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ABSTRACT

As countries continue to update their climate ambitions, they are seeking cost-effective

solutions for decarbonizing energy use. In this context, low-carbon hydrogen production

and use presents relevant opportunities for emission reductions and economic develop-

ment, and recent studies show important potential benefits from integrating electricity and

hydrogen networks. Based on a novel mathematical optimization model, we carry out

a case study for Chile in 2020-2050 to assess the least-cost evolution of the integrated

hydrogen-electricity system, testing different carbon prices, 100% renewable mandates,

and incorporating domestic and international hydrogen demand. By optimizing over var-

ious scenarios, we find that, due to the country’s significant renewable potential and the

flexibility that electrolyzers can provide to the network, adding hydrogen exports to do-

mestic hydrogen use may enhance renewable integration, while not necessarily increasing

in electricity prices for typical electricity customers (relative to our baseline), but also

make battery deployment less attractive. Further, we conclude that climate policies may

be crucial to achieve a fully renewable system by 2050 and reduce cumulative emissions,

resulting in 3-14% higher net present system costs. Finally, we discuss that various con-

cerns such as water and land use will have to be addressed by policymakers.

Keywords: Chile, Decarbonization, Integrated energy systems planning, Renewable inte-

gration, Hydrogen, Sector coupling.
xi



RESUMEN

A medida que los paı́ses actualizan sus ambiciones climáticas, buscan soluciones

rentables para descarbonizar el uso energético. En este contexto, la producción y uso de

hidrógeno bajo en carbono presenta oportunidades para reducir emisiones y desarrollarse

económicamente, y estudios recientes muestran beneficios potenciales de integrar redes

de electricidad e hidrógeno. Usando un nuevo modelo de optimización matemática, real-

izamos un estudio de caso para Chile en 2020-2050 para evaluar la evolución de menor

costo del sistema integrado de hidrógeno-electricidad, probando diferentes precios del

carbono, mandatos de 100% renovables, e incorporando demanda de hidrógeno nacional

e internacional. Optimizando en varios escenarios, encontramos que, dado el importante

potencial renovable y a la flexibilidad que los electrolizadores proporcionan al sistema,

añadir exportaciones de hidrógeno al consumo doméstico puede aumentar la integración

renovable, sin necesariamente aumentar los precios de la electricidad para los clientes

tı́picos (comparado con nuestro caso base), pero también hace que invertir en baterı́as no

sea atractivo. Además, concluimos que las polı́ticas climáticas pueden ser cruciales para

lograr un sistema totalmente renovable en 2050 y reducir las emisiones acumuladas, lo que

resulta en costos del sistema 3-14% mayores. Por último, discutimos que los responsables

polı́ticos deberán considerar diversos aspectos, como el uso de agua y suelo.

Palabras clave: Chile, Descarbonización, Hidrógeno, Integración de renovables, Planifi-

cación de sistemas energéticos integrados, Sector coupling.
xii
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1. INTRODUCTION

1.1. Context

To limit the negative impacts of climate change, 196 countries signed the Paris Agree-

ment in 2015, to keep the global temperature increase well below 2°C in comparison to

pre-industrial temperatures (United Nations Framework Convention on Climate Change,

n.d.). For that purpose, countries submit Nationally Determined Contributions (NDC),

which detail their emissions reduction targets. As of September 2021, most countries had

submitted at least their first NDC (IEA, 2021e). Moreover, over 50 countries and the Eu-

ropean Union have announced net-zero emissions targets. In 2019, Chile committed to

achieving carbon neutrality by 2050 (Prensa Presidencia, 2019).

As energy production and use are responsible for around two-thirds of the global

greenhouse gas emissions (IRENA, 2017) and 77% in Chile (Ministerio de Medio Am-

biente, 2020), decarbonization plans include measures targeted to abate energy-sector-

related emissions. The power sector accounts for around 39% of global energy-related

CO2 emissions (IEA, 2020) and 32% in Chile. Coal-fired generation alone accounts for

28% and 32% of global and Chilean energy-linked CO2 emissions, respectively. To ad-

dress this, Chile adopted in 2019 a plan to phase out and/or retrofit all coal-fired power

plants at most by 2040 (Ministerio de Energı́a, 2020c). This can contribute to Chile’s

ambitions, as reducing power system emissions will be crucial for deep economy-wide

decarbonization (IEA, 2021a). However, as the power sector produces under half of the

total energy-related emissions, decarbonizing electricity production will need to be com-

plemented with other solutions to achieve climate ambitions cost-effectively.

Hydrogen produced through low-carbon processes (hereafter, low-carbon hydrogen)

has gained strong momentum in recent years as an attractive energy vector to support

clean energy transitions. Over 35 countries either have published or are currently working

on hydrogen strategies (IEA, 2021b). Hydrogen can contribute to deep decarbonization

in various hard-to-abate sectors such as mobility and industry (IRENA, 2021a), as its use
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as an energy source does not produce direct emissions (IEA, 2019). Thus, its emissions

abatement potential rests on the availability of low-carbon means of hydrogen production.

In this sense, it can be considered low-carbon hydrogen if it is produced via electrolysis

(using water and electricity as inputs) supplied with renewable energy (Vásquez et al.,

2019).

By launching its National Green Hydrogen Strategy in November 2020 (Ministerio

de Energı́a, 2020b), Chile became the first Latin American country to publish an official

government document setting out ambitions and an action plan for hydrogen deployment.

With its goal of having 25 GW of electrolysis capacity built or under development by 2030,

it was the first country outside of the European Union with an established electrolysis

target (IEA, 2021c). Low-carbon hydrogen is set to play a crucial role in Chile’s clean

energy transition, as the government expects it to contribute to over 20% of the emissions

reductions needed to achieve carbon neutrality by 2050 (Ministerio de Energı́a, 2020a).

Additionally, the hydrogen market is expected to potentially create around 78.000 and

740.000 jobs by 2030 and 2050, respectively, if the ambitions detailed in the Chilean

strategy are met (GIZ & HINICIO Chile, 2021).

Chile’s hydrogen ambitions for domestic use and exports rely on its large renew-

able potential, as electricity costs represent 50-90% of hydrogen production costs (IEA,

2021b). Chile has the best solar photovoltaic (PV) resource in the world in some of its

northern desert areas, along with the significant potential for other renewables such as on-

shore wind and hydropower (IEA, 2018). It has been estimated that, from Arica to Chiloé

(that is, excluding most of the Chilean Patagonia), Chile potentially has over 1250 GW

of solar PV capacity, and around 550 and 40 GW of concentrated solar power (CSP) and

wind power, respectively (GIZ & Ministerio de Energı́a, 2014). This will enable Chile to

produce large amounts of low-carbon hydrogen at very competitive costs.
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1.2. Integration of power systems with hydrogen networks

Hydrogen can be produced with electricity via electrolysis. Moreover, fuel cells or

hydrogen-fired turbines can generate electricity using hydrogen (IEA, 2019). This enables

beneficial linkages between both systems. In a recent report by IRENA (2021b), it is

stated that connecting the power system with other sectors such as industry or transport,

for instance, producing hydrogen that is then employed in vehicles or industrial machinery,

could support deeper decarbonization and enable higher variable renewable integration, as

is also explained in a recent paper (Stöckl et al., 2021). Moreover, including hydrogen

technologies in the energy system could decrease overall system costs (He et al., 2021;

vom Scheidt et al., 2022), benefiting from synergies between both systems such as the

flexibility of electrolysis, that can take advantage of surplus renewable electricity. To

integrate both networks, a wide variety of technologies can be considered, such as power

plants, transmission lines, and electric batteries, and also electrolyzers, hydrogen transport

via pipelines or trucks, and hydrogen storage. The broad range of technologies and their

interactions present important challenges to plan for the best possible integrated system

design.

To properly understand the interactions between the hydrogen and electricity networks,

allowing to plan for the least-cost integrated network for Chile in the long-term under the

effects of various policies, an adequate integrated hydrogen-power system infrastructure

planning model is required. There is a vast literature on power systems planning, and

Gacitúa et al. (2018) show that optimization-based capacity expansion planning models

have been extensively used to study the cost-optimal system evolution under various sce-

narios. For hydrogen network planning the literature is more recent, and least-cost opti-

mization models are also commonly used (Li et al., 2019; Yang et al., 2020; Samsatli et

al., 2016; Bødal et al., 2020; Welder et al., 2018). As for studies that model the integrated

network design, the research available tends to focus mostly on one of the networks, in-

cluding a thorough representation of one system, but simplifying the other (Bødal et al.,

2020; Stöckl et al., 2021). Moreover, studies usually focus on one target year for network
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design, for example, 2050, such as the paper by Bødal et al. (2020). There is also work

that includes a comprehensive representation of the temporal evolution of multi-vector in-

tegrated networks, for instance, Samsatli and Samsatli (2018), and without the concurrent

study of international hydrogen exports, which is a key part of the Chilean hydrogen am-

bitions, under a mixed-integer linear optimization framework, or a representation of CSP

technologies, of which there is already an operating plant in Chile.

In Chile, there are already some papers analyzing the potential of hydrogen and its po-

tential impacts on the country’s energy landscape. However, this work has focused mostly

on hydrogen supply (Armijo & Philibert, 2020; Hurtubia & Sauma, 2021; Gallardo et al.,

2021). Other recent works (Osorio-Aravena et al., 2021; Osorio Aravena et al., 2020) have

analyzed pathways to develop a sustainable Chilean energy system by 2050, modeling the

power system connected to sectors such as transport and heat, and considering hydrogen

production and use. However, these studies include reduced geographical resolution (six

nodes or less for the whole country) and do not consider hydrogen transport or exports.

