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Executive summary

The Climate Action Teams (CAT) initiative is a mechanism that supports international
resource transfers for climate mitigation. CAT operates through government-to-
government agreements based on verified mitigation outcomes beyond NDC
commitments in one country (the host) in exchange for financial and technological
support from one or more countries (the partners) that form part of the ‘Climate
Team'. The mitigation outcomes are ‘credited’ to the partner countries and can
potentially contribute to their NDC commitments.

As part of the technical work in Chile a modelling team from the Global Change
Center of the Catholic University of Chile has built open-access models to explore
mitigation opportunities beyond Chile’s NDC. This report presents the results of the
developed models and the analyzed mitigation scenarios.

A prospective emissions model was developed that covers all sectors included in
the National GHG Inventory (Energy, including electricity generation and the energy
demand sectors - transport, industry and mining, and buildings-; waste; IPPU;
agriculture and LULUCF)

The modeling was carried out based on the combination of scenarios and futures,
where these two concepts are defined as follows:

e Futures: They represent a trajectory of exogenous parameters that represent
a possible set of conditions that could facilitate (or hinder) the mitigation
strategies.

e Mitigation scenarios: They represent different mitigation strategies
implemented at a national level, each strategy considers a set of mitigation
measures and their specific level of implementation.

Three futures and three mitigation scenarios were analyzed, as described in the next
tables:


https://climateteams.org/
https://cambioglobal.uc.cl/
https://cambioglobal.uc.cl/
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Chile%20First/Chile%27s_NDC_2020_english.pdf

Group of variables

Global GDP growth,
commodities prices and
National Production Level

Table 0-1: Differences in the futures selected

High

Global GDP, commodities

prices and National
Production Level

Futures

Reference

Medium Global
GDP, commodities
prices and National

Production Level

Low Global GDP,
commodities prices
and National
Production Level

Climate Variables

D ht (2010-201 Medi 1990-1 Wet (1980-1
(representative decade) rought (2010-2019) edium (1990-1999) et (1980-1989)
Green technology prices High Medium Low
Climate Action Delayed Conventional Early and active

SOURCE: AUTHORS

Table 0-2: Differences in the mitigation scenarios selected

Mitigation scenarios

Current Policies (CP)

Intermediate Mitigation (IM)

Accelerated Mitigation (AM)

Expected emissions
under current regulation
and incentives
(12 Measures)

Considers the implementation of all
mifigation measures analyzed fo
develop the NDC commitment
(41 measures)

Considers enhanced mitigation
measures in order to
overachieve the Carbon Budget
(60 measures)

SOURCE: AUTHORS

Figure O-1 shows the total aggregated emissions for the Agriculture, Energy, IPPU,
Transport and Waste sectors for the three mitigation scenarios for the reference
future, where the CP and IM scenarios shows an increase on the emissions by 2030,
and the only scenario that achieves an absolute decrease on the emissions is the
AM Scenario, also is the only scenario that has its peak of emissions before 20252,

2 Chile’s NDC includes a goal of emissions peak in 2025.


https://www.zotero.org/google-docs/?oo61ya
https://www.zotero.org/google-docs/?oo61ya
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Figure 0-1 Total aggregated emissions of the carbon budget sectors in three different scenarios in the
period 2020-2030
SOURCE: AUTHORS

Complementary in the Figure 0-2 the trajectories of the cumulated emissions during
the 2020-2030 are shown. In this Figure, it is shown that the IM scenario goes over, for
a small margin, over the goal budget, while the AM scenario overachieve the goal
by some margin.

1500

=
(=2} Ne] =]
Q (=] o
(=] (=] (=]
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W
Q
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2020 2022 2024 2026 2028 2030
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Figure 0-2 Cumulated emissions in three different scenarios for the period 2020-2030, and comparison
with budget goal
SOURCE: AUTHORS


https://www.zotero.org/google-docs/?oo61ya
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Figure 0-3 shows the emissions of LULUCF for the different scenarios for the reference
future, because LULUCF has net captures and independent goals on the NDC. This
result show that for the 2021-2030 period the actions defined in the NDC leaves little
room for further captures on the LULUCF sector in Chile.
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-60
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-80
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
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Figure 0-3 Total emissions of the LULUCF sector in three different scenarios in the period 2020-2030.
SOURCE: AUTHORS

In the NDC Chile commits to a GHG emission budget not exceeding 1,100 MMton
CO2eq between 2020 and 2030, with a GHG emissions maximum (peak) by 2025,
and a GHG emissions level of 95 MMton CO2eq by 2030 (Gobierno de Chile, 2020).
From Figure 0-4 it can be observed that only in the AM, that is, where additional
measures to the Chilean NDC are considered, the commitment to emit below 1,100
MMTon CO2q between 2020 and 2030 is fulfiled. An analysis of GHG emissions in
2030 (Figure 0-5) shows something very similar where only in the AM scenario and
under the three different futures the target of emitting 95 MM tons CO2eq in 2030 is
achieved.


https://www.zotero.org/google-docs/?oo61ya
https://www.zotero.org/google-docs/?gmniDp
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Figure 0-5 Forecast of absolute emissions in the year 2030 for each scenario and for each future
SOURCE: AUTHORS

For the study of mitigation costs, each of the mitigation actions was characterized
by its abatement potential and the average cost of mitigation of one tCO2eq. The
following definitions were used:

= Mitigation potential: Corresponds to the difference of emissions between the CP
scenario and a scenario with only the mitigation action, considering the direct
impact on emissions (in the same sector as the mitigation action is implemented)
and the indirect impact in emissions of other sectors (e.g., caused by changes


https://www.zotero.org/google-docs/?oo61ya
https://www.zotero.org/google-docs/?oo61ya

on electricity or wood demand). This difference applies only to the period 2020-
2030 which coincides with the NDC carbon budget commitment.

= Average cost of mitigation: Correspond to the discounted costs of investments,
operating costs, and savings, divided by the total mitigation potential on the
period 2020-2050. It is important to notice that the average cost has a different
horizon for its calculation than the abatement potential. This corresponds to a
methodological decision to better represent the real average costs of mitigation
action where the cost and the GHG reductions don’t occur at the same time.
For example, this helps a better evaluation of an action with an important
investment and mitigation that occurs in the future.

The following table shows the mitigation abatement for the 2020-2030 period by
sector for the reference future.

Table 0-3 Mitigation abatement for the 2020-2030 by sector for the Reference Future

sector Abatement potential  Abatement potential Total abatement potential
IM vs CP [MMtCO2¢q] | AM vs IM [MMiCO2eq] for 2020-2030 [MM{CO2¢q]
Electricity generation 28 65 92
Transport 8 16 24
&M 16 3 20
Buildings 5 2 7
Waste 4 -0,03 4
IPPU - ) 6
Agriculture 2 4 5
LULUCF - 11 11
TOTAL 63 106 169

SOURCE: AUTHORS

Figure 0-6 shows the MACC Curve associated with the AM scenario in the reference
future. It is observed that 169 M tCO2eq could be mitigated in the period 2020-2030 if
every mitigation action is implemented, and that 34 M tCO2eq has a mitigation cost
below 0 USD/tCOz2q, and 61 M tCO2q could be mitigated with a cost under 40
USD/1COz2eq.


https://www.zotero.org/google-docs/?oo61ya
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Figure 0-6 MACC curve for the 2020-2030 period for the reference future
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The current work and results represent a first step which was ambitious to develop
and infegrate a prospective model for the GHG emissions in Chile, which focus on
the near-term emissions, but which extends with projections to the midcentury.
Further work is needed in this model to analyse other paths ot actions considering
both new actions and new level of ambitious in the current actions, also the level of
integration of the models can be improved aswell as the generation of new
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mitigation scenarios which could combine diferente actions packages. During the
presentations of the results of the current work to Climate Action Teams partners and
stakeholders in Chile some comments were made that could enable better results.

Finally, it is relevant to consider these results as a preliminary approximation of the
mitigation potential and its costs, since the implementation of any of the actions
presented may require a whole set of analyses to determine a more accurate
estimate. Nevertheless, some of the results are of particular interest and the structure
of the model can be used for some preliminary investigations. For example, in the
baseline scenario, 62 MtCO2e are estimated to be available beyond the budget
commitment. Preliminary results from new runs based on different carbon prices
suggest that 70% of the 62 MtCO2e could be obtained at a marginal cost of less
than USD 50/tCQO2e. In addition, estimates of the capital cost required to achieve
this 70% is about USD 2.8 billion.



Resumen Ejecutivo

La iniciativa Climate Action Teams (CAT) es un mecanismo que apoya las
transferencias internacionales de recursos para la mitigacion del clima. CAT
funciona a través de acuerdos de gobierno a gobierno basados en resultados de
mitigacion verificados mas alld de los compromisos de la NDC de un pais (el
anfitrién) a cambio de apoyo financiero y tecnoldgico de uno o mds paises (los
socios) que forman parte del "Climate Action Team". Los resultados de mitigacion
se "acreditan” a los paises socios y pueden confribuir a sus compromisos de NDC.

Como parte del frabajo técnico en Chile, un equipo de modelizacién del Centro
de Cambio Global de la Universidad Catdlica de Chile ha construido modelos de
libre acceso para explorar las oportunidades de mitigaciéon mds alld de la NDC de
Chile. Este informe presenta los resultados de los modelos desarrollados y los
escenarios de mitigacion analizados.

Se ha desarrollado un modelo prospectivo de emisiones que cubre todos los
sectores incluidos en el Inventario Nacional de GEl (Energia, incluyendo la
generacion de electricidad y los sectores de demanda energética -transporte,
industria y mineria, y edificios-; residuos; IPPU; agricultura y LULUCEF).

La modelizacion se realizd a partir de la combinacion de escenarios y futuros,
donde estos dos conceptos se definen como sigue:

e Futuros: Representan una trayectoria de pardmetros exdgenos que
representan un posible conjunto de condiciones que podrian facilitar (o
dificultar) las estrategias de mitigacion.

e Escenarios de mitigaciéon: Representan diferentes estrategias de mitigacion
implementadas a nivel nacional, cada estrategia considera un conjunto de
medidas de mitigacion y su nivel especifico de implementacién.

