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Thisdocument proposesanew congtruct for emissionsmodeling. The authors provide abaanced review of
the state of the science of emissonsmodding and processing and offer aforward thinking design for anew
system that will meet future needs. A public domain relationd database management sysem (RDBMYS) is
used as a backbone for the proposed emissions processing sysemwhiledl functionscurrently availablein
emissions processing systems are retained.

Introduction

Emissions modding refersto the calculation of complex ar pollutant emissons inventories from raw deata.
The typicd cdculation is an emisson factor multiplied by the activity throughput to obtain an emissons
edimate. Inredity, emissons moddsare much more complex than thissmple equation. Themaost common
use of emissons modding is to prepare emissons estimates for photochemica transport modeding. The
emissonsestimatesthat arerequired for thismodeing must represent either aspecific day or an artificid day
in the future. Additiondly, the estimates mugt reflect the spatia resolution of the modeling system and
characterize the chemical species required by the chemical mechanism in the photochemicda trangport
model. This preparation involves three main steps in processng emisson estimates: oatia dlocation,
tempord alocation and speciation.

Spatid dlocation involves the distribution of emissions onto the Cartesian grid used by the
photochemicd trangport model. Sometimes, emissons are associated with a specific coordinate (thisis
the case for point sources) and spatia alocation is a matter of trandating the coordinate system to the
gppropriate cdl in the Cartesian grid. For other sources, emissions are estimated at an aggregate level
such as by county. In these cases, the mode uses gridded spatial surrogates, such as population or land
use, to assgn afraction of the total emissions to the gppropriate cells. The process of creating the
gridded spatiad surrogates often requires the use of a geographic information system (GIS.) Typica
modeling domains contain as many as 3600 counties and 200 to 500 emission inventory categories
making spatia dlocation a computationdly intensive activity for emissons modes.

Tempord alocation takes annudized emissons estimates and calculates a representative estimate for a
specific day or type of day. There are two methods of tempora alocation: day specific and typica day.
Day specific temporal alocation looksat the attributes of aparticular red day and accountsfor many of the



variablesthat effect theemissonssource. Asan example, for biogenic sourcesthese variddesmightindude
ambient temperature, solar radiation, cloud cover, and soil moisture. Whereasfor on-road mobile sources
these variables might include day of the week, mix of cars and trucks, ambient temperature, humidity,
frequency of vehicle trip starts and stops, and minimum and maximum temperature for the day. Thisisthe
most accurate way to accomplish tempord alocation and it is dataintensive and computationaly difficult.
Typica day tempora alocation isaless complex and more common method that takes a pre-exisingannud
or seasond estimate and uses factorsto adjust from year to year, from year to month, from average day to
specific day of the week, and from day to hour. These factors are often related to activity and do not look
a the seasondlity or temperature effects on emissonsfactors. Credibletemporal dlocation isarguably the
mogt difficult part of emissons modeling.

The third component of emissons modeling is peciation. Speciation is the estimate of emissons for a
particular chemica gpeciesfrom more generic emissons estimates using aspecific chemicd mechanism. One
of the most common speciation activities is converson of VOC (volatile organic compound) emissions
estimates to CB-1V (Carbon Bond 4) chemica mechanism species groups. Using thismethod, each SCC
(source category code) intheinventory iscross-referenced to aspecific chemicd profile. Thereferencemay
be county specific, as in the case of automobile fuels, or nationd, as in the case of resdentia cod
combustion. Each speciation profile containsmassfractionsof individua chemica compounds. Themassof
each fraction of chemica species is converted to moles of that compound and then to moles of CB-1V
species groups. The following two examplesillustrate the complexity of this type of application:
1. For auto-body refinishing, 5.67% of VOC emissionsare ethyhexane (SAROAD code 90081.)
Next, for every mole of ethyhexanethe modd assumes eight molesof the CB-1V group“PAR’
(paraffin.)
2. For light duty gasoline vehicles, every gram of gasoline exhaust VOC is assumed to include
moles of CB-1V groups“ALD2" (ddehyde, group 2) and “PAR” (paraffin).

