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Abstract

Chile has set ambitious targets to reach 100% renewable generation in the electric system
and supply 80% of its heating with sustainable sources by 2050. The fulfilment of these goals
brings new challenges for balancing supply and demand and creates the need for providing
the energy networks with operational flexibility from new sources. Thermal energy storage
arises as an option that can provide part of this flexibility, decoupling supply and demand
by time-shifting power delivery at a competitive cost and with fewer geographical limitations
compared to other storage technologies. Although Chilean energy policy has recently turned
its attention on these issues, there is still a lack of technical input for assessing the potential
of thermal energy storage to support the deployment of renewables in the electric grid and for
cleaning heating supply.

This thesis aims to bridge that gap and focuses on assessing how different thermal energy
storage technologies can help to increase the share of intermittent renewables in the Chilean
electric grid and in its residential heating sector. This is performed through techno-economic
optimisation of the design and operation of specific thermal energy storage systems configur-
ations.

In the case of the electric grid, a linear optimisation model of the Chilean network is developed.
The long-term impact of pumped thermal energy storage on the total system’s cost is as-
sessed. Among the main findings, it is concluded that the integration of on-grid 8h capacity
storage increases the solar photovoltaic fraction, which leads to reductions in operation and
investment costs by 2050.

For the residential heating sector, a solar district heating network supported by borehole
seasonal thermal storage is proposed as a clean alternative for heating in southern Chile.
A simulation-based multi-objective optimisation of the system’s design is performed, focusing
on minimising cost and emissions. The results show that this system can be cost-competitive
with some conventional heating technologies under specific circumstances. The presence of
seasonal thermal storage helps drive down the total emissions by reducing the use of the
auxiliary gas heater in winter.

Finally, the solar district heating network is combined with a heat pump, and the effect of
the power-to-heat scheme supported by short and long-term storage is assessed. It is found
that despite the positive impact on cost and emission of the heat pump integration under
the proposed configuration, fast charging thermal storage technologies may be better suited
to integrate the heat supplied by the heat pump than the slower charging borehole storage.
Additionally, by combining the previously developed models, it is established that the flexibility



of the electric demand of a heat pump collocated with thermal storage decreases the strain
on the electricity system expansion compared with inflexible demand. The findings reported
in this thesis set the ground for further research, potentially using more detailed models and
assessing other thermal storage technologies to highlight their value and encourage the use
of thermal energy storage to assist the Chilean energy transition. Furthermore, these tools
and analyses could be applied to other countries and areas following similar energy transition
pathways.



Lay Summary

During the last 200 years, our society has relied on fossil fuels, such as coal, oil and natural
gas, to satisfy our diverse energy requirements. The pressing need to control climate change
has driven most countries to begin a shift towards using cleaner energy sources. As expected,
modifying the technologies that run our world is complex and brings many challenges that
need to be addressed. One of them is to overcome the intermittent nature of the most popular
clean energy sources: solar and wind generation.

Technologies using sun and wind only produce energy when the sun is shining or the wind is
blowing, but our energy requirements usually do not adapt to these natural patterns. This can
lead to periods when energy is required but not available, such as a windless winter evening.
Hence, if a general movement towards cleaner and affordable energy generation is to be
undertaken, technologies that could bridge the time mismatch between energy availability
and demand need to be developed.

This thesis proposes the use of thermal energy storage as an economical solution to bridge
this timing mismatch. This kind of storage technology can store energy produced by solar or
wind generation in moments of low energy needs in the form of heat and make it available
when required. It can store energy from minutes to even months, be installed almost any-
where, and be designed to release energy as heat or electricity. In this thesis, the suitability
of thermal storage for helping to increase the use of solar and wind energy in the electricity
system and for house heating is investigated using Chile, a country that has set ambitious
targets for renewable generation, as an example.

Firstly, using models of the Chilean electricity system, the best size, location and deployment
timing of thermal energy storage were estimated. The impact of this storage on renewable
generation and carbon emissions in the next 30 years were discussed. Next, the effect of
thermal storage on a communal heating network using the sun as the main energy source
was investigated. In this case, thermal storage systems with short (hourly to daily) and long
(monthly to yearly) duration capacities were considered. The best design of different compon-
ents of the hating system was evaluated to achieve low cost a well as emissions, which are
competing targets. Finally, the benefits of combining the operation of the electricity system
with heat networks were studied. For this, heat pumps that buy electricity to provide heat and
their operation with thermal storage were analysed and their beneficial effects on the overall
energy system estimated.



The discussion and results of this thesis can offer helpful information to the Government
and other actors of the Chilean energy sector. The tools and methods developed in this
thesis could be applied to other countries or areas looking for options to increase the use
of intermittent renewable generation such as solar and wind.
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Chapter 1

Introduction

During the last decades, the necessity for preventing the effects of extreme climate change
has driven the world energy systems towards cleaner generation technologies. This has led
towards reducing the dependency on fossil fuel and increasing the share of renewables,
with some future scenarios suggesting the global share of intermittent renewable generation
reaching close to 60% by 2050 (IRENA, 2019b). Furthermore, the increasing electrification of
the final energy use (which is expected to rise from less than 20% by 2015 to more than 40%
by 2050 (IRENA, 2019b)) raises new challenges for the design and operation of the energy
grid. These challenges arise mostly from the growing complexity of balancing supply and
demand in a scenario with high share of intermittent renewable generation. In conventional
fossil fuel based systems, this balancing capability is provided mostly by thermal generation,
which can adapt to the demand thanks to the readily available chemical energy stored within
the fossil fuels. However, the decrease of their participation on the energy systems creates the
need of providing alternative sources of flexibility to to allow for further increasing the share
of the most cost-competitive renewable generation, such as solar photovoltaic (PV) and wind
(Strbac et al., 2016).

According to the IEA, flexibility is "the ability of a power system to reliably manage the vari-
ability and uncertainty of demand and supply across all relevant timescales, from ensuring
instantaneous stability of the power system to supporting long-term security of supply" (IEA,
2018a). This broad definition is going to be assumed within this thesis. It considers, for
instance, the short term frequency stability of the grid, which is the most common example
of operational flexibility, but also encompasses the bulk storage of energy that allows for
balancing intraday and longer periods of supply and demand mismatches. Some of the most
commonly mentioned sources of flexibility for electric systems are enhancing and strengthen-
ing the grid, improving variable renewable generation forecasting, demand side management,
integration of energy markets and systems, and energy storage (Gallo et al., 2016). Among
these options, energy storage is arguably the most effective, as it can decouple supply and
demand by time shifting power delivery. Amidst energy storage technology options, thermal
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energy storage (TES) has important advantages, as it tends to present low costs per unit of
stored energy, can be independent of geographical or geological constraints, it has low cycling
efficiency degradation and it can be designed to store energy for months (White et al., 2013;
IRENA, 2020).

Chile, having large potentials for solar and wind generation, has recently increased its targets
to achieve 100% renewable generation of electricity by 2050 (Ministerio de Energia, 2021a),
creating flexibility requirements above the world’s average. This, exacerbated by the topo-
logical limitations of the energy network, has led to the energy policy to address flexibility
requirements and generating the first national strategy for the electric system’s flexibility in
2020 (Ministerio de Energia, 2020b). However, so far, this strategy has focused on setting the
background and defining pathways to promote flexibility in general, but more in depth technical
analysis of specific technologies is required to promote concrete technically and economically
optimal solutions.

In addition to the electricity sector, Chile requires to transition its heating sector, which rep-
resents 53% of the final energy use in households and it is supplied in a 35% by fossil fuels,
2% by electricity and close to 63% by biomass (Yanez et al., 2019). It is worth mentioning
that this biomass is mostly high humidity firewood burned in low efficiency stoves, and it is
responsible for close to 85% of the particulate matter pollution (Ministerio de Energia, 2020d)
that is the main cause of acute air pollution crisis in cities and towns of southern Chile during
the winter season (Ministerio del Medio Ambiente, 2018). In response to this situation, the
Chilean Government has launched in 2020 its Strategy for Residential Energy Transition
(Ministerio de Energia, 2020d) and in 2021 the National Strategy for Heat and Cold (Ministerio
de Energia, 2021c), which set the goal to reach 80% sustainable energy for heating by 2050.
This strategy, for the first time in Chile’s energy policy history, sets a framework to specifically
focus on heat decarbonisation. Although at this stage, it does not provide specific pathways
to achieve its goals, it mentions district heating (DH) as one of the technologies that would
enable the sector’s transition.

The specific mention of DH as one of the technological options is based on its inherent opera-
tional flexibility, as this technology can easily be combined with TES to balance fluctuations in
demand and can enable the use of various energy sources including industrial excess heat,
geothermal, sustainable and clean biomass and solar energy (International Energy Agency,
2019a). Moreover, thanks to its natural thermal inertia and access to cheap energy storage,
DH are especially well suited to facilitate the integration of the electricity and heating sectors,
promoting additional flexibility to both, electricity and heating systems through the integration
of their demands and their energy generation sources (IRENA, 2020). Although recent studies
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have identified the potential for wide DH implementation in Chile (Paardekooper et al., 2020),
there is a lack of studies that assess the behaviour of specific DH configurations under Chilean
conditions. Especially, there is no assessment of how solar thermal energy would operate
integrated to DH networks in the cool but sunny conditions of southern Chile.

Therefore, this thesis applies techno-economic optimisation models to assess the potential for
TES to support the Chilean energy transition. It investigates the capability of TES to provide
additional flexibility to the electricity grid, to support the use of clean energy sources in the
heating provision and to facilitate the integration of heating and electricity systems, increasing
their flexibility and efficiency of operation.

1.1 Research question

As can e summarised from the previous section, the motivation of this thesis is to study the
capacity of thermal energy storage to support the deployment of technologies that would
advance the clean energy transition. This motivation opens a general research question
addressed in this thesis, which is how can thermal energy storage support the transition
towards a cleaner energy matrix?. Given the many possible perspectives to approach this
question, in the context of this thesis, it is addressed by focusing on the following particular
questions:

1. Can thermal energy storage at grid level increase the penetration of renewable gener-
ation in the electricity grid?

2. What are the optimal locations and sizes for on-grid pumped thermal energy storage to
minimise the cost of the future energy system?

3. How can thermal energy storage support the use of variable renewable energies in
residential heating applications?

4. How can thermal energy storage increase the flexibility of thermal demand and facilitate
its integration with the electric grid for the provision of clean heating?

Although these questions are addressed in the Chilean context the analysis and conclusions
can be applied to other countries and territories, especially to those with similar geographical
and climatic characteristics.
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1.2 Contribution to knowledge

The work presented in this thesis relies on mathematical modelling, simulations and different

optimisation techniques to evaluate the technical and economic merits of TES in the Chilean

energy context. Nevertheless, the methodologies presented could be applied to other loca-

tions and different energy system designs.

The following list of methods developed specifically to tackle the aforementioned research

questions can be considered novel, as they are developed specifically for this research:

A machine learning method based on a multiple linear regression was developed to
predict the temperature of the borehole long term storage after an initial 6-year charging
phase. This allows for skipping the simulation of those initial years and reducing the total
optimisation time. This tool is applied through Chapters 4 and 5 and explained in detail
in Appendix B.

A novel method to improve the convergence of the genetic algorithm used for the
multi-objective optimisation was proposed and implemented. The implementation of this
method is presented in Appendix E and used for the optimisation process in Chapters
4 and 5.

An iterative method of evaluating the new electricity market equilibrium spot prices is
proposed and applied in Chapter 5.

The following is a list of the results that can be considered original, either because of the

particular problem being addressed, the methods used for the analysis or their specific results

in the context of the Chilean energy system:

The assessment of the long term role of on-grid TES on the deployment of inter-
mittent renewable generation in the Chilean electricity system. Thermal storage for
electricity, such as pumped thermal energy storage (PTES), has specific characteristics
and advantages when compared to other technologies for electricity storage such as
lithium-ion batteries or pumped hydro. These special characteristics were included in a
dispatch and expansion optimisation model of the Chilean electricity system, and the
economic benefit of the availability of this technology was evaluated.

The techno-economic analysis of the suitability of solar thermal district network
with seasonal thermal storage for the special sunny and cool conditions of south-
ern Chile. A framework for a multi-objective simulation-based optimisation was de-
veloped to optimise the design of the system under specific constructive and climatic
conditions of southern Chile. Methodologies for decreasing the simulation time of high
thermal inertia energy storage and for increasing the multi-objective optimisation Pareto
front development were proposed. Several design features were optimised using a de-
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tailed representation of the system and the resulting optimal system’s techno-economic
performance was compared with conventional heating alternatives. The effect of the
presence of seasonal storage on the optimal tilt angle of solar collectors was investig-
ated.

The evaluation of the added techno-economic value of integrating a power-to-
heat scheme with a solar thermal network with seasonal thermal storage operat-
ing under future variable electricity spot prices. A model of a heat pump was added
to the simulation and future local spot prices were projected to simulate the power-to-
heat system’s operational logic. The system was re-optimised and its techno-economic
performance was compared to systems optimised without the power-to-heat addition.
The proposal and implementation of a method to assess the value of the flexibility
of power-to-heat schemes with thermal storage in comparison with non-flexible
demands. The dispatch and expansion optimisation model of the Chilean electricity
grid was integrated with the simulation-based optimisation model of the solar district
network with power-to-heat integration. The proposed method was run to determine the
modified spot prices when a large scale deployment of flexible power-to-heat schemes
operate in the electric market. The impact on the electric grid expansion and on the
spot price was assessed and contrasted with the effects of inflexible demand.

The methods and results of this thesis could be of interest to researchers, engineers and

policy planners involved in the areas of energy system integration, the flexibility of energy

systems and sustainable heating technologies.

1.3 Thesis structure

This document consists of 6 chapters. The content of each of them is summarised in the

following list, and a schematic representation of how they interact is presented in Figure 1.1.

Chapter 2 presents background on some of the most common methods used for energy
system analysis and reviews previous energy modelling methods applied to assess the
Chilean energy system. It sets the stage for the Chilean energy policy evolution in recent
years, with a special focus on the requirements of flexibility and the incorporation of heat
in the energy agenda. Finally, it presents a summary of the different TES technologies,
some of which are used in the models developed in the next chapters.

Chapter 3 adapts and applies a linear optimisation framework developed in Python to
generate a model of the Chilean electricity grid. It analyses the long term expansion of
the grid and assesses the effect of PTES on the future investments and operation of
the system. Optimal quantities and locations of future generation and storage expansion
are presented and analysed.
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Chapter 4 develops a framework for optimising the design of a solar district heating
network with seasonal energy storage, integrating a TRNSYS based simulation with
a genetic algorithm optimisation coded in Python. It modifies an existing simulation
model, generating parametric expressions for the piping design, head losses and pump
sizing, adapting the simulation to different initial design conditions. Results of optimal
sub-system sizing and optimal operational values are presented and the effects of their
optimisation are discussed.

Chapter 5 performs a re-optimisation of the model developed in Chapter 4 considering
the addition of power-to-heat technologies in the form of resistance heaters and heat
pumps. A technique to construct an annual spot price based on representative days
is proposed and applied to simulate the operation of the electric heaters purchasing
energy based on spot price variation. The optimal configurations techno-economic per-
formance are compared with the system without power-to-heat integration. Finally, it
integrates the results of the simulation-based optimisation model with the model de-
veloped in Chapter 3. The effects on the electric grid’s operation and expansion caused
by the additional flexible demand of large scale penetration of district networks with
power-to-heat integration are assessed and compared against the effects of inflexible
alternatives.

Chapter 6 summarises the conclusions of the previous three chapters and draws new
conclusions integrating the previous chapters’ analyses. Additionally, it proposes further
research that could build on the methods and results presented in this thesis.
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Chapter 2

Background

This chapter provides a background on the structure and main characteristics of the Chilean
energy system. Following, it presents a review of the modelling efforts to represent and
optimise the design and operation of this system with the aim to identify gaps in knowledge
that are worth addressing. It also presents a summary of the changes and advances of the
last years’ Chilean energy policy around energy storage, grid flexibility and clean heating
pathways with the objective to put this research in context and highlight its relevance in the
current scenario. Finally, it presents a background on the main technologies analysed in this
thesis with the aim to consider their advantages and drawbacks.

2.1 Chilean energy system structure and characteristics

Chile is 4,300 km long and, on average, 175 km wide. Most of its territory is land-marked
by mountains, with the Andes dominating the eastern border and several smaller mountain
ranges crisscrossing north to south and east to west. This gives the country an average
altitude of 1,800 m and defines and constrains the energy infrastructure potential.

Chile’s climate area can be roughly broken into four quarters. The northernmost area of the
country is dominated by the arid Andes highlands and the Atacama desert. This transitions
towards a mediterranean climate in the centre of the country. The southern area corresponds
to an oceanic climate which transitions onto a sub-polar climate in the far south.

The conditions defined by topography and climate define that close to 80% of the population
resides in the central and central-south areas, and determines the availability of renewable
resources along the country.

For its supply of energy, Chile largely depends on imports, as its domestic energy production
covers only about one-third of its close to 32 Mtoe (tons oil equivalent) total primary energy
supply. Qil is the largest primary energy source, followed by biofuels (mainly firewood for
house heating) and coal. This is better appreciated in Figure 2.1, where it can be noticed that
fossil fuel accounts for 70-85% of the total energy supply (Ministerio de Energia, 2017c). In this
figure, it is clear that transport and the industrial sector (which includes the large copper mining
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operations in the north of the country) represent each slightly above one-third of the total final
energy demand. The remaining 25% is used by the public commercial and residential sectors,
which are often grouped under the "building sector" label, as most of its energy demand arises
from building thermal conditioning and people’s energy use within buildings. From a purely
electric demand perspective, 60% of the total demand is required by the industry, with mining
representing almost half of it. The remaining 40% is used by the building sector with transport
having yet a negligible participation in the electricity demand.

Most of the primary fossil fuel supply has to be imported, as Chile has very low fossil fuel
production, and 100% of the oil, 95% of coal and 80% of natural gas are shipped from abroad.
Only a small amount of natural gas is produced in the far south of the country, where it is used
locally for heating, electricity generation and methanol production.
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Figure 2.1: Sankey diagram of the energy supply and demand in Chile

With respect to renewable resources, solar is the most abundant, with an estimated potential
above 1,500 GW. As can be appreciated in Figures 2.2(b) and 2.3(a), this extraordinary
resource is concentrated in the northern part of the country. This is a sparsely populated
area with an important electricity demand (as can be seen in Figure 2.3(b)), mostly from
the mining industry. The on-shore wind potential has been estimated at around 40 GW in
the areas covered by the national interconnected system (shown in Figure 2.2(a)). It is more
evenly distributed along the country than the solar resource, but it tends to concentrate in the
north and south of the country. There is important wind potential in the far south area of the
country, but the distance from the main demand makes its current development unfeasible.
The potential for off-shore wind has been estimated at around 1 GW. This relatively low
potential is hindered by the rough waters of the Pacific Ocean and the high depth of the coastal
waters, which forces the use of floating technology to develop close to 90% of said potential
(World Bank, 2020). Hydroelectricity is the most developed renewable generation technology,
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with close to 7 GW installed capacity, mostly in the south of the country. There is a remaining 5
GW potential to be developed, but most of it is far from the demand centres and the remaining
confronts important resistance from the population due to the local environmental impacts
(Bardeen, 2018).

The electricity system consists of a main national electricity network, shown in Figure 2.2(a).
This system covers 95% of the population and concentrates 99% of the 27 GW of installed
capacity in 2021 (21 GW in 2016). The remaining systems cover cities located in the south-
ernmost area and isolated and insular localities. As it is clear from the figure, the system
is practically linear and it is not interconnected with neighbouring countries, which limits the
possibility of balancing the system by importing or exporting energy.
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Figure 2.2: (a) Simplified diagram of the interconnected electricity system superposed to the
total energy demand distribution by regions. (b) Areas where the renewable potential can
technically and economically be developed. (Adapted from Ministerio de Energia (2019a) and
Ministerio de Energia (2021d))
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Figure 2.3 shows the geographical distribution of the renewable potential in the areas of the
country covered by the main electric system and contrasts it with the main demand zones. As
it can be noticed, the main demand concentrates in the centre of the country, where there is no
abundance of renewable potential. This creates the requirement of transporting electricity for
several hundreds of kilometres, generating an additional burden on the system. The northern
area of high demand corresponds to the mining industry. This demand coincides with the area
of the highest solar potential. However, the continuous operation pattern of mining facilities
creates the requirement of balancing technologies, such as energy storage or conventional
generation, to allow for the operation at night time.
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Figure 2.3: (a) Geographical distribution of renewable potential by region in the interconnec-
ted electricity system. (Adapted from Santana et al. (2014)) (b) Current installed capacity of
electricity generation and annual electricity demand.

Based on the local temperature along the year, the country is divided into seven thermal
zones that can be appreciated in Figure 2.4. These zones, as can be expected, are organized
from north to south, with a local effect of altitude on the east of the country due to the Andes
mountains. As it can be seen in the figure, the preferred fuel for heating in the coldest areas
is firewood, due to its abundance and low cost. An anomaly can be noticed in zone 7, which
demand is dominated by the sub-polar city of Punta Arenas, where firewood is scarce but
there is supply of cheap locally produced natural gas. In the warmer areas, on the other hand,
the preferred energy sources for heating are electricity and gas (natural and LPG) as in those
zones there is no easy access to cheap biomass. The use of firewood creates an acute local
pollution problem in many towns and cities of southern Chile which require immediate action
to address in an effective manner (Molina et al., 2017).
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Figure 2.4: Thermal zones in Chile and energy consumption for heating in each zone by type
of fuel. (Adapted from Ministerio de Energia (2019a))

2.2 Role of flexibility in the Chilean energy system transition

There is a consensus on the need to increase renewable energy participation in the energy
matrix to limit global warming below the 2°C average temperature rise. According to IRENA,
85% of the global electricity and 60% of the total energy need to come from zero-emission
technologies by 2050 to reach this goal (IRENA, 2019b). The cheapest and most developed
of these technologies are currently solar photovoltaics (PV) and wind generation, which are
unfortunately variable and intermittent. This future energy system’s configuration with high
participation of inflexible renewable generation would require the addition of further flexibility
sources to overcome the challenges of balancing supply and demand.

The Chilean electricity system is not alien to these new requirements. In 2018, in a report
focusing on the country, the IEA suggested that large shares of non-dispatchable renewable
generation requiring higher flexibility provision will force baseload-designed coal power plants
to operate more as cycling mid-merit and peaking generators (IEA, 2018b). Since the public-
ation of this report, the Chilean Government has announced the total coal phase-out by 2040
(Ministerio de Energia, 2020f), has increased its renewable generation goals from 70% to
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100% by 2050, and has announced that the backbone for a whole system decarbonisation will
be electrification, with the aim of achieving carbon neutrality by 2050 (Ministerio de Energia,
2021a). This puts a much more intense strain on the electricity system than IEA’s prevision in
2018 and highlights the need for different sources of flexibility.

The need for systemic flexibility has led the Chilean energy policymakers to produce the first
version of a strategy to increase the flexibility of the electric system (Ministerio de Energia,
2020b). However, at this stage, this strategy is limited to defining reforms to the electricity
market to promote flexibility and reliability of the system, focusing mostly on generation and
storage, without analysing the possible contribution of specific technological alternatives. This
stresses the importance of making available information on the value of different demand
flexibility measures, as there is no unique solution and combinations of various flexibility
options would be required to manage the systems of the future (Lund et al., 2015), with
improvement in transmission and distribution infrastructure, deployment of various energy
storage technologies, more flexible demand and integration of multi-vector energy systems
playing all an important role in this flexibility solutions mix (IRENA, 2018).

The following sections of this chapter summarise energy system modelling options that can be
used for analysing the role of flexibility providing technologies and review some applications
to the Chilean energy system context.

2.3 Energy system models

Energy system models are representations of the operation of a given energy system. Their
main purpose is to support the design, planning, implementation and operation of energy
systems. Most of them can be classified as optimisation or simulation models. A simulation
may be defined as a representation that replicates the operation of a system under defined
conditions. In other words, it mimics the behaviour of a system for one specific configuration
and set of assumptions. Optimisation, on the other hand, is the mathematical modelling of
the system that allows finding the values of a number of decision variables that minimise or
maximise one or more objectives. These decision variables are usually design or operational
characteristics of the system, and the objectives are often cost or a performance indicator of
the system (Lund et al., 2017). It focuses on mathematically formulating the objective function
and sets a number of constraints that represent the physical characteristics of the system.

A simulation model, in general, tends to represent the different parts of the system with more
complex models, which may include solving differential equations or using finite element
modelling. This makes simulation often a closer representation of the operation of the real
system but adds a toll on the computing time. Optimisation typically needs to evaluate the
objective function many times. Hence, it often employs reduced-order representations to
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decrease the computational time of each evaluation. These differences have to be taken into
account when analysing the results of any study including these methods (Renaldi, 2018).
It has to be noticed that these two kinds of models are not necessarily mutually exclusive,
as simulation can be used for optimising certain variables and optimisation can be used to
predict the behaviour of a system. Furthermore, simulation-based optimisation combines both
techniques by using an optimisation algorithm that runs a simulation to evaluate the objective
function instead of evaluating a simplified mathematical formulation.

A general optimisation problem can be expressed as:

min  f(x)
s.t. h(x) =

0
gx) <0

IN

where x is the set of decision variables to be optimised, f is the objective function and /# and
g are the constraints.

Depending on the nature of the variables being optimised, the problem can be classified as
an operational optimisation, a design and operational optimisation, or a synthesis, design and
operational optimisation. Operational variables can be mass flow rates, temperature setpoints
or any setting that could be modified during the operation. Design variables can be the size
or rating of the equipment included in the system, and synthesis variables correspond to
decisions on whether to include or not pieces of equipment or connections between them
(Renaldi, 2018).

Depending on the linearity of f, & and g, and the kind of variable x in the equation 2.1, an
optimisation problem is classified into different categories:

. Linear programming (LP), when f, g and & are linear and all variables are continuous.

. Non linear programming (NLP), when f, g or h are non-linear and all variables are
continuous.

. Mixed integer linear programming (MILP), when f, g and & are linear and some vari-

ables are discrete.
. Mixed integer non-linear programming (MINLP), when f, g or h are non-linear and some
variables are discrete.

Depending on these categories, there are different methods or algorithms to find the optimal
solution. Deterministic algorithms require complete mathematical knowledge of the problem’s
formulation and perform predefined search patterns to find a solution. LP problems are the
simplest to solve using deterministic approaches, but they usually involve a trade-off inaccur-
acy, as many physical phenomena are non-linear, and a linear approximation (linearisation)
is required to model them as an LP. The simplex and interior point algorithms are a couple of
commonly used methods for LP optimisation. MILP problems keep the linear approximation,
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but the presence of discrete variables allows for modelling on-off processes that are very
common in energy systems. They are slower to solve, as to tackle MILP problems it is
required to solve several linear sub-problems (relaxations) (Renaldi, 2018). The most common
algorithm for solving MILP problems is branch and cut, which solves the linear relaxations of
the original problem and then adds further linear constraints to drive the solutions towards an
integer value (Kumar and Mageshvaran, 2020). Algorithms for NLP usually employ derivatives
of the objective function to search for optimal solutions within the feasible region, but at the
current state of development they can get stuck on a local optimum, thus a global optimal
solution is not guaranteed. MINLP problems are the most difficult to solve, as they combine
the branching methods for solving mixed integer problems with algorithms to approximate the
optimal solution in non-linear formulations (Kumar and Mageshvaran, 2020). Furthermore, the
computational time required to solve a MINLP problem is usually several orders of magnitude
higher than of a MILP (Voll, 2013).

An alternative to deterministic algorithms is meta-heuristic algorithms. These algorithms use
randomised patterns to explore the solution space and look for the most optimal solution. In
order to perform this exploration, meta-heuristic algorithms need to be able to evaluate the
objective function at any point of the space, but they do not require to analyse the mathem-
atical structure of the objective function or the constraints. Therefore, they can be applied
to problems where the mathematical formulation is not known (black-box models) or where
deterministic methods fail due to the complexity of the objective function (Voll, 2013). How-
ever, due to its randomised search pattern and lack of knowledge of the objective function’s
properties, meta-heuristic algorithms are usually slow to converge and cannot guarantee a
global optimum solution for every problem.