Se analizaron tres futuros y fres escenarios de mitigaciéon, como se describe en las
siguientes tablas:


https://climateteams.org/
https://cambioglobal.uc.cl/
https://cambioglobal.uc.cl/
https://mma.gob.cl/wp-content/uploads/2020/04/NDC_Chile_2020_espan%CC%83ol-1.pdf
https://mma.gob.cl/wp-content/uploads/2020/04/NDC_Chile_2020_espan%CC%83ol-1.pdf

Grupo de variables

Crecimiento del PIB
mundial, precios de las
materias primas y nivel de
produccién nacional

Tabla 0-1: Diferencias en los futuros seleccionados

Futures

PIB mundial, precios de las
materias primas y nivel de
produccién nacional alto

Referencia

PIB mundial, precios
de las materias
primas y nivel de
produccién
nacional medio

PIB mundial, precios
de las materias
primas y nivel de
producciéon
nacional bajo

Variables climdticas ] ) HUmedo (1980-
, . 2010-201 M 1 -1
(década representativa) Sequia (2010-2019) edio (1990-1999) 1989)
Precios de tecnologias Affo Medium Low
verdes
Accién Climdtica Retrasada Convencional Temprana y activa

SOURCE: AUTHORS

Tabla 0-2: Diferencias en lose scenarios de mitigacion seleccionados

Escenarios de Mitifacién

Politicas Actuales (CP)

Mitigacion Intermedia (IM)

Mitigacion Acelerada (AM)

Considera medidas de
mitigacién reforzadas para
sobre cumplir el Presupuesto de
Carbono
(60 medidas)

Considera la aplicacién de todas las
medidas de mitigacidon analizadas
para llevar a cabo el compromiso

NDC
(41 medidas)

Emisiones esperadas con
la normativa y los
incentivos actuales
(12 medidas)

SOURCE: AUTHORS

La Figura 0-1 muestra las emisiones totales agregadas de los sectores de Agricultura,
Energia, IPPU, Transporte y Residuos para los tres escenarios de mitigacion en el
futuro de referencia, donde los escenarios CP e IM muestran un aumento de las
emisiones para 2030, y el Unico escenario que logra una disminucién absoluta de
las emisiones es el escenario AM, el que ademds es el Unico escenario que tiene su
peak de emisiones antes de 20253,

3 La NDC de Chile incluye un peak objetivo de emisiones en 2025.
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Figura 0-1 Emisiones totales agregadas de los sectores del presupuesto de carbono para tres
escenarios diferentes en el periodo 2020-2030
SOURCE: AUTHORS

De manera complementaria, en la Figura 0-2 se muestran las trayectorias de las
emisiones acumuladas durante el periodo 2020-2030. En esta figura, se muestra que
el escenario IM sobrepasa, por un pequeno margen, el presupuesto objetivo,
mientras que el escenario AM sobrepasa el objetivo por cierto margen.
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Figure 0-2 Emisiones acumuladas en tres escenarios diferentes para el periodo 2020-2030, y
comparacion con el objetivo presupuestario.
SOURCE: AUTHORS

La Figura 0-3 muestra las emisiones del sector LULUCF para los diferentes escenarios
en el futuro de referencia, dado que el sector LULUCF tiene capturas netas vy
objetivos independientes de la NDC. Este resultado muestra que para el periodo
2021-2030 las acciones definidas en la NDC dejan poco margen para nuevas
capturas en este sector en Chile.
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Figura 0-3 Emisiones totales del sector LULUCF en tres escenarios diferentes en el periodo 2020-2030.
SOURCE: AUTHORS

En su NDC, Chile se compromete a un presupuesto de emisiones de GEl que no
supere los 1.100 MMton CO2eq enfre 2020 y 2030, con un mdaximo de emisiones de
GEl (peack) para 2025, y un nivel de emisiones de GEl de 95 MMton CO2eq para
2030 (Gobierno de Chile, 2020). En la Figura 0-4 se observa que sélo en el AM, es
decir, donde se consideran medidas adicionales a la NDC chilena, se cumple el
compromiso de emitir por debajo de 1.100 MMTon CO2eq entre 2020 y 2030. Un
andlisis de las emisiones de GEl en 2030 (Figura 0-5) muestra algo muy similar, donde
solo en el escenario AM y bajo los tres futuros diferentes se logra el objetivo de emitir
95 MM tonsde CO2eqg en 2030.
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Figura 0-4 Emisiones acumuladas totales emitidas entre 2020 y 2030 para cada escenario y cada
futuro
SOURCE: AUTHORS
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Figura 0-5 Pronéstico de emisiones absolutas en el aiio 2030 para cada escenario y para cada futuro
SOURCE: AUTHORS

Para el estudio de los costos de mitigacion, cada una de las acciones se
caracterizd por su potencial de reduccion y el costo medio de mitigacion de una
tCO2eq. Se utilizaron las siguientes definiciones:

= Potencial de mitigacion: Corresponde a la diferencia de emisiones entre el
escenario CP y un escenario con sdélo la accién de mitigacion, considerando el
impacto directo en las emisiones (en el mismo sector en el que se aplica la
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accion de mitigacioén) y el impacto indirecto en las emisiones de otros sectores
(por ejemplo, causado por los cambios en la demanda de electricidad o
madera). Esta diferencia se aplica unicamente al periodo 2020-2030, que
coincide con el compromiso del presupuesto de carbono de la NDC.

= Costo medio de mitigacion: Corresponde a los costos descontados de las
inversiones, los costes operativos y los ahorros, divididos por el potencial total de
mitigacion en el periodo 2020-2050. Es importante senalar que el costo medio
tiene un horizonte diferente para su cdlculo que el potencial de reduccion. Esto
corresponde a una decision metodolégica para representar mejor los costos
medios reales de las acciones de mitigacion cuando el costo y las reducciones
de GEl no se producen al mismo tiempo. Por ejemplo, esto ayuda a una mejor
evaluacion de una accidén con una importante inversion y mitigacion que se
produce en el futuro.

La siguiente tabla muestra la mitigacion para el periodo 2020-2030 por sector para
el futuro de referencia.

Tabla 0-3 Mitigacion por sector para el Futuro de Referencia (2020-2030)
Potencial de Potencial de reduccién

Potencial de reduccién

Sector red{t.;;\:;\i%\oll;l\e\;s] CP AM vs IM [MMICO2eq] 1oiq[I NTA(:\;Z (2)()22e()(;fo30
“echicidad 2 65 92
Transporte 8 16 24
&M 16 3 20
Construccién 5 2 7
Residuos 4 -0,03 4
IPPU - 6 6
Agricultura 2 4 5
LULUCF - 11 11
TOTAL 63 106 169

SOURCE: AUTHORS
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La Figura 0-6 muestra la curva MACC asociada al escenario AM en el futuro de
referencia. Se observa que podrian mitigarse 169 M tCO2eq en el periodo 2020-
2030 si se aplican todas las medidas de mitigacion, y que 34 M tCO2eq tienen un
costo de mitigacion inferior a 0 USD/tCO2eq, y 61 M tCO2eq que podrian mitigarse
con un coste inferior a 40 USD/tCO2eq.
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Figura 0-6 Curva MACC periodo 2020-2030 para el futuro de referencia
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El presente frabajo y sus resultados representan un primer paso que tuvo la
ambicién de desarrollar e integrar un modelo prospectivo para las emisiones de GEl
en Chile, el cual se enfoca en las emisiones de corto plazo, pero que se extiende
con proyecciones hasta mediados de siglo. Es necesario seguir trabajando en este
modelo para analizar otras vias de accidén considerando tanto nuevas acciones
como nuevos niveles de ambicién en las acciones actuals. También se puede
mejorar el nivel de integracion de los modelos, asi como la generacion de nuevos
escenarios de mitigacién que puedan combinar diferentes paquetes de acciones.
Durante las presentaciones de los resultados del trabajo actual a los partners de la
iniciativa Climate Action Teams y a las partes interesadas en Chile, se hicieron
algunos comentarios que podrian permitir mejorar los resultados.

Finalmente, es relevante considerar estos resultados como una aproximacion
preliminar del potencial de mitigacién y sus costos, ya que la implementacion de
cualquiera de las acciones presentadas podria necesitar todo un conjunto de
andlisis para determinar una estimacion mas precisa. No obstante, algunos de los
resultados son de especial interés y la estructura del modelo puede utilizarse para
algunas investigaciones preliminares. Por ejemplo, en el escenario de referencia, se
estima que hay 62 MtCO2e disponibles mds alld del compromiso presupuestario.
Los resultados preliminares de nuevas ejecuciones basadas en diferentes precios
del carbono, sugieren que el 70% de los 62 MtCO2e se podrian obtener a un costo
marginal inferior a 50 USD/tCO2e. Ademds, las estimaciones del costo de capital
necesario para alcanzar este 70% es de unos 2.800 millones de ddlares.
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1. Infroduction

The Climate Action Teams initiative is a mechanism that supports international
resource transfers for climate mitigation. It takes a fundamentally different approach
to international transfers relative to project-based mechanisms or carbon market
linking, since it is an agreement among a small group of cooperating governments
on mitigation outcomes for a country.

CAT operates through government-to-government agreements based on verified
mitigation outcomes beyond NDC commitments in one country (the host) in
exchange for financial and technological support from one or more countries (the
partners) that form part of the ‘Climate Team'. The mitigation outcomes are
‘credited’ to the partner countries and can potentially contribute to their NDC
commitments.

The CAT mechanism facilitates mitigation outcomes at lower abatement costs but,
unlike a project-based mechanism, it does not require a costly institutional
infrastructure, thereby reducing transaction costs considerably. Currently CAT
initiative has developed a project with Chile, New Zealand and Switzerland.

The Chilean NDC (Gobierno de Chile, 2020), updated in 2020, establishes a series of
commitments, the most important for the case of the CAT initiative are:

¢ Along-term vision of achieving GHG Neutrality by 2050

e GHG emission budget not exceeding 1,100 MtCO2eq between 2020 and 2030
(excluding LULUCF), with a GHG emissions maximum (peak) by 2025, and a
GHG emissions level of 95 MICO2eq by 2030.

e Reduce total black carbon emissions by at least 25% by 2030, with respect to
2016 levels.

e Achieving the sustainable management and recovery of 200,000 hectares of
native forests, representing GHG captures of around 0.9 to 1.2 M{CO2eq
annually by 2030.

e Afforesting 200,000 hectares, of which at least 100,000 hectares will comprise
permanent forest cover, with at least 70,000 hectares of native species,
representing captures of between 3.0 and 3.4 MtCO2eq annually by 2030.
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e Reduce emissions in the LULUCF sector associated with degradation and
deforestation of the native forest by 25% by 2030, with respect to average
emissions in the period 2001-2013.

e Others (not quantified or not directly related with mitigation)

As part of the technical work in Chile a modelling team from the Global Change
Center of the Catholic University of Chile has built open-access models to explore
mitigation opportunities beyond the NDC in more depth. This progress report
presents preliminary results of the developed models and the analyzed mitigation
scenarios. The final output will be shared and discussed for a broader discussion.
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2. Objectives

The main objectives of this report are:

Develop GHG emission models that cover all the sectors identified at the
GHG National Inventories.
Analyze mitigation actions considering the ones evaluated for the Chilean

NDC and additional.

Analyze the GHG emission pathways under different scenarios (mitigation
strategies) and futures (exogenous conditions).

Check the fulfllment of the Chilean NDC goals under each scenario and
future.
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3. Model Description

This initial effort has focused on developing a set of sectoral GHGs emission models,
that represent all the national emission of GHG inclluded on the GHG’s national
inventories. For the modelling, all the sectoral models use consistent information to
elaborate and analyze emission pathways under different conditions and consider
the implementation of mitigation measures that affect all the sectors. The current
exercise focuses their analysis on the changes that should occur in order to reduce
emissions (technologies and behaviors), rather than the specific policies needed to
get those changes, the only exception are the policies that are currently in place
(for example, the carbon tax on electricity generation).

