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H13-64
MAKING THE RIGHT CHOICE: TRADE-OFFS AMONG OPERATIONAL ISSUES AND MODELLING
CONSTRAINTS. A CASE STUDY FOR A CEMENT PLANT LOCATED IN A COMPLEX TERRAIN DOMAIN
(CALPUFF VS. ADMS)

Massimo BressanElena Elvinf, Francesca Liguofiand Silvia Pillo

1 ARPAV - Environmental Protection Agency of Veneto Reg Department of Treviso, Treviso, Italy
e-mail: mbressan@arpa.veneto.it
2 ARPAV - Environmental Protection Agency of Veneto Reg Regional Air Observatory, Venice, Italy
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Abstract:

This work is addressing the decision making pro@easived in the selection of the most suited aiality model to assess the impact of a
cement plant located within a complex terrain dem@aiNorthern East of Italy.

The overall objective is the description and arialg$ operational issues arising from the caseystuitich are among others: complexity of
problem setting, assumptions and range of modéicaiylity (pollutant types, spatial and temporehtes, orography description, wind calm
treatment) and the input data availability. The ofea specific model and its setting up is alwaysaale off between consistency and
accuracy of results. Two air quality models (CALARNS ADMS-Urban) were used to simulate emissioomfthe kiln of a cement plant
over a complex orography domain (6 Km x 6 Km). Botbdels were run under different configurations aensitivity analysis of results
was performed. On strict terms this ‘field testingas not a comparison of model performances bhieraa cross-check of air quality
impacts calculated by different modelling approachi¢ence a key issue was to evaluate at which ploéndifferences between the model
outputs make one model inadequate for evaluatimadts. Modelling exercise showed a discrete agneemiken comparing long term
averages but a strong contrast in short term osi{{pigh hourly percentiles).

Analysis showed that a crucial choice in deterngnthe differences of CALPUFF outputs was the altéwe use of continuous
parameterisation of the turbulence properties withe atmospheric surface layer as computed bygithidarity approach or by the discrete
characterization through the Pasquill-Gifford digpen coefficients; the comparison of CALPUFF vMS showed a significant contrast
in modelling outputs due to the different computadil treatment of the similarity approach.

Short term outputs are crucial for a regulatorynpaif view because they imply different compliartioeair quality standards. The use of
multiple models of varying complexities appliedth® same case study allows useful insights into semsitive results are to the different
computational choices and how much trust shoulgiein the results from any one model. This alse maportant implications for
interpretation of model results by final users. (&&akeholders, policy makers).

Key words: cement plant, NOx emissions, ADMS, CALPUFF, seitgitanalysis, trade-offs, decision making processdel output
comparison, micrometeorological input scenarios

INTRODUCTION: FRAMING THE ENVIRONMENTAL CONTEXT

The cement plant under study has an average piodutzpacity of 740.000 tons y&anf clinker. The facility consisting of
one dry-process rotary kiln with a 5-stage cyclsnspension preheater and a precalciner built lrgoriser duct is using
scrap tires as alternative fuel. A quenching systemelectrostatic precipitator and a fabric filsgstem is adopted for the
pollutant abatement of flue gas before the finaission into the atmosphere. The plant is locatedheyembankment of a
major river near a residential area of a smallagdl and close to a small mixed commercial-inddstiiea; also in the

vicinity of the plant there are crops, a small fisiim and some natural environments of intereske Whole area is

characterized by a complex terrain domain (a vallitly significant altimetric variations) with diuahthermally driven flows

(mountain-valley winds, slope winds) and associaeecific anemological features affecting pollusadispersion such as
stagnation (where atmospheric flows decrease @r istspeed), recirculation (polluted air initiakkarried away from the

source is later returning back) and ventilatioagsant air is replaced or diluted by fresh air)ide and Whiteman, 1994).

The objective

The main goal of the present study was to addtesslifferent issues involved in the selection & tmost appropriate’ air

quality model to assess tlaxal impactsof the cement plant in the above given computatidomain. In strict terms this is
not a model comparison from a theoretical pointiefv but a description of the difficulties, uncéntées and trade-offs that
a practitioner is facing in order to assure copsisy and accuracy of modelling results. In othemsethis investigation is a
sort of ‘quality assurance’ of the different modwritputs by the systematic comparison and evaluatioresults over

different simulation assumptions. Finally, from takeholder point of view, all these issues have afsich relevant

implication for the interpretation of results bydl users such as policy makers, local authoréies concerned residential
population.