A particular example of a meta-heuristic approach to optimisation is the genetic algorithm
(GA), an evolutionary algorithm inspired by the theory of evolution and survival of the fittest.
The algorithm starts with a (usually) random initialisation, where a population (set of individu-
als) is created. Each of the individuals can be represented as a vector of values for each of the
variables (genes). The objective function is evaluated for every individual, defining their fitness.
Next, the algorithm selects individuals based on their fitness and additional criteria depending
on the specific algorithm and its initial configuration. Non-selected individuals are eliminated
and surviving individuals are stored as optimal candidates. Besides, selected individuals
become parents of a new generation by randomly allocating pairs of selected individuals
and exchanging their genes (mating). With the objective of diversifying the genetic pool, the
offspring individual, containing a random mix of its parents’ genes, also undergoes a process
where some of its genes may randomly change (mutation). The process of creation of a new
generation is controlled by mating and mutation operators which are defined at the beginning
of the optimisation process or may adapt along with the evolution of the population. The newly
created offspring are evaluated and the fithess-based selection process is repeated until a
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certain stopping criterion is met. The optimal solution (or closest to optimal, as optimality is
not guaranteed) is constructed by selecting all the non dominated solutions, which means that
every member of the solution performs better in at least one objective function to every other
individual evaluated during the optimisation. Figure 2.5 presents a schematic representation
of a GA optimisation process.
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Figure 2.5: Schematic representation of a genetic algorithm with four optimisation variables
and two objectives

Meta-heuristic algorithms in general, and GA in particular, are especially well suited to operate
in simulation-based optimisation, as they do not require to "understand" all the calculations
and assumptions behind the simulation, but suffice with the value of the objective function
given as an output of the simulation. Another advantage of GA is that they can be applied
straightforward on multi-objective optimisation problems, as they treat multiple objective func-
tions independently and only combine them to select the best individuals. The main drawback
is that each evaluation of an individual requires running an entire simulation, which may range
from a few seconds to several minutes (or even more).

In the next section, the application of some of these models to assess energy systems in the
Chilean context is discussed with the objective to detect gaps yet to be covered.



2.4. Energy models for the Chilean energy system 17

2.4 Energy models for the Chilean energy system

Traditionally, the Chilean energy policy has focused predominantly (if not exclusively) on the
electricity system. Even though, as it will be discussed in Section 2.5, this has begun to change
in the last years, by far the main stock of energy models and studies are focused on modelling
the electricity grid and few cover thermal uses. This section aims to present a summary of
models and studies applied to Chile that cover optimisation and simulation of energy systems,
focusing especially on those that include TES and alternative heating technologies in their
analysis.

The most common models found in the literature are mathematical programming approaches
that analyse the operation and expansion of the electric system. Haas et al. (2019) developed
a four nodes linear programming model of the Chilean electric grid based on LEELO (Haas,
2018). They used this model to perform a multi-objective optimisation of the system’s expan-
sion, minimising the cost of the system, the need for new transmission lines and hydropeaking
(fluctuation in flow releases from hydropower reservoir that provides flexibility response to the
grid but that deteriorates the downstream river ecology). This study was the first that tried
to include the socio-political criteria (public opposition to transmission lines) and ecological
criteria (degradation of river basins). It also showed that relatively coarse representations
of the Chilean electric grid (four nodes, in this case) may be used for analysing long term
expansion planning.

Mena et al. (2019) developed a linear optimisation model of the Chilean electricity grid with
the objective to analyse the effect of CSP systems with TES based on the SWITCH platform
(Fripp, 2012). Verastegui et al. (2021) built on Mena’s research and developed a power
system expansion planning model that incorporates a linear relaxation of the unit commitment
problem with a more detailed representation of the transmission and hydro networks and
inclusion of battery storage. Based on representative days, they analysed three different de-
carbonisation pathways with distinct coal phase-out horizons with the aim of getting insight into
the flexibility requirements in a high renewable penetration future. Verastegui et al. (2020) also
used the same approach but focused on evaluating the effects of the electrification of firewood
domestic heating. In this study, the heating supplied by firewood was estimated at a regional
level and fractions of it were added as an electricity demand according to various electrification
scenarios. They did not explicitly include flexibility options on new heating electricity demand,
but they emulated flexible consumption by creating sensitivity analysis scenarios with different
degrees of smoothing of the heat demand curve while keeping the total thermal consumption
constant. Their main findings were that, as it can be expected, large amounts of flexibility in
the way of electricity storage (modelled as batteries in this study) are required to cope with
high degrees of electrification. These requirements are reduced in the cases where the extra
demand is smoother, decreasing the total cost of the system. This means that there is a clear
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value in making future heat demand more flexible. However, a more explicit representation of
the flexible capabilities of different technologies, such as TES coupled with large heat pumps
(HP) or the use of solar thermal heat, is still to be implemented and assessed in this kind of
model.

Osorio-Aravena et al. (2021) also developed a linear programming model of the Chilean
energy system with six nodes based on LUT Energy System Transition model (Prina et al.,
2020). It is the first study using an optimisation approach considering the coupling of several
sectors: electricity, heat and transport. Four scenarios, reflecting different policy pathways
were assessed, and the energy system’s development projected until 2050 considering the
interactions between the different systems. So far, this is the most complete effort for investig-
ating the effects of different energy systems coupling. However, these couplings seem to rely
on instantaneous energy transformations, and the effects of technologies such as TES and
the flexibility that they can provide are not explicitly accounted for.

Other linear programming and mixed linear programming approaches to the Chilean electric
grid have been developed by Babonneau et al. (2021) based on ETEP (Babonneau and
Haurie, 2015), Gaete-Morales et al. (2019), using PowerGAMA (Svendsen, 2021) and Munoz
et al. (2017) using AIMMS (AIMMS, 2021).

The only study found that generates a specific model for the heating sector is Paardekooper
et al. (2020), which applied the Heat Roadmap methodology (Heat Roadmap Europe, 2020)
and developed a scenario based simulation model on EnergiPLAN (Aalborg University, 2021)
for a countrywide assessment of the potential of district heating using a set of different energy
sources, such as combined heat and power, heat pumps, solar and geothermal heat, biomass
and gas boilers. This study is, at this date, the only known publication aiming to assess heating
at a systemic level and commenting on its potential integration with the electricity sector. This
study is based on Paardekooper et al. (2019), a previous report that presents more details
on the modelling, based on the recently developed Chile’ heat demand map (EBP Chile,
2019). This study proposes to use the integration of heat and power to balance the fluctuating
nature of wind and solar PV with electricity from CHP generators that provide heat to DH.
When renewable electricity is abundant, the CHP generation is reduced and the required
heat is supplied by large heat pumps that consume the renewable electricity. They showed
that by implementing DH and the previously mentioned heat and power integration, there are
important increase in wind penetration and a decrease in particulate matter emissions, without
increasing the total cost of the system. Interestingly up to 40-50% of the total heating demand
can be shifted to DH networks without incurring extra costs and still producing the previously
mentioned positive impacts.
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With regards to studies focusing on modelling TES technologies, they are mostly constrained
to building level simulations. For instance, an EnergyPlus (NREL, 2021) based model of a
single multi-storey building located in Santiago was developed by Venegas-Troncoso et al.
(2019) to analyse the technical feasibility of an ice energy storage. Important reductions in
cooling energy are noted. However, no economic analysis nor broader systemic implications
of the technology are reported. A similar analysis was performed by Bohérquez-Ordenes et al.
(2021) for a single house using wall-embedded PCM materials. The only reference related to
long term TES technologies was found in Roth et al. (2004). In this study, a one borehole heat
exchanger was tested in the city of Valparaiso (central Chile) with the objective to obtain local
ground heat conductivity. Several tests were performed and a conductivity of 1.8 W/mK was
obtained. No follow up or further mention of the BTES technology has been found.

This short review of existing models shows that there is an opportunity to develop models
that investigate the use of TES in the electricity system and integrate the electric system
with heating applications, studying in detail the effects of this integration on the flexibility and
efficiency of both systems. The following section provides a context for the need for these
kinds of studies from the perspective of the current state of the Chilean energy policy.

2.5 Chilean energy policy in the recent years

This section does not aim to perform a complete review of the Chilean energy policy but
to present a quick summary of its evolution to establish a temporal context for the current
situation and highlight how the research presented in this thesis fits this setting. A more
extensive review of the last ten years development in Chilean energy policy can be found
in Simsek et al. (2019) and IEA (2018b).

As it was pointed out previously, during most of the past years, Chilean energy policy has
focused almost exclusively on the electricity sector. Moreover, it can be argued that since
the liberalisation of the electricity sector in the early 1980s, Chile’s energy policy actions
were concentrated only on promoting competitiveness in the electricity market and regulating
safety and technical procedures of the fuel and electricity system operations (Madariaga and
Gladina, 2018; Borquez, 2020). This state of affairs began to change in the early 2000s when
a prolonged drought limited the hydro generation and the gas supply from Argentina was
cut due to internal problems, forcing the Government to take a more active role in defining
pathways for the development of the energy sector. This led to the enactment of laws to
increase the market competitiveness of non-conventional renewable energy (2004-2005), the
creation of new public bodies, such as the National Programme for Energy Efficiency (2005)
and the Ministry of Energy (2010), and the publication of the first attempt of a coordinated
energy policy (CNE, 2008). The first step was provided by the "Short Law I" (2004), which
decreed reduction in transmission charges of energy for renewable generation below 20
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MW and exemption for those generators below 9 MW. It was followed by the "Short Law
[I" (2005), which imposed that by 2010, 5% of the total energy supplied by the distributors
must come from non conventional renewable sources (explicitly excluding hydro above 20
MW) (Madariaga and Gladina, 2018).

In the last decade, the energy policy has evolved, considering participatory approaches to
cope with the much more frequent socio-environmental conflicts related to energy projects
(Bohc’)rquez—érdenes et al., 2021), including climate change goals expressed in the Intended
Nationally Determined Contributions (Gobierno de Chile, 2015) and decreasing the concentra-
tion of the energy generation sector. This heralded a change in the paradigm towards a much
more active role of the State in the definition of the energy system of the future, consolidated
in a document called "Energy 2050 - Chilean Energy policy" (Ministerio de Energia, 2015), a
long scope energy policy which defined the official vision of the State about energy sector. This
vision materialised through the definition of four pillars to develop the Chilean energy system:
(1) Quality and Security of supply; (2) Energy as driver of economic development; (3) Energy
in harmony with the environment; and (4) Energy education and efficiency. This version of
the energy policy still focused mainly on the electric sector but incorporated concepts like
promotion of "cleaner heating" and "collective heating" in zones with higher pollution levels,
"affordable heating" to reach thermal comfort in households, and policies for sustainable
and efficient use of firewood. Furthermore, it was drafted following a participatory process
including experts of academia, industrial stakeholders and environmentalists, which provided
the document with a higher public opinion validation and diffusion. Following this new policy
and its inclusion of concern for clean and affordable heating services, a series of documents
supporting this new scope has been developed. Some notable examples are the guidebook
for district heating project development (Morales et al., 2018); the first attempt to spatially
represent heat demands through heat maps in four cities of southern Chile (EBP Chile, 2019);
a strategy for energy transition in the residential sector (Ministerio de Energia, 2020d), which
sets one of its objectives on providing alternatives to the use of firewood at accessible costs;
and the Strategy for Heating and Cooling (Ministerio de Energia, 2021c). This last document
acknowledges the low relevance that cooling, and particularly heating, have been given in the
energy planning process, and aims to combine all the previously disperse heating and cooling
related initiatives into a coherent policy. It identifies barriers and challenges towards achieving
a clean, affordable and reliable heating supply for the population, and defines an action plan
to tackle some of these barriers in the short and medium term.

Additionally and in line with the last obligations included in the National Determined Contri-
butions (Gobierno de Chile, 2020), the Chilean Government has announced the phase-out of
coal generation by 2040 (Ministerio de Energia, 2020f). This, together with the announcement
of a new goal of 80% renewable generation by 2030 and 100% by 2050, anticipates a strain
on the electricity system and had prompted to create a strategy to increase the flexibility



2.5. Chilean energy policy in the recent years 21

of the electricity grid (Ministerio de Energia, 2020b). At this stage, said strategy focuses on
identifying normative and market barriers for implementing flexibility measures and proposes
some general actions to tackle them, but from an electric-only system perspective. In particu-
lar, there is no mention of the integration of energy systems and how TES could increase
the overall flexibility. So far, the only proposal for TES use as a flexibility provider in the
electric system is the use of molten salts TES as an alternative to totally decommissioning
coal generation plants, and transforming them into storage facilities (Ministerio de Energia,
2020c).

The scenario just described reinforces the idea that it is now an ideal moment to research tech-
nologies that provide flexibility and facilitate energy systems integration in Chile. Especially,
with the aim to promote a whole system approach in the development of the new Chilean
energy policy and support the decision making process of the next years. This includes, but
is not limited to the study of the capability of TES to provide direct flexibility to the electricity
system; investigating the ability of TES to support the deployment of more efficient, cleaner
and affordable solutions for residential heating, such as district heating networks and solar
heating; and researching the role of TES in fostering the integration of the electricity and
thermal systems, enhancing their operational efficiency and reliability.

2.6 Thermal energy storage technologies

As it was pointed out in Chapter 1, energy storage, as one of the sources of flexibility, is
necessary for modern systems that have to deal with a high share of intermittent technolo-
gies. One of the alternatives for this is using thermal energy storage that has some special
characteristics and advantages. The most important is that it usually requires very cheap and
abundant storing media, which makes its cost per unit of stored energy low, compared to
other technologies such as Li-ion batteries, making it a good candidate for medium to long
term storage. It is also generally less constrained by geological and geographical conditions.
In addition, it is especially well suited for providing flexibility to thermal energy systems, such
as domestic heating and industrial heat, as it does not require energy transformation to store
and release heat, reducing the need for additional equipment. Furthermore, TES has a high
potential of integrating intermittent renewable sources such as wind and solar into the heating
or cooling sector via power-to-heat schemes, increasing the flexibility of both electricity and
thermal systems, helping to reduce renewables curtailment (IRENA, 2020).

Figure 2.6 presents the main applications that have been identified for TES, with most of them
being directly or indirectly addressed in the course of the work presented in this thesis.
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There are different ways to classify thermal energy storage technologies. The most common
classification is based on the energy retaining mechanism being used as sensible, latent and
thermochemical. An alternative classification is by the temperature of the storage, which are
usually classified in sub-zero (below 0°C), low grade (0-100°C), median (100-500°C) and high
(above 500°C). The last usual classification is by the duration of the storage capacity by time,
where short term (seconds to few hours), medium (several hours to few days) and long term
(months) are identified (IRENA, 2020). Figure 2.7 presents a summary of the different TES
classifications and some technological examples.
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Figure 2.7: Classification of some TES technologies according to IRENA (2020). PCM: phase
changing material, CPCM: composite phase changing material, WTTES: water tank thermal
energy storage, UTES: underground thermal energy storage
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2.6.1 Sensible energy storage

In sensible heat storage, the energy stored is proportional to the temperature variation of the
storing media without phase change or any chemical reaction taking place. The stored energy
can be expressed according to equation 2.2.

Q=m-c,-AT (2.2)

Where m is the mass of the storing material, c,, is the specific heat capacity and AT is the
temperature difference between the charged and discharged states.

From the equation,2.2 it is clear that a material with higher ¢, allows for higher density
heat storage, therefore smaller relative storage mass. However, as space availability is often
a constraint for the location of these systems, the storing media density is also relevant
for sensible heat applications, therefore, volumetric heat capacity (c,) is usually used when
selecting the storing media.

The storing media used for sensible heat storage applications can be subdivided into solid
and liquid. Liquid storage media have the advantage that the same medium can be used for
heat transport and storage. This removes the need for a heat exchanger on the storage side.
In addition, the density difference created by hot and cold fluid creates a thermal gradient
across the storage system called thermal stratification, which decreases the convection and
improves the efficiency of the storage (Reddy Prasad et al., 2019) and increases the available
exergy in the storage (Lizana et al., 2018b). One of the limitations of liquid storage media is
that the temperature operation range of the system is usually narrow, limited by the phase-
change temperatures of the liquid. The most common liquid storage media are water (20-
95°C), mineral oils (200-400°C), and molten salts (300-600°C). Solid storage media, on the
other hand, have usually very broad operational temperature ranges. However, the capacity
of charging and discharging solid media is limited by the heat transfer between the heat
transport fluid and the solid. Therefore, higher heat exchange areas or higher fluid flow rates
might be required for increasing the charging rate capacity, which usually means increases in
investment and operational costs. This problem also arises in the discharging phase, as the
outlet temperature gradually starts decreasing with time, leading to decreases in round trip
efficiency (Alva et al., 2018). Some of the most common solid heat storing media are rocks,
soil and concrete.

The main features of sensible energy storage are its low cost and use of widely available
non-hazardous materials. However, compared with other alternatives, it has low heat density,
requires extensive insulation, especially for high temperature applications, and presents non-
isothermal behaviour in charging and discharging (Avghad et al., 2016).
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2.6.2 Latent energy storage

In latent heat storage, the energy is stored in the latent heat of phase change of the me-
dia, also known as phase change material (PCM). Although solid-solid and liquid-gas PCM
materials exist, solid-liquid are the most commonly used PCM, as they have lower volume
variation and relatively high latent heat (Sarbu and Sebarchievici, 2018; Alva et al., 2018).
They absorb energy from the surroundings to sustain a fusion process and release energy
to the surroundings during the reverse transformation. This process is isothermal, therefore,
there are no changes in temperature during the phase change. The heat stored or released
by the media is proportional to its latent heat of phase change, as shown in equation 2.3.

Q=m-Aq (2.3)

Where m is the mass of the PCM medium and Agq is the latent heat of fusion.

PCM can be categorised in organic, inorganic and eutectic mixtures, depending on their
chemical composition. Some examples of organic PCM are paraffins and polyalcohols, while
examples of inorganic PCM are water (used to form ice), salt hydrates and metal alloys
(Reddy Prasad et al., 2019).

PCM materials have usually higher energy density than sensible media, therefore, these
technologies are well suited for applications where space is constrained, such as building
walls or roof integration (Mousavi et al., 2021). Additionally, their isothermal behaviour allows
for a more stable heat transfer and a more controlled charge and discharge process for
accurate temperature regulation (Wang and Baldea, 2013).

One of the drawbacks of PCM is their low conductivity which makes them less suitable for
systems where fast heat extraction is required (Alva et al., 2018). Also, there is still a lack of
commercially available PCM that could meet all the required characteristics for a competitive
latent energy storage system (Jouhara et al., 2020). This means that their current use is mostly
focused on niche applications, such as the aforementioned space constraint built environment.

2.6.3 Thermochemical energy storage

Thermochemical storage uses reversible chemical reactions often involving the breaking and
formation of bonds to store energy. The storing media absorbs heat from the environment in
an endothermic chemical reaction and releases heat in an exothermic reaction, in a process
also referred as chemical looping. Good thermochemical storage media allow for fully revers-
ible reactions, keeping high cycling storage efficiencies. Alternatively, thermochemical energy
storage can be achieved by sorption processes, where a gas or a vapour is captured by a
sorbent in a condensed state by means of less intense physical interactions (Lizana et al.,
2017).
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Some advantages of thermochemical heat storage are isothermal discharge temperature,
the highest energy density among TES, and the ability to store heat with high efficiency
for as long as the chemical reaction is not reversed or the storing material is not degraded
(Reddy Prasad et al., 2019), which makes this technology a good candidate for seasonal
storage. However, this technology is mainly at a R&D stage which translates into a high cost
and creates uncertainty with regards to reliability and toxicity (BEIS, 2016b).

With the aim to supplement the quick summary of the different TES technologies, Figure
2.8 shows the maturity level of some selected TES technologies for heating and electricity
generation.
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Figure 2.8: Maturity level of some TES technologies. (Adapted from International Energy
Agency (2014b) and updated according to IRENA (2020))

As mentioned in Chapter 1, this thesis focuses on TES technologies for supporting the de-
ployment of renewables in the Chilean energy system. Therefore, a review of specific TES
alternatives that could be applied in the Chilean context in the residential solar heating and
wind and solar PV integration in the electricity systems is presented in the following sections.

2.6.4 Thermal energy storage for heating applications

Domestic heating applications comprise the energy needed to keep the internal temperature
around 20-21°C and to supply domestic hot water at 40-50°C. In systems where hot water
is used as the heat carrier, these temperatures have been normally achieved by circulating
hot water at temperatures above 80°C. New fourth generation district networks supplying
temperatures between 30 and 70°C improve systems’ overall efficiency and have easier
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integration of low grade heat sources such as waste heat and solar thermal (Lund et al.,
2014). Considering this and in order to align with the thesis objectives, this review focuses on
TES technologies that operate in this temperature range and could support the integration of
low grade solar thermal energy.

Hot water tank storage

Hot water tanks are the simplest and most commonly found TES technology, and consist
of a tank (usually stainless steel, hard polymer or concrete) containing hot water. It usually
also incorporates auxiliary heating components, such as heat exchanger coils or resistance
heating elements, and stratification enhancement devices. The latter is important for main-
taining thermal stratification within the tank, which substantially improves storage efficiency
and the overall operation of the system (Furbo, 2015). It is the most mature and affordable
TES technology, therefore, most of the current research in this area is related to its operation
and integration with other systems (Banister and Collins, 2015; Renaldi et al., 2017).

By far, the most common application of steel hot water tanks are in individual residential
heating and hot water systems, with tanks’ storage capacities ranging from hours to a few
days. They are widely used for domestic hot water, both supporting solar collectors or with
electric heaters at household level. Larger hot water tanks are also used to regulate intra-day
variations (BEIS, 2016b). However, for seasonal storage capacities, such as those required
to support the operation of district heating networks with solar heat, steel tanks become
expensive and concrete that could be above or underground is favoured. Moreover, for these
applications, also referred in this thesis as long term storage (LTS), large tanks tend to be more
expensive than the alternative underground thermal energy storage (UTES) technologies.
This can be appreciated clearly in Figure 2.9. where costs per cubic meter of water-equivalent
storage are presented as a function of the total storage volume.

Pit thermal storage

An underground pit is basically a large pool excavated in the ground lined with an imper-
meable material and filled with water or a mix of water and gravel. The gravel is used to
facilitate the stratification in the water, however, as it has lower heat capacity, it reduces the
volumetric storage capacity of the pit by around 30-50%. Another reason for using gravel is
to facilitate the supporting of the pit’s roof allowing to use the surface of the roof (Mangold
and Deschaintre, 2015). The top of the pit is insulated, but on the bottom and sides is usually
the soil surrounding the pit which acts as a natural insulator. Its operational characteristics
are similar to the tank storage, but the costs of construction are lower for the same storage
capacities (as shown in Figure 2.9), mainly because it does not require the structure of the
tank. Similarly to a stratified tank, the injection and extraction of hot water occurs at the top of
the storage and that of the cold water happens at the bottom of the storage.
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Figure 2.9: Investment cost in €/m3 of water-equivalent storage capacity for different
seasonal TES systems (Planenergi, 2019). Water-equivalent is the corresponding water
volume to store the same amount of thermal energy and is calculated according to the
equation shown at the top of the figure

A schematic representation of the pit storage and other long term TES technologies is presen-
ted in Figure 2.10.

Borehole thermal storage

In borehole thermal energy storage (BTES) heat is directly stored in the ground. In order to
allow for heat exchange between the heat carrying fluid (hot water) and the ground, vertical
boreholes are drilled into the ground in a hexagonal or cylindrical array and U-shaped pipes
are inserted into them. These U-pipes are connected in series in the radial direction, forming
a string. Several strings are connected in parallel to cover all the boreholes. A scheme of this
design is presented in Figure 2.11

During the thermal charging, the water is circulated from the boreholes at the centre towards
the periphery. This makes the boreholes at the centre hotter and boreholes at the periphery
colder, which creates a radial thermal stratification that decreases the heat losses by reducing
the temperature difference with the surrounding soil. For discharging, the water flow direction
is reversed so the cold water is preheated in the periphery and heated at the maximum
temperature in the centre. This helps keeping the radial thermal stratification in the soil while
achieving a counter-flow heat exchanger like effect on the water.
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Tank thermal energy storage (TTES) Pit thermal energy storage (PTES)
(60 to 80 kWh/m?) (60 to 80 kKWh/m?)

Borehole thermal energy storage (BTES)  Aquifer thermal energy storage (ATES)
(15 to 30 kWh/m?) (30 to 40 kWh/m?)

Figure 2.10: Diagrams of the main seasonal TES technologies (Mangold and Deschaintre,
2015). The heat stratification can be appreciated as the darker orange colour represents
higher temperature. Values of approximate energy densities for these storage are also
presented

Borehole TES systems are best suitable for places that have soil that is easy to drill, with high
specific heat and thermal conductivity and a very low hydraulic conductivity (Alva et al., 2018;
Yang et al., 2021). The presence of groundwater is desirable as it increases the soil’s specific
heat, but the water flow is not desirable, as it may cause the water to carry the heat away
from the pipes (Catolico et al., 2016). It is interesting to note that the soil conductivity has
two competing effects, as a low conductivity soil creates better natural insulation, therefore
decreasing the thermal losses. On the other hand, low conductivity decreases the capacity
of the system to be charged by increasing local heat stratification around each borehole
and decreasing heat transmission from the water to the soil. This can be seen in Figure
2.12, where a single two borehole string is analysed by Catolico et al. (2016) with a detailed
numerical model for a high and low thermal conductivity (A=0.5 W/mK and A=3.0 W/mK).

In this image it is clear that a higher conductivity allows for more heat to move away from
the boreholes, which decreases the rate of heat recovery from the system, decreasing the
storage’s efficiency. Catolico et al. (2016) argues that heat extraction efficiency increases
with decreasing soil thermal conductivity. This is corroborated by a study by Welsch et al.
(2016). However, Welsch also concludes that a higher conductivity favours the heat delivery
into the storage media, allowing for larger amounts of energy to be stored in the system,
and therefore more energy to be recovered in winter, even if lower overall storage efficiency
is achieved. Their results are shown in Figure 2.13, which for the same energy supply and
demand, presents the total annual stored and extracted energy from a BTES for different soil
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Figure 2.11: Schematic representation of the borehole distribution and location on a plan view
(left) and of a U-pipe inside a borehole on an elevation view (right) (DLSC, 2019)

conductivity. The lower thermal energy stored with smaller soil conductivity can also be seen
in Figure 2.12, where after the charging phase it is clear that part of the soil between the
boreholes has barely increased its temperature for A=0.5 W/mK. In contrast, for 1=3.0, the
volume between the boreholes is hotter, thus storing more energy in total.

Aquifer thermal storage

An aquifer is a layer of permeable rock saturated with water. Due to its permeability, water can
be extracted and stored in this rock formation. Although the main applications of aquifer tend
to be cool water extraction for summer cooling, they can also be used for storing heat (BEIS,
2016b). An aquifer thermal energy storage (ATES) used for heating, typically consists of two
or more separated wells, with some used for injecting hot water and the others for water
extraction. However, mono-well systems that use internal thermal stratification similar to a
thermocline water tank are also possible (Mahon et al., 2022). Regardless of the configuration,
water is used as heat carrying medium, while the storing media consist of the water itself and
of the rocks forming the geological formation of the aquifer (Yang et al., 2021).

Geological formations with good properties of ATES system are limited as they require to
meet several characteristics, such as high hydraulic conductivity, top and bottom confining
layers with low hydraulic conductivity, low natural groundwater flow, and suitable water chem-
istry at high temperatures (Yang et al., 2021). However, when these requirements are met
ATES are an attractive alternative owing to their usually large storage capacity, relatively low
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environmental impact, and good economic viability due to the little required infrastructure and
limited drilling (Mahon et al., 2022). Currently, this technology is relatively mature, with close
to 3,000 systems around the world and more than 80% of them located in the Netherlands
(Fleuchaus et al., 2018).

2.6.5 Thermal energy storage for electrical applications

Thermal energy is one of the oldest ways of industrial level electricity generation. The most
common way to implement thermal generation is by increasing the enthalpy of a gas and
later expanding it through a turbine in a Rankine cycle (steam turbine) or a Brayton cycle
(gas turbine). In both cases, heat addition is required to increase the enthalpy of the gas.
Thus, TES seems to be a candidate to store heat and deliver it when necessary to operate
the turbine and generate electricity. However, in order to operate traditional thermal cycle
generation efficiently, high temperatures (above 250°C for steam cycles, above 150°C for
organic cycles and above 500°C for gas turbine cycles) are usually required unless a low
temperature energy sink is available. This limits the possibility of storing the heat for elec-



2.6. Thermal energy storage technologies 31

- 8 & — 07

]

< . A

3

26 s

- o

s c

| ]

= S

© 9

]

} - £

g 2
&l ]

: 5

E 2 & stored heat ]

= 0.62

'g ¥—¥ extracted heat

:5_ = storage efficiency |

]

0 T T T T T 0.6
1 2 3 4
rock thermal conductivity [W m™" K]

Figure 2.13: Effect of the soil’s thermal conductivity on the stored heat and the storage
efficiency (Welsch et al., 2016)

tricity generation for long periods, due to increased thermal losses. An option to circumvent
this problem is to use thermochemical storage such as calcium looping Bravo et al. (2020).
However, these technologies are still in an early development stage and they require further
research. Considering this, the next paragraphs will describe some of the TES technologies
for electricity generation operating with sensible heat media.