The GHG’s national inventories identify 5 emission sectors: 1. Energy, 2. Industrial
Processes and Product Use (IPPU), 3. Agriculture, 4. Land Use Land-Use Change and
Forestry (LULUCF or UTCUTS in spanish) and 5. Waste. As it can be seen in the Figure
3-1, LULUCF has significant net captures (-64MtonCO2eq by 2018), this is because
despite that the sector has shown some level of degradation related to forest fires
and woodfire extraction, the forestry plantations and the native forest under
conservation are still growing with respect to the year 1990. The other 4 sectors are
net emitters (112.3 MtonCO2q by 2018), the main one is the Energy Sector
(87MtonCO2q by 2018), followed by Agriculture (11.8 MtonCOz2q), Waste (7
MtonCO2eq by 2018) and IPPU (6.6 MtonCO2eq by 2018).

Figura RE1. INGEI de Chile: balance de GEI (kt CO, eq) por sector, serie 1990-2018.
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Figure 3-1 Historical GHG's Emissions of Chile by Sector
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From the net emitter sectors (112.3 MtonCO2.q by 2018), the energy sector is the
main contributor to GHGs emissions in Chile due to the intensive use of fossil fuels to
produce energy, this sector can be distributed in sub-sectors: Electricity Generation
(29% of the sector emissions), Transport (25% of the sector emissions), Industry &
Mining (14% of the sector emissions) and Buildings (7% of the sector emissions). The
second sector in terms of emissions is Agriculture (10.5%), followed by Waste (6.2%)
and Industrial Processes & Product Use (IPPU) (5.9%).

Taking into account the relative importance of the different sectors and sub-sector
were developed the following models:

Energy: Electricity Generation
Energy: Transport

Energy: Industry & Mining
Energy: Buildings

IPPU

Agriculture

LULUCF

Waste

The energy models were built in LEAP* and the other sectors were developed in
Analytica®, with both software it is possible to explore and run the models with free
accounts. The models were developed considering the same information used by
the government in 2019 (Palma Behnke R., C. Barria, K. Basoa, D. Benavente, C.
Benavides, B. et al., 2020), but updating some parameters, in order to use the best
current public information available, also the analysis considers a different
methodology to address the futures and scenarios, that is described in the following
subsection in contrast with the work of the government that considered only one
mitigation scenario without addressing uncertainty.

3.1.Futures and Scenarios developed

For the purpose of this analysis, it is necessary to address the future conditions that
would drive GHG s emissions. The different sources of variability on the emissions can
be exogenous (generated at international level or related with climate conditions)
or endogenous (generated from the results of other parts of the model or by the
level of implementations of the mitigation actions). Acknowledging this documents

4 https://leap.sei.org/
5 https://lumina.com/
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developed 2 categories of pathways:

Futures: They represent a trajectory of exogenous parameters that represent
a possible set of conditions that could facilitate (or difficultate) the mitigation
strategies.

Scenarios: They represent different mitigation strategies implemented at a
national level, each strategy considers a set of mitigation measures and their
specific level of implementation.

For the futures, it is possible to identify the following categories of drivers of emissions
and their relationship:

Economic activity and commodities prices: Chinese GDP will affect National
GDP, Energy Prices, Copper Price, Agriculture Products Prices, Copper
Production and Pulp Production.

Climate Variables: The level of precipitation will affect the electricity
generation and the intensity of the forest wildfires.

Clean technologies costs: The level of mitigation at world level willimpact on
the prices of the different clean technologies.

Climate action in Chile: The level of commitment with climate action and
efficiency of the government, willimpact on how quickly and timely Chile will
implement the planned mitigation measures.

Normally a decision maker analyzes one pathway of drivers, and over these set of
conditions project GHG's emissions. For the current analysis 3 futures were
considered, the first one is the Reference, that considers that all drivers will show their
respective expected value, but in order to have a sensitivity analysis, were
developed a Green and Red futures, the following table (Table 3-1) presents the
differences:
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Group of variables

Chinese GDP
growth,
commodities
prices and
National
Production Level

High:
Chinese GDP,
commodities prices

and National
Production Level

Table 3-1: Differences in the futures selected.

Futures

Reference

Medium Chinese
GDP, commodities
prices and National

Production Level

Low Chinese
GDP,
commodities
prices and
National
Production Level

Climate Variables

(representative Drought (2010- Medium (1990- Wet (1980-1989)
2019) 1999)
decade)
Green ic?chnology High Medium Low
prices
Climate Action Delayed Conventional Early and active

SOURCE: SELFMADE

For the mitigation strategies, 3 scenarios were analyzedé:

e Current Policies (CP): Expected emissions under current regulation and
incentives. (12 Measures)

e Intermediate Mitigation (IM)7 : Considers the implementation of all mitigation
measures analyzed to develop the NDC commitment. (41 measures)

6 The detail of the mitigation measures considered in each sector and scenario is presented

in the following sections.

7 The Current Policies is different from the Intermediate Mitigation, because even if Chile
analyzed a set of possible mitigation policies in order fo achieve the NDC commitment, not
all of these policies are currently in place.
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e Accelerated Mitigation (AM): Considers enhanced mitigation measures in
order to overachieve the Carbon Budget. (60 measures)

The following sections present a brief explanation of the different models
developed, also the models are available to be explored in depth by anyone.
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3.2.Energy: Electricity Generation

The Electricity Generation covers power plants and the electric grid including the
expansion needed to meet a specified electrical demand. Therefore, modelling this
sector simulates the operation of the already existing power plants and the planning
of installation of new plants. These questions are answered by the Low Emissions
Analysis Platform (LEAP) model, which minimizes the cost of the system given the
constraints of the decarbonization policies.

The Electric Generation and Electric Distribution modules from the LEAP platform are
used to calculate this sector's emissions. These modules let LEAP act as an
optimization tool focused on the determination of CO2 emissions, where it minimizes
the cost of a given electric grid by controlling its operation and expansion. This grid
is represented by only one electric node that links all the generation and demand
of the system, where the thermal losses are simplified to a single loss factor.

These simulations on the LEAP platform are not expected to serve as forecasts of the
Chilean electric grid beyond 2030. This is due to LEAP limitations, such as the
simplification of the transmission network info only one node, and the fact that
energy storage processes are not represented in the simulations, when they are
expected to play an important role beyond 2030. Instead, the value of these
simulations resides in allowing our team to analyze the differences of costs and
benefits associated to different policies, therefore linking actions and policies to CO2
mitigations in the future.

The scope of this model requires a huge amount of data from different sources to
simulate it accurately. Such inputs and sources are as followsThe scope of this model
requires a huge amount of data from different sources to simulate it accurately.
Such inputs and sources are as follows:

Installed capacity (CNE8).

Investment, operative and fuel costs projections (PELP?).
Electric demand daily shape (CEN'9).

Wind and solar daily capacity factor shape (CEN).
Capacity factor for each technology (PELP).

Thermal efficiency for thermal power plants (PELP).

8 Acronym for the spanish fraduction of the National Energy Commission
? Acronym for the spanish traduction of the Long Term Energetic Planification
10 Acronym for the spanish fraduction of the National Electrical Coordinator
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Threshold for new capacity added (PELP).
Coal phase out schedule (CEN).

Carbon tax (PELP).

Electric demand projection.

Transmission loss factor.

Discount rate.

Power plant lifetime.

The LEAP model was calibrated and tested with data from the Ministry of Energy and
their Long-Term Energetic Planning up to 2050. It was also compared against the
updated NDC by the Ministry of Energy. Further data about other parameters, such
as the coal phase out schedule and the carbon tax can be found in annexes.

The Chilean approach to address CO2 emissions in the electricity sector is to phase
out coal powered power plants. The Current Policies (CP) and Intermediate
Mitigation (IM) scenarios correspond to a full decarbonization of the grid by 2040.
Two Accelerated Mitigation scenarios (AM) were analyzed, the first corresponds to
the full phase-out of coal power plants by 2025 (AM 2025) and the second to the full
phase-out of coal power plants by 2040 but with a more severe carbon tax between
2025 and 2050 (AM Heavy Tax).

The loss of base load previously provided by coal, in the CP and IM scenarios, is
replaced mainly by a mix of CSP, new hydropower and geothermal power plants.
On the other hand, the loss of base load in the AM 2025 scenario is too quick to be
immediately replaced by renewable energy. Therefore, the already existing gas
power plants need to temporarily increase their share of generation while the system
adjusts. Something similar happens in the AM Heavy Tax scenario, but this one shows
a sudden decrease in coal usage in the red and reference futures when the higher
tax policy starts in 2025, up to an 80% reduction in coal generation. However, the
green future has a smoother decrease in coal generation due to its lower fossil fuel
COost.

The main difference between the AM 2025 and the AM Heavy Tax is the nature of
their coal reduction methods. The AM 2025 forces the coal phase-out according to
a rigid schedule, whereas the AM Heavy Tax relies on the economic penalty of the
carbon tax to reflect the externalities of coal generation. As it will be apparent later
in the results section, the economic approach works as intended for the red and
reference futures, where it achieves less mitigation than the AM 2025 but at a slightly
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lower cost. However, the tax is not strong enough to deter the coal generation in
the green future and its emissions end up closer to the IM scenario instead.

It is important to remark that the technologies that replace coal are not fixed
scenario by scenario, instead they are chosen by the model based on their cost and
availability. Also, the electricity demand for each of the studied scenarios was
provided by the energy demand sector. These demand scenarios all differ from
each other and therefore directly affect the nature of the decisions made by the

model.

Table 3-2 Mitigation actions for the electricity generation sector

Sector: Electricity Generation

Action

CP/IM

AM 2025

AM Heavy Tax

Coal Phase-Out

44% of the coal
power plants by
2025

60% of the coal
power plants by
2030

100% of the coal
power plants by
2040

100% of the coal
power plants by
2025

44% of the coal
power plants by
2025

60% of the codl
power plants by
2030

100% of the coal
power plants by
2040

Carbon Tax

5 USD/TonCO2 until
2030

From 5 10 32,5
USD/TonCO2
between 2030 and
2050

5 USD/TonCO2 until
2030

From 5 to 32,5
USD/TonCO2
between 2030 and
2050

5 USD/TonCO2 until
2025

From 50 to 100
USD/TonCO2
between 2025 and
2050

SOURCE: AUTHORS
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3.3.Energy: Demand Sectors

The energy demand sectors modelling considers the development of three models
that covers the main demand sectors: fransport, industry and mining, and buildings.
These models follow the same steps for the projection, based on the models used
by the energy ministry for the development of the PELP' (2020). This model is
developed in a mix between Excel Spreadsheets and the software LEAP, where the
activity level projections for each of the different sub-sectors are developed on
Excel and then fed into LEAP. In general, the modelling process consist of the
following steps:

1. Data updating: the data considered in the Ministry of Energy is updated with
the energy balance for 2014-2019'2 for fifteen Chilean regions, for each fuel
and electricity consumed. The energy balances are published by the energy
ministry. The information from activity data (i.e. the sectors’ production,
distances traveled, etc.) is also updated from public available information,
with the specific source of information depending on the different activities
considered.

