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EXECUTIVE SUMMARY

Computer modeling of air pollution impacts of the La Oroya Smelter Complex was carried out to provide estimates of future air quality for use in the human health risk assessment.  Model predictions were generated for the populated areas being studied in the assessment.  The area addressed in the model application was limited to locations within ten kilometers of the Smelter Complex.


Modeling utilized the CALPUFF model, an air quality simulation model recommended by the U.S. Environmental Protection Agency for application in areas of complex winds, terrain, and meteorology.  The model accounts for the effects of time – and space-varying winds, atmospheric dispersion, chemical transformations, and surface deposition of pollutants.


Input data for the CALPUFF application included measured pollutant emissions from the Smelter main stack and estimated emissions from fugitive sources, all on an annual average basis for the year 2002.  Other input data were measured hourly meteorological conditions at the six ground-level monitoring stations operated by Doe Run Peru.  No site-specific weather observations from above ground level were available; therefore upper air winds and temperatures were estimated from six-hourly global weather analyses prepared by the U.S. National Weather Service.


The modeling of 2002 emissions and weather conditions provided model-predicted impacts that were compared to measured concentrations at Doe Run Peru monitoring stations, and also provided a “base case” against which to compare predictions for later years.  Subsequent modeling, for projection of future trends, utilized the same 2002 meteorological data with estimates of later year emissions.  Doe Run Peru provided estimates of pollutant emissions for 2005, 2007, and 2011 based on implementation of planned projects as described in the PAMA.


Performance of the model in simulating La Oroya air quality was tested by comparing predicted 2002 concentrations of sulfur dioxide (SO2), lead (Pb), arsenic (As), and Cadmium (Cd) to measurements obtained during the same time period at Doe Run Peru monitoring stations.  Emphasis in the evaluation was given to the populated areas being addressed in the risk assessment.  These areas are best represented by the Sindicato, Hotel Inca, and Cushurupampa monitoring stations.


The model performance evaluation produced the following conclusions.

· Model predictions reflect the general magnitude of observed concentrations

· SO2 concentration predictions of highest short-term and annual average values show good agreement with observations for the Sindicato and Hotel Inca monitors

· SO2 predictions tend to be higher than measurements at Cushurupampa, and lower than measurements at Huanchan

· Hourly SO2  concentration predictions reproduce with good accuracy the timing and magnitude of observed morning pollution peaks

· Model predictions often reproduce the observed day-to-day changes in air quality caused by changing weather conditions

· Prediction of Pb concentration are higher than measured long-term concentrations by an avetage of 35%

· As and Cd concentrations predictions are, on average, close to observations, but tend to be high at Cushurupampa, and low at Sindicato

· Model performance is better during daylight hours than at night, and appears to be better in the immediate area of La Oroya than in the Yauli river valley further from the Smelter Complex

It is concluded that the model properly simulates basic dispersion processes in the region of the Complex, and provides realistic estimates of maximum short-term and average long-term impacts in that area.  The model results also imply that the characterization of emission sources and average emission rates that were used reflect reality with reasonably accuracy.  On the basis of these conclusions, projections of future air quality impacts, with modified sources and reduced emissions, are expected to be realistic and appropriate for risk assessment.

The projection of future ambient air concentrations and deposition rates indicates that the planned Smelter improvement projects will result in marked reduction in impacts for all pollutants addressed.  The decrease in short and long-term concentrations and deposition rates from 2002 to 2011 is predicted to range from 60 to 85%.  The greatest decrease in metals impacts will occur by 2007, with further decrease for metals and a major decrease for SO2 between 2007 and 2011.  The projections of air quality levels for future years have been utilized in the risk assessment to quantify changes in population exposure.

The model results confirm and extend prior findings on the relative impact of main stack and fugitive sources for ground-level impacts.  Fugitive sources, despite having smaller emissions than the Main Stack, are responsible for the major portion of local impacts, especially in La Oroya Antigua and La Oroya Nueva.  The relative importance of Main Stack emissions increases with increasing distance from the Complex.  The future trend analysis demonstrates that the greatest improvement in ambient air quality will occur as projects are implemented to reduce or eliminate fugitive emissions.  This result is true for all of the study areas, but especially for those near the Smelter Complex.

Model results (as well as monitoring records) indicate that the Doe Run Peru supplemental control strategy (emission curtailments at times of anticipated poor air quality) are effective in mitigating high short-term pollution levels during morning air pollution episodes.  This strategy, if continued, will contribute to additional improvement in air quality beyond that projected by the air modeling analysis.

Recommendations for Improved Model Simulation


Analysis of the 2002 model results on an hour by hour, day by day, and site by site basis suggests that the lack of site-specific meteorological data for altitudes above ground level has a detrimental effect on model performance.  It appears that the model, as currently applied, may not fully account for the frequency and magnitude of low altitude inversions that trap pollutants in the valleys.  The result of failing to accurately represent strong low-level inversions is under-estimation of nighttime concentrations, over-estimation of impacts along the Yauli river within the modeling area, and under-estimation of impacts along the Mantaro river at Huanchan.  There also is a possibility that the monitoring data from Cushurupampa may not be representative of general conditions in the Yauli valley.  It is expected that future air modeling, using Acustic Sounder data for above-ground wind and temperature (now in progress at the Smelter) and possibly additional monitoring data, will be able to demonstrate improved model capability.


It is recommended that Doe Run Peru give high priority to acquisition of high quality monitoring data that can be utilized for improved air quality model application in the future.   In particular, it is recommended that:

· The Doppler Acoustic Sounder monitoring be continued and improved so that high quality data will be recorded on a consistent basis over extended time periods.

· Regular calibrations be performed and QA/QC procedures be improved to assure that meteorological and air quality monitoring data are accurate

· Consideration be given to additional monitoring or relocation of some existing  monitors to provide representative data for modeling

When suitable Acoustic Sounder data are available, it is recommended that additional modeling be carried out to provide a timely supplement to the present report.  The new modeling would address some of the limitations noted, and expand the model simulation to include Smelter sources, geographical areas, and physical processes not addressed in the present study.

1.0 INTRODUCTION

A human health risk assessment is being conducted by Integral Consulting, Inc. to assess impacts on human health of current and future emissions of air pollutants from Doe Run Peru’s Metallurgical Complex in La Oroya, Peru.  As a part of the risk assessment, an air quality dispersion model is being applied by McVehil-Monnett Associates, Inc. to simulate the transport and dispersion of pollutants emitted by operations at the Complex.  This report describes the model, its application at La Oroya, and results of the model application to past, present, and future air emission scenarios.

An air quality model is a mathematical representation of the transport, dispersion, and deposition processes that act upon air contaminants released into the atmosphere.  Given local meteorological conditions and the quantity of pollutants released at various points, the model, through complex computer calculations, provides a simulation of the time and space-varying distribution of pollutant concentration in the air (and deposition on the ground surface) throughout the model domain.

A valid air quality model can be used to:

· assess the relative contributions of various sources to total pollutant impacts at receptor locations of interest

· define the change in impact that can be expected given proposed pollution controls and/or changes in source operation that will occur in the future, and

· estimate maximum impacts that may occur for time periods and/or locations where monitoring data are unavailable or inadequate.

An air quality model therefore can provide data on pollution impacts that supplements available monitoring data, and can be used to evaluate the relative effectiveness and adequacy of proposed pollution mitigation actions.


For the human health risk assessment, historical air monitoring data, recent sampling results, and other environmental data will be used to quantify current exposure of population to pollutants.  Modeling data will be utilized to estimate the likely changes in exposure with future changes in smelter operations.  Thus, the primary application of the model results will be to prediction of future air pollution trends, as emissions from various smelter sources are reduced or eliminated.


The pollutants to be addressed in the risk assessment include sulfur dioxide (SO2), particulate matter (PM), and metals, especially lead (Pb), arsenic (As) and Cadmium (Cd).  The air modeling application discussed herein focuses on SO2 and lead, because monitoring data are available for these pollutants and their emissions by the Smelter Complex are better quantified than those of other pollutants.  Arsenic and cadmium are also addressed, though in less detail.

