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Life cycle assessment

This study uses life cycle assessment to evaluate the environmental impacts of electricity generated from
fossil fuels in Chile over a ten—year period, from 2004 to 2014. The focus on fossil fuels is highly relevant
for Chile because around 60% of electricity currently comes from natural gas, coal and oil. The impacts are
first considered at the level of individual technologies, followed by the evaluation of the fossil-fuel
electricity mix over the period. The study has been carried out using detailed primary data for 94
operating plants. Considering individual technologies, coal power has the worst performance for eight
out of 11 impacts, with eutrophication, freshwater and marine ecotoxicity being between ten and 240
times greater than for gas. However, oil is worse than coal for photochemical oxidants (31%) and
depletion of elements and ozone layer (four and eight times, respectively). Between 2004 and 2014, the
annual environmental impacts doubled, while electricity generation rose only by 55%. The only exception
to this is ozone depletion which fell by around 4%. The highest impacts occurred in 2014 mainly because
of the high contribution of coal power. Therefore, the environmental performance of fossil-based elec-
tricity in Chile has worsened over time due to the growing share of coal power, coupled with the
increasing electricity demand. Consequently, policy should aim to increase the efficiency of power plants,
avoid the use of petroleum coke, improve emissions control and replace coal and oil with gas power as
soon as possible.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

and Robertson, 2014; CNE, 2015a; Ministry of Energy of Chile,
2014a). In total, 94 power plants are in operation in Chile: 19

Historically, the electricity in Chile was mainly supplied by hy-
dropower (International Energy Agency, 2009). However, since the
90s, steady economic growth has led to an increase in electricity
consumption, which has been growing by 7% annually (Corbo and
Hurtado, 2014). Consequently, electricity demand could no longer
be covered only by new hydropower installations, but had to be
supplemented by coal, natural gas and oil power (International
Energy Agency, 2009, 2014; Raineri, 2006). As can be seen in
Fig. 1, this trend has continued over the years and nowadays the
majority of electricity is generated from fossil fuels (60%) (Bartos
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coal, four gas, 60 oil and 11 dual-fuel (oil and gas) installations.
Their total installed capacity is 10.4 GW, comprising the following
technologies (Fig. 2): circulating fluidised bed (4%), pulverised coal
(36%), combined cycle (32%), open cycle (20%) and diesel engine
(8%).

In terms of electricity generation from fossil fuels, coal con-
tributes 69%, natural gas 24% and oil 7% (CNE, 2015a). As Chile has
low reserves of fossil fuels, the majority of fuels are imported
(Bartos and Robertson, 2014; Ministry of Energy of Chile, 2014a). A
growing number of studies are reporting a significant potential of
renewable energies (PRIEN-UTFSM, 2008; Santana et al., 2014;
Sims, 2011) which could gradually substitute fossil fuels. However,
in the case of hydropower, which is still a significant contributor to
power generation in Chile (34%), the major difficulty in continuing
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Fig. 1. Electricity generation in Chile by source and contribution of fossil fuel in the
period 1996—2014. [Vertical black lines denote the years chosen for the assessment in
this study (2004, 2009 and 2014) (CISEN, 2016; CNE, 2015a)].
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Fig. 2. Current installed capacity in Chile by technology and fuel (CNE, 2015b).

its development is the social opposition (Bronfman et al., 2012).
Therefore, the government is implementing measures for the
deployment of other renewable energy sources, such as solar, wind
and geothermal (Ministry of Energy of Chile, 2013; 2014b). How-
ever, the contribution of these technologies is still low (~5%)
(Ministry of Energy of Chile, 2015). Therefore, in the medium term,
fossil fuels will continue to contribute significantly to the electricity
generation profile of Chile.

Globally, electricity has been by far the most important source of
anthropogenic CO, emissions since the 1970s (UN
Intergovernmental Panel on Climate Change, 2007) contributing
to climate change, and Chile is no exception (International Energy
Agency, 2009). As a result of a high contribution of fossil fuels to
the electricity generation, the electricity sector emitted 30% of the
total national greenhouse gas (GHG) emissions in 2010, equating to
27 Mt of CO; eq. (Ministry of Environment of Chile, 2014). This is
equivalent to 0.09% of global GHG emissions. The Chilean govern-
ment has committed to reducing GHG emissions per unit of GDP by
30% by 2030, relative to 2007 (Ministry of Environment of Chile,
2015). However, at present there is scant information on the
contribution of fossil-fuel electricity to the GHG emissions on a life
cycle basis, with other life cycle impacts being also largely

unknown. Although two recent studies estimated life cycle impacts
of electricity in Chile (Gaete-Morales et al., 2018; Vega-Coloma and
Zaror, 2018), they both considered the whole electricity sector
rather than focusing on the fossil-fuel sources. A similar situation is
found for other countries, in which life cycle assessment studies
(LCA) have been carried out for the whole sector (Garcia et al., 2014;
Santoyo-Castelazo et al., 2011; Stamford and Azapagic, 2012).
Therefore, this paper focuses of fossil-fuel power in Chile in an
attempt to provide comprehensive information on its environ-
mental impacts and inform policy. The impacts are estimated
through LCA for each technology as well as for the fossil-fuel
electricity mix. A temporal evolution of the impacts over a ten-
year period (2004—2014) is also considered to determine how the
impacts may have changed and why. The study relies on real data
from the 94 plants currently operating in Chile. These are detailed
in the next section, together with methods and assumptions used
in the study.

2. Methods

The LCA study has been carried out following the ISO 14040 and
ISO 14044 standards (International  Organization for
Standardization, 2006a, 2006b), with the goal and scope defined
next, followed by the inventory data and impacts considered in this
work.

2.1. Goal and scope definition

The main goal of the study is to estimate the life cycle envi-
ronmental impacts of fossil-fuel electricity generation in Chile in
the period from 2004 to 2014. Two functional units are considered:

- 1 kWh of electricity generated by coal, natural gas and oil power
plants; and

- annual generation of electricity from these plants over the ten-
year period.

As illustrated in Fig. 3, the scope of the study is from ‘cradle to
grave'. The following stages are included: extraction, transport and
processing of fossil fuels, power plant construction, operation and
decommissioning, and end-of-life waste management. Trans-
mission, distribution and use of electricity are outside the system
boundaries as the focus is on generation.

2.2. Inventory data and assumptions

The study considers plants within two major electricity trans-
mission systems in Chile: the Interconnected System of Norte
Grande (SING) and Central Interconnected System (SIC). Collec-
tively, these two systems supply 98% of national electricity con-
sumption (CNE, 2015a).

