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ABSTRACT

Atmospheric emissions from oil activities impact human health, socioeconomic status and exacerbate global
warming. This study was conducted in the North-eastern Ecuadorian Amazon, a rich biodiverse and cultural
area. This study aimed to show the benefits of public institutional data to advance hazard mapping knowledge
for comprehensible risk evaluation. A spatial inventory was built from publicly disclosed reports spanning ten
years (2003-2012). Emissions were estimated for gas flaring, associated black carbon (BC) and greenhouse gases
(i.e., CO, and CHy). To assess the quality of publicly available data, the calculated emissions were compared with
satellite observations and historical energy statistics from the United Nations (UN). Results indicate total gas
flared for this period of 7.6 Gm?, corresponding to 782 Mm?® yr~?, and equivalent to a 3.7-4.5 kt yr~* of BC.
These values were in agreement with the UN estimates, suggesting that publicly available data are of acceptable
quality. In contrast, the results from energy censuses diverged from satellite observation data, which might be
explained by a poor calibration of satellite sensors. Study results enabled emissions mapping at a higher spatial
scale than previous studies. Black carbon presented the highest results with 29.4-148.0 kg m ™2 yr~ ! in the cities
of Shushufindi and Joya de Los Sachas. Greenhouse gases were up to twenty-fold higher than previous estimates.
Publicly disclosed data estimates were discussed in terms of their potential on evaluations for climate, local
health and economic impacts, to raise environmental monitoring and accountability in governmental institu-
tions.

1. Introduction

The North-eastern Ecuadorian Amazon

reduced rural land values (Boxall et al., 2005); and reduced biodiversity
richness (Finer et al., 2008; Jernelov, 2010). These claims have resulted

(NEA) is considered a in twenty five years international legal challenges between local com-

worldwide biodiversity hotspot, encompassing a large number of en-
demic flora and fauna (Bass et al., 2010; Myers et al., 2000). Rich oil
reserves have increased national economic growth, supporting im-
provements of education and health services in Ecuador (Larrea, 2006).
However, local communities within the NEA allege negligible benefits,
conversely enduring decades of related oil pollution, conveying health
and environmental degradation (Baynard et al., 2013; Butt et al., 2013;
Finer et al., 2008). Oil-related contamination has exacerbated the ne-
gative effects of human settlement including: decline in livestock health
(Waldner et al., 2001); reduced yields in crops (Dung et al., 2008);
reduced human health (Chang et al., 2014; San Sebastian and Hurtig,
2005; Sebastian et al., 2001); degraded environmental amenities;

munities and Chevron (Buccina et al., 2013; San Sebastian and Hurtig,
2005). In 2018, an international court ruled in favour of Chevron, while
the pollution remains in the NEA (BBC News, 2018).

Oil and gas extraction releases hazardous emissions attributed to
several routine safety and security operations (Jernelov, 2010). The
atmosphere is affected by long-term venting and flaring of associated
petroleum gas (APG) at separation batteries. Venting and flaring are
necessary processes that occur when gas and water are separated from
crude oil. They occur for pipeline security and safety reasons when
means of transportation are lacking and re-injection to improve oil
production in mature oil wells or electricity generation is not possible
(Huang and Fu, 2016).
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Fig. 1. Location of the study area. (A) The North-eastern Ecuadorian Amazon (NEA) in Ecuador. (B) The study area within the two NEA provinces of Sucumbios and
Orellana including oilfields and oil stations. Represented human settlements are abbreviated: DAY = Dayuma; NL = Nueva Loja (aka Lago Agrio); SH = Shushufindi;
TP = Tarapoa; PAC = Pacayacu; POM = Pompeya; PUT = Putumayo; COCA = Puerto Francisco de Orellana; JS = Joya de Los Sachas; YUT = Yuturi; DI = Dicaro;
SIN = Singue; TP = Tiputini. GHG sample refers to greenhouse gases sampled oilfields, which are: SH = Shushufindi; LT = Libertador; AU = Auca; SIN = Singue.

Venting and flaring produce atmospheric pollutants, comprising
aerosol particulate matter (PM), including black carbon (BC), and
greenhouse gases (GHG) such as methane or carbon dioxide. Gas flaring
has the potential to acidify rainwater (Anejionu et al., 2015b). Black
carbon (BC) is released during gas flaring and acts at a local level, re-
sulting in soil calcination, degradation and destruction of vegetation
(Solov, 2011). BC is a major light absorbing fraction of PM aerosols
(Bond and Bergstrom, 2006) formed from incomplete combustion.
Their radiative heating properties (Jacobson, 2001) transform it into a
short-lived climate forcer with potential adverse effects on health
(McEwen and Johnson, 2012) such as cardiopulmonary morbidity and
mortality (Anejionu et al., 2015a; Giwa et al., 2014; Huang and Fu,
2016; Janssen et al., 2011). BC is classified as carcinogenic to humans
by the International Agency for Research on Cancer (IARC, 2012). On
the other hand, carbon dioxide (CO,) and methane (CH,4) are climate
change forcers with significant warming potentials (Soltanieh et al.,
2016) and methane has energy generation capabilities, misused by
venting or flaring (Anenberg et al., 2012; Boden et al., 2012;
Dlugokencky, 2003; Robalino-Lépez et al., 2014; Simpson et al., 2012).
Besides, reduction of BC and methane emissions provide co-benefits in
reducing specific vulnerability to heat waves, to droughts and flooding,
to changes in the distribution of vector-borne diseases (Haines et al.,
2006) and to agricultural losses (Shindell et al., 2012), since it improves
air quality, economy, and human health altogether (Anenberg et al.,
2012; Haines et al., 2006; Shindell et al., 2012).

Until 2006, Ecuador flared most of its APG (Pelaez-Samaniego et al.,
2007) resulting in energy and economic losses as well as atmospheric
emissions to the environment (Ite and Ibok, 2013). The Ministry of
Energy and Mines (MEM) and the Amazon Defence Front (ADF) have
attempted to estimate these emissions in the NEA. Three distinct per-
iods of management activities in Ecuador have been identified (Juteau
et al., 2014):

e T1 (1972-1991):

Foreign Texaco and National Petroleum
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Corporation (CEPE) engaged in oil activities;
e T2 (1992-2001): the State-owned Petro-Ecuador company assumed
oil production and data compilation on gas produced was requisite;
e T3 (2001-2012): the State-owned Petro-Ecuador company assumed
oil production and APG data reporting to Ministry of Environment
(MAE) is mandatory.

Spatial gridding allocation of disaggregated emissions is useful for
several purposes, such as pollution hotspot analysis, trajectory model-
ling, hazard and exposure mapping, multiple-pollutant and risk as-
sessments (Andreo et al., 2006; Guttikunda and Calori, 2013; Lahr
et al., 2010; Lahr and Kooistra, 2010). Oil emission sources and present
perception on contamination potential have been spatially interpreted
for oil spills, from long-term datasets (Durango-Cordero et al., 2018),
and from local population surveys (Maestripieri and Saqalli, 2016) but
not for atmospheric contaminants. The present study was undertaken as
a part of the transdisciplinary MONOIL research program focused on
environmental monitoring, health, society and oil in Ecuador
(MONOIL, 2017).

This study first aimed to examine data quality acceptability, speci-
fically determination on whether sufficient disclosure of energy data
from the Ecuadorian government occurs, for the calculation of reliable
estimates of APG flared at a regional scale. This was done using data
extending over the T3 management period, supposedly characterized
by improved monitoring (SENPLADES, 2013). In order to assess the
available data’s quality, our estimates were compared to United Nation
data and to satellite observations provided by the National
Oceanographic and Atmospheric Association (NOAA).

This study’s second objective was to map airborne emissions using
the Ecuadorian publicly available dataset, as long as their estimates
were reasonably accurate to undertake mapping and to provide atmo-
spheric local emissions at flare stacks. These evaluations and maps may
support future hazard mapping and the improvement of security and
safety planning.
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2. Materials and methods
2.1. Study area

The study area (Fig. 1) was restricted to the provinces of Sucumbios
and Orellana in the NEA (~144-900 m.a.s.l., Amazon lowlands), re-
presenting a 35,051 km? area (Fig. 1B). this area includes upstream and
midstream oil and gas production infrastructure which are related to
potentially polluting activities, likely to impact forests, rivers and
streams but also cities, villages and extensive farming land. This study
excluded rivers with high flow rates (i.e. Napo, Tiputini, Coca, Paya-
mino, Putumayo, Cuyabeno and Aguarico) where the dynamic surface
and groundwater interactions are poorly understood. The study area is
characterized by a warm climate with a temperature range of 24°c to
35°, and an average annual rainfall of 2900 mm yr_1 (INAMHI, 2018).
The hydrology regime is irregular with 1000-5000 m® s~! daily dis-
charges, and characterized by flash floods, due to extreme sensitivity to
rain events (Laraque et al., 2007). The Intertropical Convergence Zone
(ITCZ) is responsible for complex atmospheric processes in the NEA,
which is influenced by trade winds with changing direction throughout
the year (Palermo and Parra, 2014).