2.0
THE AIR QUALITY MODEL


The CALPUFF system of air quality models (Earth Tech, 2000) was selected for application at La Oroya.  CALPUFF is a U.S. Environmental Protection Agency “Guideline” model (U.S. EPA, 2003), recommended for regulatory and other applications where long-range pollutant transport and/or complex time and space-varying wind fields must be considered.  The CALPUFF system consists of several separate computing modules: CALMET to analyze and define meteorological variables, CALPUFF to simulate pollutant dispersion, and CALPOST to facilitate processing of model-predicted impacts.  The model is capable of addressing the transport, dispersion, and deposition of gaseous and particle pollutants.  It includes consideration of chemical and physical transformation of pollutants in the atmosphere, effects of complex terrain, gravitational settling of particles, and characteristics of the pollutant source (height, gas temperature and velocity, building wake effects, etc.).


As the name implies, CALPUFF is a “puff” model which simulates air pollutant emissions from a given source as a series of puffs, each of which moves and disperses as dictated by the local wind and other meteorological conditions at successive steps in time.  Therefore, each discrete puff of pollutant from a source can change direction as it is influenced by changing winds in time and space.


By contrast, most commonly used air quality models assume steady-state conditions; that is, the wind speed, wind direction, and other weather conditions are assumed to be the same everywhere and to be constant over a given period of time.  Such models cannot accurately simulate pollutant transport in areas where the wind is different at different locations, or where winds change with time during plume transport.  CALPUFF was developed specifically to address long-range transport, where it must be expected that conditions will change over the path and time of pollutant travel, and shorter-range conditions where winds are known to be affected by local terrain features and rapid temporal changes in meteorology.  The La Oroya area clearly represents the latter case.

Past studies of air pollution at La Oroya (McVehil-Monnett Associates, 2004) analyzed weather conditions and air pollution levels at Doe Run Peru air monitoring stations in the La Oroya area.  These analyses concluded that air pollution impacts were highly dependent on local air flow that generally travels down the Mantaro and Yauli river valleys at night and reverses to flow up the valleys during the day.  The highest air pollution impacts normally occur during morning hours when the air flow reverses direction in combination with strong vertical mixing (caused by solar heating), which brings accumulated pollutants from elevated air layers down to ground level.  These rapidly changing conditions, with winds following the meandering river valleys, cannot be effectively modeled with a steady-state model.  CALPUFF represents the most refined readily available model with the capability of treating conditions at La Oroya.


There are a number of data requirements for successful application of CALPUFF.  These include information on the location and characteristics of all pollution sources, including the rate at which pollutants are emitted by each, the terrain elevations and general land-use characteristics of the area to be modeled, and meteorological conditions.  While the source and geographical parameters are relatively constant in time, the meteorology is constantly changing and appropriate input data are necessary to allow the model to represent the time-varying wind field and related atmospheric dispersion parameters.


The CALMET meteorological processor is used to define a detailed wind and temperature distribution over the modeling domain at hourly intervals.  The mathematical equations in CALMET are based on the laws of physics, and define air flow distributions that are consistent with terrain effects, temperature gradients, and the other physical processes that determine air movement and mixing.  However, the larger scale weather conditions and general air movement in the region must be known.  Therefore, CALMET requires data on the time-varying actual meteorological conditions at a sufficient number of points on the ground and above ground level to generate wind fields that truly represent reality.  The greater the quantity of accurate meteorological measurements that can be provided, the more accurate will be the three-dimensional meteorological fields generated by CALMET and subsequently used in CALPUFF to estimate pollutant concentrations.  The availability and use of input data for CALMET and CALPUFF are described in the following section.

3.0
AVAILABLE DATA AND DATA LIMITATIONS


Several types of information are necessary for application of CALPUFF or any atmospheric dispersion model.  The available data at La Oroya and their limitations are discussed in this section.

3.1
Emissions Sources


Air modeling described in this report addresses emissions of sulfur dioxide (SO2), lead (Pb), and other metals from the Metallurgical Complex.  Doe Run Peru has provided all available data on the sources and magnitudes of SO2 and other emissions.  Sources are of two types: point sources (stacks) that release pollutants in a confined gas stream, and fugitive sources such as building vents, open buildings, and vehicle traffic that emit pollutants in a less well-defined and irregular manner.  The major point source is the main smelter stack of 167 meter height.  Air flow and pollutant emissions from the main stack are regularly measured by Doe Run Peru.  These data include SO2 and PM emissions, as well as emissions of Pb, As, and Cd.  Thus these emissions, though somewhat variable in time, are generally well defined.  Fugitive emissions on the other hand are difficult to measure and are not well quantified.  Estimates of fugitive emissions have been provided by Doe Run based on material balances and experience at other smelters where emissions have been quantified.  It was necessary for modeling to use these estimated emission rates and to make assumptions about the locations and characteristics of the emissions based on engineering experience, the judgment of Doe Run personnel, and modeling applications at other industrial facilities.


A complexity in the characterization of pollutant emissions involves their time variation.  The actual rate of SO2 or metals emissions from a given source, as well as the specific locations and characteristics of the emissions, depend upon the operations underway at the smelter at any given time.  For modeling, it was necessary to characterize each source by a constant set of annualized emission parameters, which obviously represents only a general approximation.  It is possible to vary emission parameters with time in the model; however detailed data on time variation of emissions are not available, and any attempt to accurately characterize past emissions on an hour-to-hour or day-to-day basis would be a formidable task.  Projection of such variations in the future would involve considerable speculation and uncertainty.  Therefore no attempt has been made to assess the impact of normal short-term emission changes.


Doe Run Peru has in recent years instituted a procedure for curtailing specific operations at times of projected high air pollution impacts.  The procedure involves cutback or cessation of pollution generating operations, usually in early morning hours, when wind direction and other meteorological conditions forecast a potential for high pollutant concentrations in La Oroya in subsequent hours.  The effect of this procedure in reducing impacts was confirmed in initial model simulations, and a reduction in winter SO2 impacts during recent years can be seen in monitoring data at the Sindicato and Hotel Inca monitoring stations.  Most model results presented in this report do not include any consideration of reduced operations during specific meteorological conditions.   But the effects of deliberate operational curtailments to reduce ambient impacts are discussed further below.  (See Section 7.4)

3.2
Meteorological Data

Ideally, the input meteorological data for use in CALMET/CALPUFF consist of hourly ground-level wind and temperature measurements at a number of locations within the modeling domain, general meteorological observations such as cloud cover and precipitation, and upper-air sounding data that provide vertical profiles of wind and temperature from the ground to altitudes above surrounding terrain.  At La Oroya, surface wind and temperature data are collected at six monitoring stations by Doe Run Peru.  These provide ground-level data input from locations near the Mantaro and Yauli rivers within the modeling area; additional data from locations on higher terrain are unavailable.

Currently available measurements of meteorological conditions above ground are  limited.  Such data are critical to accurate definition of general air flow at stack top and above surrounding terrain, and to the specification of temperature inversions above the ground.  Doe Run Peru has been acquiring vertical sounding data at La Oroya for the past several months though use of a Doppler Acoustic Sounding system, and these data will provide an important data resource for future model application.  Unfortunately, the system is not yet fully operational and no extended period of valid data are available.  Thus, the data could not be utilized for the current modeling effort.  

In the absence of site-specific upper air data, modeling has been based on general high altitude wind and temperature information for Peru that is generated by U.S. National Weather Service global weather forecast models.  These data are based upon upper air soundings from scattered locations in South America and advanced computer forecast models.  However, the spatial resolution of the forecast data is low in both horizontal and vertical dimensions, and the data can provide only a smoothed approximation of the actual wind and temperature structure over La Oroya at any given time.

The representativeness and accuracy of the La Oroya surface weather monitoring data could not be verified for the present modeling analysis.  Long-term statistics from the weather stations do not indicate obvious errors.  However, calibrations of the meteorological monitoring systems conducted for Doe Run Peru in April 2005 revealed significant errors in some wind measurements.  The possible existence of such errors in data from past monitoring periods cannot be ruled out.

Initial testing with the CALMET program focused on examination of the model-generated surface wind patterns.  The CALMET wind directions and their change with time through the day were generally reasonable, in accord with meteorological experience, and consistent with the measured surface wind data.  However, since no meteorological data are available at locations above the river valleys, the representativeness of air flow and temperature simulations above ground level and on high terrain could not be assessed.