Primary data have been sourced from the National Energy
Commission (CNE), the Energy Ministry, National Service of Geol-
ogy and Mining (SERNAGEOMIN), Environmental Protection
Agency (SMA) and the SING and SIC load dispatch centres (CDEC-
SING and CDEC-SIC). Additional information has been obtained
from other institutional reports and academic literature as detailed
below. The background data have been sourced from Ecoinvent 2.2
(Ecoinvent, 2010). These have been adapted to reflect Chilean
conditions as follows:

e power plant combustion by using specific input flows and
calorific values of fuels as well as the capacity factors and life-
spans of the plants;
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Fig. 3. The life cycle of coal, gas and oil electricity from cradle to grave. [Dashed lines represent processes that took place only in 2004. LNG: liquefied natural gas].

e power plant construction by adding the recycling rates at the
end of life; and

e regional storage of fuel by adding input flows of each fuel-
importing country and mass-weighted distances (t.km) for
these countries.

2.2.1. Current situation: fuel supply and power plants

The base year chosen for the study is 2014, the most recent year
for which detailed power plant data have been available. Total
generation of fossil-based electricity in 2014 was 41,634 GWh, of
which coal contributed 69%, gas 24% and oil 7%. Detailed data on the
coal, gas and oil power plants are provided in Tables 1-3, while an

overview of all data and assumptions can be found in Table 4. The
following sections provide more detail on each type of fuel and the
respective generating technologies.

2.2.1.1. Coal power plants. Coal reserves in Chile are estimated at
1.2 bn t of subbituminous coal located in the southernmost part of
the country, the Magallanes region (Hackley et al., 2006). A coal
mine came online in 2013 in that region, with a projected 12-year
annual supply capacity of 6 Mt (SEA, 2011). At present, this covers
only 14% of coal demand for electricity (Ministry of Energy of Chile,
2014a). The coal is shipped a distance of 3200 km to the coal power
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Table 1
Coal power plants in Chile in the base year (CISEN, 2016; CNE, 2015a; Ministry of Energy of Chile, 2014a; SEA, 2015).
Power plant Type*® Emission control systems” Installed capacity (MW) Electricity generation (GWh) Share (%) Efficiency (%)
1. CTTAR PC ESP - BDC 158 911 3.2% 33%
2. CTM1 -2 PC ESP 341 2248 7.8% 34%
3. CTA CFB ESP - NOx (Limestone) 169 1044 3.6% 36%
4, CTH CFB ESP - NOx (Limestone) 170 1095 3.8% 38%
5. CTTO U12 - 13 PC ESP 171 1012 5.9% 29%
6. CITOU14 - 15 PC ESP 269 1707 3.5% 33%
7. CT NTO1 PC ESP 136 1045 3.6% 36%
8. CT NTO2 PC - 141 1058 3.7% 36%
9. CT ANGI1 -2 PC ESP - SDA 545 3955 13.7% 36%
10. CT Santa Maria PC ESP - Wet scrubber - LowNOx 370 2623 9.1% 41%
11. CT Bocamina [ PC ESP 130 5,08 1.8% 39%
12. CT Ventanas 1 PC ESP 120 7,49 2.6% 35%
13. CT Ventanas 2 PC ESP - LowNOx 220 1178 4.1% 36%
14. CT N. Ventanas PC BDC - SDA - LowNOx 272 2183 7.6% 35%
15. CT Campiche PC BDC - SDA - LowNOx 272 2156 7.5% 38%
16. CT Guacolda 1-2¢ PC ESP - BDC 304 2428 8.4% 39%
17. CT Guacolda 3¢ PC ESP - Wet scrubber - LowNOx 152 1216 4.2% 39%
18. CT Guacolda 4 PC ESP - LowNOx - SCR 152 1245 4.3% 39%
19. CT Petropower! CFB BDC - NOx (Limestone) 75 530 1.8% 29%

@ PC: Pulverised coal; CFB: Circulating fluidised bed.

b ESP: Electrostatic precipitator; BDC: Baghouse dust collectors; SDA: Spray dryer absorber; Wet scrubber: desulphurisation system; LowNOx: Low NOx burner; SCR:
Selective catalytic reduction.

¢ Petroleum coke used as secondary fuel.

d petroleum coke used as primary fuel.

Table 2
Natural gas power plants in Chile in the base year (CISEN, 2016; CNE, 2015a; Ministry of Energy of Chile, 2014a; SEA, 2015).
Power plant® Type® Emission control systems® Installed capacity (MW) Electricity in 2014 (GWh) Share (%) Efficiency (%)

1. CTM3 cC LowNOx 250 499 5% 43%
2. CTTO U16 cC - 400 1460 15% 46%
3. Gas Atacama 1 CcC LowNOx 389 28 <1% 42%
4. San Isidro I cC - 379 1751 18% 45%
5. San Isidro II cC - 399 2358 24% 49%
6. Nueva Renca CcC SCR 379 452 5% 47%
7. Nehuenco 1 cC Wet scrubber 368 1076 11% 45%
8. Nehuenco II cc Wet scrubber 398 1930 19% 49%
9. Nehuenco 111 ocC Wet scrubber 108 2 <1% 28%
10. Taltal 1 ocC - 123 77 1% 29%
11. Taltal 2 oC - 122 114 1% 29%
12. Candelaria 1 ocC Wet scrubber 136 2 <1% 28%
13. Candelaria 2 ocC Wet scrubber 136 1 <1% 28%
14. Quintero A oC LowNOx 120 97 1% 28%
15. Quintero B oC LowNOx 120 150 1% 28%

2 Power plants no. 3—13 also produce electricity from oil.
b CC: Combined cycle; OC: Open cycle.
¢ Wet scrubber: desulphurisation system; LowNOx: Low NOx burner; SCR: Selective catalytic reduction.