2.2. Data for atmospheric emissions and comparisons

Energy bulletins and long-term reports of APG were compiled by the
National Board of Hydrocarbons’ website (NBH, 2018). Most of the
historical energy reports are produced by the current Agency of Hy-
drocarbons Regulation Agency (ARCH) and the former National Hy-
drocarbons Directive (DNH) retrieved during compulsory environ-
mental impact assessments. Several bulletins from the relatively new
(created in 2008) Ministry of Strategic Sectors (MSS, 2015, 2014, 2013)
were also integrated into several parts of the methodological process.
These reports were disaggregated and categorized on a yearly basis for
the 2003-2012 period. Institutional spatial data layers of oil infra-
structure, including oil fields, flare stacks and stations, were obtained
during the 2014-2017 partnership between ANR-MONOIL research
Programme and the Ecuadorian Ministry of Environment Programme of
Socio-environmental Remediation (MAE-PRAS). Data used in this study
is summarized in Table 1.

Table 2. indicates the multiple datasets used for comparison of the
results obtained in this study. Comparison analysis considered the
materials, methods and type of analysis implemented to estimate air-
borne emissions. Other estimates of APG flared volumes were retrieved
from night-time satellite observations of gas flares provided by the
National Geophysical Data Centre (NOAA) and from historical energy
statistics compiled by the United Nations (UNDATA). Thus, the emis-
sion factors (EFs) used in this study were applied to BC calculations.
CO, estimates were directly retrieved from the Carbon Dioxide
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Information Analysis Center (CDIAC). The methods used in this study
are described in Section 2.3.

2.3. Emission processing and calculations

2.3.1. Gas flaring

In Ecuador, data on flared or vented gas emissions are not readily
available. Institutional technical reports and bulletins were analysed for
T2 and T3 periods to facilitate a description of the technology and in-
frastructure implemented and to derive emission estimates. In general,
the analysis followed the upstream production process, which includes
extraction, transportation to refining and final export (Foss, 2012).
Except for the proportion of gas leaked or used, APG is assumed to be
flared. Data is disaggregated on an annual basis to calculate potentially
flared gas at each oilfield. The general procedure to obtain total gas
flared is described in the following equation:

50
Gas flared (m®) = Z APGnu; — (APGe; + APGF)
i=1 (@)

where,

i = the index of the oilfield considered (50 oilfields in total)

APGnu = unused APG in each single oilfield.

APGe = input for electricity generation at Shushufindi Gas Plant,
only reported for years 2005 to 2012, and representing 8.3% of total
APG,, (MSS, 2014, 2013)

APGf = leaked fugitive emissions, representing 3% of total APG,,
(Larsen et al., 2015; MSS, 2013).

2.3.2. Black carbon

BC emissions were obtained using emission factors (EFs) which were
measured from the heating capacity of gas burning at flare stacks
(McEwen and Johnson, 2012). In Ecuador, no official EFs for BC have
been defined, hence estimates were calculated using the regional
baseline emission factors (EF = 0.5) and upper bound values
(EF = 0.75) (Huang and Fu, 2016; McEwen and Johnson, 2012), fol-
lowing the equation (Giwa et al., 2014):

t of BC

BC(t) = EF
® (103 m3

)xVol. gas flared 103 m?

(2
In addition, BC emissions were calculated from gas flaring estimates
from the United Nations at the national level (which was relevant as
virtually all gas flaring in Ecuador occurs within the study area), and
from the National Geophysical Data Centre (NOAA-NGDC) long-term
inventories of satellite products, in order to compare with our esti-
mates. Emissions were expressed as the sum of emissions per oilfield,
average emissions per single oil-field and flaring infrastructure, i.e.
flare stacks and batteries, and total emissions for the study area.

Table 1
Database compilation used in this study for emission estimates and spatial allocation.
Spatial data Description Sources
Populations Point SENPLADES (2017)
Flare stacks Point NOAA (2015)
MAE-PRAS (2014)
Oilfields Polygons, 1:250.000 National Board of Hydrocarbons (2014)
Petro-Ecuador (2013)
Refineries and batteries Point MAE-PRAS (1972-2014)

Non spatial data

Associated gas Gas exploited at oil fields

Gas composition Molar fraction

0il production Records of monthly production
Utilized gas Historical data (2003-2012)
Transportation Historical data (2007-2012)

National Board of Hydrocarbons (2003-2014)
National Board of Hydrocarbons (2016)

Guerra del Hierro (2014)

PetroEcuador (2001-2012)

National Energetic Balance (2013)

Ministry of Strategic Sectors Bulletins (2013-2014)
National Institute of Statistics and Census (INEC)
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Table 2
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Datasets and calculations used for airborne emission comparisons (APG: associated petroleum gas; BC: black carbon; EF: emission factor).

Data source Material Type of analysis Pollutant estimated
NOAA Satellite observations (2003-2012) Estimated APG flared was multiplied by EFs used for this study BC
UNDATA Historical energy statistics (2003-2012 Estimated APG flared was multiplied by EFs used for this study BC
CDIAC Historical energy statistics (2003-2012) Estimates retrieved were directly used CO,
This study See Table 1 Production equations and upper and lower EFs BC
Production and mass balance equations for carbon dioxide and methane CO,, CH4

2.3.2.1. Atmospheric emission mapping. Individual and Dbattery-
associated flare stacks identified from NOAA satellite data and MAE-
PRAS were regrouped in a single spatial layer. Total gas flared in each
oilfield, computed as described in Section 2.3.1, was divided equally to
corresponding flaring points following a four-step hierarchical
approach:

(1) if a flare stack was inside an oilfield, it was assigned directly to its
corresponding oilfield (n = 143);

(2) if a flare stack was outside oilfields, it was attributed to oilfield by
nearest distance method (n = 38). Some flares were not found to
occur with a specific oilfield (1) or occur in close proximity to an
oilfield (2). In this case,

(3) flared gas was attributed to north-western flare stacks based on the
production process from reservoir to export (Foss, 2012). This in-
dicates APG flows from secondary pipelines to north-western
Ecuador, connecting with processing facilities to two core pipelines:
Pipeline System of Trans Ecuadorian (SOTE) and Heavy Crudes
Pipeline (OCP).

(4) Fictitious flaring stacks were allocated to oilfields lacking flaring
infrastructure but with registered APG and crude oil production.

The number of fictitious flare stacks added to each oilfield would
ideally have been estimated through the correlation between number of
flare stacks and quantity of APG. However, the weak coefficient of
determination (> = 0.22) hindered the estimation of the number of
flare stacks to be placed within or in proximity to an oilfield, hence a
centroid was created for each oilfield, as often implemented in spatial
gridding allocation studies (Benkovitz et al., 1996; Rehr et al., 2010). In
every aforementioned case, the assignation of BC emissions to a single
flare stack was expressed using total min-max BC values at each oilfield
divided equally to the corresponding number of flare stacks.

A cell-grid layer was created to sum-up BC emission of each flaring
facility. Cell size can be determined according to the study area size and
spacing of observed emissions (Bertazzon et al., 2014). The spacing
between single flare stacks was considered too large to use a symbol to
represent quantity. Representation of emissions was considered to be
more informative when presented in 25km? grid-cell for the time
period considered (also mapped in 9 km? and 16 km? grid-cells, but not
shown; and the data can be rescaled to 1x1 km also as needed to input
in transport models). The grid-cell size seemed well adapted to the
spatial scale considered in this study, as dispersion plumes have pre-
viously been simulated in regional models such as the CCATT-BRAMS
(in the Brazilian Amazon) using 15 and 30 km? grid-cells (Freitas et al.,
2009) and global models such as the MEGAN V.2.1. of 3025 km? grid-
cells (Sindelarova et al., 2014). Besides, this spatial resolution could be
evaluated in terms of cumulative, added or synergistic effects with
other hazardous substances (Lahr et al., 2010), i.e., particulate aerosols
(PMa5.10), spilled hydrocarbons, oilpit brines that could probably be
within a similar or lower dispersion ranges, also analysed within the
framework of the transdisciplinary ANR-MONOIL research program
(MONOIL, 2017). Spatial treatments were performed in ArcGIS®
system. Values were mapped via Jenk natural breaks.