3.3
Air Quality Data

Though actual air quality data are not required for modeling, they are essential for evaluation of model performance.  Doe Run Peru has provided meteorlogical data and SO2, particulate matter, and metals monitoring data from the Sindicato, Hotel Inca, Cushurupampa, Huanchan,  and Casaracra monitoring stations, as well as meteorological data from the Fundicion station, for the time period 2001 through 2004.  The air quality data have been used in both the modeling analyses and risk assessment studies to characterize current air pollution impacts and trends.  These data comprise a valuable resource for the present evaluations and future analyses.  Meteorological and air quality data from Doe Run Peru monitors are included on Compact Disk (CD) in Appendix C of this report.

 Hourly SO2 concentration measurements and every-third-day 24-hour metals concentration data at the Doe Run Peru monitoring sites were used for comparison to model predictions.  Year 2002 meteorological and emissions data were used to model “base case” conditions, and monitoring data for the same year were used for model evaluation.  The 2002 year was selected to represent emission and air quality conditions during the recent past, and prior to most planned pollution control projects.  Previous analyses of the 2002 air quality monitoring data base indicated that the data were generally complete and appeared to be of high quality.

The SO2 monitors operated by Doe Run Peru record SO2 concentrations in parts per million by volume (ppm).  The volume fraction of gaseous pollutant is an absolute measure that does not depend upon measurement conditions of temperature and pressure.  To conform to standard practice, the measured volume fractions have been converted to units of mass per unit volume (micrograms per cubic meter, or µg/m3) for reporting since 2003.  The conversion is dependent on the temperature and pressure assumed for presentation of the concentration data.  The conversion by Doe Run Peru assumes standard conditions of zero deg C and one atmosphere pressure.

Particulate matter, lead, and other metals are measured at La Oroya directly as mass per unit volume.  The instruments are calibrated in terms of volume at the above reference temperature and pressure.

Therefore, reported pollutant concentrations from La Oroya are expressed in µg/m3 at standard conditions.  Air quality models, in contrast, calculate concentrations in µg/m3 at actual site conditions of temperature and pressure.  Accordingly, all results presented in this report are expressed in units of µg/m3 at site conditions.  For comparison of model results and monitoring data, the monitoring data were converted to site conditions, assuming average site temperature of 10 deg C and pressure of 635 mb (475 mm of mercury).  The conversion factor is 

Concentration (µg/m3 at site conditions) = Reported Concentration (µg/m3 at reference conditions) x 0.605

For pre-2003 SO2 concentration data, the conversion factor is

Concentration (µg/m3 at site conditions) = Reported Concentration (ppb) x 1.730

There is a serious limitation to the available SO2 monitoring data.  All regular SO2 monitors in the system have an SO2 concentration upper limit of approximately 2100 parts per billion (ppb), or 6000 micrograms per cubic meter (µg/m3) at reference conditions.  It is clear from review of the monitoring results that concentrations significantly higher than 6000 µg/m3 occur frequently at some stations; this is indicated by many hours with recorded concentrations of 6000 µg/m3.  A supplemental monitor, installed at the Sindicato station in 2004, does not have the 6000 µg/m3 limit, and has recorded peak hourly concentrations in the range of 20,000 µg/m3.  It must therefore be assumed that average and maximum historical concentration data are biased because of the failure to record highest concentrations.  The possible effects of monitor saturation on subsequent measurements is unknown.  This limitation in the existing SO2 data record must be recognized in interpreting model results and in assessing impacts of ambient SO2 at La Oroya.

4.0
MODEL EXPECTATIONS

Air quality modeling is not a precise science, and air modeling results cannot be accepted as a substitute for accurate long-term monitoring data.  However, models have proven to be highly useful in estimating the magnitude and variability of air pollution impacts, and in predicting the changes in impacts resulting from changed emissions.

Models are generally unreliable in predicting the concentration at a specific receptor for a specific hour.  This is because small errors in specification of wind direction or other variables can result in a large error in predicted concentration.  Models are most useful for predicting the maximum concentration that will occur over a period of time, and average concentrations over periods from 24 hours to a year.  Thus, the usual measures of model performance define the bias and average error in predicting these quantities.  A general guideline is that models that predict short-term maximum concentrations within a factor of two are considered acceptable for regulatory use. 

Given the limitations in meteorological, emissions, and monitoring data described in the preceding section, a high level of accuracy cannot be expected from the initial La Oroya model application.  The complexity of terrain at La Oroya, and the resulting complexities in meteorological conditions also make successful model application challenging.  Because of these factors, the goals of the present modeling were considered to be:

· represent the general magnitude of average SO2 and metals concentrations, without major bias 

· provide estimates of maximum impacts that are consistent with available monitoring data

· represent the diurnal, geographical, and seasonal variation of impacts in a manner consistent with observations.

It is believed that a model that satisfies these goals could be considered to generally account for the major variables that determine air quality impacts in the La Oroya area, and to provide a realistic simulation of atmospheric transport and dispersion.  It therefore could be expected to provide a valid indication of changed impacts resulting from future pollution controls.  Given additional data that will exist in the future, in combination with experience in model application, it is reasonable to expect that more refined modeling results will be attainable in future years.

5.0 MODEL APPLICATION METHODOLOGY

5.1
CALMET Meteorological Model

The initial modeling step was development of detailed meteorological fields in three dimensions.  CALMET version 5.53a level 040716 was used to produce the La Oroya 2002 wind field.  Inputs to CALMET vary from case-to-case based on data availability, but usually include prognostic, surface, upper air and precipitation data.   These are superimposed on a user defined modeling domain, and the result is a 3-D meteorological file that is used within CALPUFF.  Due to the location of La Oroya, and the lack of some data that are generally available for North America, several variables had to be estimated.  Below is a list of data sources utilized in La Oroya CALMET modeling. 

Modeling Domain:  A 180x180 grid cell domain was created centered over the La Oroya Complex.  Each grid cell has a 100 meter horizontal dimension; therefore the total model area is an 18 km x 18 km square centered on La Oroya.  The tight spacing was necessary due to large terrain variations within the modeling area.  Domain characteristics are defined within an input file, and include (per grid cell) a land use category (with associated parameters such as surface roughness, albedo, Bowen ratio, etc.) and elevation.  No useable land use data could be located for Peru, so the land use categories had to be estimated.  Grid cells that fell within the general vicinity and west of the smelter and were below 3875 m (in the valley) were assigned a land use category of urban.  All other grid cells were assigned land use parameters corresponding to “barren ground”.

Grid cell elevations were assigned using SRTM data – terrain data gathered during a space shuttle mission a few years ago.  Horizontal spacing of the SRTM data is approximately 90 meters, and therefore every grid cell contained at least one data point. 

Prognostic Data:  Typically, computer weather forecast (prognostic) data are utilized to provide best estimate meteorological data at hourly intervals between standard upper air sounding observation times.  No hourly prognostic data (MM5/ETA/RUC) could be acquired for the area, and therefore no forecast data were used.

Surface Data:  Surface weather data from the Fundicion, Casaracra, Cushurupampa, Huanchan, Hotel Inca and Sindicato monitoring stations were used in the CALMET run.  Wind direction, wind speed, temperature and relative humidity were used for all surface stations.  Fundicion had additional parameters available, so barometric pressure and the presence/lack of precipitation were added to the Fundicion variable list.

Two necessary parameters were not available at any of the six stations: cloud cover and ceiling height.  These were estimated after reviewing climate summaries for the general area.  For summer (Dec-Apr) the cloud cover was set at 2/10s and the ceiling set at unlimited.    The winter months (May-Nov) assumed cloud cover and ceiling heights of 9/10s and 3000 feet, respectively.

No precipitation data were included.  Based on prior model experience at other sties, precipitation is not expected to have a major effect on ambient air pollution concentrations or total metals deposition at La Oroya.

Upper Air Data:  Spotty radiosonde data for Lima were available, but the data had many missing hours/days/weeks and were consequently deemed unsuitable.  Instead, an upper air sounding was generated from six-hourly Global Final (FNL) analyses, prepared from world-wide upper air observations by the U.S. Numerical Prediction Center.  FNL analyses cover the globe with 1.0 x 1.0 degree spaced nodes, and are available via the internet.  The closest data point to the La Oroya site was chosen.  The analyses include 6-hourly surface, 700 mb, 500 mb and 400mb levels, with values of wind speed, wind direction, temperature, and height above sea level for each cell and pressure level.  The data point values were entered into CALMET, which then generates vertical wind and temperature profiles for each CALMET grid cell by interpolation in space and time.

