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At present the worldwide energy market is dominated by fossil fuels, despite that it has been demon- 
strated to be a major source of environmental problems. In Cuba, about 96% of the powe r generation 
comes from fossil fuels, and 26% of this is produced by decentralized power stations (DPSs). DPS technol- 
ogy grew by a factor of six from 2005 to 2010, aiming to increase the efficiency in power generation and 
distribution, and to reduce the vulnerability on climate events. However, environmen tal impacts related 
to this technology, especially those impacts on human health, require a detailed analysis, considering that 
many DPSs have been located nearby densely populated areas.

This paper presents an analysis of the external effects related to gaseous emissions from decentralized 
power generation in Santa Clara City, Cuba. Also a perturbation analysis aiming to reduce such effects is
presented. For this purpose a rather novel method called Integrated Assessment of Energy Supply (IAES)
was developed. The IAES is built on the Impact Pathway Approach (IPA) and the System Perturbation 
Analysis (SPA), but including additional developments. The first of these concerns is the implementation 
of perturbations analysis to eval uate the external effects variation related to modifications in facility 
characteristi cs and operatin g conditions. E.g.: fuel type, efficiency, stacks geometry and microlocalization.
Second, the exposure to polluting gases in the study area is determined taking into account the dispersion 
of pollutants, and the geographical distribution of the population. The exposure modeling is determinant 
to estimate human health impact. In this way it was found that northwest DPS cause the highest local 
impact on human health. This is associated with the pollutants concentration increase in densely popu- 
lated areas. The higher CO2 emissions correspond to the southeast DPS by a factor of 1.8 compared to the 
northwest DPS. However, the local impact related to the southeast DPS is lower, due to its location where 
downwi nd population is lower. A reduction potential on health impact of about 20% and 9% respectively 
was finally determined for northwest and southwest DPS.

� 2013 Elsevier Ltd. All rights reserved.
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Nomenc lature 

k air excess coefficient 
C carbon 
ICE internal combustion engine 
CO carbon monox ide 
CO2 carbon dioxide 
CRF concentrati on–response function 
DPS decentralized power station 
EED effective energy deman d
EIA environmen tal impact assessment 
EPA Environmen tal Protection Agency 
g gram 
GBD global burden of disease 
GHG greenhouse gases 
IAES Integrated Assessment of Energy Supply 
IPA Impact Pathway Approach 
LCA Life Cycle Assessment 
M molar mass 
MAC maximum allowabl e concentrat ion 

NO nitrogen monoxide 
NO2 nitrogen dioxide 
NOx nitrogen oxides 
PM10 particulate matter 610 lm
REC raw energy consump tion 
SO2 sulfur dioxide 
SPA System Perturbat ion Analysis 
SPG station for power generatio n
Toe ton of oil equivalent = 41,900 MJ
USG Unhealthy for Sensiti ve Groups 
UTM Universal transverse Mercator 
VU very unhealthy 

Subscript s
eq equivalent 
f fuel 
g gasses 
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1. Introduction 

Fossil energy use has been recognized as a major anthropogenic 
source of air pollutant s [1–4]. At present, about 67% of the world 
electricity production comes from fossil fuels [5], in Cuba, these 
represent about 96% in the fuel mix for this activity [6].

This consumptio n pattern has been driven by the market forces.
On the light of traditional analysis for energy supply alternatives ,
fossil energy appears to be the cheapest option, especiall y for 
developing countries, where the external effects are still usually 
underrated in decision making, consideri ng in this process only 
internal costs [7]. However, including external effects assessments 
in energy supply scenario analysis is beneficial to society, e.g. com- 
petitiveness decrease of fossil fuels against renewable sources. This 
generates potential for energy efficiency increase and to reduce 
pollutants emission to the environm ent [3,8,9].

Generally, gaseous emissions to the atmosph ere are regulated 
by setting emission standards to establish the maximum allowabl e
emissions for each technolo gy, the so called technology-ba sed 
standards [10,11]. Other air quality standards to protect human 
health are set to regulate the maximum allowable concentr ation 
of pollutant s in air. However meeting emission standards does 
not necessarily mean meeting air quality standards. This is partic- 
ularly true when several emission sources are closely located. In
such cases, to elucidate the specific burden of each source in air 
pollution, and its potential external effects is important. To this 
end sophisticated analyses including pollution dispersion model- 
ing are needed.

External effects of energy production are the outcome of com- 
plex interactions of different nature, including technologic al, so- 
cial, economic, and physical. Handling cause–effects interactions 
in order to achieve an appropriate representation is a complex task 
only achievable by huge modeling efforts. This makes it difficult to
establish a universal tool for environm ental impact assessment of
energy systems or scenarios, but many tools already exist. The Im- 
pact Pathway Approach (IPA) develope d in the frame of ExternE 
[3], the Life Cycle Assessment (LCA) [12] and the System Perturba- 
tion Analysis (SPA) [13] are important tools.

The methodology developed within the ExternE framework fo- 
cuses on the assessme nt of externalities related to energy conver- 
sion, mainly for the electricity generation sector, in terms of
marginal values [2]. This may be perfect for the introduction of
externalities into expansion-p lanning models, but not for including 
environm ental criteria in operation al models, neither for assessing 
impacts variations due to perturbation s in operational variables of
energy facilities. Since ExternE methodol ogy estimates the external- 
ities considering the average concentr ations in the study domain, to
distingui sh the spatial distribution s of impacts due to the spatial 
distribut ion of pollutants concentration and population is difficult.

Convenie nce of LCA to probe the environm ental performance of
processes , including heat and power generation, has been well 
demonst rated. However, it tends not to be specific on the calcula- 
tion of impacts in regard to geographical location. E.g. CO2 emis-
sions from combusti on cycles are accounted in terms of net 
emission s and categorized according to four population density 
levels: remote, low populated, medium populated and densely 
populate d [14]. In the same way the SPA looks to geographi cal sys- 
tem balances of resource consumptio n and emissions, but the spa- 
tial resolution still being country scale [13]. Neither LCA nor SPA 
considered local scale impacts.

On the other hand, the aforementione d methodologies were 
created by and for developed countries, for that reason their appli- 
cation in developing countries is limited, due to the complemen -
tary studies and large data needed to estimate environm ental 
impacts. However this kind of analysis is required in both devel- 
oped and developing countries, in view of the facts that developing 



26 I. Herrera et al. / Applied Energy 109 (2013) 24–35
countries usually have less clean technologies and consume more 
polluting energy sources than develope d nations [4].

