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DEVELOPMENT OF THE DIDEM MODEL: COMPARATIVE
EVALUATION OF CALPUFF AND SPRAY DISPERSION
MODELS

MARCO RAVINA, DEBORAH PANEPINTO & MARIA CHIARA ZANETTI
Department of Engineering for Environment, Land and Infrastructures, Politecnico di Torino, Italy

ABSTRACT

In the last years, research efforts have been addressed on the effects of single and multiple pollutants
on human health, in particular in densely populated areas. Modelling tools, integrating atmospheric sci-
ence with the latest evidence available from air pollution epidemiology and exposure science, represent
a valuable support to health impact assessment. This article considers the latest developments of the
DIATI Dispersion and Externalities Model (DIDEM). To extend DIDEM’s scope of analysis, the inte-
gration with different pollutant dispersion models was recently implemented. Particularly, in this arti-
cle, a comparative evaluation between CALPUFF (California Puff) Lagrangian puff model and SPRAY
Lagrangian particle model is presented. To help reaching this objective, the case study of Turin’s district
heating system, presented in previous publications, was re-considered and deepened. CALPUFF and
SPRAY models were compared on the same emission scenario. NO_and total PM concentrations result-
ing from the simulations were of the same magnitude, with some difference in the spatial distribution.
Total health damage costs differed between 8.5% and 9.7%, with lower values corresponding to SPRAY
simulations. This difference mostly corresponds to the different spatial distribution of pollutant con-
centrations which, in turn, correspond to different exposure levels. The possibility of selecting different
modelling tools extends the usability of DIDEM to a larger set of applications, including a wider scope
of application and a larger range of users. The results provide important information in the view of the
characterization of the overall uncertainty of the impact pathway approach methodology.

Keywords: air pollution, impact pathway, dispersion modelling, health, external costs, heating network.

1 INTRODUCTION
Air pollution represents a hazard to human health. In the last years, research has been focused
on the effect of single and multiple pollutants on human health, in particular in densely
populated areas. Multipollutant air quality management schemes have been proposed and
developed to mitigate these risks [1,2].

At the local scale, the impacts of air pollution on human health may be estimated with
the support of modelling tools, which integrate atmospheric science with the latest evidence
available from air pollution epidemiology and exposure science. A great number of codes and
tools have been designed for this purpose [3]. Each model was addressed to a particular scope
of analysis. Thus, each one presents specific features in terms of methodological approach,
technical structure, spatial and temporal scope and resolution and other aspects. The use of
modelling tools brings significant advantages of consistency and comparability of the results.
On the other hand, users must be aware of the technical and operational specifications of the
tool with regard to the context of analysis.

Presently, one of the most recognized and used methodologies for health impact assess-
ment and calculation of externalities is the impact pathway approach (IPA), whose concept
was introduced by the ExternE project [4]. This method requires information about air pol-
lution concentration levels, the relationship between concentrations and health outcomes and
the characteristics of the populations exposed.
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Recently, a new integrated tool for the calculation of environmental impacts, human
health effects and external costs associated to air pollution was presented [5]. This tool is
referred as the DIDEM model (DIATT Dispersion and Externalities Model), where DIATI
stands for Department of Engineering for Environment, Land and Infrastructures of Turin
Polytechnic, Italy. The DIDEM model was designed to analyse and compare two (or
more) operating scenarios through an integrated implementation of the IPA-based health
impact assessment associated to a calculation of health damage costs. The main features
of DIDEM are:

e The integration of advanced pollutant dispersion modelling with the calculation of health
concentration—response functions (CRFs), implemented following the latest World Health
Organization (WHO) recommendations [8,9];

e The implementation of different confidence levels on CRF data reported by WHO [8,9],
resulting in a precise estimation of uncertainty associated to the calculation of health ef-
fects;

e The implementation of updated monetary values of health effects introduced by the EU’s
Clean Air Policy Package [10].

Taking into account DIDEM model structure and features (fine spatial resolution and limited
geographic scope), it will be applied at the local scale (e.g. urban areas) to compare the com-
patibility of different energy scenarios in supporting local policy planning.

The first version of DIDEM model was presented in Ravina et al. [5]. Subsequently,
DIDEM model structure was developed and updated with new modules and functionalities;
these changes were reported in Ravina et al. [6]. Then, updated DIDEM model was tested on
a real case study, represented by a comparative analysis on the district heating (DH) network
of Turin, a town located in north-western Italy.