In addition to performing this equation for hundreds of species and thousands of SCC codes to creste a
complete chemical speciation data set, there are severa other factorsthat make speciation difficult. Firstis
the generd lack of speciation dataavailablefor many typesof activities. For example, the speciation of |eaf
blowersisbased on a1989 study of lawn mowers. Another difficult part of speciation isthe cross-rference
of individua chemica speciesto one or more lumped groups. Thisis confounded by the variety of sources
that vary by date, county, and year. Findly, developing a functiona speciation processor that is
computationdly efficient isachdlenge.

Emissions Processor s ver sus Emissions M odels

It isimportant to distinguish between emissions model s and emi ssons processors. Emissons processorsuse
gpatiad, tempora, and speciation programs to modify pre-existing emissons estimates to create emissons
data sets that can be used by photochemica transport models. Emissions models creste new emissions
estimates based on avariety of input factors.

Often the two terms are used interchangesbly but the distinction can be important when describing the
development of new tools. Common examples of emissons models are MOBILE 6 (for on-road
emissons), BEIS-2 and BIOME (for biogenic emissons), and NONROAD (for off-road mobile



emissons) Examplesof emissons processors are the point and area source programsin EMS-2003 that
generate model ready emissions estimates based on reported emissons inventories. Both SMOKE and
EMS-2003 combine emissons models and emissons processors.

History and Critique of EM S-2003

In the early 1990s the Cdifornia Air Resource Board (CARB) and The Lake Michigan Air Directors
Consortium (LADCO) funded a project to build a new emissions processor to replace the dominant one
being used at the time, EPS (Emissons Preprocessor System). The new model, Geocoded Emissions
Modeling and Projections (GEMAP), was written in SAS programming language with links to the GIS
system ARC/INFO. In 1995 EMS-95 was released. Based on GEMAP, EMS-95 included significant
modifications including new area and point processors, speciation processors, growth and control
processors, and theincorporation of the Mobilebb emissonsmodd. At the sametime, EPA was modifying
GEMAP to be part of the MODEL S3 system. That modified verson of GEMAP was named MEPPS.
Mogt advances in EM S since the mid- nineties have concerned improving the quaity assurance features of
the processors since many in the fied perceive the qudity of the raw data to be the biggest issue facing
emissions data development. Added features include atiered reporting structure that prioritizes problems
identified in the data and indicates the possible implications of those problems and an expanded library of
off-line programs that can be used to identify weaknesses in the input data such as unreasonable stack
parameters and speciation. 1n 2001, a biogenic model, BIOME3, was added to EMS. BIOMES is
capable of running elther BEIS2 or BEIS3 formulation scripts. In 2003, the mobile source modd in EMS
was updated to run the scripts used in USEPA’s MOBILES.

The most current verson of EMS available is EMS-2003. The principa difficulty with EMS-2003 isits
reliance on SAS. While SAS has powerful tools for data export/import, data visudization, and smple
programming, it is very expengve to own and operate. When EMS was first written, asingle user could
obtain acopy of SAS for $2000 for many of the computing platforms used to do modeling. The current
cost of SASisin excess of $20,000 unless a user can obtain a copy from EPA or an &ffiliated universty.
This codt is prohibitive for many users. Additiondly, because EMS-2003 has very few performance
modifications, processing speed is dmost directly proportiond to hard disk 1/0 on modern computing
sysems. To optimize EMS-2003 the developers recommend high-speed SCSI RAID devices for
important drives.

History and Critique of SMOKE

MCNC created the Sparse Matrix Operator Kernel Emissions (SVIOKE) Moddling System in 1999 to
create an emissions data processing method that integrates high- performance-computing (HPC) sparse-
matrix agorithms. The SMOKE system supports area, point, and mobile source emissions processing and
aso includes biogenic emissons modeling based on BEIS2. In 2001, SMOKE was integrated into
USEPA’'s MODEL S3.