With this purpose a rather novel method called Integrated 
Assessment of Energy Supply (IAES) was develope d. The IAES is
builds on SPA [13] and the IPA [3], but includes some modifications
and additional developmen ts. For example, SPA is based on life 
cycle analysis, and its spatial resolution for impacts assessment 
does not make distinction about local siting of technologie s. For 
IAES local siting of technologie s is relevant, because gases emis- 
sions and their impacts on human health are tracked from release 
point to final receptor. As a common feature in both analyses the 
effective energy demand is kept constant for scenarios assessment.
The main difference with IPA is the choice of emphasis, the exter- 
nal cost for IPA, and to determinate impacts and mitigation choices 
through perturba tion analysis for the IAES. The IAES allows,
through the high spatial resolution of the analysis, identifying local 
areas where major exposures and impacts are generate d, the indi- 
vidual responsib ility of polluters , as well as location and operating 
conditions influence on impacts variation.

Important researches on local impacts assessment of energy 
have been done by Wang and Mauzerall [15], Turtós Carbonell 
[4], and Mahapatra et al. [7]. In these works the impacts on health 
due to concentratio n variations of pollutants related to specific
emission sources were estimated. These estimations were based 
on the average concentration increase in the study domain and 
the total population exposed. On this regard some additional con- 
tributions are made in the present work. First, the spatial variation 
of the concentration in the study domain is considered in the im- 
pact analysis. Second, the spatial distribut ion of the population is
also taken into account. Finally, these developmen ts allow for 
assessing the effects on health impact considering the location of
the emission sources and the influence of small perturbations in
operating condition s.
Characterization of the 
study area and boundaries 

Definition of the energy facilities 
to include in the scenario analysis 

Energy facilities 

characterization 

Emissions inventory & regulatory
standards accomplishment 

Pollutants 
dispersion modeling

Exposure caused & health 
impact estimation 

Perturbation analysis 
for impacts reduction 

Business as usualNew scenario 

Environmental performance of 
energy facilities 

FeasibilityYe No

Fig. 1. Main steps of an Integrated Assessment of Energy Supply scenario.
This work aims to analyze whether impacts of gaseous emis- 
sions from decentralized power generating plants in Santa Clara 
City are of little or no concern according to current knowledge,
as well as to evaluate mitigation choices. The high-prio rity impacts 
are human health related to air pollution and global warming po- 
tential as those are recognized the most important impacts of the 
energy conversio n via combustion [3,9].

The current study is carried out in Santa Clara City. This is one 
out of many Cuban cities affected by air pollution, where air qual- 
ity has been diagnosed as Unhealthy for Sensitive Groups (USG)
[16]. All decentralize d power stations in the city are included in
the analysis: Two fuel oil fueled and two diesel fueled facilities,
with a total installed power of 84 MW. The assessment was carried 
out for the year 2010. In addition to decentralize d power stations,
31 emission sources [17] have been identified within the survey 
area by the environmental authorities, but the burden of decentral -
ized power stations in terms of fuel demand represents 85%, which 
rises especial attention to these emission s sources [17].
2. Methodology 

Energy services are a cornerstone in modern society, but be- 
sides the welfare it provides, some undesirabl e impacts are gener- 
ated. The most significant impacts are the global warming, due to
GHGs emission , and human health risks, due to local increased 
concentr ations of air pollutants such as SO2, NOx, PM, and CO.
Other impacts on ecosystems and materials can be linked to energy 
use [3,9].

To achieve a healthy balance between energy supply alternative 
and related impact is crucial for sustainable developmen t. How- 
ever, in a given scenario multiple variables and their interactions 
affect this balance, e.g. effective energy demand, energy conversion 
technolo gies and its efficiency, raw energy consumptio n, emission 
rate of polluting gases, emissions source location, local topograp hy,
demogra phy and meteorology. In this section for the assessment of
local energy supply scenarios, considering the aforementione d
variables a methodology is presented. The methodology is con- 
ceived as a ‘bottom- up’ approach. It has been developed to support 
decision making in local energy policy including environm ental 
criteria such as population exposure to polluting gases released 
by energy conversion via combustion, related human health risk 
and GHGs emission s.

The methodology has the following steps: (1) characterization 
of the study area, (2) definition of the energy facilities to include 
in the scenario analysis, (3) characterizati on of the energy facilities,
(4) Emissions inventory and regulatory standards accomplis hment,
(5) pollutants dispersio n modeling, (6) estimation of the exposure 
caused and impact on health, (7) environmental performance of
energy technolo gies, (8) perturbation analysis for impacts reduc- 
tion and (9) feasibility analysis to build new scenarios. The main 
steps are presente d in Fig. 1, and below are described in details.
2.1. Formulat ion for estimation of impact on health and exposure 
generated

A consensus has been emerging among public health experts 
that air pollution, even at current ambient levels, aggravat es mor- 
bidity (especially respiratory and cardiovascu lar diseases) and 
leads to premature mortality [3,18–20]. Generally, the assessment 
of air pollution impacts on human health is performed through 
concentr ation–response functions (CRFs). Those functions corre- 
late the increment of ambient pollutant concentration, during a gi- 
ven time period of exposure, with the correspondi ng health risk 
incremen t. CRFs are determined by epidemio logical studies using 
statistical analysis. Recent epidemiolog ical studies have found 
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approximat ely linear correlations between the increment of
pollutants concentratio n and health risk, in a range applicable for 
ambient concentratio ns, without a threshold below which no ad- 
verse effects could be expected [21–26]. These findings support 
the statement of Eq. (1), which is typically used to estimate the im- 
pact variations on human health related to determined changes of
outdoor air pollution [3,18,27].

DIðA;qÞ ¼ PopðA;qÞ � DCðA;qÞ � SCRðqÞ ð1Þ

where DI(A,q) is the impact variation on human health in the area 
A = Dx, Dy related to the increase in the concentratio n of the pollu- 
tant q. Pop(A,q) Populatio n within the area A exposed to the pollutant 
q expressed in inhabitant s. DC(A,q) is represe nts the increases in the 
concentrat ion of the pollutant q in the area A lg/m3. SCR(q) is the 
slope of the concentration –response function for the pollutant q.
SCR depends on the impact assessed, and general ly can be extrapo- 
lated from the literature or calculated based on life data tables and 
epidemi ological information .