The objective of these improvements in DIDEM model development is the extension of
its applicability to a wider scope of analysis. However, its applicability must be evaluated
and tested. For this reason, this article reports an advanced methodological analysis of the
recent model developments depicted in [6]. As recognized by previous studies [7], air quality
modelling represents one of the main sources of uncertainty in the IPA-integrated modelling
process. Therefore, this analysis focuses on the use of different modelling software tools for
the simulation of pollutant dispersion and the related effects on the complete HIA analysis.
The software tools under consideration are CALPUFF (California Puff), a Lagrangian puff
model, and SPRAY, a Lagrangian particle model. The contribution of the dispersion model-
ling step to the overall uncertainty of the proposed methodology is evaluated, taking into
account Turin case study [5], which is now reconsidered and deepened.

2 METHODOLOGY
The DIATI-integrated DIDEM is based on the IPA and calculates the concentration of pollut-
ants and the delta-external costs associated to the comparative analysis of emission scenarios.
Comparative analysis is obtained by comparing the present situation to an alternative (previ-
ous or yet to be implemented) operating energy scenario.

The methodological and operating structure of DIDEM is described in detail in [5]. Fol-
lowing the IPA, this model links the simulation of pollutant dispersion (NO_, PM, ;. and PM, )
to the concentration—exposure-response functions provided by latest WHO recommenda-
tions [8,9]. Subsequently, the model associates monetary values to the incremental incidence
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Figure 1: Modular structure of DIDEM model.

of health incomes. The code was developed in MATLAB® and is composed of the following
six integrated modules (Fig. 1):

Module 0 (m0O_data_integration.m): integration of possible missing or incomplete data of
emission sources;

Module 1 (m1_extract.m): emission source data extraction and analysis;

Module 2 (m2_flux_analysis_correction): emission source data analysis and correction;
Module 3 (m3_calrun.m): dispersion model set-up and execution;

Module 4 (m4_calpost.m): post-processing of dispersion model output: generation of del-
ta-concentration maps, calculation of maximum and minimum delta concentrations and
Module 5 (m5_extern.m): calculation of the variation of health incomes, delta-external
costs and the related uncertainty range.

The operation of these modules is fully described in [5] and [6]. DIDEM model requires the
following input data:

Hourly emission flow of NO_, PM, and PM, for each emission source (point and area
sources are allowed);

Physical parameters of the emission exhaust gas stream (temperature, velocity and flux);
Geometric parameters of the emission sources (height, diameter and location);
Population density grid over the modelling domain and

Data of background rates of different health incomes in the area of study.

The following outputs are provided:

Values of concentration differences for NO , PM, and PM , Over the modelling domain
grid cells (in ASCII format);
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e Tables of five maximum and minimum concentration differences, with their spatial posi-
tions in the domain grid and their times of occurrence;

e Spatial distribution of delta external costs, as values over the modelling domain grid cells
and

e Tables reporting the total variation in health effects and external costs associated to the
considered scenarios. The results reported herein are differentiated depending on the level
of confidence of the input health effect/response pairs considered.

Currently, DIDEM is a living research project under development. The model was originally
designed to run CALPUFF dispersion model. In DIDEM last version, new routines were
implemented allowing the use of other dispersion models. Currently, two additional disper-
sion models may be used: Lagrangian particle model SPRAY [11] and the hybrid steady-
state model AERMOD [12]. The main features of CALPUFF and SPRAY dispersion models,
as well as the application of the extended DIDEM model on the Turin real case study, are
reported in the following sections.

2.1 Model description

In its latest version, DIDEM model is structured to allow the user to select among three alter-
native dispersion models: CALPUFF, SPRAY and AERMOD.