2. Energy intensity calculations: with both the total energy consumption and the
activity level, energy intensities for the different activities are estimated. These
results are compared with previous data and differentiated by the final use
of energy.

3. Projection of activity level: Based on the historical data econometric
relationships are calculated which allows the projection of activity data
based on macroeconomic parameters considered for the different futures.

4. Results estimation: The information is fed into a LEAP model, for calculation of
the different futures and mitigation scenarios.

5. Connections with regard to the other sectoral models: Some of the results are
then fed into other models. Most notably the electricity demand is a relevant
input for the electricity generation model, and the residential wood
consumption is a variable for the LULUCF model. Some other variables are
fed into the IPPU models as well.

1T Acronym for the spanish traduction of the Long Term Energetic Planification
12 The most updated energy balance corresponds to 2019.
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The set of mitigation actions considered in the scenarios is taken from previous
studies, prioritizihg actions which are expected to achieve the highest reductions
and the actions that could be modelled with the tools and models selected. Further
mitigation actions exist and may be implemented in Chile, further analysis and
modelling is needed for this, including the possibility to modify the resolution and/or
approach of the models. In particular three initiatives were considered to select the
set of mitigation actions considered, given they follow the same demand sector
structure as the present study:

e MAPS Chile Initiative, see MAPS Chile (2014)

e The 2020 Chilean NDC mitigation process, Palma et al. (2019)

e Arecent study of the carbon neutrality goal under uncertainties, see
Benavides et al. (2021)

More details of the models for each of the main sectors are presented in the
following subsections:

3.3.1. Transport

The tfransport modelling follows a demand-based focus, where the demand for
transportation is safisfied by a mix of modes, each of them having different
characteristics such as occupation rate and energy intensity. The original demand
projection comes from the energy ministry and is based on the studies of the
transport ministry which constructed a series from 1997 to 2013. The modelling
considers four subsectors: (1) Road transportation, (2) railway, (3) maritime transport,
and (4) air transportation. Also, there are two types of demand of transportation
considered: demand for passenger transportation (expressed as passenger-
kilometer, pkm) and freight tfransportation (expressed as tonne-kilometer, tkm), each
of this demand is estimated for the four subsectors.

According fto the last GHG inventory (series 1990-2018) most of the GHG emissions
comes from the subsector road transportation. The modelling of this subsector is
complex, as it considers a detailed disaggregation of the sector as it is shown in the
following table:
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Table 3-3 Dissagregations of the road transport sector

Demand Subdemand Modes Fuels
Private cars Gasoline
Taxi Hybrid Gasoline
Urban _
Motorcycle Diesel
Bus Hybrid Diesel
Passengers
Electric
. GLP
Private cars
Interurban CNG
Bus
Hydrogen
Light trucks
Urban Medium trucks Diesel
Freight Heavy trucks Hybrid Diesel
Hydrogen
Interurban Heavy frucks

SOURCE: AUTHORS

The result in terms of fuel consumption projected by the original energy ministry
model is compared with the actual fuel consumption for the 2014-2019 period,
where an underestimation of the demand of around 20% for the year 2018 is
observed, difference that is concentrated in the less populated regions. Because of
this difference the demand was adjusted for the period 2014-2019 and the
projection is corrected considering this new demand estimation.

The different futures modelled are applying different demand projections which are
related to the macroeconomic parameters such as GDP, population, and some
secondary projections from the industry & mining model such as copper and
cellulose production which affects the demand in specific regions. These
econometric models are developed on a regional scale, based on the original
ministry of energy models, but corrected with the fuel consumption registered for
the 2014-2019 period. This enables a projection of the GHG emissions that is closer to
the actual GHG emission reported on the GHG emission inventory.
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The mitigation scenarios consider three kinds of mitigation action: (1) change from
fossil-fuels to zero-emission'? vehicles, (2) change in the mode of fransportation from
a GHG emission-intensive mode to a less intensive mode (for example from private
car to bus), and (3) reduction from the total demand with actions that incentive
active transport (e.g. walking, bicycle) or a reduction from transport demand (e.g.
remote working). The actual actions considered in the models are presented in the
following table:

Table 3-4 Mitigation actions for the Transport Sector

Sector: Energy-Transport

Subsector Action éghon level x’”on level | A ction level AM
68% of the
private car

33% of the 58% of the market in 2050.
private car private car Exponential base
marketin market in penetration plus
2050. 2050. a subsidy for

i ; electric cars

Road Electromobility: Exponential Exponential . .

i ; enefration enetration equivalent in the

fransportation | Private cars P P i

with an with an period 2025-2030,

estimation of | estimation of | f0 @ fifth of al

2.6% of 3.2% of new cars in 2025,

private cars in | private cars in | @ fourthin 2026,

2030. 2030. and a third in the
period 2027 to
2030. This results
in 13.5% of

13 At least in terms of emissions on the exhaust pipe, they certainly mean a demand for
electricity and hydrogen that could need fossil fuels to safisfy. As an assumpftion the
hydrogen modelled is considered as “green-hydrogen” produced using solar energy. In the
case of electric vehicles, the additional electricity demand is considered in the electricity
generation projections.
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Sector: Energy-Transport

Subsector Action pclclies i (e Action level AM
CP IM
private cars in
2030.
morne | 0ete | osmorine o
' " | in 2040.
Exponential Exponential Exoonential
Electromobility: | penetration penetration it .IO .
Taxis with an with an penefrafion with
. . . . an estimation of
estimation of | estimation of 24.0% of Taxis in
24.0% of Toxis | 24.0% of Toxis | - - O°
in 2030. in 2030
100% of the 100% of the
buses in 2040. | buses in 2040. | 100% of the buses
Exponential Exponential in 2040.
Electromobility: penetration penetration Exponential
Buses with an with an penetration with
estimation of | estimation of | an estimation of
21.0% of 21.0% of 21.0% of public
public buses | public buses | buses in 2030.
in 2030. in 2030.
85% of the 85% of the freight
freight trucks | trucks in 2050.
Hyglrogen on Same as 2018 | in 2050. Linear growths
freight frucks (0%) Linear starting in 2024
growths with a 0.4% of
starting in trucks. By 2030, it
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Sector: Energy-Transport

Subsector Action é(F:)’rlon e ﬁ:/c\:hon e Action level AM
2024 with a is estimated that
0.4% of trucks. | 19.9% of freight
By 2030, it is trucks could use
estimated hydrogen.
that 19.9% of
freight trucks
could use
hydrogen.

New bus rapid
transit corridors
in Santiago

Same as 2018
(95 km)

Same as 2018
(95 km)

Installation of 150
km of new BRT
corridors (total of
245 km) between
2027 and 2032

Estimated to
result in an
increase of 7% in
the use of buses,
from passengers
that leave
private cars.
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Sector: Energy-Transport

Subsector Action Aeifien eve i (e Action level AM
CP IM
3000 km of new
bikeway installed
i,:?:rr:ssle of i':lw?:rrrenc?sle of between 2025
Incentive to . . and 2030.
. bicycle bicycle . .
new bicycle . . Estimated impact
. infrastructure | infrastructure .
infrastructure L S of areduction of
from historical | from historical
10% from urban
tendency. tendency.
passenger
demand.
No hydrogen | No hydrogen | 10% of flights with
H
Air ydrogen.on on on hydrogen in 2050,
. commercial . . . )
fransportation fiahts commercial commercial linear increase
9 flights flights from 2035.

3.3.2. Industry & Mining

SOURCE: AUTHORS

The Industry and Mining energy demand sector (I1&M) covers the GHG emissions
associated with the energy use of fossil fuels in industrial processes. For the &M
modelling, the demand is estimated from the final use of energy, with detailed
characterization for each of the fifteen administrative regions. This model is an
updated version of the model originally used by the Energy Ministry for the
development of the PELP (2020), where both the data from 2014-2019 from the
energy balance and the production of each region was updated. The model is
disaggregated by sub-sectors associated with each main industry, where some
categories are specific to mining, since this is a major economic activity in the
country, especially copper mining. Also, for each of this subsector some level of
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detail is characterized. Specifically, the copper industry is modeled by type of
mining and type of process (categories are open pit mining, underground mining,
concentrate, leaching, smelting, refining, and associated services), while all the
other subsectors are modelled with detail on process type: (1) motor processes, (2)
thermal processes and (3) other electric uses. This categorization is described in
more detail in the following table:

Sector: Energy-Industry & Mining

Table 3-5 Energy-Indusiry & Mining subsector description

Subsector Subsector description
Exploitation, extraction and metallurgical processes associated
with copper mining. Modeled following the projection of the
Copper Chilean Copper Commission (2020). It is modeled by type of

mining and type of process, where the categories are open pit
mining, underground mining, concentrate, leaching, smelting,
refining, and associated services.

Various Industries

It includes industries not included in other categories, such as
construction and agroindustry. Modeled according to the
projected growth of the national GDP.

Various Mines

Exploitation, extraction and metallurgical processes associated
with metallic and non-metallic mines other than copper, iron
and saltpeter. Modeled based on projected global GDP
growth.

Steel Industry

Industries and foundries that work with iron and steel.

Exploitation, extraction and metallurgical processes associated

Iron with iron mining. Modeled based on projected Asia Pacific
GDP growth.
Exploitation, extraction and metallurgical processes associated
Saltpeter with saltpeter mining. Modeled based on projected Asia

Pacific GDP growth.
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Sector: Energy-Industry & Mining

Paber & oul Paper and pulp production; does not include printing.
P pUiP Modeled based on a national projection of the sector.
. Stationary and mobile fishing, modeled based on a national
Fishing .
projection of the sector.
Petrochemical Methanol and ethylene production, modeled based on a
Industry national projection of the sector.
Beet sugar production. Modeled according to the projection
Sugar .
of beet production.
Concrete Concrete industry. Modeled according to the projected
growth of the national GDP.

SOURCE: AUTHORS

The comparison between the projected fuel consumption by model and the fuel
consumption recorded for the 2014-2019 period shows an underestimation of
demand of around 4% for the year 2019, where this difference is concentrated in
the copper mining industry. This difference needs additional adjustment.

The different modelled futures are generated by different demand projections that
are related to macroeconomic parameters such as national, Asian', or global GDP,
according to each subsector. These econometric models are developed on a
regional scale, based on the original models of the Ministry of Energy, and corrected
with the actual fuel consumption for the period 2014-2019.

The scenarios modelled consider two kinds of mitigation actions: (1) change from
the use of fossil-fuels to the use of electricity, (2) change from fossil-fuels and
electricity use to energy sources without GHG-emissions, such as biomass, solar
energy and hydrogen's. The actual actions considered in the models are presented

14|n this case the Asian GDP was used as a parameter, without prejudice to the fact that the
Chinese GDP was used as a parameter in other sectors.