In the present work, loss of life expectancy from general chronic 
mortality due to the increased exposure to PM10 is the impact on
human health assessed which is expressed as years of life poten- 
tially lost per year (YOLL/yr).

The population data have been gotten from the Municipality’s 
Statistic Office [28], based on these data a population distribution 
matrix for the study domain has been generated.

The increases in the concentratio ns generate d by the emission 
sources included in the analysis are determined by pollutants dis- 
persion modeling, in this way matrices of incremental pollutants 
concentratio ns for the study domain are determined. Established 
the matrices of population distribution and incremental concentra- 
tions Eq. (1) can be develope d and written as follow:

DInðA;qÞ ¼ SCRðqÞ

ZZ
Popð@x;@yÞ � DCnð@x;@y;qÞdxdy ð2Þ

where Pop(ox, oy) is the population in the area fraction oA = @x � @y
in inhabitant s, the area fraction size depend on the spatial resolu- 
tion defined for the receptors grid in the study domain; DCn(ox,oy;q)

dxdy is the increme ntal concentrat ion in lg/m3 of the pollutant q
in the fraction of area oA due to emissions from n sources; SCR(q) is
the slope of the concentrati on–response function for general 
chronic mortality. In this study the one suggested by ExternE [3]
(SCR = 4.0E �4 YOLL/inhabit ants yr lg/m3) for PM10 is adopted. This 
value was determine d by recalculati on of loss of life expectanc y due 
to relative risk increase of 1.06% per 10 lg/m3 of PM2.5 given by
Pope et al. [23].

The use of chronic mortality to assess impact on health is based 
on results from several surveys on the effects on health of air pol- 
lution derived from combustion cycles. Some key finding from 
these surveys are the following: chronic mortality due to PM10

exposure tends to dominate the overall burden of diseases [27],
accounting at least for 80% of health effects [3]; compare d with 
chronic mortality , acute mortality means only a small fraction, in
any case included in chronic mortality ; under certain assumptions 
it has been demonstrat ed that acute mortality represents only 
about 1% of the total impact on mortality caused by the exposure 
to particulate matter [29].
Table 1
CRFs of health outcome as %/10 lg/m3.

Pollutant Health end point Value (95% CI) Source 

Low Central High 

NO2 Total acute mortality 0.47 0.62 0.78 Stieb [28]
SO2 Total acute mortality 0.28 0.36 0.48 Stieb [28]
PM10 Total acute mortality 0.6 1 1.5 Ostro [3]
Due to the limitations in the national epidemiolog ical surveys 
to establish acceptable accurate CRFs the values used in this work 
have been extrapolated from international reports. In this way an
extensive study of the CRFs derived from meta-analysis of studies 
of air pollution and mortality from around the world was made 
[23,27,30,31 ]. The most relevant outcome of the nationals surveys,
which have found concentr ation–response correlations in the 
range reported internationally were also taken as Refs. [4,32].

Assumin g that the impact on human health variation (DI) re- 
lated to certain increase in the concentr ation of the pollutant s
mix is the sum of the impact attributable to each specific pollutant;
DI can be estimate d assessing the impact related to the concentra- 
tion increase of NO2, SO2 and PM10:

DInðA;NO2 ;SO2 ;PM10Þ ¼ SCRNO2

ZZ
Popð@x;@yÞ � DCnð@x;@y;NO2Þdxdy

þ SCRSO2

ZZ
Popð@x;@yÞ � DCnð@x;@y;SO2Þdxdy

þ SCRPM10

ZZ
Popð@x;@yÞ � DCnð@x;@y;PM10Þdxdy ð3Þ

where DInðA;NO2 ;SO2 ;PM10Þ is the impact on human health variation in
YOLL/yr related to the concentratio n increase of the pollutant s
NO2, SO2 and PM10 due to emissions from n sources.

Being defined the pollutants to assess in the analysis and their 
CRFs, it is possible to express the pollutants species concentr ation 
in terms of an equivalent concentration by taking a specific pollu- 
tant as reference. This can be done using Eq. (4), e.g. which consid- 
ers PM10 as reference.

DCnPM10eqð@x;@y;qÞ ¼ DCnð@x;@y;qÞ �
CRFq

CRFPM10

ð4Þ

where DCnPM10eqð@x;@y;qÞ is the concentrat ion increase of the pollutant q
in the fraction of area oA, due to emissions from n sources expressed 
as PM10eq in lg/m3; CRF q is the chang e rate occurrence of the as- 
sessed impact due to the concentrat ion change of the pollutant q
in %/lg/m3; CRF PM10 is the change rate occurren ce of the assesse d
impact due to the concentrati on change of PM10 in %/lg/m3.

In this work, the CRFs for total acute mortality derived from 
meta-anal ysis of time series studies of air pollution and mortality 
reported by Stieb et al. [31] and Ostro [27] has been adopted for 
use in Eq. (4). These are given in Table 1.

The equivalence factors, taking as reference the PM10 and based 
on the central value given in Table 1, are: 1 lg/m3 PM10 = 1.61 lg/
m3 NO2 = 2.78 lg/m3 SO2.

Further developments in the epidemiolog y and toxicolog y field
on health impact estimation will allow a better definition of the 
specific impact attributable to each pollutant.

Now Eq. (3) can be written as follow:

DInðA;PM10eqÞ ¼ SCRPM10

ZZ
Popð@x;@yÞ � DCnð@x;@y;PM10eqÞdxdy ð5Þ

where DCnð@x;@y;PM10eqÞ is the sum of all concentrat ions expressed as
PM10 equivalent in lg/m3.

2.1.1. Exposure estimation 
In Eq. (5) elements within the integral can be used as indicators 

of the total incremental exposure DEnðA;PM10eqÞ expressed in lg/m3

PM10eq�inhabitants. This indicator considers the spatial distribution 
of the incremental concentrations and the population exposed, as
suggested in

DEnðA;PM10eqÞ ¼
ZZ

Popð@x;@yÞ � DCnð@x;@y;PM10eqÞdxdy ð6Þ

By the Hadamar d product of the population distribution matrix 
and the incremental concentratio n matrix for PM10eq a total incre- 
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mental exposure matrix is determined. Based on this matrix the 
exposure pattern in the study domain can be elucidate d, and a total 
exposure map can be built. This is valuable informat ion to deter- 
mine priorities in mitigation actions.