Table 3
0il power plants in Chile in the base year (CISEN, 2016; CNE, 2015a; Ministry of Energy of Chile, 2014a; SEA, 2015).
Power plant® Type®  Emission control systems® Installed capacity (MW)  Electricity in 2014 (GWh)  Share (%) Efficiency (%)

1. Gas Atacama 1 CC LowNOx 389 320 12% 41%
2. Gas Atacama 2 CcC LowNOx 383 558 20% 42%
3. San Isidro I CcC - 379 21 1% 43%
4, San Isidro II CcC — 399 39 1% 46%
5. Nueva Renca CcC SCR 379 725 26% 46%
6. Nehuenco I Ccc Wet scrubber 368 233 8% 50%
7. Nehuenco II CcC Wet scrubber 398 107 4% 50%
8. Nehuenco I1I ocC Wet scrubber 108 5 <1% 29%
9. Taltal 1 ocC — 123 7 <1% 31%
10. Taltal 2 ocC — 122 1 <1% 31%
11. Candelaria 1 ocC Wet scrubber 136 7 <1% 29%
12. Candelaria 2 ocC Wet scrubber 136 6 <1% 29%
13.  Rest of open cycle plants (24 plants)®  OC 1220 350 13% 35%
14. Diesel engine plants (35 plants)” DE 810 366 13% 36%

2 Power plants no. 1—12 also generate electricity from natural gas.

b CC: Combined cycle; OC: Open cycle; DE: Diesel engine.

¢ Wet scrubber: desulphurisation system; LowNOx: Low NOx burner; SCR: Selective catalytic reduction.
4 A full list can be found in Table A1 in the Appendix.
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Table 4

Assumptions and summary of inventory data for the base year (CISEN, 2016; CNE, 2015f, 2015a, 2015d, 2015¢c; CONAMA, 2010; Ecoinvent, 2010; ENAP, 2015; International
Group of Liquefied Natural Gas Importers, 2015; Ministry of Energy of Chile, 2014a; Platts McGraw Hill Financial, 2015; SEA, 2015; SMA, 2015).

Coal Natural gas

Qil

Electricity generation by fuel

- Fossil fuels share: 69%

- Plant type: pulverised coal - Plant type: CC® and OC*

- 1% 36%, CF": 81% - CC¢ share: 96%, n*: 47%, CF": 53%

- For details, see Table 1 - 0C? power share: 4%, 1% 28%, CF”: 11%
- For details, see Table 2

- Fossil fuels share: 24%

Plant construction
- Lifetime: 38 years - Lifetime: 35 years

- Fossil fuels share: 7%

- Plant type: CC%, OCY and DE®

- CCC share: 73%, n°: 44%, CF: 15%

- 0C? power share: 14%, n*: 34%, CF: 6%
- DE® power share: 13%, 1% 36%, CF’: 8%
- For details, see Table 3

- Lifetime: 35 years. Plants with lower capacity factors: 45
years

- Data from Ecoinvent based on - Data from Ecoinvent based on average plant size of 400 MW and - Data from Ecoinvent based on average plant size of

average size of the plant of 100 MW for CC® and OCY, respectively
460 MW

Plant decommissioning

400 MW, 100 MW and 10 MW for CC¢, OC? and DES,
respectively

- Steel: 93% recycled. Aluminium: 43% recycled. Copper: 50% recycled. The system is credited for recycled materials
- Concrete and plastics are not recycled. Materials not recycled are disposed in landfills

Fuel extraction and processing
- Coal: 10.7 Mt/yr
- Contribution, CV':
Chile: 14%, 18.9 MJ/kg
Colombia: 54%, 26.8 M]/kg

Natural gas: 1923 MNm?/yr
Contribution, CV':

LNG#: 100%, 41.1 MJ/Nm?

Long-dist. pipeline: 0%, 39.1 MJ/Nm?

- Diesel: 523 kt/yr
Contribution:
Chile (refinery): 43%
US (import): 57%

US: 24%, 26.0 M]/kg - Quintero regasification plant capacity: 5475 MNm? - CV': 45.6 MJ/kg

Australia: 8%, 27.0 MJ/kg

- Petroleum coke: 473 kt - Data from Ecoinvent based on evaporation plant of average size of - Crude oil with destination to refinery

- Contribution, CV: 42,300 MNm®/yr

South America: 84% (Chile:3.6%)

Chile: 42%, 32.5 M]/kg - Natural gas sales in Chile in 2014 accounted to 3317 MNm? UK: 16%
US: 58%, 32.5 M]/kg processed at two terminals and distributed through 836 km of - Chilean refinery produce 34% of diesel from crude oil
- Coal composition:(as received) pipelines processed

Carbon: 57.5%
Hydrogen: 4.4%
Sulphur: 0.7%
Oxygen: 12.5%
Nitrogen: 1.2%
Ash: 9.7%
Water: 14.0%
Chlorine: 130 ppm
Fluor: 10 ppm

- Density: 920 kg/m>

Natu'ral gas composition:
Methane C1: 96.78%
Ethane C2: 2.78%
Propane C3: 0.37%
Butane C4+: 0.06%
Nitrogen: 0.01%

LNG? density: 431.03 kg/m>

Gas density: 0.74 kg/Nm>

Transport

- Distance by ship - Distance
Chile: 3220 km LNG®: 12,684 km
Colombia: 4585 km Long-distance pipeline: 558 km
US: 8785 km

Australia: 11,959 km

Diesel composition:
Carbon: 86.1%
Hydrogen: 13.5%
Sulphur: 0.4%

- Density: 0.84 t/m>

International transport by tanker
US: 8785 km (transport of diesel)
UK: 11,112 km (transport of crude oil to be refined in
Chile)
South America: 5204 km (transport of crude oil to be
refined in Chile)
Domestic transport of diesel from refinery to power plants:
664 km by lorry (28 t).

2 n: Power plant efficiency.

b CF: Capacity factor. As capacity factors of power plants can vary significantly year by year, an average capacity factor over the past three years has been estimated for each

power plant; see the Appendix.
€ CC: Combined cycle power plant.
40C: Open cycle power plant.
¢ DE: Diesel engine power plant.
f CV: Gross calorific value.
& LNG: Liquefied natural gas.

plants located in the north. The rest of the coal demand is covered
through the imported bituminous coal: 54% from Colombia, 24%
from the US and 8% from Australia (CNE, 2015c).

Gross calorific value (CV) and composition of coal have been
determined from 160 coal certificates of analysis (SMA, 2015),
allowing the estimation of the average CV and coal composition by
country of origin. In addition, two coal power plants used petro-
leum coke as secondary fuel imported from the US. One plant
consumed petroleum coke as primary fuel; this plant is located in
the refinery facilities in Chile and the petroleum coke is supplied by
the refinery itself (ENAP, 2015). Each coal power plant has its own
port and hence only the shipping between coal mines (Chilean,
Colombia, US, Australia and Indonesian) and the coal power plants
is considered.

The environmental burdens of petroleum coke have been ob-
tained from Ecoinvent. As petroleum coke is co-produced with
other products during crude-oil processing, allocation of the bur-
dens has been carried out on a mass basis (Jungbluth, 2007).