CALPUFF is a multilayer, multispecies, non-steady-state Lagrangian puff dispersion
model that simulates the effects of time- and space-varying meteorological conditions on
pollution transport, transformation and removal [13]. The modelling system consists of three
main components and a set of pre-processing and post-processing modules. The main com-
ponents of the modelling system are CALMET (a diagnostic three-dimensional meteorologi-
cal model), CALPUFF (an air quality dispersion model) and CALPOST (a post-processing
package). The model includes algorithms for subgrid scale effects (such as terrain impinge-
ment), as well as longer range effects, such as pollutant removal due to wet scavenging and
dry deposition, chemical transformation and visibility effects of particulate matter concen-
trations. CALPUFF simulates puffs of material emitted from modelled sources, reproduc-
ing dispersion and transformation processes along the way. The primary output files from
CALPUFF contain either concentrations or deposition fluxes evaluated at selected receptor
locations. CALPOST is used to process these files, identifying the highest and second highest
3-h average concentrations at each receptor, for example.

SPRAY [11,14,15] is a three-dimensional Lagrangian particle dispersion model, which is
able to take into account the spatial and temporal inhomogeneities of both mean flow and tur-
bulence. Concentration fields generated by point, area or volume sources can be simulated by
the model. The trajectory of the airborne pollutant is simulated through virtual particles: the
mean motion is defined by the local wind and the dispersion is determined solving the Lan-
gevin stochastic differential equations for the velocity fluctuations, reproducing the statisti-
cal characteristics of the turbulent flow. Therefore, different portions of the emitted plumes
can suffer different atmospheric conditions, allowing realistic representations of complex
phenomena, such as low wind-speed conditions, strong temperature inversions, flow over
topography, land use and terrain variability. SPRAY is a commercial model licensed by Ari-
anet company [16]. This model can be driven by SWIFT diagnostic mass-consistent model,
developed by Aria Technologies, Paris [17,18], and by the atmospheric prognostic model
RAMS (adapted at ISAC-Torino [19,20]).
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AERMOD is a freeware hybrid stationary model representing an evolution of steady-state
Gaussian models [12]. AERMOD was developed by the American Meteorological Society
and US EPA, with the aim of realistically representing the dispersion in convective situations,
while keeping the algorithmic simplicity of the Gaussian model.

These three codes represent subsequent steps of the evolution of pollutant dispersion mod-
elling, so their results can be significantly different depending on the domain and its condi-
tions. At first, all these models fit the scope of the DIDEM model and, for this reason, their
integrated use was implemented. The selection of one model rather than another may depend
on several factors: the scope and level of detail of the analysis, time constraints, economic
and equipment constraints.

Currently, AERMOD is the most complete hybrid model, implementing all the theories of
the dispersion in the convective PBL. In addition, it can also manage domains where there
is no negligible orography. On the other hand, it has the major drawback of a steady-state
model [22]. CALPUFF [13] is a Lagrangian puff model, and an extremely versatile tool to be
applied at different scales of analysis (from local to regional scale) in unsteady conditions. It
allows a detailed reconstruction of pollutants dispersion in a domain with complex orography
or large cities. It also implements a number of schemes to calculate the chemical degradation
of primary pollutants. On the contrary, even unsteady Lagrangian puff models as CALPUFF
cannot reach a level of detail in concentration distribution comparable to particle models.
In fact, they are not suitable when a detailed reconstruction of concentration distribution is
required, since it is normally assumed the concentration inside a puff is normally distributed
[22,23]. Lagrangian particle models (like SPRAY) show the ability of reproducing the close
connection between micrometeorology and dispersion of pollutants. However, such an abil-
ity increases with increasing computational power, to generate a greater number of particles
and use increasingly reduced time steps; also, particle model tuning is quite complex than
puff model tuning. Lagrangian particle models are probably the only models currently able to
realistically represent the dispersion in strongly convective conditions and close to the emis-
sion sources. The two main drawbacks of SPRAY are that it is a licensed model and it does
not implement chemical and photochemical reactions.

2.2 Model application (case study)

In the past, DIDEM model was tested on a case study in the city of Turin, Italy [5,6]. This
study focused on a comparative analysis of the operation of the DH network distributing ther-
mal energy for household heating. The objective of the study was to compare the impacts on
human health and environment presently generated by the cogeneration plants powering the
DH network with an alternative scenario, where DH network is suppressed, and the operation
of centralized autonomous, small-sized thermal installations was considered for household
heating and sanitary hot water production.