The total incremental exposure given in Eq. (6) can be deter- 
mined for a single source by Eq. (7) written bellow for instance 
to determinate the exposure indicator related to the source 1, in
a context where n sources are included in the analysis.

DEn1ðA;PM10eqÞ ¼ DEnðA;PM10eqÞ � DEn2�iðA;PM10eqÞ ð7Þ

where DEn1ðA;PM10eqÞ is the total annual average exposure variation 
caused by source 1; DEnðA;PM10eqÞ is the total annual average exposure 
variation caused by all sources; and DEn2�iðA;PM10eqÞ is the total annual 
average exposure variation caused by all source excluding source 1.

2.1.2. Environmental performance of energy facilities 
Three indicators to characterize the environm ental performanc e

of energy facilities are used in the present work. First, the impact 
variation on human health caused by the PM10 emission s from 
the energy facilities which is estimate d by Eq. (2) in terms of loss 
of life expectancy involved in general chronic mortality due to
PM10 exposure. Second, the total incremental exposures generated 
per MW h of effective energy demanded, which is called marginal 
incremental exposure. And finally the CO2 emissions are assessed.

The aforementione d indicators should be determined for each 
specific source and for the group of sources included in the 
analysis.

The marginal incremen tal exposure DEmniðA;PM10eqÞ expressed in
lg/m3 PM10eq�inhabitant/M W h is calculated as follow:
0.51 18 35 52 69 86 103 120 137 1

Inhabitants /10 000m2

Fig. 2. Santa Clara, study area: 6 � 5.6 km; location: 22�.240 .0000N, 79�.580 .0000W. Rep
meteorology and topography. Source: Elaborated by the author with data from the Mun
DEmniðA;PM10eqÞ ¼ DEniðA;PM10eqÞ=EED ð8Þ

Potential impacts on health are an important guide for policy makers.
Its estima tion can indicate the magnitud e of pollution problem re- 
lated to a specific source or a group of them, and provide the neces- 
sary data to develop successful strategies for air pollution control.
The impact on health can be assessed as guiding indicato r to set envi- 
ronment al targets, and estimate the level of effort that is necessary in
a given area to achieve them. Also it can be a signal to prioriti ze inter- 
ventions , balancing environm ental, social and economic benefits.
This indicator allows rank the emission sources according to the spe- 
cific impact attributa ble to each source, including the technolo gical,
environm ental and social aspects.

The marginal incremental exposure allows to determine the le- 
vel of exposure generated by a specific source or a group of them 
per MW h of effective energy demanded. This is a useful indicator 
to assess the location effect of the facilities, allowing for establish 
operating strategies in order to generate the lowest exposure of
the population to polluting gases, or identify the best possible loca- 
tion for new facilities.
3. Case-study, characterizati on of the study area and boundaries 

The main variables to characterize the study area are: Location,
boundari es, demograph y, meteorology and topograp hy. To define
the location and boundaries, the spatial domain constraint in the 
model selected to simulate pollutants dispersion has to be consid- 
ered. As this methodology was develope d for the assessment of
scenarios at local scale a Gaussian plume model has been selected.
This limits the study domain to 100 � 100 km maximum. This 
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resentation of the population density distribution, location of emission sources,
icipality Statistics Office [28] and Meteorological Center of Villa Clara [35].



Table 2
Generals data of the energy facilities included in the scenario analysis.

Facilities Location Installed power (MW) Main fuel Units per stack Description 

Total at plant Per unit 

1SPG 604623; 288631 20.4 1.7 Heavy fuel oil 4 Package power stations, based on set 
of internal combustions engines 4SPG 608724; 285313 20.4 1.7 4

2SPG 605321; 287897 28.8 1.8 Diesel 1
3SPG 608835; 283882 14.4 1.8 1

a Location in UTM system.
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Fig. 3. Representation of one power generation cell.

Table 4
Main operatin g parameters of the power stations.

Power 
station 

Installed 
power 
(MW)

Operating 
hours 
(hmotor/yr)

Raw energy 
consumption (toe/
yr) [MW h/yr] 

Effective energy 
demand (MW h/
yr)

1SPG 20.40 27,918 8330 [96,954] 40,342 
2SPG 28.80 17,520 5436 [63,269] 23,652 
3SPG 14.40 8760 2718 [31,635] 11,826 
4SPG 20.40 49,120 14,656 [170,585] 70,978 
All 84 – 31,141 [362,443] 146,798 

Net caloric values used in the calculation were for DO: 42.8 MJ/kg, HFO: 41.2 MJ/kg,
fuel of reference: 41.9 MJ/kg.
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choice was made in response to the necessity to manage the local 
air pollution problem caused by energy use.

Santa Clara City is the geographi c area where the present survey 
is carried out; it is the capital of the urban system of the province 
of Villa Clara and one of the five most important cities in the coun- 
try. The area of the city is 40.6 km2, with a population of about 
210,000 inhabitants in 56,300 residences . The habitat and services 
area covers 69% of the urban zone, industry 26% and green areas 
1%. Population density in the city is 5180 inhabitants per km2

[33]. Fig. 2 shows the population distribution and size of the study 
area, which cover 33.6 km2 and a population about 166,400 inhab- 
itants. Besides, the wind rose plot and the topography are shown.
The population involves in the present study represent 70% of
the total in the municipalit y.

Meteorolog y and topography are determinan ts factors in the 
gaseous pollutants dispersion. In this way, detailed data of these 
elements for dispersion modeling are required. In this survey a
topography grid with a resolution of 100 � 100 m has been used.
Ground-leve l concentratio ns of contaminan ts are primarily con- 
trolled by two meteorological elements: wind direction and speed 
(for transport), and turbulence and mixing height of the lower 
boundary layer (for dispersio n) [34]. For this survey, hourly mete- 
orological data including wind direction and speed, environment 
temperature , stability class and mixing height was provided by
the Meteorolog ical Center of Villa Clara [35].

3.1. Definition of the energy facilities to be included in the scenario 
analysis

The current survey includes the decentralized power generation 
facilities in Santa Clara City, Cuba. Specifically two fuel oil fueled 
Table 3
Main typical operating parameter s of the generating units.