Further, the Ministry of Energy of Chile regularly conducts the Long-term Energy Plan-

ning Process to study the optimal power system evolution (Ministerio de Energı́a, 2021).

Even though hydrogen production for domestic and export use is considered, it is only in-

cluded as an electricity demand source, electrolysis power usage is pre-allocated in a pre-

defined distribution across nodes, and no hydrogen transport or storage is considered. To

the best of our knowledge, there is no model purposed to design national-scale hydrogen-

power systems, that provides a detailed representation of both networks, their technology

diversity and interactions, and enables to assess the system’s evolution throughout a long-

term horizon under the effects of various climate policies and significant hydrogen exports.

Particularly, we are not aware of a Chilean case study that examines these combined de-

velopments until 2050. With this work, we address these gaps.



5

1.3. Objectives and contributions of this work

Given the sketched background, the main objective of this work is to carry out a

Chilean case study throughout the 2020-2050 horizon. This is performed with a newly-

developed linear optimization model purposed to jointly plan investment and operation of

hydrogen and electricity infrastructure, incorporating effects of different climate policies

(carbon price, emission limits) and hydrogen demand scenarios (domestic consumption

with and without exports), over a long time horizon. The obtained results enable us to

assess the implications and the insights they can provide for the policy discussion around

hydrogen deployment and integrated system decarbonization.

A summary of the main contributions of this thesis is presented hereafter:

(i) Formulation of an optimization-based linear capacity expansion planning model

suited for large-scale integrated hydrogen-electricity systems, adaptable to any

country or region. This model allows for allocating hydrogen and electricity pro-

duction, transport and storage decisions (including seasonal hydrogen storage),

hydrogen exports, and the representation of a diverse portfolio of energy tech-

nologies and multiple target years, subject to operational and policy constraints.

(ii) The model is employed to carry out a Chilean case study with data already being

used for energy policy analysis by the Ministry of Energy of Chile, among other

data sources. The results show the most cost-effective investment and opera-

tional decisions with temporal and geographical scope, and highlight important

synergies between hydrogen and electricity networks.

(iii) Policy assessment of the economic and environmental implications that can be

derived from the results of the case study. This includes the effects of domestic

hydrogen demand, hydrogen exports, carbon pricing, and 100% renewable man-

dates over the most cost-effective investment portfolio, electricity and hydrogen

supply prices, emissions, system costs, and the system’s operation.
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The remainder of this thesis is organized as follows. Chapter 2 describes the method-

ology used. Chapter 3 presents the characteristics and key assumptions of the case study

that was carried out. In Chapter 4 we present and discuss the obtained results. Lastly,

in Chapter 5 we draw conclusions, policy implications, and discuss directions for further

research.
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2. METHODOLOGY

2.1. Proposed integrated hydrogen-electricity network planning model

We developed a mathematical optimization model to plan for the least-cost integrated

energy system at energy production and transport level (that is, without accounting for

other investments such as distribution networks). The model ensures that demand for both

hydrogen and electricity is met at all times and in all locations at minimum cost, incorpo-

rating system operation and investment constraints under a linear optimization framework.

The integrated system is modeled as two parallel (hydrogen and electricity) networks (see

Figure 2.1). Each node can have supply and storage units, energy inflows and outflows,

and energy vector demand. The coupling of the two systems is enabled by the possibility

to produce hydrogen using electricity or vice versa.

Demand

Supply

Storage

Supply

Storage

Demand

H2E

H2-to-Power

Electrolysis

H2E

H2
pipelines

Transmission
lines

H2
pipelines

Transmission
lines

H2
pipelines

Transmission
lines

H2E

Figure 2.1. Diagram of the integrated hydrogen-electricity system.

Throughout the planning horizon, investment and operational decisions are modeled

only for a set Y of target years. On an operational level, a set of representative days is

used to model the operational dynamics throughout every target year, in line with existing
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literature on capacity expansion planning models for energy policy analysis (Gacitúa et

al., 2018). This approach enables the model to provide a reasonable representation of

the daily operational requirements to be met by the system, safeguarding computational

tractability.

The mathematical representation is presented below (Eqs. 2.1a - 2.7), with variables

in capital letters and model inputs in lower case letters. The comprehensive nomenclature

is available in Appendix A.

2.1.1. Objective function

Eqs. (2.1a) - (2.1f) break down the objective function, which minimizes the net present

value (NPV) of the total costs throughout the planning horizon. The total cost CT
y for every

target year y is split into investment, fixed, and variable operational costs. The investment

costs consider the annualized cost of investments made in every target year y, taking into

account that if the investment cost of capacity addition Bunit,y0 was different in year y0,

then the annualized cost paid in year y must reflect the cost at the moment of deployment.

This enables the model to correctly capture the investment dynamics under steep learning

curves. The fixed costs include non-variable annual operation and maintenance costs of

the deployed units. The variable operational costs embrace expenses such as the direct

cost of energy production and estimated CO2 tax costs. To estimate the total costs CT 0

y+yI

for every intermediate year y + yI , a linear approximation is used, based on the constant

period k between consecutive target years, and the set YI = {0, .., k � 1}.
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min
X

y2Y�Yend

X

yI2YI

dfactory+yI CT 0

y+yI + dfactorYend
CT

Yend
(2.1a)

s.t. CT 0

y+yI = CT
y + (CT

y+k � CT
y )

yI

k
8y 2 Y � Yend, y

i 2 Y i (2.1b)

CT
y = InvCostsy + FixedCostsy +OpCostsy 8y 2 Y (2.1c)

InvCostsy =
X

y0y

(
X

g2G

cG,inv
gy0 BG

gy0 +
X

g2GES

cES,inv
gy0 BES

gy0 +
X

l2L

cL,invly0 BL
ly0) 8y, y0 2 Y

(2.1d)

FixedCostsy =
X

g2G

cG,fix
gy KG

gy +
X

g2GES

cES,fix
es,y KG

gy +
X

l2L

cL,fixly KL
ly 8y 2 Y

(2.1e)

V arOpCostsy =
X

t2T

!t

X

g2G

(cvomg + hgc
fuel
gy + ⌘CO2

g cCO2tax
y )Pgty 8y 2 Y

(2.1f)

2.1.2. Energy balance and transport constraints

The energy balance constraints (2.2a) - (2.2f) ensure that, for each node n, the sum of

the energy inflows and outflows is equal at all times. The variable DH2
E,nty is included in

the power balance (2.2a) to freely allocate electrolysis power consumption. Similarly, the

hydrogen balance constraint (2.2b) models the fuel demand of hydrogen-based generators

(DE
H2,nty). Energy vector consumption of electrolyzers and hydrogen-to-power units is

defined by Eqs. (2.2c) - (2.2d) respectively. Further, Eq. (2.2e) ensures that enough

hydrogen is delivered to a subset of export nodes to meet the export demand every year y,

allocating it freely across those nodes. Finally, energy transport flows are governed by a

simple linear model (2.2f).
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X

g2GE
n

PE
gty +

X

l2LE,in

n

⌘E,L
l FE

lty = dE,base
nty (2.2a)

+DH2
E,nty +

X

l2LE,out

n

FE
lty +

X

g2GBES
n

QE,C
gty 8n 2 N , t 2 T , y 2 Y

X

g2GH2
n

PH2
gty +

X

l2LH2,in
n

⌘H2,L
l FH2

lty = dH2,base
nty +DE

H2,nty (2.2b)

+DH2,export
nty +

X

l2LH2,out
n

FH2
lty +

X

g2GHES
n

QH2,C
gty 8n 2 N , t 2 T , y 2 Y

DH2
E,nty =

X

g2GH2
n

(�H2,prod
y + �H2,comp)Pgty 8n 2 N , t 2 T , y 2 Y (2.2c)

DE
H2,nty =

X

g2GH2toP
n

�H2toP
g Pgty 8n 2 N , t 2 T , y 2 Y (2.2d)

X

n2N export

Dexport
H2,nty

� dexportH2,y
8y 2 Y (2.2e)

�KL
ly  Flbt  KL

ly 8 l 2 L, t 2 T , y 2 Y (2.2f)

2.1.3. Supply constraints

Eqs. (2.3a) and (2.3b) respectively limit energy vector production for non-variable

and variable assets, considering availability and time-variant capacity factors. Addition-

ally, based on work by Mena et al. (2019), Eqs. (2.3c)-(2.3g) thoroughly represent the

dynamics of CSP units. The non-linearities depicted by the equations only involve pa-

rameters, therefore preserving the linearity of the model. Eqs. (2.3c), (2.3d) and (2.3e)

respectively model the thermal power balance, charging, and discharging limits, whereas

(2.3f) governs the thermal energy storage limit. Lastly, Eq. (2.3g) sets the cyclic thermal

energy balance of each unit.
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0  Pgty  ⌘gK
G
gy 8g 2 G � GPV,wind&hydro, t 2 T , y 2 Y

(2.3a)