Turin’s DH network is currently powered by a system of three large cogeneration plants
(Moncalieri 1, Moncalieri 2 and Torino Nord), four back-up units (Moncalieri, Torino Nord,
BIT and Politecnico) and three pressurized steam storage systems (Torino Nord, Martinetto
and Politecnico). The location of power plants and the DH network extension in the urban
area of Turin is reported in Fig. 2. All conversion plants are fuelled by natural gas and were
simulated as point sources. The height of these sources is 43 m (BIT plant), 50 m (Torino
Nord and Politecnico plants) and 60 m (Moncalieri plants). Hourly data input of thermal
energy production, NO,_ emission and total suspended particulate (TSP) emission for the year
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Figure 2: District heating network in Turin: location of the power plants and areas served.

2015 were provided by the plants’ operator IREN ENERGIA [24]. Annual emission of pol-
lutants is reported in Table 1.

Residential autonomous heating units were simulated as area sources, dividing the
whole area served by the DH network in cells of 200 m x 200 m. A total of 74 sources
were obtained. The pollutant emission flow of each emitting cell was calculated based on
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the average characteristics of the buildings herein included. Starting by building shape fac-
tors and period of construction, the annual thermal energy demand was calculated following
the model proposed in the documentation of Turin metropolitan city energy planning [31].
Pollutant emissions from single buildings were calculated by multiplying thermal energy
demand for specific emission factors. Specific emission factors of 80 kg/GWh and 4.4 kg/
GWh for NO_and TSP, respectively, were used, according to Piedmont’s Regional Decree n.
46-11968 [25]. The annual amount was then distributed on an hourly basis scaling it to the
reference curve of a benchmark building subject to continuous monitoring of consumption.
Emissions from the residential units were supposed to have a height of 25 m. Annual emis-
sion of pollutants is reported in Table 1.

NO_and PM, , emissions were studied for a 1-year period, considering a time resolution of
1 h. Since these plants are fuelled by natural gas, total particulate is expected to be composed
mainly of fine and ultra-fine components [32]. For this reason, PM,.,PM and TSP emission
flows were supposed to be equal. The meteorological input datasets collected in 2015 were
used, since these were the latest available. The meteorological data had an hourly frequency.
These data were obtained from the Regional Agency for Environmental Protection of the
Piedmont Region (ARPA) [33] and included land use categories, altimetry, wind speed and
direction (at ground and vertical observations), temperature (at ground and vertical observa-
tions), air pressure, air humidity, precipitation and solar radiation. Average wind distribution
recorded at the Torino Alenia weather station is reported in Fig. 3. Weather and orographic

Wind Speeds in m/s

. -5 Win':l Rose
G < W, <5 L
2<Wg<3 , :
_ J1 <Wg<2 e .......... 10%
-0.5 < Ws v s 5
............ 8%
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Figure 3: Average wind distribution at the Torino Alenia weather station in the year 2015.
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data had an initial spatial resolution of 1,000 m and covered a domain of 100 km x 100 km.
The same grid represented also the initial dispersion modelling domain. After a first tuning
phase, the domain extension was restricted to 40 km x 40 km and the pre-processing modules
were set to a resolution of 200 m. The applied domain extension was considered adequate to
consider the features of the area, which is characterized by two main orographic elements:
the hills located next to the eastern side of Turin urban area and the Alps located approxi-
mately 30 km westwards.

In this study, the same scenarios were simulated with CALPUFF and SPRAY models, and
the results were compared. The main difference in model settings is that a chemical trans-
formation scheme, namely the MESOPUFF II scheme [30], was introduced in CALPUFF
simulations. The transformation processes included in the MESOPUFF II mechanism are the
conversion of sulphur dioxide to sulfate and of nitrogen oxides to nitrate aerosol. This was
done to evaluate the possible contribution of secondary particulate formation to the overall
concentration differences. Other options that were specific to one or another model were not
considered. In particular, deposition and building downwash options were not considered.
Both models were set to calculate horizontal and vertical dispersion from micrometeorologi-
cal parameters. Plume rise calculation is based on Briggs formulation [34] in both models.

The output obtained from dispersion models, i.e. grids of average annual concentration of
NO, and total PM, were introduced in a post-processing module (m4_calpost), generating
1-h and 24-h annual average concentrations of NO, PM, and PM,, and daily maximum
1-h mean concentration of NO.. These data were finally transferred to the last module (m5_
extern) calculating health effects and costs.

Alternative scenarios were simulated separately and then compared. Final results were
represented in terms of difference of concentrations, health effects and externalities.