Technology Installed power (MW) Typical load factor Specific fuel c

ICE-HFO 1.7 0.85 210 
ICE-DO 1.8 0.75 225 
power station, designated with the acronyms 1SPG and 4SPG,
and two diesels fueled stations designate d with the acronym s
2SPG and 3SPG. The facilities location is shown in Fig. 2 highlighted
with a red circle. It should be noted that three of these stations are 
located nearby densely populated areas. On the other hand, in
terms of raw energy consumptio n these facilities represent 85%
of the fuel consumption correspondi ng to the 31 major polluters 
in the city [35]; in addition, an important fraction (74%) of this con- 
sumption is fuel oil, one of the most polluting energy carriers.
3.2. Energy facilities characterization 

The characterization of the energy facilities should include the 
following specifics: facilities location, installed capacity, effective 
energy demand, raw energy consumption, load factor, fuel type,
combusti on conditions, hourly fuel consumption, and energy effi-
ciency. These are main characteri stics for the estimation of the po- 
tential impacts related to the energy facilities.

In Table 2 general data of the energy facilities included in the 
present scenario analysis are given.

It should be noted in Table 2 that power stations 1SPG and 4SPG 
are identical. In these power stations the generating units formed 
by a set of internal combusti on engine – generator, are grouped 
in three cells. A simplify scheme for one cell is shown in Fig. 3.

In a cell, the fuel oil is fed to the internal combusti on engines 
(ICEs) from the fuel treatment unit, where the fuel oil is preheated 
and centrifuged in order to reduce its viscosity and humidity. The 
heat used in the fuel treatment unit is recovered from the combus- 
tion gases through a heat recovering boiler. Combustion gases 
could be conveniently bypassed to follow heat demand. The elec- 
tric power generate d is transmitted from the generators to the 
electricity treatment unit, where the generators are synchronized 
and the power generation is regulated accordin g to the effective 
onsumption (g/kW h) Hourly fuel consumption (kg/h) Efficiency (%)

303.45 41.6 
303.75 37.4 



Table 5
Results of combu stion gases analysis in the generating units operating at typical load factor.

Technology Tmean (�C) Tg (�C) O2 (%) CO (ppm) NO (ppm) NO2 (ppm) SO2 (ppm) CO2 (%) k

ICE-HFO 32 [0.82] 250 [1.25] 13.3 [0.07] 750 [20.02] 901 [8.03] 10 [0.92] 369 [2.72] 6 [0.05] 2.6 [0.03] 
ICE-DO 31.7 [0.95] 472.5 [0.91] 9.8 [0.09] 478 [6.53] 785 [5.67] 10 [0.82] 75 [1.26] 8.2 [0.07] 1.8 [0.02] 

[ ] Standard deviation, the given values are the average for 10 replicates.

Table 6
Emission factor for the specified species.

Technology CO (g/
kgf)

SO2 (g/
kgf)

NO2eq (g/
kgf)

PM10
a (g/

kgf)
CO2 (kg/
kgf)

ICE-HFO 24 27 12.8 5.28 3.06 
ICE-DO 12 4 8.4 1.95 3.13 

a Source: EPA [36].

Table 8
Accomplishment of the Cuban standard for emissions regulation NC-TS 803: 2010.

Technology Emissions (mg/Nm3)a

SO2 NOx PM10

ICE-HFO 813 946 155 
Maximum allowable emission 2500 2000 160 
ICE-DO 113 569 53
Maximum allowable emission 1000 2000 80

a Reference conditions 273.15 K, 101.325 kPa, dry gases, O2 ref. 15%.
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energy demand. Finally the electricity is sent to the electric grid 
through the exit transformers.

Energy audits were performed to determine facilities character- 
istics and operating conditions, the results and data derived from 
these are given in Tables 3 and 4. Table 3 shows the parameters 
determined as typical for the generating units in operation al stage.
The magnitud e of these parameters were established by measuring 
at power stations, and with data gotten from the facilities data 
base.

Observe in Table 3 that the efficiencies calculated for the gener- 
ating units, with a value of 41.7% and 37.4%, are close to the upper 
limit for these technologie s.

Once the typical operating parameters for the generating unit 
are established, the main characterist ics of the power stations 
can be defined. These are given in Table 4.

In Table 4 the operating hours are expressed in (hmotor/yr), this 
is calculated summing the annual operating hour of each generat- 
ing unit installed at power stations.

The term raw energy consumption refers to the amount of energy 
converted in an energy facility or group of them from the raw form 
to another final useful form of energy, e.g. the fuel oil converted 
into electricity by the generating units.

The term effective energy demand refers to the amount of energy 
demanded by the user system in its final form, e.g. electricity de- 
manded by the electric grid from the power stations.
3.3. Emissions inventory and accomplishm ent of the regulatory 
emissions standard 

The emission inventory is a corner stone to perform an IAES. In
this survey, an emission inventory with high spatial and temporal 
resolution was made. The included polluting gases are those estab- 
lished by the Cuban standard NC 111: 2004 [36] as main polluting 
agents. In this way the emissions of PM10, SO2, NOx and CO were 
monitored.

To assess the contribution to global warning the CO2 emissions
were inventoried.
Table 7
Annual emission inventory.

Power 
station 

CO2eq

(ton)
SO2 (ton) CO (ton) NO2eq

(ton)
PM10

(ton)

4SPG 47,708 409 363 187 79
1SPG 27,115 232 206 106 45
2SPG 17,085 22 62 44 10
3SPG 8542 11 31 22 5
All 100,451 674 662 360 139 
The emission inventory is based on emission factors for the spe- 
cific species and the fuel rate consumptio n. For the pollutants SO2,
NO2, and CO the emission factors were determined based on com- 
bustion gases analysis. The emission factor for CO2 is based on the 
carbon content of the fuel, the conversion efficiency of carbon (C)
into CO2, and the molar mass ratio CO2/C. Carbon conversio n effi-
ciency has been established based on combusti on reaction model- 
ing. The emission factors for PM10 were taken from FIRE (Factor
Informati on Retrieval Data System), which is a database containing 
EPA’s estimated emission factors for hazardous and criteria air pol- 
lutants [37].

The combustion analysis was performed according to the stan- 
dards established by EPA [38], and adopted by the Cuban standard 
to regulate the maximum allowable emission of pollutant s to the 
atmosph ere in punctual fixed sources as in the case of generating 
facilities of electricity and steam [39]. Those methods are: the 6C
for SO2, and for NO2 and CO the methods 7E and 10 respectively .
Combusti on analysis results are presente d in Table 5. These results 
allowed modeling combustion reactions and calculate all related 
paramete rs.