15 Modeled hydrogen is assumed to be "green hydrogen" produced by solar energy, as was
the case with modeled hydrogen in the transport energy demand.
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in the following table:

Table 3-6 Mitig

ation actions for the Energ

Sector: Energy-Industry & Mining

y-Indusiry & Mining

Sector

Subsector | Action @S/]iel(lbgP Action level IM Action level AM
Same as
2019 (0%)
for
smelting
and
refining,
gl g 1'6% by 2050. 30% by 2050.
linear L;nefgr a O\;g;] 4 | Linear growth starting
growth of | STAMINGIN V2L WIN 14 5601, with an
Solar 0.02% an estimated estimated penetration
thermal from 0% penetration of 5.3% . P
systems in 2013 for | in 2030 for smelfing | O | 0-07 i 2030 for
leaching | 4ng refining, and smelting and refining,
and . and 10.1% for
. 5.4% for leaching . .
services, . leaching and services.
Copper with an and services.
estimated
penetrafi
on of
0.38% in
2030.
Same as | Additional 25%, Additional 25%, when
20]9, when possible. possible.
Electificati | (varies for | - . :
onin each Linear growth Linear growth starting
thermal process starting in 2021, with | in 2021, with an
processes | and an estimated estimated penetration
region, penetration that that varies for each
g;rzn% o varies for each process and region,
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Sector: Energy-Industry & Mining

Subsector | Action el Action level IM Action level AM
level CP
92.7%) process and region, | from 45.5% to 88.9% in
from 45.5% to 2030.
88.9%'¢ in 2030.
57% in open pit . .
. 63% in open pit mining
mining by 2050.
Same as ! 9By i by 2050.
2019 Inear grow . .
Flectrificati | (varies for | starting in 2021, with | Hnear growin starfing
. ) in 2021, with an
on in motor | each an estimated . .
: . estimated penetration
processes region, penetration that .
from 3.5% | varies for each ’rhojr varies for each
fo 21.2%] region, from 21.3% rsesg]lc;ni,nfrzoor;]OQS.:S% fo
to 33.1% in 2030. ne '
37% in open pit . G
- 37% in open pit mining
rr'nnlng by 2050. by 2050.
!—lydrogen Same as Llnegr g'row’rh . Linear growth starting
in motor 2019 (0%) starting in 2021, with in 2021 with an
processes an estimated o .
oenefration of 12.3% estimated penetration
i 2030, of 12.3% in 2030.
Electrificati 8% in underground | 8% in underground
onin Same as mining by 2050. mining by 2050.
fhermal 2019 (0%) | Linear growth Linear growth starting
processes starfing in 2021, with | in 2021, with an

16 This value is lower than the starting point because, if necessary, compliance with the solar
thermal systems action was prioritized over this electrification action.
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Sector: Energy-Industry & Mining

Subsector | Action el Action level IM Action level AM
level CP

an estimated estimated penetration

penetration of 2.7% | of 2.7% in 2030.

in 2030.

5 by 2050.

33% by 2050 46% by 2050.

Linear growth . .
solar Same as | starting in 2021, with !_lneor gro.w’rh starfing
thermal 2019 (0% . in 2021, with an

tems (0%) | an estimated . .
SYys oenefration of 11.0% estimated penetration
in 2030, of 15.3% in 2030.
% by 2050.

3% by 2050 3% by 2050.

Hyd Linear growth Linear growth startin
Fydrogen | sme as | starting in 2021, with | - oo 97 °
in thermal ; in 2021, with an

2019 (0%) | an estimated . ,

. processes enetration of 1.0% estimated penetration
Various P =7 | of 1.0% in 2030.
Industries in 2030.

12% by 2050.

% by 2050 12% by 2050.
Hyd Linear growth Linear growth startin
Fydrogen | same as | starting in 2021, with | - oo 97 °
in motor ; in 2021, with an
2019 (0%) | an estimated . .
processes . estimated penetration

penetration of 4.0% of 4.0% in 2030

in 2030. e '
Electrificati | S@me as | 88% by 2050. 88% by 2050.
oninmotor | 2019 tor | Linear growth Linear growth starting
processes | (varies for o . . .

each starting in 2021, with | in 2021, with an
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Sector: Energy-Industry & Mining

Subsector | Action el Action level IM Action level AM
level CP
region, an estimated estimated penetration
from penetration that that varies for each
18.6% to varies for each region, from 41.8% to
88.6%). region, from 41.8% 88.4% in 2030.
to 88.4% in 2030.
21% by 2050.
% by 2050 21% by 2050.
Hvd Linear growth Linear growth startin
Hyarogen Same as | starting in 2021, with | . 9 . 9
in motor ; in 2021, with an
2019 (0%). | an estimated . .
processes . estimated penetration
penetration of 7.0% of 7.0% in 2030
in 2030. e ‘
Various 74% by 2050
Mines o DY £UW% 79% by 2050.
Same as | Linear growth . .
2019 starting in 2021, with Linear growth starting
Electrificati | (varies for . ' in 2021, with an
: an estimated . .
on in motor | each enetration that estimated penetration
processes ;eglogcfy \F/)ories for each that varies for each
rom U H
f 26.3% t
to 94.4%). | region, from 24.7% rse?g2|c;nin ;)Orgo 8.3% 10
to 87.6% in 2030. e '
10% by 2050.
Hydrogen Linear growth starting
Steel . Same as . .
Industry in thermall 2019 (0%). Same as 2019 (0%). |in 2021, with an .
processes estimated penetration
of 3.3% in 2030.
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Sector: Energy-Industry & Mining

Subsector | Action feieln Action level IM Action level AM
level CP
10% by 2050.
Biomass in same a Linear growth starting
thermal 2019 (07; Same as 2019 (0%). | in 2021, with an
processes ' estimated penetration
of 3.3% in 2030.

SOURCE: AUTHORS

3.3.3. Buildings

Just as the other demand sectors, building modelling follows a demand-based
focus, where the demand is estimated according to the final use of the energy. This
model originally is an updated and improved version of the model originally used
by the Energy Ministry to develop the PELP (2020). The model is divided into 3 sub-
sectors: (1) residential, (2) commercial and (3) public, and for each of them the
characterization is detailed by fifteen administrative regions. Also, for each of these
models some level of detail is characterized according to the next table:

Table 3-7 Buildings Sector subsector description

Sub-sector Sub-division Final use

Houses Heating
. ) Hot sanitary water
Residential )
Cooking
Apartments
Appliances
) Hot Sanitary Water
Commercial Banks

Pump and ventilation
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Sub-sector

Sub-division

Final use

Heating and Climatization
Offices Equipment
Lighting

Others uses

Supermarkets

Hot Sanitary Water
Cooking

Heating and Climatization
Refrigeration

Lighting

Others uses

Shopping Malls

Hot Sanitary Water
Cooking

Heating and Climatization
Motors

Lighting

Others uses

Others commercial
buildings

General uses

Private Hospitals

Public

Public Hospitals

Hot Sanitary Water

Pumps and ventilation
Cooking

Heating and Climatization
Office equipment
Sterilization

Refrigeration
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Sub-sector Sub-division Final use

Lighting
Laundry

Ofthers uses

Schools Hot Sanitary Water
Cooking
Computers

Universities Lighting
Other uses

Other public buildings General uses

SOURCE: AUTHORS

The model developed by the energy ministry was updated considering the data
from 2014-2019 from the energy balance for each of the regions, and with
complimentary information about the different activities, such as number of new
buildings from the different categories. The original results of the ministry energy
model overestimated the GHG emissions by 7% in comparison with the GHG
emissions inventory, which is equivalent to 0.5 ktCOa2eq. It is important to highlight the
information recollected from the newest Census that allowed us to have a more
accurate estimation of the level of activity from the different sources of GHG
emissions considered. This new information was included in the revision of the
projections of the energy, and as a result we have an updated projection that in
comparison to the original is higher for the public sector and lower for the residential
and commercial sector.

These projections are based on econometric models that correlate the different
variables with macroeconomic models such as population and GDP. As for the
saturation of electric equipment in the homes, data from the US is used and it is
assumed that for similar levels of GDP per capita the penetration of this equipment
will be the same. This approach has been used in previous experiences in Chile, most
notably in Fundacion Chile, (2014).
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The different futures modelled are differentiated by buildings areas and penetration
rates of the different appliances in those buildings, all of this estimated from
macroeconomic parameters such as GDP and population.

The scenarios represent different mitigation actions which can be summarized as (1)
change from fossil-fuel to zero-emission'” technologies, and (2) reduction of the
energy demand, with better thermal insulation on buildings. The following table
presents the mitigation actions considered:

Table 3-8 Mitigation actions for the Energy-Buildings Sector

Sector: Energy-Buildings

Subsector Action Action Action level IM Action level AM
level CP
Close to 90% of the
Close to Close to 75% of | final demand is
50% of the | the final electricity by 2050,
final ' demqnf:l is considering an
| Blectrification | 9emand’s | etectricily by | exponential growth
Commercial of end Uses electricity 2050, from 2022 (52.4%).
by 2050, considering an
similar to exponential In 2030 electricity
the level in | growth from represents 56.5% of
2020. 2030 (52.4%). the energy
consumption.
10% in hospitals | 50% in hospitals by
by 2050, starting | 2050, starting from
Solar water from 2020 and 2020 and linear
_ heaters on Same as linear growth. growth.
Public .
public 2018 (0%) | By 2030, 3.3% of | By 2030, 16.7% of
hospitals hot sanitary hot sanitary water
water comes comes from solar
from solar roofs- | roofs-

17 Although the changes to electric appliance result in an increase electric demand
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Sector: Energy-Buildings

2030, around
35% houses, and
around 55%
apartments.