0  Pgty  ⌘g⌘gtK
G
gy 8g 2 GPV,wind&hydro, t 2 T , y 2 Y

(2.3b)

qSFgt � Pgty

⌘SF/TES�PB

g ⌘PBg

+
QC

gty

⌘SF�TES
g

� ⌘TES�PB

g QD

gty 8g 2 GCSP, t 2 T , y 2 Y

(2.3c)

0  QC

gty  QSF

gt 8g 2 GCSP, t 2 T , y 2 Y

(2.3d)

0  ⌘TES�PB

g QD

gty 
Pgty⇣

⌘SF/TES�PB

g ⌘PBg

⌘ 8g 2 GCSP, t 2 T , y 2 Y

(2.3e)

0  ETES

gty 
KG

gy

⌘PBg ⌘SF/TES�PB

g ⌘TES�PB
g

�tTES

g 8g 2 GCSP, t 2 T , y 2 Y

(2.3f)

ETES

gty = ⌘TES

g ETES

g,t�1,y +�t,t�1

�
QC

g,t�1,y �QD

g,t�1,y

�
8g 2 GCSP, t 2 Dr,Dr 2 D, y 2 Y

(2.3g)

2.1.4. Storage constraints

Eqs. (2.4a) - (2.4h) govern the operational and investment dynamics for the set GES

of all storage units, inspired by the work by Verástegui et al. (2020). The non-linearities

depicted by the equations only involve parameters, therefore preserving the linearity of

the model. The storage representation used represents intra-daily decisions for all tech-

nologies, with additional flexibility for seasonal storage in the case of hydrogen only. Eq.

(2.4a) defines the total inverter (or compressor) capacity available every year y, whereas
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Eq. (2.4b) defines the hydrogen storage capacity. Investments in battery storage are di-

rectly linked to inverter capacity via the parameter �g, which indicates the hours of storage

of battery g (2.4e). Further, investments in compressor (BES
g ) and hydrogen storage ca-

pacity (BH2S
g ) are done independently. Eq. (2.4c) defines the charging limits and (2.4d)

defines the intra-day cyclic energy balance for batteries. To model the seasonal storage

of hydrogen, we adapted the linked representative days method described by Gonzato et

al. (2021). Eq. (2.4f) defines the cyclic hydrogen balance constraint, connecting consec-

utive representative days and ensuring that the last time segment of the year is linked to

the first. Eq. (2.4g) defines a second cycling constraint to ensure non-negative annual net

discharges. Eq. (2.4h) sets the hydrogen inventory limit based on its installed capacity.

KG
gy =

X

y0y

BG
gy0 8g 2 GES, y, y0 2 Y (2.4a)

KES
gy =

X

y0y

BES
gy0 8g 2 GH2S, y, y0 2 Y (2.4b)

QC
gty  KES

gy ⌘ES
g 8g 2 GES, t 2 T , y 2 Y (2.4c)

EES
gty = EB

g,t�1,y +�t,t�1(
q

⌘ES
g QC

g,t�1,y �
Pg,t�1,yq

⌘ES
g

) 8g 2 GBES, t 2 Dr,Dr 2 D, y 2 Y

(2.4d)

0  EES
gty  �gK

G
gy 8g 2 GES, t 2 T , y 2 Y (2.4e)

EES
gty = EB

g,t�1,y +�t,t�1(
q

⌘ES
g QC

g,t�1,y �
Pg,t�1,yq

⌘ES
g

) 8g 2 GH2S, t 2 T , y 2 Y

(2.4f)

0 
X

t2T

!t(Qgty � Pgty) 8g 2 GH2S, y 2 Y (2.4g)

0  EES
gty  KES

gy 8g 2 GH2S, t 2 T , y 2 Y

(2.4h)
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2.1.5. Investment and availability constraints

To properly represent the capacity expansion, Eqs. (2.5a) - (2.5h) set asset invest-

ment and availability constraints for all technologies. The units are separated into three

categories: existing, planned, and candidates. For existing and planned units, their avail-

able capacity Kunit,y depends both on its nominal capacity and a binary input parameter

�unit,y that is defined to account for phase-ins or phase-outs. For the candidate units,

non-negative, continuous investment decisions can be made in each period for every unit,

meaning that the capacity installed in one year can be later increased. The cumulative

installed capacity for each candidate asset every period is the sum of all investments on it

up to that year. The maximum available capacity of every candidate unit is limited both

by its earliest possible year of entry to the system and by a unit-specific capacity cap.

KG
gy = �gyp

max
g 8g 2 Gex [ Gplan, y 2 Y (2.5a)

KG
gy =

X

y0y

BG
g,y0 8g 2 Gcand, y 2 Y (2.5b)

KL
ly = �lyf

max
l 8l 2 Lex [ Lplan, y 2 Y (2.5c)

KL
ly =

X

y0y

BL
l,y0 8l 2 Lcand, y 2 Y (2.5d)

KG
gy  �gykG

g 8g 2 Gcand, y 2 Y (2.5e)

KL
ly  �lykL

l 8l 2 Lcand, y 2 Y (2.5f)

0  BL
ly 8l 2 L, y 2 Y (2.5g)

0  BG
gy 8g 2 G, y 2 Y (2.5h)

2.1.6. Electricity reliability constraints

Electricity reliability constraints (2.7a) - (2.7c) are included in the model to safeguard

system operation while enabling higher variable renewable energy integration. Based on
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the work by Quiroga et al. (2019), a set GE
disp of dispatchable power sources is defined, in-

cluding fossil-fueled, CSP, hydro dam, electric battery, and hydrogen-fueled units. In each

time segment t, the remnant dispatchable power output capacity must be greater or equal to

a share of the variable renewable generation plus a share of the current electricity demand.

This modeling scheme supports higher reliability via increased available dispatchable ca-

pacity, to address short-term variations in variable renewable generation. This allows for

higher integration of these technologies without overly risking system reliability. We in-

clude reserve constraints to a system’s extent, but also to a geographical-zones-based ex-

tent, to ensure reliability and security of supply through various geographical scopes of

the network.

Moreover, Eq. (2.7c) defines a simplified systemic inertia requirement. Here, inY
y

corresponds to the system inertia demand, constant within each year. Finally, inG
g is a

scaled inertia factor, equivalent to the ratio of maximum inertia contribution and maximum

generation capacity of each unit.

X

g2GE

disp

(Kgy � Pgty) � �1
X

g2GV RE

Pgty (2.6a)

+ �2
X

n2N

(dbasenty +DH2
elec,nty) 8t 2 T , y 2 Y

X

g2GE

disp
\Gz

(Kgy � Pgty) � �1
X

g2GV RE\Gz

Pgty (2.6b)

+ �2
X

n2Nz

(dbasenty +DH2
elec,nty) 8z 2 Z, t 2 T , y 2 Y

X

g2GE

inG
g Pgty � inY

y 8t 2 T , y 2 Y (2.6c)
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2.1.7. Emissions limit

Finally, besides modeling CO2 tax costs in the objective function, we include an

emissions limit constraint (2.7). It ensures that annual systemic CO2 emissions of non-

renewable generators in each target year y do not exceed a specific emissions cap. This

allows for studying various emissions limit trajectories, such as a 100% renewable man-

date by the end of the planning horizon or starting from an earlier year. This constraint

can be dropped out or a large enough cap can be set if no emissions limit is desired.

X

g2GNonRE , t2T

⌘CO2
g htPgty  capy 8y 2 Y (2.7)
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3. CASE STUDY

We carried out a 2020-2050 Chilean energy system case study. To this end, we defined

several aspects of the case study in terms of electricity and hydrogen network representa-

tion, energy demand, and scenarios, which are described below. A compilation of some

key characteristics of this exercise is available in Table 3.1.

Table 3.1. Summary of the case study characteristics.

Time Horizon Target years Nodes Transport corridors Power Plants RD’s Time segments per RD

2020-2050 2020, 2030, 2040, 2050 26 28 1172 12 9

Note: RD = representative day.

Source: Adapted from Ministerio de Energı́a (2020d).

3.1. Power system representation

For the power system definition, we use data from the 2020 Proceso de Planificación

Energética de Largo Plazo (Long-term Energy Planning Process), led by the Ministerio

de Energı́a (2020d). The data set includes an aggregated representation of the national

power system called Sistema Eléctrico Nacional (SEN), which runs from the northern

area of Chile to the island of Chiloé (see Figure 3.4). Tables C.1 and C.2 present the nodal

number-name equivalence and the zonal grouping used, respectively. The database hosts a

portfolio of over a thousand power generation units including existing, planned, and can-

didate assets, with detail on their techno-economic parameters (for example, we present

the CAPEX cost projections used in Figures 3.1 and 3.2) and on planned phase-outs (such

as the coal power phase-out target committed for no later than 2040). Figure 3.3 shows the

projected average generation costs for fossil-fueled plants. Tables C.3 and C.4 illustrate

the number of existing generators and planned and candidate units per zone, respectively.