2.3.3. Carbon dioxide and methane
CO, and CH, were calculated using the Intergovernmental Panel on
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Climate Change (IPCC) — Tier 2 method which denotes a combination of
production and mass balance equations (IPCC, 2006a). The calculation
procedure incorporated several data on chemical properties of gases, as
shown in Egs. (3) and (4). Estimates were made for four major oilfields
because data was complete and available (n = 22 oil wells in total):
Auca, Shushufindi, Singue and Libertador, see Fig. 1B.

ECOZ,oilpmd,ﬂaring
= GORxQ,y (1 — CE)XﬂaredeZ

Doz + (NecraXyops + NenmvocDnvvoc)d — Xsoor)]1x kmol 3)

ECH4,0ilprodJlaring = GORxQoil (1 - CE)AXﬂared (1 - FE)-)CMCH4-)C kmol (4)

Where,

Exk oil prod, flaring = direct amount (Gg yr~ 1) of GHG k emitted due to
flaring at oil production facilities.

GOR = average gas to oil ratio (m® m~3) referenced at 15 °C and
101.325 kPa.

Qoil = total annual oil production (10> m®y~1).

Mgas = molecular weight of gas of interest (e.g. 16.043 for CH4 and
44.011 for COy).

NMVOC = non-methane volatile organic compounds.

Nci = number of moles of carbon per mole of compound (e.g. 1 for
both CH4 and CO,, 4.6 for NMVOC).

yi = mol or volume fraction of the associated gas that is composed
of substance.

CE = gas conservation efficiency factor.

Xparea = fraction of the waste gas that is flared, using estimates from
UNDATA.

FE = flaring destruction efficiency (i.e., fraction of the gas that
leaves the flare partially or fully burnt, typical a value of 0.98 assumed
for flares at production and processing facilities).

Xso0t = fraction of non CO, carbon in the input waste gas stream
that is converted to soot or particulate matter during flaring.

kmol = is the number of kmol per m® of gas referenced at
101.325kPa and 15°C (i.e. 42.3 x 1072 kmol m~3 for CH, and
4.23 x 10~ 2 kmol m 2 for CO,) multiplied by a unit conversion factor
of 1072 Gg t~! which brings the result of each applicable equation to

units of Gg y~ .

2.3.3.1. Estimating variations based on percentile change in key
parameters. The required data to implement Egs. (3) and (4) should
be site specific, however the IPCC guidelines propose default values if
no site specific information is available. All input parameters could be
obtained or defined using suggested defaults, except the conservation
efficiency (CE) and Xflared (IPCC, 2006a). The CE factor expresses the
amount of produced gas and vapour that is used for fuel, produced into
gas gathering systems or re-injected, using a value of +1 if all gas is
conserved and value of O if all gas is flared. CE values may fluctuate
between these two values depending on the technology implemented at
a specific site, while Xflared expresses the fraction of gas that is rather
flared than vented (IPCC, 2006a).

Sensitivity analysis is recommended for variables to prioritize ef-
forts to develop good estimates (IPCC, 2006b). CE and Xflared depend
on expert knowledge-based assumptions on the type of technology
implemented. A simple sensitivity analysis through percentile variation
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— in 10% increments (Sala et al., 2000; Sax and Isakov, 2003) was
performed for CE and Xflared. The range of values were calculated for
the potential minimum (10% flared 90% conserved) to the maximum
values (90% all gas is flared 10% conserved), assuming values of less
than 10% for gas flared to be an unlikely outcome because at least 8.3%
APG is used for energy generation (MSS, 2014, 2013) and 3% APG is
leaked (Larsen et al., 2015). Likewise, the gas flared fraction used as
input parameter was also varied in percentiles from 10th to 90th’ since
these values are more likely to occur. Subsequently, a range of possible
min and max values for every oilfield in year-on-year basis were created
using this approach to Xflared and CE values.

3. Results

3.1. Gas flaring and black carbon emissions according to publicly available
data

Gas flares for the T3 period totalled 7.6 Gm?® for 53% of oilfields
(n = 50/94). Estimated BC emissions during 2003-2012 ranged from
3.7 to 4.5 Mt. Fifty oil fields had APG data associated with them and
eleven did not have flare stacks. Fictitious stacks were allocated (cen-
troids) to oilfields where no flare stack was evident. At least, 52.8% of
APG (4.3 Gm®) was flared at four out of fifty oilfields operated in the
NEA: Shushufindi, la Joya de Los Sachas, Libertador, south from
Putumayo River and Yuturi. Estimates were described using median
(interquartile range). The gas burnt per oilfield was 39.3 Mm?®
(5.7-100Mm?®) and 15.2Mm>® (5.7-35.1Mm?®) per flare stack
(n = 181). All selected emissions, including GHG were displayed in
Table 3. These allows a comparison between all selected hazardous
emissions, simultaneously. Resulting GHG emissions were explained in
Section 3.3.

3.2. Estimates of this study compared to other datasets

UNDATA emissions, although estimated at the national level, re-
ported fluctuating estimates on a year-on-year basis compared to this
study from 2004 to 2005 and from 2009 to 2012. Overall, UNDATA
estimates were very close to this study’s estimates from publicly
available data, and those were highly correlated (r = 0.84). Thus, to
effectively compare data from satellite observations to other datasets,
an average curve for APG flared and BC was calculated from historical
energy statistics data. All these institutional datasets are referred
hereafter as Energy Census Data (ECD).

Fig. 2 shows that calculated emissions from NOAA satellite data

Table 3
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observations contrasted with ECD average estimates. Annual variations
(2003-2012) indicate a widening gap from 1.2 to 2.5 fold between
satellite observations and ECD average, showcasing the strong negative
correlation between the two datasets (r = —0.90). According to this
this study the highest BC emissions occurred in 2003 (516 t). Emissions
in subsequent years decreased to reach 401 t in 2012.

The higher NOAA satellite estimates indicate an increasing trend,
reaching up to 945 t in 2012. Overall, gas flaring and BC emissions were
weakly correlated to oil production (Fig. 2). Annual oil production
seemed to be globally stable during T3, with year-to-year fluctuations
between 17 and 22 Gm®,

3.3. Mapping of airborne black carbon emissions at a regional scale

BC estimates ranged between 2.7 and 1153.5 kg km ™2 yr ™! (lower
EF) and 4-1730 (upper EF) across grid cells. The visual display was the
same for both EF because the values are proportional. Highest emissions
were located at Libertador oilfield, crossing north to south from
Shushufindi to Pompeya, west to east from Joya de Los Sachas to Yuturi
oilfield, and at Dicaro. Medium to low emissions were found from
Tarapoa to Putumayo (Fig. 3B).

3.4. Greenhouse gas estimates

Carbon dioxide and methane emissions were estimated for three
years, in four out of fifty oilfields with reported APG. Fig. 3A indicates
where these oilfields are located. Fig. 4. and Table 4 show total and
average GHG emissions for three representative years per oilfield.
Variability across oil fields was slightly higher for methane emissions
than carbon dioxide. Annual average reported per flare stack (country-
specific data) accounted for 271 + 98 kt CO, yr’1 and1 = 0.7 kt CHy
yr~! within the oilfields sampled.

This estimate represents 36.8% of the total GHG emissions resulting
from APG flared. These estimates should thus be multiplied by a factor
of 2.72, to obtain GHG corresponding approximately to the total APG
flared for the entire NEA in T3. Therefore, the NEA would totalize 82.1
Mt CO, and 304.6 kt CH, during this period, equivalent to an annual
average of 6.1 Mt yr~! CO, and 25.3 kt yr~* CH, (Table 2). Fig. 4.
presents estimates and variations for the four oilfields.

GHG estimates can only be compared to other datasets for CO,,
because CH,4 has not been previously evaluated in the NEA. CO, has
been previously estimated in a disaggregated manner by the Carbon
Dioxide Information Analysis Center (CDIAC) enabling gas flaring to be
compared only for years 2003, 2007 and 2012. The approach used in

Total and annual median gas flared and BC emissions in the T3 managerial period. BC is expressed in tons with base (EF = 0.5) and upper bound (EF = 0.75)
emission factors. Average ( + SD) values for GHG estimates. Only the four highest oilfields are shown (gas flare and BC). Flare stack values exclude oilfields with no

declared flare stacks.

