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Introduction 
This report details the water quality modeling study performed for the Río Bairoa and Río 
Grande de Loíza at Caguas, Puerto Rico, to assess the impact of the proposed increase in 
effluent discharge from the Puerto Rico Aqueduct and Sewerage Authority (PRASA) 
Caguas Regional Wastewater Treatment Plant (CRWWTP). The current results appear to 
be consistent with the original results reported in our March 1991 report entitled “Caguas 
Gurabo Regional WWTP Water Quality Modeling of Proposed Effluent Limitations”. 
These results indicated that the proposed CRWWTP effluent limitations would result in a 
receiving water quality that meets the Puerto Rico Environmental Quality Board (EQB) 
water quality standards (WQS) of a minimum dissolved oxygen (DO) level of 5.0 mg/L 
at critical low flow stream conditions. The original assessment (March 1991) was 
completed for 6 million gallons per day (MGD) and 12 MGD effluent discharges into the 
Río Bairoa which flows into the Río Grande de Loíza. A projected flow of 18 MGD 
CRWWTP discharge during critical low flow conditions into the Río Bairoa, was 
evaluated with updated stream data in July 1991.  This study expands on the two previous 
assessments by examining the impacts of increasing the plant capacity to an effluent 
discharge of 24 MGD maximum month flow, and 40 MGD maximum daily flow. 
          

Background 
The PRASA CRWWTP is an advanced secondary treatment facility designed to meet 
stringent effluent quality standards including significant nutrient removal. The effluent is 
discharged into Río Bairoa, a tributary of Río Grande de Loíza which feeds Lago Loíza, a 
major drinking water source for the metropolitan San Juan area.  The wet stream unit 
processes of the facility consist of primary clarification, biological selector activated 
sludge, final clarification, dual media effluent filters, disinfection with chlorine, and 
effluent reaeration. Expected effluent values for the facility are presented in Table 1.  Of 
significant importance for this study are the projected effluent maximum monthly 
average CBOD5 and NH3-N levels of 10 mg/L and 1 mg/L, respectively. These values are 
based on extensive process evaluations completed for the proposed facility.   
 

Table 1. 
Caguas Regional Wastewater Treatment Plant 

Proposed Effluent Limitations 

Limitation 
Parameter 

Maximum Monthly Average Maximum Daily 

Plant Effluent Flow, 
MGD 24 40 

CBOD5, mg/L 10 10 
NH3-N, mg/L 1 2 
Dissolved Oxygen, 

mg/L 6.8 6.8 
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The existing biological treatment system was designed with three parallel treatment 
trains.  The total maximum monthly average capacity for this configuration was 12 
MGD. Subsequently the addition of one more treatment train increased the total capacity 
of the plant to 18 MGD.  The facility seeks to improve their onsite treatment processes 
thereby allowing an increased effluent discharge of 24 MGD on a maximum monthly 
average basis and 40 MGD on a maximum daily flow basis.  This analysis evaluates the 
water quality impact of the CRWWTP on the Río Bairoa and Río Grande de Loíza at 
these flows.  For this study CBOD5, NH3-N and DO were modeled.   
 

Stream Characteristics 
Malcolm Pirnie (MPI) requested assistance from the U.S. Army Corps of Engineers 
(USCOE) in 1991 to determine the geometry and hydraulic characteristics of the Río 
Bairoa. The USCOE determined the stream geometry at several locations and performed 
detailed mathematical modeling to estimate the hydraulic characteristics at several flow 
conditions. In addition, the Puerto Rico office for the U.S. Geological Survey (USGS) 
provided stream characteristics for the Río Grande de Loíza at low flow conditions which 
allowed the physical and hydraulic characteristics of this river to be estimated at different 
flows. 
 
The critical physical and hydrologic information required to accurately model the rivers 
includes low flow rates, stream depths, cross-sectional areas, velocities and spatial 
reference to these parameters. As previously mentioned, critical hydraulic and geometric 
characteristics were developed by the USCOE for the Río Bairoa using field surveys and 
the HEC-2 modeling program.  For the present study, the HEC-2 analysis was repeated 
by MPI using the same cross-sections provided by the USCOE in the 1991 report and 
present flow conditions.  Depth and velocity calculations for the Río Grande de Loíza 
were also developed based on the information previously provided by the USGS.  All 
information and calculations used to determine stream characteristics, including the 
HEC-2 output files, are found in Appendix A and are described below. 