We used scenario E of the database, as it is the scenario that was created considering future

hydrogen deployment. Individual lines were aggregated to transport corridors, and there
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was no capacity limit set for candidate lines. Generation technologies modeled include

fossil-fueled, solar PV, wind, CSP (11 and 14 hours of storage), and hydroelectric plants,

among others such as electric batteries. The temporal generation profiles for hydro-power

were based on 2020’s operation results of the Ministry’s process. Additionally, based

on a recent study by Lorca et al. (2020), a 20% reduction in water resource availability

throughout 2020-2050 was considered. We added one hydrogen combined-cycle gas tur-

bine (H2CCGT) plant and one electric battery as candidate units in every node, without

setting a maximum capacity addition. H2CCGT plants were the technology selected for

hydrogen-to-power generation (assumptions presented in Table 3.2), as they were found

to be the most cost-effective hydrogen reconversion pathway in a recent study (Welder et

al., 2019). Their inertia contribution factor was defined based on the average factor of

the natural gas-fired plants. Finally, we defined that candidate assets can only be installed

after 2020.
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Figure 3.1. CAPEX costs evolution (part 1).
Source: Own elaboration based on Ministerio de Energı́a (2020d).
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Figure 3.2. CAPEX costs evolution (part 2).
Source: Own elaboration based on Ministerio de Energı́a (2020d), IEA
(2021b), all rights reserved, and Welder et al. (2019).
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Figure 3.3. Fossil-fuel-based electricity generation variable cost projec-
tions (including fuel and variable operation and maintenance costs).
Source: Own elaboration based on Ministerio de Energı́a (2020d).

Table 3.2. Hydrogen CCGT parameters.

Parameter Unit Value

Capital cost USD/kW 851.2

Non-combustible variable operational costs USD/MWhel 2.6432

Fixed costs USD/(MWel· year) 12405.12

Lifetime years 25

Source: Welder et al. (2019)
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Figure 3.4. Geographical distribution of the nodes of the representation
used for the Chilean energy system.
Source: Own elaboration based on Ministerio de Energı́a (2020d).

3.2. Hydrogen network representation

The hydrogen network was set to mimic the power system’s topology, resulting in

no energy demand, supply, or flows being considered beyond the Bı́o Bı́o region (i.e.

beyond node 26). For hydrogen production, only electrolyzers are included (Table 3.3),

as they are the only hydrogen supply technology for which Chile set deployment targets

(Ministerio de Energı́a, 2020b). For storage, hydrogen tanks were considered (Table 3.4).

For hydrogen transport, we modeled newly-built hydrogen pipelines, as pipelines are the

best-suited technology for large volumes of hydrogen transport over long distances (Reuß

et al., 2017). No cap was set for capacity additions of electrolyzers, hydrogen storage
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or pipelines. Three hydrogen export nodes (6, 15, and 20) were defined based on their

proximity to existing ports (Mejillones, Valparaı́so, and Talcahuano, respectively).

Table 3.3. Electrolyzer parameters.

Parameter Unit Value

Capital cost (in 2020) USD/kWel 1375

Capital cost (in 2030) USD/kWel 420

Capital cost (in 2050) USD/kWel 330

Efficiency (in 2020) % 64

Efficiency (in 2030) % 69

Efficiency (in 2050) % 74

Stack replacement cost (at half of lifetime) % of CAPEX 35

O&M costs % of CAPEX (annual) 2.25

Lifetime years 30

Sources: IEA (2021b), all rights reserved; Agora Energiewende and AFRY Management Consulting (2021).

Table 3.4. Hydrogen storage parameters.

Parameter Unit Value

Compression capital cost USD/(kg/h) 1540

Storage capital cost USD/kg 516

Compression O&M costs USD/(kg/h) (annual) 46

Storage O&M costs USD/kg (annual) 2

Compression power consumption kWh/kg 1.284

Round-trip efficiency % 100%

Lifetime years 40

Source: Bødal et al. (2020).
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Table 3.5. Hydrogen pipeline parameters.

Parameter Unit Value

Capital cost (reference case) MUSD/(GWH2 · km) 0.6

Capital cost (high case) MUSD/(GWH2 · km) 1.484

O&M costs % of CAPEX (annual) 1.25

Lifetime years 30

Source: Jens, Wang, van der Leun, Peters, and Buseman (2021).

Note: The capital costs reported include pipeline and compressor costs.

3.3. Energy demand forecasts

The electricity and domestic hydrogen demand forecasts were also sourced from sce-

nario E of the Ministry’s database (Ministerio de Energı́a, 2020d). The operational aspects

of the data set are based on 12 representative days, with 9 length-varying time segments

each, that represent the energy system’s annual operation. Hydrogen demand every year

is split equally into every hour, in line with Bødal et al. (2020). The estimated domestic

annual hydrogen demand used in this study, illustrated in Figure 3.5, reaches 1160 kton

(almost 39 TWhH2) of hydrogen per year by 2050, around 1.2% of global hydrogen de-

mand in 2020 (IEA, 2021b). The domestic hydrogen demand forecast, available in the

Ministry’s database, considers the following end uses: fuel cell trucks in freight transport,

replacement of diesel engines in industry and mining, and replacement of residential and

industrial natural gas. The regions with the largest expected domestic demand by 2050

are the second (nodes 5 to 9) and thirteenth regions (nodes 15 and 16), with respective

shares of around 27% and 23%, compared with the national total. Figure 3.6 shows the

base demand for electricity and hydrogen per node in 2050. Additional export demand,

which would amount to 3100 extra ktonH2 (about 103 TWhH2), was estimated based on

the Chilean strategy (Ministerio de Energı́a, 2020b), derived from the ratio of the forecast

market size of the hydrogen exports trade versus the domestic use.
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Figure 3.5. Electricity and hydrogen demand forecasts used in this study.
Source: Own elaboration based on Ministerio de Energı́a (2020d) and
Ministerio de Energı́a (2020b).
Note: The electrolysis electricity usage was derived from the hydrogen de-
mand forecast and the electrolyzer efficiency projection, assuming a lower
heating value of 33.3 kWh/kgH2. Potential extra hydrogen demand for
H2CCGT plants is not included, as it a case study outcome.
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Figure 3.6. Nodal distribution of energy vector demand, 2050.
Source: Own elaboration based on Ministerio de Energı́a (2020d).

3.4. Scenarios analyzed

To assess the cost-optimal system development under various policy frameworks and

two different hydrogen demand levels, several scenarios were developed, based on the

projected carbon tax, the year of the 100% renewable ambition for the system (if any), and

the addition of hydrogen exports demand. For the 100% renewable scenarios, reaching

that goal implies phasing out all non-renewable capacity in the defined year. The Baseline

scenario assumes that the current carbon tax of 5 USD/tCO2 does not change until 2050,

there is no renewable mandate or hydrogen exports. BHT serves as a comparison to the

Baseline scenario to assess the impact of imposing higher carbon pricing, based on a car-

bon tax trajectory proposed in a recent IEA study (IEA, 2021d). Figure 3.7 showcases both
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carbon price trajectories studied. The 100% renewable by 2050 scenario (RE2050) sim-

ulates the current Chilean carbon neutrality pledge, maintaining the current carbon price.

Further, we study a 100% renewable by 2040 scenario, to assess the effects of advancing

that goal by 10 years. Finally, we developed three hydrogen exports scenarios. H2EXP

adds hydrogen export demand to the baseline scenario to study the effects of significant

extra hydrogen demand. Over H2EXP, we introduce H2EXPHT and H2EXPHPC to study

the effects of a higher tax and higher pipeline costs, respectively. Table 3.6 summarizes

all the scenarios studied.

Figure 3.7. Carbon tax values.
Source: IEA tax based on IEA (2021d), all rights reserved.
Note: The IEA tax is used solely in the BHT and H2EXPHT scenarios.
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Table 3.6. Scenarios studied.

Scenario Carbon tax (USD/tCO2) 100% RE mandate H2 exports

Baseline (B) Fixed (5) No No

Baseline w/higher tax (BHT) IEA (5-200) No No

100% RE by 2050 (RE2050) Fixed (5) 2050 No

100% RE by 2040 (RE2040) Fixed (5) 2040 No

Hydrogen exports (H2EXP) Fixed (5) No Yes

Hydrogen exports high tax (H2EXPHT) IEA (5-200) No Yes

Hydrogen exports high pipeline cost (H2EXPHPC) Fixed (5) No Yes

Note: RE = Renewable energy.
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4. RESULTS AND DISCUSSION

In this section, we discuss the obtained results of the long-term planning exercise for

the Chilean energy system. The model was implemented using the Julia language, with

the JuMP environment (Dunning et al., 2017), and the Gurobi solver.

4.1. Investments

Hereafter, we analyze the case study outcomes with regard to investments in hydrogen

and electricity production, transport, and storage. Figure 4.1 and Table 4.1 illustrate the

installed generation capacities by 2050 across all studied scenarios. The total generation

capacity grows from around 26 GW in 2020 to almost 95 GW in 2050 in the baseline (B)

and 130 GW in H2EXPHT. These capacities mark increases of over 300% and 400% over

the thirty-year horizon, respectively. In that period, peak base demand (electricity demand

without electrolysis) grows from 10 to 25 GW, whereas peak electrolysis consumption

varies from over 20 GW in B to more than 50 GW with hydrogen exports. Coal power

is already fully phased-out by 2050. In B, the capacity mix is dominated by solar PV

(56%) and wind power (16%), with CSP barely reaching 1.2% of the total capacity. The

shares of all technologies, however, vary across scenarios. On one hand, the comparative

installed capacities showcase the effects of the simulated policies in the capacity mix: both

a higher carbon tax and a 100% renewable mandate boost increases in CSP, wind, and

solar PV capacity, compared with the B scenario. Increased CSP capacity in RE2050 and

RE2040 is due to having to compensate for phased-out fossil fuel power capacity that both

provides flexibility and reserve capacity. Furthermore, adding hydrogen exports supports

CSP investments and nullifies battery deployment, as surplus renewable electricity goes

towards additional hydrogen production instead of battery electricity arbitrage, as CSP

provides slightly lengthier storage and can also contribute inertia. Similarly, H2CCGT

investments are slightly reduced but still prevail due to their dispatchable generation and

inertia contributions. With hydrogen exports, additional capacity in thermal generation

(CSP, gas, diesel) is due to higher flexibility and reserve needs.