Oilfields (n = 50) Gas flared BC CO, CH,4
Total (Mm®>) Median? (Mm? Total (t) Min-Max (t Total (kt) Average (kt yr’l) Total (kt) Average (kt yr’l) Contribution” (%)
yrh yrH
Shushufindi (SH) 1479.2 147.7 (0-176) 646-891 80-121 53289.67 5921.1 * 756 474.28 158 * 15 17%
Libertador (LT)* 928.6 92.4 (50-109) 378-500 48-62 24586.10 2731.8 *= 1428 318.61 106.2 = 11 12%
Sacha (SC) 859.1 83.2 (75-92) 340-496 42-61 - - - 11%
Yuturi (YT) 704.8 74.6 (23-78) 277-469 32-58 - - - 9%
Auca 213.0 17.3 (13-21) 89-111 11-14 9874.57 1097.2 = 1775 193.24 64.4 = 5 3%
Singue 71.1 6.3 (1-10) 31-43 4-5 2968.46  329.8 = 201 22.15 7.4 £ 0.5 1%
Single oilfield 39.3 (5.7-100) 4.1 (0.4-13) 62-91 7-10 4833 537.1 17.9 2 -
Flare stacks 15.17 1.89 (0.7-4.4) 190-278 5.1-7.5 1362 151.4 5.1 0.6 -
(5.7-35.1)
Total T3 7600 782 (732-816) 3735-4583 373-572 82,144" 6106 = 4.6 304.64" 25.3 + 36.4 100%

a
> The contribution column is calculated based on gas flared and BC only.
<

4 Median and interquartile ranges at 25th and 75th percentiles.

GHG estimations for total NEA based on key (n = 4; 36.8% of total) sampled oilfields. Totals were calculated using a 2.72 factor.

Corresponds to a group of 5 oilfields where GHG emissions are calculated using data from top flaring oilfield: Pacayacu.
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this study showed twentyfold higher emissions than CDIAC estimates. and collection methods may increase inventory reliability and value in
supporting safety and security decisions. Public disclosure benefits en-
vironmental accounting. Constraints in information access hampers
proper estimations. This is especially true in oil industry, whose acci-
dental emissions or discharges are seldom reported (Jernelov, 2010). In
4.1. Data reporting the NEA, APG data reported for 2005 and 2008 is incomplete for some

oilfields, e.g. APG has not even been reported for Yasuni-ITT in Fig. 3 a

4. Discussion

Higher levels of disclosure, and improvement in statistical analysis
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Table 4
Total and average annual GHG emissions for four oilfields from sampled data
collected in 2003, 2007 and 2012 (n = 22 oil wells).

Oilfield CO, CHy

Total (Mt) Annual average Total (kt) Annual average

(=SD) Mtyr™h (=SD) (kt yr™1)

Auca 3.3 1 +07 21.5 7 %5
Libertador 8.2 2,731 + 1.4 35.4 12 = 11
Shushufindi 17.8 5921 + 1.8 52.7 18 + 15
Singue 0.88 329 = 0.2 2.5 0.8 + 0.5
Total (n =4) 30.2 2245 + 0.5a 112 9.3 = 4.5°

2 =+ SD calculated using pooled estimators. Rounded data.

famous oil field for its conservation initiative aiming in keeping oil
underground (Larrea and Warnars, 2009; Vallejo et al., 2015). Simi-
larly, there is uncomplete and limited data available for flaring infra-
structure in some oilfields, such as Vinta, Yuca Sur or Panacocha.
Ecuador had signed the Kyoto Protocol (1992) but during T3 had no
flaring and venting targeted policies (WorldBank, 2004). The protocol
established that regulating institutions and producing companies
should be independent entities. Both tasks were in charge by the same
institution in Ecuador. In most developing countries, institutional re-
sponsibilities for gas flaring and venting are often nontransparent,
conflicting, and ineffective (WorldBank, 2004). This lesson was later
recognized and, in 2008, institutional changes were made (Rwengabo,
2018), which is probably reflected by the sudden drop in APG flared
from 2008 onwards, as shown by the ECD trend lines in Fig. 2. This
suggests that the drop in APG flared would be related more to an in-
crease of gas use efficiency than to a moderate decrease in data dis-
closure. It is possible that some quantities of APG were unreported, as
the satellite calibration problems at that time (see Section 4.2.2.) ob-
viously not explain the full gap between estimates from the NOAA and
from energy census data. One third of the data in our study comes from
open government data, which is well in conformity with the Ecuadorian
Transparency and Access to Public Information Law (LOTAIP). Ecuador
ranked 58th out of 93 countries in e-government data disclosure and
open data, especially for airborne pollutant emissions (Open Knowledge
International, 2015) and has 44% of open data implementation, in-
dicating an important level of disclosure from public institutions, still
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this is 10% less than the South American average (Trivifio 2016). Other
countries improve disclosure as a way to better control their emissions,
which is an important step to meet zero-emission goals defined within
the Global Gas Flaring Reduction Partnership (GFFR) (World Bank
Group, 2018), e.g. Nigeria openly reports total gas flared (Giwa et al.,
2014). The Ecuadorian government does not formally belong to this
partnership (World Bank Group, 2018) but the state company has en-
gaged in voluntarily attempts to meet these targets.

4.2. Emission estimates

4.2.1. Black carbon

In Ecuador, EFs and standardized measurements for heating values
are in infancy stages. Upper bound EF had previously been extrapolated
from Venezuela, assuming similar technology was implemented (Huang
and Fu, 2016), and lower EF are also based on general estimates from
heat values emissions (McEwen and Johnson, 2012). BC emission is an
important fraction of PM with global warming and cancerigenous
properties (Bond et al., 2004; Conrad and Johnson, 2015; De Miranda
et al., 2012). Most recently, Conrad and Johnson, (2017), measured EFs
for BC at four single flare stacks in Libertador oil field. The result they
obtained was that BC emission rates are highly variable and under-
estimated worldwide. Using the resulted EFs, average emissions in the
NEA were estimated at 8.3-23.9t BC yr ! per flare stack. These values
were slightly higher than our 5.1-7.5t BC yr~! estimates, using re-
ference EFs described in Section 2.3.2. These differences highlight the
importance of increasing the sampling effort to properly define average
EFs for the study area.

4.2.2. Greenhouse gases

The site-specific databases and derived estimates seemed to be a
representative fraction of emissions from the oil sector. CO, emission
estimates in this study were up to twenty fold of those estimated by the
CDIAC (Boden et al., 2012). To obtain similar yields estimated in this
study, CE (conservation efficiency) and Xflared (fraction of flared APG)
values need to be set at 90% and 30% respectively. Those values are
unlikely to occur considering the used and leaked APG fractions. On the
other hand, Ecuador is ranked 49th in CH, emissions from fossil fuel
use. However, an annual ranking may not be the relevant way to pre-
sent inter-countries comparisons

as Ecuador reports illustrate a high inter-annual variability in APG
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production (Simpson et al., 2012); integrating longer term data (e.g.
2-4 years) would probably be better.

4.3. Comparison of emission sources

4.3.1. Single flare stacks from various countries

Estimates at single flaring facilities indicate Ecuador, specifically
the study area, remained a low global contributor to gas flaring for the
period considered, with a total amount of 7.6 Gm® during the T3
managerial period, equivalent to an average of 4.19 Mm®>.yr ! per flare
stack. Comparatively, in the Niger Delta, 350 Gm?® of total APG was
flared for a similar period (2000-2013), corresponding to 80 Mm?> yr !
for each single flare stack (Anejionu et al., 2015a). In Alberta, the
median value for individual stacks reported was 0.03 Mm® yr~! APG
flared (Johnson and Coderre, 2011). The reported amount of flared APG
per flare stack thus differs significantly, i.e., nine times lower emissions
in Alberta than in the study area, and 19.5 times higher in Nigeria.

4.3.2. Institutional and satellite datasets

Instrument calibrations, data collection or calculations can result in
errors portraying under or overestimation of emissions. For instance,
estimates from the NOAA satellite sensor, prior to 2012, might reflect
similar spectral responses with other important sources, i.e., cloud
coverage, biomass burning, and be prone to overestimates, compared to
the previous DMSP-OLS calibration technique. Approximately 25%
higher APG flared was estimated from satellite data in Nigeria and in
Bolivia, where overestimates were due to biomass burning (Anejionu
et al., 2015b). In subsequent years (2013, 2014 and 2015) the superior,
calibrated sensor, VIIRS, indicated 800, 1000 and 1100 Mm?® gas flared
respectively in Ecuador (World Bank Group, 2018), to be compared to
the 1500 Mm? in 2012 according to the former sensor (this study). This
suggests an overestimation until 2012 for Ecuador as well, although it
was not possible to assess its extent to provide a correction for the sa-
tellite imagery estimates. Conversely, the lowest UNDATA estimates
(particularly for the 2009-2012 time period) consider gas flaring at the
national level, possibly underestimating emissions due to missing dis-
charges. Comparative analysis of airborne emissions suggests using
several data sources is an asset in the evaluation of hazardous emis-
sions. Long term estimates by satellite observations have also been
prone to errors (Elvidge et al., 2009). Historical energy data and other
methods of estimation are suitable for determining the activity sector
specific emissions and for comparative analysis with independent non-
governmental and satellite product reported estimations.