The SMOKE modeling system provides much flexibility. However, itisacomplex sysemto learn for end
users. Most of the complexitiesin SMOKE are because:
1. Usarswant to create output for many different photochemical transport models, each with different
format requirements (e.g. different elevated/low-leve gpproaches to their emissons inputs)



2. Dataformats used by inventory devel opers continue to evolve making it necessary to convert new
data to older formats used by SMOKE

3. Input dataarereported in severd tempord formatsincluding annud, average- annud- day, average-
annua-weekday, average-seasona-day, average-seasonal-weekday, day-specific, and hour-
specific

4. Userswant to mix and match the many options for processing onroad mobile sources (e.g. use
VMT in some counties and pre-caculated emissonsin others))

Inthe SMOKE paradigm, thetempord, spatia, speciation, and projection of emissonsare “factor based”.

This means that these are linear operations that can be represented as multiplication by sparse matrices.
The SMOKE devel opers have discovered that lots of the matricesfor the factors are sparse matrices (most
of thelr entriesare zeros) SMOKE isdesigned to take advantage of thisby formulating emissonsmodeling
in terms of sparse matrix operations. SMOKE processes emissions by utilizing optimized sparse matrix
libraries to handle sparse matrix computations. The sparse-matrix gpproach is efficient in terms of
computation, but the routines that handl e sparse-matrix caculation can be difficult to understand and debug.
Very few, if any, end users would be capable of updating or adding a processor to SMOKE.

Attributes of a Good Emissions Modeling System
When assessing the usefulness of emissons modding systems there are three characteristics that every
emissons mode should have:

1. Quality Control: Inventory qudity ishighly variable and often of low qudity for important parts
of the modeling process. The model must be able to identify critica and non-criticd errorsin
the data inputs and report them in an effective way.

2. Transparency: Inthe near future expected modelsfor point, area, on-road mobile, off-road
mobile, biogenic, dectric utility, livestock, soil, and fireswill require models and data sets that
are easy to understand and de- construct.

3. Performance: Emissonsmodedsare part of alarger modeing processand should usethe same
hardware and software required by the other models in the process.

In terms of quality control, the most important feature for an emissons modd isto quickly and efficiently
diagnose problems with the inventories and report them in a concise way. In the past, emissions models
would identify thousands of potentia errors, far more than inventory developers were capable of fixing or
even reading. Often theimplication of these errorswas unclear and, more often than not, unimportant to the
overal modeling process. Moreover, important problems were often overlooked, buried in thousands of
lines of output. Qudity assurance tools must therefore be built that identify significant problems clearly
including theimplication of found errors.  Priority should be given to thoseissuesthat are expected to affect
the modeled outcome.

Trangparency refers to the ability to trace exactly the sources of data and what happensto it during the
emisson modeling process. Thisiscritical to the success of any emissonsmode becauseit dlowstheend
user to understand the reliability and consistency of the datagiven the many different calculationsand variety
of datatypes. This meansthat the language used to code an emissions modd must be readable and easily



learned. Additiondly, it must be easy for a user to see the data that the modd isusing a any step in the
process. In order to evauate output that seems erroneous, users need to be able to run basic queries on
data setsin order to trace the exact equations used for a specific vaue. For example, the user should be
able to reference a data set and request only records for a given state, county, and SCC code.

Data trangparency is further improved by a system that makes complex ad-hoc report writing possible by
the lay emissons modeler after 6 months of experience with the modd and its source code. This dlows
investigations d new data issues as they come up. Processors should also be developed that report
emissons estimates through the different stages of emissions modeling such as input processing, spatia
processing, tempora processing, and findly speciation processing. Thesereportswould look at state and
county totals by mgor sector of the inventory. Additiondly, some method should be devised to store
summaries of past modding runs for easy comparison with current values.