5.2
CALPUFF Dispersion Model


The CALPUFF model, version 5.711A, was utilized for all concentration and deposition calculations.  Many of the input variables in CALPUFF are dependent upon the computational domain, time period, and pollutant being modeled.  Inputs were generally selected in accordance with U.S. Environmental Protection Agency recommendations for regulatory modeling, and/or as provided in the model as “default” selections when site-specific values are unavailable.  Among the significant input options, the following were specified.

· Vertical pollutant distribution – Gaussian

· Terrain adjustment – partial plume path

· Transitional plume rise

· Stack-tip downwash

· Mesopuff II transformation rates

· Dry deposition

· No wet deposition (precipitation scavenging)

· PG rural dispersion coefficients 

MP urban dispersion coefficients

· Partial plume penetration of inversions

· Default chemical parameters for SO2 deposition

· Site-specific size parameters for lead deposition (estimated from generic smelter particle size data in literature)

5.3
Emissions Data

Daily measurements of emissions and stack gas flow parameters for the Main Stack were available from Doe Run Peru records.  Based upon these data, annual average parameters for 2002 were defined for modeling.  The model parameters were:

SO2 Emission Rate         =   907.2 metric T/day


Lead Emission Rate        =      1.8 metric T/day


Stack Height                    =  167.75 m


Stack Diameter                =    12.0 m


Stack Gas Temperature   =    77 deg C


Stack Gas Exit Velocity  =      7.5 m/sec

Extensive discussions were held with Doe Run engineering personnel at La Oroya and in the U.S. to identify and characterize fugitive emission sources and their estimated emission rates.  MMA personnel visited the Complex to obtain information on the types, dimensions, and other characteristics of fugitive emission points.  On the basis of all available information, Doe Run experience, and professional judgment, average 2002 emission rates were specified for the major SO2 and Pb sources at the Complex.  They are shown in Table 5-1.

In addition to the main stack, SO2 emission parameters were defined for roof vents at the copper roaster, copper converter aisle, and reverberatory furnace, and low altitude building openings at the same operations.  For lead, major sources include the main stack, scrubber stack at the sinter plant, roof vents at the copper roaster, converter aisle, blast furnace, and dross plant, and building fugitives from the sinter plant.  All of these sources were represented in the model with appropriate dimensions and heights above ground as determined from the site visit and building drawings (JUSA Juan De Dios S.A., 2005).

5.4
Initial Testing

Initial model testing was conducted by running the model with receptor locations at the individual monitor sites, for individual months during the year 2002.  Model results were compared to recorded concentrations for hourly, daily and monthly SO2 concentrations, and monthly mean lead concentrations.

Initial results indicated model results of generally reasonable magnitude, and hourly variations that clearly demonstrated the observed high concentration episodes in morning hours of 9 AM to noon.  Maximum predicted concentrations often exceeded measurements during these morning hours, as was expected because of the 6000 µg/m3 limit of the monitors.  There was also evident an encouraging correspondence between predicted and observed concentrations at specific times and monitors on many days.  However, there were obvious discrepancies on other hours/days, and better results at some monitor sites than at others.


Subsequent testing focused on defining the contributions of individual sources, and testing the sensitivity of results to variations in parameters that are not well defined; i.e. emission rates and dimensions of fugitive sources, buoyancy of gases emitted from roof vents, and the method used by CALMET to estimate winds above ground level.  It was found that results were fairly sensitive to some of these variables, but improvements in model performance for one month or monitor were often offset by poorer results at another time or location.


A final set of model parameters was established based upon the results of the sensitivity tests.  It is important to emphasize that final parameters were always selected by giving primary weight to the values judged to be most realistic, based on available data and Doe Run Peru estimates.  Modification to initial estimates was made only when such modification was consistent with available data and clearly provided more realistic model results.  In no case was a data input changed arbitrarily to “tune” the model so as to improve predictions, when there was no scientific basis for the modification.  The primary changes made to initial model parameters were to:

· increase the influence of upper air winds relative to ground-level winds for heights above the ground

· increase the initial dimensions of fugitive building sources to account for dispersion within the plant complex

· increase the proportion of emissions from roof vents relative to ground-level fugitives 

· increase the buoyancy (temperature) of gases emitted from roof vents.

All of these changes are judged to be reasonable based upon our understanding of Complex operations.  It is likely that further model improvement can be achieved in the future given better meteorological and emissions data.  But it was concluded that significant improvement in present model performance was not achievable within current data, schedule, and budget constraints.

Table 5-1.  Modeled Emission Rates for La Oroya Complex

Source
SO2 Emissions
Lead Emissions


mT/day
gram/sec
mT/day
gram/sec







Main Stack
907.2
10,500
1.80
20.80







Sinter Plant Scrubber Stack
0
0
0.32
3.68







Copper Roaster Plant





             Roof Vents
34.56
400
0.16
1.90

             Building Fugitives
3.11
36
0
0







Copper Converter Aisle





             Roof Vents
43.20
500
0.11
1.27

             Building Fugitives
4.67
54
0
0







Reverb. Plant





             Roof Vents
8.64
100
0
0

             Building Fugitives
0.86
10
0
0







Lead Sinter Plant





             Building Fugitives
0
0
0.08
0.95







Blast Furnace





             Roof Vents
0
0
0.16
1.90







Dross Plant





             Roof Vents
0
0
0.11
1.27

6.0
MODEL PERFORMANCE


The CALPUFF model was applied using 2002 meteorological data and Complex emissions as presented in Section 5.0.  In this section, model predictions of SO2 and lead concentrations are compared to measured concentrations at the Doe Run Peru monitoring stations.  The overall performance of the model is assessed, and conclusions on model accuracy are summarized.

6.1
General Observations 


The first modeling objective, as stated in Section 4.0, was that model results should be of the general magnitude of observed concentrations.  The following table shows average predicted concentrations for the four monitoring stations Sindicato, Hotel Inca, Cushurupampa, and Huanchan, as compared to measured concentrations.  The Casaracra monitoring station was not included since it as far from La Oroya and measured concentrations are much lower than at the other four monitors.

Table 6-1.  Annual Average Predicted and Measured Concentrations for 2002




(Averaged Over Four Monitor Sites)


Predicted
Observed





Average SO2 Concentration (µg/m3)
393
371





Average Lead Concentration (µg/m3)
2.51
1.55






Table 6-1 indicates that overall mean SO2 concentrations are quite close to the average concentrations indicated by La Oroya area monitoring data.  As will be shown, the good agreement is somewhat fortuitous, resulting from over-prediction in some cases and under-prediction in others.  Lead concentrations appear to be over-predicted.  Nonetheless, the magnitude of predicted average area impacts suggests that the modeled emission rates and source configurations are reasonable, and that the model is capable of predicting long-term concentrations that are generally representative of observed values.  

6.2
Variations With Location and Averaging Time


The other objectives of the model application were to simulate the observed time and space variation of impacts, and to estimate maximum expected concentrations.  The performance of the model in meeting those objectives is summarized here.


The CALMET and CALPUFF model executions are extremely computer intensive, requiring from several hours to 20 hours of execution time on the fastest current PC equipment to process a single month of meteorological or dispersion calculations.  Further, any missing data or abnormal input condition can result in termination of the model simulation prior to completion.  As a result of these limitations, in combination with the number of different emissions scenarios and receptor areas to be modeled, it proved impractical to model a full year of meteorological data for all model tests and final model predictions.  All results presented in this report were derived from modeling four months of 2002 meteorological conditions, one in each season: March, June, September, and December.


Review of both monitoring data and model results indicate that there can be significant variations in impact from month-to-month, and from year-to-year for the same month.  These are probably due to real differences in overall meteorological conditions, and in the case of monitoring data, to variations in operations at the Smelter Complex.  On the basis of available monitoring data from 2000 through 2004, the four months modeled in 2002 were not atypical of the same months in other years, or of other months in the same year.  However, it should be recognized that “annual” statistics presented herein are averages over the four months modeled, for both model and monitor results.  It would clearly be desirable to model a complete year of meteorological conditions or even multiple years when adequate data and time are available.