3 CASE STUDY RESULTS
The complete energy and emission balance of the first stage of the study (referred to year
2015) is reported in Table 1. Table 1 confirms, as already reported by previous studies [26,27],
that the installation of a DH network powered by large cogeneration plants brings a reduction
of primary energy consumption, as well as a lower emission of gaseous pollutants.

The comparison of the results obtained by separate running of CALPUFF and SPRAY dis-
persion models is reported in Figs. 4 to 7. Results of NO, and PM concentrations follow the
same spatial distribution, although different in magnitude. The 1-h yearly average NO_ con-
centration generated by the emission of the power plants powering the DH system is reported
in Fig. 4. Results of CALPUFF and SPRAY simulations are of the same magnitude, with

Table 1: Energy and pollutants emission balance for the first stage of Turin case study.

Variable Power plants Autonomous heating Difference
to DH network  (no DH network)
Heat Electricity Total
Primary energy con- 9,992 10,746 3,705 14,451 4,459
sumption (GWh/y)
NO_ emission (t/y) 327.7 1,353.9 2964 1,650.3 -1,322.6

TSP emission (t/y) 16.3 75.2 16.3 91.5 -75.2
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some difference in the spatial distribution of concentrations. The result of SPRAY appears
with a more detailed spatial resolution, while CALPUFF generated uniform isolines. Simi-
larly, the effect of the presence of the hilly areas located east of the city centre seems to be
better reproduced by SPRAY. Also, SPRAY simulation results show higher average concen-
trations according to the two main power plants of the system (Torino Nord and Moncali-
eri). The 1-h yearly average NO_ concentration generated by the emission of the residential
autonomous heating units is reported in Fig. 5. Also in this case, the results of CALPUFF
and SPRAY simulations are of the same magnitude. The spatial distribution of concentrations
appears similar. The NO_and PM, ; concentrations maps representing the difference between
the two scenarios (Figs. 6 and 7) confirm this trend. The maps reporting the delta-exter-
nal health costs are reported in Fig. 8. The spatial distribution of delta-external health costs
appears similar for the two cases, with higher cost reduction in areas with higher population
density. Nevertheless, health cost reduction is generally lower in the case of SPRAY simula-
tions. This trend is confirmed by Table 2, where the total health cost reduction is reported.
Table 2 shows that the use of SPRAY dispersion model in the DIDEM-integrated simulation
brings a lower estimation of health costs for the considered scenario than using CALPUFF
model. Results reported in Table 2 are differentiated based on two groups of pollutant—out-
come pairs, as reported by [8]:

e Group A (high confidence): pollutant—outcome pairs for which enough data are available
to enable reliable quantification of effects and

e Group B (medium confidence): pollutant—outcome pairs for which there is more uncer-
tainty about the precision of the data used for quantification of effects.

Delta-external costs show differences of 8.5% and 9.7% for high-confidence and medium-
confidence pollutant—outcome pairs, respectively.

4 DISCUSSION

The results reported in the extension of Turin case study confirm that the presence of the
DH network in the urban area of Turin leads to significant advantages in terms of air quality
and avoided impacts on human health. The alternative use of CALPUFF and SPRAY disper-
sion models showed to have an impact to the total health damage cost reduction. Simulation
results differed between 8.5% and 9.7%, with lower health cost estimations using SPRAY.

To discuss the reasons of such a discrepancy, the general equation for the calculation of
external costs through the IPA should be recalled. Total external health costs are calculated
as in [28],

G, :ZZ{Ac,xpr]xtstRixmi (1)
r i

where C,_represents the damage costs related to health impact i and to domain cell r, given
in €base ye;r; Ac_ is the concentration change of a given pollutant, referred to domain cell r,
given in [pug/m?®] (1-h, 24-h annual average or daily maximum 1-h mean, depending on the
health impact i considered); p_is the number of exposed individuals [person]; ¢ is a factor
to account for different assumptions on particle toxicity (in the present case study assumed
equal to 1, i.e. all particles were assumed to have equal toxicity); s, is the slope of the
impact function of health impact i, given in [(additional cases)/((ug/m?®) x person X year)],
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Table 2: Delta-external health costs for the case study resulting from simulation with DI-
DEM, using CALPUFF and SPRAY dispersion models.