Acti
Subsector Action ction Action level IM | Action level AM
level CP
Electric 48% in hospitals | 100% in hospitals by
heating in Same as by 2050, starting | 2050, starting from
public 2018 (0%) from 2022 and 2022 and linear
hospitals linear growth growth
50% of the electric
demand cover by
solar PhV on non-
specific public
Solar PV on buildings for the
oublic Same as Same as 2018 northern regions
buildings 2018 (0%) (0%) (down to the
Regidn Vi) by 2050.
Linear growth
starting in 2021. By
2030, 16.7%.
72% of houses
by 2050 72% of houses by
20% of 89% of 2050
houses by apartments by 89% of apartments
Electric 2050 2050 by 2050
Residential res@enhol 40% of Growing linearly | Growing linearly
heating apartment | q5 2021, By | from 2021. By 2030,
by 2050

around 35% houses,
and around 55%
apartments
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Sector: Energy-Buildings

Subsector Action Action Action level IM Action level AM
level CP
20% of 36% of houses
housfs 0”? by 2050 72% of houses by
apartments 2050
Electrification | by 2040. 35% of
of residential | Linear apartments 89% of apartments
. by2050. by2050.
cooking growth
from 2018. | Linear growth Linear growth from
By 2030, from 2018. By 2018. By 2030, 32%
1%. 2030, 14%
63% hot sanitary
water of houses | 63% hot sanitary
by 2050 water of houses by
57% hot sanitary 2050
Same as water of 57% hot sanitary
Solar water 2018 (0%) apartments by water of
heater 2050 apartments by2050
Linear growth Linear growth from
from 2021. By 2021. By 2030, 22%
2030, 22% of of houses and 19%
houses and 19% | of apartments
of apartments
) 0 new 20.000 new
Retrofit of houses with | houses with 40.000 new houses
Thermal retrofit of retrofit of with retrofit of
Insulation thermal thermal thermal insulation
insulation insulation by by yea
by yea year

SOURCE: AUTHORS
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3.4.Waste

The waste sector is represented in an Analytica model, which has been used
previously by the modelling tfeam in GreenLab (2014) and Benavides et al. (2021).
Although the model was originally developed in 2013, it has been updated,
including the same methodologies and data used in the last GHG inventory'® (MMA,
2020),

The model is developed considering four modules for each one of the categories:
solid waste disposal, biological tfreatment of solid waste, incineration and open
burning of waste, and wastewater treatment and discharge. It is important to
consider the connections between the four models, as they not only use the same
key inputs such as population and GDP, but also there are some interconnections,
for example the fraction of organic waste that is destined to compost affects both
the solid waste disposal and the biological treatment of solid waste. Another
relevant interconnection between the modules is the sludge generation from the
wastewater treatment plants and its disposal on landfills.

Of the four categories included in the waste model, solid waste disposal has
historically represented the main category of emissions. This module follows the IPCC
Guidelines (2006), modelling the emissions following a first decay order modelling,
which estimates the generation of methane from the decomposition of the organic
fraction of waste. This method is intense in the use of historical data, estimating for
each year the emissions of the accumulated waste in the differente landfills. For this,
ther model considers a series of waste generation from 1950 onwards, the series that
was reconstructed by the environmental ministry and the same one that is used to
create the national GHG inventory. The projection of the generation is based on the
econometric relationship between waste generation and GDP per capita founded
by the World Bank (2018). The data of waste generation is disaggregated by the
fifteen administrative regions of the country.

The composition of the generated waste is divided into 9 categories: food waste
and similars, paper and cardboard, wood, texfiles, sludge (only from wastewater
treatment plants), plastics, glass, metal, and other non-organic waste. Of these
categories only the first five decompose into methane, while the remaining don't
produce GHG emissions on landfills’?. The final disposal sites of the waste changes

18 Base year 2018. Includes the 1990-2018 series.
17 They are modelled with this detail in order to model some policies and co-benefits of
potential mitigation actions. Also, it is worth notice that if incinerated, the plastic fraction
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both in time and by region, based on the historical data and the projected new
landfill sites. The model distinguishes between four different types of final disposal
sites, considering the physical characteristics and usual operation of them. This as
well as the climate affect the decomposition rate considered for each of the waste
fractions.

Finally, the model considers some options that affect the estimation of the methane
emissions, considering technologies such as capture and burning of the biogas
generated. This is based on the historical registers, it is noted that in Chile there has
been some capturing and burning of biogas since 2004, growing fast until 2010 from
where it has stabilized on 55-65 ktCH4 per year.

The other four categories are both less relevant in terms of total emissions, and less
complicated to estimate. Some of the main considerations in these categories are:

e Biological treatment of solid waste: Considers historical data from industrial
composting. It could be underestimating the emissions as it does not consider
small-scale composting, and only rely on a database of register composting
projects.

e Incineration and open burning: consider incineration of hospital waste and
cremation, and industrial waste incineration. The data comes from health
stats (hospital waste and cremation) and the declaration from the industry
on the account of the registry for waste generation, transfer, and disposition.
It is relevant to consider that the data from the industry has been available
only from 2014.

e Wastewater treatment and discharge: considers methane from residential
wastewater, nitrous oxide from wastewater and industrial wastewater. The
data comes from official data related to the sanitaries report. The residential
wastewater method distinguishes between rural and urban wastewater as
the mix of freatment varies significantly between them.

As with any estimating model, the analysis from the results have to consider the
uncertainty of the modelling process, as the estimation can vary in time as the
assumptions, methodologies and data are refined. In this aspect some of the
uncertainties of the projections are captured by the futures developed. This model
is especially sensitive to the population projections and, in second place, the GDP
projections. These parameters affect the residential solid waste generation, the

would emi non-biogenic CO2 and other GHG.
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industrial generation of waste, the wastewater generation, the amount of protein
on wastewater, and the activity level of incinerations and hospital waste
incinerated, among others.

In particular for each of the scenarios considered in this exercise the following
actions were modeled:

Table 3-9 Mitigation actions for the Waste Sector

Sector: Waste

Subsector | Action Action level CP | Action level IM Action level AM

Increased Same as 2018. | 100% of capture | 100% of capture
capture and | New projectin | and burning in and burning in
burning of Tarapaca managed managed landfills
landfill gas Region (2021) | landfills by 2030 | by 2030

Solid waste
disposal 50% of residential
New Same level as Same level as Zggr:nfsgzs;e
composting | 2018 (316 2018 (316 P Y
lants kt/year) kt/year) 2050,
P Y Y By 2030, 9.5% is
composted.
New plants:
Gran New plants:
New ., .,
wastewater Concepcion Gran Concepcion
(2030) (2028)
Wastewate | freatment , ,
rtreatment | olants for Same level as | Gran Valparaiso | Gran Valparaiso
P 2018: only in (2035) (2033)
and the most .
discharae obUloUs Sanfiago. La Serena - La Serena -
9 2mzs Coquimbo Coquimbo (2038)
(2040) Antofagasta
Antofagasta (2038)

(2040)

SOURCE: AUTHORS
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3.5.IPPU

The Industrial Processes and Product Use (IPPU) GHG emissions is a sector that covers
emissions from industrial processes, from the use of GHG in products, and from non-
energy use of fossil fuel carbon (Harnisch and, Kojo, 2006). For the purpose of this
study these emissions are modelled in Analytica, based on a previous model
developed in Benavides et al. (2021).

Since the original development of the model, a new oficial GHG inventory was
published by the Chilean Government, which in the IPPU sector applied some new
methodologies for some subsector, for example a tier 3 methodology is applied for
the production of nitric acid and a tier 2 methodology for refrigeration and air
conditioner, when on previous inventory a lower fier methodology was used. These
methodological changes and updated data were included in the new version of
the model, which means the resulting estimation is closer to the official GHG
inventory series (1990-2018).

The model consist of six modules which represents the six categories of GHG sources
included in the inventory, this are: (1) mineral industry, which includes cement, lime
and glass industries, (2) chemical industry, which includes nitric acid and
petrochemical industries, (3) metallic industry, which includes iron, steel and lead
industries, (4) Non-energy products from fuels and solvents use (5) emissions of
fluorinated substitutes for ozone depleting substances, which includes different
applications of this substances, and (6) Other product manufacture and use, which
includes mainly the SFs emissions from the manufacture of electric equipment.

This model is conceived as a second stage model, meaning that it receives both
primary projections such as GDP and population, and secondary projections such
as the cement production or the projections of transportation. This information is
complemented with industry level information and historical data to find
relationships between the level of production and variables such as GDP. These
relationships are then used to estimate the future level of activity for each of the
futures and scenarios, hence the projections of emissions.

This process complexity varies across the different modules, depending on the
methodology used to estimate emissions in the GHG inventory, on the information
available to project, and on the relevance of each category in terms of total
emissions. For those categories with more emissions a more detailed modeling is
conducted in order to get more sensitive estimations to the multiple factors that
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could impact in the final results. In the last inventory the most relevant category is
the emissions of fluorinated substitutes for ozone depleting substances, which is also
the category with the biggest growth rate.

The emissions of fluorinated substitutes for ozone depleting substances consist mainly
of HFC emissions due to the installation, fugitive emissions and end-of-life emissions
of Refrigeration and Air Conditioning equipment and systems. Also, there is a
contribution of the use of HFCs regarding products such as Metered-Dose Inhaler
and solvents. This category has an additional complexity because it's affected by
the Kigali Amendment of the Montreal Protocol, which regulates the consumption
of HFC. This means that the use of historical data to represent the future might not
be enough. For this reason, a five step method is used:

1. HEC consumption base-projection: this projection doesn't consider the
impact of the Kigali Amendment, and it depends on the relationship
between the banks of HFC on the different applications and
macroeconomic variables.

2. Determination of the HFC consumption limit: The Kigali amendment
establishes a chronogram of reduction, which depends on the base
consumption determined from the actual consumptions between the years
2020-2022, plus a margin related to the HCFC consumption in the past. For
Chile, the Kigali Amendment means a freeze of the HFC consumption
between the years 2024-2028, a 10% reduction from 2029, a 30% form 2035, a
50% from 2040, and 80% from 2045.

3. Determination of new HFC consumption: The HFC consumption limit is forced
following a cost-based prioritization list of the different applications and sub-
applications. This list is based on the cost of alternative technologies
developed by Purohit (2017) and Hoglund-lsaksson (2017). The prioritization
means that when the total consumption of the base-projections is greater
than the limit, the sub-applications with less technological substitution cost
will reduce their consumption until the limit is reached. The model will reduce
consumption in as many sub-applications as it is necessary to achieve the
restriction.

4. Estimation of the application banks: considering the new HFC consumption
by application, and the fugitive emission rate and average life for the
equipments, a new estimation of the banks is estimated in a recursive way,
where the bank of a year t (B, ), depends on the bank of the previous year
(B; —1), the new bank (N, ) and the fraction of the bank that finish their lifespan

(Nt —ls):
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By = Bi_1+ Nt — Ny

5. Estimation of the emissions: Considering the estimation of the banks and
consumption under the influence of the Kigali impact, new emissions are
estimated using the same parameters used in the GHG inventory.

The results of the projections represent the best estimation, but they have to be
carefully considered, as they have uncertainties. These uncertainties have different
origins, and some are collected by the use of different futures as explained at the
beginning of this chapter. Some of the parameters that vary between the different
sectors are both primary projections such as GDP and population, and secondary
projections that came fundamentally from the energy demand sectors models.
These parameters affect the activity level considered in the most relevant
categories, such as HFC consumption, and the industry's activity.

It is relevant to highlight that the scenario considered by the Chilean government
for the construction of the NDC does not consider any mitigation action for the IPPU
sector, although the Kigali Amendment is considered in the business-as-usual
scenario. In the next table, the mitigation actions for each of the scenarios are
presented:

Table 3-10 Mitigation actions for the IPPU Sector

Sector: IPPU
. Action level . Action level

Subsector Action cp Action level IM AM

ScF)(r\;sumpTion Kigali Kigali Kigali
Emissions of restriction Amendment Amendment Amendment
fluorinated
substitutes for Just the -Just the .
ozone Recovery and . . New installed

) . capacity capacity .
depleting regeneration of | . . . . capacity for
bst refrigerants installed in installed in 2.800 t/vear dl

substances 9 2018: 350 2018: 350 SOy

plants 2030

t/year t/year

SOURCE: AUTHORS
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3.6.Agriculture

The agriculture sector model has been developed in Lumina's Analytica software,
based on the model developed for the study “Options for achieving carbon
neutrality in Chile by 2050 under uncertainty”(Benavides et al., 2021). The
methodology for estimating emissions based on the Natfional Inventory of
Greenhouse Gases (Ministerio del Medio Ambiente de Chile, 2021), based on the
methodological guidelines of the IPCC 2006, was used for this category. The current
model considers the updates of the last inventory report (INGEI) 1990-2018 for the
sector to date.