Table 6-2 shows a comparison of concentration statistics from 2002 modeling and monitoring data for the four La Oroya monitoring sites.  Table 6-2 indicates that

· Results for Sindicato and Hotel Inca show generally good agreement with monitoring results for SO2, and slight over-prediction for lead.

· The model results overpredict impacts at Cushurupampa, by a factor of three or more for the average, and by lesser amounts for short-term maxima.

· Results for Huanchan appear to be significantly underestimated for SO2, but realistic for lead.

· Highest one-hour SO2 concentrations are indicated to be in the range of 12,000 to 18,000 µg/m3.  These cannot be confirmed by available monitoring data, but appear consistent with the limited available data from the Sindicato monitor that does not have an upper limit.

The representation of hour-to-hour variations in SO2 impact predicted by the model reproduce observed changes quite well.  Figure 6-1 shows average hourly concentrations for the month of March at Sindicato.  Though model predictions are higher than observed at night, the timing and magnitude of the morning peak concentrations are represented accurately.  Figure 6-1 is typical of results for other stations and other months.  At Cushurupampa and Huanchan, peak concentrations are
Table 6-2.  Comparison of 2002 Model Results to Monitoring Data (all units are micrograms/m3 at Site Conditions)


Sindicato
Hotel Inca
Cushurupampa
Huanchan


Model
Measured
Model
Measured
Model
Measured
Model
Measured











Sulfur Dioxide



















      Annual Average
357
275
247
249
622
211
347
749











      Second-Highest
1482
1564
1402
1462
1556
1349
1337
2713

      24-hr Average



















    Second-Highest
17,700
12,689*
12,082
>3,600
18,874
>3,600
15,395
>3,600

    One-hour Average



















Lead 



















      Annual Average
2.25
1.67
1.24
0.82
3.24
0.61
3.33
3.09











      Highest Monthly Average
3.81
2.78
1.56
1.34
4.39
1.03
4.33
4.23

*  Highest one-hour concentration in early 2005 at Sindicato monitor without upper measurement limit.
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over-and-under-estimated respectively, but the timing and occurrence of morning episodes is well portrayed.


Figure 6-2 is an example of the model-predicted day-to-day 24-hour concentrations, for the month of December at Sindicato.  There are obviously some days of significant model error.  But the model calculations correctly indicate higher concentrations on December 5, 6, and 15th through 21st, and periods of low concentration on the 7th through 13th, 22nd through 24th, and at the end of the month.


In general, the model demonstrates skill in identifying days of high air quality impacts.  However there are a number of days, particularly at Cushurupampa and also during evening and night hours at other sites, when elevated SO2 impacts are predicted but observations indicate low concentrations.  Conversely, the model indicates no impact on numerous hours during which a general background level of 20 to 100 µg/m3 was recorded by the monitors.  Thus, the model does better at reproducing average impacts and the normal diurnal cycle of concentration than in depicting the observed concentrations on specific hours or days.


It is not clear whether the model properly reproduces seasonal differences in air quality impact.  Since only one month from each season was modeled, it cannot be assumed that those specific months in 2002 were representative of their respective seasons.  Also, since Doe Run Peru institutes their “supplemental control” program (curtailments in early morning hours) during winter months, the monitoring data do no reflect equal emissions for all seasons.


The actual monitoring record for the period 2000 through 2004 is ambiguous in regard to seasonal variations.  For most monitor sites, both SO2 and Pb concentrations have been higher in summer than winter during this time period.  Only at Huanchan is there an obvious winter maximum in measured impacts.  Since long-term Doe Run Peru experience indicates that winter is the time of poorest dispersion, recent monitoring trends indicate that the supplemental control program has been effective in mitigating winter impacts.


The model results for four months do not suggest any clear or universal seasonal trend.  Because of the above factors, no conclusions can be drawn on the model’s capability for reflecting seasonal trends in air quality impact.

6.3
Conclusions on Model Performance


The CALMET/CALPUFF model as applied to the Smelter Complex appears to reasonably represent the general magnitude of observed air quality impacts, and to accurately reproduce the typical morning maximum in SO2 concentrations.  It provides estimates of monthly lead concentration that are somewhat higher than measured concentrations; estimates of one-hour and 24-hr maximum SO2 impacts agree well with observational data.  Model results are particularly representative for the Sindicato and
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Hotel Inca monitoring sites.  However, there are some systematic errors in model predictions.  The major differences between predicted and observed impacts are:

· Concentrations are significantly over-predicted at the Cushurupampa monitoring site 

· SO2 concentrations are often under-estimated at Huanchan

· Nighttime SO2 predictions often indicate relatively high concentration, and for the remainder of the time show near-zero concentration.  By contrast, most monitors record a fairly uniform and persistent background SO2 level at night, with few high concentrations (except Huanchan).

· Though the morning periods of SO2 maxima are predicted by the model on many days, the frequency of occurrence of these predicted maxima is lower than observed.

· Lead concentrations are overpredicted everywhere, but most dramatically at Cushurupampa and least at Huauchan

The reason for these model errors cannot be definitively determined at this time.  But based on meteorological and modeling experience, and the apparent features of La Oroya dispersion, some reasonable hypotheses can be suggested.


It appears that the model meteorological data do not capture the actual intensity and persistence of strong low-level temperature inversions that exist in the Mantaro and Yauli valleys.  This failing would be a natural result of the absence of any site-specific data on temperatures above ground-level.  Use of the only available data (general area temperature estimates for heights 1000 meters or more above the valley) will tend to smooth out sharp temperature gradients, and fail to identify low-altitude inversions.  The result of failing to adequately depict the strong nighttime inversions would be an increase in the mixing of elevated pollutants to ground level at night, with consequent over-prediction of both SO2 and lead impacts, and fewer morning high concentration episodes associated with inversion breakup.


If correct, this hypothesis could explain the over-predictions at Cushurupampa during late afternoon and evening hours, when down-valley drainage flow would be expected, but the model indicates relatively frequent transport of Complex emissions up the Yauli valley to the monitor.  Similarly, the under-prediction of SO2 at Huanchan seems to reflect insufficient trapping of smelter emission in the Mantaro valley.  Finally, the observed background SO2 levels at the monitors suggests poor ventilation with recirculation of pollutants up and down the valleys, whereas the model results are more indicative of sporadic pollution episodes with relatively good ventilation at other times.


With regard to lead concentration results, the same trends between monitor sites exist as for SO2, but lead is over-predicted relative to SO2 at all sites.  This result suggests that estimated lead emissions from fugitive sources at the complex may be too high.


There are two other potential sources of differences between predicted and observed concentrations that should be considered.  Variations in Smelter operations and the Doe Run Peru supplemental control strategy apparently do result in differences in monitored concentrations relative to what would occur with 24 hour per day uniform emissions.  These operating practices tend to reduce impacts in La Oroya and up-river relative to those in Huanchan.


Finally, it is possible that the meteorological data from Cushurupampa and other sites are not fully representative of conditions in the Yauli and Mantaro valleys.  The Cushurupampa monitor site is at an elevation approximately 75 meters higher than the valley floor.  The measured wind distribution for 2002 does not indicate the expected prevailing up-and down-valley air flow, but includes many hours, even at night, of flow from the northeast (the direction of the Smelter Complex).  This unexpected distribution at the Cushurupampa monitor is at least partly responsible for high model-predicted concentrations there, and does not seem consistent with the measured air quality.  If measurement errors or some unique local site condition caused the Cushurupampa wind distribution to differ from prevailing winds in the Yauli valley, we would expect model results to be poor for that area.  The 2005 monitoring system calibration indicated an error in Cushurupampa wind direction data, and it is possible that 2002 data were also in error.


In summary, the model results satisfy most, but not all, of the objectives stated in Section 4.0.  Because the model predictions are generally representative of average and maximum observed impacts, the model is expected to predict impact changes due to changed emissions in a realistic manner.  The results are therefore appropriate for risk assessment purposes.  The model results should be considered to be conservative, in that they provide reasonable but high estimates of maximum impacts (except for SO2 at Huanchan).  Long-term (annual) impacts are generally over-predicted.  Model results for Cushurupampa are most conservative, since they show the greatest over-prediction.  Model results for the area of La Oroya Antigua show much better correspondence to nearby monitor results, and appear to provide reliable estimates of actual air quality impacts.