Río Bairoa 
The location of the CRWWTP and the upstream and downstream lengths of the Río 
Bairoa are identified in Figure 1. This map also shows the location of five USCOE cross-
sections where data was collected to complete hydraulic modeling of the stream.  Three 
sections are located upstream of the CRWWTP effluent and two are located downstream. 
As shown on Figure 1, the CRWWTP effluent discharges into the Río Bairoa 
approximately one mile upstream of the confluence of the Río Bairoa with the Río 
Grande de Loíza. 
 
The USCOE field data indicate that the stream changes from a relatively steep and 
shallow stream near the effluent discharge location to a wider and slower moving stream 
near the confluence with the Río Grande de Loíza. Cross sectional areas, velocities, 
slopes and water surface elevations for the stream were calculated for the 7Q2 flow 
(seven-consecutive-day minimum flow with a two-year recurrence interval) with the 24 
MGD maximum monthly average flow and the 40 MGD daily maximum flow.  Due to 
several droughts that occurred during the 1990’s, the 7Q2 flow for this stream was 
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recalculated as 2.6 cfs using recent data from USGS monitoring station 50055390.  This 
analysis can be found in Appendix A. 
 
Each cross-section was input into the HEC-2 model to determine the depth of flow, 
velocity, and flow area for each river reach.  The hydraulic depth was used to 
approximate the river depth for these sections.  The output from the HEC-2 analysis is 
provided for reference as part of Appendix A. 

Río Grande de Loíza 
The PR USGS provided the average depth and width of the Río Grande de Loíza in 1991 
for the 7Q2 flow at USGS monitoring station 50055000 located approximately 1.5 miles 
upstream of the CRWWTP discharge.  Due to the droughts during the 1990’s the 7Q2 
flow for this stream was recalculated as 32.0 cfs based on current data from the USGS 
website (Appendix A).  This information was used with the Manning open channel 
equation to estimate the river slope, depths and velocities for the Río Grande de Loíza at 
critical low flow conditions with the Río Bairoa tributary discharges for the two modeled 
CRWWTP effluent flows. The width of the river bed was increased since the USGS 
topographic map of the area showed that the river widens downstream of the confluence 
with the Río Bairoa.  These calculations are provided in Appendix A and the depth and 
area results are used as inputs for the water quality modeling. 
 

Dissolved Oxygen Modeling 
In the previous studies, a mathematical model (DOSAG) was used to determine the 
impact of the proposed CRWWTP effluent discharge on the DO concentration profile in 
the Río Bairoa and Río Grande de Loíza. The model simulates the DO, CBOD5 and 
NBOD profiles in a one-dimensional, advective stream under steady state conditions. 
Documentation and results for 6 MGD, 12 MGD and 18 MGD CRWWTP flows of the 
model were provided in the March 1991 and July 1991 studies.  
 
For this study the EPA model, Water Quality Analysis Simulation Program Version 6 
(WASP6), was used.  This model allows for an analysis of water quality responses from 
point and non-point source pollution.  The water-quality program uses conservation of 
mass principles to track the flow and pollutants through the system over time.  The 
program allows a time varying input of pollutant and flow parameters.  Inputs to the 
model include water body characteristics such as flow, depth, volume, velocity, length, 
and background loading such as treatment plant influent sources.   
 