Performance has two distinct components. software and hardware.  Satisfactory software compatibility
requires the modd to run on amilar platforms as the photochemica models with minimum modifications
required for operation of the modedl. The current standard operating system for photochemica transport
moddsisRed Hat LINUX aong with the Portland Group FORTRAN compiler. Also, any newly desgned
emissions model needsto create output competible with the photochemical trangport modes CMAQ and
CAMX. Emissons modds should use only software compatible with the Red Hat LINUX platform and
with costs that do not exceed $2000.

Performance can often be improved by the remova of obsolete intermediate data sets. However, these
intermediate data sets can be useful for quality assurance of amodding run. A good emissonsmodd should
be designed to dlow the user to retain or del ete these intermedi ate data sets depending on quality assurance
concerns.

Another software congderation is the link between the meteorologicd model, MM5, and the emissions
modd. MM5 is used as an input to both emissons and photochemical modes. A strong link between
MM5 and the emissions modd should be available. For Mode s3/CMAQ and EM S-2003 this connection
isaccomplished with external processors. This program should be smple and sraightforward and havedl
the attributes discussed here for a good emissions modd.

Findly, user interfacesare, in generd, over rated asapractica tool for modeling episodes that span severd
days and are configured to take advantage of modeling options. The best emissions models have arobust
batch processng methodology that alows users to easily configure and run the mode and control the
numerous options available.

The second aspect of modd performance, hardware competi bility, requiresthat only modest adaptationsto
the hardware used to run the photochemica transport models need to be made to efficiently run the
emissonsmodd. As of December 2002, the hardware recommendations for running a photochemical

transport model include adua 2+ Ghertz Intel Processors, 1 Gbyte of RAM, 800 Gbytes of IDE hard
drive, and 200 Gbytesof SCSI hard driverunning REDHAT LINUX version 7.3 with the PGI FORTRAN
compiler. Often disk input/output (1/0) isthe limiting factor in emissons modeling and congdering current



options, the best way to resolvedisk I/O problemsisto use striped RAID SCSI drives. A four drive Striped
SCSl disk array cogts less than $1500 and should be the only hardware improvements needed for
emissons modding. It is important that the emissons modd is a least as fast as the photochemica
transport mode being used and current emissions models are indeed at least two to 5 times fagter.

Simplified Explanation of New Paradigm

The tasks of the emissions processor include reading emissonsinventory files, tempora alocation, spatia
alocation, speciation, and projection of emissionsto future/past years (optional.) Two main paradigmsfor
atmospheric emissons models can be identified: the “network-of- pipes-and-filter” approach and the
“factors-based” approach.

Inthe* network- of- pipes-and-filter” gpproach, an emissonsfile contains recordsthat describe each source
and al the attributes acquired during each processing stlage. Asadditiona dataand sourceinformetion are
combined, a new set of records is created. In this approach, al processing is performed one record at a
time, without structure or order to the records.

The second approach, the “factor-based” approach, recognizes that the tasks performed during emisson
processing are linear operations and factors can be developed for each task. The factors can be
represented as matrices, and, subsequently, the tasks can by represented by the multiplication of matrices.
In addition, the order of multiplication operations can be arranged to increase computationa efficiency.

Thereare prosand consto each approach. Oneimportant areaof interest is QA reporting. InEMS-2003,
reports are generated at each stage of processng while SMOKE (with the exception of tempord

processing) requires the application of additiona QA programs to creete the report for each stage of

processing. Further andysisisneeded to determinewhich gpproach is better for the new emissons modd!.
However, a relationa database management sysem (RDBMY) is exceptiondly suited for emissons
processing and will augment elther gpproach.