Molten salt energy storage

Molten salt technologies are the most mature TES technology for electricity generation. They
are widely used in commercial concentrated solar plants (CSP) with 21 GWh,; installed by
2019 (Bauer et al.,, 2021). They usually consist of two large insulated tanks that store a
eutectic mix of NaNO3 and KNOs. The salt mix has a melting point of around 240°C and a
maximum stable operational point around 570°C, although other salts mixes, for example, with
the addition of LiNO3, have been investigated showing improvements in melting and maximum
operational point temperatures (Fernandez et al., 2019). During the charging phase, the salt
is heated and stored in the hot tank. For discharging, the salts are pumped towards the cold
tank and reject heat through a heat exchanger. The heat rejected by the salts can be used to
produce high-pressure steam and generate electricity in a steam turbine. In typical molten salt
storage in CSP plants, the molten salts are kept at around 290°C in the cold tank and 560°C
in the hot tank, with the molten salt operating as storage media and working fluid. Chile has
recently installed the first of these systems at commercial level in Cerro Dominador CSP power
plant, with 110 MW generation capacity and 17.5 hours of storage capacity in molten salts
storage (Cerro Dominador, 2020). In addition, it has been proposed to use this technology
to reconvert existing coal power plants into storage units with the molten salt technology
charged with grid electricity through a resistance heater, while keeping the original steam
cycle of the coal power plant to generate electricity (Ministerio de Energia, 2020c). Although
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the configuration of the storage system is the same of that of a CSP plant, these systems are
considered "Carnot batteries", as they are charged with electricity rather than with direct heat,
but not pumped thermal energy storage, as the charging is performed with a resistive heater
rather than a heat pump.

Adiabatic compressed air storage

Adiabatic compressed air storage (ACAES) systems, store energy in high pressure com-
pressed air, in a similar way as a traditional CAES system. However, during the compression
process, they store the heat removed from the air in a TES rather than dumping it into the
environment like traditional CAES systems. This allows to use the stored heat to increase
the air’s temperature during the discharge expansion process avoiding the use of fossil fuels
(IRENA, 2020), hence, ACAES can be included in the TES category. Figure 2.14 presents a
diagram of the configuration of an ACAES system.
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Figure 2.14: Scheme of operation of a typical ACAES system (EASE, 2016a)

This technology has similar geographical limitations than CAES, as the compressed air re-
quires a large high-pressure reservoir, which usually can be achieved at a reasonable cost by
using large underground caves or salt deposits. As stated by Barbour et al. (2021), although
some demonstration plants have been built, the low efficiency achieved by these projects
shows that this technology requires more development to be commercially viable. One of
the challenges yet to be solved is that constant volume air storage systems cause transient
pressures during discharge, which produce inefficiencies in the turbo-machinery. Alternative
isobaric storage has been proposed. The earlier proposals were variable volume systems,
including underwater flexible bags (Pimm et al., 2014; Garvey, 2012) or water filling reservoirs
(Nielsen and Leithner, 2009; Mazloum et al., 2017). Recently, variable volume storages with
pistons operated by the condensation-evaporation of volatile fluids have also been proposed
(Chen et al., 2018).
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With regards to the thermal storage itself, most of the proposed systems correspond to
de-coupled TES with different liquid storage media. As several compression stages with
inter-cooling are required, Barbour et al. (2015) proposes to investigate the use of coupled
packed bed TES for the lower pressure compression stages, which reduces the need for heat
exchangers and pumping equipment and would reduce the exergy loss caused by thermal
mixing in the TES without requiring high-pressure tanks.

Liquid air energy storage

Liquid air energy storage (LAES) is a cryogenic TES technology. Like ACAES, it stores com-
pressed air to later drive a turbine and generate electricity. However, in LAES systems the air
is cooled and compressed until it liquefies, which means that the storage volume has to be
much smaller and can be at atmospheric pressure, allowing even to move the liquid air and
use it in other applications, such as cold chains (IRENA, 2020).

Different cycles have been proposed for the air liquefaction process, most of them considering
several gas compression, heat removal and gas expansion stages, while the discharging
process is usually performed by a Rankine cycle (Hamdy et al., 2019; Vecchi et al., 2021).
In general, during charging, electricity is used to compress the air to high pressure (> 60 bar),
and the heat produced during compression is stored in a heat storage system (> 300°C). The
compressed air is cooled (-145°C) by the cold storage and liquid air (-196°C) is obtained by
expanding back to ambient pressure. For discharging, liquid air is returned to gas through
evaporation and part of the "waste" cold is stored and used in the liquefaction stage. The air
is further heated by the previously stored heat and is used to drive a turbine to generate elec-
tricity (Ding et al., 2016; IRENA, 2020). Figure 2.15 presents a diagram of the configuration of
a LAES system.
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Figure 2.15: Scheme of operation of a typical LAES system (EASE, 2016b)
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LAES is currently a more developed technology than ACAES and PTES, with several demon-
stration plants in operation (Barbour and Pottie, 2021). It has higher energy densities than
other TES alternatives, thus can store energy in smaller containers, which removes the geo-
graphical/geological constraint imposed on (A)CAES. Another interesting characteristic of this
technology is that it is well suited for integrating with other energy processes, such as waste
heat recovery, liquefied natural gas re-gasification facilities and even PTES storage systems.
A thorough review of different hybrid LAES configurations is presented by Vecchi et al. (2021).

Pumped thermal energy storage

Pumped thermal energy storage (PTES) is based on a high-temperature heat pump (HP),
which converts electricity into heat and stores it in thermally isolated tanks. On discharge,
a thermal engine cycle is used to convert the stored thermal energy back into electricity.
The working fluid is a gas, while the storing media can be any material, although cheap
sensible solid materials are more common in the different proposed concepts (Benato and
Stoppato, 2018). This technology has also been called "Carnot battery”, although, it can be
argued that Carnot battery is a more general concept that encompasses every technology
able to store electricity as heat and convert it back to electricity using a heat cycle, meanwhile
PTES requires the heat to be pumped from a cold to a hot reservoir using a HP, using the
reverse cycle to generate electricity. This technology is still under development and has a
low technology readiness level compared to other grid electricity technologies (Dumont et al.,
2020).

The main classification within PTES systems is by the interactions between the working
fluid and the storage media. Systems where the working fluid enters the storage tanks and
has direct contact heat exchange with the storage materials are called coupled systems,
whereas systems where the working fluid delivers heat to the storage medium through a heat
exchanger are called de-coupled systems.

Coupled systems usually are designed with a solid storage material that fills the storage tank
in a packed bed with high surface to volume ratio (pebbles) to maximise heat exchange. The
main advantage of this configuration is that it does not require extra heat exchangers and that
the storage media are cheap rock type materials (like quartz) that is stored in two thermally
stratified tanks. However some of the drawbacks are that the storage tank has to be built to
sustain the high pressure of the hot gas, as it has to be in direct contact with the storing
material. Also, if not designed appropriately, the gas may suffer high-pressure losses while
passing through the packed bed, and the packed bed material can become brittle due to
thermal stresses caused by the cyclic operation (Dumont et al., 2020).
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De-coupled systems require a fluid in the secondary circuit, therefore, they can use the same
fluid as a storage media. As heat exchangers are required to heat the storing media, the
proposed designs for de-coupled systems use four storage tanks, two for the cold storage
and two for the hot storage (Davenne and Peters, 2020). The main advantage of de-coupling
the working circuit from the storage circuit is that storage can operate at near atmospheric
pressures, which means storage tanks are cheaper and larger storage capacities can be
achieved. The use of four tanks can be circumvented by using solid storage and a gaseous
heat carrier in the storage circuit, as proposed by Davenne and Peters (2020).

Regardless of the coupling or not, the thermodynamics of the working fluid circuit remains
the same. A schematic representation of a coupled PTES proposed by McTigue et al. (2015)
using a Brayton cycle alongside a temperature-entropy (7'-S) diagram is presented in Figure
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Figure 2.16: Example of a coupled PTES system operation scheme (left) and the correspond-
ing T-S diagram (right). CE/EC correspond to compressors and expanders (turbo-machinery
or piston equipment) and HX1/HX3 to heat exchangers to counter for the irreversibilities of the
compression and expansion processes and keep the inlet turbomachine temperatures at their
nominal value (adapted from McTigue et al. (2015))
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In charge mode, the working fluid is compressed by using electricity from the grid and its
temperature increases (1-2), the heat is transferred from the working fluid to the hot storage
(2-3), the working fluid is expanded and its temperature decreases (3-4), the working fluid
cools down the cold store (4-1). The work absorbed by the system and stored corresponds to
the area within the anti-clockwise discharge cycle on the T-S diagram. While discharging, the
working fluid flow is reversed and it is cooled inside the cold store (1-4) and later compressed
reaching near ambient temperature (4-3). The working fluid is then heated inside the hot
storage tank (3-2) and then expanded generating useful work (2-1), which corresponds to the
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area inside the clockwise cycle (dotted line in Figure 2.16). Figure 2.17 presents a scheme
proposed by Google founded star-up Malta X project, which uses a de-coupled system with
air as working fluid and molten salts as hot storage and a coolant fluid in the cold storage
tanks.
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Figure 2.17: Example of a de-coupled PTES system operation scheme proposed by Malta X
(adapted from Freund (2019))

Other notable PTES system designs and configurations are the use of the transcritical CO,
cycle with de-coupled water/ice storage (Morandin et al., 2012) and the compressed heat
energy storage (CHEST) concept proposed by Steinmann (2014); Steinmann et al. (2019)
which uses a Rankine cycle with water as working fluid and a combination of coupled and de-
coupled sensible and latent heat storages, and a heat exchanger at environment temperature
instead of a cold storage. Steinmann et al. (2019) and Frate et al. (2020) also propose the use
of an Organic Rankine Cycle instead of a steam cycle, which would allow to operate at lower
temperatures and use low-grade heat sources, such as geothermal, flat plate solar thermal
heat or industrial waste heat, to charge the system and integrate the PTES with district heating
networks and seasonal TES.
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2.7 Methods for techno-economic assessment

Historically, the drive for maximising profits has made economic analysis the most common
practice for new projects’ decision making. This has been also the case for energy projects,
which led to high reliance on fossil fuels, disregarding their impact on global warming and
local pollution. However, during the last decades, social and environmental sustainability of
projects has taken a key role. This brings the challenge of confronting the inherent trade-offs
of multiple objectives. Furthermore, these objectives are generally non-commensurate, which
complicates their comparison and eventual aggregation into a single indicator.

This section introduces two analysis tools that are used consistently in this thesis to evaluate
projects from purely economical and multi-objective perspectives.

2.7.1 Levelised cost of energy

The Levelised Cost of Energy (LCOE) is the classic techno-economic metric for assessing
energy related projects and technologies. It represents the present value of the total life cycle
costs involved in the generation of each unit of energy during the lifetime of any technology
that produces or saves energy, and it is defined by equation 2.4 (Short et al., 1995).

n  Li+F+V;

i=1 " (14r)
Ei

i=1 (1+r)

LCOE = (2.4)

I; is the investment in year i, F; are the fixed costs of operation in year i, F; are the variable
costs of operation in year i (which may include the purchase of fuel and any other supply for
the operation) and E; corresponds to the energy delivered in year i. n is the assumed lifetime
of the project, and r is the discount rate used for the evaluation.

It provides a simple and straightforward way of consistently comparing the costs of different
energy producing technologies with different characteristics considering the value of money
and a commodity (energy in this case) in time.

Its main limitations, however, are that it does not account for time effects associated with
matching energy production to demand. Therefore, it underestimates the value of flexibility.
Furthermore, as it only considers only money transfers for assessing the technology, it relies
on market and policy signals to transform any non-monetary externality of the technology into
a pecuniary metric, for instance, carbon markets or taxes.

However, generally, there is an absence of mechanisms to economically account for the
externalities. Moreover, even if they are in place, their effectiveness to represent accurately
the relevance of the impacts of the technology on other domains such as the environment
or human activities is questionable (Benes and Augustin, 2016). This leads to the need to
explicitly incorporate other metrics in the analysis.
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2.7.2 Pareto front analysis

When performing energy system optimisation with one objective, it is expected that one
optimal solution can be achieved. When different criteria are considered and set as objectives
of a techno-economic assessment, different compromises and trades off arise and a unique
solution is often not possible to achieve without the existence of a metric to commensurate
the different criteria.

One common approach used to deal with these situations is the Pareto optimality analysis.
Pareto optimal solutions are defined as a set of "non-dominated" solutions in the objective
space, defining a boundary beyond which none of the objectives can be improved without
sacrificing at least one of the other objectives. From the mathematical point of view, the defin-
ition of the dominance between two solutions in a minimisation example can be expressed as
a solution x; dominates a solution x; if they comply with equation 2.5

filxr) < filxr) Vie {1,...m} & Fje{l,...m} | fi(x1) < fi(x2) (2.5)

fi and f; are different objectives and m is the total number of objectives.

Therefore, a solution x* is said to be non-dominated or Pareto optimal if no other feasible
solution dominates it. The set of all non-dominated solutions forms the Pareto front, repres-
enting the optimal trade-off between all objectives. This can be graphically visualized for two
objectives in Figure 2.18, where x* dominates x; but does not dominate Xj.
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Figure 2.18: Graphical representation of a Pareto front and domination conditions

The solutions in the Pareto front are equal from the point of view of the problem’s optimality,
and a further criterion is to be imposed in order to decide on unique solutions.



2.8. Background summary 39

2.8 Background summary

Based on the information presented in this chapter it is possible to draw the following sum-

marising points that lead to the analysis performed in this thesis.

The Chilean energy policy has evolved and it is starting to consider thermal uses and
particularly domestic heating in its planning scenarios.

In most of the planning scenarios the electrification of heating is assumed as the main
mean of decarbonisation.

It is important that the heat electrification process includes flexibility considerations to
minimise the extra strain on the electric grid.

Thermal storage technologies can be a source of said flexibility. Several technologies
in different maturity stages can provide various services at an electric grid level and in
heating applications.

Different techniques have been identified to model and assess the impact that these
technologies may have on the Chilean energy system.

Linear optimisation has been identified as a modelling approach of the Chilean electric
grid that allows assessing multiple long-running scenarios with sufficient detail while
keeping the main features of spacial demand and resource distribution.

Due to more complex dynamics, long term underground heating requires a more de-
tailed simulation approach. However, meta-heuristic algorithms can be used to optimise
the design and operation of the simulated systems.



Chapter 3

Thermal storage in the Chilean
electric grid

The work presented in this chapter has been published in the article "Long term impact of grid
level energy storage on renewable energy penetration and emissions in the Chilean electric
system" published in Energies (Maximov et al., 2019).

3.1 Introduction

Chile has significant potential for renewable energy, but its long and narrow shape poses a
challenge for integrating renewable energy into the electricity system. In particular, the values
of annual global horizontal irradiance (GHI) and direct normal irradiance (DNI) reach up to
2,700 kWh/m?-a and up to 3,700 kWh/m?-a respectively in the northern area. However, in
2012 the System Operator warned that 450 MW was the maximum capacity of intermittent
generation which could be deployed in the northern system due to grid restrictions (CDEC-
SING, 2012). In the last years, this limit has increased, mostly due to improvements in the
transmission capacity, especially with the interconnection of the Northern Interconnected
System (SING) and the Central Interconnected System (SIC).

In 2018, there were 2,250 MW of photovoltaic (PV) and 1,520 MW of wind generation in
operation according to data from the National Energy Commission (Comision Nacional de
Energia, 2018), which represents around 16% of the total installed capacity. Nevertheless, in
order to sustain the continued deployment of these technologies, further grid improvements
are required. Moreover, according to the Energy Roadmap for 2050, under the electric grid
structure exiting in 2014, it was only possible to generate up to 41% of energy from intermittent
renewables (Comité Consultivo de Energia 2050, 2015). Therefore, wit ith the aim of reaching
the goal of 70% of electricity from renewables by 2050 (Comité Consultivo de Energia 2050,
2015), it would be necessary to increase the operational flexibility of the grid, with energy
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storage being one of the most interesting alternatives (IEA, 2018b). It is important to note
that by the time of developing the study included in this chapter, the official goal of renewable
generation penetration was 70% by 2050, therefore is the one considered for the analyses,
even though the current goal has been increased to 100% (Ministerio de Energia, 2021a).

Munoz et al. (2017) showed that from a market perspective achieving 70% renewables was
possible even without additional policies such as promotion of energy storage. However, there
are some technical constraints that could hinder achieving this target and a more detailed
analysis is required. Due to the local geography, the Chilean electricity network has a radial
topology. This characteristic increases the probability of bottlenecks and constrains the ability
of transmitting large amounts of energy along the country. Furthermore, until 2017 the two
main electric systems (SIC and SING) were not connected, hindering the possibility of sup-
plying the cities and industries in the central area of Chile (around the cities of Santiago and
Concepcion) with electricity produced with clean solar technology in the North. This changed
in late 2017 after the interconnection of the two main electricity systems, as now over 99% of
the installed capacity is connected and coordinated by an independent centralised authority.

The 400 km, 500 kV SIC-SING interconnection allows to transfer of energy between the north-
ern part of the system, abundant in solar resources and the rest of the country, where more
than 90% of the population resides. However, there are still many barriers to higher integration
of intermittent renewable generation into the grid. In this sense, Haas et al. (2018) analysed
the different economic, regulatory and technical barriers that prevent higher penetration of
solar energy in Chile. Two of the main technical barriers are the constraints in transmission
capacities, also highlighted by Nasirov et al. (2015), and the lack of flexible backup. Energy
storage technologies such as batteries, pumped hydro, molten salts and hydrogen could
provide this flexibility and should be assessed in the context of increased non-dispatchable re-
newable generation. However, to achieve the large scale integration of intermittent renewables
and energy storage it is important to reform the market and regulatory framework which was
designed for conventional and dispatchable electricity generation (Hu et al., 2018; Forrester
et al., 2017). For example, energy storage systems can provide a number of services and
roles, such as frequency response service and short term operating reserve but most markets
have limited mechanisms to enable this stacking of services (Forrester et al., 2017).

A number of researchers have assessed the impact of energy storage in Chile’s electric
system. For instance, Moreno et al. (2017) studied the effects of pumped hydro on the in-
tegration of renewables and assessed the value of adding storage in the Chilean system. In
particular, they evaluated the conversion of conventional hydropower generators to pumped
hydro storage plants. Interestingly, they showed that this transformation has better synergies
with solar PV than with wind generation due to wind production being more distributed during
the day if compared with solar. Suazo-Martinez et al. (2014) presented a framework for the
optimisation of energy storage sizing. They applied the methodology to optimally size pumped
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hydro-like energy storage in the former SING system to provide secondary reserve and energy
arbitrage services for the period between 2020 and 2030. They showed that the optimal
installed capacity of storage in the northern system depended strongly on the investment
costs, but for pumped hydro with costs of 400-900 €/kW and 17 €/kWh, the optimal power
capacity was between 100 and 200 MW with energy capacities between 5to 10 h.

Within the multiple options for electricity storage, thermal energy storage (TES) for elec-
tricity production presents some relative advantages with respect to other energy storage
technologies. Probably the most important is that, excluding adiabatic compressed air stor-
age (ACAES), it has no geographical or geological constraints, such as those presented by
pumped hydro or compressed air energy storage (CAES). In addition, it uses only relatively
common and non-hazardous materials in comparison with chemical storage, and it is poten-
tially cheaper than the different available battery storage technologies (White et al., 2013;
Lund et al., 2016). The first point is particularly important in the Chilean case because all the
existent hydroelectric dams that could potentially be converted to pumped storage are located
in the South, while the solar resource is located in the North and the main demand is in the
middle. Alternatively, pumped hydro storage located in the North using seawater has been
assessed, but building a 300 MW project has been delayed due to a lack of finance (Pefa,
2021).

Pumped thermal energy storage (PTES) is a thermo-mechanical energy storage technology
that uses electrically-driven heat pumps to create a temperature difference between two
thermal reservoirs. When electricity is needed, the system operates backwards and uses
the temperature difference to drive a thermal cycle to generate electricity (Steinmann, 2017).
PTES is expected to achieve efficiencies up to 70% (McTigue et al., 2015) and under a
levelised cost of storage analysis (LCOS), it could be competitive with other more developed
large-scale energy storage technologies, such as CAES and even pumped hydro (Smallbone
et al., 2017). Taking this and the characteristics of TES technologies for electricity generation
presented in Chapter 2 into account, and considering the availability of projected cost and
efficiency data for PTES published by Smallbone et al. (2017), this technology was chosen for
the analyses presented in this chapter. Notwithstanding, the methods applied can be applied
to any other TES technology for electricity storage, given that there are available cost and
efficiency projections.

By 2018, there were only 54 MW of electricity storage in form of lithium-ion batteries con-
nected at grid level in Chile (Revista de Electricidad, 2018). While it is clear that more energy
storage is required to achieve the goal of 70% of electricity from renewables, it is not clear how
much and where the energy storage should be deployed to enable the large scale deployment
of renewable generation. Integrated simulation and optimisation methods of the complete
electricity system are required due to the complex interplay between generation, transmission
and energy storage.
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This chapter presents a quantitative analysis of the long-term impact of on-grid storage on the
deployment of intermittent generation technologies in the recently connected Chilean national
electric grid. As part of this analysis, it assesses the use of a new storage technology (PTES),
considering its efficiency, projected investment and operational costs. A linear optimisation
approach is used to model the Chilean electricity system and to assess a number of scenarios
with variable on-grid electricity storage. The use of a linear optimisation model to address this
analysis is required as it allows for a manageable time to perform the optimisation for multiple
future scenarios, determining optimal design and operational features of the system. As will
be explained in the next section, the climatic, geographic and demographic characteristics of
Chile allow for its representation in few nodes, while keeping the main features of demand and
generation. This follows the pattern of previous studies covering and optimising different fea-
tures of the Chilean electricity system under various conditions, further discussed in Section
2.4. The trade offs and limitations of this modelling approach are further discussed in Section
3.2.11

3.2 Method

This section presents the general method used for performing the analysis carried out in
this chapter and presents details of the modelling assumptions and scenarios defined for the
study.

3.2.1 Optimisation model

The model of the Chilean energy system used in this chapter is a linear programming op-
timisation model based on Urbs (Dorfner, 2018) with additions and modifications to account
for the water storage capacity of hydroelectric dams and the thermal storage of concentrated
solar power (CSP) plants. Urbs is a model written in Python 3 (Van-Rossum, 1995), which
relies on Pyomo (Hart et al., 2017) for optimisation set-up and on Gurobi (Gurobi Optimization
Inc, 2010) as solver. It minimises the cost of the system’s expansion and dispatch operation
expressed as a function of annualised costs. In its most general form, this cost is calculated
according to equation 3.1.

C=Cpm+ Cfix +Coar + Cfuel + Ceny (31 )

Where C;,, is the annualised cost of investment at the beginning of the analysed period Cy;,
is the fixed cost of operation of the system during that period, C,,, is the variable cost of
operating the system in that period, Cy,; is the cost of the fuel used to operate the system
and C,,, is an environmental cost associated to a carbon tax. These costs are calculated
for generation, transmission and storage technologies and a discount rate (r) of 7% is used
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to spread the investment cost over the lifetime of the technology. The minimisation model is
solved for one year using a one-hour time step. For each time step, the model defines the
unit commitment of each available technology, the energy transmitted between nodes and the
energy stored and retrieved. It also calculates whether it is economically convenient to invest
in more installed capacity of a given generation technology, transmission or storage at the
beginning of that year.

The main constraint of supplying the electricity demands in each node in each time step is
given by equation 3.2.

Di<Gi+) T;j—Si+R;i (3.2)
J
Where D; and G; represent the demand and generation in Node i, T;; represent the energy
transmitted between Nodes i and j and S; and R; are the energy stored and retrieved from
storage in the node.

Electricity generation is calculated in each node i and time step ¢ according to equation 3.3

Gis =Y Pdij- Ty At +Pndy-Sp, - At (3.3)
k

Where Pd is the installed capacity of each dispatchable technology k, 7 is the variable rep-
resenting the instantaneous load factor of each dispatchable technology (going from 0 to 1),
Pnd is the installed capacity of non-dispatchable technology and S is the relative value of the
intermittent resource p in each time step (between 0 and 1).

As some technologies have a limited capacity of ramp-up or down its generation in each time
step and there are minimum generation capacities, 7; x; is constrained according to equations
3.4and 3.5

Ty > Pdy, (3.4)

T — Tee—1)| < PRy (3.5)

Where P, is the normalised, minimal operational state of the technology and PdR; the norm-
alised, maximal gradient of ramping of the technology per time step.

For generating electricity from fuels, commodities ¢ have to be available and transformed in
the generation process. This transformation is defined by equation 3.6, constrained by the
maximum annual stock of such commaodity in node i 3.7.

Pd; - T s

= L, 3.6
e ot (3.6)
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ZFi,c,t S Fi,c (37)
t

Where 1y is the efficiency of transforming commodity c in electricity by the use of technology
k, F is the amount of commodity used and F; . the stock of commodity available for each year
of operation.

The transmission is modelled as DC lines with an efficiency that dissipates a constant fraction
of the power that flows through the cables, according to equation 3.8.

Tijo =T, - Mij
Tijs <Tci,

(3.8)

Where T;;; is the energy imported to node j from node i and Tl’, is the energy exported from
node i to node j, with 1);; representing the constant fraction of the power losses and 7'c; ; the
maximum capacity of the line.

The stored energy retrieved from the storage is modelled according to equation 3.9. While the
storage itself is modelled with an efficiency for charging, another for discharging and a time
depending discharge rate, according to equation 3.10.

_ out
Si7t - Zgi,s,t
)

out

ei,s,l < min(Spi,s ~At, ei,s,tfl)

Where € is the energy that is retrieved from the storage, Sp; ; is the power capacity of the

1,8,t

storage and ¢;,,_1 is the energy stored in the previous time step. The same equation and
restriction as those presented in 3.9 apply to the charging process of the storage.

8_out
At in in 1,8t

Eist =Eisr—1" (1 - ds) + eig : gi,s,t - eout (3-1 0)
i,

Where g, is the instantaneous energy content inside the storage, eii'js and eﬁ‘s’t are the
efficiencies of charging and discharging the storage and d; are the time depending self
discharge losses, expressed as a percentage of the energy stored.

The equations and constraints presented above constitute the formulation for a minimum
working model. The detailed mathematical formulation spans several sections and can be
checked in Dorfner (2018), Section 3.2.
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Additional equations to model specific characteristics of CSP generation were added. In this
case, heat was added as an intermediate energy vector. The collection of solar energy and
its transformation in heat was modelled with a fixed time series, like every other intermittent
generation (second term in equation 3.3). The storage was modelled to store heat rather
than electricity and the turbine was modelled to convert heat into electricity. For the new CSP
capacity being installed, the relation between the capacity of the solar field to generate heat
(at maximum irradiance) and the power capacity of the turbine was fixed at 2.5, while the
storage was fixed at 17.5 hours. Therefore, for each new MW of installed CSP electricity gen-
eration capacity, the model automatically installs 2.5 MW, of heat generation and 17.5/0.37
= 47.3 MWh,;, of thermal storage (with an assumed turbine efficiency of 0.37). This is further
explained in Section 3.2.9

In order to assess the long-term behaviour of the system, the model is run from 2020 to 2050
every five years, considering the installed capacity output of the year x as input for the year
x+5, as well as the evolution in demand and change in costs of investment and operation of
the technologies, detailed in Sections 3.2.4 and 3.2.5.

The Chilean electricity system was modelled with four nodes numbered from north to south, as
shown in Figure 3.1. This number of nodes was chosen as an approximation of the real system
that would allow to capture the main specific characteristics in energy resources availability
and electrical consumption of the different areas of Chile, while keeping the computational
complexity manageable. Some of these main characteristics for each node are:

. Node 1: It represents the former SING system, which was not connected to the rest
of the country until 2017, meaning it was self-sufficient. It accounts for 25% of the
total demand with a relatively flat daily consumption profile due to high share of 24/7
operating mining industry. It has the highest potential for solar energy but its current
installed capacity is mostly coal, combined cycle gas (CCGT) and open cycle gas
(OCGT) plants.

. Node 2: It represents the northern part of the former SIC system and accounts for only
15% of the demand and presents a high solar potential. Currently, it has a combination
of wind, solar and fossil fuel (coal, gas and diesel) generation.