As noted previously, Doe Run Peru is now making measurements of wind and temperature above ground level with acoustic sounding equipment at the Complex.  These data have the potential to improve model application.  When consistently accurate measurements are achieved, new modeling will be carried out, and revised model results will be presented, as appropriate, when results are available.

7.0
MODELING FOR RISK ASSESSMENT


For the human health risk assessment, the air quality model was used to predict future SO2 and lead concentrations, as well as annual lead deposition, at a grid of receptor points covering those areas to be addressed in the risk assessment.  The receptor grids are shown in Figure 7-1.  


Modeling was performed using estimated average Complex emissions for 2002 (Table 5-1), to provide data representing population exposures during that recent time period.  Similar modeling was then carried out for the years 2005, 2007, and 2011, with emissions for those years as estimated by Doe Run Peru.  The future emission estimates, shown in Table 7-1, are based upon the emission controls, process changes, and Complex modifications planned for each year by Doe Run Peru (Appendix B).  The emission estimates were provided by Doe Run (Vornberg, 2005 – Appendix B).


All SO2 and lead modeling used 2002 meteorological data, with the emissions sources and parameters described in previous sections of this report.  Only the emission rates were changed for future scenarios, to represent the emission reductions expected to occur upon implementation of Complex projects.


In addition to short-term and long-term concentrations of SO2 and lead, the model also calculated monthly lead deposition rates.  For deposition modeling, information on particle sizes must be entered into the model.  The required particle size distributions were obtained from U.S. EPA publication AP-42, which provides measured particle data from uncontrolled processes at lead and copper smelters.


The following specific model results were derived for each receptor point.

· Second-highest one-hour SO2 concentration

· Second-highest 24-hour SO2 concentration

· Annual average SO2 concentration

· Annual average lead concentration 

· Annual average lead deposition rate

For the short-term SO2 concentrations, the second-highest concentration from the year of data was derived to avoid the influence of possible “outliers” that might be calculated for unique or unrealistic situations.  Many air quality standards allow one or more exceedance of short-term standards per year.  It should also be recalled that all “annual” statistics are in fact averages from four months of model results, as explained in Section 6.0.

7.1
Source Culpability

The CALPUFF model calculates total impact for all sources modeled, and does not provide for partitioning the total into impacts of individual sources.  Therefore, 
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 Table 7-1.  La Oroya Emission Rates (g/s)

Source
Model (Emission) Scenarios


2002
2005
2007
2011


SO2
Lead
SO2
Lead
SO2
Lead
SO2
Lead











Main Stack
10,500
20.80
9,300
14.27
7,870
12.53
1,736
11.89











Sinter Plant Scrubber Stack
0
3.68
0
3.68
0
0.13
0
0.13











Building Roof Vents



















    Copper Roaster
400
1.90
400
1.90
400
1.90
100
0.48











    Copper Converter Aisle
500
1.27
500
1.27
500
1.27
125
0.32











    Reverb. Furnace
100
0
100
0
100
0
100
0











    Blast Furnace
0
1.90
0
1.27
0
0.32
0
0.32











    Dross Plant
0
1.27
0
1.27
0
0.32
0
0.32











Building Fugitives



















    Copper Roaster
36
0
36
0
36
0
9
0











    Copper Converter Aisle
54
0
54
0
54
0
13.5
0











    Reverb. Furnace
10
0
10
0
10
0
10
0











    Sinter Plant
0
0.95
0
0.95
0
0.16
0
0.16

culpability of specific sources must be determined by re-running the model including only one specific source or subset of sources at a time.  Because of this limitation, only a few model runs (individual months of 2002 data) have been processed to quantify the relative impacts of various sources at the Smelter.


For SO2, modeling was performed to determine the relative impacts of the Main Stack and the fugitive sources.  Four months were modeled for the Sindicato monitoring site, for the Main Stack only, and for the Main Stack plus all fugitive sources.  Results indicate that emissions from the Main Stack account for only 5% to 27% of the total predicted impacts.  The contribution of the Main Stack (at an emission rate of 907 mT/day) relative to that of fugitive sources (total emissions of 95 mT/day) averaged sixteen percent for short- and long-term averaging times.


Lead modeling was carried out for one month of data to define individual contributions of the Main Stack, Sinter Plant Scrubber Stack, and fugitive emissions, to the total predicted monthly mean lead concentrations at four monitoring sites.  Contributions to total impact, averaged over the four receptor sites, were 13% from the Main Stack, 27% from the Sinter Plant Scrubber, and 60% from fugitive sources.  The contribution of the Main Stack and Sinter Plant Scrubber were greatest at Huanchan and Cushurupampa (55%), and least at Hotel Inca and Sindicato (25%).  Even at the more distant monitors (Huanchan and Cushurupampa), fugitive lead emissions account for nearly 50% of the total predicted lead concentrations.


These findings are generally consistent with the conclusions reached in an earlier preliminary analysis (McVehil-Monnett Associates, 2004), though the new results indicate an even greater importance of low-altitude fugitive sources.  The previous study suggested that the Main Stack accounted for at most two-thirds of long-term average SO2 concentrations; the present CALPUFF results indicate that it contributes less than 25% of those impacts.


The relative importance of the different sources to total ground-level impacts can also be inferred from the results for future scenarios presented later in this section.  Reduction in Main Stack emissions are shown to result in only modest decrease in predicted concentration; the major mitigation of impacts is found after elimination or reduction of fugitive emissions.

7.2
Model Results for Risk Assessment Areas


The model results consist of isopleth maps and tabular concentration/deposition data for receptors in each of the risk assessment areas: Chucchis, Marcavalle, La Oroya Nuevo, and La Oroya Antigua.  All isopleth maps and a table of lead results by receptor are included in Appendix A.


The isopleth maps are probably most meaningful for long-term (annual) average parameters.  The maps showing one-hour and 24-hour maximum SO2 concentrations depict patterns that may be highly influenced by one-time impacts at a specific receptor, and therefore are not fully representative of typical impacts in the region.  Thus, it is advisable to give more consideration to the range of concentrations depicted, with less emphasis on apparent small-scale variations.


In general the results indicate highest impacts in La Oroya Nuevo and lowest in La Oroya Antigua.  This is contrary to what might be expected due to distance from the Smelter Complex.  It should be recalled that the model performance evaluation indicated significant over-prediction in the Yauli valley, and this apparent bias probably contributes to the higher impacts shown there.  The results for Chucchis and Marcavalle/La Oroya Nuevo are believed to be conservative (higher than may actually occur), while the data for La Oroya Antigua are expected to be generally realistic of actual impacts.

The individual receptor areas are discussed below.  Results are summarized in Tables 7-2 through 7-5.  The greatest value in the model projections is in the delineation of general trends across the areas and especially in the predicted future trends as emissions are reduced.  These trends are likely to be more meaningful than the absolute magnitude of model-predicted concentrations.  

Chucchis


Model results for the Chucchis area indicate decreasing impacts with distance up the valley away from the Complex.  They also indicate highest concentrations on the eastern side of the valley, probably as a result of the steeper terrain that tends to concentrate transported pollutants against the valley wall.  The smallest SO2 impacts are predicted in the south-central part of the area.  Lead concentration and deposition decrease in a uniform way from north to south across the area.


Modest decreases in SO2 impact (5 to 20%) are indicated from 2002 through 2007, with major decreases (82% relative to 2002) shown for 2011.  For lead, a more uniform decline in impacts is predicted; from 25% in 2005 to 50% in 2007, and 60% in 2011.

Marcavalle


SO2 impacts are indicated to be highest in the east-central part of the area, with lower concentrations in the north and south.  The patterns suggest highest concentrations along steep slopes in narrow parts of the valley, with smaller concentrations in broader valley sections where pollutants have more opportunity to spread laterally.


Future trend projections for Marcavalle indicate modest decreases in SO2 and lead impacts in 2005, major decrease in lead impacts by 2007, and decreases of 80% for SO2 and 66% for lead by 2011.