WASP6 is a one-dimensional model that uses representative cells to define the river 
geometry.  Each of these cells are aligned to define the channel characteristics, flow 
patterns, and pollutant loading.  The WASP6 model uses the physical characteristics, 
reaction rates, upstream water quality, and CRWWTP effluent quality to model the DO 
depletion and pollutant concentrations along the length of the river.  The model inputs are 
described in detail in the following sections.   
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Physical Data 
The WASP6 model was divided into four major segments with uniform characteristics.  
These segments are composed of multiple sub-segments to refine the calculation grid and 
improve the accuracy of the model. The Río Bairoa was divided into three major 
segments to represent the varying hydraulic conditions in the River.  The USCOE data 
indicated that the stream near the effluent discharge location was characterized as shallow 
and fast moving, while the downstream segment near the confluence was characterized as 
slow moving and deeper. The first segment in the WASP6 model represents a short 
length of the Río Bairoa upstream of the CRWWTP effluent which was used to input the 
upstream boundary conditions.  The second segment represents a 0.57 mile length of the 
Río Bairoa just downstream of the CRWWTP.  For the WASP6 analysis, the river 
characteristics for this segment were taken as the average of the river characteristics of 
the HEC-2 cross-sections just upstream and just downstream of the plant.  The third 
segment in the WASP6 model corresponds to the furthest downstream section in the 
HEC-2 model just upstream of the confluence with the Río Grande de Loíza.  The Río 
Grande de Loíza makes up the fourth segment. This segmentation of the rivers for the 
WASP6 modeling is consistent with the segmentation used in the 1991 studies.  Figure 1 
provides a schematic of the segmentation of the model. 
 
As per EQB regulations, the upstream 7Q2 flows, summarized in Table 2, were used for 
both streams.  The average depth, velocity and cross sectional areas for these flows in the 
Río Bairoa were projected for the 24 and 40 MGD design effluent flows and the 7Q2 
flows using the HEC-2 modeling. Similarly, characteristics for the Río Grande de Loíza 
were also projected for the combined 7Q2 flows in Río Bairoa and Río Grande de Loíza 
using USGS data.   
 

Table 2. 
Caguas Regional Wastewater Treatment Plant

Summary of Low Flow Statistics for  
Río Bairoa and Río Grande de Loíza 

Stream 7Q2 (cfs) 

Río Bairoa 2.60 

Río Grande de Loíza 32.0 

 
The USGS maintains temperature records for Río Bairoa and Río Grande de Loíza at 
monitoring stations 50055400 and 50055000, respectively.  The average stream 
temperature for Río Bairoa is 25.5°C while the average temperature for Río Grande de 
Loíza is 26.9°C.  Both streams have periods of record that span a minimum of 10 years.  
Stream temperatures were assumed to be 30°C for the water quality modeling.  This 
value is approximately two standard deviations above the average for each stream 
meaning that 95% of the temperature readings are below 30°C.  The use of 30°C for 
temperature provides a conservative approximation since CBOD5 and NBOD 
deoxygenation rates increase with temperature and further depress the DO profile in the 
stream.   
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Reaction Rates  
The reaction rates used in this study were the same rates as presented in the July 1991 
study which were previously accepted by the EQB:   
 

• The NBOD deoxygenation rate, Kn, was assumed to be 0.1 days-1 at 20ºC. Our 
experience has shown that this nitrification rate is a conservative estimate.  A 
temperature correction coefficient of 1.04 was incorporated into the model to 
convert the 20ºC Kn to the 30ºC value. 

 
• The Kr and Kd rates were assumed to be 0.13 days-1 at 20ºC.    A temperature 

correction coefficient of 1.04 was incorporated into the model to convert the 
20ºC Kr and Kd to the 30ºC values. 

 
The reaeration rate (Ka) for all four segments differed since each segment had different 
stream characteristics of depth and velocity. The WASP6 model was used to calculate the 
Ka for each stream segment based on the velocity and depth inputs to the model.  The 
model output listing this result is included in Appendix B. 

Upstream Water Quality  
Assumptions of upstream water quality inputs were based on information presented in 
other studies.  Data was collected as part of the existing National Pollutant Discharge 
Elimination System (NPDES) Permit at six locations near the plant discharge.  These data 
were provided for model verification and calibration purposes.  These data were used in 
conjunction with data presented in the July 1991 study which were accepted by the EQB:   
 

• The upstream CBOD5 concentration of 2.6 mg/L was used for Río Bairoa as 
reported in the permit model calibration data. 

 
• The upstream CBOD5 concentration of 1 mg/L was used for the Río Grande de 

Loíza which is consistent with the July 1991 study. 
 

• The CBODu/CBOD5 ratio of 1.29 previously presented in the July 1991 study 
was utilized in this evaluation.  The WASP6 model input requires the CBODu 
values. 