4.3.3. Across activity sectors

0Oil production is key contributor of BC emissions in Ecuador, yet
other potentially important anthropogenic emissions cannot be ne-
glected, i.e., biomass burning (Fearnside, 2000; Ramanathan and
Carmichael, 2008) and vehicle fossil fuel combustion (Gramsch et al.,
2013). Data was insufficient to compare gas flaring with biomass
burning, alleged to be an important source of contaminants (sulphur,
nitrogen, carbon, and metals), due to long trajectories and depositions
within the Ecuadorian Amazon (Barraza et al., 2018; Fabian et al.,
2005). Nonetheless, available reports from the National Institute of
Statistics and Census of Ecuador (INEC) enable comparisons with
transportation emissions in the NEA. INEC reported the number of
diesel vehicles (X 6780 buses in 2012) has increased during
2007-2012 (INEC, 2017). With an estimated EF for diesel vehicles of
0.15t BC bus™?! yr_1 (Conrad and Johnson, 2015) this results in an
average of 264 + 64t BC yr~! discharged during T3 period. These
emissions arise from 20.5% of total vehicles. For the remaining 79.5%,
corresponding to gasoline vehicles, a 0.03-fold factor may be applied to
the emissions from diesel vehicles (Streets et al., 2001). Average vehicle
emissions account for 485 = 76t BC yr™!, comparable to 388-568 t
BC yr~! from flaring APG. In fact, this is in agreement with a local
study which suggests that the concentrations of particulate aerosols
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from flared APG may be similar to urban sites (Barraza et al., 2018).
4.4. Potential economic, health, and environmental losses

Direct economic losses associated to gas flaring represent poten-
tially important economic revenues for Ecuador. Considering our total
estimates, and the conversion factor from thermal units (a unit com-
monly used for calculating the monetary value to generate electricity)
of 0.24 US$ m? if sold in the United Sates (US. Department of Energy,
2017), the main potential Ecuadorian commercial partner, would result
in a US$182.4 million yr~! economic losses. A partial estimate that
should integrate monetary values of environmental and health costs,
yet to be quantified. Inhalation is the main exposure pathway for local
populations to airborne pollution in the NEA (Barraza et al., 2018).
Black carbon is a carcinogen (IARC, 2012), having also short-term
health effects (Janssen et al., 2011), and may serve as a carrier for toxic
chemicals passing through the blood system, and cause cardior-
espiratory diseases (Janssen et al., 2011). Hence, forthcoming hydro-
carbon regulations could include BC and methane emissions.

5. Conclusion

This study presents a “bottom-up approach” to process and visually
represent APG datasets in gridded form for specific activities (i.e. type
of infrastructure) in oil and gas production of selected pollutants.
Emission estimates and subsequent homogenized spatial distribution of
pollutants in the NEA are needed for future transport modelling and
hazard mapping. Willingness of institutions and operators to disclose
data is key to enhance security and safety decision making, towards
improved health, economic, and environmental conditions. During this
study period (2003-2012) Ecuadorian institutions started to implement
recovery technology. Institution reports and bulletins do not always
provide appropriate data detailed or accurate data for emission esti-
mation. This study has proposed an emission estimation approach that
uses government data rather than the variable institutional datasets,
and relies less on satellite products. Having several data sources for
estimation is found to be useful. Finally, public access to gas flaring
data from Ecuadorian institutions was found to be within acceptable
levels (two-fold lower estimates than satellite observations), which is an
important step towards accomplishing environmental monitoring and
accountability objectives.

Future research aims to combine maps on oil spills and BC to ad-
dress cumulative impacts, including other potential pollutants (e.g.
total hydrocarbons, heavy metals) and source types (i.e. mud drilling
pits). Hazard maps could assist decision making, when overlapping
environmental (e.g. biodiversity values, surface waters, groundwater,
etc.) and socioeconomic (poverty, medical service access, education,
etc.) vulnerability maps. This study is a comprehensive first step to
provide emission maps that could be used as input to assess atmo-
spheric dispersion together with previous inventories and subsequently
overlaid with vulnerability maps.

Acknowledgements

The authors wish to thank the financial funding provided by the
Ecuadorian National Secretary of Higher Education, Science and
Technology (SENESCYT). The authors acknowledge the valuable help
of Deoni and Steve Allen for English text revision and suggestions to
improve this paper. This research was formulated under ANR-MONOIL
Project N ANR-13-SENV-0003-01, with organizing support of the
Institut de Recherche pour le Développement (IRD) - the Centre
National de la Recherche Scientifique (CNRS).

References

Andreo, B., Goldscheider, N., Vadillo, 1., Vias, J.M., Neukum, C., Sinreich, M., Jiménez, P.,



J. Durango-Cordero, et al.

Brechenmacher, J., Carrasco, F., Hotzl, H., Perles, M.J., Zwahlen, F., 2006. Karst
groundwater protection: first application of a Pan-European Approach to vulner-
ability, hazard and risk mapping in the Sierra de Libar (Southern Spain). Sci. Total
Environ. 357, 54-73. https://doi.org/10.1016/j.scitotenv.2005.05.019.

Anejionu, Blackburn, G.A., Whyatt, J.D., 2015a. Detecting gas flares and estimating
flaring volumes at individual flow stations using MODIS data. Remote Sens. Environ.
158, 81-94. https://doi.org/10.1016/j.rse.2014.11.018.

Anejionu, Whyatt, J.D., Blackburn, G.A., Price, C., 2015b. Contributions of gas flaring to a
global air pollution hotspot: spatial and temporal variations, impacts and alleviation.
Atmos. Environ. 118, 184-193. https://doi.org/10.1016/j.atmosenv.2015.08.006.

Anenberg, S.C., Schwartz, J., Shindell, D., Amann, M., Faluvegi, G., Klimont, Z., Janssens-
Maenhout, G., Pozzoli, L., Van Dingenen, R., Vignati, E., Emberson, L., Muller, N.Z.,
West, J.J., Williams, M., Demkine, V., Hicks, W.K., Kuylenstierna, J., Raes, F.,
Ramanathan, V., 2012. Global air quality and health co-benefits of mitigating near-
term climate change through methane and black carbon emission controls. Environ.
Health Perspect. 120, 831-839. https://doi.org/10.1289/ehp.1104301.

Barraza, F., Maurice, L., Uzu, G., Becerra, S., Lopez, F., Ochoa-Herrera, V., Ruales, J.,
Schreck, E., 2018. Distribution, contents and health risk assessment of metal(loid)s in
small-scale farms in the Ecuadorian Amazon: an insight into impacts of oil activities.
Sci. Total Environ. 622-623, 106-120. https://doi.org/10.1016/j.scitotenv.2017.11.
246.

Bass, M.S., Finer, M., Jenkins, C.N., Kreft, H., Cisneros-Heredia, D.F., McCracken, S.F.,
Pitman, N.C.a., English, P.H., Swing, K., Villa, G., Di Fiore, A., Voigt, C.C., Kunz, T.H.,
2010. Global conservation significance of Ecuador’s Yasuni National Park. PLoS One
5. https://doi.org/10.1371/journal.pone.0008767.

Baynard, C.W., Ellis, J.M., Davis, H., 2013. Roads, petroleum and accessibility: the case of
eastern Ecuador. GeoJournal 78, 675-695. https://doi.org/10.1007/s10708-012-
9459-5.

BBC News, 2018. Chevron wins Ecuador rainforest “oil dumping” case — BBC News
[WWW Document].September 08. URL < https://www.bbc.co.uk/news/world-latin-
america-45455984 > (accessed 9.13.18).

Benkovitz, C.M., Scholtz, M.T., Pacyna, J., Tarrasén, L., Dignon, J., Voldner, E.C., Spiro,
P.A., Logan, J.A., Benkovitz, C.M., Scholtz, M.T., Pacyna, J., Tarrasén, L., 1996.
Global gridded inventories of anthropogenic emissions of sulfur and nitrogen Global
gridded inventories of anthropogenic emissions of sulfur and nitrogen.

Bertazzon, S., O’Hara, P.D., Barrett, O., Serra-Sogas, N., 2014. Geospatial analysis of oil
discharges observed by the National Aerial Surveillance Program in the Canadian
Pacific Ocean. Appl. Geogr. 52, 78-89. https://doi.org/10.1016/j.apgeog.2014.04.
010.

Boden, T., Marland, G., Andres, B., 2012. National Carbone Dioxide Emissions from
Fossil-fuel, Cement Manufacture and Gas flaring: 1751-2008 [WWW Document].
Carbon Dioxide Inf. Anal. Center. Oak Ridge Natl. Lab. URL < http://cdiac.ess-dive.
Ibl.gov/trends/emis/ecu.html > (accessed 4.30.18).