Table 7-2.  Model Predictions for Chucchis Area

Predicted Quantity
Average Area Value and Decrease From 2002


2002
2005
Change
2007
Change
2011
Change










Maximum 1-hour SO2 (µg/m3)
14,750
14,000
-5%
12,000
-19%
2,800
-81%










Maximum 24-hour SO2 (µg/m3)
1,750
1,600
-9%
1,375
-21%
310
-82%










Annual Average SO2 (µg/m3)
435
380
-13%
340
-22%
80
-82%










Annual Lead Concentration (µg/m3)
1.33
1.03
-23%
0.67
-50%
0.53
-60%










Annual Lead Deposition (g/m2 year)
.0088
.0066
-25%
.0044
-50%
.0038
-57%










Table 7-3.  Model Predictions for Marcavalle Area

Predicted Quantity
Average Area Value and Decrease From 2002


2002
2005
Change
2007
Change
2011
Change










Maximum 1-hour SO2 (µg/m3)
20,500
18,750
-9%
16,250
-21%
4,000
-81%










Maximum 24-hour SO2 (µg/m3)
2,400
2,150
-10%
1,875
-22%
490
-80%










Annual Average SO2 (µg/m3)
630
570
-10%
505
-20%
125
-80%










Annual Lead Concentration (µg/m3)
2.35
2.00
-15%
1.10
-53%
0.79
-66%










Annual Lead Deposition (g/m2 year)
.0252
.0189
-25%
.0107
-58%
.0085
-66%










Table 7-4.    Model Predictions for La Oroya Nueva Area

Predicted Quantity
Average Area Value and Decrease From 2002


2002
2005
Change
2007
Change
2011
Change










Maximum 1-hour SO2 (µg/m3)
19,500
17,500
-10%
15,500
-21%
4,475
-77%










Maximum 24-hour SO2 (µg/m3)
2,000
1,950
-3%
1,900
-5%
538
-73%










Annual Average SO2 (µg/m3)
648
615
-5%
565
-13%
154
-76%










Annual Lead Concentration (µg/m3)
3.90
3.53
-9%
1.58
-59%
0.83
-79%










Annual Lead Deposition (g/m2 year)
.0678
.0631
-7%
.0268
-60%
.0132
-81%










Table 7-5.  Model Predictions for La Oroya Antigua Area

Predicted Quantity
Average Area Value and Decrease From 2002


2002
2005
Change
2007
Change
2011
Change










Maximum 1-hour SO2 (µg/m3)
11,750
10,750
-9%
10,500
-11%
3,700
-69%










Maximum 24-hour SO2 (µg/m3)
1000
950
-5%
925
-7.5%
330
-67%










Annual Average SO2 (µg/m3)
215
210
-2%
200
-7%
65
-70%










Annual Lead Concentration (µg/m3)
2.05
1.80
-12%
0.43
-80%
0.30
-85%










Annual Lead Deposition (g/m2 year)
.0181
.0173
-4%
.0051
-72%
.0032
-83%










La Oroya Nuevo

Highest model-predicted concentrations are shown to occur in the northeastern parts of La Oroya Nuevo, closest to the Smelter Complex and steep valley walls.  Lowest concentrations are indicated for the southern parts of the area, the west side of the valley, and the northern-most sections near the Hotel Inca monitoring station.


Predicted changes in La Oroya Nueva impacts are similar to those for the other areas.  SO2 concentrations are projected to decrease by 5 to 21% in 2007, and by 73 to 77% by 2011.  Lead concentrations are indicated to be reduced by 60% by 2007, and by 80% in 2011.

La Oroya Antigua

Concentration and deposition values all decrease with distance north from the Montaro River and the Complex.  For short-term SO2, the highest values are generally found approximately 200 meters north of the river.  The highest annual lead concentration and deposition values always occur at the point directly across the river from the Complex.

The future scenarios indicate minor impact improvements through 2005, with a 70 to 80% decrease in lead impacts by 2007, and a 70% decrease in SO2 concentrations by 2011.

7.3
Implications

It is instructive to consider the model-predicted decrease in air quality impacts in relation to Doe Run Peru’s planned operational and control improvements.  The model results confirm some of the conclusions stated above relative to the culpability of different sources, and provide some additional insight.

At Chuccis, some modest improvement in SO2 impacts is predicted for 2005 and 2007.  During this time period, Main Stack SO2 emissions will decrease by 25%, and the decrease in ambient SO2 in Chucchis is predicted to average about 21%.  Thus, Main Stack emissions do apparently contribute significantly at locations on the order of 7 km up the Yauli valley.  With subsequent SO2 reductions at fugitive sources, along with a major reduction in Main Stack emissions by 2011, ambient SO2 impacts are projected to decrease by over 80% compared to 2002.

Similarly, a decrease in Main Stack lead emissions by 31% between 2002 and 2005 is indicated to result in a 23 to 25% reduction in lead impacts in Chucchis.  Subsequent lead emission cuts are predicted to produce a total decrease in ambient lead impacts of 60% by 2011.

At La Oroya Antigua, somewhat different trends can be seen.  The reduction in Main Stack SO2 from 2002 to 2007 produces only small decreases in ambient concentration, on the order of 7 to 11%.  But subsequent reductions in fugitive SO2 emissions reduce ambient impact to 68% of 2002 levels.

For lead at La Oroya Antigua, the Main Stack lead emissions decrease from 2002 to 2005 has little effect on ambient lead levels.  But the subsequent mitigation of Sinter Plant Scrubber and fugitive lead emissions is predicted to reduce ambient lead impacts by more than 80% by 2011.

The model results therefore indicate that Main Stack emissions do have a significant impact at locations five to ten kilometers from the Smelter at Chucchis and Marcavalle.  But these are augmented by fugitive emission impacts even there.  When it is considered that Main Stack SO2 emissions in 2002 were on the order of ten times greater than fugitive emissions, the relative impact (impact per unit of emissions) is still greater for the fugitive sources.

At closer points such as La Oroya Antigua, the fugitive emissions appear to cause an overwhelming share of the ground-level impacts; their mitigation as planned for years from 2007 through 2010 will be effective in eliminating the high concentrations predicted and observed in 2002 through 2004.

7.4 Effect of Emission Curtailments

As described previously, for the past several years Doe Run Peru has instituted a procedure of curtailing specific Complex operations during early morning hours when weather conditions suggest a high probability of poor dispersion and elevated air pollution impacts in La Oroya during ensuing hours.  This strategy, referred to as a supplemental or intermittent control strategy, curtails some operations that generate high emissions for periods of one or more hours prior to sunrise.

The model simulations described in this report for 2002 and other years did not include any reduction in emission rates during specific hours of the day.  To obtain a quantitative measure of the effectiveness of the supplemental control strategy, a separate model simulation was performed for SO2 impacts during 2002.  The model input assumed normal (average) emission rates for all hours except for the period from 5AM until 8AM.  For that three-hour period, SO2 emissions were set to zero to provide an idealized example of maximum reduction in impacts due to short-term emission curtailments.

Results of the supplemental control scenario modeling indicated a reduction (relative to normal 24-hour per day operation) of 25 to 50% in highest short-term morning SO2 concentrations, and approximately 25% in 24-hour average concentrations.  The model results therefore confirm that a procedure for emission reductions in pre-dawn hours has a significant effect in reducing maximum pollutant concentrations during the following day.

Given the apparent effectiveness of the supplemental control strategy in mitigating the severity of high pollution episodes, it would be advisable for Doe Run Peru to continue to use, and to consider possible ways to improve, its application.  It should also be recognized that the future impact reductions projected in this report do not include any consideration of the supplemental control strategy.  Its continued use will result in additional impact mitigation beyond that indicated by the model.

7.5 Results for Arsenic and Cadmium

Doe Run provided estimates of current and future emissions of arsenic (As) and cadmium (Cd) that could be used to model trends in concentration and deposition for these metals.  Emission estimates are included in Appendix B.


Modeling of As and Cd concentration and deposition was conducted for 2002 and 2011, using the same sources and methodology as the SO2 and lead simulations.  Comparison of 2002 concentration predictions to measured concentrations is shown in Table 7-6.


The model predictions are, in general, somewhat low for Sindicato, in reasonable agreement at Hotel Inca, and high at Cushurupampa.  Overall, for all sites combined, the average predicted concentrations are quite close to the monitored concentrations for 2002.  It will be recalled that predicted lead concentrations were generally high for all monitor sites (Table 6-2).  The fact that the As and Cd results do not reflect a similar overprediction everywhere supports the conclusion that lead emissions may have been overestimated, or their apportionment between sources may not be accurate. 