. Node 3: It represents the central part of the former SIC system, home to more than
60% of the population and accounts for around 43% of the total demand. Its installed
capacity is a mixture of hydropower, CCGT and coal power plants. It does not have
especially good renewable resources and it is historically a net importer of energy.

. Node 4: It represents the southern part of the former SIC system with only 15% of the
demand but high installed capacity of hydropower and good wind potential. It has been
historically a net exporter of electricity.
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Figure 3.1: Nodes considered in the model with installed generation capacities and demands
in 2016 according to Coordinador Eléctrico Nacional (2017)
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3.2.2 Installed Capacity

The system was modelled according to the 2016 configuration, prior to the connection of
SIC and SING. The data for the installed capacity per technology (shown in Table 3.1) were
obtained from the National Electric Coordinator. For the year 2020, projects in the pipeline
of the Chilean National Expansion Plan are added (Ministerio de Energia, 2017a). These
include Cerro Dominador project (110 MW), the first CSP project in South America that
considers molten salt storage tanks with a capacity of 17.5 h of operation. Slack power plants
are included in each node with infinite capacity and high operational cost, ensuring that the
condition in equation 3.2 is always met. The cost of operation of these slack power plants is
equal to short duration unmet load in the system, according to Lima et al. (2012).

Generation Technology Node1 Node2 Node3 Node4 Total

Coal 1959 694 805 850 4308
OCGT 53 237 262 60 612
CCGT 1745 0 1883 0 3628
Diesel 232 840 860 912 2844

Hydro reservoir 0 0 1645 1775 3420

Hydro streaming 0 0 1559 1554 3113

Biomass 0 0 101 362 463
Geothermal 17 0 0 0 17

Wind 200 709 18 93 1020

Photovoltaic 259 578 46 0 883
CSP 0 0 0 0 0

Total 4465 3058 7179 5606 20,308

Table 3.1: Installed capacity per node for 2016 in MW

It is important to notice that the units of the same technology located in a same node are
treated as an aggregated power plant with an equivalent capacity.

3.2.3 Transmission

Transmission between nodes was approximated by the capacity of the main lines that connect
the principal areas of the system according to Table 3.2. The presented efficiencies repres-
ent losses of 2.3% of the total generation in the transmission lines. The line capacity was
increased every 10 years, following the increase in total demand. It was assumed that the
transmission between Nodes 2 and 3 would increase 60% faster to allow the transmission of
the solar generation to the point of higher consumption.
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Transmission line Efficiency Capacity [MW]
2020 2030 2040 2050
Node 1—Node 2 0.85 1500 1756 2012 2269
Node 2—Node 3 0.9 1500 1910 2320 2730
Node 3—Node 4 0.9 2000 2342 2683 3025

Table 3.2: Transmission line capacities and efficiencies for Scenarios 0 to 4 (defined in Section
3.2.7)

3.2.4 Investment and Operational Costs

Costs for investment, operation and fuel were obtained from the average scenario in Chile’s
Long Term Energy Plan (Ministerio de Energia, 2018). Table 3.3 shows the investment costs
of renewable energy and the projected cost of fuels used in the model. The lifespans assumed
for the annualisation of the investment cost are 30 for CCGT, OCGT and CSP, 25 for diesel
engines, wind, PV and biomass (Ministerio de Energia, 2019b) and 20 for PTES (Smallbone
etal., 2017).

2020 2025 2030 2035 2040 2045 2050

PV’ 923 799 717 668 616 561 504
CSP 6315 5626 4937 4592 4248 4133 4018
Wind [€/kW] 1490 1408 1326 1245 1163 1082 1000
Biomass 2611 2565 2520 2474 2429 2394 2360
Geothermal 5429 5293 5157 5021 4884 4748 4721
Diesel 56.3 635 68.7 734 779 796 826
Natural Gas «~ 324 324 343 346 346 359 374
Coal [E/MWh] 9.6 9.7 9.7 9.8 10 10 10

Biomass 9.7 9.7 9.7 9.7 9.7 9.7 9.7

" For Nodes 3 and 4 the cost is considered to be 35% higher due to the high presence of rooftop
generation.
" Corresponds to the thermal energy of the fuel.

Table 3.3: Projected investment costs of renewable generation and fuels

3.2.5 Hourly Demand

Hourly electricity demand was obtained from the National Electric Coordinator (Coordinador
eléctrico nacional, 2018) for 2016 for SING (Node 1) and SIC (Nodes 2, 3 and 4). The regional
National Energy Balance 2016 (Ministerio de Energia, 2017c) is used to spread SIC’s total
demand between the Nodes 2 to 4. For projecting the demand until 2050, a linear model,
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which is fitted with the demand for 2016 and the projected demand for 2046 from Ministerio
de Energia (2018) is used for the entire country. This growth is spread between the four nodes
according to the expected growth trends of total energy consumption presented in Ministerio
de Energia (2018). Figure 3.2 presents the total annual projected demand for the four nodes.
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Figure 3.2: Projected annual demand per node

Figure 3.3 presents the hourly demand during one week, which allows to compare the demand
behaviour of Node 1 against Nodes 2, 3 and 4. Node 1 presents a much flatter and noisier
demand, as it is dominated by mining industry consumption which operates 24/7 and which
large equipment’s start and stop is more noticeable.

Jan4toJan11 Jun 27 to Jul 2

—MNodel —MNode2 ——RNode3 Node 4 —Nodel —MNode2 ——Node3 Node 4

Figure 3.3: Hourly demand in summer (left) and winter (right) weeks per each node in the
year 2016
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Like any projection, the demand forecast from Chile’s Ministry of Energy is based on a large
number of assumptions such as projections of population growth, energy productivity, sus-
tainable behaviour as well as an increasing share of electric vehicles and electric heating.
However, the specific intra-daily effects of these changes are not explicitly presented by the
sources used to create the energy projection. Therefore, the shape of the daily demand is
increased proportionally for each hour of the year.

3.2.6 Renewable Resource

The Urbs framework handles renewable resources as deterministic capacity factors time
series, which means that the resource time series had to be pre-processed into values between
0 and 1, where 1 represent the maximum power output of the system.

The hourly data for solar PV and wind resources were obtained from Pfenninger and Staffell
(2017) directly as capacity factors. These data are based on the MERRA-2 reanalysis data-
base, which is built with satellite data corrected with local observations (Molod et al., 2015).
In the case of solar PV, the capacity factor corresponds to an optimally tilted fixed array (max-
imising annual generation based on latitude). In the case of wind, it considers a conventional
turbine with 50 m hub height. As Pfenninger and Staffell (2017) does not include data for CSP
generation, typical meteorological year DNI was obtained from Ministerio de Energia (2017b).
This serie of DNI values was transformed into capacity factors normalising by the maximum
annual DNI.

In order to get a better representation of the existing renewable projects, the geographical data
points were chosen to match the location of existing clusters of plants, as shown in Table 3.4.
In the case of solar for Nodes 3 and 4, considering the comparatively lower solar resource,
the main cities were chosen to account for mostly rooftop systems which are expected to be
installed in these areas.

Solar and wind resources are considered to be constant during the analysed period. However,
a location with a higher capacity factor is chosen for Node 4 after 2025 because it is expected
that in the near future, locations with better wind resources that are currently far from the
main transmission lines are going to be developed due to the expansion of the transmission
system. For the hydroelectric generation, the average hourly capacity factor of the existing
off-the-river hydroelectric power stations was used. These capacity factors were decreased
by 0.386%/a from 2025 to 2040 and by 0.737%/a from 2040 to 2050 in order to account
for the impact of climate change in the main Chilean basins, in accordance to Vargas et al.
(2012), which predicts a reduction in annual rainfall. The maximum potential of renewable
generation at each node was defined according to the limits set by Santana et al. (2014)
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Average
Name of Location Latitude Longitude Capacity
Factor
Node 1 Solar Maria Elena -22.34 -69.66 0.249
Wind Valle de los Vientos  -22.48 -68.82 0.191
Node 2 Solar Diego de Almagro -26.39 -70.04 0.237
Wind Los Cururos -31.05 -71.63 0.206
Node 3 Solar Santiago -33.44 -70.65 0.213
Wind Ucuquer -34.04 -71.63 0.143
Solar Temuco -38.73 -72.58 0.181
Node 4  Wind (existent) Renaico -37.72 -72.59 0.194
Wind (after 2025) Osorno costa -41.00 -73.84 0.295

Table 3.4: Locations used for solar and wind data for each node

and are presented in Table 3.5. The maximum capacity for conventional generation was left
unconstrained but it was considered that no coal power plants were to be constructed after
2025, taking into account the agreement between the Ministry of Energy and the Electricity
Generator’'s Association (Energy Live, 2018).

Node1 Node2 Node3 Nodei4

Wind 11,000 1,152 150 24,000
Photovoltaic 700,000 140,000 7,500 7,500
CSP 380,000 29,000 0 0
Geothermal 1,000 0 500 100
Biomass 0 0 200 1,000

Table 3.5: Maximum capacity of renewable generation to be installed in each node [MW]

3.2.7 Scenarios

To assess the impact that on-grid storage can have on the Chilean electricity system in
the long term, six scenarios with different energy storage and transmission expansions are
analysed. The details of the storage for Scenarios 0 to 3 are shown in Table 3.6, while the
results of storage optimisation for Scenarios 4 and 5 are presented in Section 3.3.2. The
first scenario (Scenario 0) can be considered "business as usual" and it does not consider
any on-grid electricity storage. Three exploratory scenarios with different amounts of on-grid
storage were considered (Scenario 1, Scenario 2 and Scenario 3). These scenarios consider
a predefined amount of storage power and duration capacity deployed on the grid. The storage
power capacity is assumed to increase linearly over time, while the energy storage capacity
changes accordingly to keep a constant time capacity in hours.
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Scenario 1 was constructed by installing 50% of the storage power capacity obtained by
running the model under very favourable conditions for storage deployment: demand and
prices for 2050 but considering an initial generation installed capacity as for 2020 and a
low price for storage (350,000 €/MW and 50 €/MWh). It considers a fixed storage duration
capacity of 8 h. Scenario 2 considers an increase in energy storage duration capacity to 30 h
without modifying the installed storage power capacity, while Scenario 3 considers an increase
of 30% of the installed storage power capacity, keeping the 8 h of storage from Scenario 1.

A more realistic scenario (Scenario 4) considered the availability of pumped thermal energy
storage (PTES) at a cost according to Table 3.7. As all previous scenarios assumed a fixed
increase in the transmission, Scenario 5 is an exploratory scenario to assess the transmis-
sion system upgrade under the option of higher storage penetration in the grid. Scenario 5
considers the same cost of storage as Scenario 4 but instead of assuming a transmission
expansion according to Table 3.2, it assumes a cost for expanding the transmission capacity
and includes that decision in the optimisation model. In order to analyse the influence of the
cost of expansion, two versions of Scenario 5 are created: Scenario 5a with costs of 400,000
€/MW (approximately equivalent to 900.000 €/km) and Scenario 5b with an expansion cost of
250,000 €/MW (approximately equivalent to 550,000 €/km). These values are based on real
investment cost of transmission lines from Comision Nacional de Energia (2015). An average
distance of 650 km between each node and a double circuit of 500 kV, with 1500 MW of
capacity was assumed.

A summary with the differences between the scenarios is presented in Table 3.8

Node1 Node2 Node3 Node4 Total

) Storage power by 2050 0 0 0 0 0
Scenario 0 [MW]
Storage energy by 2050 [h] 0 0 0 0 0
. Storage power by 2050 2,806 3,252 606 606 7,270
Scenario 1
(MW]
Storage energy by 2050 [h] 8 8 8 8 8
. Storage power by 2050 2,806 3,252 606 606 7,270
Scenario 2
[MW]
Storage energy by 2050 [h] 30 30 30 30 30

) Storage power by 2050 3,648 4,228 788 788 9,451
Scenario 3 [MW]

Storage energy by 2050 [h] 8 8 8 8 8

Table 3.6: Installed capacity of storage for Scenarios 1, 2 and 3 in the year 2050
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3.2.8 Pumped Thermal Energy Storage Modelling

The PTES model is based on the work of Smallbone et al. (2017). The roundtrip efficiency was
set at 67%, according to the target system, while the self-discharge rate was set to 1%/day.
The efficiency of 67% was included in the model by considering a COP of 1.5 during charging
and an efficiency of 0.45 during discharging, this increased the self-discharge, as more energy
was inside the storage at any given time.

The investment costs were set at Smallbone’s most conservative estimate for 2020 and shifted
linearly towards the technical potential by 2050, in accordance to Table 3.7. For this kind of
technology, the addition of extra energy capacity is straightforward, as it depends mostly on
the size of the tanks, which is independent of the power capacity. Thus, both costs can be
added without incurring in double counting, as the power investment cost depends primarily
on the cost of the compression/expansion equipment, while energy investment costs depend
on the size of the tanks and the quantity of the energy storing media.

2020 2025 2030 2035 2040 2045 2050

Power investment cost [€E/kW] 800 725 650 575 500 425 350
Energy investment cost [€/kWh] 20 1883 17.67 165 153 1417 13

Table 3.7: Projected investment cost for pumped thermal energy storage (PTES)

3.2.9 CSP and Hydroelectric Reservoir Modelling

The underlying model (Urbs) allows to generate, consume, transfer and store different re-
sources. However, it does not include the possibility of directly storing intermittent renewable
energies, as these are provided as a capacity factor from 0 to 1 and not as an energy
flow. Thus, an intermediate commodity had to be used to allow for storing energy before
its conversion to electricity. Figure 3.4 shows this logic for CSP and hydroelectric power plants
with reservoirs.

In the case of CSP, the DNI is expressed as a capacity factor and transformed into heat by
the solar field. The heat can be transformed into electricity by the power block or stored in
the thermal storage, from where it can be retrieved to generate electricity later. In the case of
the hydroelectric dams, the river water influx expressed as a capacity factor of an equivalent
off-the-river power station is transformed into energy-equivalent dammed water, which can be
used to generate electricity in the turbine or stored for later use. In this case, it was assumed
that the turbine has an additional operational cost of 30 €/MWh to simulate the opportunity
cost of using the stored water to generate electricity instead of storing it for future uses. While
CSP power plants may have different combinations of solar field, storage and power block
sizes, the Cerro Dominador power plant (Cerro Dominador, 2020) was used as a model for
the new added capacity. This means that all the new CSP capacity added to the system had a
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Figure 3.4: Scheme of the modelling of CSP (left) and hydroelectric power stations (right)

with storage

solar multiple of 2.5, meaning that its solar field has a nominal capacity 2.5 times larger than

the nominal capacity of the power block. Also, it was assumed an efficiency of 37% for the

power block, and 17.5 h of thermal storage capacity, which means that the plant could operate

up to 17.5 hours at its nominal capacity in periods without sunshine. These values also agree

with the optimal values found by Bravo and Friedrich (2018).

3.2.10 Other Important Assumptions

Other important assumptions used to develop the model are:

. It was assumed that there is no expansion of coal generation from 2025. This was based

on the agreement signed in early 2018 between the Government and the generation

sector that no new coal fired power plants are developed unless they are equipped with

carbon capture and storage (Energy Live, 2018).

. The obsolescence of the existing power stations was considered and the installed

capacity was decreased in each period taking into account their initial year of operation

and expected lifespans. While new plants are usually designed for a lifespan of 15 and

25 years for diesel and gas/coal, respectively, most plants have their lifespan extended

by 5 to 15 years (Foy et al., 2014; BEIS, 2016a). Here, lifespans of 25 years for diesel
engines, 30 years for OCGT and CCGT and 40 years for coal power plants were

assumed. The same lifespans were assumed for the newly installed capacity.
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. Another important assumption was that there is no new development of large hydro-
power projects. This strong assumption was based on the public opposition that these
projects have had in recent years (Agostini et al., 2017; Bardeen, 2018) and aimed to
show that a high percentage of electricity from renewables is achievable even without
the construction of large hydroelectric projects.

. It was considered that there is no limitation on the availability of fuels for the operation
of the conventional power plants (coal, natural gas and diesel) and biomass power
plants, and that there is no limitation on maximum installed capacities of conventional
generation technologies (other than coal).

. Chile was the first country in South America to introduce a carbon tax of 5 US$tCO,
in 2017 (Ramstein et al., 2018). Using the conversion of 1$ = 1 €, a 5 €/tCO, fixed
carbon tax was considered for all the modelled scenarios. This low carbon tax will have
a limited impact on the decarbonisation of the power sector (Diaz et al., 2020) and was
introduced with the aim of implementing the regulatory framework, infrastructure and
social acceptability (Pizarro et al., 2019).

3.2.11 Limitations of the modelling approach

A fast solving optimisation model has been proposed to allow to perform analysis of multiple
scenarios and several years in the future. However, this speed of convergence generates
several trade offs and limitations that are summarised following.

As discussed in Section 2.4, a four node model represents relatively accurately the broad
location of different technology generation and demand. However, it does not allow to consider
local transmission constraints in areas rich in renewable potential that are further away from
the main transmission system. In the current model, any generator located in each node
automatically delivers power in the node and the only transmission constraints arise when
providing energy to a neighbouring node.

The aggregation of generation of the same technology in each node decreases the granularity
of the generation units. This produces the loss of detail of each unit’s individual characteristics,
such as minimum operational capacity and ramp-ups.

From the transmission perspective, the linear representation of electricity networks assumed
direct current (DC) transmission, neglecting the effect of reactive power and the requirements
of balancing frequency. This tends to favour non synchronous generation such as solar PV.
In addition, the model assumed a fixed rate of transmission loss. This fixed rate was set to
approximate the average annual losses of the transmission network and does not account
for variation due to congestion in local lines. Furthermore, the distribution network, which is
responsible for an important fraction of the total losses in the network has not been modelled,
amplifying the possible discrepancies of losses between the model and the real system.
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While the model assumes trends that vary the investment cost of specific technologies in the
future, it does not account for local learning rates. This means that the cost of installing and
operating a specific technology in the country does not change if more for said technology
has been installed in the past.

The discount rate considered in the model represents the social discount rate currently in use
for infrastructure projects in Chile. It is lower than the discount rates used by private investors,
and it is meant to represent the interest of the Government as a representative of the whole
society. However, it may fail to represent the real will to invest of private generation companies.
Moreover, this interest rate has been fixed throughout the period. This assumption does not
consider changes in the economic situation of the country and might overestimate the future
level of the interest rate, as this tends to decrease when countries increase their economical
development.

The carbon tax considered in the model has been modelled as an extra cost directly paid
by each conventional generator and has been assumed fixed. However, it is expected (and
even proposed in the official energy policy (Ministerio de Energia, 2021d)) that it should
increase in time. The assumption of higher carbon tax levels could lead to higher penetration of
renewable generation and higher requirement of storage. Nevertheless, as proposed by Diaz
et al. (2020), the current implementation of the Chilean carbon tax in the electricity market is
more complex than a simple charge to each generator and some authors have argued that
it does not affect investment decisions, as it is automatically transferred to the final clients.
Therefore, the real effect of the Chilean carbon tax exceeds the capabilities of this model and
would require a more detailed representation of the market to be explored.

3.3 Results and Discussions

First, the results and discussion of the scenarios with fixed energy storage (Scenario 1, 2 and
3) and subsequently the results of the scenarios with optimised storage (Scenarios 4 and 5)
and transmission expansion (Scenario 5) are presented. In all the cases Scenario 0 is used as
a reference. Table 3.8 presents a summary of the differences of all the considered scenarios.
The main differences between the scenarios is while the first three use predefined storage
deployment rates, Scenarios 4 and 5 allow the model to optimally determine the deployment
of storage. In addition, Scenario 5 allow the model to optimally define the transmission, while
the other scenarios assume a predefined (exogenous to the model) expansion. For more
specifics on the assumptions of each scenario refer to Section 3.2.7.
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Transmission

Storage deployment

Storage capacity per
unit (hours)

Scenario 0  Base case with no storage and fixed transmission expansion
Scenario 1 Fixed expansion Low fixed rate deploy- Low capacity (8 h)
ment
Scenario 2  Fixed expansion Low fixed rate deploy-  High capacity (30 h)
ment
Scenario 3  Fixed expansion High fixed rate de- Low capacity (8 h)
ployment
Scenario 4  Fixed expansion Optimised Optimised sizing
deployment
Scenario 5a  Optimised expansion Optimised Optimised sizing
at higher cost deployment
Scenario 5b  Optimised expansion Optimised Optimised sizing
at lower cost deployment

Table 3.8: Summary of main differences between the considered scenarios

3.3.1 Scenarios1,2and 3

As shown in Table 3.6, Scenarios 1, 2 and 3 do not include energy storage in the optimisation
formulation, meaning that its addition is an exogenous process and is seen as "free" from
the system’s perspective. After running the model for the different scenarios, it is evident that
storage has an impact on the amount of non-dispatchable renewable capacity that is installed
in the system, as is shown in Figure 3.5.
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Figure 3.5: Evolution of (a) the installed capacity and (b) the energy generation of combined
PV and wind generation under Scenarios 1, 2 and 3

Figure 3.5a shows that, in the long-term in Scenario 0 (no storage), there is already a sig-
nificant increase in the installed capacity of non-dispatchable renewables. This increase is
mostly due to PV, which is cheaper than wind. In addition, northern Chile has a very good
solar resource, which together with the daily solar cycle, leads to strong synergy with energy
storage systems with a capacity for around half a day. However, it is worth mentioning that
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Figure 3.6: Relative evolution of (a) PV and wind installed capacity per scenario and (b) the
evolution of the installed capacity of CSP

the relative increase in wind generation capacity is higher in the scenario with no storage, as
shown in Figure 3.6a. This is probably due to wind being on average more evenly distributed
during the day. This agrees with Moreno et al. (2017), who showed that the development of
solar PV increases the value of pumped hydro projects more than wind energy. However,
energy storage systems with a capacity for more than a day (Scenario 2) lead to a relative
increase in wind generation capacity due to the less regular wind resource profile.

Figure 3.7a shows that the emission factor of the system decreases drastically even in the
scenario with no storage, reaching 22% of the value at 2020 by 2050. This is mainly due to the
assumed decommissioning of 3,010 MW of coal generation during this period, representing
58% of 2020’s coal installed capacity. This also explains the large decrease of the emission
factor in 2040, when 1,300 MW of coal are decommissioned. This result underlines the
importance of a planned decommissioning of the ageing coal power generators. The main
difference in emission factor comes from the more important role of natural gas in Scenario
0, with more than 4 GW of CCGT generation installed between 2020 and 2050, which con-
trasts with the close to 1.5 GW installed by the other three scenarios in the same period.
However, as by 2050 natural gas represents less than 8% of the total generation in Scenario
0, the absolute difference in emission factors between the scenarios is small compared to the
overall decrease. The reason for this relatively small difference in emissions, even though in
Scenarios 1, 2 and 3 there are substantially larger capacities of wind + PV, is that in absence
of electricity storage, in Scenario 0 there is a rise in the installed capacity of dispatchable CSP,
as shown in Figure 3.6b, as its storage capacity provides the required flexibility. This, however,
has an impact on the investment costs of the system (Figure 3.8b), as CSP is a much more
capital intensive technology than PV. Figure 3.7b presents the variation of each scenario with
respect to Scenario 0, which is considered here as a reference. From it, is clear that the
change of the emissions is not monotonic, as the problem represents a system with many
different interacting constraints that lead to complex and unexpected behaviour. For example,
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Figure 3.7: Evolution of (a) the absolute emission factor and (b) the relative emission factor
for Scenarios 1, 2 and 3 with respect to Scenario 0

for 2035, Scenario 2 presents a higher emission factor than Scenario 1, despite having more
energy storage and PV generation capacity. The explanation for this particular case, is that
the higher energy storage capacity is not enough to balance the extra PV generation by its
own and the economically most efficient alternative is to run CCGT generation for more hours
to balance the extra PV.

Figure 3.8a presents the costs of operating the system for one year, including fuel and other
fixed and variable costs, whereas Figure 3.8b shows the annualised costs of investments at
the beginning of every five years period. It must be noted that these costs are cumulative,
because the annualised cost of an investment is applied until the end of its life, which ex-
plains the general increasing trend. Figure 3.8a, on the other hand, presents a decreasing
trend, which is explained mostly by the decrease in fuel consumption due to the increase
in renewable generation penetration. Figure 3.8b shows that after 2040, the scenarios with
storage have lower investment costs than Scenario 0. This is due to the possibility to include
cheap renewable generation (as PV) backed by the existent storage. Scenario 0, on the other
hand, must install more expensive renewable technologies, such as CSP, as it has not enough
storage to back the operation of non-dispatchable renewable generation.

From the results, it is evident that Scenario 2 (30 h of storage) achieves only a small im-
provement compared with Scenario 1 (8 h of storage), despite having almost 4 times more
storage capacity. This agrees with the results presented in Section 3.3.2, which shows that
the optimal energy storage size is around 9 h. Scenario 3 is the one that achieves the highest
cost reduction with respect to Scenario 0, reaching an 18% decrease in operational cost and
a 19% in accumulated investment by 2050.

As Scenarios 1, 2 and 3 consider storage to be given, the difference in costs with Scenario
0 represents the maximum cost that energy storage can have in order to make the system at
least as cheap as the case without storage. Scenario 1 is analysed to find this maximum cost
of storage, assuming an energy storage system cost per MWh of capacity (no additional cost
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Figure 3.8: Evolution of (a) the operational cost and (b) the annualised investment cost for
Scenarios 1,2 and 3

per power capacity) and another with cost per MW (zero cost of additional energy capacity).
Table 3.9 presents the maximum investment costs of storage for these two cases on an annual
basis. It shows that to be economically attractive to install in 2025 the amount of storage given
in Scenario 1, it has to cost less than 43 €/kWh, which is well below the predictions of long
term utility battery storage for 2025 (350 €/kWh (Hayward and Graham, 2017); 530 €/kWh
(Schmidt et al., 2017)). Although this cost could be achieved with pumped hydro (IRENA,
2017), the availability of the cheapest hydro resource is located in the south, while the main
requirement of storage is in the north, where current cost estimates for pumped hydro using
sea water are around 1400 €/kW (although on an energy basis, estimates are around 10
€/kWh) (Valhalla Energy, 2017). Costs for storage added after 2035 are probably achievable,
however, the benefits calculated for this period consider that cheaper storage was installed in
the previous years.

2025 2030 2035 2040 2045 2050

Maximum investment cost [€/kWh] 43 144 139 166 158 542
Maximum investment cost [€/kW] 340 1155 1110 1370 1230 4330

Table 3.9: Maximum annualised investment costs of storage based on energy and power
capacity, respectively

This analysis shows that it is not realistic to achieve the rates of storage deployment presented
in these scenarios. A more realistic approach, with actual projected storage technologies’
costs included in the optimisation, must be analysed.
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3.3.2 Scenarios 4 and 5

In contrast with Scenarios 1, 2 and 3, Scenarios 4 and 5 include the energy storage as well as
the transmission capacity (only Scenario 5) in the optimisation problem. The results show that
for these scenarios, storage deployment starts after 2040, when PTES investment costs are
expected to reach 500 €/kW according to Table 3.7. The optimal amount of storage in each
node for in 2050 is presented in Table 3.10. This table confirms that energy storage presents
higher value in supporting solar generation (PV) rather than wind, as the storage capacity
concentrates in the sunniest northern nodes (Node 1 and 2) and no storage is installed in
Node 4, the node with the lowest solar and highest wind resources. Also, it shows that the
optimal energy capacity for storage is around 9 h, but shows a difference between the optimal
energy storage capacity of Node 1 and Nodes 2 and 3. This difference is most likely due to the
different energy demand profiles. The demand in Nodes 2 and 3 are dominated by residential
consumers and usually peaks around 21:00 to 23:00 and decreases sharply during the night
(01:00 to 06:00). This means, that in Nodes 2 and 3, a 7 to 8 h storage capacity is enough
to shift the solar energy production peak from 14:00 to the late evening peak. In Node 1, on
the other hand, demand is dominated by the mining industry and is comparatively flatter and
does not have the sudden decrease at night, which means that the energy stored during the
day has to be retrieved over a longer period.

Node1 Node2 Node3 Node4 Total

, Storage power by 2050 1377 1508 761 0 3646
Scenario 4
MW]
Storage energy by 2050 [h] 12 7.5 7 0 9.1
. Storage power by 2050 1535 1605 593 0 3734
Scenario 5a
[MW]
Storage energy by 2050 [h] 11.3 7.3 6.8 0 8.9
) Storage power by 2050 1500 1682 557 0 3740
Scenario 5b
[MW]
Storage energy by 2050 [h] 11.7 7.4 7.4 0 9.1

Table 3.10: Installed capacity of storage in the year 2050 for Scenarios 4 and 5 after running
the model

Scenario 5 also includes transmission expansion in the optimisation. The result of this trans-
mission expansion optimisation is presented in Table 3.11. As expected, a cheaper cost of
transmission investment tends to increase the expansion of the transmission system. How-
ever, this expansion takes effect only after 2045 and concentrates in the line connecting Nodes
2 and 3, which is used mainly to transfer cheap solar PV from the northern part of the former
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SIC to the main consumption point in central Chile and under a cost of 550,000 €/km should
more than double. According to the results, the connection between Nodes 1 and 2, is not
expected to increase, as Node 2 has enough PV potential to supply Node 3 and there is no
need to send energy from Node 1 to Node 3.