CALPUFF VS. ADMS

ADMS-Urban v.2.2 (CERC, 2005) uses a boundary layeicttre parameterisation based on the Monin-Obukéogth
(LMO), and the boundary layer height (H). Distinretimodelling features can be summarised as follmescentration
distributions are Gaussian in stable and neutrablitions, but the vertical distributions are none@sian in convective
conditions to take account of the skewed structfréhe vertical component of the turbulence; a metidgical pre-
processor (Hunet al, 1981; 1988; Carruthees al, 1988) calculates the required boundary layermaters from a variety
of input data: e.g. wind speed, day time cloud cavevind speed, surface heat flux and boundargrliagight.

CALPUFF v.5.7 (Scireet al, 2000; 2001) is a non-steady-state meteorologicdlair quality modelling system adopted by
the U.S. Environmental Protection Agency (EPA, 20@5its Guideline on Air Quality Models as the faneed model for
assessing long range transport of pollutamis on a case-by-case basis for certain specifar-field applications involving
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complex meteorological conditioniglain components of the modelling system are CAOMEiagnostic 3D meteorological
model), CALPUFF (air quality dispersion model), aLPOST (post-processing of results).

In spatial terms a comparison of ADMS vs. CALPURRpuits implies a short- against a medium-rangeedsspn model
which is a clear violation of the assumptions rdgay the applicability of each one model. But on titeer hand an
alternative use of ADMS vs. CALPUFF was a necessgmgrational trade-off in order to encompass manhelertainties
associated with the complex computational domaishastly described in the introduction (i.e. winalras and complex
orography). As will be shown later, wind calms hetmodelling domain amount on annual average up4#b of the
recorded data by the meteorological surface stdt@neafter called Quero. This fact was clearly dggdl for the use of a
model fully capable of dealing with low winds: i.€ALPUFF better than ADMS. On the other hand, coeréig) the
objective oflocal impact assessment, the use of ADMS can also lifigdsbecause of the need to evaluate impacthen t
near-field and from an operational point of vievedgse of less input requirements.

Hence the need for handling trade-offs among ojmeratissues and modelling constraints for the lambsetting and the
final evaluation. To encompass shortcomings of botiiels under study, ADMS and CALPUFF were run urtditerent
configurations as described in Table 2 and detaigtsitivity analysis of results was performedegorted in Table 3.

THE EMISSION SOURCE, THE POLLUTANT AND THE SIMULATION PERIOD

Table 1 contains the relevant descriptive pararaatbthe stack emitting pollutants from the rotkiip of the cement plant.
NOx dispersion was modelled for the year 2008 usimonthly time-varying emission factors. In orderaitow a more
realistic comparison of results across model ostpNOXx (with no information about the ratio NO/NO&as treated as a
non-reactive pollutant with no deposition ratehat ground level.

Table 1. Descriptive parameters of the emissiomcsoand the modelled pollutant.

Parameters Unit of measure | Stack from rotary kiln
Stack height m 62

Stack exit diameter m 4

Flue gas average temperature °C 159
Flue gas average emission rate INth 535316

Flue gas average speed ms’? 11.8

NOx average flow emission rate s 38.2

Modelling outputs were discussed in terms of GI& fi°]: i.e. pollutant concentration Gi§j m°] over flow emission rate E
[g s] as defined by the following simple equation (1) :

C/E:[%/%}:Lusﬁm*] @)

THE MODELLING DOMAIN, THE METEOROLOGICAL INPUTS AND THE MODEL CONF  IGURATIONS

The computational domain for the modelling runs defined as a square centred over the cement gtiack with a side of
6 km and a mesh size of 60 m for a total of 10.€@®putational sampling grid points. Given the sabtal diversity of the
possible meteorological schemes serving as inplABMS vs. CALPUFF, a discrete number of micro-neetdogical input

scenarios were defined as reported in Table 2.

The hereafter called AMDS(1) run used a singleag@fstation Quero, located about 10 km North frbendement plant
with recorded wind at 5 m height, nested into tlengutational domain. This station was consideredth@s most

representative among three other possible alteesafor the area under study. A meteorologicalgyozessor FLOWSTAR
fully integrated into the ADMS suite performed ttmmputational flow over the complex terrain (Carartiet al, 1988).