The majority of coal electricity is produced in pulverised coal
plants, with only a small share generated in circulating fluidised
bed installations (Fig. 2). For the purposes of this study, all plants
are assumed to use pulverised coal. The efficiencies of coal power
plants have been obtained from CNE reports (CNE, 2015d, 2015e).
Emissions of CO3, SO3, NOx and particulates from coal power plants
have been obtained through direct emission measurements in po-
wer plants with continuous emissions monitoring systems (CEMS)
(SMA, 2015); see Table 5.
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Table 5
Emission factors for coal, natural gas and oil power plants by technology® (International Institute for Sustainability Analysis and Strategy, 2015; SMA, 2015).
Coal plants Natural gas plants Qil plants
Emissions  Pulverised coal® (g/MJ;,) Combined cycle® (g/MJi,)  Open cycle” (g/MJ;,) Combined cycle® (g/MJi,)  Open cycle” (g/MJ;,)  Diesel engine® (g/MJ;,)
CO, 97.5 61.9 56.1 889 80.5 75.9
NOx 0.167 0.129 0.025 0.295 0.265 0.829
SO, 0.337 0.001 0.001 0.185 0.474 0.192

Particles 0.007 - -

2 Determined from hourly data records from continuous emissions monitoring systems (CEMS).

b Determined through GEMIS software considering characteristics of each plant.

2.2.1.2. Natural gas power plants. Chile covers about 20% of the
total gas consumption with national reserves (Ministry of Energy of
Chile, 2014a). The gas is produced in Magallanes region, but due to
low production and geographical limitations for its distribution, it
is just consumed by local communities. The remaining 80% of the
gas demand is imported from Trinidad and Tobago as liquefied
natural gas (LNG). LNG is shipped to Chile and processed in two
regasification plants (CNE, 2015c). Once regasified, it is distributed
through a pipeline network to the power plants. Currently, elec-
tricity generation from natural gas consumes 54% of natural gas
imported (CISEN, 2016; CNE, 2015c, 2015a).

Both open and combined cycle plants are used for electricity
generation from natural gas (Table 2). The efficiency of power
plants has been estimated for each power plant based on the
electricity produced and the amount of gas consumed (CISEN, 2016;
CNE, 2015a); for details, see Table 2. Data for natural gas properties
and composition are specific to LNG from Trinidad and Tobago
(CNE, 2015c). Direct emissions of combined cycle plants have been
estimated through CEMS records, whilst for open cycle plants, the
emissions have been estimated using GEMIS 4.8 (International
Institute for Sustainability Analysis and Strategy, 2015) due to a
lack of primary data.

2.2.1.3. 0il power plants. Oil-fired power plants in Chile typically
use diesel to produce electricity. Around 43% of the diesel is pro-
duced in Chile and the rest is imported from the US (CNE, 2015c;
ENAP, 2015). Only 3% of the diesel produced in Chile is from the
domestic crude oil, with the majority imported from South Amer-
ican countries (84%) and the UK (16%) (CNE, 2015c; Ministry of
Energy of Chile, 2014a). Chile's refineries are configured to pro-
duce 34% of diesel from crude oil processed (International Energy
Agency, 2012; Superintendencia de Electricidad y Combustibles
de Chile, 2014). Both crude oil and diesel are transported by
tanker from exporting countries to Chile for further processing and
diesel is subsequently transported to power plants by trucks. The
diesel composition is based on data from a Chilean refinery (ENAP,
2015).

Oil power plants use open and combined cycle as well as diesel
engine. Their efficiency and direct emissions have been determined
in the same way as those of natural gas plants (Table 3). For com-
bined cycle power plants, direct emissions have been obtained
through CEMS records, and for open cycle turbines and diesel en-
gines through modelling in GEMIS.

Like petroleum coke, environmental burdens of diesel have
been sourced from Ecoinvent and allocated on a mass basis relative
to the other refinery co-products (Jungbluth, 2007).

2.2.2. Previous years

In addition to the base year (2014), electricity generation in
years 2004 and 2009 is also considered. These two years have been
chosen for the following reasons. The import of cheap natural gas
from Argentina peaked in 2004, which also meant that the
contribution of gas to electricity generation from fossil fuels peaked

at 65% in that year. A progressive curtailment of the imports from
Argentina then occurred between 2004 and 2008, which led to
difficulties in 2009, when the electricity generation deficit had to be
met with diesel. This increased the share of diesel to 33% of the total
generation from fossil fuels. At the same time, the share of coal
power grew from 35% in 2004 to 51% in 2009. Due to the high cost
of diesel, the prices of electricity increased significantly. To reduce
the cost, the contribution from coal power plants continued to
grow until 2014, exacerbated by a long-lasting drought which led to
low generation from hydro plants (CISEN, 2016; Corbo and Hurtado,
2014; International Energy Agency, 2009). In summary, the
contribution of different fuels to electricity from fossil fuels was as
follows:

e 2004: coal 35%; gas 65%; oil 0%;
e 2009: coal 51%; gas 16%; oil 33%; and
e 2014: coal 69%; gas 24%; oil 7%.

The assumptions and inventory data for 2004, 2009 and 2014
are given in Table 6.

2.3. Impact assessment

The power systems have been modelled using Gabi v6.0 (PE
International, 2013). The following 11 environmental impacts are
considered, estimated according to the CML 2001 method (April
2015 update) (Guinée et al., 2002): abiotic depletion potential of
fossil resources (ADPyossif), abiotic depletion potential of elements
(ADPglements), eutrophication potential (EP), freshwater aquatic
ecotoxicity potential (FAETP), global warming potential (GWP),
human toxicity potential (HTP), marine aquatic ecotoxicity poten-
tial (MAETP), ozone layer depletion potential (ODP, steady state),
photochemical oxidants creation potential (POCP), and terrestrial
ecotoxicity potential (TETP). The CML methodology has been cho-
sen to maximise comparability with prior literature on fossil-based
electricity technologies in other countries, ensuring that the LCA
results for Chile can be contextualised and compared with those
(see Section 3.1.12).

3. Results and discussion

This section discusses first the impact per kWh of electricity
generated, followed by the evolution of impacts over the ten-year
period in section 3.2.

3.1. Environmental impacts of fossil-fuel technologies

The environmental impacts of electricity from coal, gas and oil,
expressed per kWh and showing the contribution of different life
cycle stages, are summarised Fig. 4. These results refer to the base
year (2014). As can be seen, electricity generation from gas has the
lowest impacts across all the impact categories. Coal is the worst
option overall, with the highest values in eight out of 11 impact
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Table 6
Inventory data for fossil-based electricity in Chile in 2004, 2009 and 2014.