Transmission Capacity [MW]
2020 2030 2040 2045 2050

Node 1-Node 2 ~ 1500 1500 1500 1500 1500
Scenario 5a  Node2-Node 3~ 1500 1500 1500 1783 2898
Node 3-Node 4 2000 2000 2000 2000 2000

Node 1-Node2 1500 1500 1500 1500 1500
Scenario 5b  Node 2-Node 3 1500 1500 1500 2200 3543
Node 3-Node 4 2000 2000 2000 2054 2287

Transmission Line

Table 3.11: Transmission capacity for Scenario 5

Figure 3.9a presents the evolution of the installed capacity of PV and wind generation, while
Figure 3.9b presents the trend of the energy generated by these technologies for Scenarios
4, 5a and 5b, with Scenario 0 as reference. If comparing Figure 3.9a with the results for the
first three scenarios presented in Figure 3.5, it is clear that the installed capacity of PV and
wind increases less. It is interesting to note that the installed capacity of non-dispatchable
renewables in Scenarios 4 and 5 in 2050 is similar to the installed capacity in Scenarios 1, 2
and 3 in 2035. This reinforces the idea that the ability to integrate PV and wind generation in
the energy system is related to the amount of energy storage.
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Figure 3.9: Evolution of (a) the installed capacity and (b) energy generation of combined PV
and wind for Scenarios 4 and 5

Figure 3.10a presents the absolute emission factor of the system for the different scenarios,
while Figure 3.10b presents their evolution relative to Scenario 0. Similarly to Figure 3.7, it
is evident that the general decreasing trend is driven by the decommissioning of ageing coal
generation. In contrast to Scenarios 1 to 3, this figure shows that Scenarios 4 and 5 have
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Figure 3.10: Evolution of (a) the absolute emission factor and (b) the relative emission factor
with respect to Scenario 0 for Scenarios 4 and 5

relatively higher emissions than Scenario 0. This is counter-intuitive, especially for Scenario
4, as it has the same transmission expansion as Scenario 0 but also has the option of installing
energy storage, which allows an increase in the installed capacity of PV and wind. However, as
the solar resource is particularly good in northern Chile, CSP with thermal storage becomes
competitive with conventional options and is installed instead. Again, it can be seen that the
change of the emissions is not monotonic, due to the many different interacting constraints.
For example, in 2040 Scenario’s 4 emission factor decreases with respect to Scenario 0 but
in 2050 it increases. The decrease of the emission factor in 2040 comes from the fact that in
Scenario 0, the absence of storage in Node 2 causes 600 MW more CCGT to be installed
in Node 3, in contrast to Scenario 4, where PV plus energy storage in Node 3 is installed. In
2050, on the other hand, it is cheaper for the system in Scenario 4 to operate with PV with
storage and coal than with extra CSP, so there are more emissions that in Scenario 0 are
avoided by installing a higher amount of more expensive CSP.

Figure 3.11a presents the costs of operating the system for one year, including fuel and
other fixed and variable costs, whereas 3.11b shows the accumulated annualised costs of
investments in every year. The trends of both figures are similar to those in Figure 3.8.
However, if compared with Scenarios 1, 2 and 3, the cost reductions in Scenarios 4 and 5
are lower. This is especially evident in the investment costs, as in this case there is a cost for
installing energy storage and for expanding the transmission system (Scenario 5). In the case
of the operational cost, the decrease is comparatively lower as the amount of total installed
energy storage power capacity is lower, meaning that more fuel has to be burned to meet
the demand. However, there is still an important cost reduction with respect to Scenario 0.
In particular, the most realistic of the scenarios (Scenario 5b) reaches a 6% decrease of
the annual system operation cost and accumulated investment cost by 2050 compared to
Scenario 0.
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Figure 3.11: Evolution of (a) the operational cost and (b) the annualised investment cost for
Scenarios 4 and 5

The previous results and analyses have mainly assessed the achievable scenarios of non-
dispatchable renewable generation and emissions at a country level. Figure 3.12 comple-
ments that analysis by presenting the geographical distribution of the energy generation of
the different technologies for four of the analysed scenarios by 2050. Although in all scenarios
the total annual generated solar energy represents around 50% of the total energy generated
in that year, the most obvious difference between the scenarios is the relative participation
of PV and CSP generation. As mentioned previously, a higher amount of energy storage in
the grid shifts the solar installed capacity from CSP to PV, as a combination of PV plus a
PTES-like storage systems results cheaper than CSP with molten salt storage.

According to the model, for all the analysed scenarios, the 70% renewable generation by 2050
goal set by the policy in 2015 is reached. Even more, 70% is reached in most of the scenarios
without considering hydroelectric energy, as shown in Table 3.12. Despite being in accordance
with results found by Munoz et al. (2017), this result is probably a slight overestimation of the
total amount of non-dispatchable renewable generation achievable under these scenarios.

Scenarios
0 1 2 3 4 5a 5b
Ren. Generation w/o hydro [%] 71.1 73.8 742 746 70.7 68.8 70.1
Ren. Generation with hydro [%] 84.3 86.7 87.1 874 83.7 81.8 83.1

Table 3.12: Percentage of energy coming from renewable generation including and excluding
hydro power stations in the year 2050 for all the scenarios

The main source of possible overestimation of renewable generation integration in the current
linear optimisation model is the lack of a binary variable to define the minimum operational
output of conventional generation such as coal and CCGT, which overestimates the capacity
of these technologies to back changes in non-dispatchable renewable generation. Also, the
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Figure 3.12: Distribution of energy generation by technology in each node for year 2050, (a)
Scenario 0, (b) Scenario 1, (c) Scenario 4 and (d) Scenario 5b

current nodal resolution of the model does not allow to assess possible local constraints
that could lead to transmission bottlenecks in renewable-resource rich clusters located at
a certain distance from the main transmission lines. In any case, although it is expected that
the inclusion of these missing features would decrease the total amount of renewables for
a given scenario, it also is expected to increase the value of storage in the grid. Another
feature that determines the results of this model is that as every period is run independently,
the system is agnostic of the demand and prices variation in the future. This assumption
usually leads to less economically optimal system configurations but is probably more realistic
due to the uncertainty in long-term fuel price and technology cost predictions. Finally, the
fact that transmission can be expanded in a continuous way, instead of in large discrete
steps, promotes earlier transmission expansion. This also could lead to an overestimation
of non-dispatchable renewable generation, because as shown in Figure 3.9, a delay in the
transmission expansion causes a decrease in PV and wind penetration.
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3.4 Conclusions

This chapter assessed the impact of grid-level energy storage on the decarbonisation of the
Chilean electricity system. Efficient optimisation methods are required to find the optimal
design and operation of the electric system due to the large size of the problem and the
complex interplay between generation, transmission and energy storage. In this analysis,
a linear programming model optimising the design and operation of the Chilean electricity
system has been developed.

The linear optimisation model uses the Urbs framework, which was expanded with the ability
to handle reservoir hydro generation and CSP plants with thermal storage. The Chilean
electric system was modelled with four nodes representing the main parts of the system.
Six scenarios were run for renewable generation, energy storage and transmission expansion
between 2020 and 2050. These scenarios started with the current configuration of the electric
system (installed capacity in 2016 and planned expansion to 2020) and evaluated different
energy storage and transmission expansions. The problem was separated into independent
expansion and annual operation problems, linked by the installed capacity of transmission,
energy generation and storage technology.

The analysis showed that the main source of the grid emission factor decrease is the de-
commissioning of coal based generation and its replacement by a mix of solar generation
and CCGT. The differences of emission factor between any scenario in 2050 were small in
comparison with the decrease due to coal decommissioning (less than 5% of the emission
factor in 2020 and less than 0.025 tCO,/MWh in absolute terms). This means that in order to
achieve a 78% decrease in emission factor by 2050, it is necessary to ensure a policy that
would internalise coal based generation’s externalities and encourage the decommissioning
of the ageing units.

It is found that the addition of storage decreases the operational cost of the system by enabling
the increased deployment of relatively cheaper non-dispatchable renewable technologies. For
the Chilean system, the integration of energy storage leads to higher deployment of solar
PV systems compared to wind turbines due to the very good solar resource and the strong
synergy of the daily solar cycle with energy storage capacities of around half a day.

For the scenarios that include the storage costs projected for Pumped Thermal Energy Stor-
age (PTES), the addition of storage could save 6% in annual system operation costs and in
the total investment cost in generation from 2020 to 2050. As it shows high synergies with
solar PV, this storage is most optimally located in the northern part of the country. Because
in that area of the country there is no possibility of installing cheap pumped hydro energy
storage, the option of installing a PTES-like storage appears especially attractive. The optimal
storage capacities show good agreement with the demand profiles of the different nodes.
The optimal storage capacity for the northern node is around 12 h due to the flatter demand
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profile which is dominated by the continuously operating mining industry. On the other hand,
the two central nodes are dominated by residential customers which have a lower night time
demand and consequently, the optimal storage capacity decreases to around 7 h, as the
main requirement is to supply the peak demand in the evening. In further works, it would
be interesting to perform a comparative analysis between installing PTES-like storage in the
northern area of Chile against locating potentially cheaper pumped hydro storage in the south
(using natural lakes and reconverting existing hydro generators) or against more expensive
pumped hydro in the north (purpose built seawater reservoirs).

It is interesting to note that the approximately 3.5 GW of installed storage capacity predicted
by scenarios 4 and 5 in 2050, is close to the 3 GW predicted by scenario C with medium
hydrology by the energy planning process 2020 (Ministerio de Energia, 2020g). Also, the 7.3
GW and 9.5 GW of 2050 storage capacity assumed for Scenarios 1, 2 and 3, coincides with
the 7 to 9 GW predicted by the "Accelerated Transition" scenario of the last iteration of the
energy planning process (currently still under development) (Ministerio de Energia, 2021d).
These results, achieved with a more detailed representation of the Chilean electricity grid
(further discussed in Chapter 5, Section 5.2.1), tend to validate the assumption considered
in the model developed in this chapter, and confirms the relevance of considering PTES in
the future electricity storage mix. This marks the achievement of the objective of introducing
a TES technology for electricity in the Chilean context. Therefore, the next chapter will shift
the focus of the analysis towards introducing and assessing the use of TES technologies for
heating applications.

Since the writing of this chapter, a pathway for accelerated decommissioning of coal gen-
eration infrastructure has been agreed between the government and the generators. This
pathway considers a scheduled retirement of 1,700 MW by 2024 and the agreement to retire
the remaining 2,600 MW before 2040 (Ministerio de Energia, 2020e). Furthermore, there have
been signals pointing that this target might be reached sooner, as in 2021 it was announced
the conversion of a further 750 MW to biomass and natural gas by 2025 (Ministerio del Medio
Ambiente, 2021). In addition, there have been studies analysing their possible re-conversion
to green hydrogen and molten salt thermal storage (Ministerio de Energia, 2021b, 2020c).
All these new developments should be taken into account in any future studies, as the early
retirement of coal generation would decrease the flexibility provided by fossil fuel generation
and would increase the requirement for new flexibility, therefore increasing the potential of
on-grid energy storage.



Chapter 4

The value of seasonal thermal energy
storage in solar district heating
networks

The work presented in this chapter has been published in the article "Multi-objective optimisa-
tion of a solar district heating network with seasonal storage for conditions in cities of southern
Chile" published in Sustainable Cities and Society (Maximov et al., 2021).

4.1 Introduction

Most households in central and southern Chile do not reach thermal comfort during winter-
time, with indoor temperatures often around 15°C (Urquiza et al., 2017; Porras-Salazar et al.,
2020). Moreover, at a national level, the heating requirements are met mostly by burning
firewood in stoves (47%) or in individual ventless gas heaters (31%) (Tolvett, 2015). The use
of low quality firewood increases in southern Chile and creates a scenario of high levels of
pollution indoors (Cortés and Ridley, 2014) and especially outdoors (Molina et al., 2017), with
the city of Coyhaique presenting average concentrations of PM2.5 close to 60 pg/m? and
Temuco exceeding 45 pg/m?, while the standard sets a maximum of 20 pg/m? (Ministerio
del Medio Ambiente, 2018). An answer to this situation has come in the form of Air Pollution
Management Plans (called PDA in Spanish) that provide families with programs and subsidies
aimed at improving firewood quality and encouraging household retrofits. However, these
plans have been criticised, as they also limit firewood use and focus on replacing it without
considering the socioeconomic dimension (Reyes et al., 2019). This situation creates the need
for researching and proposing new sources and technologies for clean and affordable heating.

Ample international literature coincided in that district heating networks in urban areas can be
part of the lowest cost decarbonisation pathway and can significantly reduce local emissions
(International Energy Agency, 2019b; Hast et al., 2018; Soltero et al., 2016). This is mainly
due to the possibility of taking advantage of economies of scale that allow using more efficient

69
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technologies, getting better control of local emissions and integrating cheaper large scale stor-
age to maximise the use of renewable resources. The Chilean Government has recognised
the potential benefit of this technology and has mentioned it as an enabler for clean energy
transition for heat in the National Strategy for Heat and Cold (Ministerio de Energia, 2021c)
and has issued a Roadmap for District Heating Development to foster the development of this
technology (Ernst Basler + Partner, 2016).

Chile presents medium to high solar resource along moss of the country, with global horizontal
irradiance ranging between 1,400 and 2,600 kWh/m?-a (Castillejo-Cuberos and Escobar,
2020; Molina et al., 2017). The cities of Temuco and Coyhaique, in particular, have a good
relation between annual heat requirements and the availability of solar resources. This is
expressed in Table 4.1, where the heating degree days (HDD) and annual global horizontal
irradiance (GHI) are compared. From Table 4.1 it can be noted that these Chilean cities are
located in lower latitudes than cities with similar heating demands in Europe. This results in
higher solar resource availability for a given heating requirement. This scenario suggests that
solar thermal networks with seasonal thermal storage should be considered as an alternative
for reducing GHG emissions and local pollution at affordable costs.

Temuco Paris Coyhaique Stockholm Unit
Latitude -38.7 48.8 -45.6 59.3 [°]
Annual HDD 1,748 1,743 2,901 3,047 [HDD]
(base 15.5°C)
Annual GHI 1,676 1,405 1,461 1,154 [kWh/m?-a]

Table 4.1: Comparison of conditions of the analysed locations and cities with similar heating
requirements in Europe

The annual behaviour of the ambient temperature and the annual variation of the GHI for the
cities under analysis are presented in Figure 4.1. It shows that the lowest temperature, hence,
the highest heating demands are concurrent with the lowest solar energy availability. This
means that to be able to supply a high fraction of the thermal demand from solar energy
in winter the solar system would certainly be oversized for the rest of the year, which is
economically sub-optimal. An alternative to this scenario is the option of storing part of the
surplus energy available in summer in order to be used in winter by means of seasonal thermal
energy storage.

Seasonal thermal energy storage has the capacity of storing solar energy captured in sum-
mer to supply winter heating demand, increasing the fraction of the annual heating demand
supplied by solar energy, also known as solar fraction (SFr). As presented in Chapter 2, in
order to achieve high storage capacities at an affordable cost, these systems store energy in
inexpensive materials, such as water, soil or both. In borehole thermal energy storage (BTES)
the soil is used as the storing media as well as insulating material: heat dissipates slowly due
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Figure 4.1: Average temperature each month (left). Average daily global horizontal irradiance
(GHI) each month (right)

to the low soil thermal conductivity, and a radial horizontal thermal gradient is generated. In
order to deliver and retrieve the heat from the soil, vertical holes between 20-100 m deep
are drilled in the ground and water carrying U-shaped pipes are inserted in the holes. The
hot water supply is connected at the centre of the storage and several holes are connected
radially in series forming a string. Several strings are connected in parallel, covering the entire
volume of the BTES. During the charging of the storage, hot water flows from the centre to the
perimeter and the flow is reversed during the discharging to keep the horizontal stratification.
For further information and schematics on BTES, please refer to Chapter 2, Section 2.6.4.

District heating networks and, particularly, the integration of seasonal thermal energy stor-
age require sophisticated design and optimisation tools. This is because its state of charge
creates a time coupling that requires to model longer periods of time, which is added on
top of the complexity of modelling thermal transients in multiple equipment and subsystems.
Many optimisation approaches to thermal networks have focused on exploring mathematical
optimisation applied to the design of the network with a single objective function, such as
Krug et al. (2020), who performed a non-linear optimisation approach, Blackburn et al. (2019),
who presented a very fast to solve dynamic optimisation, or Romanchenko et al. (2021), who
performed a mixed-integer unit commitment approach to assess the interactions of thermal
energy storage and demand side response in a district heating network’s operation. However,
these approaches cannot be used in scenarios when more than one objective function needs
to be considered, such as when assessing decarbonisation options at affordable costs, which
are essential so that the district heating systems with seasonal thermal energy storage provide
both environmental and economic benefits.

In previous research assessing the performance of solar systems with seasonal storage,
Renaldi and Friedrich (2019) developed a simulation model based on the Drake Landing Solar
Community project built in Canada (Natural Resources Canada, 2020). In their work, they
analysed the performance of the system operating under British conditions and performed a
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sensitivity analysis on some of the main variables. However, no optimisation of the system’s
configuration was performed. Rehman et al. (2018) compared the performance of different
designs performing optimisation analysis on centralised and decentralised heating networks.
However, the analysis was performed for cold Finish conditions, which differ from the sunny
and cool conditions previously described for Chile. Lizana et al. (2017) performed a techno-
economic analysis for solar heating networks operating in Mediterranean climates, which
are similar in solar availability to the Chilean case, but in general, present lower heating
demands. Shah et al. (2020) performed the optimisation of a similar system in various cold
climate locations in the northern hemisphere. In their work, they carried out a multi-objective
optimisation for two design variables of the system and compared their results with several
single-objective optimisations. All these studies concluded that low emission solar district
networks could be cost-competitive with conventional technologies under certain conditions.

However, no literature has been found on the assessment of the design and operation of these
systems in the southern hemisphere, and particularly under the sunny but cool conditions of
central and southern Chile. In addition, many of the available optimisation studies for seasonal
thermal energy storage systems present only the optimisation results and do not go into detail
about the corresponding system configurations. Furthermore, many studies consider only the
sizing of the system but not the operational parameters. For example, no study has been
found that investigated the optimal solar collector angle in relation to the design of a district
heating system with long term storage. However, this information may be relevant in enabling
further improvements and uptake of these systems.

In this Chapter, it is assessed the use of solar energy to provide domestic heating for social
housing in Chile through a solar-driven heat network with seasonal thermal energy storage.
For this, a detailed and fully parametrised TRNSYS simulation model was developed and
linked through a custom Python interface to a multi-objective optimisation tool. This framework
is used to perform a simulation-based multi-objective optimisation of the system’s design
with total costs and GHG emissions as objectives for the cities of Temuco and Coyhaique.
Hourly heating loads were estimated for social housing blocks. The variability of internal gains,
standard materials, geometry and typical families’ occupancy rates were considered. The
results of the optimisation present a range of system configurations that minimise the total cost
and the GHG emissions. These objective functions are mutually competing; thus, each optimal
system configuration presents a trade-off between emissions and cost. Consequently, the
main parameters that define the system configuration and their interaction with these trade-
offs were analysed, and effects of location, climate conditions and system size influence in the
optimal solutions and in the competitiveness of the system with conventional heating options
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were explored. An in-depth analysis of the optimal operational temperatures of the district
network operating in Chile was included, and a novel analysis on the effects of optimising the
collector tilt angle, considering the interaction of the local weather conditions, the shape of the
thermal demand and the effects of the long term storage was performed.

4.2 Methods

In the context of the issues around domestic heating and the solar resource described in the
previous section, this chapter develops a techno-economic analysis of the use of solar energy
to provide domestic heating for two cities in southern Chile.

The general framework of the analysis is a multi-objective simulation-based optimisation with
the system’s cost and GHG emissions as optimisation objectives. This general framework
consists of three main blocks and is presented in Figure 4.2:

1. Estimation of the heat load during a year for a specific building configuration and
location.
Simulation of the performance of the system during one or more operational years.

3. Long term operation optimisation of the system configuration for a given heating load
and location.

In broad terms, to lower the total system’s emissions higher investments in solar collectors and
storage are required, but the operational costs reduce due to the decline in the use of fuel.
This means that if the saving from fuel use weighs in more than the cost of extra investment,
the cost objective and emission investment align. In that case, the optimisation should result in
a unique solution. However, as is usually the case with technologies in a relatively early stage
of development, the investment costs can out-weight the savings. In this case, the objectives
are opposing (as a "cleaner" system results in a higher total cost) and the optimisation results
in a wide range of Pareto optimal solutions that provide a compromise between cost and
emission levels (see Section 2.7.2 for further details).

4.2.1 Heating demand estimation

The heating load was calculated for social housing blocks in the cities of Temuco and Coy-
haique. As shown in the first block of Figure 4.2, the calculation was performed on a multi-zone
TRNBuild v3.0 model, which allows the simulation of the independent behaviour of rooms and
areas of the flats. The geometry of a standard eight duplex flats block was drawn and imported
from SketchUp, as shown in Figure 4.3. This geometry was based on a block of 8 duplex
flats of 51 m? each, which emulates social housing designs at the current Chilean thermal
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standard. Each flat was modelled with six thermal zones. The lower floor was defined with
three zones: hall, kitchen and toilet; while the upper floor was approached as two zones: main
bedroom and secondary bedrooms. The staircase was designed as a sixth zone, thermally
connecting both floors.
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Figure 4.2: Main framework of the analysis showing the three main blocks: heat load
estimation, simulation and optimisation

Figure 4.3: SketchUp model of the buildings (left) and original architectonic design (right)
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The geometry of the building was imported into TRNbuild. The materials of the thermal envel-
ope were selected according to the minimum requirements in the Chilean thermal standard
from 2007 for each climate zone (Gobierno de Chile, 2006). The main parameters for each
location are shown in Table 4.2 and the detail of the walls and roof materials considered in
the simulation are presented in Appendix A. For the heat gains and heat requirements, an
occupancy rate of a typical four people family showed in Figure 4.4 was assumed.

Git Thermal zone Maximum U [W/m2K] Max window
y number Roof Wall Floor wall coverage
Temuco 5 0.33 1.6 Not defined 18%
Coyhaique 7 0.25 0.6 Not defined 12%
Table 4.2: Thermal standards used in the model
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Figure 4.4: Occupancy rates of an average family

The control logic of the heating is on-off and it sets the temperature to 21°C when there are
occupants in a zone and 16°C when there are no occupants. This applies to the living room
and the bedrooms. The kitchen and toilet are kept at 16°C. There is no heating considered
for the staircase. Additionally, heat gains were considered due to the presence of active
occupants in the kitchen (170 W), passive occupants in the living room (125 W) and resting
occupants in the bedrooms (80 W), according to EN 13799. A heat gain of 600 W was used
in the kitchen during the cooking times (assuming an 80% efficiency of a 3,000 W stove/oven)
and a constant 8 W/m? heat gain was assumed for all the house due to the presence of
different electrical equipment (value recommended by TRNSYS for a single family house
based on SIA 2024).
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Infiltrations were accounted as constant air changes per hour in each zone, depending on
the number of windows and exterior doors. It was considered 0.75 air exchanges per hour
(ACHT/h) for each window and 1 ACH/h for each external door present in each zone. This led
to a total average infiltration of 1.57 ACH/h for every flat, which coincides with values found by
Navarrete (2016) (1.27-1.52 ACH/h) and with those found by Diaz (2015) (1.7 ACH/h). Besides
the uncontrolled air infiltration, it was considered that windows are opened for 5 ACH/h in any
zone that exceeded 25 °C if the external temperature was below this value.

The thermal demand of the building was calculated on an hourly basis using TRNSYS v18
according to Figure 4.5, with the building’s characteristics modelled by Type 56. As the Chilean
thermal regulation used in the simulation does not include any standard for floor insulation,
the losses through the floor could be important and had to be modelled accurately. The under-
slab ground was modelled using Type 49, which assigns a heat capacity and conductivity to
the soil. This reduces the heat loss through the ground floor in winter, as the sub-slab soil
absorbs heat and increases its temperature with respect to the surrounding soil exposed to
environmental conditions. As may be expected, it can take several years to reach a steady
state as at the beginning, the under-slab soil is at the same conditions as the surrounding
soil (Kusuda et al., 1982). Therefore, the model was run for four years until the heat transfer
and the temperature under the slab reached a steady periodic annual cycle. The weather
data used was a typical meteorological year obtained from the solar explorer of the Chilean
Ministry of Energy ((CR)2, 2016) which was compiled using data from 2004 to 2016 and was
supplied to TRNSYS using a Type 15 weather data reader.
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Figure 4.5: Diagram of simulation for calculating building’s thermal demand in TRNSYS
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The system’s performance was modelled for a system supplying heat to a development of 18
buildings such as those in Figure 4.3, totalling 144 flats. This configuration is referred as the
Base case and it represents the scale of typical social housing projects in Chile. In order to
analyse the effect of heat demand density and scaling up of the system design, an alternative
configuration with 1728 flats was also analysed. This configuration consists of a buildings’
footprint eight times larger than the Base case and it considers an extra duplex flat on top
of those of the Base case. Hence, this second configuration, referred as the Large case,
presents a 50% higher demand density and 12 times higher total demand. This information is
summarised in Table 4.3.

Base Large

Total number of buildings 18 144

Flats per building 8 12
Total number of flats 144 1728
Floors per building 4 6

Table 4.3: Difference in the two cases included in the analysis

4.2.2 TRNSYS Simulation model

The system’s operation was modelled using TRNSYS v18 (block 2 in Figure 4.2), extending
an existing model developed by Renaldi and Friedrich (2019) that replicates the system
implemented in the Drake Landing Solar Community (DLSC) in Canada (Natural Resources
Canada, 2020). The main feature of this system is that it includes an underground long term
storage system with borehole technology (BTES). This system allows for excess solar energy
harvested during the summer to be stored for use in winter and can reach annual efficiencies
of up to 60% (Reuss, 2014). The main parts and components of the system are schematically
presented in Figure 4.6, while Figure 4.7 presents a to scale 3D view of a system configuration
with 3,000 m? of flat plate solar collectors and 30,000 m* of LTS, along with a district of 144
flats, as the one used in the Base case.

Solar field (SF) loop

The solar loop harvests solar energy in the form of heat. Its main component is the solar
field, composed of parallel connected flat plate solar collectors modelled with Type 1b with the
efficiency given by equation 4.1, where Tgr, corresponds to the inlet temperature to the solar
field, T, is the ambient temperature and G is the global irradiance on the collector’s surface.

TSF,-,, - Text (TSFin - Text)z

n =0.857—3.083 —-0.013 G (4.1)
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The solar field’s working fluid is a glycol-water 30% mixture and is moved by a variable
speed pump capable of pumping a maximum of 80 kg/h of fluid per square meter of the
solar field, which allows the actual maximum flow rate to change with the solar field’s area. A
heat exchanger with 80% effectiveness connects the solar loop with the short term storage.

Short term storage (STS)

The short term storage (STS) loop receives the heat from the solar loop and stores it in two
stratified hot water tanks modelled with Type 534. One of these tanks stores the hot water
coming from the solar loop or the long term storage during discharging at 70-90°C, while
the cold water tank stores water coming from the district heating network or the long term
storage during charging at 40-60°C. The STS acts as a hub that receives the solar energy
collected in the SF and decides whether to store the energy for a short term, deliver it to the
district heating loop to fulfil the demand or store or retrieve energy from the borehole long
term storage. These decisions are made following the logic explained in Section 4.2.2.

Long term storage (LTS)

The long term storage (LTS) subsystem consists of a borehole thermal energy storage system
(BTES) modelled by Type 557, which is based on the model developed by Hellstrém (1991).
The choice of this technology for the LTS follows that it is comparatively one of the cheapest
seasonal storage technologies, as shown in Figure 2.9. Furthermore, based on the existing
systems presented in the same figure, it is well suited for the expected LTS required volumes
(10,000 to 50,000 m?) of a network such as the one presented in Figure 4.7.