 
• The upstream NH3-N concentration of 0.7 mg/L was used for Río Bairoa as 

reported in the permit model calibration data. 
 

• The upstream NH3-N concentration of 0.2 mg/L was used for the Río Grande de 
Loíza which is consistent with the July 1991 study.  (Note:  Where NBOD data 
are provided, the values must be divided by 4.57 to convert the NBOD to NH3-N 
values for input to the WASP6 model.  The WASP6 model input requires the 
NH3-N values.) 

 
• Based on the July 1991 study, the upstream DO deficit for both streams was 

estimated to be 0.0 mg/L. 
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CRWWTP Effluent  
The effluent discharge was modeled for two flows with each having the same CBOD5, 
DO, and temperature levels but different NH3-N levels to reflect the varying effluent 
quality under different flow conditions. The modeling was based on the following 
effluent information which is also detailed in Table 1: 
 

• The projected maximum monthly average flow is 24 MGD; the maximum daily 
flow is 40 MGD. 

 
• CBOD5 levels of 10 mg/L are anticipated. 
 
• NH3-N levels of 1.0 mg/L are anticipated.  Under certain high flow conditions, the 

NH3-N levels may be increased and therefore a concentration 2.0 mg/L was used 
for the 40 MGD plant flow condition.   

 
• As a conservative contingency analysis, 20 percent additional plant effluent 

CBOD5 and NH3-N loads were used in the analysis. 
 

• DO levels of 6.8 mg/L at the end of step aeration were used to be consistent with 
the concentrations reported in the CRWWTP permit records. 

 
• Temperature of 30°C which is the same as stream temperatures. 

 
 
A summary of the WASP6 input parameters is provided as Table 3, below.   
 

Table 3. 
Caguas Regional Wastewater Treatment Plant 

Summary of WASP6 Input Parameters 

  
Segment Characteristics Reaction Rates      

(day-1 @ 20°C) Inflow Characteristics 

  Flow 
(cfs) 

Depth 
(ft) 

Area 
(ft2) 

Length 
(mile) Kd Kr Kn

Flow 
(cfs) 

CBOD5 
(mg/L) 

NH3-N 
(mg/L) 

DO 
(mg/L) 

Temp 
(°C) 

24 MGD Caguas Effluent Flow 
Segment 1 2.6 0.2 1 0 0.13 0.13 0.1 2.6 2.6 0.7 7.365 30 
Segment 2 39.7 1.2 21.5 0.57 0.13 0.13 0.1 37.1 10+20% 1+20% 6.8 30 
Segment 3 39.7 4.9 425.9 0.48 0.13 0.13 0.1 - - - - - 
Segment 4 71.7 5.3 397.5 3.95 0.13 0.13 0.1 32 1 0.2 7.365 30 
40 MGD Caguas Effluent Flow 
Segment 1 2.6 0.2 1 0 0.13 0.13 0.1 2.6 2.6 0.7 7.365 30 
Segment 2 64.5 1.5 28.1 0.57 0.13 0.13 0.1 61.9 10+20% 2+20% 6.8 30 
Segment 3 64.5 4.9 425.9 0.48 0.13 0.13 0.1 - - - - - 
Segment 4 96.5 6.4 479.8 3.95 0.13 0.13 0.1 32 1 0.2 7.365 30 
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Modeling Results 
The results of the 24 MGD and 40 MGD plant effluent WASP6 modeling can be found in 
Appendix B and are presented graphically in Figures 2 and 3, respectively. The results 
indicate that the DO concentrations in Río Bairoa and Río Grande de Loíza would meet 
the EQB minimum standard of 5 mg/L under the proposed increased effluent rates.  The 
study also indicated that an additional 20 percent assimilative capacity of the Río Bairoa 
and Río Grande de Loíza is reserved. The modeling results for each flow condition show 
similar trends in the DO profile of Río Bairoa. DO levels increase in Segment 2 where 
the reaeration rate exceeds the DO uptake just downstream of the CRWWTP effluent.  
DO levels start to decrease in Segment 3 where the deeper and slower moving water 
results in a lower reaeration rate.  In Segment 4 the DO levels increase when the Río 
Bairoa and Río Grande de Loíza mix at the confluence of these waterbodies.  
Downstream of the confluence the DO gradually decreases until it reaches Lago Loíza at 
the downstream end of the model. 
  