29

Figure 4.1. Electricity generation capacity comparison by scenario in
2050.

Table 4.1. Comparison of total energy production capacity in 2050 by sce-
nario.

Item (GWel)/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

CSP 1.09 5.39 9.76 9.57 5.36 12.76 5.27
Wind 14.40 14.93 13.82 13.00 20.50 19.71 19.92
PV 51.63 54.02 53.29 53.53 74.68 75.48 76.53

Battery 3.57 1.70 3.20 3.32 0.00 0.00 0.00
H2CCGT 3.04 3.74 3.07 3.02 1.79 1.18 1.61

Hydropower 7.93 8.92 7.93 8.50 7.93 8.92 7.93
Gas 5.92 4.13 0.00 0.00 8.14 4.13 8.17

Diesel 4.12 4.12 0.00 0.00 6.24 6.23 6.61
Others 0.61 0.71 0.68 0.71 0.61 0.68 0.61
Total 92.29 97.66 91.75 91.65 125.24 129.09 126.65

Electrolysis 24.14 29.21 50.57 50.34 50.17 25.98 25.80

The studied policies also impact intermediate investments throughout the horizon. Fig-

ure 4.2 shows that incremental capacity needs are mostly met with solar PV and wind

power. Further, 100% renewable mandates in 2050 and 2040 augment investments in CSP

plants by 2050 and 2040, respectively, directly linking their addition to the phase-out of

fossil fuel generators. As previously discussed, the RE2040 and RE2050 scenarios have
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practically the same generation capacities by technology in 2050; the only difference is

when the CSP investments are made, but not their magnitude. We also note that the higher

carbon tax in BHT also increases CSP capacity additions by 2040, supporting gas-to-CSP

switching. Hydrogen exports anticipate and augment investments in solar PV, wind, and

CSP capacity, while also increasing fossil fuel power additions aimed at ensuring the se-

curity of supply in light of the significant additional power demand caused by electrolysis.

Figure 4.2. Electric capacity additions per year by scenario.
Note: This chart includes both planned and candidate investments.

There is a clear trend across all scenarios that the most cost-effective location for hy-

drogen production corresponds to the northern regions of the country, particularly located

in nodes 5, 7 (Antofagasta region) and nodes 2, 3 (Tarapacá region). From a system per-

spective, centralizing the majority of hydrogen supply in the northern regions would be

the most economically efficient choice. That hydrogen would then be delivered to either

neighboring nodes or to more distant demand poles that will consume large amounts of

hydrogen, such as the Metropolitan Region. Notably, practically no electrolysis capac-

ity is installed in this region (nodes 15-16), despite having almost 25% of total domestic

hydrogen demand by 2050. The higher pipeline costs in H2EXPHPC shift practically all

electrolysis capacity in the northern regions towards node 7 (the export node closest to the

Mejillones port).
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Figure 4.3. Electrolysis capacity installed in 2050 by scenario.
Note: The nodes are ordered from north (top) to south (bottom).

Table 4.2 shows the results across all studied scenarios in 2050 for energy storage ca-

pacity. As previously discussed, both climate policies and hydrogen exports tend to reduce

battery capacity in favor of other flexible technologies such as CSP (which also contributes

inertia) or higher hydrogen production. The opposite happens for hydrogen storage, as in-

creased hydrogen production supports higher storage investment requirements. Batteries

would be mostly located in northern and central nodes of the system (see Figure 4.4),

showing that they are not exclusively co-located with variable renewable plants (which

dominate the northern regions). The largest hydrogen storage assets (Figure 4.5) would be

co-located with electrolyzers in the northern regions, but overall this technology shows a

more distributed geospatial pattern than electric batteries, particularly in the southern re-

gions. H2CCGT units would be deployed significantly, mostly co-located with hydrogen

production in the north (Figure 4.6).
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Table 4.2. Comparison of total energy storage capacity in 2050 by sce-
nario.

Item/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

Electric batteries (GWh) 35.69 17.03 32.02 33.15 0.00 0.00 0.00

Hydrogen storage (kton) 4.07 6.68 7.22 7.21 9.64 11.59 9.74

Hydrogen storage (GWhH2 ) 135.47 222.39 240.29 240.12 321.12 386.05 324.48

Figure 4.4. Battery capacity installed in 2050 by scenario.
Note: The nodes are ordered from north (top) to south (bottom).
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Figure 4.5. Hydrogen storage capacity installed in 2050 by scenario.
Note: The nodes are ordered from north (top) to south (bottom).

Figure 4.6. H2CCGT capacity installed in 2050 by scenario.
Note: The nodes are ordered from north (top) to south (bottom).

Table 4.3 compares total energy transport capacities by 2050 across scenarios. The

dominant energy transport technology would be transmission lines, with between 9 and

26 times higher transport capacity than hydrogen pipelines, depending on the scenario.
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Figure 4.8 shows that very large investments are made in transmission lines, with many

corridors surpassing 20 GW of capacity in the scenarios with domestic hydrogen demand

only, and over 40 GW for some corridors in the hydrogen exports scenarios. Pipeline ca-

pacity does not surpass 5 GW without hydrogen exports, but international trade supports

significant increases to over 10 GW in some scenarios. H2EXPHPC shows that increasing

pipeline costs by almost 150% causes investments in the 5-7 transport corridor to disap-

pear, meaning that it is now cheaper to produce the hydrogen for exports in node 7 (the

northern export node) rather than to transport a significant part from node 5 to 7. Finally,

it can be noted that including hydrogen exports triggers larger capacity additions in hy-

drogen pipelines relative to transmission lines, and that the higher pipeline costs result in

more than halving total hydrogen pipeline investments.

Table 4.3. Comparison of total energy transport capacity in 2050 by sce-
nario.

Item/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

Electricity transmission (GW) 290.61 305.36 282.03 281.41 486.55 441.40 493.95

Hydrogen transport (ton/hr) 267.49 292.96 240.07 240.54 1074.72 1093.29 472.14

Hydrogen transport (GWH2 ) 8.91 9.76 8.00 8.01 35.80 36.41 15.73
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Figure 4.8. Electricity transmission capacity in 2050 by scenario.
Note: The corridors are ordered from north (top) to south (bottom).

Figure 4.9. Hydrogen transport capacity in 2050 by scenario.
Note: The corridors are ordered from north (top) to south (bottom).
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4.2. System costs and emissions

In this section, we discuss and compare the results obtained for system costs and car-

bon emissions indicators throughout the 2020-2050 horizon.

Both incorporating hydrogen exports and enacting stronger climate policies augment

system costs. Table 4.4 compares the system net present value across all scenarios, show-

ing that the majority of the costs are split between investment and variable costs, with

investments playing a larger role in the hydrogen exports scenarios. Hydrogen exports

cause notable system cost increases of up to 53%, while the 100% renewable mandates

augment the total system costs by under 11%. Advancing the 100% renewable mandate

to 2040 produces slightly higher costs (versus by 2050) due to increased dispatchable

renewables investments in earlier years.

Table 4.4. Comparison of system costs and carbon tax payments by sce-
nario.

Item/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

NPV Total system costs (BUSD) 54.9 62.4 56.3 60.8 76.9 83.9 77.3

NPV Investment costs (BUSD) 22.2 38.6 25.2 34.1 42.1 56.1 42.3

NPV Fixed costs (BUSD) 3.1 7.0 4.0 6.4 6.8 10.9 6.7

NPV Variable costs (BUSD) 29.6 16.8 27.1 20.3 28.1 16.9 28.3

NPV Carbon tax payments (BUSD) 1.7 5.4 1.6 1.4 1.7 5.4 1.7

Note: NPV = Net present value. Carbon tax payments are excluded from the total system costs presented. No revenues

from energy trade are considered.

The analyzed climate policies have relevant impacts on the system emissions through-

out the horizon, while hydrogen exports decrease the system’s total emissions and its emis-

sions intensity, as can be seen in Table 4.5. In 2050 in B, the system would reach about a

third of the total 2020 annual CO2 emissions, showing that, without additional measures,

the system would already be set to reduce its emissions. However, to reach near-zero or
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zero emissions by 2050, additional climate policies (such as the options discussed here)

would be required. Moreover, despite RE2050 and RE2040 reaching zero emissions by

2050, cumulative emissions are reduced by at most a third compared with B, and RE2050

and RE2040 follow an almost identical emissions trajectory to B before 2040 (see Fig-

ure 4.10). This suggests that, if drastically reducing cumulative emissions is also meant,

a 100% renewable mandate for 2050 may not suffice. Additionally, as a result of incre-

mental electricity demand for hydrogen production met by renewable sources, the export

scenarios present slightly lower emissions values than B, with notably lower emissions in-

tensity favoring both electricity and hydrogen production. However, the prevalence of gas

generation is only removed with climate policies, which would be particularly desirable if

hydrogen and/or electricity are intended to be traded as low or zero-carbon energy.