Bond, T.C., Bergstrom, R.W., 2006. Light absorption by carbonaceous particles: an in-
vestigative review. Aerosol Sci. Technol. 40, 27-67. https://doi.org/10.1080/
02786820500421521.

Bond, T.C., Streets, D.G., Yarber, K.F., Nelson, S.M., Woo, J.H., Klimont, Z., 2004. A
technology-based global inventory of black and organic carbon emissions from
combustion. J. Geophys. Res. D Atmos. 109, 1-43. https://doi.org/10.1029/
2003JD003697.

Boxall, P.C., Chan, W.H., Mcmillan, M.L., 2005. The impact of oil and natural gas facilities
on rural residential property values : a spatial hedonic analysis. Resour. Energy Econ.
27, 248-269. https://doi.org/10.1016/j.reseneeco.2004.11.003.

Buccina, S., Chene, D., Gramlich, J., 2013. Accounting for the environmental impacts of
Texaco’s operations in Ecuador: Chevron’s contingent environmental liability dis-
closures. Account. Forum 37, 110-123. https://doi.org/10.1016/j.accfor.2013.04.
003.

Butt, N., Beyer, H.L., Bennett, J.R., Biggs, D., Maggini, R., Mills, M., Renwick, a. R.,
Seabrook, L.M., Possingham, H.P., 2013. Biodiversity risks from fossil fuel extraction.
Science (80-.). 342, 425-426. https://doi.org/10.1126/science.1237261.

Chang, S.E., Stone, J., Demes, K., Piscitelli, M., 2014. Synthesis, part of a special feature
on vulnerability and adaptation to oil spills consequences of oil spills: a review and
framework for informing planning. Ecol. Soc. 19, 26. https://doi.org/10.5751/ES-
06406-190226.

Conrad, B., Johnson, M., 2015. Field measurements of black carbon emissions from
flaring in Ecuador: analysis of results from field measurements.

Conrad, B.M., Johnson, M.R., 2017. Field measurements of black carbon yields from gas
flaring. Environ. Sci. Technol. 51, 1893-1900. https://doi.org/10.1021/acs.est.
6b03690.

De Miranda, R.M., Andrade, M.de.F., Fornaro, A., Astolfo, R., de Andre, P.A., Saldiva, P.,
2012. Urban air pollution: a representative survey of PM 2.5 mass concentrations in
six Brazilian cities. Air Qual. Atmos. Heal. 5, 63-77. https://doi.org/10.1007/
$11869-010-0124-1.

Dlugokencky, E.J., 2003. Atmospheric methane levels off: temporary pause or a new
steady-state? Geophys. Res. Lett. 30, 3-6. https://doi.org/10.1029/2003GL018126.

Dung, E.J., Bombom, L.S., Agusomu, T.D., 2008. The effects of gas flaring on crops in the
Niger Delta, Nigeria. GeoJournal 73, 297-305. https://doi.org/10.1007/s10708-008-
9207-z.

Durango-Cordero, J., Saqalli, M., Laplanche, C., Locquet, M., Elger, A., 2018. Spatial
analysis of accidental oil spills using heterogeneous data: a case study from the North-
Eastern Ecuadorian Amazon. Sustainability 10. https://doi.org/10.3390/
sul0124719.

Elvidge, C.D., Ziskin, D., Baugh, K.E., Tuttle, B.T., Ghosh, T., Pack, D.W., Erwin, E.H.,
Zhizhin, M., 2009. A fifteen year record of global natural gas flaring derived from
satellite data. Energies 2, 595-622. https://doi.org/10.3390/en20300595.

Fabian, P., Kohlpaintner, M., Rollenbeck, R., 2005. Biomass Burning in the Amazon-

Safety Science 120 (2019) 107-116

Fertilizer for the Mountaineous Rain Forest in Ecuador. Env. Sci Pollut Res 12,
290-296. https://doi.org/10.1065/espr2005.07.272.

Fearnside, P.M., 2000. Global warming and tropical land-use change: greenhouse gas
emissions from biomass burning, decomposition and soils in forest conversion,
shifting cultivation and secondary vegetation. Clim. Change 46, 115-158. https://
doi.org/10.1023/A:1005569915357.

Finer, M., Jenkins, C.N., Pimm, S.L., Keane, B., Ross, C., 2008. Oil and gas projects in the
Western Amazon: threats to wilderness, biodiversity, and indigenous peoples. PLoS
One 3, €2932. https://doi.org/10.1371/journal.pone.0002932.

Foss, B., 2012. Control engineering practice process control in conventional oil and gas
fields—challenges and opportunities. Control Eng. Pract. 20, 1058-1064. https://doi.
org/10.1016/j.conengprac.2011.11.009.

Freitas, S.R., Longo, K.M.,, Silva Dias, M.A.F., Chatfield, R., Dias, P.S., Artaxo, P., Andreae,
M.O., Grell, G., Rodrigues, L.F., Fazenda, A., Panetta, J., 2009. The coupled aerosol
and tracer transport model to the Brazilian developments on the regional atmospheric
modeling system (CATT-BRAMS) — Part 1: Model description and evaluation. Atmos.
Chem. Phys. 9, 2843-2861. https://doi.org/10.5194/acp-9-2843-2009.

Giwa, S.0., Adama, 0.0., Akinyemi, O.0., 2014. Baseline black carbon emissions for gas
flaring in the Niger Delta region of Nigeria. J. Nat. Gas Sci. Eng. 20, 373-379. https://
doi.org/10.1016/j.jngse.2014.07.026.

Gramsch, E., Le Nir, G., Araya, M., Rubio, M.A., Moreno, F., Oyola, P., 2013. Influence of
large changes in public transportation (Transantiago) on the black carbon pollution
near streets. Atmos. Environ. 65, 153-163. https://doi.org/10.1016/J.ATMOSENV.
2012.10.006.

Guerra del Hierro, G.F., 2014. Estimation of the Oil Production Potential of the Field
Singue, Oriente Basin. University of Salford, Ecuador.

Guttikunda, S.K., Calori, G., 2013. A GIS based emissions inventory at 1 km X 1 km
spatial resolution for air pollution analysis in Delhi. India. Atmos. Environ. 67,
101-111. https://doi.org/10.1016/j.atmosenv.2012.10.040.

Haines, A., Kovats, R.S., Campbell-Lendrum, D., Corvalan, C., 2006. MINI-SYMPOSIUM
Climate change and human health: Impacts, vulnerability and public health. https://
doi.org/10.1016/j.puhe.2006.01.002.

Huang, K., Fu, J.S., 2016. A global gas flaring black carbon emission rate dataset from
1994 to 2012. Sci Data. https://doi.org/10.1038/sdata.2016.104.

IARC, 2012. TARC Monographs on the Evaluation of Carcinogenic Risks to Humans.
[WWW Document]. URL < https://monographs.iarc.fr/list-of-classifications-
volumes/ > (accessed 9.6.18).

INAMHI, 2018. Mapas Climaticos [WWW Document]. Natl. Inst. Metereology Hidrol.
Quito, Ecuador. URL < http://www.serviciometeorologico.gob.ec/mapas-
climaticos/ > (accessed 9.21.18).

INEC, 2017. Encuestas de Transporte 2007-2016 [WWW Document]. Inst. Nac.
Estadisticas y Censos. Quito, Ecuador. URL < http://anda.inec.gob.ec/anda/index.
php/catalog#_r=1503587423217&collection = &country = &dtype = &from = 2007&
page = 1&ps = &sk = transporte&sort_by = titl&sort_order = &to = 2016&topic = &
view =s&vk= > (accessed 8.24.17).

IPCC, 2006a. Guidelines for National Greenhouse Gases Inventories. Geneva, Switzerland.

IPCC, 2006b. Chapter 3: Uncertainties 2006 IPCC Guidelines for National Greenhouse Gas
Inventories. Geneva, Switzerland.

Ite, A., Ibok, U., 2013. Gas flaring and venting associated with petroleum exploration and
production in the Nigeria’s Niger Delta. Am. J. Environ. Prot. 1, 70-77. https://doi.
org/10.12691/env-1-4-1.

Jacobson, M.Z., 2001. Strong radiative heating due to the mixing state of black carbon in
atmospheric aerosols. Nature 409, 695-697. https://doi.org/10.1038/35055518.

Janssen, N.a.H., Hoek, G., Simic-Lawson, M., Fischer, P., van Bree, L., ten Brink, H.,
Keuken, M., Atkinson, R.W., Anderson, H.R., Brunekreef, B., Cassee, F.R., 2011. Black
carbon as an additional indicator of the adverse health effects of airborne particles
compared with PM10 and PM2.5. Environ. Health Perspect. 119, 1691-1699.
https://doi.org/10.1289/ehp.1003369.