Category Description (unit) 2004 2009 2014

General Total electricity generation (GWh/yr) 26,912 31,051 41,634
Contribution of coal (%) 35% 51% 69%
Contribution of natural gas (%) 65% 16% 24%
Contribution of oil (%) 0% 33% 7%

Coal Pulverised coal plant efficiency (%) 35% 36% 36%
Coal consumption (1000 s t) 3601 4870 10,742
Coal from Chile (%) 5% 11% 14%
Coal from Colombia (%) 17% 66% 54%
Coal from Indonesia (%) 23% 10% 0%
Coal from US (%) 23% 11% 24%
Coal from Australia (%) 32% 2% 8%
Consumption of petroleum coke (1000 s t) 720 1289 473
Petroleum coke from Chile (%) 19% 68% 42%
Petroleum coke from US (%) 81% 32% 58%
Gross calorific value of coal from Australia (M]/kg) 21.0 25.0 27.0
Gross calorific value of coal from Chile (M]J/kg) 189 189 18.9
Gross calorific value of coal from Colombia (M]/kg) 21.0 25.0 26.8
Gross calorific value of coal from Indonesia (MJ/kg) 21.0 25.0 20.7
Gross calorific value of coal from US (M]/kg) 21.0 25.0 26.0
Gross calorific value of petroleum coke (M]/kg) 325 325 325
Distance from Australia (km) 11,959 11,959 11,959
Distance in Chile (mine to power plant) (km) 3220 3220 3220
Distance from Colombia (km) 4585 4585 4585
Distance from Indonesia (km) 11,959 11,959 11,959
Distance from US (km) 8785 8785 8785

Natural gas Contribution of combined cycle plants (%) 100% 100% 96%
Contribution of open cycle plants (%) 0% 0% 4%
Combined cycle plant efficiency (%) 47% 48% 47%
Open cycle plant efficiency (%) 28% 28% 28%
Natural gas consumption (MNm?) 3453 920 1923
Liquefied natural gas (%) 0% 42% 100%
Natural gas from Argentina (%) 100% 58% 0%
Gross calorific value of gas (MJ/Nm?) 39.1 399 411

0il Contribution of combined cycle plants (%) - 81% 73%
Contribution of diesel engine plants (%) - 9% 13%
Contribution of open cycle plants (%) — 10% 14%
Combined cycle plant efficiency (%) - 44% 44%
Diesel engine plant efficiency (%) - 36% 36%
Open cycle plant efficiency (%) — 34% 34%
Diesel consumption (1000 s t) — 1959 523
Diesel from Chile (%) - 45% 43%
Diesel from US (%) — 0% 57%
Diesel from Korea and Japan (%) — 55% 0%
Distance from US (km) - - 8785
Distance from Korea and Japan (km) — 18,838 —
Crude oil from Latin America refined in Chile (%) — 84% 84%
Crude oil from UK refined in Chile (%) — 16% 16%
Gross calorific value of oil (M]/kg) - 45.6 45.6

categories considered. For example, if compared with oil, coal has
around 20% higher GWP and AP, four times greater HTP and 45
times higher MAETP. However, oil performs worse than coal in
three impacts — POCP, ADPg¢jements and ODP — which are 31%, four
and eight times higher than for coal, respectively.

The majority of the impacts are mainly due to the extraction of
fossil fuels and operation of power plants. The construction and
decommissioning of the plants are only significant for ADPejements
which can be reduced by 9%—21% across the options through
recycling. These results are discussed in more detail below. Note
that the total impacts incorporate the credits for material recycling
while the contributions of different life cycle stages are estimated
before applying the credits.

3.1.1. Abiotic depletion potential of fossil resources (ADPfyssir)
Electricity generation from coal and oil have similar values for
depletion of fossil resources (10.3 and 10.1 MJ/kWh, respectively)
while the impact for gas is somewhat lower (9 MJ/kWh). These
differences are associated with the efficiency of plants and calorific
values of the fuels, both of which are highest for gas. Extraction of

fuels is the main contributor with a share of 96% for coal and 90% for
gas and oil. The rest is related to transport, and in the case of oil,
also to processing (5%).

3.1.2. Abiotic depletion potential of elements (ADPejements)

Oil power leads to the highest depletion of elements (123 ug Sb
eq./kwh), which is four times higher than coal (30 pug Sb eq./kWh)
and five times greater than gas (24 pg Sb eq./kWh). The high impact
from oil is largely related to the lorry transport between the re-
fineries and power plants. Gold and lead are the main elements
depleted, associated with gold content in electronic parts of the
vehicle and the use of lead for vehicle batteries (Spielmann et al.,
2007).

Fuel extraction contributes 48% to coal and 40% to gas power
(before the credits for recycling). The contribution from construc-
tion is also significant: 43% for gas and ~30% for coal and oil plants
(all before the system credits). The high contribution of construc-
tion is attributed to the use of scarce materials within power plants
and their equipment. Therefore, the recycling rates as well as the
capacity factors of power plants are significant factors. For example,
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Fig. 4. Environmental impact per kWh of electricity for the base year (2014). [Values shown on top of each bar represent the net impacts, including the recycling credits. The scaled
impacts should be multiplied by the factor shown in brackets for relevant categories. ADP: abiotic depletion potential, AP: acidification potential, EP: eutrophication potential,
FAETP: freshwater aquatic ecotoxicity potential, GWP: global warming potential, HTP: human toxicity potential, MAETP: marine aquatic ecotoxicity potential, ODP: ozone depletion

potential, POCP: photochemical oxidants creation potential, TETP: terrestrial ecotoxicity potential].

electricity from gas and oil is mostly produced in combined cycle compounded by its lower calorific value and efficiency of the power
plants, which contain scarce elements, such as chromium and plants, both of which increase the demand for coal per unit of
copper. In addition, oil power is a peak-load technology, leading to a electricity generated. In relation to coal mining, there are signifi-
low capacity factor of 15%, and therefore the depletion due to cant differences among mines in terms of environmental burdens
construction is relatively high per unit of electricity generated. For and energy content of coal. For example, coal from Australia has 4.7
coal power, the main cause of this impact are copper, gold, mo- times higher environmental burdens than that from South America
lybdenum, zinc and chromium used for explosives and metals in because Australian coal beds are typically deeper and require more

the mine infrastructure (Dones et al., 2007). The recycling of copper energy for excavation (Dones et al,