Table 4.5. Comparison of carbon emissions indicators in 2050 by scenario.

Item/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

Annual emissions (MtCO2) 9.3 1.0 0.0 0.0 8.7 0.8 9.0

Cumulative emissions (MtCO2) 609.3 261.4 551.3 407.0 583.9 261.3 587.4

Emissions intensity (gCO2/kWhel) 39.5 4.1 0.0 0.0 28.1 2.4 28.8

Hydrogen carbon content (kgCO2/kgH2) 1.78 0.19 0.00 0.00 1.26 0.11 1.29

Notes: The calculation of the emissions intensity omits the discharge of electric batteries. The hydrogen carbon content

is calculated based on the electricity consumption for hydrogen production in 2050 and the resulting electricity

emissions intensity for that year.
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Figure 4.10. Annual CO2 emissions trajectories by scenario.

4.3. Hydrogen and electricity production costs

In this section, we discuss the outlook of hydrogen and electricity supply prices in light

of the studied scenarios. All prices presented are volume-weighted averages (demand or

generation, depending on the case).

By computing the dual values of the energy balance constraints, we obtain the marginal

cost to supply an additional energy unit. Considering that currently the Chilean electricity

market is based on marginal-cost pricing (Muñoz et al., 2021), we use these indicators to

provide us with insights into the future electricity prices and to compare the effects caused

by different scenarios relative to the baseline. Similarly, we use these results to assess the
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future hydrogen market prices. In both cases, we calculate the marginal cost including all

network components (not only operational marginal generation costs, but also investments,

for example). This reflects overall energy production and delivery costs better, particularly

for electricity, as high integration of low-marginal-cost renewables such as solar PV and

wind occurs. Given the linear interpolation utilized in the objective function of the model

to estimate the total costs throughout the horizon, scaling factors were used to correctly

calculate the prices (see Appendix B).

The estimated outlook for electrolyzer- and end-user-perceived electricity prices is

presented in Figures 4.11 and 4.12. First, these results show that both the higher carbon

tax and the 100% renewable mandates produce little variations in the expected electric-

ity prices by 2050. Second, it is worth noting that adding hydrogen exports to domestic

demand, making total hydrogen demand around 3.67 times that of the baseline case, and

electricity demand 1.57 times the demand in that same case, notably decreases average

electricity prices for typical end-users by up to 1%. Recalling that hydrogen exports in-

crease total system costs, it can be noted that these higher electricity costs are passed

on to flexible electrolysis production throughout the full studied period, as electrolysis-

consumption-weighted average prices by 2050 are up to 59% higher than those in the

baseline case. That increase can also be linked to additional CSP capacity that is installed

in the hydrogen exports scenarios. This cross-subsidy-like effect contributes to end-user

electricity prices remaining stable between 44 and 46 USD/MWh throughout 2030-2050,

always above electrolyzer-perceived prices. Finally, we highlight that adding hydrogen ex-

ports also contributes to reduce hourly price deviations, as can be noted when comparing

Figures 4.13 and 4.14.
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Figure 4.11. Demand-weighted electricity price trajectories for electrolyz-
ers by scenario.
Note: The weights used correspond to the hourly base electricity demand.
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Figure 4.12. Demand-weighted electricity price trajectories for typical
end-users by scenario.
Note: The weights used correspond to the hourly base electricity demand.
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Figure 4.13. Hourly system demand-weighted average price in 2050 in the
baseline scenario.

Figure 4.14. Hourly system demand-weighted average price in 2050 in the
H2EXP scenario.

Figure 4.15 shows the hydrogen price trajectory estimates. Hydrogen exports raise the

hydrogen prices by up to 39% on the baseline price, markedly higher than for electricity

costs. This is directly linked to the electricity price surge for electrolyzers, recalling that

energy costs play a large role in hydrogen production costs. Moreover, these hydrogen

prices, particularly with hydrogen exports, are somewhat higher than the LCOH target

set for 2030 by the Chilean government (Ministerio de Energı́a, 2020b), to be below 1.5

USD/kgH2 by that year. This is because the calculation presented in this paper refers
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to total system prices, which are expectably higher when also considering transport and

storage infrastructure instead of direct production costs only. At the same time, these

higher hydrogen prices explain lower investment in H2CCGT, as they would have around

34% higher variable costs by 2050, based on system average hydrogen prices. However,

considering the generation-weighted variable generation costs of these units in the 25-50

USD/MWh range during the 2030-2050 period (see Figure 4.16), H2CCGT plants could

play the role of electricity price-setters that currently thermal plants such as gas generators

play in some nodes, particularly in the scenarios with either a higher carbon tax or 100%

renewable mandates.

Figure 4.15. Demand-weighted hydrogen price trajectories for electrolyz-
ers by scenario.
Note: The weights used correspond to the hourly hydrogen demand.
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Figure 4.16. Generation-weighted average variable generation costs for
H2CCGT units (including fuel and non-fuel variable costs).

4.4. Operational aspects

4.4.1. Energy production, storage and demand

A discussion of operational aspects is presented in this section, ranging from electricity

and hydrogen production, storage, and demand, to hydrogen exports and electrolysis water

use.

The system is set to transition from large shares of thermal and hydropower generation

towards dominant renewable output, particularly solar PV and wind power. Total genera-

tion grows from 80 TWh in 2020 to 244 TWh in 2050 in B (Figure 4.17) and 320 TWh
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in H2EXPHT. In B, incremental energy demand is mostly met by solar PV, wind, CSP,

batteries, and H2CCGT, but also gas generation. In terms of the generation mix, solar PV

and wind power generate over two-thirds of the electricity in 2050 in the baseline scenario

(see Figure 4.19). This varies significantly from the generation mix of 2020, when coal-

fired generation had a share of 38% in our simulation, making it the dominant technology

in 2020. Figures 4.18 and 4.19 show two key insights: first, that extra hydrogen export

demand is supplied solely with renewable output (solar PV, wind, CSP and hydropower),

without incurring in additional fossil generation. Second, however, despite the additional

demand that could be met exclusively via renewables, to phase out part or all fossil power

such as gas generation by 2050, either a high carbon tax or a 100% renewable mandate

would be required.

Figure 4.17. Electricity generation evolution in the baseline scenario.



46

Figure 4.18. Electricity generation in 2050 compared to the baseline sce-
nario.

Figure 4.19. Electricity generation mix in 2050 by scenario.

The aforementioned changes in the electricity generation mix translate into varying

hourly generation and demand profiles, which are presented based on the intermediate day

of each trimester. In 2020, coal, hydropower, and gas are the main suppliers of electric-

ity throughout the day, with solar PV providing a reduced share of electricity (only during

daylight hours) and CSP providing an even smaller (but rather constant) supply (see Figure

4.20). By 2050, we observe a much higher ramp-up in generation due to the dominance
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of solar PV in the generation mix in the baseline scenario, joined by other low-carbon

and fossil fuel power sources (see Figure 4.21). Hydrogen exports trigger larger variable

renewable generation, as well as slightly higher CSP generation to provide flexibility and

inertia (see Figure 4.22). Flexible low-carbon generation technologies such as CSP, bat-

teries, and H2CCGT increase their relevance under 100% renewable mandates (see Figure

4.23). Finally, as for the electricity demand to produce hydrogen, our results show a strong

linkage between solar resource availability, as electrolytic hydrogen production is mostly

carried out during daylight hours (see Figures 4.24 and 4.25), with slightly higher produc-

tion during nighttime in the export scenarios due to additional CSP output.

Figure 4.20. Hourly generation in 2020 in the baseline scenario.

Figure 4.21. Hourly generation in 2050 in the baseline scenario.
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Figure 4.22. Hourly generation in 2050 in the H2EXP scenario.

Figure 4.23. Hourly generation in 2050 in the RE2040 scenario.
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Figure 4.24. Hourly electricity demand in 2050 in the baseline scenario.

Figure 4.25. Hourly electricity demand in 2050 in the H2EXP scenario.

Finally, two key insights can be drawn from the model’s solution regarding hydrogen

exports and storage. First, even though the model can freely allocate the distribution of

hydrogen exports between nodes 6, 15, and 20, in all hydrogen exports scenarios over

99% of it is allocated in node 6, closest to the Mejillones port and much closer to most of

the solar PV capacity than the other two ports. Second, it can be seen in Figure 4.26 that,

taking advantage of the increased solar irradiation in the Southern Hemisphere’s summer

months, hydrogen is stored on a seasonal basis, peaking at over 4 times in its highest

inventory level compared to its lowest throughout the year.
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Figure 4.26. Average monthly hydrogen inventory in 2050 by scenario.

4.4.2. Water consumption

Large-scale electrolytic hydrogen production can cause concern due to the stress on

water resources that Chile currently has. According to the World Resources Institute

(Hofste et al., 2019), Chile had the 18th-highest water stress ranking among a large list

of countries analyzed. To tackle water scarcity in Chile, desalination has been one of the

solutions considered, with over 5000 lt/s of desalination capacity already deployed in the

country for industrial and mining operations (GIZ et al., 2020).
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Directly correlated with electrolysis deployment, water use is set to be largely con-

centrated in northern areas of Chile. With hydrogen exports, total annual water use for

hydrogen production by 2050 would reach around 46 m3 (see Table 4.6). This represents

under 0.5% of total annual national water demand, estimated to have been around 9500

million m3 in 2015 (Osorio-Aravena et al., 2021). Meanwhile, the equivalent average wa-

ter flow would be just below 1500 lt/s, around a quarter of the current installed desalination

capacity for industrial and mining operations (GIZ et al., 2020).

