1'ECTING WA't'2R QUAl.lT't t'fl&NOS# by Jim C. LOftis, Feb. 5.00 
Charl•s H. Taylor an~ Phillip L. Chapman. 1990 

57. REAL- fiHE RESERVOIR OPERATION DECISION SUPPORT UNDER THE APPROPRIATION DOCTRINE, Hay 
by John R. Eckhardt. 1991 

lO.OD 

58. VALUING TIME l N TRAV&L COST DEMAND ANALYSIS BY VISITORS TO BLUE HESA RESBRVOIR, 
by John R. McKean, Richard c. Walsh and Donn H. Johnson. 

SPECIAL REPORt SERIES 

1 . DESIGN OF WAfER AND WASTEWATtR SYSTEMS FOR RAPID GROWTH AREAS AND RESORTS, 
by J. Ernest Flaek. 

2 . ENVlRON.H£NT AND COl..ORAOO- A HANDBOOK, edited by Phillip 0. toss. 
3. IlUUGATION DEVELOPMENt POTENTIAL IN COLORADO, by Norman K. Wh l ttle$.;-y. 

-4. ENVIRONMENTAL INVENTORY OF A PORt'! ON OF PICEANCE BASIN lN ltiO BLA.NCO 
COUNTY# COLORADO. 

5. A GUIDE 1'0 COJ..ORADO WATER LAW, by Ward H. Fischer, Steven B. R&y, Glen 0. 
R~~k and Windol L. Wya~t. 

6. WBTWORK ANALYSIS OF RAW WAT2R SUPPLIES ONDER COMPLEX WATER RIGHTS AND 
EXCHANGES: OOCUHENTAflON FOR PROGRAM HODSIM3, by J.W. LabAdie, Andrev H. 
Pineda ~nd Dennis A. Bod• . 
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