3.1.3. Acidification potential (AP)

with a contribution of 84% for coal, 77% for oil and 73% for gas. Coal

2007; Ecoinvent, 2010).
and steel, as part of the decommissioning stage, reduces the impact Therefore, the Australian coal causes 22% of the EP attributable to
across the three options by 9% for coal, 21% for gas and 14% for oil. extraction, despite its contribution to the imported-coal mix of only
8%. By contrast, fuel combustion in power plants is the main
contributor to the impact from gas (68%) and oil power (53%). For

Coal and oil have an order of magnitude higher AP than gas: 6 coal, its contribution is much lower (12%) due to a high contribution
and 5.3 vs 0.7 g SO, eq./kWh, respectively. The combustion of fuel ~ from mining compared to the other two fuels. NOx emissions are
to produce electricity is the most important process for this impact the main cause of EP for all the power plants.

combustion has the highest impact because of higher emission 3.1.5. Freshwater aquatic ecotoxicity potential (FAETP)

factors (Table 5) and the lowest efficiency among the fossil fuel Coal power is again the worst option for this impact (310 g DCB
plants. It can also be noted that oil has a much higher impact than eq./kWh), with a value ten times higher than for oil (32 g DCB eq./
gas despite both fuels being predominantly used in high efficiency kWh) and 28 times higher than for gas (11 g DCB eq./kWh). Mining
combined cycle plants. This is due to the SO, emissions from oil and combustion of fuel are major hotspots for coal power (82% and
being 185 times higher than for gas, related to the sulphur content 16%, respectively). Mining releases a significant amount of metals,
in oil of 0.4%. Furthermore, 13% of oil-fired power generation occurs such as nickel, beryllium, cobalt and vanadium, that contribute to
in diesel engines which have NOx emissions about five times higher freshwater ecotoxicity. Vanadium and beryllium are also released
than typical coal and gas plants. This explains why oil power, in from the ash. For gas and oil, the main hotspot is plant decom-
missioning (37% and 45%, respectively) because of the release of

spite of a higher efficiency (42%), has a higher AP.
copper during the scrap disposal.
3.1.4. Eutrophication potential (EP)
At 1.9 g PO3~ eq./kWh, coal has the highest EP, double that of oil 3.1.6. Global warming potential (GWP)

(0.8 g PO3~ eq./kWh) and ten times higher than gas (0.2 g PO3 ™~ eq./ Electricity from coal emits 1036 g CO; eq./kWh, while for oil and
kWh). This is mainly due to mining (84%), related to the release of gas the GWP is equal to 868 and 646 g CO, eq./kWh, respectively.
significant amounts of phosphate to freshwater (Dones et al., 2007). CO; emissions account for 98% of the total GHGs emitted along the

The higher impact of coal compared to the other two options is also life cycle of the three options. Combustion of fuels is the main
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hotspot with a contribution of 95% for coal, 86% for oil and 76% for
gas. In the gas life cycle, extraction and transport of LNG contribute
together 23% of the impact, for which CO5 is again the main GHG.
CO, is emitted by machinery used for the extraction of gas, by
compressors for its liquefaction and for transportation and refrig-
eration of LNG.

3.1.7. Human toxicity potential (HTP)

This impact is four times higher for coal (393 g DCB eq./kWh)
than for oil (97 g DCB eq./kWh) and nearly nine times greater than
for gas power (46 g DCB eq./kWh). The combustion of fuel makes a
large contribution for all three options: 82% for gas, 57% for coal and
36% for oil. In the case of coal combustion, the main contributor is
the emission of hydrogen fluoride to the air and vanadium and
thallium to freshwater from ash. For oil and gas, the emission of
polycyclic aromatic hydrocarbons (PAH) is the main contributor to
HTP.

3.1.8. Marine aquatic ecotoxicity potential (MAETP)

The MAETP for coal power is estimated at 2407 kg DCB eq./kWh,
which is 44 times higher than for oil power (55 kg DCB eq./kWh)
and 174 times greater than for gas (14 kg DCB eq./kWh). This is
largely due to the combustion of coal (76%), related to air emissions
of hydrogen fluoride. The rest of the impact from coal power is
attributed to coal extraction, associated with beryllium released to
freshwater. On the other hand, the impact from oil and gas power is
distributed quite evenly across the life cycle stages, except for the
combustion of fuels, which has a negligible contribution.

3.1.9. Ozone layer depletion (ODP)

For this category, oil power has the highest impact (108 pug R11
eq./kWh), which is eight times larger than that of coal (13 pg R11
eq./kWh) and two orders of magnitude worse than for gas (1 pg R11
eq./kWh). Fuel extraction has the highest contribution across the
options: 91% for oil, 73% for coal and 45% for gas. Transport is the
second most significant stage, with respective contributions of 5%,
22% and 38%. Oil production and transportation involve the use of
fire suppressants, such as halon 1301, which is a major contributor
in this case. It should be noted, however, that this introduces some
uncertainty since the Montreal Protocol covers the use of halons
and has led to their elimination in many sectors and regions (UNEP
Ozone Secretariat, 2010). However, certain critical uses in the
petrochemical industry are granted exemption, thus the actual use
of halons will vary from country to country and between busi-
nesses. A similar situation applies to the transport of natural gas
through long-distance pipeline in which halogenated compounds
may be used as coolant for compressors, leading to higher ODP
when gas is piped over large distances. In previous years natural gas
was supplied in Chile via long-distance pipeline from Argentina
and, therefore, potentially incurred high ODP, whereas nowadays
gas is just supplied by tanker as LNG. If natural gas supplies once
again came from Argentina, the ODP of gas power would increase
from 1 pg to 15.2 ug R11 eq./kWh; higher than coal, but still lower
than oil. It should also be noted that the ODP of coal power is
increased due to the high ODP of petroleum coke, which contrib-
utes 4% to the electricity supply in Chile.

3.1.10. Photochemical oxidants creation potential (POCP)

The POCP of electricity from oil and coal is estimated at 420 and
320 mg CyH4 eq./kWh, respectively, while for gas power, the impact
is equivalent to 83 mg C;H, eq./kWh. Combustion of fuels is the
main source, contributing 63% for oil, 70% for coal and 47% for gas
power, largely due to NOx and SO, emissions. However, emissions
of non-methane volatile organic compounds in diesel engine plants
contribute to oil power being the worst option.