The emission factors established for this survey are given in
Table 6.

In Table 6 it is observed that nitrogen oxides (NOx = NO + NO2) is
expresse d as NO2eq, in this way it has been assumed that 25% of NO
is transformed into NO2 by direct chemical oxidation when it is re- 
leased into the atmosph ere, so NO2eq ¼ NO2 þ 0:25NO �MNO2=MNO.
This assumption is based on the observation that once emitted,
NO can be transformed into NO2 by direct chemical oxidation. How- 
ever, at low concentratio ns this reaction is slow, and less than 25%
of NO is converted [40].

Based on the emissions factors given above, and the annual fuel 
consump tion, the annual emissions inventories shown in Table 7
were completed.

3.3.1. Accomplishm ent of the regulatory Cuban emissions standard 
In Cuba, gaseous emissions are regulated by the Standard TS

803:2010 , which will be applied on a trial phase throughout the 
national territory till 2013, when it should be updated. This stan- 
dard establishes the maximum allowable emissions from electric- 
ity and steam generating facilities in order to protect the human 
health and the environm ent [39].

According to the standard, the maximum allowable emission s
should not be exceeded in the operational stage, and it must be ta- 
ken into account for planning new energy facilities. Exceptio nally 
the values for the maximum allowable emissions may be lower 
than those settled in the standard. These more stringent values 



Table 10
Variation of stack emissions parameters according to generating units in operation.

Emission parameters Generating units in operation 

1 2 3 4

Gases exit velocity (m/s) 5.61 11.21 16.82 22.43 
NO2eq emission rate (g/s) 1.77 3.54 5.31 7.08 
SO2 emission rate (g/s) 2.31 4.62 6.94 9.25 
CO emission rate (g/s) 2.05 4.11 6.16 8.21 
PM10 emission rate (g/s) 0.44 0.89 1.33 1.78 
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can be established by the environmental regulatory authority 
based on onsite environmental impacts assessment.

Table 8 shows the maximum allowabl e emissions and the val- 
ues determined in operating stage for the facilities included in this 
study. These values were measure d and expressed at reference 
condition according to the method established in the referred stan- 
dard. The PM10 was adopted from EPA [37] in g/kg f (as shows Table
6), and expressed in the units referred in the standard based on the 
fuel consumption and gas volume generated in the combustion 
reaction at reference condition.

Table 8 shows that the emission values determined do not ex- 
ceed in any case the limit settled in the standard. However , to as- 
sess the impact of energy generation on air quality and its 
consequences on human health, pollutants dispersion modeling 
is needed.

3.4. Pollutants dispersion modeling 

Generally for most air pollutants other than the globally dis- 
persing greenhouse gases, atmosph eric dispersio n is significant
over hundreds to thousands of km, due to important effects not 
negligible at local scale neither regional [3]. However the disper- 
sion of pollutants chemically stable in the region of the emission 
can be predicted using a Gaussian plume model. These models as- 
sume that pollutant emissions are carried in a straight line by the 
wind, mixing with the surrounding air in all directions, horizon- 
tally and vertically, to produce pollutant concentr ations with a
normal (or Gaussian) spatial distribution [41]. The use of these 
models is typically constrained to a distance of 100 km from the 
source. In this survey, as the scope is local, a Gaussian plume model 
has been adopted. This allows assessing the incremen t in pollutant 
concentratio n related to point sources of emissions, such as power 
and heat generating plants. The software adopted is the ISC-AER- 
MOD View [42].

The local dispersion was modeled with ISCST3 Dispersion Mod- 
els, using complex terrain, concentration and regulatory options.
The modeling was carried out in a domain of 6 � 5.6 km, shown 
in Fig. 2. A uniform Cartesian grid of receptors with a resolution 
of 100 � 100 m has been used. The required informat ion concern- 
ing energy facilities is given in Tables 9 and 10.

Typical emission parameters for the technologies included in
the present analysis are given in Table 9. These values are referred 
to one generating unit.

In the stations 1SPG and 4SPG, because four generating units 
are connected to one stack (forming a cell), the emission rate and 
exit gases velocity per stack, depend mainly on the number of gen- 
erating units in operation per cell. This relation is shown in Table
10.

For facilities 2SPG and 3SPG, because each generating unit has 
its own stack, the emission rate and gas exit velocity per stack cor- 
respond with those given for one generating unit.

Besides the emission paramete rs, the hourly variation s of the 
gases release parameters during the survey period are considered.

For facilities 1SPG and 4SPG, due to the variabilit y of the emis- 
sion over the time, it was necessar y to build hourly emissions files
Table 9
Emission parameters for gases dispersion modeling by technology.

Technology Stack height a (m) Stack diameter (m) Velocit

BL A B

ICE-HFO 12 12 24 1.02 5.6 
ICE-DO 4.4 7 7 0.45 31

a Stack height is given for the three scenarios BL: base line scenario, scenario A, and s
b The values for the velocity and emissions rate given in this table are those representat

cell, the variation of this values are contained in the hourly emission file used for mode
for NO2eq, SO2, CO and PM10. The emission files include the hourly 
variation per stack of the emission rate, temperat ure, and gas exit 
velocity. Table 11 shows all possible operation al arrangem ent to
satisfy an effective energy demand of 10 MW, and its influence in
the emissions parameters. The set in italic cause the lowest local 
impacts in terms of exposure to polluting gases and impacts on
health.

Daily systematic emission s patterns were found for facilities 
2SPG and 3SPG. In that case the emission rate variation for each 
stack can be appropriately described by 24 h Emissions Rate Factor 
(ERF). ERF is a multiplier in the range of 0–1 of the emission rate 
specified for the source, e.g. a factor of 0 means that the source is
not emitting , a factor of 0.5 means that the source is emitting 
50% of the specified emission rate.

From the point of view of health impact assessment, results 
from modeling on annual average concentratio n incremen ts are 
the relevant ones, but for impact on air quality assessme nt model- 
ing results for 24 h averaging time were also obtained.
3.5. Perturbati on analysis for impact reduction 

An important part in this study is the analysis of perturbations 
in the base scenario that could potentially reduce the environmen- 
tal impacts for a given effective energy demand. In this way it
could be assessed perturbations concerning source location, con- 
version efficiency, end of pipe emission control, technology, and 
operating arrangem ent. In this study it has been acknowled ged 
that source location is basically modifiable in the design stage, be- 
cause in the operating stage it will require important investments.
On the other hand, the efficiencies calculated for power facilities 
are in the typical range for the installed technology, so, improving 
conversio n efficiency will require big efforts, and resulting impact 
reduction could be negligible. End of pipe emission control has not 
been included in the analysis because they were considered unaf- 
fordable investments in the short term.