In the smple paradigm for development of anew emissions mode, public domain open source database
software will be used asthe backbone. Thissoftwarewill befree, readily available on most platforms, and
beaRDBMS. Emissonsinventory datawill be read into the database, dl information in the relationship
database will be represented asavauein tabular format, and every vauewill remain accessible by usnga
combination of the table name, primary key value, and column name. A description of the database and its
contents is represented at the logicd level in tabular format alowing it to be queried using the database
language. Emissonsdatain the RDBMS can beretrieved, inserted, updated, and deleted. Datarulesare
defined within the database and stored in an online catal og; therefore, they cannot be bypassed. A variety
of “sanity checks’ will be implemented to ensure data are within reasonable bounds. Inthe processing of
the emissons data, such asthe cregtion of factors and the merging of factors with the emissonsinventory
data, the functions, datatypes, and aggregates available in the RDBMSwill be used. Additiona functions
to create the emissions output for photochemica transport modelswill be written using GNU C (adlso free
and publicly available.) QA and summary reportswill be generated at different stages of processing. The
use of aRDBM Sfor emissons processing will facilitate atrangparent processthat iseasy to understand for
both end users and model developers.



Improving on Existing M odels

It islogicd to ask the fallowing question: * If good emissions models such as SMVOKE or EMS-2003
already exists, why do we need thisnew model?” This section explainswhat has been learned from the
existing modds and provides examples of how a new Open Emissions Mode (OPEM) will improve
emissons processing.

Data Structure

Currently, emissons inventory data are read into an emissons modd and stored in inventory filesthat are
sorted in aspecific order. These files contain both emissions values and source characteristics (e.g. stack
coordinates, stack parameters, SCC codes.) Subsequent operations require a consistent order between
related filesto enable assgnment of factors using subscriptsinstead of searches. InaRDBMS, oncedl the
data are added to a database, information can be managed and accessed through relational capabilities.
Every vaue in the rdaiona database is accessble by usng a combination of the table name, primary key
vaue, and column name. Reationships are defined between tables in a database, so no specific sorted
order is necessary. Furthermore, database normalization reduces redundancy by separating data into
separate tableswithin which each type of information is stored only once. Thisincreasesefficiency, reduces
the size of the database, and makes it easier to update.

Index

SMOKE employsthe“factor-based” approach. Profile and cross-referencetablesare used to convert the
resolution of emissions for spatia alocation, tempora dlocation, speciation, and mobile source emisson
factor assgnment. Each profile entry is assgned a profile number. The cross-reference tables assign the
profile to each source and contain source characteristics and the profile numbers to use. The cross-

reference tables are applied to the sourcesin astepwise manner, such that the most specific entry isadways
applied. In handling cross-references and profile gpplication, SMOKE firgt sorts the cross-reference
record using the same sort criteria as is used the inventory records. Then, these records are grouped

according to the “level” of matching to each of the entries. Once the cross-reference entries are grouped,
SMOKE loops through al records in the inventory and atempts to find a matching entry in one of the
cross-reference groups. The most specific groups are searched first so, when amatch isfound, the other
groups are not searched and SM OK E continuesto the next sourcein theinventory. SMOKE devel opers
believe this gpproach is much more efficient than other assgnment methods.  However, this indexing

process is very complex and can easily be solved by storing dl datain a RDBMS and using indexesto
efficiently retrieve data. This aso reduces a potential source of errors.

File Format

EMS-2003 stores dl data in SAS data sets. While SAS has numerous built-in procedures to process,

visudize, and provide emissons summaries from the data sets, accessto the datarequiresthe purchase of

expensve SAS software. SMOKE uses both ASCII and 1/0 Applications Programming Interface (1/0
API) formats to store data. The I/O AP files are binary files and can be read and written by a library

provided with SMOKE. Thel/O AP library dso provides many qudity assurance features useful for al

I/O, including I/O for emissons processing. However, any given1/O AP library can vary depending onits
versonand how itiscompiled. Thislack of consstency can be problematic. Alternatively, dl datastorage
including inventory data, intermediate files, and factors could be efficiently stored and processed in an



RDBM S and accessi bleto anyone who has obtained the publicly available software used asthebackbone.

Prioritiesfor Model Development

Severd key dtributes need to be kept in mind while building anew emissonsmodd. Thefirg isthat thefile
formats required should be among those aready commonly used. Theseformatsinclude EPA’sNIF2.0/3.0
and the Regiond Planning Organizations Data Exchange Protocol. Theformat used isimportant in order to
make it easy for states and local governments to submit their data.