Despite the small share that the expected electrolysis water use would have over total

water demand, it could still be a cause of concern, given the country’s worsening water

stress outlook, particularly if the incremental water demand is partially (or fully) met via

water desalination. While some studies claim that the negative environmental impacts of

water desalination could be controlled (Miller et al., 2015; Pistocchi et al., 2020; Herrera-

León et al., 2022), other studies affirm that there are socio-environmental impacts that still

require proper solutions in Chile (Campero et al., 2021; Odell, 2021; Alvez et al., 2020).

Table 4.6. Comparison of annual water consumption for hydrogen produc-
tion in 2050 by scenario.

Item/Scenario B BHT RE2050 RE2040 H2EXP H2EXPHT H2EXPHPC

Annual water consumption (million m3) 19.65 24.09 21.55 21.39 46.15 45.91 46.00

Annual water consumption (lt/s) 623.09 763.83 683.37 678.18 1463.39 1455.65 1458.65

The water consumption estimates are based on an assumed electrolysis water consumption of 10 lt/kgH2.
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5. CONCLUSIONS

5.1. Conclusions and policy implications

In this paper, we carry out a long-term analysis to provide an outlook for the most

cost-effective evolution of the Chilean power system integrated with a hydrogen network,

from 2020 to 2050. We propose a new linear optimization model that builds up on existing

models in the literature (including the long-term planning exercise of the Chilean Ministry

of Energy) to analyze the impacts of a variety of policies and hydrogen demand scenarios.

The model optimizes all investment and operational variables and reflects the outcome of

a competitive market. This study presents the first assessment of the optimal evolution of

the integrated hydrogen-electricity network in Chile considering domestic hydrogen con-

sumption, international hydrogen exports and climate policies, including a representation

of essential aspects such as electricity reliability constraints, intra-day and seasonal energy

arbitrage, and several energy production technologies. Our proposed model also allows

to freely allocate electrolyzer investments on a temporal and geographical scope, and in-

corporates hydrogen transport and storage. We analyze scenarios considering hydrogen

demand variations, carbon pricing, and 100% renewable mandates, drawing several con-

clusions from our analysis.

First, our results show that, even in the baseline scenario, with domestic hydrogen

demand only, a constant carbon tax of 5 USD/tCO2 and without a 100% renewable gen-

eration mandate, it could be the most cost-effective solution to have an integrated energy

system that, by 2050, produces about a third of its 2020’s electricity-related emissions.

The system would have high shares of solar PV and wind generation, together with hydro-

gen combined-cycle gas turbines, electric batteries, and concentrated solar power plants.

In this scenario, however, gas would still account for over 10% of the electricity gener-

ation mix. Part of its output would be replaced by other dispatchable generation tech-

nologies such as hydrogen combined-cycle gas turbine units, electric batteries and, to a

lesser extent, concentrated solar power plants. By 2050, the estimated annual emissions
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of the energy system in the baseline scenario would reach 9.3 MtCO2eq (compared with

around 28 MtCO2eq in 2020). This means that, under the energy demand and technol-

ogy costs outlook used in this study, the system should be able to reduce carbon dioxide

emissions by about two-thirds in 2020-2050 simply following the most cost-effective tra-

jectory. However, to achieve larger emissions reductions throughout the period, additional

policies could be required to phase out fossil fuel generation, such as an increased carbon

tax or a 100% renewable mandate. Other market-based policy options to close that emis-

sions gap could include an emissions trading system, or investment subsidies for energy

production, storage, and/or transport.

Second, we show that increasing carbon prices and enforcing 100% renewable man-

dates are powerful tools to reduce cumulative emissions over the 2020-2050 horizon. Al-

though the simulated system in the baseline scenario produces low emissions by 2050,

enforcing an increasingly high carbon tax during the period can reduce the total CO2

emissions produced in the complete horizon by over 55%. Implementing a 100% renew-

ables mandate by 2040 can further reduce cumulative emissions, but comes at a premium,

raising the net present value of the system costs by almost 11% compared with the base-

line scenario. Both increasing the carbon tax and enforcing 100% renewable mandates

increase system costs, which means that government action could be needed if it is not

intended to transfer these additional costs to end-users of electricity and/or hydrogen.

Third, our results notably show that international hydrogen exports in line with the

Chilean Hydrogen Strategy (Ministerio de Energı́a, 2020b) could enhance renewable in-

tegration without necessarily incurring in price surges for typical consumers. On the one

hand, we note that the incremental electricity demand for hydrogen export production

would be met via renewables, particularly solar PV, which results into a lower systemic

emissions intensity relative to our baseline. Notably, the additional hydrogen production

make battery investments less necessary, as surplus renewable electricity is destined to

produce hydrogen. However, there is still a prevalence of gas generation in the system that
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would keep the carbon content of grid-produced hydrogen over 1.2 kgCO2/kgH2 (if calcu-

lated based on the system’ average annual electricity mix). How certification schemes are

designed in the future will be key to define whether the hydrogen produced is low-carbon

hydrogen or not, as in this case the additional generation triggered by electrolysis would

be renewable (hence, low-carbon), but at the same time the average electricity mix not

fully renewable. On the other hand, this 2.67-times increase in hydrogen demand caused

by hydrogen exports (and 57% growth in total electricity demand) in 2050, compared with

our baseline, would not result in increased average electricity prices for typical electric-

ity consumers. Prices for these customers would actually decrease up to 1% relative to

the baseline scenario. End-users would avoid increases as a side effect of the flexibility

of electrolyzers, whose production is allocated in hours with cheap electricity, and there-

fore causes them to see higher system costs reflected in their prices. Electrolyzers would

perceive an average electricity price up to 59% higher than with domestic hydrogen de-

mand only. Given the high relevance of electricity prices in hydrogen production costs,

this increase translates into higher hydrogen supply prices from around 1.5 USD/kgH2 in

our baseline scenario to about 2.1 USD/kgH2 when incorporating hydrogen exports. It

remains to be seen if this cost increase could significantly reduce the Chilean hydrogen

exports’ competitiveness in the international market.

Fourth, from an integrated system perspective, almost all the hydrogen production and

storage capacity were deployed in the northern regions of Chile, and this result was ro-

bust across all scenarios. Our analysis shows that for the Chilean case, it would be more

cost-effective to mostly concentrate hydrogen production in the northern regions and then

transport it to the rest of the country. Moreover, practically all exports from the country

(excluding the Patagonia region) would take place via the Mejillones port, close to some

of the best nodes for solar generation. This poses several challenges for policymakers,

as a large deployment of hydrogen and power system assets could mean substantial land

use needs and new tenders for additional electricity transmission and new hydrogen trans-

port corridors. Additionally, new or modified regulations and standards will be required
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for large-scale hydrogen production, transport, storage, and demand. Addressing socio-

environmental concerns, together with fostering social acceptance for hydrogen technolo-

gies that will be new to most consumers, will have to be addressed by policymakers to

meet energy demand in the country without significantly affecting the ecosystem or hu-

man communities, for example, due to the installation of large energy transport corridors,

desalination plants or energy production facilities. Other alternatives such as deploying

less energy transport capacity in favor of more energy production capacity close to de-

mand hubs could be explored, considering for example that our scenario with hydrogen

pipeline costs suggested that co-locating hydrogen production with demand could be a

convenient alternative if the relative costs of energy transport result too high.

5.2. Further research opportunities

Various lines of study could be addressed to develop further on our analysis. For exam-

ple, we focus on large-scale assets and demand and do not study infrastructure investments

at the distribution level, which could include technologies such as digital distribution sys-

tem infrastructure, hydrogen-carrying trucks, and others. Further, as we did not limit the

maximum installed capacity for energy transport capacity, a thorough study on the fea-

sibility of investing in large-scale energy transport corridors could be beneficial. In our

results, investments in electricity transmission corridors of over 40 GW are made, which,

if not feasible, may need to be compensated with higher investments in other energy infras-

tructure which could lead to increased energy supply costs and changes in the investment

portfolio. Moreover, it could be worthwhile to incorporate revenues of hydrogen sales in

the system planning. Finally, another important extension for future work is to integrate

into the analysis other dynamics that could significantly impact the Chilean integrated

network, such as electrification of other end-uses including transport and heat.
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https://energia.gob.cl/sites/default/files/pagina-basica/

informe resumen cn 2019 v07.pdf

Ministerio de Energı́a. (2020b). National Green Hydrogen Strategy. Retrieved from

https://www.energia.gob.cl/h2

Ministerio de Energı́a. (2020c). Plan de Retiro y/o Reconversión de Unidades de

Carbón. Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH. Re-

trieved from https://energia.gob.cl/sites/default/files/plan de

retiro y o reconversion centrales carbon.pdf

Ministerio de Energı́a. (2020d). Repositorio - Proceso de Planificación Energética de
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A. NOMENCLATURE OF THE MODEL

The sets presented in the model are described below:

E = {E,H2} Energy vector (electricity or hydrogen)

D Representative days (12 days per year, 9 time segments each)

Dr Time segments specific to representative day r

G Generation units of the system

GBES Electric battery units

GCSP Concentrated solar power plants

Ge Generation units of type e

GES All storage units (electricity and hydrogen)