3.1.11. Terrestrial ecotoxicity potential (TETP)

Electricity from coal has a TETP of 2.2g DCB eq./kWh, three
times larger than oil (0.8g) and seven times above gas (0.3 g).
Combustion causes 85% of the impact for coal power, while
extraction is the main life cycle stage for oil and gas, with a
contribution of 47% and 40%, respectively (without the system
credits). Another stage with a significant contribution for gas and
oil is construction of power plants and fuel reprocessing in-
stallations (22% and 25%). Heavy metals released to air are the main
burdens across the options. For coal power, heavy metals present in
coal are released during its combustion; for oil and gas power, they
are emitted in the production of the steel used for infrastructure
and machinery. However, recycling of steel and other end-of-life
materials has only a small benefit for oil and gas power, reducing
the impact by 16% in both options. Coal power is not affected by
recycling because the contribution of the construction stage is very
small (1%).

3.1.12. Comparison of results with literature

The impacts obtained in this study have been compared to
values in literature to validate the results and to identify any dif-
ferences. As mentioned in the introduction, there are no other
studies focusing on fossil-based electricity in Chile. Instead, the
comparison here is with the impacts of individual fossil-fuel op-
tions estimated for other regions, including European countries, the
US, Japan, Mexico and Turkey (Atilgan and Azapagic, 2015;
Ecoinvent, 2010; Santoyo-Castelazo et al., 2011; Stamford and
Azapagic, 2012). Only those values that have been estimated us-
ing the same impact assessment method used in this study (CML)
are considered.

As can be seen in Fig. 5, most of the results fall within the ranges
found in the literature. An exception is ODP for coal power which is
higher than elsewhere. As mentioned earlier, this is related to the
high ODP of petroleum coke. On the other hand, the ODP of gas is
lower than in the literature. This is due to the absence of long-
distance pipelines for the transport of gas and the associated use
of halogenated compounds (Schori and Frischknecht, 2012) since
Chile uses LNG.

Two other impacts from coal also fall outside the literature
ranges — depletion of fossil fuels and elements — both of which are
lower than in the literature. This is because coal used in Chile has
higher calorific value than elsewhere, together with greater effi-
ciency of power plants and capacity factors (Ecoinvent, 2010).

For oil, HTP, MAETP and TETP are below the literature ranges.
This is mainly a result of the higher efficiency of combined cycle
power plants, which generate 73% of total power from oil in Chile,
while other countries typically use diesel engines which have lower
efficiency.

3.2. Change in impacts over time

This section discusses how the impacts of fossil-based electricity
generated in the ten-year period from 2004 to 2014 have changed
over the years and why. Both per-kWh and total annual impacts are
considered. For the base year (2014), these have been estimated
based on the impacts per kWh discussed in the previous sections
and the contribution of each technology to the total generation
(Table 6). For the previous years, the detailed analysis carried out
for the base year has not been possible due to a lack of data. Instead,
the data used in the base year have been combined with the data in
Table 6 to estimate first the impacts of individual technologies and
then their total annual impacts based on the amount of electricity
they generated in those years.

As shown in Fig. 6, the year 2014 exhibited the highest per-kWh
impacts for six and the year 2009 for five impacts. Most of the
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Fig. 6. Environmental impacts of fossil-based electricity in Chile over the period 2004—2014. [For impacts nomenclature, see Fig. 4].
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impacts were lowest in 2004. The latter is due to a major contri-
bution (65%) of gas and lower share of coal (35%) than in the other
two years. Nonetheless, 32% of coal came from Australia which has
a higher FAETP, leading to a worse outcome in 2004 than in 2009
for this indicator. Furthermore, 2004 experienced a peak in gas
imports from Argentina, which was transported by long-distance
pipelines, causing a higher ODP than in 2014. The subsequent
lack of natural gas in 2009 resulted in an increase in oil electricity,
together with a slight rise in coal power. Consequently, 2009 saw
the highest per-kWh ADPsqsil, ADPejements, AP, ODP and POCP. In
2014, coal had a higher contribution than in the previous years,
increasing EP, FAETP, GWP, HTP, MAETP and TETP.

Along with the FAETP improvement from 2004 to 2009, as
stated above, in the next five-year period (2009—2014), ADPejements»
ODP and POCP also decreased per kWh generated (Fig. 6¢, j and k).
This is due to the reduced contribution of oil power from 33% to 7%
over the period. It can be noticed that the first two impacts reduced
by a higher rate than POCP because they are several times higher for
oil than coal and gas (see sections 3.1.2 and 3.1.9), while this dif-
ference in POCP is much lower (section 3.1.10).

In addition to the changes in electricity mix on a year-by-year
basis, overall electricity consumption has increased steadily over
the decade (CNE, 2015a; Corbo and Hurtado, 2014). This has led to
an increase in annual impacts through the years, which can be seen
in Fig. 6 for eight impacts (ADPsossil, AP, EP, GWP, HTP, MAETP, POCP
and TET). However, for ADPejements and ODP, the year 2009 had the
highest impacts per kWh. Hence, despite total generation being
higher in 2014, the annual impacts decreased compared to 2009.

Overall, it can be seen that, while electricity generation
increased by 55% during the last 10 years, the annual environ-
mental impacts doubled on average in the same period. Only ODP
decreased, by around 4%, while the remaining ten impacts
increased by between 60% (ADPsyssii) and 2.7 times (MAETP); the
GWP doubled. It can also be observed from Fig. 6 that the share of
coal in the per-kWh impacts grew steadily over the years, in line
with its share in the generation.

4. Conclusions

This study has estimated the environmental impacts of the
fossil-based electricity generation in Chile and their evolution over
a period of ten years, from 2004 to 2014.

Considering individual technologies, the results demonstrate
that electricity from gas has the lowest impacts for all 11 impact
categories considered. By contrast, coal power shows the worst
performance for eight categories, with EP, FAETP and MAETP being
between ten and 240 times greater than for gas. The impacts of oil
power are typically in between, with three impacts higher than coal
(POCP, ADP,jerments and ODP).

In terms of life cycle stages, operation of power plants is the
main hotspot for AP, GWP, HTP, MAETP, POCP and TETP. Extraction

Table A1
Oil power plants in Chile in the base year.

of fuels also plays a major role for ADPejements, ADP fossii, FAETP and
ODP. Construction of power plants is significant for ADPejements Of
oil and gas power, but recycling of copper and steel helps to reduce
those impacts by up to 21%. Finally, transport and processing of
fuels typically have a minor contribution.

When fossil-fuel electricity mix is considered over the years, six
per-kWh impacts were highest in 2014 and five in 2009. Year 2004
had the lowest values for eight impact categories, exceeding 2009
only in EP and FAETP, and 2014 in ODP.