The emissions that are considered from the agriculture sector are subdivided into 7
categories, (1) Enteric fermentation, (2) Manure management, (3) Rice cultivation,
(4) Agricultural soils, (5) Urea application, (6) Agricultural burn and (7) Liming. Within
this sector, 82% of the emissions come from the Enteric Fermentation and Agricultural
Soils categories (based on last year records included in the inventory report), with a
distribution of 42.2% and 39.8% respectively. The third largest contributor is Manure
Management emissions with 12% of the sector emissions; these 3 categories add up
to 94.7% of the total emissions of the sector (Ministerio del Medio Ambiente, 2021).

The category Enteric Fermentation (1) considers those emissions of methane (CHa)
that are produced in the digestive systems of livestock, mainly by cattle and sheep,
representing 93.9% of the emissions of the category, followed by pigs and other
species. The emissions corresponding to the Manure Management (2) category,
includes those emissions of Methane (CH4) and Nitrous Oxide (N20O) generated by
the manure storage in livestock production systems, mainly pigs and cattle. It also
includes emissions from other species, such as pouliry, camelid horses and goats.

The historical series was estimated in the model, data at the regional level are used
for No. of heads of cattle by type of cattle, based on official information generated
by ODEPA2, mainly based on the 2007 Agricultural and Forestry Census (INE, 2007),
in addifion to annual reports. Emission factors used, correspond to Tier 1 and Tier 2.

For the projection of cattle heads, an econometric model was developed based
on the beef producer price and the corn producer price. The projected number of
Pig heads is based on the projections of the corn producer price, and the projection

200DEPA, Office of Agrarian Studies and Policies, for its acronym in Spanish
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of the number of heads of Poultry was based on the projection of the price to the
producer of Corn and producer price of Soy. The price projections were obtained
from OECD world statistics, updated to 2020, corresponding to the period 2020-2029,
for the year 2030, the growth rate of each of the prices obtained from OECD Stats
was maintained.

The emissions corresponding to the Rice Crop (3) category include Methane (CHa)
emissions, produced by the anaerobic decomposition of organic material in
flooded rice fields, using IPCC methodological level 1, using national rice harvest
area data from ODEPA. For the rice surface projection, a logarithmic trend from the
period 1990-2018 was developed, presenting a slight decrease of 5% by 2030
compared to the base year 2019.

The emissions corresponding to the category Agricultural soils (4) correspond to
those emissions of Nitrous Oxide (N20O), generated from the soil surface as a result of
microbial processes associated with the application of nitrogen in its different form:s,
including inorganic fertilizer, organic fertilizer (livestock manure), nitrogen from urine
and manure from grassland grazing animals, and nitrogen available in crop
residues.

The data used for synthetic fertilizer use in agriculture for historical periods was
obtained from ODEPA, based on fertilizer import data provided by the National
Customs Service. For the estimation of future synthetic nitrogen, a parameter that
represents the level intensity use of nitrogen by crop was used (Ulibarry, 2019). The
future area by different crop typeswas estimated based on their historical trend
(1990-2018) and projected up to 2030, to estimate the future consumption of
fertilizer, a conventional dose of N application was used by type of crop (KgN/ha).
For the estimation of organic fertilizer applied to sails, it was estimated based on the
available manure in confined productive systems (integrated variable with
projection of livestock), also for the emissions of nitrogen from urine and manure
from grazing animals.

The results of the projections were compared with “MAPS initiative 2012" and
National estimations from the Ministry of Environment, differing mainly in the number
of cattle and pigs.

Three different futures were considered in the analysis for different parameters.
Green Future considers low prices of bovine meat, maize, and soy, and, for actions,
considers an early implementation of one year. Red Future considers high prices of
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bovine meat, maize and soy and a late implementation of mitigation actions. A
specific population dependent parameter was considered to project meat
consumption in the future.

In particular, for each of the mitigation scenarios considered in this exercise the
following actions were modeled:

Sector: Agriculture

Table 3-11 Mitigation actions for the Agriculture Sector

Biodigesters

managed their
purines with
biodigesters to
2030

Action Action level CP Action level IM Action level AM
h i 5 of th i ttle i .

C qnge |.n No additional 70% o gdcnry catfiein Implementation
bovine Diet adobtion 2037, starting the starts in 2025
(lipids) P implementation in 2030

27% of fotal Addifional 17% of the

porcine heads .

rines total of porcine heads

Porcine P managed their purines No additional

with Biodigeters,
reaching 44% of total
heads in 2030.

adoption

Efficient use of
fertilizer

No additional
adoption

Reduction of 5% of the
intensity of use of
synthetic fertilizer to
2030, starting on 2026

No additional
adoption

Application of
organic
amendments

No additional
adoption

No additional adoption

Application of
organic
amendments to the
10% of national
cereal surface to
2030, starting in
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Sector: Agriculture

management of
cattle

No additional
adoption

Action Action level CP Action level IM Action level AM
2025.
20% of the bovine
Holistic grazing grassland of

No additional adoption

the X Region (Los
Lagos) by 2030,
starting in 2025.

Bovine
biodigesters

No additional
adoption

No additional adoption

Management of
dairy cattle slurry in
confinement,
reaching 80% of the
heads by 2030,
starting in 2025

Reduction of

No additional

Reduction in the
area of agricultural

adoption

agricultural adontion No additional adoption | burns, by 80% by

burns P 2027, starting in
2023.
Implementation of

Biochar No addifional No additional adoption a biochart

production plant
starting in 2024
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Sector: Agriculture

Action Action level CP Action level IM Action level AM
A 10% tax on
- consumer prices,
No addit I
Meat tax ©a . mona No additional adoption | reducing the
adoption )
national meat
production.

SOURCE: AUTHORS

3.7.LULUCF

The LULUCF sector model was developed in Lumina's Analytica software. A GHG
emissions projection model was built, which is consistent with the historical emissions
of the national GHG emission inventory of Chile for the period 1990-2018, using as a
basis the GHG data for the different subcategories of the sector provided by the
MMA (2021a) and using the IPCC (IPCC, 2006) methodology used in the Chile
National Inventory Report 2020 (MMA, 2021a). The model is divided into different
nested modules which contain the specific modeling of a category of the LULUCF
sector and are organized as follows:

4.A Forest land:

o Forest Land Remaining Forest Land: This module modeled emissions
and captures associated with the following categories: increase of
forest biomass (growth), loss of forest biomass (harvests, wildfires,
use of firewood, and burning of forest residues), and change in
vegetation (substitution and restoration).

o Land converted to Forest Land: This module includes emissions and
captures associated with Land converted to Native Forest, and
Land converted to Plantations.

4.X.1: Land converted into X (Where X = BCDEF): This module groups the
captures and emissions associated with land converted into Grasslands (B),
Croplands (C), Wetlands (D), Settlements (E), and Other Lands (F)
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4.X.2.X: X that remain as X (Where X = BCDEF): In this module are considered
captures and emissions associated with Grasslands (B), Croplands (C), Wetlands
(D), Settlements (E) and Other Lands (F) remaining as such.

For the projection of the sector to 2030, we used the methodology and modeling
approach used by Benavides et al. (2021). The approach calibrated an
autoregressive vector model (VAR) for the subcategories of increases in biomass,
harvests, Land converted to Forest Lands, croplands, grasslands, wetlands, and
other lands. For burning of forest residues, change in vegetation and HWP the
approach used the corresponding average of the last 5 years. Projections of the
areas of plantations, native forest, croplands, and grasslands affected by wildfires
used the average from different reference decades; for the Green Future scenario
the period 1980-1989 was used, the Reference scenario used the period 1990-1999
and the period 2000-2009 for the Red Future scenario. This projection starts in 2021,
for the years 2019 and 2020 official data of areas affected by wildfires provided by
CONAF (2021b) were used. Projection of the biomass loss by firewood extraction
follows the frend of demand energy sector of residential wood consumption.

The projection method for native and exotic afforestation measures (and the
afforestation measure - increase in hectares in the AM scenario) is the same as the
approach used by Benavides et al. (2021), which use emission factors derived from
the historical calculation of GHG emissions from the Land converted into Forest lands
subcategory (native forest and plantations). For increases in hectares of native
forest under forest management measure (and the measure that increases the
hectares managed in the AM scenario) and the increase in protected areas
measure, the same methodology described by Benavides et al. (2021) was used.
The method uses emissions factors derived from the historical calculation of GHG
emissions from the “Increase in Biomass” subcategory, derived from the IPCC
equations (2006) used by the National Inventory Report of Chile 2020 (MMA, 2021);
Similarly, the same approach (Benavides et al., 2021) was used for the projection of
fire degradation control measures, using IPCC equations (2006) used by the National
Inventory Report of Chile 2020 (MMA, 2021) for the subcategory of Biomass Loss.

For the kelp forest management projection, the emission factors were taken from
Vdasquez et al. (2014) for the three species of kelp used in the model.

For economic evaluation of the exotic afforestation measure, cost data were taken
from different sources and adjusted by inflation if necessary, one of the sources were
provided by CONAF (2012) where the investment cost were calculated using an
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average of the values of macro zones within Chile with a density of 1100 plants per
hectare, considering manual plantation per plant, subsoiing at 40 cm and
protection against lagomorphs. Another source of data of plantation establishment
was provided by CORMA (2021). The mean of the total investment cost for exotic
afforestation was used.

For the operating values of plantation forestry, costs of first pruning, first thinning,
technical advice in degraded soils, pruning and commercial thinnings, plus
technical advice, CONAF (2012) values were used. CORMA (2021) also provides
operating cost data, which includes land lease and marginal administration cost.
The mean of the total operation cost for exotic afforestation was used.

For the incomes, mean of yield given by Corvaldn & Herndndez (2012) were used,
prices of harvested wood were given by INFOR (2021).

For the values of the investments in afforestation with native species, the same
sources were used (CONAF, 2012; CORMA, 2021), but also were averaged with the
values per hectare provided by a CONAF call for tenders code 1859-4-LQ21. The
operating costs of this measure are the same as those provided by CONAF (2012)
used for the exotic forestation measure.