Contour maps showing predicted As and Cd concentration and deposition in the risk assessment areas for 2002 and 2011 are included in Appendix A.  Table 7-7 summarizes predictions for each area, and the predicted decrease in impacts from 2002 to 2011.  In general agreement with the data for SO2 and Pb, reductions of 70 to 85% are projected.  Arsenic impacts are indicated to decrease by 70 to 75%, and cadmium impacts by 75 to 85%.

Table 7-6. 
Comparison of 2002 Model Results to Monitoring Data (all units are micrograms/m3 at Site Conditions)


Sindicato
Hotel Inca
Cushurupampa


Model
Measured
Model
Measured
Model
Measured









     Arsenic















          Annual Average
.65
       2.02
.53
.99
      1.42
.66









          Highest Monthly Average
      1.03
       2.71
.71
      1.08
      1.89
.80

















Cadmium















          Annual Average
.07
.22
.05
.05
.12
.04









          Highest Monthly Average
.12
.40
.06
.08
.16
.08









Table 7-7. 
Model Predictions For Arsenic and Cadmium


Chucchis
Marcavalle
La Oroya Nueva
La Oroya Antigua


Area
Area
Area
Area







Average Annual As Concentration (µg/m3)











     2002
0.86
1.30
1.53
0.40

     2011
0.26
0.38
0.40
0.11

     Percent change
-69%
-71%
-74%
-74%







Average Annual As Deposition (g/m2 - year)











     2002
.0060
.0139
.0260
.0046

     2011
.0019
.0041
.0068
.0012

     Percent change
-69%
-70%
-74%
-75%







Average Annual Cd Concentration (µg/m3)











     2002
0.069
0.102
0.138
0.058

     2011
0.017
0.025
0.027
0.009

     Percent change
-75%
-75%
-81%
-84%







Average Annual Cd Deposition  (g/m2 - year)











     2002
.0005
.0012
.0022
.0006

     2011
.0001
.0003
.0004
.0001

     Percent change
-74%
-76%
-81%
-85%







8.0
CONCLUSIONS AND RECOMMENDATIONS

The CALPUFF air quality dispersion model has been applied to provide estimates of air pollution impacts in populated areas within 10 kilometers of Doe Run Peru’s La Oroya Smelter Complex.  Tests of model performance, by comparison to recorded data on SO2 and metals concentrations at monitoring stations, indicate that the model predicts short- and long-term concentrations that are comparable to monitoring results.  Model predictions reproduce the observed daily variation in concentrations, and in many cases reproduce day-to-day changes that occurred.  However, the model results do not reflect the relative impacts at the different monitors as indicated by measurements, and show some systematic bias in day versus nighttime impacts. 

It is concluded that the model has skill at reproducing the complex meteorological and dispersion processes at La Oroya, but that improvement is necessary if the model is to be of optimum use for future prediction of impacts within the modeled area and at greater distances.  It is believed that the major limitation in current model performance is the lack of representative input data on temperature and air flow above ground levels.

The model results presented in this report are intended to provide general input to the Doe Run Peru human health risk assessment.  For the areas modeled, results are believed to be conservative in that they show impacts equal to or higher than are likely to occur.  The model results are most reliable for La Oroya Antigua, and of lesser accuracy for areas at greater distance from the Complex.

The most useful conclusions from the model are the projections of future air quality impacts that are expected after the institution of pollution controls and emission reductions at the Smelter.  It should be recognized that impacts are, in general, proportional to emissions from any given source.  Thus, if the model provides a generally realistic simulation of atmospheric behavior and the impact of individual sources, it can be expected to depict relative impacts for changed emission scenarios with some reliability.  It is believed that the current CALPUFF application does indeed provide a generally realistic simulation, and therefore can be expected to provide meaningful projections of the relative change in future impacts.  The indicated temporal trends are believed to be reliable, though the absolute magnitude of concentration/deposition values may be biased for some locations.

Specific limitations in the modeling should be kept in mind in interpretation and use of the model results.

· Because of the absence of meteorological data on upper air conditions, the model does not reproduce the time and space distribution of impacts with the accuracy that is needed for detailed definition of regional impacts.

· Model results appear to be of generally good quality for areas close to the Smelter (Sindicato and Hotel Inca monitoring sites), but to overestimate impacts near the lower Yauli river, and underestimate impacts downstream of the Smelter along the Mantaro River.

· Only major Complex sources were considered; emission from other sources could be significant in some situations. In particular, no simulation of lead emissions from vehicle traffic and wind erosion of exposed surfaces was considered.  These sources may be significant for lead concentration and deposition at receptors near the Complex.

· A limited quantity of meteorological data from four months of 2002 were used for the simulations.  These may not be representative of all seasons or all years.

· The Doe Run Peru supplemental control strategy (shutdown during hours of poor dispersion) was not considered in the future scenario modeling.  Monitoring and modeling data indicate that the strategy is effective in reducing peak and average concentrations in populated areas, and should be continued.

· The effects of precipitation on ambient concentrations and deposition of pollutants were not included in the model.  These effects could be important during the rainy season, and should be included in future modeling using precipitation data recorded at the Fundicion monitoring site.

· The area included in the model was limited to distances within 10 km of the Complex.  Because of the limited area, the model did not account for any pollutant that was carried beyond the modeling grid by prevailing winds.  Such pollutants could in reality be returned to the model area when wind directions reverse.

· The particle size distribution assumed for lead modeling may not accurately represent the particles emitted by different sources at the Complex.

It is recommended that Doe Run Peru give high priority to acquisition of high quality monitoring data that can be utilized for improved air quality model application.  In particular, it is recommended that:

· The Doppler Acoustic Sounder monitoring be continued and improved so that high quality data will be recorded on a consistent basis over extended time periods.

· Regular calibrations be performed and QA/QC procedures be improved to assure that meteorological and air quality monitoring data are accurate

· Consideration be given to additional monitoring or relocation of some existing monitors to provide representative data for modeling

When suitable Acoustic Sounder data are available, it is recommended that additional modeling be carried out to provide a timely supplement to the present report.  The new modeling would assess two of the limitations noted above: inadequate meteorological data above ground level, and the process shutdown strategy for impact mitigation.

On a longer term basis, when one year of reliable meteorological data from the Acoustic Sounder and surface stations is available, it is recommended that a more comprehensive modeling study be conducted, to better address the issues noted above, and to expand the model treatment to include

· Modeling a full year of weather conditions

· Inclusion of precipitation and more refined particle size data

· Expansion of the model area to assess impacts at greater distance from La Oroya

· Inclusion of wind-blown dust, road dust from vehicle traffic, and vehicle lead emissions

The combination of data shortcomings and schedule constraints precluded consideration of these elements in the present study.  Their inclusion in future model application efforts will provide important information on the significance of other factors for air quality impacts, and will contribute to ultimate improvement in model prediction capability.

References

Earth Tech, Inc., 2000: A User’s Guide for the CALPUFF Dispersion Model, Version 5.  January, 2000, Concord, MA, U.S.A.

JUSA Juan De Dios S.A., 2005: Seccionamiento  Para Las Alturas de Edificios у Plantas – Estimacion de Areas – Fuga de Gas Dentro de Fundicion v Refineria. Lima, Peru, February 2005.

McVehil-Monnett Associates, Inc., 2004: Air Pollution Impacts of La Oroya Smelter.  July 2004, Englewood, CO, U.S.A.

U.S. Environmental Protection Agency, 2003: Revision to the Guideline on Air Quality Models, 40 CFR Part 51, Appendix W.  Federal Register, Vol. 68, No. 72, April 15, 2003.

Vornberg, 2005: Fugitive and Stack Lead Dust Reduction Projects Estimates.  Memo to G. McVehil from D. Vornberg, June 12, 2005.

APPENDIX A

MODEL RESULTS – ISOPLETH MAPS

APPENDIX B

SMELTER COMPLEX POLLUTION

MITIGATION ACTIONS 

AND 

EMISSION ESTIMATES

APPENDIX C

MODELING FILES

AND 

LA OROYA MONITORING DATA