In this study basic low investme nt perturbation s in technology 
and operating arrangement are assessed. In this way it has been as- 
sessed to modify stack height as it is shown in Table 9. This action 
is included in the short term investments plan for facilities under 
assessme nt.

For perturbation analysis in operating arrangements, were ana- 
lyzed which arrangem ent for a specific effective energy demand 
the minimum local impact.
y b (m/s) Temperature (K) Emission rate b (g/s)

SO2 CO NO2eq PM10

523.2 2.31 2.05 1.06 0.44 
745.7 0.35 0.98 0.69 0.16 

cenario B.
ives for one generating unit, for ICE-HFO this values depend of the operating unit per 
ling.



Table 11
Possible operating arrangements, related emissions parameters, and SO2 marginal exposure.

EED (MW) Generating units in operation required Operating 
units per cell 

Gas exit 
velocity (m/s)

SO2 emission rate (g/s) SO2 marginal exposure (lg/m3 inhabitant/MW h)

10 7 4 3 0 22.4 16.8 0 9.24 6.93 0 2.71 
4 2 1 22.4 11.2 5.6 9.24 4.62 2.31 3.15 
3 3 1 16.8 16.8 5.6 6.93 6.93 2.31 3.23 
3 2 2 16.8 11.2 11.2 6.93 4.62 4.62 3.36 

cells ? 1 2 3 1 2 3 1 2 3 Power station 
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For perturbation analysis in operating arrangements , alterna- 
tives leading to the minimum local impact when meeting the same 
effective energy demand were analyzed. This was analyzed for the 
stations 1SPG and 4SPG, because of the influence of the operating 
arrangements in emission paramete rs, as shown in Table 10. The 
influence of the operating arrangement is related to gas flow and 
velocity variations by a factor from 1 to 4 depending on the num- 
ber of units running in parallel at one cell. So, for example, when 
the effective energy demanded is 4.3 MW three units in operation 
are required. Three alternative operating arrangem ents are possi- 
ble for meeting this demand: (1) to run one unit from each cell,
(2) to run three units at one cell, and (3) to run two units at one cell 
and one at another cell. In each alternative the total emission will 
be equal, but stack emission parameters will differ. The alternativ e
1 leads to the lowest gas flow, emission rates, and gas exit velocity 
per stack so worsening pollutant dispersion, and rising ground le- 
vel concentratio n. Because in alternative 2, gas flow, emission rate,
and gas exit velocity through the stack have the highest value,
favoring the pollutant s dispersion and decreasing ground level 
concentratio ns.

A similar analysis for all alternativ es was performed, determin- 
ing in each case the marginal exposure to SO2 as function of the 
operating arrangem ent. See the example shown in Table 11 for
an operating arrangement where 7 units in operation are required.
The marginal exposure to SO2 is adopted as indicator, instead of
the total exposure because making an analysis for a single technol- 
ogy in similar operating condition, the pollutant emissions are cor- 
related. So, no different result will be reached including all 
pollutants, only a higher modeling effort. The marginal exposure 
is calculated according to Eq. (8). The operating arrangements lead- 
ing to the lowest exposure were then established. The set in italic 
in Table 11 causes the lowest local impacts in terms of exposure,
and consequentl y the lowest health impact. The arrangem ents 
causing the lowest impacts were established by modeling the dis- 
persion for all possible arrangem ents which are summarized in Ta-
ble 12. Thirty operational arrangements were modeled.

In the example in Table 11 there are always running 7 generat- 
ing units, but again looking at these power plants configuration,
(Fig. 3) there are different alternativ es of operating arrangement 
Table 12
Operational arrangements at station 1SPG and 4SPG in scenario A and B.

Generating units in operation required Operating arrangements (operating
units per cell)

Cell 1 Cell 2 Cell 3

2 2 0 0
3 3 0 0
4 4 0 0
5 4 1 0
6 4 2 0
7 4 3 0
8 4 4 0
9 4 4 1

10 4 4 2
to meet the same energy demand. E.g. in Table 11 (column 3) the 
operating units per cell, needed to meet 10 MW, are shown. For 
each alternativ e the total emission will be equal, but stacks emis- 
sion parameters will differ, see variation in velocity and emission 
rates. The variation in these paramete rs will generate different pol- 
lutant dispersion patterns and as a consequence different impacts.
The first row in Table 11 is the optimal situation . because the gas 
exit velocity under this arrangement favors the dispersion, and 
the resulting ground level concentratio ns, despite similar net emis- 
sions, is lower in comparison to the other arrangements.

Finally three scenarios were studied. Base line scenario repre- 
sents real life operating stage. Scenario A is induced by modifying 
the stack height at stations 2SPG and 3SPG, as shows Table 9, and 
from modifications in operating arrangements. Scenario B is de- 
rived from stack height modification in all station, and modifica-
tions in operating arrangem ents.
4. Results and discussion 

Efficiencies determined for ICE-HFO and ICE-DO technologie s
was 41.7% and 37.4% respectively , these values are typical for these 
technolo gies, indicating a good maintenanc e routine and operating 
regimes.

The ranking of the facilities from the largest to the smallest,
accordin g to the annual operating hours, raw energy consump tion,
effective energy demand, and emission s is the following: 1st – 4SPG,
2nd – 1SPG, 3rd – 2SPG, and 4th – 3SPG. The stations with a higher 
exploitati on regime are those located in the areas where the popu- 
lation density is low (see Fig. 2), which was a logic operation al deci- 
sion in order to reduce the population exposure to polluting gases.

Apart from CO2 emission s, the highest emission s in the second 
and third place correspond to SO2 from ICE-HFO technology and 
NO2eq from ICE-DO technology respectively. In total SO2 emission s
are higher than NO2eq emissions by two fold. This is related to high 
sulfur contents in the HFO.

From combusti on gas analysis was concluded that, in all cases 
the maximum allowable emissions established in the Cuban stan- 
dard are meet. However , the impact on air quality conditions and 
human health, on the adjacent highly populated areas require a
deeper and detailed analysis.