The hereafter called CALPUFF(1) run used CALMET mddehterpolate meteorological data from 10 surfste¢ions (one
of which is the same station of Quero used by ADM$d 4 are synoptic) and 3 radio sounding statiora 9 km x 8 km
domain with a 250 m resolution grid.

In between these two, a number of ‘blend runs’ velrined using different meteorological input saérs hereafter called
AMDS(2) and CALPUFF(2) to CALPUFF(6), with the aim test sensitivity of results in function of conting model

parameterisations.

ADMS(2), CALPUFF(2) and CALPUFF(3) were all used withe same meteorological input: i.e. an extractadn
micrometeorological variables as computed by tH®rFesolution CALMET grid at the stack point.

CALPUFF(2) used the similarity approach whilst CALFR{B) relied on the discrete approach defined byRasequill-

Gifford dispersion coefficients. CALPUFF(4) and CALPE(5) both used the same classical meteorologiaedrpeters
recorded by the single surface station Quero amddme micrometeorological parameters from a ldgolution CALMET

grid but they differ from each other for the altatime description of atmospheric dispersion condgi(Pasquill-Gifford vs.
similarity). For a short summary of all model rueger to Table 2.

Figure 5 compares the wind rose and the wind dtaggiency distribution monitored by the surfacdisteQuero, a few km
outside the modelling domain (upper left and lovedt), with the analogous data interpolated by CAEMwithin the

modelling domain in the position level of the cemnglant stack (upper right and lower right).

Data showed the same substantial patterns for fomghtions with most frequent winds blowing from tNerth West and
wind calms (defined as average wind speed < 0:§ mighin the range 5-14% of recorded data.
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Figure 5. Wind rose and wind class frequency distion (year 2008) respectively recorded by theam@togical surface station Quero,
located about 10 km North form the cement planh wie anemometer at 5 m height (upper and lowgrdefi calculated by CALMET
model in the position level of the cement plantistaoint at 10 m height (upper and lower rightjntaonditions were defined by hourly

average wind speed < 0.5 Tns

Table 2. Short definition of the modelling configtions, micro-meteorological input scenarios ardrtiost relevant parameters used for the
different computational runs.

Model configurations

Micro-meteorological input sc@arios

Relevant dispersion parametrisation

single surface station with recorded wind at 5 nglteand

Monin-Obukhov length (LMO) and boundary layer

3D field — 1 km resolution grid at the surfaceistatlayer
10 m

ADMS (1) ADMS meteorological pre-processor interpolatiod@m height (H) as computed by ADMS
height g P y
1D extraction of micrometeorological variables from .
ADMS (2) CALMET 3D field — 250 m resolution grid at stackipo M°”'”;‘2?“h"th(°H‘; 'aesn?:tg‘nf'-u""tgg g“%i?_‘f\;‘g?y layer
layer 10 m 9 P Y
CALPUFF (1) CALMET 3D field - 250 m resolution grid M°”'”;g%“hkth(°H‘; I:sn?:tohnf:;thgg g;%%_‘f\;‘g?y layer
1D extraction of micrometeorological variables from .
CALPUFF (2) CALMET 3D field — 250 m resolution grid at stackipo MO”'”;‘C;E’“h"th(OH‘; 'ae;‘?:g‘m("mgg ;”%i‘l’_‘f\;l‘giry layer
layer 10 m 9 P Y
1D extraction of micrometeorological variables from .
CALPUFF (3) CALMET 3D field — 250 m resolution grid at stackipo Pasq“(':\'ﬂ'g)'ffé’i;d é':sfg n(fgg'ﬁfgee?]fg ?J‘ggff:g;‘g)mo
layer 10 m P
surface station with recorded wind at 5 m heighD+
CALPUFF (4) extraction of micrometeorological variables from IQMET Monin-Obukhov length (LMO) and boundary layer

height (H) as computed by CALMET

CALPUFF (5)

single surface station with recorded wind at 5 ngltet+
Stabiliy Classes from Calmet 3D — 1 km resolutiod gt
surface station, layer 10 m

Pasquill-Gifford (PG) (rural areas) and McElroy-Rwoo
(MP) dispersion coefficients (urban areas)

RESULTS AND DISCUSSION
Table 3 reports the outputs and the most relevéasrormeteorological parameters of the above defimedelling runs.
Maximum C/E values (high hourly percentiles P100 BA8, respectively the 100° percentile and thep@Beentile) always
occurred, as it is typical for elevated point segtcduring convective conditions of the boundagetaas shown by the
reciprocal of Monin-Obukhov Length always less tlzano). Extreme C/E values were reached for verywimd or calm
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conditions, which are normally reported as a lowuaacy condition for a typical Gaussian model fiis tsense much more
affecting ADMS rather than CALPUFF).