Secondly, OPEM will be created as a community software development project. Mode devel opment
activitieswill involvevariousgroupsand will not useahierarchica software devel opment modd wherethere
are code vdidators employed dongside code developers. The chdlenge of any community software
development project is to have a process of modd validation that assures emissons caculations are
properly coded and that the variety of data sources are handled correctly. Ultimately the modeing

community’ scomfort in OPEM’ sdatatransparency, code robustness, stability, and computationd ecouracy
will be the deciding factor in future widespread adoption. The criterion that will drive development of this
model is summarized by the smple statement, “Can | easily figure out what the modd is doing?’

Findly, development of auser interface should only be pursued whenit furthersthe ahility to understand the
model, not asatool for mode execution. Examples of useful user interfacesinclude:
1. A tool to access any data set in the model and perform queries using nested Boolean equations
2. Atool to trace asingle source through the various stages of model processing in order to evauate
the relationship between a specific input record and the consequent output record
3. An online user’'s guide to direct users through smple problem solving examples and modd
operation.

Selecting the RDBM S
Severd public domain open-source database software packages are currently available. They include
MySQL, PostgreSQL, SAP DB, and Firebird. Thereisafrequently heated debate on the merits of two of
the most popular database management systems, namely MySQL and PostgreSQL. Both DBMS are
gtable systems and capable of being the backbone to OPEM. Both DBMS are available on various
plaformsincluding LINUX, Solaris, HP-UX, MacOS, Al X, IRIX, SCO, and Windows NT/2000. After
careful comparison, while MySQL and PostgreSQL provide many similar functions, PostgreSQL is
recommended for the following reasons:
1. PostgreSQL is more SQL standard compliant than MySQL.
2. PostgreSQL isACID compliant and MySQL isnot. ACID compliance refersto:
a. Atomicity isan dl-or-none proposition
b. Consgency guaranteesthat atransaction never leavesyour databasein ahdf-findhedsae
c. |solation keeps transactions separated from each other until they are finished
d. Durahility guarantees that the database will keep track of pending changesin such away
that the server can recover from an abnorma termination.
3. PostgreSQL uses a client/server model alowing the client and the server to be on different hosts
and communicate over a TCP/IP connection.
4. The PostgreSQL server can handle multiple concurrent connections from clients.



5. PostgreSQL hasamechanism caled Multi-Vergon Concurrency Control (MVCC) for locking and
concurrency support that is comparable or superior to the best commercia databases.

6. PostgreSQL can handle as much as three times the load as MySQL..

7. PostgreSQL forks a new process for each connection making it somewhat dower than MySQL
(multi-threaded); however, the differencein speed isnot considered Significant and there arevaious
way's to speed up PostgreSQL .

8. In the Windows environment, the MySQL server performs better than PostgreSQL ; however,
OEPM will be used mostly on LINUX platforms.

I ncremental Development

The best gpproach to develop OPEM isto thoroughly examine EPS, EMS, and SMOKE for the creation
of a“road map.” Thisroad mapwill beusedto crestealogica database design. From thisdesign, OPEM
will be implemented in dages. The first stage will lay a foundetion with area source emissons.  This
foundation will set the tandardsfor internal documentation of code, input and output formats, trangparency,
and programming efficiency. Once the area source emissons processor isfinalized, it will be followed by
components for projections, point sources, on-road, and biogenics. The entire process will take
approximately one to one and a hdf years to accomplish.

| mplementation

Development of aregiona emissons mode has customarily been an expensive undertaking. Modds like
EMS and SMOKE can cost millions to develop and implement. However, their development did not rely
on the expertise availablein the emissons modding community. Instead single contractors (dong with their
sub-contractors) were hired a high cost to code the mode in a relatively insulated environment. The
community based development structure is essentid to the development of the LINUX operating system
and has been proven to work effectively for modes like MM5.

Thisproposal doesnot cal for alargeinitia outlay of funding to build OPEM. Instead, it seeks community
supporters interested in participating in the development of the modd using in-kind resources.