The pump of the LTS subsystem moves water from the centre to the perimeter of the storage
during charging and from the perimeter to the centre during discharging at a constant 0.13
kg/s per each parallel string of boreholes (same value used in the DLSC system and by
Renaldi and Friedrich (2019)). The geometry of the borehole storage is variable, depending
on the total volume of the storage. However, certain rules were set following the model of
Renaldi and Friedrich (2019):

. The depth of the boreholes is equal to its diameter to minimise the exposed surface.
. The separation for boreholes in the same string is constant and equal to 2.25 m.
. The total number of boreholes grows proportional to the footprint of the LTS, starting

from 144 boreholes for a surface area of 961 m? (corresponding to the original DLSC
model developed by Renaldi and Friedrich (2019)).

The soil thermal parameters used in the simulation are presented in Table 4.4 and were
defined based on the description of the locations’ geological conditions by Mella and Quiroz
(2010) for Temuco, de la Cruz et al. (2003) for Coyhaique, and typical soil characteristics from
Reuss (2014).
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. - Thermal conductivity Heat capacity
Location Description (W/K-m] [kJ/m?]
(Reuss, 2014) (Reuss, 2014)

li lacial I
Temuco Unconsolidated glacial grave 0.9

and sands deposits
(Mella and Quiroz, 2010)
Coyhaique Gravel and sand banks 1
with silts subordinate

(de la Cruz et al., 2003)

1,600

Table 4.4: Soil characteristics in both locations

LTS initial charge state

The temperature inside a BTES fluctuates with the charging and discharging cycles through
the year but, during normal operation, it tends to keep a steady annual average temperature.
However, at the beginning of the operation, the BTES’s internal temperature is equal to
the surrounding ground, and it could require 3 to 6 years of heating to reach a long term
average temperature (Sibbitt et al., 2012; Schmidt et al., 2004; Schmidt and Sgrensen, 2018),
with Welsch et al. (2016) even reporting systematic changes in efficiency after 25 years
of operation, albeit in a system with comparatively larger 5 m borehole separation, which
significantly slows down the dynamics inside the BTES. Figure 4.8 shows the evolution of the
temperature of the storage for seven years for two different configurations of LTS size. The
plotted temperatures are outputs of Type 557 (module for BTES in TRNSYS) and correspond
to the average temperature of all the soil within the boundaries of the BTES, and to the
temperature of soil located next to a borehole located at the centre of the BTES.

SF =500 m? - LTS = 50,000 m? SF =500 m? - LTS = 5,000 m?
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Figure 4.8: Evolution of the temperature of the LTS for the first 7 years of operation for two
different system configurations
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As it can be noticed, both systems have different times for reaching a stable regime, but in both
cases, it is safe to state that it is reached by year 6. Therefore, if the condition of the BTES at
the beginning of year 7 could be replicated at the start of the simulation, the optimisation could
be run by only simulating 1 year of operation, which would produce an important reduction in
running time, considering that one year of simulation takes between 30 to 45 s to run on an
Intel Xeon E3-1230 v6 processor.

However, it is clear that the temperatures of stable operation differ depending on the con-
figuration. Therefore, it is not trivial to define the state of the LTS at year 6 for any given
configuration. The approach taken to solve this issue was to perform a multiple regression
on the variables that present a higher impact on the operational temperature of the LTS. This
regression provides a parametrisation of an approximation to the average LTS temperature
for the last time step of year 6. This parametrisation was coded in the TRNSYS model, which
allowed starting the simulation from a state of charge of the LTS similar to that of year 7. As
this methodology provides only an approximation of the average temperature of the LTS, but
no internal gradients or heat stratification can be defined in Type 557, the simulations used for
the optimisation process were run for two years, with the first year used as a buffer to allow
the LTS to reach the real long term operational state. The details of the method for performing
the parametrisation and its validation are found in Appendix B.

District heating (DH) loop

The district heating (DH) system delivers hot water to the flats, which are represented in the
model by a single node load. The load module (Type 682) fulfils the heating demand profile
(calculated previously using Type 56) in each timestep by performing an energy balance on
the hot water mass flow circulating in the DH and returning the water at a lower temperature.
The water is moved by a variable flow pump and heated to a setpoint by means of a heat
exchanger using hot water from the STS. A backup boiler (Type 659) provides the heat that is
required to reach the setpoint if there is not enough energy available in the STS. The setpoint
for the DH water supply is defined according to equation 4.2, the same used in the original
Drake Landing project (Quintana and Kummert, 2015).

55°C Toy < —40°C
Tpt,, = { 0.48-Toy +35.8 —40° < Ty < —2.5°C (4.2)
37°C Toy > —2.5°C

A minimum heating temperature of 26°C is defined in the load module. This means that if the
outlet temperature from the load module falls below 26°C, it is assumed that the load cannot
be met by the DH.
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Piping and pumps

The pipes were modelled as Type 31 TRNSYS elements. Although, the general piping layout
followed the fixed design presented in Figure 4.7 The length of the pipes in the model is
adjusted to follow the size of the SF and the number and configuration of the buildings in
the district network. The pipe’s diameter (D,;,.) is also adjusted to keep a maximum flow
velocity (v,.x) of 1 m/s. These values are parameterised in TRNSYS, allowing for automatic
adjustment of the dimensions for every configuration being evaluated.

The thermal loss coefficient of the pipes (/,;,.) was parameterised as a function of D ;,. using
an approximation to the high-quality pipes (preinsulated pipes class 2 according to EN 13941)
presented by Masatin et al. (2016) according to equation 4.3.

Lpipe = 0.1088-D, 2 W /m*K (4.3)
The rated power of each pump is calculated using v;,,.x and the maximum head loss of each
pipe is estimated applying Darcy-Weisbach equation and Haaland’s approximation for the
Colebrook-White equation. For reference, Zeghadnia et al. (2019) presents the definitions of
these equations and alternative approximations to calculate head losses in a piping system.
Approximated singular head losses, equipment head losses and the head due to buildings
height were also included. This approach allows the model to adjust the power rating of
the pumps for every configuration being evaluated. The instantaneous power demand of the
pumps at each step of the simulation was assumed to change linearly with the flow rate.

Control strategy

The control strategies of the system are mainly the logic behind the operation of the pumps
moving the working fluid and the decision whether to charge or discharge the LTS. These are
based on the work by Yang et al. (2017) with slight modifications.

For the SF loop pump, a differential controller with hysteresis (Type 2b) is used. This controller
turns the pump ON if the temperature difference between the fluid coming from the SF and
the bottom of the cold STS (the coldest water in the STS) is higher than 10°C. It remains ON
until that difference is less than 2°C or if the top of the hot STS (the hottest water in the STS)
reaches 90°C. Additionally, during the ON status of the pump, it modulates its flow rate to
keep a 10°C difference between the output and the input of the SF using a Type 22 differential
controller. The pump connecting the SF loop with the STS modulates its flow to keep a 12°C
temperature rise in the heat exchanger (HX1), while the pump connecting the STS with the
DH loop modulates its flow to keep the DH water coming out the heat exchanger (HX2) at
37°C (according to equation 4.2). The DH pump is modulated to keep the return temperature
in the system according to Tpy

., in equation 4.4, which is the approach used by Renaldi and
Friedrich (2019).
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Tpr,, = 0.9588 - Tpp,,, —4.79°C (4.4)

As the approach of fixing the supply temperature of the district heating at the same value
that a system designed for different demand and weather conditions may be sub-optimal, it
was also explored how the optimal configuration may change by using different supply and
return temperatures (Tpy

sup
were defined as optimisation variables (see Section 4.2.5).

and Toy

ret?

respectively). For this analysis, these temperatures

The charging of the LTS depends on the season of the year, thus, the controller was adap-
ted from the model of Renaldi and Friedrich (2019) to match the seasons in the southern
hemisphere. A diagram of the operation control logic under the different states of the LTS
is presented in Figure 4.9. In summer the LTS starts being charged when the temperature
difference between the top of the STS storage (hottest water in the STS) and the centre of
the LTS (hottest zone of the borehole field) is above 10°C and it stops if that temperature
difference falls below 3°C or if the average temperature in the LTS surpasses 90°C. In winter
the charging is done only when the difference between the bottom of the STS storage (coldest
water in the STS) and the DH water supply setpoint is above 10°C and the top of the STS
storage is hotter than the centre of the LTS. The charging stops whenever the temperature
difference between the bottom of the STS storage and the DH water supply setpoint falls
below 2°C. The discharging process happens when the temperature difference between the
centre of the LTS and the bottom of the STS is higher than 10°C and the top of the STS is
below 55°C, and it stops when the aforementioned temperature difference falls below 3°C or
the top of the STS surpasses 55°C. A hysteresis effect was added to the controller to consider
its previous step’s state when deciding the next one. This avoids the charging process turning
OFF when the temperature stays in between the "dead band". Table 4.5 summarises the
logical equations behind the control strategy.

4.2.3 Evaluation of system’s operation

The simulation set up in TRNSYS allows for multiple calculations of operation variables in
every step and of performance indicators calculated during a year of operation or over the
lifetime of the project. To evaluate and compare the performance of different system configur-
ations, a set of indicators are calculated.
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Figure 4.9: Logical operation diagram of the control of the LTS according to Yang et al. (2017)

System element ON status conditions OFF status conditions

TSFPou[ - TSTShtm < 2OC
SF loop pump Isr,, — Ists,,, = 10°C \Y,
Tsrs,,, = 90°C

Pump connecting SF Flow modulated to keep ATxx 1, = 12°C
loop and STS

Pump connecting STS Flow modulated to keep ATux2,,, = TpH,,,
and DH

DH pump Flow modulated to keep condition in equation 4.4

Isrs,,, — Itrs.,, > 10°C  Tsrs,,, — Irrs,,, <3°C

LTS charge summer A V
TLTSH,,g < 90°C TLTSw,g > 90°C
Isrs,,,, — Iph,, = 10°C  Tyrs,,, — Iph,,, <2°C
LTS charge winter A V
Ts18,0p > TLTS,, Isrs,,, < TL15,,

Irrs,, — Ists,,, > 10°C  Tirs,, —Isrs,,, <3°C
LTS discharge A \Y,

TSTS,(,,, < 55°C TSTS,,,p > 55°C

Table 4.5: Summary of the controller logic
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Technical performance indicators

The technical performance indicators of the operation of the system evaluate how well the
system manages the different energy fluxes during one year of operation, focusing mostly on
the solar energy and the operation of the LTS.

The solar fraction (SFr) is the fraction of the total load that is fulfilled with solar energy, which
corresponds to the energy transferred through the heat exchanger connecting the STS and the
DH (HX2 in figure 4.6), divided by the total energy used to fulfil the load, which corresponds
to the solar energy delivered to the DH plus the energy supplied by the boiler, according to
equation 4.5.

fQHXZ

SFr=— —
fQHX2+J Qboiler

(4.5)

The solar system efficiency (1ssys) is the performance of the system using the solar energy
collected. It is calculated as the ratio between the energy delivered to the DH and the energy
collected in the SF, according to equation 4.6.

Nsys = fQHXZ
P [ Osr

(4.6)

LTS efficiency (nrrs) is the efficiency of the LTS in storing the energy. It is calculated as
the ratio between the energy discharged from the LTS and the energy charged into the LTS,
according to equation 4.7.

f QLTSdixch
f QLTS(:harge

Nirs =

Economic indicators

The economic indicator used to evaluate and compare the performance of the system is the
levelised cost of energy (LCOE), which takes into consideration the initial investment and the
variable and fixed costs of operating the system to calculate an annualised cost of energy
production during the lifetime of the project according to equation 4.8.

Cosam+Cruer+Cei
Ci + o CossCrat e

Zn Qload.
i (14r)

LCOE =



4.2. Methods 86

A discount rate r = 0.05 and a lifetime n=25 years are assumed. This discount rate is slightly
lower than the 0.06 recommended in Chile for public building projects (Ministerio de Desarrollo
Social, 2013) and close to the 5.05% proposed for the long term evaluation of public projects
by Edwards (2016).

The different annual costs are calculated in TRNSYS using the values in Table 4.6, while the
investment costs are calculated using the unitary costs in Table 4.7. As all these economic
parameters are based on various sources and estimations. Appendix C presents a sensitivity
analysis of the most relevant economic parameters on the LCOE.

Cost Unit Ref.
o&M *(Co&M) 0.0075 - Ciy €/a (Mauthner and Herkel, 2016)
Natural Gas Temuco (Cyyer) 0.05 €/kWh (Intergas, 2019)
Diesel Coyhaique (Cyer) 0.06 €/kWh (Comision Nacional de Energia,
2020)
Electricity (Crec) 0.1 €/kWh (CGE, 2020; Saesa, 2020)
Carbon tax 0" €/kgCO»

" O & M corresponds to operation and maintenance costs
” The 5 US$/tCO, only applies to boilers above 50 MW

Table 4.6: Unitary costs of energy and the annual cost of operation and maintenance

Cost Unit Ref.

Solar field (Csr)

.1078.SF2 _ .10-3. 2
(including pipes) 3.8-107%-SF7 ~3.9-107-5F, +271 €/m>  (Sorensen, 2012)

Short term storage (Csrs) 403 - STS, 9467 4250 €/m? (Mauthner and
Herkel, 2016)

Long term storage (Crrs) 2,600 - LTS;O(;"‘7 €/m? (Planenergi, 2019)

Buried pipes (Cpipes) 4334 - Df,,-pe +4011.7 - Dpipe + 198.7 €/m (Nussbaumer and
Thalmann, 2016)

Boiler (Cppiter) 24.8 - Oppiter + 31,850 € (Voll, 2013)

Indoor system (Cyps) 12560-LMTD ' 4522 €/flat "

Pumps single speed 120

(Cpumps) variable speed 240 Skw

" Insulated pipes, considers feed and return pipe in the same trench
" Considering a linear relation with a standard 75°C supply temperature system at 700 €/flat and a 37°C supply
temperature system (DLSC standard) at 1500 €/flat. Internal temperature (7;,;) assumed 21°C for LMTD

. _ Touuy, —Tou,y
calculation. LMTD = T

TDHyer ~TDH;py
Standard values used in Chilean engineering projects according to senior procurement engineer

Table 4.7: Unitary investment costs of equipment

The cost of land was explicitly excluded from the analysis. As the project is supplying energy
for a social housing complex, the land where the system is installed is state-owned, therefore
it can be assumed that it may be granted at zero cost (which is the assumption in this case).
On a deeper economic analysis, it can be argued that, even though the land belongs to
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the Government, there is an opportunity cost for its utilisation (for instance, more housing).
However, no data on the opportunity cost of land in Chile were found in the literature. For
privately developed projects, the cost of land has to be included in the analysis, as it would
have to be purchased by the developer.

Emission indicators

As an emission indicator, the specific emission per unit of energy output (SE) is defined
according to equation 4.9. This equation considers the emission coming from the fuel burned
by the auxiliary boiler as well as the indirect emission from the electricity consumed by the
pumps and divides these emissions by the total energy supplied by the system.

EFgrid . [ Q.pumps +EFfuel . fouel

SE = .
f Qload

(4.9)

The emission factors of the fuels and the electric grid are presented in Table 4.8. The electric
grid emission factor for Temuco for 2025 was used, according to scenario "C" and a dry
hydrology in the Chilean "long term energy plan" (Ministerio de Energia, 2020g). In the case
of Coyhaique, there is no up to date information nor projections of the emission factor of the
isolated Aysen system (where Coyhaique is connected). Therefore, the same value as for
Temuco was used.

Emission Factor Unit Ref.
Natural Gas 0.204 (Defra, 2020)
Electric grid Temuco 0.25 [kgCO,/kWh]  (Ministerio de Energia, 2020g)
Electric grid Coyhaique 0.25 ’

" In 2016, the emission factor of this system was 0.33 kgCO,/kWh (Estay and Ovalle, 2017) with a reduction
trend expected.

Table 4.8: Emission factors of the fuel and electric systems considered in the model

4.2.4 Simulation parameters

As the optimisation process requires thousands of runs of the simulation model, a balance
between simulation run speed and accuracy needed to be reached. Considering this, a 10
minutes time step was chosen, as it allows to run a two year simulation in 1 to 2 minutes
and is short enough so Type 31 plug flow pipes model does not have convergence errors,
which occur when the residence time inside a pipe element is smaller than the timestep. The
simulation of a complete year of operation is important in the context of an LTS economic
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operation analysis, as it allows to completely integrate the time domain through a continuous
operation. This contrasts with other approaches, that use aggregated time periods to repres-
ent typical weeks or days of the year, which allows a faster simulation, but fails to address the
time coupling of the LTS state of charge.

As it was explained in Section 4.2.2, due to the slow heating of the soil from its normal
temperature, there is a period to get the LTS to a steady state operation. In order to reduce the
simulation time, a preliminary analysis was performed and a parametrisation of the average
temperature of the LTS as a function of the main variables allowed to define a function that
approximates the average temperature conditions in the LTS (7.rs,,) at the beginning of a
year in a steady state operation. The method applied for this parametrisation is based on a
multiple linear regression and is further explained in Appendix B. This method allowed to set
the total running time to 17,520 hours (two years).

4.2.5 Optimisation model

The last step of the method used in this chapter, shown in block 3 in Figure 4.2, is a routine
that performs the optimisation by running several systems configurations and chooses those
that minimise the cost and the emissions. After every generation, a new Pareto front that
approximates closer to the true optimal solution is generated. An optimisation routine was
implemented in Python using a genetic algorithm provided by DEAP (Fortin et al., 2012) and
it was linked to the TRNSYS simulation model, reading TRNSYS’s outputs and modifying
TRNSYS deck file (inputs). For more information on the operation of a genetic algorithm, refer
to Section 2.3 and Figure 2.5.

Objective function

The objective of this optimisation is to determine system configurations that are both cheap
and that produce low emissions. Hence, LCOE and SE (equations 4.8 and 4.9) were defined
as the objective functions to be minimised, as it is expressed in equation 4.10.

LCOE(X,)
Min ic{l,..n} (4.10)
SE(X[)

0 <x’,-"m <X < X

with X" and x/"** adjusted according to the system being assessed
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X" and x™* are the lower and upper bounds of the optimisation variables, and have to be
adjusted according to the case that is being optimised. These adjustments do not affect the
final result, but allow for a quicker convergence of the Pareto front. As LCOE and SE are
mutually opposing, a set of optimal configurations that trade between cost and emissions is
expected. The next subsection identifies the variables (x;) used in the optimisation problem.

Optimisation Variables

In a preliminary analysis, the equipment that is more influential in the performance of the
system was assessed, and it was found that the most important variables in the system
configurations were the area of the solar collectors field (SF4), volume of long term storage
(LTS,,;) and volume of short term storage (ST'S,,;). Therefore, these were included as the
main optimisation variables in the model. Changing the size of these values has an impact
on the investment cost and produces an effect on the performance of the system, as well as
on its running cost. A combination of values for these (or any other) optimisation variables
defines a system configuration. The run of the simulation with this configuration returns the
evaluation of the objective functions, which later could be assessed for the optimality of that
configuration. As a fourth variable, the tilt angle of the solar collectors (0) was included in
the optimisation. Although this variable has a comparatively lower influence in the cost and
emission assessment, its analysis is interesting as it is a way to produce a slight improvement
in the system’s performance without any additional cost and, as it will be discussed in Section
4.3.3, the choice of optimal 0 is not straightforward. Additionally, as mentioned in Section
4.2.2, the effect of considering different Tpy.

sup

and Tpp,, in the district heating network was
analysed.

As a reference, Table 4.9 presents the bound of the variables used in both scenarios. Ideally,
the bounds of the variables should cover most of solution space. However, including values
that produce configurations that evidently fall far from optimal objective values increases the
optimisation time. Therefore, these bound were later adjusted for each location and case to
minimise the convergence time of the optimisation.

SFy [m?] LTS, [M°] ST Syt M’ Tpa,, °Cl  Tpa,, [°Cl 6 []

Base Large Base Large Base Large Both Both Both

min 300 500 3,000 3,000 50 100 28 40.01 20
max 6,000 80,000 80,000 650,000 4,000 40,000 40 55 80

Table 4.9: Reference variable bounds used for the optimisation
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Optimisation routine

The optimisation is performed by DEAP using the eaSimple algorithm for evolving the popu-
lation and NSGA Il for sorting the best individuals. The mating was performed by two points
crossover and the mutation by polynomial bounded mutation (Deap Project, 2020). The main
parameters of the optimisation process are presented in Table 4.10.

Parameter Value Definition

Number of generations (N) 120 Number of maximum iterations of the al-
gorithm

Population 80 Initial number of individuals and number
of individuals that survive after each itera-
tion

Crossover probability 0.7 Probability of an individual exchanging

genes with other
Individual mutation probability Eqg. 4.11  Probability of an individual being subjec-
ted to a mutating process
Gene mutation probability in a 0.3 Probability of an individual gene mutating
mutating individual in each mutating individual

Table 4.10: Main parameters of the genetic algorithm optimisation

As a high mutation probability tends to lead towards a random search of the optimum, while
a low probability tends to miss large areas of the solution space and risks missing the global
optimum (Hassanat et al., 2019), the mutation probability (P,,,;) was modified in each iteration
i with a Gompertz function according to equation 4.11.

Pmut,- = Pmut() - (Pmutg - PmutN) ' e_bAEﬂt.l (41 1 )

The parameters used for this equation were: P,,;,=0.7, P,;,=0.03, =5, ¢=0.08 and N =10,
which produces a curve that allows for some initial exploration of the solution space and a
better converging towards the end of the optimisation.
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4.3 Results and discussion

This section presents the main results of this chapter, starting with the calculation of the
thermal loads in both locations and following with the analysis of the optimisation results for
the different locations and configurations.

4.3.1 Heating demand analysis

The results from the thermal load simulation showed that the thermal consumption of the
ground level flats is on average 2-4% higher than those in the upper level. This is mostly due
to the absence of insulation between the floor and the slab. The results also showed a slightly
higher demand during the first year of operation due to the initial ground temperature under the
slab. However, this difference was below 1% and the yearly average under-slab temperature
stabilised after two years of operation. Table 4.11 shows the annual thermal loads of the flats
depending on their location in the block for the two cities. "Exterior" flats correspond to those
at the edges of the block with three of their sides exposed to the environment, while "Interior”
flats correspond to flats between two neighbours and only two of their sides exposed to the
environment.

GF Ext. UFExt. GF Int. UF Int. Average Unit
flat

Temuco 1262 1211 1121 106.4 116.4 ,
Coyhaique 2252 2216 2024  197.1 211.6 [KWh/m~-g]

Table 4.11: Results of individual flats’ annual thermal load calculations in both locations. (GF:
Ground Floor, UF: Upper Floor, Ext.: Exterior, Int.: Interior)

These values agree with those defined as base values for the Chilean thermal rating system
that sets a base case for flats at 108 and 220 kWh/m?-a for Temuco and Coyhaique respect-
ively (Ministerio de Vivienda y Urbanismo, 2018). They also match closely values reported
by Bustamante et al. (2009) that uses 125 kWh/m?-a for one floor continuous facade social
housing in Temuco and 252 kWh/m?-a for the same configuration in Punta Arenas, a city with
13% higher annual degree days heating requirements compared to Coyhaique. Figure 4.10
presents the monthly energy load comparison between an average flat in both locations.

Considering these demands and the layout of the system, the main demand parameters of
the systems in both locations are presented in Table 4.12. In this table, the annual load factor
is calculated as the ratio between the total annual demand and the energy equivalent to
the system providing the peak demand non-stop during the entire year. The linear demand
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Figure 4.10: Monthly thermal demand for an average flat in both locations

densities are calculated as the ratio between the total annual demand and the length of

the main supply pipes (not considering pipes inside the buildings), while the area energy

density is calculated by dividing the total annual demand by the area of the smallest rectangle

encompassing the group of buildings.

Coyhaique Unit
Base Large

Total annual demand
Peak demand
Annual load factor

Linear demand density

Area energy density

1,554 18,648  [MWh]
855 10,260 (kW]

0.21 [-]

25 3.5 [MWh/m-a]
139 208  [kWh/m?-a]

Table 4.12: Main demand metrics of the different locations and systems

In general, the literature mentions a broad band around 1.5 MWh/m-a of linear energy density

as a threshold for economic viability for new-constructed district heating networks (Sipila et al.,

2011; Jalil-Vega and Hawkes, 2018) and some works use higher values such as 2.5 MWh/m-a
(Dochev et al., 2018) or even 4 MWh/m-a (Heat network partnership for Scotland, 2017). The
Chilean guide for district heating project development recommends area densities above 70

kWh/m?-a for potentially successful projects (Morales et al., 2018). A system with lower linear

or area energy density has relatively higher thermal losses and higher cost in piping which

makes it economically less competitive. Considering this, it is expected that the Large system

would have a better performance due to higher energy densities.
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4.3.2 Pareto front analysis

The main outcomes of the optimisation process are the Pareto fronts. These curves present
the set of non-dominated solutions that minimise the LCOE and the SE. The TRNSYS simu-
lation presented convergence problems for LTS volumes around 3,000 m? and below in Type
557. This meant that two optimisations were run for the same location: one with LTS and
volumes of 3,000 m? and above, and a second without LTS where the LTS loop, including
Type 557, was removed to avoid these convergence problems. As a reference, a cylindrical
3,000 m? BTES has an approximate diameter of 15 m and a water equivalent storage volume
of close to 2,000 m?, which is below the smallest systems recorded on Figure 2.9.

The optimisation presented a good convergence of the Pareto front. Within the first 10 gener-
ations the Pareto front converged close to its final value and in further generations it populated
and diversified the set of solutions, as it was intended by using equation 4.11 for the definition
of the optimisation routine parameters. This can be graphically appreciated in Figure 4.11,

which presents the evolution of a number of generations for the optimisation of the Base case
in Coyhaique.

014 4
% generation number 01
generation number 05
] L™ .
012 ® generation number 10
& generation number 30
010 - G:{} © generation number 80
]
- %
_% 0.08 - L
=
o] ®
S 2
2 0.06 1 ®
w L
[
004 - 8
002 - kk ®e
a0 e @ @ O 00w
0.00 - T T T T T T T
012 014 016 0.18 020 022 024

LCOE [€/kWh]

Figure 4.11: Pareto front evolution during an 80 generation run for the Base case in the city
of Coyhaique with an initial population of 80 individuals and 4 optimisation variables
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Technical variables results

Figure 4.12 presents the Pareto front resulting from these optimisations for the location in the
cities of Temuco and Coyhaique for the Base case, while Figure 4.14 presents the results for
the Large case. Both cases’ configurations are described in Table 4.3 and their demand fea-
tures in Table 4.12. The final system’s Pareto front curve can be approximated by considering
the non-dominated points of the addition of both curves. Other than the objective functions,
Figures 4.12 and 4.14 provide information of the SFr in the colour scale and nrs in the size
of the point markers.

Figure 4.13 presents the evolution of the optimisation variables and of the performance indic-
ators for the system configurations in the Pareto front in Coyhaique and Temuco for the Base
case with LTS, while Figure 4.15 presents the evolution of the optimisation variables and of
the performance indicators for the Pareto optimal configurations of the Large case in both
cities

Figure 4.16 presents an alternative visualisation of the results, presenting the objective func-
tion and design variables values for eight configurations from the Pareto fronts for both cases
and cities. In this figure, each configuration is represented by a line that joins the values that
both objective functions (LCOE and SE) and the three optimisation variables (SF4, LTS,
and STS,,;) take for each of the chosen configurations. The values above and below the
horizontal axes represent the maximum and minimum values that each parameter takes for
the configurations presented in the plot, with every other value falling in between these. In
contrast to Figures 4.13 and 4.15 which show the changes in individual parameters, Figure
4.16 shows how the whole system configuration changes for some configurations along the
Pareto front.
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Figure 4.12: Pareto fronts for the Base system with and without LTS (the later represented as

white circles with 0% LTS efficiency)
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Figure 4.13: Values of optimisation variables and performance indicators for the systems in
the Pareto front for the Base case in Temuco (left) and Coyhaique (right)
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Figure 4.14: Pareto fronts for the Large system with and without LTS (the latter represented

as white circles with 0% LTS efficiency)
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Figure 4.15: Values of optimisation variables and performance indicators for the systems in
the Pareto front for the Large case in Temuco (left) and Coyhaique (right)
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Figure 4.16: Comparison of eight different configurations in the Pareto front for Temuco and

Coyhaique and Base and Large systems

Cost structure results

Figures 4.17 and 4.18 present the net cost structure of a subset of configurations in the Pareto

front in both locations for the Base and Large case respectively. The investment costs are

presented in solid colours and are calculated using the information in Table 4.7, while annual

costs are presented in pattern colours and are calculated using the information in Table 4.6,
discount rate » = 0.05 and lifetime n=25 years to bring the annual costs to present value. Each

configuration’s SE is plotted on the right axis as a reference and the configurations highlighted

in Figures 4.12 and 4.14 are outlined.
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Analysis of Pareto front results

The most evident result from Figure 4.12 is that the system in Coyhaique reaches costs
around 0.04 €/kWh lower than Temuco. This is mostly due to the better utilisation of the
invested infrastructure in Coyhaique, as it operates longer time closer to its peak capacity,
achieving a higher load factor, as shown in Table 4.12. This can be corroborated by Figure
4.17, which shows that the total costs for the system in Coyhaique are between 35% and 60%
higher, while the annual energy demand is 82% higher.