GH2S Hydrogen storage units

GH2toP Hydrogen-to-power units

GNonRE Non-renewable generators

GPV,wind&hydro Solar PV, wind and hydroelectric generators

GV RE Variable renewable generators (solar PV, wind power)

Gcand Candidate production units

GE
disp Dispatchable power generators

Gex Existing production units (as of 2020)

Gn Generation units located at node n

Ge
n Generation units of type e located at node n

Gplan Planned production units

Gz Generation units in zone z

L Lines of the system

Le Lines of the system for energy vector e



67

Le
cand Candidate lines for energy vector e

Le
ex Existing lines (as of 2020) for energy vector e

Le,in
n Lines with destination node n for energy vector e

Le,out
n Lines with origin node n for energy vector e

Le
plan Planned lines for energy vector e

N Nodes (buses) of the system

N export Hydrogen export nodes

Nz Nodes in zone z

T Time segments per year (108 time segments)

Y Target years = {2020,2030,2040,2050}

YI Intermediate years before the next target year {0,1,...,9}

Z Zones of the system
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The parameters presented in the model are described below:

�1 Reserve share of variable renewable electricity

�2 Reserve share of power demand

�g Storage capacity in hours of storage project g

�t,t�1 Hours elapsed between time segments t� 1 and t

�tTES
g Hours of storage capacity of CSP unit g

�g/ly Binary parameter that indicates whether unit g or line l is available in year y

⌘g Capacity factor of generator g

⌘Cg Efficiency associated with the charging process in storage project g

⌘CO2
g Emissions production factor (tCO2/MWh) of power plant g

⌘ES
g Round-trip efficiency of storage project g

⌘PB
g Electric generator efficiency of CSP unit g

⌘SF/TES-PB
g PB heat exchange efficiency of CSP unit g

⌘SF-TES
g TES charging efficiency of CSP unit g

⌘TES
g Storing efficiency of CSP unit g

⌘TES-PB
g TES discharging efficiency of CSP unit g

⌘gt Renewable generation profile factor of generator g in time segment t

⌘e,Ll Line losses of line l for energy vector e

�comp Electricity consumption for hydrogen compression (MWh/tH2)

�H2toP
g Hydrogen consumption for electricity generation (tH2/MWh)

�prod
y Electricity consumption in year y per unit of hydrogen compressed

!t Hours in the year represented by the time segment t

cES,fix
es Annual fixed cost of storage unit g

cES,inv
es,y Annualized investment cost of storage unit g in year y
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cG,fix
g Annual fixed cost of generation unit g

cvomg Variable operational and maintenance cost of generation unit g

cfuelgy Fuel price for generation unit g in year y

cG,inv
gy Annualized investment cost of generation unit g in year y

cL,fixl Annual fixed cost of line l

cL,invly Annualized investment cost of line l in year y

cCO22tax
y Carbon tax price in year y

capy Emissions cap in year y

dexportH2,y
Total systemic hydrogen exports demand in year y

de,basenty Base (exogenous) demand of node n in time segment t for energy vector e

drateye Discount factor of year ye referenced to 2020

fmax
l Energy transport capacity of line l

hg Fuel consumption factor of generation unit g

k Number of years between target years

kG/L
l/g Maximum investment levels of unit g or line l

pmax
g Generation capacity of existing or planned unit g

qSF
gt Solar field thermal power available for unit g in time t (MWt)
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The variables presented in the model are described below:

BES
es,y Capacity addition to storage unit es in year y

BG/L
g/ly Capacity addition to unit g or line l in year y

CT
y Total systemic costs in year y

CT 0

y+yI Interpolated total cost in year yI after year y

De2
e1,nty Demand of vector e1 to produce vector e2 in node n, time segment t and year y

EES
gty Stored energy in storage unit g in time segment t in year y

ETES
gty Stored thermal energy in TES CSP unit g in time segment t in year y (MWht)

Flty Line flow (MW or tonH2/hr) of line l in time segment t in year y

FixedCostsy Systemic fixed costs in year y

InvCostsy Systemic annualized investment costs in year y

KES
es,y Cumulative installed capacity of storage unit es in year y

KG/L
g/ly Cumulative installed capacity of unit g or line l in year y

Pgty Production (MW or tonH2/hr) of asset g in time segment t in year y

QEX
gty Excess thermal power of CSP unit g in time segment t in year y (MWt)

Qe,C
gty Charge flow of storage unit g of vector e in time segment t in year y

Qe,D
gty Discharge flow of storage unit g of vector e in time segment t in year y

QTES,C
gty Charge thermal flow of CSP unit g in time segment t in year y (MWht)

QTES,D
gty Discharge thermal flow of CSP unit g in time segment t in year y (MWht)

VarOpCostsy Systemic variable operational costs in year y
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B. DERIVATION OF 2050 MARGINAL COST SCALING FACTOR

Due to the structure of the objective function, that includes both a discounting factor

and linear interpolations between consecutive target years, a scaling factor requires to be

calculated to estimate the total marginal costs for electricity (or hydrogen) supply. We

begin by thoroughly explaining the method to obtain the 2050 scaling factor and then

derive the factors for the rest of the target years included in this study. First, we define

�2050 as the change caused in the objective function due to a marginal increase in the

electricity (or hydrogen) balance constraint in 2050, which can be obtained from the dual

variables of these constraints from the model’s solution. We then define MC2050 as the

total marginal cost (in 2050’s prices), and similarly, C2050 as the total cost in 2050. Thus,

we are interested in calculating the scaling factor ✏2050 as follows:

�2050 = ✏2050 ·MC2050 (B.1)

Given the structure of the objective function, a marginal increase in the energy balance

constraint only affects consecutive target years. In this case, a marginal change in 2050

would only affect from 2041 onwards (2050 is the final year analyzed). The objective

function, considering only the cost variables from 2040 onwards, can be written as follows:

OF = dfactor
20

C2040 + dfactor
21

[C2040 + (C2050 � C2040) ·
1

10
] + dfactor

22
[C2040 + (C2050 � C2040) ·

2

10
]

+...+ dfactor
30

C2050

(B.2)

We remind that dfactori refers to the discount factor of year i relative to 2020. Now,

when calculating the marginal change in the objective function due to a marginal increase

in the energy supply balance in 2050, we can directly estimate the scaling factor as follows:



72

�2050 = dfactor
20+i

X

i=1..10

i

10
MC2050 = ✏2050 ·MC2050 (B.3)

Similarly, we derive the scaling factors for 2020, 2030 and 2040:

�2020 = dfactori

X

i=0..9

(1� i

10
)MC2020 = ✏2020 ·MC2020 (B.4)

�2030 = [dfactori

X

i=1..10

i

10
+ dfactor

10+i

X

i=1..9

(1� i

10
)]MC2030 = ✏2030 ·MC2030 (B.5)

�2040 = [dfactor
10+i

X

i=1..10

i

10
+ dfactor

20+i

X

i=1..9

(1� i

10
)]MC2040 = ✏2040 ·MC2040 (B.6)
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C. OTHER CASE STUDY INPUTS

Table C.1. Node numbering.

Node number Node name

1 Parinacota220

2 NuevaPozoAlmonte220

3 Lagunas220

4 Kimal220

5 Kimal500

6 LosChangos220

7 LosChangos500

8 NuevaZaldivar220

9 Parinas500

10 Cumbre500

11 NuevaCardones500

12 NuevaMaitencillo500

13 NuevaPandeAzucar500

14 Quillota500

15 Polpaico500

16 AltoJahuel500

17 Candelaria500

18 Rapel500

19 Ancoa500

20 Concepcion500

21 NuevaCharrua500

22 Mulchen500

23 RioMalleco500

24 Pichirropulli500

25 NuevaPuertoMontt500

26 NuevaAncud500
Source: Own elaboration based on Ministerio de Energı́a (2020d).
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Table C.2. Nodal grouping by zone.

Zone Nodes included

North 1-13

Center 14-18

South 19-26
Source: Own elaboration based on Ministerio de Energı́a (2020d).

Table C.3. Number of existing power generation units by technology and
system zone in the case study data.

Technology/Zone North Center South Total

Biogas 0 6 3 9

Biomass 0 3 17 20

Coal 21 4 4 29

Cogeneration 1 2 2 5

CSP 1 0 0 1

Diesel 30 28 47 105

Electric battery 0 0 0 0

Gas 7 10 4 21

Geothermal 1 0 0 1

H2CCGT 0 0 0 0

Hydro Dam 0 1 9 10

Hydro Run of River 9 36 99 144

Solar PV 66 105 20 191

Wind 17 1 15 33

Total 153 196 220 569
Source: Adapted from Ministerio de Energı́a (2020d).
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Table C.4. Number of planned and candidate power generation units by
technology and system zone in the case study data.

Technology/Zone North Center South Total

Biogas 0 0 0 0

Biomass 0 0 6 6

Coal 0 0 0 0

Cogeneration 0 0 0 0

CSP 124 0 0 124

Diesel 8 0 5 13

Electric battery 13 5 8 26

Gas 22 0 7 29

Geothermal 7 1 4 12

H2CCGT 13 5 8 26

Hydro Dam 0 0 0 0

Hydro Run of River 0 8 72 80

Solar PV 101 43 26 170

Wind 37 3 77 117

Total 325 65 213 603
Source: Adapted from Ministerio de Energı́a (2020d).
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