Jernel6v, A., 2010. The threats from oil spills: now, then, and in the future. Ambio 39,
353-366. https://doi.org/10.1007/5s13280-010-0085-5.

Johnson, M.R., Coderre, A.R., 2011. An analysis of flaring and venting activity in the
alberta upstream oil and gas industry. J. Air Waste Manage. Assoc. 61, 190-200.
https://doi.org/10.3155/1047-3289.61.2.190.

Juteau, G., Becerra, S., Maurice, L., 2014. Environment, oil and political vulnerability in
the Ecuadorian Amazon: Towards new forms of energy governance? América Lat.
Hoy, 67, 2014, pp. 119-137, 119-137.

Lahr, J., Kooistra, L., 2010. Environmental risk mapping of pollutants: state of the art and
communication aspects. Sci. Total Environ. 408, 3899-3907. https://doi.org/10.
1016/j.scitotenv.2009.10.045.

Lahr, J., Miinier, B., De Lange, H.J., Faber, J.F., Sgrensen, P.B., 2010. Wildlife vulner-
ability and risk maps for combined pollutants. Sci. Total Environ. 408, 3891-3898.
https://doi.org/10.1016/j.scitotenv.2009.11.018.

Laraque, A., Ronchail, J., Cochonneau, G., Pombosa, R., Guyot, J.L., 2007. Heterogeneous
distribution of rainfall and discharge regimes in the Ecuadorian Amazon Basin. J.
Hydrometeorol. 8, 1364-1381. https://doi.org/10.1175/2007JHM784.1.

Larrea, C., 2006. Hacia una Historia Ecoldgica del Ecuador: Propuestas para el debate
(No. 15). Universidad Andina Simén Bolivar. Biblioteca General de Cultura. Quito.

Larrea, C., Warnars, L., 2009. Ecuador’s Yasuni-ITT initiative: avoiding emissions by
keeping petroleum underground. Energy Sustain. Dev. 13, 219-223. https://doi.org/
10.1016/j.esd.2009.08.003.

Larsen, K., Delgado, M., Marsters, P., 2015a. Untapped potential: reducing global me-
thane emissions from oil and natural gas systems, The Rhodium Group. New York,
NY. https://doi.org/10.1089/big.2014.1523.

Maestripieri, N., Saqalli, M., 2016. Assessing health risk using regional mappings based
on local perceptions: a comparative study of three different hazards. Hum. Ecol. Risk
Assess. 22, 721-735. https://doi.org/10.1080/10807039.2015.1105099.


https://doi.org/10.1016/j.scitotenv.2005.05.019
https://doi.org/10.1016/j.rse.2014.11.018
https://doi.org/10.1016/j.atmosenv.2015.08.006
https://doi.org/10.1289/ehp.1104301
https://doi.org/10.1016/j.scitotenv.2017.11.246
https://doi.org/10.1016/j.scitotenv.2017.11.246
https://doi.org/10.1371/journal.pone.0008767
https://doi.org/10.1007/s10708-012-9459-5
https://doi.org/10.1007/s10708-012-9459-5
https://www.bbc.co.uk/news/world-latin-america-45455984
https://www.bbc.co.uk/news/world-latin-america-45455984
https://doi.org/10.1016/j.apgeog.2014.04.010
https://doi.org/10.1016/j.apgeog.2014.04.010
http://cdiac.ess-dive.lbl.gov/trends/emis/ecu.html
http://cdiac.ess-dive.lbl.gov/trends/emis/ecu.html
https://doi.org/10.1080/02786820500421521
https://doi.org/10.1080/02786820500421521
https://doi.org/10.1029/2003JD003697
https://doi.org/10.1029/2003JD003697
https://doi.org/10.1016/j.reseneeco.2004.11.003
https://doi.org/10.1016/j.accfor.2013.04.003
https://doi.org/10.1016/j.accfor.2013.04.003
https://doi.org/10.5751/ES-06406-190226
https://doi.org/10.5751/ES-06406-190226
https://doi.org/10.1021/acs.est.6b03690
https://doi.org/10.1021/acs.est.6b03690
https://doi.org/10.1007/s11869-010-0124-1
https://doi.org/10.1007/s11869-010-0124-1
https://doi.org/10.1029/2003GL018126
https://doi.org/10.1007/s10708-008-9207-z
https://doi.org/10.1007/s10708-008-9207-z
https://doi.org/10.3390/su10124719
https://doi.org/10.3390/su10124719
https://doi.org/10.3390/en20300595
https://doi.org/10.1065/espr2005.07.272
https://doi.org/10.1023/A:1005569915357
https://doi.org/10.1023/A:1005569915357
https://doi.org/10.1371/journal.pone.0002932
https://doi.org/10.1016/j.conengprac.2011.11.009
https://doi.org/10.1016/j.conengprac.2011.11.009
https://doi.org/10.5194/acp-9-2843-2009
https://doi.org/10.1016/j.jngse.2014.07.026
https://doi.org/10.1016/j.jngse.2014.07.026
https://doi.org/10.1016/J.ATMOSENV.2012.10.006
https://doi.org/10.1016/J.ATMOSENV.2012.10.006
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0150
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0150
https://doi.org/10.1016/j.atmosenv.2012.10.040
https://doi.org/10.1038/sdata.2016.104
https://monographs.iarc.fr/list-of-classifications-volumes/
https://monographs.iarc.fr/list-of-classifications-volumes/
http://www.serviciometeorologico.gob.ec/mapas-climaticos/
http://www.serviciometeorologico.gob.ec/mapas-climaticos/
http://anda.inec.gob.ec/anda/index.php/catalog#_r=1503587423217%26collection=%26country=%26dtype=%26from=2007%26page=1%26ps=%26sk=transporte%26sort_by=titl%26sort_order=%26to=2016%26topic=%26view=s%26vk=
http://anda.inec.gob.ec/anda/index.php/catalog#_r=1503587423217%26collection=%26country=%26dtype=%26from=2007%26page=1%26ps=%26sk=transporte%26sort_by=titl%26sort_order=%26to=2016%26topic=%26view=s%26vk=
http://anda.inec.gob.ec/anda/index.php/catalog#_r=1503587423217%26collection=%26country=%26dtype=%26from=2007%26page=1%26ps=%26sk=transporte%26sort_by=titl%26sort_order=%26to=2016%26topic=%26view=s%26vk=
http://anda.inec.gob.ec/anda/index.php/catalog#_r=1503587423217%26collection=%26country=%26dtype=%26from=2007%26page=1%26ps=%26sk=transporte%26sort_by=titl%26sort_order=%26to=2016%26topic=%26view=s%26vk=
https://doi.org/10.1038/35055518
https://doi.org/10.1289/ehp.1003369
https://doi.org/10.1007/s13280-010-0085-5
https://doi.org/10.3155/1047-3289.61.2.190
https://doi.org/10.1016/j.scitotenv.2009.10.045
https://doi.org/10.1016/j.scitotenv.2009.10.045
https://doi.org/10.1016/j.scitotenv.2009.11.018
https://doi.org/10.1175/2007JHM784.1
https://doi.org/10.1016/j.esd.2009.08.003
https://doi.org/10.1016/j.esd.2009.08.003
https://doi.org/10.1080/10807039.2015.1105099

J. Durango-Cordero, et al.

McEwen, J.D.N., Johnson, M.R., 2012. Black carbon particulate matter emission factors
for buoyancy-driven associated gas flares. J. Air Waste Manage. Assoc. 62, 307-321.
https://doi.org/10.1080/10473289.2011.650040.

MONOIL, 2017. Monitoring environmental, health, society and petroleum in Ecuador
[WWW Document]. URL < http://www.monoil.ird.fr/ > .

MSS, 2015. National Energetic Balance. Quito, Ecuador.

MSS, 2014. National Energetic Balance. Ministry of Strategic Sectors, Quito, Ecuador.
https://doi.org/10.1017/CB09781107415324.004.

MSS, 2013. National Energetic Balance. Quito, Ecuador.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853-858. https://doi.
org/10.1038/35002501.

NBH, 2018. Biblioteca — Secretaria de Hidrocarburos [WWW Document]. Quito, Ecuador.
URL http://www.secretariahidrocarburos.gob.ec/biblioteca/ (accessed 9.21.18).

Open Knowledge International, 2015. Global Open Data Index [WWW Document].
Cambridge, United Kingdom. URL < http://2015.index.okfn.org/place/2014/
> (accessed 4.24.18).

Palermo, F., Parra, R.., 2014. Procesamiento de parametros fisicos e inventario de emi-
siones atmosféricas antropogénicas en la cuenca hidrogréfica del rio Napo.
Universidad San Francisco de Quito.