As a comparison, two conventional heating options are presented in Figures 4.12 and 4.14.
A "fossil district network" represents a district heating system that provides heat from a gas
boiler and "electric heaters" represents local electric resistive heaters located in the flats. It can
be seen that in both cities a solar DH system can compete in cost with fossil fuel alternatives.
However, only in Coyhaique the solar alternatives can compete with electric heaters in the
Base case. Most notably, configurations such as that represented by point Cg can decrease
the SE by around 90% with respect to conventional alternatives while increasing the costs by
less than 20%.

For Temuco, Figure 4.12 shows that the configurations without LTS dominate those with LTS.
This means that it is cheaper to have a larger SF and eventually curtail some solar energy
than invest in an LTS and store energy, as the operation of the LTS yields efficiencies around
40-45%. For systems with LTS higher than 20,000 m? and SF around 1,200 m? there is an
increase in the efficiency of the LTS to more than 50% and the LCOE of the systems with LTS
becomes comparable to those without LTS. This is evident for system configuration 7 and
can be seen in Figure 4.13, where some points with LTS > 0 appear in the plots, producing a
subsequent drop in SF4 and in 7gys. This also is evident in Figure 4.17, where for configuration
Tp the LTS replaces part of the SF. However, in most of the cases, for the Base case in Temuco
it is most cost efficient not to consider an LTS.

It is interesting to note that in Figure 4.12, configurations 7¢ and T have already reached SFr
=1, which implies that the fuel consumption has reached zero and the emissions cannot be
reduced more, as increasing the storage or the solar field area would mean higher electricity
consumption associated to pumping, thus increasing the SE. This behaviour is common to
all the cases analysed, causing the Pareto fronts to not converge to a SE value, as for larger
LCOE the emissions start to increase.

In the case of Coyhaique, similarly to Temuco, the Base case without LTS dominates the case
with LTS for smaller system configurations. However, the inclusion of LTS in this location leads
to further SE reductions. This is probably related to the LTS being used more and reaching
Nrrs close to 70%. In particular, for a similar LCOE, configuration Cp reduces emissions by
more than 50% in comparison with configuration Cg, by reducing SF4 by 50% and adding
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an LTS of almost 65,000 m>. The storage volume range between 30,000 and 70,000 m? is
relatively common among the existing BTES systems operating with solar energy, with some
examples being Drake Landing in Canada (34,000 m3), Anneberg in Sweden (59,000 m?) and
Neckarsulm in Germany (63,000 m?) (Nielsen et al., 2019).

From Figure 4.13 in Coyhaique, it can be noticed that the optimal tilt angle (8) of the solar
collectors shows variation along the Pareto front. This finding contrasts to what could be
expected, as usually optimal annual yield tilt angles tend to be related to the latitude of the
location. The nature of this variation is discussed in depth in Section 4.3.3.

Similarly to the results in Figure 4.12, Figure 4.14 shows that the cost of the Large system in
Coyhaique is around 0.04 €/kWh lower than in Temuco. On the other hand, the minimum SE
achieved at SFr = 1 is higher in the Large case in comparison to the Base case. This is a direct
effect of the systems in the Large case having to use comparatively more energy for pumping,
due to longer piping networks in the DH, SF and LTS. This can be seen in Figures 4.17 and
4.18, where the fraction of the total cost represented by the use of electricity increases from
around 3-4% in the Base case to around 6-9% in the Large case.

Furthermore, the solar systems are again comparable in cost with conventional alternatives
achieving emission reductions of more than 80% in comparison to conventional alternatives
by increasing the cost by only 2%, as shown by configuration Tz in Figure 4.14. In addition,
the LCOE in both cities decreased by 0.015-0.020 €€/kWh in comparison with the Base case.
This is also an effect of a larger system, but even more, a product of the higher energy density
considered for the Large case, highlighting the importance of dense energy demand areas
for the competitiveness of DH systems. Another difference with respect to the Base case is
that Figure 4.14 shows that the configurations with LTS dominate the curve without LTS in
both cities, meaning that it could be cost efficient to implementing LTS for the Large case.
In these configurations very large LTS systems of more than 600,000 m? reach efficiencies
close to 75%. Even though the largest BTES found in the literature are in the range of 350,000
m? (Emmaboda in Sweden and Wollerau in Switzerland (Nielsen et al., 2019)), there are no
evident technical limitations for constructing larger BTES systems.

Figures 4.17 and 4.18 clearly show that the piping of the district network is one of the dominant
costs of the systems. However, its relative importance decreases for systems with larger SFr,
as investments in SF and in storage start to dominate. From these figures, it is also interesting
to highlight that the increase in the size of LTS has no noticeable effect on the size of STS,
but it decreases notably the size of the SF. This is due to the slow thermal inertia of the BTES
technology which does not allow it to replace the quick response operating service provided
by the STS tanks, but increases the SFr by supplementing the operation of the SF in periods
with lower irradiance and higher heating demand.
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Discussions on Pareto front results

The LCOE of the systems for both locations and cases ranged between 0.1 and 0.2 €/kWh,
depending on the system configuration. This is comparable with other values found in the
literature for similar systems. Schmidt et al. (2004) calculated values between 0.17 and 0.42
€/kWh for systems with different long term storage technologies in central Germany. Renaldi
and Friedrich (2019) estimated values of LCOE of 0.20 and 0.27 €/kWh for locations in Scot-
land and England for a similar system composition, but without performing an optimisation.
Hsieh et al. (2017) performed an analysis on a system in Switzerland, achieving close to 0.4
€/kWh for a configuration with centralised long term storage and heat generation, but the
system in their case was much smaller, with energy demands around 5 to 10 times lower
than those considered in this study. Mauthner and Herkel (2016) analysed systems in central
European locations and BTES technology for the long term storage and reached LCOE values
between 0.10 and 0.17 €/kWh.

Even though the cost of the solar district heating networks analysed in this study can be com-
petitive with some conventional alternatives, they are not currently competitive with burning
firewood (the main source of domestic heating in the cities of southern Chile), which has an
LCOE between 0.025 and 0.035 €/kWh (Ambiente Consultores, 2013). In order to compete
with this technology, economic incentives that account for the negative externalities caused
by the PM2.5 pollution should be put in place. Most of these externalities are related to health
issues and subsequently increased load in the health system and increase in sick days.
For instance, if considering a social cost of PM2.5 emissions of 15.000 US$/tPM2.5 (Chile
Ambiente, 2008) and an emission factor of 0.5 gPM, s/kWh (Ambiente Consultores, 2013) the
cost of using firewood increases by around 0.08 €/kWh, leading to a firewood LCOE close to
those achieved by the Large system case in the city of Coyhaique.

It is important to note that the thermal load considered for this study does not include domestic
hot water (DHW). The inclusion of this additional load is important in further studies, as it
represents close to 10% of the total heat demand in the south of Chile and close to 25%
in the central area of the country (Tolvett, 2015). The current option for providing DHW in
social buildings is through individual liquefied petroleum or natural gas boilers, which work
independently from any heating system or appliance. Hence, one alternative to provide DHW
with a low emission system is to keep using a system independent from the heating network,
such as dedicated rooftop solar collectors. This kind of decentralised system is used in the
DLSC project, as a supply temperature of 37°C does not allow to provide DHW from the
district heat network without an auxiliary heat source. An alternative could be to use a semi-
decentralised system such as the one proposed by Rehman et al. (2018), using the district
network to preheat the DHW plus auxiliary heaters that increase the temperature of the DHW
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close to the demand. Lastly, a centralised system could be assessed, with the district network
providing the heat for the DHW. This option would require increasing the district network’s
supply temperature above 50°C, which would increase the thermal losses but would allow to
directly generate domestic hot water. This option is further discussed in Section 4.3.4.

4.3.3 Optimal angle analysis

The optimal annual yield tilt angle has been extensively analysed in the literature and it is
mostly defined by the latitude and the local weather conditions (Chinchilla ef al., 2021). How-
ever, this optimal annual yield angle is calculated based on maximising the radiation available
on the collector’s surface, but does not include effects such as thermal losses in the collectors
(Lv et al., 2018), and more importantly, the existence of a demand that would transform the
available radiation into useful energy. Particularly, in the case of heating applications, the
mismatch between resource availability and demand (as evident by contrasting Figures 4.1
and 4.10), leads to optimal tilt angles to deviate from the angle that maximises the annual
radiation towards angles that maximise radiation in winter (when the demand is higher). Figure
4.19 presents the optimal tilt angles (0) that minimise LCOE and SE for the cases without LTS
in both cities. The SF}4 in the horizontal axis has been normalised by the total annual demand,
which allows plotting the optimal points of the Base and the Large cases together for each
city. As a reference, the angle that maximises the annual solar irradiance on the collector has
been marked as AO: 29° for Temuco and 34° for Coyhaique (AO meaning annual optimum,
the angle that maximises irradiance for the entire year); and the angle that maximises the
winter solar irradiance on the collector has been marked as WO: 55° for Temuco and 61°
for Coyhaique (WO meaning the winter optimum, the angle that maximises irradiance for
the winter season). From Figure 4.19 it is evident that 8 concentrates around WO, with an
average of 58.6° for Temuco and 62.4° for Coyhaique. This means that it is worth having a
better performance of the solar collectors in winter, because the demand during June, July
and August represents close to 50% of the total annual heating requirements.

Figure 4.20 presents 6 for the configurations in the Pareto front with LTS. Again, the SF4 has
been normalised by the total demand in order to present the configurations for the Base and
Large case in the same plot. Plots of 8 as a function of LTS,,,; were added to see the effect
of the storage capacity on the optimal angle. LTS,,; was also normalised by the total annual
demand to present the results of both cities and both cases aggregated in the same plot.

From Figure 4.20, it can be appreciated that the average of 8 decreases to 50.1° for Temuco
and 54.1° for Coyhaique if compared with the cases without LTS (Figure 4.19). This decrease
occurs because the existence of an LTS allows for shifting part of the energy that could be
captured in summer to be used in winter, which favours the use of relatively lower 6. Also,
it can be noted that there is a decreasing trend of 6 with LTS,,;, which means that larger
LTS allow a higher percentage of the energy captured in summer to be stored and used in
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Figure 4.19: Optimal tilt angles (8) as a function of SFy for systems without LTS in the Pareto
front in both locations

winter, favouring even lower 6. This behaviour explains the big change in 0 in Figure 4.13 at
LCOE around 0.12 €/kWh, when the Pareto optimal solutions start including relatively large
LTS capacities. This analysis shows that including the tilt angle in the optimisation analysis is
relevant, as its correct selection is non-trivial and depends on the different characteristics of
the solar resource, heat demand and the relative sizes of the solar field and the storage. It
was found that designing the Pareto optimal configurations with the angle that maximises the
annual energy on the collector surface (AO) leads to results with, on average, 1.1% higher
LCOE and 14.6% higher SE than the cases with optimised tilt angles. Also, using the angle
that maximises the winter energy on the collector surface (WO) leads to, on average, 0.3%
higher LCOE and 1.5% higher SE than optimising the tilt angle for each configuration.
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Figure 4.20: Optimal tilt angles (6) as a function of SFy (left) and LTS, (right) for systems
with LTS in the Pareto front in both locations

4.3.4 Optimisation of DH temperature operation

A case with six optimisation variables (SF4, LT S,,;, ST S,01, 0, Tpg., and Tpy

sup ret

) was run to

compare the effect of optimising the supply (Tpy

) @nd return (Tppy,,,) temperatures of the DH

water in the Large case.

Figure 4.21 presents in blue the Pareto front resulting from the inclusion of Tpy,,, and Tpg,,
as optimisation variables and compares them with the results without optimising the temper-
ature. The colourbar indicates, the AT between Tpp,,, and Tpp,,,, and points with similar SE
(Tr and Cgg) and similar LCOE (Tpc and Cpe) to Tp and Cp have been highlighted for
comparison. Figure 4.22 presents the values of Tpy,,, and Tpp,,, for the points in the Pareto
front in both locations, while Figure 4.23 presents a cost comparison for the points highlighted
in Figure 4.21.

From Figure 4.21, it is evident that there is an important decrease in LCOE after optimising
the temperatures. This reduction reaches around 0.02 €/kWh in Temuco and 0.01 €/kWh
in Coyhaique, between 10 and 20% of LCOE decrease. From the colours it is clear that the
optimum AT between Tpy_ ~and Tpy

sup ret

is around 17°C for Temuco and 14°C for Coyhaique
instead of the 7°C used from the DLSC case. From Figure 4.22 it can be noted that Tpy

sup

tends to be between 50 and 55°C for Temuco and decreases up to 41°C for Coyhaique. This
can be interpreted as higher Tpy = and higher AT for the warmer conditions of Temuco, lower

sup

Tpr,,, and AT for the cooler conditions in Coyhaique and even lower Tpy_ —and AT (37°C

sup sup

and 7°C, respectively) for the even colder conditions of the original DLSC system in Canada.
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The use of supply temperatures between 45 and 55°C opens the possibility of supplying
domestic hot water using the DH network without additional auxiliary heaters. This can be
achieved by installing heat exchangers close to the consumption points and using the 45-
55°C from the DH network to generate 40-50°C domestic hot water (DHW) by heating cold
drinking water from the mains. Although the resulting DHW temperature is within the range
of risk for legionella growth, this risk is minimised when the system has no water storage
and the heating unit (heat exchanger, in this case) is located close to the final supply point
(Lund et al., 2014; Foster et al., 2016). Based on the method presented in Appendix D, it is
estimated that the addition of the DHW consumption to the proposed scheme would increase
the annual heat demand by close to 40% in Temuco and 25% in Coyhaique and the peak loads
by 28% in Temuco and 25% in Coyhaique, which would require upscaling the system’s design
accordingly. However, as the demand pattern of DHW has a lower seasonal variability than the
heating demand (see Appendix D), it would increase the utilisation of solar heat in summer,
which tends to increase the annual system’s load factor and makes it more cost-efficient.

When comparing Cp with Czr and T with T gg, Figure 4.23 shows that the main decrease
in cost comes from the cost of the pipes, which decreases by 25% for Czr and 29% for T g,
followed by a similar decrease in the cost of the indoor heat delivery system (IHDS). The
decrease in the cost of the pipes is explained by the lower flow rate of hot water required
to fulfil the demand with a higher AT in the DH. Meanwhile, the decrease in the cost of the
IHDS is due to the decrease of the area required for the heat exchange when the LMTD
increases (see footnote on Table 4.7). This investment decrease is partly compensated by
an increase in SFy and ST'S,,;, as supplying water at higher temperatures generated more
thermal losses. In aggregate, the change in investment costs represents 84% of the total cost
decrease for Czr and 95% of the decrease for Tge. The remaining change in LCOE comes
from changes in annual operational costs, such as a decrease of the use of electricity (22% for
Cpr and 12% for T gg) and an increase in the use of fuel (15% for Cpg and 8% for T gg). From
these changes, the decrease in electricity consumption follows the reduction in water being
pumped in the DH; meanwhile, the increase in fuel use comes from more use of the auxiliary
boiler, due to more periods when the STS is not able to supply the higher DH temperature
requirements, and from the higher heat losses in the DH pipes network. Figure 4.24 presents
the increase in heat losses in the DH pipe network due to the increase in the temperature of
the water circulating. It is worth mentioning that the model considers that the insulation level
of the pipes changes when the pipe diameter is modified (according to equation 4.3), but it is
not adjusted for changes in the fluid’s temperature inside the pipe.
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Figure 4.24: Comparison of the annual thermal losses in the pipes of the DH for the case with
and without optimisation of the temperature in both locations

4.4 Conclusions

The work presented in this chapter is based on a published article (Maximov et al., 2021) and
it develops the first model for multi-objective optimisation of a district heating thermal network
with seasonal thermal energy storage in the southern hemisphere and under the special cool
and sunny conditions in southern Chile. It is also the first that analyses the optimisation of
the collector tilt angle considering the mismatch between solar resource availability and heat
demand and the influence of a long term storage system.

The buildings’ demands consider the occupancy rates of average families inhabiting social
housing buildings, standard energy gains and air infiltration. The framework simulates the
operation of several specific system designs that fulfil the demand combining solar thermal
energy and fossil fuel back-up and uses a genetic algorithm to select and evolve the system
designs towards a set of optimal solutions that minimise the LCOE and the specific emissions
of the system.

The proposed optimisation framework allows assessing the cost-effectiveness of solar thermal
networks to decarbonise heat supply. It offers flexibility in managing the design and operation
of the system with a high level of detail that makes it useful in preliminary project design
stages, such as feasibility analysis design evaluation and even in early stages of basic en-
gineering design. The result of the optimisation is a set of Pareto optimal solutions that are
equivalent from the optimisation perspective. However, the system designer may have other
restrictions, such as budget constraints or emission level caps used to select their optimal
design.
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The frameworks’ application to Temuco and Coyhaique shows the potential to decrease emis-
sions drastically compared to a conventional district heating system or electric heaters. These
reductions can be achieved with relatively minor increases in the system’s total cost, reaching
90% emissions decrease by increasing by less than 20% the cost for specific optimised
system configurations. Furthermore, under certain conditions, this solar district network could
be cost-competitive with the use of firewood if externalities such as the social costs of local
pollution were considered in the economic analysis.

It was shown that the economic and environmental benefits of these systems can be increased
if they are optimised for the local conditions. In particular, it was found that the optimal supply
and return temperatures in the district heating network depend on the location of the system,
with relatively warmer locations favouring higher supply temperatures and higher differences
between supply and return temperature. A correct setting of these operational parameters has
an impact on both the investment and the operational costs. In the particular case analysed,
it leads to total cost decreases of around 10 to 20% when compared with using values from a
different location. Also, for the cases analysed, it was found that using an optimised collector
tilt angle that considers the existence of long term storage leads to a decrease in almost
15% in annual emissions and 1% in costs if compared with an angle selected based solely
on latitude and 1.5% reduction in annual emissions if compared with an optimal angle that
considers the shape of the local thermal demand peaking in winter, but does not consider the
effect of long term storage.

The initial investment represents around 70 to 90% of the LCOE of these systems, making
them highly sensitive to initial capital finance and the unitary costs of specific elements. In
particular, the costs of the piping in the network itself may represent around 40 to 50% of the
total investment and may be affected upward in countries such as Chile, where there are no
local producers nor experience in these technologies. Hence, there is a risk of real projects’
costs being higher than those used for this analysis, but there is also scope for further cost
reductions as the market becomes more mature.

The land cost was not considered in this analysis, as social housing projects are built on
state owned land. However, it would be interesting to include a cost for land in the decision
process of a private project, as it would tilt the results towards smaller solar field areas and
perhaps larger storage capacities which in the case of borehole thermal energy storage can
be underneath other structures.

The LCOE of these systems is sensitive to the scale of the demand and its spatial density.
Moreover, as these systems are highly intensive in capital investment, the LCOE is highly
sensitive to the load factor and to the investment cost assumed in the model. For the given
costs, demand configuration and locations, the results show clearly that the use of seasonal
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storage could provide extra value to the system. This value, as expected, increases for larger
thermal demands (larger networks) and higher demand densities (higher population dens-
ity). This means that, even for small projects, the assessment of possible future growth or
interconnection of the system should be considered during the design process.

The minimum emissions of these systems are limited by the indirect emissions of the electri-
city used by the various pumps. Hence, the minimum achievable emissions tend to increase
when the pressure losses in the system increase due to the increased system size, higher
buildings or the addition of equipment in the network.

Further research in this field could aim to include domestic hot water demand in the analysis.
This would lead to explore other system configurations and potentially increase the value of
using higher supply temperature in the district heating network, as this could allow producing
domestic hot water using direct heat from the network.



Chapter 5

Integration of electricity in district
heating systems with seasonal
thermal energy storage

5.1 Introduction

According to IRENA’s REMap scenario, to limit the rise in global temperature to 2°C, the
global electricity sector would require 85% of its generation from renewable sources by 2050,
and 60% of the total would need to come from variable renewable generation, such as solar
and wind (IRENA, 2019b). This new electricity system’s configuration with high penetration of
inflexible generation would require the addition of further flexibility sources downstream of the
energy production to overcome the challenges of balancing supply and demand. Some of the
possible sources for this additional flexibility may come from improvement in transmission and
distribution infrastructure, energy storage and more flexible demand (IRENA, 2018).

The Chilean electricity system is also preparing to face these challenges, as by 2030 it is
expected that variable renewable generation will represent more than 50% of the generated
electricity (Ministerio de Energia, 2020g), and there is a programmed phase-out of coal power
plants, considering the decommissioning of 30% of the current installed capacity by 2024
and aiming to the elimination of coal from the energy mix by 2040 (Ministerio de Energia,
2020a), with some possible scenarios predicting its elimination by 2035 (Ministerio de Energia,
2020g). This has led to the generation of a strategy to increase the flexibility of the electricity
system (Ministerio de Energia, 2020b). However, this strategy mostly defines reforms to the
electricity market to promote flexibility and reliability of the system, without analysing the
possible contribution of specific technological alternatives and focusing mostly on generation
and storage. This stresses the importance of providing information on the value of demand
flexibility measures.

114
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In the case of increasing flexibilisation of electricity demand, the role of demand-side man-
agement in the form of flexible loads has been recognised as an effective measure. However,
there is an often overlooked potential in linking the power sector to heating, known as power-
to-heat. For instance, Pilpola and Lund (2019) performed a case study for Finland in 2030,
and found that power-to-heat is the most efficient grid flexibility alternative for enabling wind
integration in terms of costs and carbon reduction when compared to other options, such as
power-to-gas, electricity storage, electric vehicles charging and biomass-to-biofuels.

District heating (DH) networks can be specifically designed and operated as energy-balancing
tools, maximising their capacity to provide services to the electricity network. By incorporating
other technologies, such as heat pumps and thermal storage capacity, heat networks can
absorb excess electricity generation when needed by the system. DH networks can also help
to mitigate peak demand electricity loads by providing alternative heating (and eventually
cooling) supply options (International Energy Agency, 2014a). This concept is already being
applied in some commercial plants. For instance, in the Sunstore 4 project, in Marstal, Den-
mark, where electricity can be converted into heat through the use of a heat pump and stored
during periods of high wind power production (Kjaergaard et al., 2014). Additionally, the power-
to-heat integration approach allows for coupling electrical and thermal energy production and
usage, which optimises the integration of larger amounts of variable renewable electricity
compared to an electric-only system view. In a case study in Helsinki, for instance, Niemi
et al. (2012) concluded that by adding a power-to-heat conversion option, converting excess
wind power into heat and using the heat network to deliver the energy to the consumers,
the total amount of wind power in the system could typically be increased by 40% to 200%,
compared with the case where the heat and electricity networks are disconnected.

Furthermore, this heat-electricity linkage, other than providing flexibility to the electricity grid,
could bring benefits to the heat network by taking advantage of low electricity prices and
decreasing costs of heat generation (Hers et al., 2015). In addition, in markets with correct
incentives towards promoting demand side flexibility, power-to-heat integration could provide
an additional revenue stream for heat network operators by getting remunerations for helping
to balance supply and demand. All these possible benefits are potentially increased when the
heat network has a thermal storage system, which reinforces the flexible coupling of power
and heat, allowing for greater flexibility in the heat network’s demand for electricity. (IRENA,
2019a)

This chapter explores the effects of the integration of the district network scheme presented in
Chapter 4 with the electricity grid through resistance heaters and heat pumps. It assesses how
this integration can improve the system’s value by decreasing total emissions and reducing
the cost of the heat supplied to the end users. For this, the electric heating technologies are
implemented in the TRNSYS model (first introduced in Section 4.2.2), and the system is re-
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optimised, including additional optimising variables representing the design and operation of
the new elements. Furthermore, an analysis of the effect on the electricity grid of a large scale
power-to-heat scheme providing flexibility is performed using the model developed in Chapter
3 to evaluate the effects of a flexible demand on the electricity grid.

5.2 Methods

The methods used in this chapter are separated into those used for analysing the effects of
coupling an electric heater with solar district heating. The general approach can be divided
in two parts. The first, which is detailed in Section 5.2.1, relies on the model developed in
Chapter 4 but including an electric heater (heat pump or resistive). The new design is re-
optimised using future predicted spot prices. The second part, explained in Section 5.2.2,
uses this optimised design to analyse its effect on the electric grid. For this, the model of the
Chilean electric system developed in Chapter 3 is used to assess how spot prices adjust if the
electric grid operates under an additional demand from the heat network. A general overview
of the logical flow of both sub-methods and the different models involved is presented in Figure
5.1

5.2.1 Coupling an electric heater to a solar district network with seasonal
storage

The methods used in this analysis are based on the model described in Chapter 4, Section
4.2. The framework showed in Section 4.2 is applied, but the TRNSYS simulation model is
modified in order to account for the presence of an electric heater in the form of a resistance
heater or an air to the water heat pump (HP), as shown in Figure 5.2. Regardless of the
electric heating technology considered, the heaters operate by buying electricity from the grid
and transforming it into heat supplied to the STS.

Heater modelling

As shown in Figure 5.2, the relatively cooler water from the bottom of the cold STS is circu-
lated through the heater and pumped into the top of the hot STS. The heater was modelled
supplying 90°C, as this is the setpoint temperature of the hot part of the STS.

In order to include this equipment in the TRNSYS model, their costs were parametrised
according to Table 5.1. Additionally, a cost for connecting the equipment to the grid was con-
sidered, as the installed capacities of the new equipment can largely surpass the connection
capacity of the existent electrical equipment, which is composed mostly by the pumps.
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Figure 5.1: Logical flow of the method applied in this chapter

The costs of the resistance heaters were obtained from Hers et al. (2015) and was checked
against the costs of real industrial immersion heaters published by Advancedwater (2021).
The costs of heat pumps were obtained from data published by the Danish Energy Agency
(2016) for air source heat pumps with capacities between 1 and 10 MW,..

For estimating the coefficient of performance (COP) of the heat pumps, information published
by the Danish Energy Agency (2016) and Arpagaus et al. (2018) were combined in equation
5.1.

COPyp_2020 = [0.4113 - In (HPy,) — 0.2575)] - [23.9 - (Tsrs,,, — Tumbient) "] (5.1)
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Figure 5.2: Conceptual representation of the TRNSYS simulation model with the addition of
a heat pump

Cost Unit Ref.
Resistance heater 60 [€/kW] (Hers et al., 2015)
Heat pump 2020 (8518.9-HP,5**)) [€/kW] (Danish Energy Agency,
2016)
Heat pump 2035 (9169.7-HP,5*'"))  [€/kW]  (Danish Energy Agency,
2016)
Electric connection 100 [€/kW] (Hers et al., 2015)

Table 5.1: Costs of electric heaters and grid connection

The first factor of equation 5.1 corresponds to the dependency on the size of the heat pump,
obtained by fitting a curve to the data published by Danish Energy Agency (2016) for air
source heat pumps between 1 and 10 MW. The second factor corrects the COP based on
the total temperature that the heat pump needs to lift (A7};r,), and it is obtained by fitting a
curve to the data published by Arpagaus et al. (2018) (Figure 5.3). As the COP published by
Danish Energy Agency (2016) correspond to pumps with ATj;¢, = 71°C (70°C temperature of
hot water and -1°C temperature of ambient air), the regression in Figure 5.3 was shifted so
ATy = 71°C corresponds to COP = 1, which allows to use it to correct the COP given by the
first factor of equation 5.1 depending on the instantaneous ambient temperature (T,.pient)-

According to the Danish Energy Agency (2016), the efficiency of heat pumps is expected to
increase by 5% in the 2020-2030 period and by a further 5% in the 2030-2035 period. Thus,
the COP of the heat pump in 2035 was defined according to equation 5.2. The efficiency of
the resistance heater was assumed to be constant and equal to 100%.
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Figure 5.3: Regression of high temperature heat pumps’ COP published by Arpagaus et al.
(2018)

COPyp_n035 = COPyp_2020 - (140.05)? (5.2)

The heater turns on only when the price of electricity is below a certain threshold value
(Pricepuren)- The heater buys electricity from the grid to increase the temperature of the water
from the bottom of the cold STS tank and modulates the heat addition rate to get a constant
output temperature of 90°C to the top of the hot STS, which defines the power purchased
from the grid. The flow rate through the heater is defined as the one that would increase the
temperature of the water from the minimum annual temperature in the bottom of the STS
(defined as Tpy,, +2°C) to 90°C when the heater operates at its rated heat capacity.

ret

New optimisation variables

In order to include the electric heating system in the optimisation, three new optimisation
variables were added.