In terms of total annual impacts, an increase in ten environ-
mental impacts can be seen from 2004 to 2014. This deterioration
of environmental performance is mostly caused by the rise in the
share of coal power, leading on average to the doubling of impacts
over the period, despite an increase in electricity demand of only
55%.

The worsening of environmental impacts over time runs con-
trary to the goals of sustainable development as well as against
government targets for reducing GHG emissions by 2030 and
should be addressed through appropriate policies. Based on the
results of this work, policy in the short-term future should aim to:

e increase the efficiency of all power plants;

e prioritise coal consumption from mines with lower environ-
mental impacts, such as those in South America, and avoid the
use of petroleum coke;

e improve measures for emissions control not only for power
plants but also across the life cycle, including copper and steel
production and ash disposal; and

e displace coal and oil with gas power as soon as possible.

In the medium term to longer terms, it is critical to evaluate and
broaden the deployment of renewable power technologies and
possibly carbon capture and storage. The potential role of nuclear
power could also be explored.

In addition to informing policy and the power industry, this
work also fills the LCA data gap with respect to fossil-fuel electricity
in Chile, required by LCA practitioners when assessing the envi-
ronmental impacts of other products and services.
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APPENDIX

Al Data for oil power plants

Power plant Type? Emission control systems” Installed capacity (MW) Electricity in 2014 (GWh) Share (%) Efficiency® (%)
1. Gas Atacama 1 CcC LowNOx 389 320 12% 41%
2. Gas Atacama 2 CcC LowNOx 383 558 20% 42%
3. San Isidro [ CcC - 379 21 1% 43%
4. San Isidro II CcC - 399 39 1% 46%
5. Nueva Renca CcC SCR 379 725 26% 46%
6. Nehuenco I cC Wet scrubber 368 233 8% 50%
7. Nehuenco II CcC Wet scrubber 398 107 4% 50%
8. Nehuenco III ocC Wet scrubber 108 5 <1% 29%
9. Taltal 1 ocC - 123 7 <1% 31%
10. Taltal 2 ocC - 122 1 <1% 31%
11. Candelaria 1 ocC Wet scrubber 136 7 <1% 29%
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Table A1 (continued )

Power plant Type® Emission control systems” Installed capacity (MW) Electricity in 2014 (GWh) Share (%) Efficiency® (%)

12. Candelaria 2 oC Wet scrubber 136 6 <1% 29%
13. Santa Lidia ocC — 139 <1 <1% 35%
14. Los Vientos ocC — 132 10 <1%
15. Los Pinos ocC - 104 130 5%
16. Antilhue ocC — 103 60 2%
17. Emelda ocC — 69 <1 <1%
18. Colmito oC — 58 6 <1%
19. Huasco ocC — 58 1 <1%
20. SL de D. de Almagro ocC — 56 <1 <1%
21. D. de Almagro ocC - 24 <1 <1%
22. Yungay 1 ocC - 54 <1 <1%
23. Yungay 2 ocC — 54 <1 <1%
24. Yungay 4 oC - 57 <1 <1%
25. Coronel ocC — 47 23 1%
26. MIMB ocC - 29 13 <1%
27. San Fco. de Mostazal oC - 26 <1 <1%
28. CTTO TG1 oC - 25 2 <1%
29. CTTO TG2 ocC — 25 2 <1%
30. CTTO TG3 ocC — 38 11 <1%
31. TGTAR ocC — 24 6 <1%
32. El Salvador ocC — 24 <1 <1%
33. TGIQ ocC — 24 6 <1%
34. Colihues ocC — 22 32 1%
35. Punta Colorada oC - 17 23 1%
36. Cem Bio Bio ocC — 14 27 1%
37. Los Espinos DE - 124 45 2% 36%
38. Olivos DE - 115 7 <1%
39. SUTA DE — 104 173 6%
40. El Pendn DE — 90 64 2%
41. Termopacifico DE — 81 3 <1%
42, Trapén DE — 81 26 1%
43. Teno DE — 59 12 <1%
44. Degan DE — 36 <1 <1%
45, Chuyaca DE - 15 2 <1%
46. CalleCalle DE — 13 3 <1%
47. Constitucion DE - 9 2 <1%
48. GMAR DE — 8 7 <1%
49. Quello6n 11 DE — 8 2 <1%
50. INACAL DE — 7 8 <1%
51. Maule DE — 6 1 <1%
52. ZOFRI_2-5 DE - 5 3 <1%
53. ZOFRI_7-12 DE — 5 4 <1%
54. SulQ DE — 4 2 <1%
55. Lebu DE — 4 <1 <1%
56. Canete DE — 3 <1 <1%
57. El Totoral DE - 3 <1 <1%
58. Estancilla DE - 3 <1 <1%
59. Placilla DE — 3 <1 <1%
60. Quintay DE — 3 <1 <1%
61. Curacautin DE - 3 1 <1%
62. Curauma DE — 3 <1 <1%
63. Eagon DE - 2 1 <1%
64. Trongol-Curanilahue DE - 2 <1 <1%
65. Concén DE - 2 <1 <1%
66. Las Vegas DE - 2 <1 <1%
67. Lonquimay DE — 2 <1 <1%
68. Los Sauces | DE — 2 1 <1%
69. Los Sauces 11 DE — 2 <1 <1%
70. Contulmo DE - 1 <1 <1%
71. San Gregorio DE - 1 <1 <1%

@ CC: Combined cycle, OC: Open cycle, DE: Diesel engine.
b Wet scrubber: desulphurisation system; LowNOx: Low NOx burner; SCR: Selective catalytic reduction. Efficiency of OC plants no. 13—36 and DE no. 37—71 determined
from electricity produced and fuel consumed.

A2. Estimation of capacity factors and environmental burdens CFyctual © capacity factor of a plant of interest (—)

‘ L MWh
The capacity factors are estimated as follows: E': electricity generated per year ( 4 )

P : installed capacity (MW)
8760: number of hours in a year.

CFactuaI = (Al)

_E
8760 P ) )

The infrastructure-related environmental burdens of each plant
where: are then estimated based on the burdens of the reference plant in
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Ecoinvent (400 MW) as follows:

s B Bref ﬂ
actual = 8760 Pres CFactual Lactual Mwh

where:

Buctuat €nvironmental burden of apower plant of interest
(burden/unit)

B.s environmental burden of a reference power plant in
Ecoinvent (burden/unit)

Py installed capacity of the Ecoinvent reference power plant
(MW)

CFyuq capacity factor of a power plant of interest (—)

Laruq lifespan of a power plant of interest (yr).
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