For the investment costs of the increase of hectares under forest management
measure, different sources of cost information were used. The first source of
investment cost are the mean values of ecological enrichment, infiltration ditch,
direct seeding, control and elimination of exoftic species, firebreaks, fuelbreaks and
surveillance trails provided by CONAF (2020); CORMA (2021) also gives values of
management establishment. the mean between both sources of data were used.
For operating costs, these are divided into costs counted only one year after the
application of the management plan, for which the control values of exoftic species
and sanitary felling extracted from CONAF (2020) were used, other costs of
operation considered, corresponding to the set of silvicultural interventions and
harvesting activities that allow meeting the objectives established for the use of a
forest, as well as the income values for the harvest of native wood were taken from
ODEPA (2003), which made a projection of income, costs, and surface data from
which the projections for "year 20" were used. Another source of operation cost for
land lease and marginal administration were provided by CORMA (2021).

The investment costs of the measure of increase of protected areas were calculated
based on the average of the values per hectare of the private investments in
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conservation in Chile of MMA, PNUD, & GEF (2010), the operating costs and average
income were extracted from Toledo (2017)and converted to values per hectare
using the area data provided by MMA (2021b).

The investment and operation cost of the kelp forest management measure were
taken from Burg et al. (2016).

For costs of activities in native forest degradation reduction caused by wildfires, the
clear-cutting and chipping of extracted biomass was considered using values
provided by CONAF (2020). For operation costs, the value of sanitary felling was
considered, for the value of income the average costs of the land of class V, VI, VI
and VIl as a function of soil distributions using information from Zelada & Maquire
(2005) as areference, considering the probability of forest fire using data of CONAF
(2021q).

All values were brought to current values using the variation of the CPI provided by
INE (2021), the values of the dollar and UTM were converted using the monthly
average data provided by the Sl (2021a, 2021b). The investment and operating
values of all the measures increase by 20% annually until 2030, in accordance with
the methodology used by Benavides et al. (2021). Finally, a social discount rate of
6% was adopted.

Table 3-12 Mitigation actions for the LULUCF Sector

Sector: LULUCF

Action Action level CP Action level IM Action level AM
Native No additional | Forestation of | 100,000 hectares of
afforestation adoption 100,000 hectares of | permanent  forest

permanent forest [ cover with native
cover with native | species in 2030
species in 2030
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Sector: LULUCF |

Action Action level CP | Action level IM Action level AM
Exofic afforestation | No additional | Forestation of | Forestation of
adoption 100,000  hectares | 100,000 hectares
with exotic species | with exotic species
in 2030 in 2030
Native forest [ No additional | increase the | increase the
management adoption managed native [ managed  native
forest land in | forest land in
200,000 hectares in | 200,000 hectares in
2030 2030
Native Forest | No additional | 25% reduction of | 25% reduction of
Degradation adoption native forest loss by | native forest loss by
reduction - wildfires in 2030 wildfires in 2030
Wildfires
Increase in | No additional | No additional | 100,000 hectares of
protected areas adoption adoption protected areas in
2030
Kelp forest | No additional | No additional | 1,000 hectares of
management adoption adoption managed kelp

forest in 2030
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Sector: LULUCF |

Action Action level CP | Action level IM Action level AM
Native No additional | No additional | 20,000 hectares of
afforestation — | adoption adoption permanent  forest
increase in cover with native
hectares species in 2030
Native forest | No additional | No additional | increase the
management — | adoption adoption managed  native
increase in forest land in 20,000
hectares hectares in 2030

SOURCE: AUTHORS
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4. Results

This section presents the aggregated results of the modelling exercise, the first part
presents the GHGs emission results, the second part presents an analysis of the
fulfillment of the Carbon Budget defined on the Chilean NDC and the last part
presents the mitigation costs results.

4.1.Emissions

This section presents the GHGs emission results for all the sectors. Figure 4-1 shows the
total aggregated emissions for the Agriculture, Energy, IPPU, Transport and Waste
sectors for the 3 scenarios for the reference future, the CP and IM scenarios shows
an increase on the emissions by 2030, the only scenario that achieves an absolute
decrease on the emissions is the AM Scenario, also is the only scenario that has their
peak of emissions before 2025.
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Year
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Figure 4-1 Total aggregated emissions of the carbon budget sector in three different scenarios in the
period 2020-2030.
SOURCE: SELFMADE

LULUCF sector has net captures and independent goals on the NDC, so the results
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are presented separately, Figure 4-2 shows the emissions of LULUCF for the different
scenarios for the reference future, for all the pathways the sectors remains capturing
more GHGs than it emits, but the IM and the AM scenarios increases the net
captures of the sector by 2030.
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Figure 4-2 Total emissions of the LULUCF sector in three different scenarios in the period 2020-2030.
SOURCE: SELFMADE

More detailed results are presented in Figure 4-3, Figure 4-4 and Figure 4-5 where the
projected emissions for all the sectors can be analyzed with a 2050 perspective with
more detail for each scenario, as anillustrative way. For the Current Policies scenario
(Figure 4-3), we can appreciate a steady increase of emissions related to Transport,
Buildings and I&M, and a decrease in the net captures of the LULUCF sector, these
heavily increase the emissions by 2050, despite the reductions of the Electricity
Generation Sub-Sector.
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Figure 4-3 Emisions for the CP Scenario in the reference future.
SOURCE: SELFMADE

For the IM scenario (Figure 4-4), the absolute emissions peak around 2030, but
decline by 2050, this is related to a decrease in the emissions of most of the sectors
and an increase of the levels of capture of the LULUCF sector. The electricity sub-
sector contributes heavily with the mitigation by 2040, but afterwards starts to
increase their level of emissions again.
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Figure 4-4 Emissions for the IM Scenario-Reference Future
SOURCE: SELFMADE

For the AM scenario (Figure 4-5), the absolute emissions peak by 2023 and decline
steadily until 2050, this is related to a decrease in the emissions of all the sectors and
an increase of the levels of capture of the LULUCF sector.
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Figure 4-5 Emissions for the AM Scenario-Reference Future
SOURCE: SELFMADE

4.2 .Emission overfutures: Sensitivity Analysis

As was explained before, this modelling exercise developed different futures that
address theexgenous uncertainties, this sub-section presents a sensitivity analysis of
the GHG emissions on the different scenarios. Figure 4-6 shows the aggregated total
emissions?!; intervals represent different futures for the three simulated scenarios. The
results show that the AM has significantly lower emissions than the other scenarios,
but also is more sensitive to be deviated to higher levels of emissions than lower.

21All net emitter Sectors.
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Figure 4-4 Total aggregated emissions of the carbon budget sectors in three different scenarios in the
period 2020-2030, intervals created by different modelated futures.
SOURCE: AUTHORS

Figure 4-7 and Figure 4-8 shows the sensitivity analysis for LULUCF sector net captures
on the different scenarios, the intervals showing different simulated futures. LULUCF
sector is highly sensitive to climate conditions, because affects the incidence and
severity of forest fires, this fact explains the wide interval for all the scenarios at the
beginning of the period, afterwards, by 2030, the IM and AM scenarios reduce their
interval, this is related with the NDC commitment of reducing the forest fires.
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Figure 4-7 Emissions at 2030 of the LULUCF sector in three different scenarios
SOURCE: AUTHORS
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Figure 4-8 Aggregated emissions of the LULUCF sector in three different scenarios in the period 2020-
2030
SOURCE: AUTHORS
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In ANNEX 2 there are more detailed results of the sensitivity analysis, presenting the
sectoral emissions for each scenario and future.

4.3.Alternatives to accelerate mitigation on the electricity sector

Currently in Chile, there is a lot of political pressure to accelerate the closure of coal
power plants, specifically, congress is currently discussing a law to force the
decommission of all coal power plants by 2025. It is interesting to evaluate the
performance of another form of accelerated mitigation, because forced phase-out
does not inherently follow an optimal economic path necessarily. For this
comparison the phase-out by 2040 will be maintained, but the carbon tax will be
increased to a level equivalent to the externality that CO2 emissions produces (50
USD/tCO2eq by 2025 and 100 USD/1CO2eq by 2050), thus sending an economic signal
to every power plant that depends on fossil fuels.

As it can be seen from the results in The results presented above present a dilemma:
setting a higher carbon tax is expected to achieve lower overall emission reductions
at lower mitigation costs, but higher uncertainty on the reductions. On the other
hand, a forced phase-out by 2025 has lower uncertainty on the mitigation goal, but
with higher costs.

Table 4-1 the GHG mitigation of the AMHT scenario is lower, although similar, than
the AM2025 for the red and reference futures (Figure 4-9, Figure 4-10, Figure 4-11 and
Figure 4-12). However, the lower fuel prices present in the green future disincentivize
it to transition to cleaner technologies, therefore it does not reduce the coal
generation as quickly and its GHG mitigation is underwhelming (Figure 4-13 and
Figure 4-14). The Table 4-2 shows that for each future the AMHT has lower costs than
the AM2025, this cost reduction is achieved at the expense of GHG mitigation.
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Figure 4-9 Red Future, AMHT Scenario for Year 2030
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Figure 4-10 Red Future, AM2025 Scenario for Year 2030
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Figure 4-11 Reference future, AMHT Scenario for Year 2030
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Figure 4-12 Reference Future, AMHT Scenario for Year 2030

72



Green AMHT - Year 2030 (109GWh)

Coal CSP
7,5% 2,3%
Natural Gas
6,2% PV
Biomass 21,0%
2,5%
Biogas
0,7%
Storage Hydro
13,6%
RoR Hydro 2:’::12
17,0% '
Figure 4-13 Green Future, AMHT Scenario for Year 2030
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Figure 4-14 Green Future, AM2025 Scenario for Year 2030

The results presented above present a dilemma: setting a higher carbon tax is
expected to achieve lower overall emission reductions at lower mitigation costs, but
higher uncertainty on the reductions. On the other hand, a forced phase-out by
2025 has lower uncertainty on the mitigation goal, but with higher costs.

Table 4-1 Mitigation Cumulate emission reduction 2020-2030 per Scenario and future

Emissions (MMTon CO2) IM AM 2025 AM HT
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Red Future 56.88 90.57 76.33
Reference Future 27.51 92.37 81.1
Green Future 7.91 83.85 38.39

SOURCE: AUTHORS

Table 4-2 Mitigation cost per Scenario and future

Cost (USD/ Ton CO») IM AM 2025
Red Future 154.05 143.26 140.09
Reference Future 83.09 88.33 85.48
Green Future 53.45 47.95 44.6

SOURCE: AUTHORS
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4.4 Fulfillment of the Carbon Budget

In the Nationally Determined Contribution (NDC) Chile commits to a GHG emission
budget not exceeding 1,100 MMton CO2eq between 2020 and 2030, with a GHG
emissions maximum (peak) by 2025, and a GHG emissions level of 25 MMton CO2eq
by 2030 (Gobierno de Chile, 2020).

In order to determine if with the mitigation measures proposed by each sector will
achieve the carbon budget by 2030 and carbon neutrality by 2050 (zero net
emissions) as established in the NDC, an analysis was made considering the
projected emissions of all sectors under the three different scenarios (CP, IM and
AM) and under the three proposed futures ("Green", "Reference" and "Red").
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Figure 4-15 Total absolute comulative emissions emitted between 2020 and 2030 for each scenario
and each future
SOURCE: SELFMADE