Concerning C/E short term outputs (hourly averagi&),most contrasting values were accounted forl@@ percentile
(P100) referring to ADMS(1) vs. CALPUFF(1) comparisavith an estimate of about 17 times larger fa second model
configuration; for the 98° percentile (P98), aswehdy CALPUFF(3) vs. ADMS(2), the difference was abb2 times larger
for the latter. Regarding C/E long term outputs (AV&nual average), the most contrasting valueframethe comparison
of CALPUFF(3) vs. ADMS(2) for which the differenaeas up to 50 times larger for the second modeligordtion. As

evident by Table 3 all these ‘inconsistencies’ wardirect consequence of the very different atmesptboundary layer
description and the pollutant dispersion paramedéion. Above mentioned cases were at the ‘extrengs’ of our model
comparison exercise and all other cases were soat@hlted in between of them.

Beside this, many other aspects of interest areeavioly examining data reported in Table 3:

e ADMS(1) vs. ADMS (2): ADMS experienced a very diéat output in terms of both P100 and P98 (thesthffice
is obviously less evident for the annual average); maximum C/E value (P100) increased dramatidatign
ADMS(1) to ADMS(2) showing how the model was veensitive to alternative meteorological inputs;

e CALPUFF(1) vs. CALPUFF(2) vs. CALPUFF(4) on one sated CALPUFF(3) vs. CALPUFF(5) on the other:
CALPUFF resulted not so sensitive to 3D vs. 1D disiemng of the meteorological inputs (i.e. singleface
station or a 3D field) yet it was much more sewsitio the dispersion coefficient parametrizatioihe use of
Pasquill-Gifford parameters leads to ‘diluted’ weduof a factor of 10 both for high percentiles (®1P98) and
annual average (AVG);

e ADMS(1) vs. CALPUFF(3) showed that the second manteiverged upon the first with the use of Pasquill-
Gifford parameters; on the contrary, ADMS(2) vs.I®AJFF(1) experienced how the first model ‘forceato the
use of the micrometeorological parameters as coedpby CALMET was in good agreement with the ‘exteém
C/E outputs of the second.

Table 3 Modelling configurations, spatial maximuon €/E outputs with reference to 100°-, 98°-periterfP100, P98) and annual average
(AVG) for year 2008, micro-meteorological paramet@d = wind speed, PHI = wind direction, 1/LMO =igrocal of Monin-Obukhov
Length, H = boundary layer depth, Z0 = roughnesgtl®), distance and azimuth from stack, date ofiseace for each event.

. CIE Distance| Azimuth Date of
coMnggjigrt]igns Statisticy spatial _rsnax [mL;_l] [PH]I lfrl;]'\qlo [::]] H/ILM from from stack event
[us M stack [m]| [degrees] | [dd/mm hh]
P100 2.6 0.59 309 -0.31 1348 -42p 231 130 22/09(13
ADMS (1) P98 1.8 1.72 123 -0.08 2000 -124 504 334 23/04|11
AVG 0.2 - - - - - 782 138 -
P100 30.2 0.75 317 -9.34 966  -9022 53 206 10/09|13
ADMS (2) P98 15.8 0.75 301 -6.53 1433 -9488 93 56 01/08|12
AVG 0.5 - - - - - 149 352 -
P100 44.1 0.39 350 -3.04 497  -1538 86 315 17/05|08
CALPUFF (1)| P98 8.8 0.37 325 -0.45 1365 -608 240 180 23/09|16
AVG 0.1 - - - - - 366 351 -
P100 33.9 0.14 224 -1.67 27p -466 216 56 18/11|10
CALPUFF (2)| P98 11.4 0.42 320 -2.5( 730 -1825 247 166 14/01|14
AVG 0.2 - - - - - 247 346 -
P100 3.5 0.33 355 -10.0p 12%7 -12573 494 166 05306
CALPUFF (3)| P98 1.3 0.21 25 -10.00 685 -6849 190 162 18/10|11
AVG 0.01 - - - - - 119 180 -
P100 30.0 0.19 122 -1.25 300 -37b 214 304 21/09|10
CALPUFF (4)| P98 11.7 0.50 131 -0.27 1717 -464 2585 315 30/08(18
AVG 0.3 - - - - - 268 333 -
P100 5.6 0.12 117 -10.0p 1238 -12378 13% 297 19304
CALPUFF (5)| P98 2.2 0.41 67 -1.43 1967 -28Q9 180 270 27/06|15
AVG 0.02 - - - - - 60 271 -