Peldez-Samaniego, M.R., Garcia-Perez, M., Cortez, L.A.B., Oscullo, J., Olmedo, G., 2007.
Energy sector in Ecuador: current status. Energy Policy 35, 4177-4189. https://doi.
org/10.1016/j.enpol.2007.02.025.

Ramanathan, V., Carmichael, G., 2008. Global and regional climate changes due to black
carbon. Nat. Geosci. 1, 221-227. https://doi.org/10.1038/ngeo156.

Rehr, Amanda, P., Small, Mitchel, J., Mathews Scott, H., Hendrickson, C.T., 2010.
Economic sources and spatial distribution of airborne chromium risks in the US.
Environ. Sci. Technol. 44, 2131-2137.

Robalino-Lépez, A., Mena-Nieto, A., Garcia-Ramos, J.E., 2014. System dynamics mod-
eling for renewable energy and CO2 emissions: a case study of Ecuador. Energy
Sustain. Dev. 20, 11-20. https://doi.org/10.1016/J.ESD.2014.02.001.

Rwengabo, S., 2018. Efficiency, sustainability and exit strategy in the oil and gas sector:
lessons from Ecuador for Uganda. Advocates Coalition for Development and
Environment (ACODE).

Sala, O.E., lii, F.S.C., Armesto, J.J., Berlow, E., Dirzo, R., Huber-sanwald, E., Huenneke, L.
F., Robert, B., Kinzig, A., Leemans, R., Lodge, D.M., Mooney, H.A., Oesterheld, M.,
Poff, N.L., Sykes, M.T., Walker, B.H., Walker, M., Wall, D.H., Sala, O.E., Chapin, F.S.,
Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-sanwald, E., Huenneke, L.
F., Jackson, R.B., Kinzig, A., Leemans, R., Lodge, D.M., Mooney, H.A., Oesterheld, M.,
Poff, N.L., Sykes, M.T., Walker, B.H., Walker, M., Wall, D.H., 2000. Global
Biodiversity Scenarios for the Year 2100 Global Biodiversity Scenarios for the Year
2100. Science (80-.). 287, 1770-1774. https://doi.org/10.1126/science.287.5459.
1770.

San Sebastidn, M., Hurtig, A.K., 2005. Oil development and health in the Amazon basin of

116

Safety Science 120 (2019) 107-116

Ecuador: the popular epidemiology process. Soc. Sci. Med. 60, 799-807. https://doi.
org/10.1016/j.socscimed.2004.06.016.

Sax, T., Isakov, V., 2003. A case study for assessing uncertainty in local-scale regulatory
air quality modeling applications. Atmos. Environ. 37, 3481-3489. https://doi.org/
10.1016/51352-2310(03)00411-4.

Sebastidn, M.S., Armstrong, B., Cérdoba, J.A., Stephens, C., Occupational, S., Medicine,
E., Aug, N.C.J.A., 2001. Exposures and Cancer Incidence near Oil Fields in the
Amazon Basin of Ecuador. Occup Env. Med 58, 517-522.

Shindell, D., Kuylenstierna, J.C.I., Vignati, E., van Dingenen, R., Amann, M., Klimont, Z.,
Anenberg, S.C., Muller, N., Janssens-Maenhout, G., Raes, F., Schwartz, J., Faluvegi,
G., Pozzoli, L., Kupiainen, K., Hoglund-Isaksson, L., Emberson, L., Streets, D.,
Ramanathan, V., Hicks, K., Oanh, N.T.K., Milly, G., Williams, M., Demkine, V.,
Fowler, D., 2012. Simultaneously Mitigating Near-Term Climate Change and
Improving Human Health and Food Security. Science (80-.). 335, 183-189. https://
doi.org/10.1126/science.1210026.

Simpson, 1.J., Sulbaek Andersen, M.P., Meinardi, S., Bruhwiler, L., Blake, N.J., Helmig, D.,
Rowland, F.S., Blake, D.R., 2012. Long-term decline of global atmospheric ethane
concentrations and implications for methane. Nature 488, 490-494. https://doi.org/
10.1038/nature11342.

Sindelarova, K., Granier, C., Bouarar, 1., Guenther, A., Tilmes, S., Stavrakou, T., Miiller, J.-
F., Kuhn, U., Stefani, P., Knorr, W., 2014. Global data set of biogenic VOC emissions
calculated by the MEGAN model over the last 30 years. Atmos. Chem. Phys. 14,
9317-9341. https://doi.org/10.5194/acp-14-9317-2014.

Solov, A.A., 2011. Associated Petroleum Gas Flaring : Environmental Issues 81,
2531-2541. https://doi.org/10.1134/51070363211120218.

Soltanieh, M., Zohrabian, A., Gholipour, M.J., Kalnay, E., 2016. A review of global gas
flaring and venting and impact on the environment: Case study of Iran. Int. J. Greenh.
Gas Control 49, 488-509. https://doi.org/10.1016/j.ijggc.2016.02.010.

Streets, D.G., Gupta, S., Waldhoff, S.T., Qang, M.Q., Bond, T.C., Bo, Y., 2001. Black carbon
emissions in China. Atmos. Environ. 35, 4281-4296.

US. Department of Energy, 2017. Natural Gas Spot and Future Prices [WWW Document].
URL < http://tonto.eia.gov/dnav/ng/hist/rngeld.htm%0A > (accessed 9.4.17).

Vallejo, M.C., Burbano, R., Falconi, F., Larrea, C., 2015. Leaving oil underground in
Ecuador: the Yasuni-ITT initiative from a multi-criteria perspective. Ecol. Econ. 109,
175-185. https://doi.org/10.1016/J.ECOLECON.2014.11.013.

Waldner, C.L., Ribble, C.S., Janzen, E.D., Campbell, J.R., 2001. Associations between oil-
and gas-well sites, processing facilities, flaring, and beef cattle reproduction and calf
mortality in western Canada. Prev. Vet. Med. 50, 1-17. https://doi.org/10.1016/
S0167-5877(01)00214-8.

World Bank Group, 2018. Gas Flaring Reduction Partnership [WWW Document]. Gas
flaring data 2013-16. URL < http://www.worldbank.org/en/programs/
gasflaringreduction > (accessed 8.24.17).

WorldBank, 2004. Regulation of Associated Gas Flaring and Venting: A Global Overview
and Lessons from International Experience.


https://doi.org/10.1080/10473289.2011.650040
http://www.monoil.ird.fr/
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0270
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0280
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
http://www.secretariahidrocarburos.gob.ec/biblioteca/
http://2015.index.okfn.org/place/2014/
https://doi.org/10.1016/j.enpol.2007.02.025
https://doi.org/10.1016/j.enpol.2007.02.025
https://doi.org/10.1038/ngeo156
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0315
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0315
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0315
https://doi.org/10.1016/J.ESD.2014.02.001
https://doi.org/10.1016/j.socscimed.2004.06.016
https://doi.org/10.1016/j.socscimed.2004.06.016
https://doi.org/10.1016/S1352-2310(03)00411-4
https://doi.org/10.1016/S1352-2310(03)00411-4
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0345
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0345
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0345
https://doi.org/10.1038/nature11342
https://doi.org/10.1038/nature11342
https://doi.org/10.5194/acp-14-9317-2014
https://doi.org/10.1016/j.ijggc.2016.02.010
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0375
http://refhub.elsevier.com/S0925-7535(18)31444-9/h0375
http://tonto.eia.gov/dnav/ng/hist/rngc1d.htm%0A
https://doi.org/10.1016/J.ECOLECON.2014.11.013
https://doi.org/10.1016/S0167-5877(01)00214-8
https://doi.org/10.1016/S0167-5877(01)00214-8
http://www.worldbank.org/en/programs/gasflaringreduction
http://www.worldbank.org/en/programs/gasflaringreduction

	Spatial inventory of selected atmospheric emissions from oil industry in Ecuadorian Amazon: Insights from comparisons among satellite and institutional datasets
	Introduction
	Materials and methods
	Study area
	Data for atmospheric emissions and comparisons
	Emission processing and calculations
	Gas flaring
	Black carbon
	Atmospheric emission mapping
	Carbon dioxide and methane
	Estimating variations based on percentile change in key parameters


	Results
	Gas flaring and black carbon emissions according to publicly available data
	Estimates of this study compared to other datasets
	Mapping of airborne black carbon emissions at a regional scale
	Greenhouse gas estimates

	Discussion
	Data reporting
	Emission estimates
	Black carbon
	Greenhouse gases

	Comparison of emission sources
	Single flare stacks from various countries
	Institutional and satellite datasets
	Across activity sectors

	Potential economic, health, and environmental losses

	Conclusion
	Acknowledgements
	References