A brief discussion of the modeling efforts follows: 
 

• 24 MGD CRWWTP Flow – At the 24 MGD effluent discharge flow with an 
effluent DO level of 6.8 mg/L, we predict that the DO of both streams would 
remain above the EQB minimum standard of 5 mg/L. The in-stream DO 
concentration rises in Segment 2 and decreases rapidly in Segment 3 to a 
minimum DO concentration of 6.4 mg/L which occurs just before the 
confluence with Río Grande de Loíza. After the initial mixing of the Bairoa and 
Loíza flows, DO levels gradually decrease for the next several miles to a 
minimum value of 6.0 mg/L at the entrance to Lago Loíza. 

 
• 40 MGD CRWWTP Flow – At the 40 MGD effluent discharge flow with an 

effluent DO level of 6.8 mg/L, we predict that the DO of both streams would 
remain above the EQB minimum standard of 5 mg/L. Changes in DO are similar 
to the 24 MGD results, however, the higher flows result in lower reaeration rates 
in Segments 2 and 4 and higher rates in Segment 3. The minimum DO level 
before the confluence of the Río Grande de Loíza is projected to be 6.5 mg/L. 
DO levels continue to slowly decrease in the Río Grande de Loíza to a minimum 
value of 5.3 mg/L at the entrance to Lago Loíza. 

 
The WASP6 model results appear to be consistent with the calibration data that was 
collected as part of the NPDES Permit for the CRWWTP and provided for model 
verification. A plot of this data is presented in Figure 4.  The DO concentrations 
predicted by the model are within the range of the collected data in the 1000 ft sampling 
reach of the river.  The range of DO values collected during the monitoring period 
between April 2000 and March 2003 range from 6.2 to 7.8 mg/L with one outlier.  There 
is no recognizable trend of the DO concentrations in the first 1000 ft and the variation in 
the data appears to be within the precision of the measurement device. 

Discussion 
Based on the present modeling with updated stream data, the DO concentrations of Río 
Bairoa and Río Grande de Loíza resulting from the CRWWTP effluent discharges of 24 
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Figure 3.
WASP6 Output - DO Concentration
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Figure 4.
NPDES Permit Water Quality Data

Measured DO Concentrations vs. WASP6 Model Results

4

5

6

7

8

9

10

0 100 200 300 400 500 600 700 800 900 1000
Distance (feet)

D
is

so
lv

ed
 O

xy
ge

n 
(m

g/
L)

04/22/00 Qr=1.9mgd Qeff=2.9mgd, T=29.8C
07/15/00 Qr=1.6mgd Qeff=5.0mgd, T=30.8C
11/18/00 Qr=2.7mgd Qeff=8.7mgd, T=26.8C
01/20/01 Qr=2.3mgd Qeff=8.4mgd, T=23.2C
06/08/02 Qr=2.3mgd Qeff=14.3mgd, T=26.6C
09/14/02 Qr=1.6mgd Qeff=5.5mgd, T=29.8C
12/28/02 Qr=2.4mgd Qeff=1.0mgd, T=28.9C
03/18/03 Qr=1.5mgd Qeff=4.5mgd, T=28.3C
40 mgd - WASP6
24 mgd - WASP6

P1 P2 P3 P4 P5BG

CRWWTP

200 200200 200 20016.4

1000 feet

P4 P5

P1
P2 P3

BG



 

 8

MGD and 40 MGD are projected to remain above the 5 mg/L minimum standard 
establish by EQB. The results consider the critical low flow stream conditions (7Q2 as 
per EQB regulations), elevated temperature (30°C), and a 20 percent increase over 
expected loads.  The model indicates that the proposed effluent discharge limits of 10 
mg/L CBOD5 and 1 mg/L NH3-N (2 mg/L NH3-N for daily maximum flows) for the 
CRWWTP would comply with the EQB WQS for DO in the Río Bairoa and Río Grande 
de Loíza. Accordingly, we believe that this is adequate protection for the DO 
concentrations of both streams. 
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