Figure depicts the average hourly profiles of H@QMboundary layer depth (H) times the reciprocaMafin-Obukhov
Length) used by the five modelling configurationstmthe similarity theory approach: i.e. ADMS(1), CRUFF(1),(2),(4);
data comparison showed the substantially diffedesscription of the boundary layer conditions indiion of the alternative
model computational approaches and their relatieeaymeteorological variables used as input.
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Figure 2. H/LMO = boundary layer depth (H) times teciprocal of Monin-Obukhov Length (1/LMO): connisan of the average hourly
profiles among the different modelling configuratsausing the similarity theory approach; error ladécate the standard error of the mean.

Finally, although both models (ADMS and CALPUFF) weery sensitive to alternative meteorological ispand relative
dispersion parametrizations, some computationaligurations were in good agreement within a faabtwo in terms of
C/E outputs. An important final caveat was idendifisensitivity analysis is a key issue in the teig’ of the ‘optimal
model configuration’ for a given computational domadne possible solution to overcome these madefdtions was the
method we have here briefly envisaged: i.e. thessahecking of one model results against the ofbgrpossibly
considering at least one more ‘advanced modekdone specific features but with the same overnadllities).

Lessons learned

A number of issues arise when selecting and applgimodel or a set of models for environmental ichpasessment and
related regulatory activities which are includitige selection of a model from multiple possibikti¢he level of expertise,
the model assumptions and its range of applicgptlite cost and the availability of the model, &uaptability of the model;

and the data availability. All models come with gfie assumptions and application limitations anterstanding these
issues is critical because they define a speqifidieation range for a given model and computafioleanain.

Model practitioners should be fully aware of theibdary within which a model can be properly used ey should refrain

or refuse to use it when a major assumption withénmodel is directly violated or is close to beuiglated. A possible way
forward in such cases it to set up experimentsdhaays foresee the parallel use of two or more etogdossibly run in a

series of standard configurations.

Effective decision making will require providing lgy makers, stakeholders and local concerned pdjounl with more than

a single pollutant distribution for a model output with a full insight of the degree of uncertgiof the same.

Models are tools providing input into decisionsheatthan truth-generating machines. Direct impiic®t of this finding are

clear: although policy makers may desire a cledrwarique answer, models are best considered tasbene of the multiple

sources of input into the complex regulatory pracé&he challenge then is to properly communicatelehoesults and

improve the understanding of policy makers aboetddpabilities and limitations of the model results
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Abstract: Vegetative elements can facilitate passive codimthe environment within as well as outside tlegetation canopy itself by
partitioning the absorbed radiation into sensildattlux and latent heat flux. The objective oftpaper is to investigate how to promote
more efficient passive cooling by increasing theriheat flux and reducing the heat dissipatiahiwithe vegetation canopy. A Reynolds-
averaged Navier-Stokes equation with the Boussiappgoximation and a modifidde turbulence model is used to model the airflow. The
coupling equations of energy balance, and the &m@tvapor transfer are solved to simulate the temypie and moisture fields. 12 sets of
simulation are performed that consist of differkaf area densities LADs (0.2°m3, 0.4 nf m* and 0.55 rhm®) and different canopy
lengths (50 m, 150 m, 250 m and infinity). It isifal that a vegetation canopy of larger LAD offera@e comfortable thermal condition at
the pedestrian level. Moreover, the canopy of leridi0 m shows a lower air temperature both wittid downstream of the vegetation
canopy. A series of sensitivity tests are undertakeexamine the role of the meteorological condiiin the overall simulation results.