Fig. 4 shows the modeling results for SO2 emissions in the base- 
line scenario, and the related impact in air quality condition s. SO2

has been adopted as reference for air quality analysis, because it
was demonstrated to be the main causal agent of air quality 
deteriorati on.

In Fig. 4a the maximum value in the color scale corresponds to
the Maximum Allowable annual average Concentrati on (MAC)
established by EPA in the national ambient air quality standards 
for USA [43]. This is done with the purpose of recognizing the areas 
where the MAC is exceeded. This value has been adopted from EPA 
standards in view that the Cuban standard NC 39: 1999 [44] do not 
regulate the annual average MAC, even though for health impact 
assessme nt annual average concentratio n is relevant. Note that 
in the whole area the incremental calculated concentr ations do
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not reach the MAC. However in some areas, even a relatively low 
value of the background concentration, could lead to a total con- 
centration higher than the MAC.

In Fig. 4b, the maximum value in the color scale, corresponds to
the MAC for 24 h averaging time established in the Cuban standard 
NC 39: 1999 [44], this map represents the worst scenario for a 24 h
average concentration period. The incremental concentratio n cal- 
culated exceeded the MAC in red areas. The percentile analysis 
for the two receptors with the highest calculated incremen tal con- 
centration revealed that in the southeast receptor the incremental 
concentratio n exceeds the MAC 65 days in the year, and in the 
northwest 57 days. Fig. 4c shows the impact on air quality deteri- 
oration of the scenario presente d in Fig. 4b where, even without 
considering the background concentratio n, the air quality condi- 
tion is unhealthy in some small areas.

Fig. 5 shows how the incremen tal exposure level goes down 
from the baseline scenario to the scenario B, the highest exposure 
level decreases in 35%. These maps allow identifying the northwest 
area as the most affected. This area is not where the incremental 
concentratio ns are higher; however the high population density 
influenced the results.
Fig. 6 shows that station 1SPG generates approximat ely 3 times 
the marginal exposure generated by 4SPG, despite station 4SPG 
emits 1.8 times the amount of pollutant emitted at 1SPG. Accord- 
ing to this indicator it can be established which station should be
operated at higher power rate in order to reduce the population 
exposure to polluting gases. The same figure also shows how the 
exposure generate d by the station 1SPG could be reduced by 20%
approximat ely from the base line scenario when operating 
arrangem ent are optimized and the stack height are increased.

Fig. 6 shows the impact on health in years of life potential lost 
per year for each specific facility. The differences occur because of
the different operating regimes, the technologie s, and location.
These differences are captured when Eqs. (2) and (8) are applied.
For each specific plant the incremental concentration caused in
the study domain is calculated . The matrix of incremen tal concen- 
tration for each specific plant is different due to different emission 
paramete rs. The population that they affect due to its location is
also different . So when the equations are applied to each specific
plant the calculated impacts differ. This is illustrate d above, com- 
bining figures, graph and data. The marginal exposure is an index 
designed to capture the location effect (Eq. (8)), see e.g. how the 
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Fig. 6. Annual exposure and related impact on health expressed as years of life potentially lost, relation with the location and effective energy demand.
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plant 1SPG located in the most densely populated area generate 
the higher value for this indicator. The total impact (Eq. (2)) it is
not expressed in marginal terms, so it captures all effects, location 
and operating regimes which are the cause of different emissions 
parameters. Consequentl y the plant 3SPG generates a high expo- 
sure per MW h, due to its location in a place where downwind pop- 
ulation is high; however it meets the lowest effective energy 
demand thus generating the lowest impact. The greatest impacts 
are generated by the stations 4SPG and 1SPG, mainly due to the re- 
quired exploitation regimes to meet the effective energy demand.
The general mortality from baseline scenario to scenario B can be
reduced in 13% approximat ely. The highest reduction is achieved 
in the station 1SPG with a value about 20%.

Finally the contribution to CO2 is entwined to the raw energy 
consumptio n. On this regard, as the operating efficiencies are in
the typical range for the installed technologies, and the effective 
energy demand is considered constant, no mitigation opportunities 
were identified. The ranking of facilities according to CO2 emis-
sions correspond with the ranking established based on the raw 
energy consumptio n.
5. Conclusions 

Recently, social concern due to environmental impact of energy 
conversion, and the awareness that it must be internalized has led 
to the establishment of environmental criteria, to be considered in
decision-ma king processes.

In this work chronic mortality due to PM10 exposure has been 
adopted as health impact indicator. It is expressed in years of life 
potentially lost per year. To distinguish the exposure level to mix- 
tures constituted by different proportio ns of pollutants a total 
exposure indicator has been established. This includes all pollu- 
tants expressed as PM10 equivalent. A map of total incremen tal 
exposure has been developed and adopted to elucidate the expo- 
sure pattern in the study domain, which is also a signal to prioritize 
mitigation actions.

The marginal exposure generated by each specific facility is set- 
tled as indicator to assess the location effect on the impact 
generated.
This survey demonstrate that it is possible to have an appropri- 
ate representation of the impacts related to energy use at local 
scale in terms of air quality, exposure generated to polluting gases 
and health damage, despite some data were necessarily adopted 
from the specializ ed literature. As shows the case study presente d
here.

The methodology developed allows, besides diagnose a given 
scenario, a perturba tions analysis on several variables inherent to
energy facilities in order to improve their environmental perfor- 
mance. In the present case-study the perturbation s analysis 
allowed identify an impact reduction on health about 13%.

Economic limitations in developing countries hamper air qual- 
ity and energy managemen t. The cost of diagnosis equipment 
and actions to improve the environmental performanc e of energy 
technolo gies are not always affordable. The population is then ex- 
posed to high health risks. The external effects related to energy 
use are generally underrat ed in decision making. However this re- 
search shows that even some low investment actions can reduce 
health risk. In this way the modifications in the operating arrange- 
ment derived from this survey have been implemented in the en- 
ergy facilities without cost. In addition, investments have been 
prioritized to raise the stacks height in the facilities causing the 
highest impacts. This way achieving increased performanc e in
terms of environmental benefit of the scarce investments that 
can be devoted to this issue.

The results obtained in this study represent an important step 
forward in the assessment at local scale of the external effects of
energy use. For first time in Cuba, in the decentralize d power sec- 
tor, this kind of assessment is made.
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