Dispersion  Delta-external costs Delta-external costs Difference %
model (€lyear, high-confidence (€/year, medium-confidence
pollutant—outcome pairs,  pollutant—outcome pairs,
Group A) Group A+B)
CALPUFF —6,041,000 -5,530,000 8.5
SPRAY -39,329,000 -35,500,000 9.7

merging information on the risk increase and baseline rate of a given health impact i; and m
is the monetary value per case of health impact i, given in [€,_ year/case].

In this specific case, the factors generating difference in the results are those related to con-
centrations (Ac, term) and exposure (p, term). A change of one of these terms means a change
of the resulting health damage cost. The results of pollutant dispersion modelling, reported
from Fig. 4 to Fig. 7, confirm that both CALPUFF and SPRAY model are, in principle, suit-
able for the scope and scale of the case study considered. The isolines generated by SPRAY
result are more detailed and should better represent the disturbance of orographic elements
on pollutant dispersion. Previous experiences reported in bibliography show that Lagrangian
particle models are more realistic, both during stable and unstable atmospheric conditions
[29]. With the same meteorological input, Lagrangian particle models have been observed
to show a better agreement to measurements than puff models, especially, like in this case,
when the plume impacts are sparse [35]. The advantage of CALPUFF simulations was that
the formation of secondary particulate and NO_decay were also taken into account by imple-
menting the Mesopuff Il scheme [30]. However, considering the temporal and spatial scale of
the study, it can be concluded that this option had a minor effect on the results.

Observing delta-concentration maps reported from Fig. 4 to Fig. 7, it seems that part of the
difference in model simulations might be due to the complexity of the terrain, which presents
high slopes in correspondence of the hilly areas located east of Turin city centre. In fact,
CALPUFF model apparently tends to accumulate pollutants in correspondence of marked
slope changes. This effect might be due to the parameterization of the interaction between the
pollutant plumes and the terrain. This aspect should be evaluated by future research studies.

The analysis of the average concentration maps reported from Fig. 4 to Fig. 7 does not
completely explain the difference in the results using CALPUFF and SPRAY, because popu-
lation exposure in not contemplated therein. Different spatial distribution of concentrations
corresponds to different exposure levels of population and, in turn, to different change in
health damage costs. This aspect explains the main difference in the results, i.e. delta concen-
trations of CALPUFF simulations were higher where the exposition (number of residents)
was also higher. This is partially confirmed by Fig. 8, showing that health damage cost reduc-
tion in the urban centre of Turin is less pronounced in the case of SPRAY simulations.

The results reported in this study provide important information on the overall uncertainty
related to the integrated modelling chain. The impact pathway methodology combines infor-
mation from different sources, including pollutant dispersion modelling, estimation of pol-
lutant exposure and epidemiologic assumptions. Each of these information sources carries
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with it some degree of uncertainty that influences the precision and confidence in the health
impact results [3]. The uncertainty related to air modelling has been showed to contribute in
a significant amount to the overall error [28]. Characterizing the total uncertainty in the final
health risk and impact results is challenging. An intercomparative analysis conducted on the
air quality modelling step, like that reported in this study, can provide useful information on
these aspects.

5 CONCLUSION

DIDEM model was engineered at the Department of Engineering for Environment, Land
and Infrastructures of Turin Polytechnic, Italy, with the aim of integrating pollutant disper-
sion modelling (NO, and PM) with the calculation of health effects and costs. This article
presented a deepening of the analysis of the structure of DIDEM model last version and its
new capabilities. It includes the alternative use of SPRAY and AERMOD dispersion models,
in addition to CALPUFF. A comparative evaluation of DIDEM simulations with CALPUFF
and SPRAY model was done, using Turin’s DH network as test case.

As evaluation results are quite similar, they confirm that both dispersion models, SPRAY
and CALPUFF, can be used in DIDEM. Therefore, the possibility of selecting different mod-
elling tools extends the usability of DIDEM to a larger set of applications, including a wider
scope of application and a larger range of users that are more confident with any of those
dispersion models.

The intercomparative analysis on air quality modelling reported in this study provided
important information on the contribution of the air modelling step overall uncertainty of
the IPA methodology. Provided that environmental externalities could represent an efficient
support to environmental and energy planning, further research efforts should be directed
towards this direction, as the decision-making process of energy and environmental planning
has to be supported by efficient, integrated and socially oriented modelling tools.
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