Key words: Plant microclimate; Passive cooling; Leaf energyamce; Heat and moisture transport;

INTRODUCTION

To promote the sustainability of our built enviroemt, there is a trend for urban planners to encemgaeenery in their
designs. Apart from aesthetic landscape, urbanngrgebenefits air quality and thermal comfort adlwié is therefore
worthwhile to study the environmental impacts ofe®tions in urban areas. The most common methodyisg plant
microclimate are field measurement and numericadukition. Only a handful of wind tunnel experimemtave been
conducted because of the various difficulties dfugeand the assumptions of plant and radiationetso(Raupaclet al.
1986). Numerical models are generally divided istngle-layer model and multilayer model. The siFgiger model
(Noilhan and Mahfouf 1996; Sellees al. 1996) usually focuses on the climate above thetatign canopy but ignores the
details within the canopy. On the other hand, thétitayer model is more appropriate to assist thalysis in this study as it
describes the plant-air interaction over and witthie vegetation canopy. A number of numerical sa@®are used in the
multilayer calculation: K-theory, Lagrangian modeid higher order closure model. K-theory (Waggamed Reifsnyder
1968) cannot simulate the counter-gradient transfemomentum, heat or moisture. Lagrangian modelfReh 1987;
Baldocchi 1992is able to solve the above problem, which, howeigenot well tested for plant microclimate stuglie
Higher order closure model (Meyers and Paw 198i9udh is more time-consuming in computation timegfiers more
accurate results facilitating more detailed anayse

The environmental impacts of plants are governed bange of factors: Baldoccéi al. (1985) compared the microclimate
of canopies with different leaf dimensions; Meyarsd Paw (1987) performed simulation under waterssed and non-
stressed condition; Naot and Mahrer (1991) stuttiecpblant microclimate in arid environment; KondalaVatanable (1992)
analyzed the bulk transfer coefficient for heat sador transport, and pointed out that plant milinate is greatly affected
by meteorological factors such as radiation, wipelesl, humidity, and plant properties (e.g. leasd&s and plant species).
Besides, the behavior of plant-air interactionnsetidependent. Therefore, some studies have foars#te diurnal cycle of
plant (Lemon 1965; Shuttlewortt al. 1985; Naot and Mahrer 1989). Apart from the terapee and humidity aspects of
the vegetation, some researchers are interestée inarbon dioxide profile (Lemon 1965; Baldocch®2pthat associates
with photosynthesis. Some even looked into the trowi the aerodynamic and thermal internal boundaygrs in the
vegetation canopy (Naot and Mahrer1991).

METHODOLOGY

An open-source computational fluid dynamics (CFDJe&sacOpenFOAM, is used in this study. The size efdbmputational

domain is 500 mx) x 200 my) x 100 m ), while the height of the vegetation canopy isrd.0Four canopy lengths (50 m,
150 m, 250 m, and infinity) are considered, in \ahilkree LADs (0.2, 0.4, and 0.55) are used in eactopy length. These
configurations end up with 12 sets of simulationidtal. The wind and temperature profiles, and amif moisture content,

are prescribed at the domain inflow. The wall fimetis used on the ground. The temperature is aohg808 K) on the

concrete ground and is zero-gradient on the grinehalv the vegetation canopy. The air temperatucenstant (304.8 K) at
the domain top while the symmetry conditions arduer other variables.

CFD calculations are performed by the combined floeat, and vapor transport model, radiation moaied, leaf energy
balance model. The flow model simulates the floeidfiusing a modified time-averaged Navier-Stokasaéqn with thek-¢
turbulence model. The heat and vapor transport mddndle, respectively, the energy and scalaspran in the domain.
Additional terms are included in the transport misdevhich involve the calculation of leaf surfacemperature, and
radiation and energy balance, to calculate thetdteat transfer.

MODEL VALIDATION

The simulation results in Waggoner and Reifsnyd868) are used to validate the current CFD model thithleaf area
density distribution shown in Figure la. As shownFigure 1b, the radiation absorption calculatedth®y current CFD
compares well with that in Waggoner and Reifsnyd®68) in which the maximum radiation received lesat 0.75 canopy
height. Figure 2 further demonstrates the relighdf current CFD model by air temperature and vagessure data.
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