The first of them is the size of the heater in kW (HP,,,). This variable defines the capacity
of the heater (heat pump or resistance) and is directly linked to the cost and efficiency of the
heater.
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The second is the threshold electricity price in €/kW (Price ;) for the purchase of electricity
from the grid by the heater. This variable defines when the heater will operate and thus, how
much electricity is purchased and converted into heat through the year. Every time the spot
price is below this threshold price, the electric heater will be ready to purchase electricity and
convert it to heat. The amount of electricity purchased will depend on the size of the heater
(HPy,y) and on the capacity of the system to use or store that heat in the system in each
timestep.

The third new variable corresponds to the rated flow rate capacity of the pump in the LTS
loop in kg/s (LTS pump), Which controls the charging and discharging capacity of the LTS. This
variable was considered to be relevant, as keeping it fixed could hinder the capacity of the
LTS to store the energy bought by the heater. This variable was also added to the base
case (without electric heaters) modelled in Chapter 4, thus slightly improving the optimisation
results presented in that chapter.

Additionally, to simplify the optimisation, the tilt angle 6 was fixed to 50°C, based on the
average of the results presented in Figure 4.20 and on that the objective variables do not
change drastically with small-angle variations, as discussed in Section 4.3.3.

Spot prices and emission factors for 2035

The Chilean electric market regulation mandates only generators can participate in the market
pool by buying electricity at spot price, and that every energy supply to a final consumer has
to be backed by a long-term contract. However, the conditions of said contract can be agreed
between the client and the generator and can be indexed to the spot prices, which is the
assumption for the electric heater’s purchase mechanism in the model. In the case of the
pumps and other auxiliary equipment of the district network and solar field, it is assumed that
the electricity for their operation is still bought through a constant price contract, considering
the same values used in Chapter 4 (Table 4.6).

The spot prices for 2020 were obtained from the website of the National Electrical Coordinator
(Coordinador eléctrico nacional, 2018), and correspond to real past spot prices at the Temuco
220 kV busbar. The spot prices for 2035 were calculated from the results of the Long Term
Energy Planning 2018 exercise, which uses the Ameba model for forecasting several energy
scenarios until 2050 (Ministerio de Energia, 2019b). It uses a 27 busbar representation of the
Chilean electricity system and approximates a year of operation by using 12 typical days
(three per quarter) with each day’s demand reduced to nine time periods (Ministerio de
Energia, 2020g). Consistent with this approximation, the available spot prices correspond
to only 12 representative days. Figure 5.4 shows the spot price for 2035 for the Pichirropulli
busbar, located 150 km southwards of Temuco, and assumed to be the one with the most
representative spot prices for Temuco, as Temuco busbar is not included among the 27
busbars of the model.
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Figure 5.4: Spot prices for typical days in 2035 according to results from Ministerio de Energia
(20209)

In order to provide the simulation with a spot price for each hour of the year, these 12 days
were expanded. First, the number of days in each trimester is increased from three to nine

by interpolating between the initially available days. This produces a higher variety of days in
each quarter, as shown in Figure 5.5.
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Figure 5.5: Expansion of typical days resulting from interpolating the days in Figure 5.4

Finally, the available days were combined by randomly picking days for each trimester within
the available pool of days shown in Figure 5.5. In order to prioritise smoother transitions
between contiguous days, a probability rule was imposed. Given the current day, different
weights were assigned to each possible next day, based on its similarity to the previous. A
random sampling process picked the next day based on these weights.
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Figure 5.6 presents an example of weights assigned to the possible days of the first trimester
assuming that the previous day was day g1d4.This approach generates a smoother annual
spot price trend, producing a higher probability of contiguous days being similar, but still
allowing large stochastic variations from days with low to days with high spot prices. This
feature was implemented based on the assumption of the inter-day spot price variation largely
depending on the availability of wind. This method has been proposed as a simple way to
obtain a series of 8760 h of future spot prices based on limited available information.

200 1
ey
= : :
£ | :
= 150 1 W=l3 e w=1 i i
) Jhw=1
! fw=1
o | | w=1/2 .
g | | W=153" we1a
O 100 | | | T we=1s
] '\I i i | .
gm L ! i l [
T I * p| |
= @ \ J—'r I ih' —~ 11 f
i : I| | | Iv—'l
\ |
! u
D_
qldl gld? qld3 aldd glds qld6 ald7 qlds gld9

Figure 5.6: Example of probability weights used to expand the spot prices in 2035

This method can predict the average annual and seasonal spot price, as it uses typical days
for four different periods of the year. It also can replicate the dependence of the spot price
on the wind resource by keeping the average intra-day spot price dependent on the previous
period. This follows the same logic of Markov chain methods for generating synthetic wind
data (Carapellucci and Giordano, 2013; Mosayebian et al., 2016).

One of the limitations of the modelling approach is that it does not produce any extreme
spot price days. Therefore, days with 24 h zero marginal cost, or days without wind and with
unusual high marginal costs due to other factors are not produced. This kind of day can
realistically occur, although with low frequency. Furthermore, from the model perspective, any
period with an extremely high spot price is treated in the same way as any other period with a
spot price above the purchase threshold price (introduced in 5.2.1), thus excluding very high
spot prices does not affect the model’s output.

In the case of the emission factor, it was assumed that in 2035 the grid would emit 0.040
kgCO,/kWh, assuming the value predicted by the mid-case scenario C projected by Ministerio
de Energia (2020g).
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5.2.2 Effects on the electricity system

For the analysis of the potential effect of the flexible demand provided by the DH systems in-
tegrating with electric heaters, it is required to compare its operation against a likely alternative
scenario without the added flexibility. It will be assumed that the flexible integrated system is
composed of a DH system operating with a HP (DH+HP). For the comparison, two alternative
reference scenarios are considered. The first, where 50% of the total heating demand required
by the development is supplied with individual heat pumps (which follows the projection of 50 -
70% of heating in Chilean apartments supplied by heat pumps by 2040 (Ministerio de Energia,
2020gq)). The second, where the same proportion of the heat that would be supplied by the HP
in the DH+HP system is supplied instead by individual heat pumps. As individual heat pumps
have to increase the temperature only up to around 35°C, a COP of 3.8 is assumed for both
reference scenarios.

The time of electricity purchase by the DH+HP system depends on the local spot price.
Usually, it is assumed that the systems purchasing electricity are price takers, which means
that the amount of energy bought is small in the context of the entire electricity grid and the
equilibrium prices are not affected. However, as in this analysis the intention is to assess the
possible impact of these DH+HP systems procuring electricity in a flexible way, the effect of the
extra consumption of electricity will alter the electricity grid operation and therefore potentially
modify the spot prices, which in turn, will modify the buying pattern of the DH+HP system. In
consequence, an iterative process is required to calculate an equilibrium local spot price and
electricity buying pattern.

The model used for assessing the impact of the new flexible electricity demand is based on the
model developed in Chapter 3. As explained in Section 3.2, this model expands the installed
generation capacity, transmission and storage of the system in order to fulfil a given demand
while minimising the total cost. It allows the calculation of the spot prices in each node of the
system at each hour for one year of operation. The spot prices calculated for the southernmost
node (SICS) are then fed into the TRNSYS simulation model of the DH+HP presented in the
previous section."

The operation of one specific configuration of the DH+HP is simulated for one year. In the
simulation model, the HP purchases electricity for its operation according to the local spot
prices and the optimal threshold prices calculated previously (Section 5.2.1). At the end
of the simulation, the time series of the energy purchased by the DH+HP system is used
as an input in the Urbs electricity grid model as an additional demand. This demand is
only fulfilled if the spot price (dynamically calculated by the model) at a given time step
is equal to or lower than the price that the DH+HP is willing to pay (obtained from the

1. It is worth no note that these are not the spot prices produced in Section 5.2.1, as those are derived from an
external source and can not be dynamically modified to represent the operational change of the electricity grid to
fulfil the additional demand.
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simulation of the DH+HP operation). The Urbs model is run again with this new additional
demand, which eventually modifies the system’s operation, bearing a different spot prices time
series. Subsequently, this new spot prices series is used to run a new TRNSYS simulation
and the whole process is repeated until the difference between the spot prices from two
consecutive iterations approaches zero (or decreases below a certain threshold). This process
is represented schematically in Figure 5.7.

Urbs System expansion
Electric grid - = ay,

2035 7’ N

Spot prices
time series

, Iterate until \
L spot prices 1
added as stop changing /

flexible demand

Purchased energy

time series TRNSYS
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New investments
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Figure 5.7: Diagram of the process used to evaluate the impact of the new flexible demand
on the electricity system

The "purchased energy time series" corresponds to the energy that the simulated DH+HP
decides to buy following the logic defined by the Pricep,., optimisation variable defined in
Section 5.2.1. The "price paid in each timestep" refers to the actual price that the DH+HP
system pays to the electricity provider, and it is O for the periods when no energy is purchased
and equal to the spot price when the condition for buying electricity is met.

Figure 5.8 represents the the process described in Figure 5.7 from an economic perspective.
It shows that the change in the demand, due to the electrification of part of the heat demand,
creates a new equilibrium price P”. The iterative method described above approximates to the
value of P” by analysing how much (and in which periods) would the thermal system purchase
electricity under the original P’ spot prices (point P;). The supply is then reassessed by adding
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this additional purchased electricity (demand) to the Urbs electric grid model and assessing
the new spot prices under these new conditions (point P; in the figure). The process is followed
iterative under a point P is reached and the variation in spot prices between one iteration and
the next is small enough.

P

Demand New Demand

P

Q'I QII’ Q
Figure 5.8: Representation of the proposed method from an economic perspective

As seen in Figure 5.7, the demand used in the electricity system’s model corresponds to the
year 2040, rather than 2035. This is done with the objective to force the system to expand
and to see the effects of the added flexibility in this expansion. This might eventually change
the supply curve in Figure 5.8, as the technology available for generation can change, but the
method for approximating the new equilibrium price remains the same.

For assessing the convergence of the spot prices, the percentage of hours of the year with
different spot price values between two iterations (PDSP) and the normalised root-mean
square deviation (NRMSD), defined according to equation 5.3, were used.

LA (SRi—SPi-1)?

NRMSD = 8760 (5.3)
SPi,max - SPi,min

where SP is the spot price, i represents the number of iteration and ¢ each hour (time step) of
the year.
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After reaching the equilibrium spot price, the effects of the extra flexible demand on the
electricity system are compared with a scenario where the demand required to provide heat
is not flexible. For this, the two alternative reference scenarios mentioned at the beginning of
this section are considered.

Model of the electricity system

As the official model used by the Ministry of Energy (Ameba) is not publicly available, it is not
possible to iterate over that model as proposed in Section 5.2.2. Therefore, the spot prices
obtained according to Section 5.2.1 are not used in this part of the analysis. Instead, as
mentioned in the previous section, an adapted version of the model defined in Section 3.2 and
Figure 3.1, was used. This model was modified with the objective to produce spot prices with
higher granularity. The main modifications were the disaggregation of the thermal generation
technologies by variable cost of generation within each node. The variable operational costs
and generation capacity of each technology in each node were defined according to the 2020
actualisation of the Energy Planning Process 2018, considering the scenario C with medium
demand growth and average hydrology (Ministerio de Energia, 2020g). The details of the
configurations of each node and the variable costs used for each technology are presented in
Appendix F.

The demand used for the simulation corresponds to the medium demand projection scenario
for the year 2040. The use of this year is to force the system to expand to meet the demand
and to simulate how DH+HP systems built in the 2035-2040 period would affect the systems’
expansion by the end of the 5-years period.

Other than the generation capacities, the model was modified with the addition of a direct
transmission line connection between the node SING and SICC. This DC connection, planned
to be in operation by 2030 would allow a 2,000 MW transmission capacity from the solar
resource-rich northern node to the zones of highest energy demand. The other transmission
lines (SING-SICN, SICN-SICC, SICC-SICS) were kept at 2000 MW of capacity, and a 90%
efficiency of transmission was assumed.

5.3 Results and discussions

This section presents the results of applying the methodological changes presented in Section
5.2 to the model introduced in Chapter 4 and discuses their implications on the techno-
economic analysis of the DH networks and potential effects on the electricity system develop-
ment thanks to the provision of additional demand flexibility.
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5.3.1 Spot prices for 2035

Figure 5.9 presents the result of applying the method described in Section 5.2.1 for the entire
year on the SICS node and compares it with the spot prices used for 2020, while Figure 5.10
and Table 5.2 compare the distribution of the spot price during every hour of both years.

—— MgP 2035
MgP 2020
200

Marginal Cost [€/MWh]

) | ‘ ‘| | I
"1 SRR

(A o LA ‘ ‘ | .||
'"| “I|F| |h'.|!||" ..||| Ll "| I'|||' |

o 2000 4000 6000 8000

Figure 5.9: Spot prices for 2035 in the SICS node constructed based on Ministerio de Energia
(20209)
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Figure 5.10: Histogram of hourly distribution of spot prices for in 2020 and 2035 in the SICS
node
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2020 2035
mean 32.3 41.2
max 143.5 2235
variance 303.4 1230.1
Zeros 133 1187

Table 5.2: Main statistical characteristics of the spot prices in 2020 and 2035 in the SICS
node

From these results, it can be summarised that the spot price synthesised for 2035 is on
average higher and presents higher variability than in 2020. This is due to the much higher
penetration of intermittent generation in 2035, which reaches around 69% of the installed
capacity, in comparison to the 36% present by 2020. However, as shown in Figure 5.10, the
spot prices in 2035 present a larger proportion of days with zero (or close to zero) prices of
electricity, which makes it more suitable for technologies that would take advantage of lower
spot electricity prices, such as the DH+HP system proposed in this study.

5.3.2 Electricity integration effects on the DH system

In contrast to Section 4.3.2, the optimisation process with more variables did not converge fast
in each case. In some occasions, it was found that the optimisation did not improve the Pareto
front after several iterations. This was evidenced even if some clear irregularities or voids
(areas of the curve without points) were apparent in the Pareto curve. This suggested possible
better configurations might be achieved but the optimisation algorithm was not exploring them.
It was found that identifying a pair of "good" points surrounding the area where the solution
space was not being explored, and adding configurations resulting from linear interpolations
between the values of the variables of those two points, led to an improved Pareto front.
Although this process was performed manually, there is potentiality to implement this process
into DEAP and to improve the convergence of the optimisation algorithm. This is further
discussed in Appendix E.

The results of the optimisation for the system including the electric heaters is presented in
Figure 5.11 for the conditions in the year 2020. This figure shows that under the conditions
in 2020, there is no economic nor environmental advantage for using resistance heaters and
there is limited potential for using heat pumps. The main causes of this are the relatively low
number of hours with low spot prices (as shown in Table 5.2), and high emission factor of the
electric grid in 2020 (as shown in Table 4.8). This means that, under the system configuration
in 2020, the heat supplied presents embedded emissions close to 0.25 kgCO,/kWh when
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supplied by a resistance heater and close to 0.1 kgCO,/kWh if supplied by a heat pump (for
an average annual COP between 2.4 and 2.8). On the other hand, as shown in Figure 5.12,
the addition of resistance heaters, and especially heat pumps, contributes substantially to the
decrease of emissions and cost of the heat supplied for conditions in 2035.
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Figure 5.11: Comparison of Pareto fronts resulting for the optimisation of the system with
resistance heater, heat pump, and without electric heating for the conditions in the year 2020

From Figure 5.12 it is clear that in 2035 the conditions for using electricity from the grid
when prices are low are better than in 2020. For all the configurations there is a decrease in
emissions. This is due to the decrease in emission factor of the grid from 0.25 kgCO,/kWh in
2020 to 0.04 kgCO,/kWh in 2035, which lowers the emissions associated to water circulation.
The figure also shows that under conditions assumed for 2035, using a resistance heater
allows for substantial additional decrease in emissions and pushes the minimum LCOE below
0.10 €/kWh. However, this improvement is greatly increased if coupling the system with a
heat pump instead of a resistance heater, reaching costs of heat below 0.09 €/kWh with
emissions under 0.02 kgCO,/kWh. Therefore, the focus of the further analysis will stay on the
case integrating a heat pump (DH+HP).
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Figure 5.12: Comparison of Pareto fronts resulting for the optimisation of the system with
resistance heater, heat pump, and without electric heating for the conditions in the year 2035

Figure 5.13 presents the evolution of the optimisation variables for the different configurations
in the Pareto front for the DH+HP system in 2035. It shows that the optimal configurations
consist of systems with no LTS (for cheaper systems with higher emissions) or systems with
LTS larger than 400,000 m?. Interestingly, there are no systems that present both LTS and
heat pumps. This means that the heat supplied by the heat pump is used for supplying the
immediate demand, or at least demand on the same day, as the STS is in the range of 5000
m? and has capacities of around 15 hours at peak demand.

Considering a controller based on a single threshold price for purchasing energy around
the year might not be cost-efficient, as it forces the system to buy energy at the same rate
throughout the year regardless of the demand. This would not be a major problem if the LTS
were in use, but as clearly shown in Figure 5.13, there are no cases with heat pump and
LTS operating together. Therefore, an alternative considering different purchase prices for the
coldest and hottest halves of the year (Pricepy cn, and Pricep.ng) were considered. Figure
5.14 compares the optimal configurations considering one and two different threshold prices
for purchasing electricity with a heat pump. It shows that considering two different threshold
prices decreases the emissions by around 15%.
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Figure 5.13:
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Figure 5.14: Comparison of Pareto fronts resulting for the optimisation of the system using

heat pumps, fixing one threshold cost for electricity purchase, and fixing two annual threshold
prices, for the conditions in the year 2035

Figure 5.15 presents the evolution of the optimisation variables for the different configurations
in the Pareto front for the case with HP in 2035, but considering two different threshold prices
in this case. From it, it can be seen that Pricepy,cn, is similar to that in Figure 5.13 (between
0.05 and 0.1 €/kWh). However, Price,,.,; decreases almost to zero, as the SF is capable
of providing most of the demand in the hottest half of the year. For LCOE < 0.09, Priceychs
increases to around 0.025 €/kWh, because for these configurations it is more effective to rely

on the heat pump to supply the summer demand and to have a minimum solar field (or no
solar field at all).

5.3.3 Analysis of operation of specific configurations with LTS and HP

In order to understand possible reasons why the optimal configurations never include systems
with both HP and LTS, three points have been selected in Figure 5.16.

T, corresponds to a Pareto optimal configuration with a 1,310 kW heat pump, but almost no
LTS. T, corresponds to a Pareto optimal configuration with a large LTS but with very small HP,

while T; corresponds to a sub-optimal configuration with a performance similar to 7, and with
both LTS and HP operating together.
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Figure 5.16: Points selected for operation analysis

Figure 5.17 presents Sankey diagrams of the annual energy flows for the three points. It is
clear that for T, the SF provides most of the heating requirements in the sunniest part of the
year, while the HP provides the heating in winter, without the need of relying on an LTS to
accumulate energy for the cold season. This is evident from the seasonal threshold prices
used by the HP: below 1 €/MWh in summer, and 89 €/MWh in winter, which results in the HP
not buying any electricity in the sunniest season, and in it willing to pay relatively high prices
for purchasing electricity in the winter season. In the case of 7, almost all the heat is supplied
by the solar field, which requires a large LTS to provide heat in winter where the demand is
higher and the solar resource less abundant. T, presents an intermediate case to 7, and T,,
as it has a smaller HP than T and a relatively smaller LTS than 7,. The main source of heat
is still provided by the SF with support of the LTS, however, around 5% of the heat is supplied
by the HP.

Figures 5.18, 5.20 and 5.21 present details of the operation of system configurations 7, T,
and T for a week in winter and in summer. For heat flows, presented in continuous lines on
the left axis, negative values mean energy flowing out of the system, such as the heating
demand and the charging of the LTS, while positive values mean flows into the system, such
as that from the SF, heat produced by the HP and the discharge of the LTS. Temperatures of
the STS and LTS are presented as dashed and dotted lines respectively and are read on the
right axis. Tsrs,, . and Tsrs,, correspond to the temperatures at the top of the hot STS tank
and at the bottom of the cold STS (hottest and coldest temperatures in the STS, respectively).
Trs,, corresponds to the temperature close to a borehole in the centre of the LTS, while
Irrs,,, corresponds to the average temperature of all the soil volume of the LTS.
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From Figure 5.18a, it can be seen that in general, in winter, the heat is supplied mainly from
the HP, which operates constantly and close to its maximum capacity during the selected
week, which explains the high threshold purchase price in winter (89 €/MWh). The gas boiler
supports the system when Tgrs,,, drops approximately below 58°C, at which point there is not
enough enthalpy in the stored water to produce water at 55°C in the DH loop. This operation
contrasts with the case of a week with high spot prices (Figure 5.18c), when the HP stops its
operation for hours when the spot prices are above 100 €/MWh, while the system remains
in operation thanks to the flexibility provided by the STS and with no need of using the gas
boiler. In summer, on the other hand, the SF provides all the energy required for fulfilling
the demand, which explains the low threshold purchase price for the HP in this season (1
€/MWh). Figure 5.19 shows that for this configuration the HP operates for around 60% of the
hours of the year, with few of them at close to maximum capacity, which achieves a yearly
average capacity factor of 0.24.
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Figure 5.19: Annual distribution of the HP operation capacity factor for configuration 7,

From Figure 5.20a it can be seen that during the winter week with high thermal demand, the
heating requirement is fulfilled by a combination of the SF, the LTS and the boiler, with the last
turning on when Tsrs,,, drops approximately below 51°C, at which point there is not enough
enthalpy in the stored water to produce water at 49°C in the DH loop. The LTS discharges
energy to the STS for most of the week, only stopping when the Tsrs,,, reaches 55°C. In
summer, the demand is fulfilled completely by the SF. It is interesting to notice that in the
week selected for the case in summer (which represents days in early January), the LTS is
not charged, as according to the summer charging rule presented in Table 4.5, the LTS charge
starts when Isrs,,, — Tirs., 2 10°C, and from the figure it can be seen that the condition is
not met. The suitability of this condition and how it may impact the performance of the LTS is
further disused in the next section.
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Figure 5.20: Detail of energy flows and storage temperatures of the system configuration 7,
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Figure 5.21: Detail of energy flows and storage temperatures of the system configuration 7,

(a) in winter and (b) in summer

Figure 5.21a shows that during the high heating demand period, similarly to configuration 7,
most of the energy is supplied by a combination of the SF, the LTS and the boiler. However,
in this case, the reduction in LTS decreases its share of heat supply, and it is replaced by a
higher participation of the boiler and the occasional provision of heat from the HP, which in
this case has a winter threshold price of 9 €/MWh (hence, only operates when spot prices
are below 9 €/MWh). In summer (Figure 5.21b), the system behaves almost identically to T,
with the LTS not being further charged. In this case, the HP purchases electricity a few hours

as the purchase threshold price in summer is 23 €/MWh, therefore it should operate more

hours in this period of the year, however, the amount of energy purchased in each occasion
is small. This is due to the fact that the HP has been modelled as a fixed flow rate system
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(as explained in Section 5.2.1), which aims to deliver an output temperature of 90°C, using its
rated power when Tsrg,, is minimum (~ 32°C), and modulating its power output when Tsrs,,.
is higher. This means that in periods of low demand and abundant sunshine, when Tgrg,, is
high (= 75°C in this case), the HP only requires around 25% of its rated power.

Figure 5.22 shows that for this configuration the HP only operates less than 35% of the year
(explained by the relatively low threshold purchase prices), which leads to an annual average
capacity factor of 0.12. This, added to the fact that the decreasing COP and increasing
cost/kW for smaller HP, leads to these kinds of configurations not being selected by the
optimisation process. Possible options to improve the utilisation of the HP and LTS in summer
are discussed in the next section.
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Figure 5.22: Annual distribution of the HP operation capacity factor for configuration T,

Figure 5.23 presents the cost structure of some of the configurations in the Pareto front
in Figure 5.16, with the selected points highlighted (including the addition of point T, for
comparison). It allows to compare in more detail the cost structure of the different optimal
configurations. From it, it can be verified that cheaper systems tend to rely almost exclusively
on HP. However, they also require more significant use of fuel in winter times; hence they have
higher emissions. To achieve lower emissions, larger SF have to be added, which reduces
the size of the HP but ends up increasing the investment cost (as can be seen with 7). To
decrease the emissions even lower, the SF are increased further, but in this case, it is more
cost-efficient to include a large LTS instead of using a HP (as can be seen with 7). Similarly
to the results from Chapter 4, Section 4.3.2, the lowest emissions are achieved by oversizing
the SF in order to let it cover most of the annual demand, eliminating the need of the LTS and
by using a comparatively larger STS with capacities of around 3-4 days for maximum demand
and two weeks at average annual demand.
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Figure 5.23: Cost structure of all the system configurations in the resulting Pareto front for the
case with heat pump and two threshold purchase prices

Analysing the impact of the summer charging rule on the LTS operation

As it was pointed out in the previous analysis, the summer rule for turning on the charging
abundant. With the objective of discussing this rule and proposing possible improvements to
the control logic, a case that modified the rule to start charging when Tsrs,,, — Trrs,, > 4°C
and one with charging starting when TSTS,O,, > Tirs,, were run for configurations 7, and T;
(those with LTS). In this section these cases will be labelled as T_(10), T_(4) and T_(0),

respectively. The results are presented in Figures 5.24 and 5.25. In the case of Figure 5.24,
it presents the same week in early January than the analysis in the previous section. For

(Tsrs,,, — Trrs,, = 10°C) may be hindering the charging of the LTS when the sun is most

the case of T, Figure 5.25 shows the week when the rule from winter charging changes
to summer charging (hour 8016 of the year). To illustrate better the thermal dynamics in
the charging process, the temperature of the soil close to a borehole on the edge of the
LTS (Ttrs,,,) was added to the plots. During the charging process, the location where this
temperature is measured represents the last point where some heat exchange happens
between the water and the storage.
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Figure 5.24: Detail of energy flows and storage temperatures of the system configuration 7,
for (a) a summer week under the original summer charge rule with Isrs,,, — Trrs., > 10°C,
(b) changing the summer rule to Tsrs,,, — Trrs,, > 4°C, and (c) without the summer charge
constrain
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Figure 5.25: Detail of energy flows and storage temperatures of the system configuration 7,
for the week when the rule changes from winter so summer, (a) under the original summer
charge rule with Tsrs,,, — Trrs,, > 10°C, (b) changing the summer rule to Tsrs,,, — Tvrs,,, =

ctr —

4°C, and (c) without the summer charge constrain

From both figures, it is evident that changing the rule allows for further charging the LTS.
However, the rate of charge is low, as it is still driven by the temperature difference between the
hot water at the top of the STS (usually at 90°C) and the temperature in the LTS close to the
boreholes 7;rs,,, and mainly 7;rs,,. From this, it follows that the higher is the state of charge
of the LTS, the lower is the rate of charge of the system, which agrees with experimental
findings by Guo et al. (2020), that concluded that there is a linear relationship between the
heat-injection rate and the temperature difference between the inlet water and the 7y rs,,,. This
behaviour is clearly appreciated in Figure 5.25, where in the case of T,_(0) (Figure 5.25¢), the
charging rate does not change after hour 8016, however, it is lower compared to T, _(10) and
T, (4) (figures 5.25a and 5.25b). This is because a higher rate of charge means the LTS will
be in general at a higher temperature, as can be seen in Figure 5.26. This figure presents the
evolution of the temperature inside the LTS during the entire year for the three charging rules
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for T..Init, 7rrs,, represents the average temperature of the entire storage volume, and itis a
good representation of the energy stored inside the LTS. The other two parameters represent
the temperatures of the soil in points very close to a borehole located in the central area of
the LTS (Irrs,,) and to a borehole located on the edge of the storage (TLTSH,g). The values
of these two temperatures are much more variable than 7.rs,,,, as they are highly influenced
by the temperature of the water flowing through the LTS during the charging and discharging

processes.
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Figure 5.26: Detail of the temperatures of the system configuration T for the entire year for
the three compared LTS summer charging logics

From the previous analysis, it seems logical that changing the summer charging rule to T_(0)
seems to be a sensible approach to improve the performance of the system, as it allows for a
higher charge of the LTS with higher internal temperatures and eventually a better utilisation
of the stored energy. However, this is not necessarily true, as charging the LTS requires the
operation of a water circulation pump, which operates at a constant flow rate and with a lower
rate of charge, more units of pumping electricity would be required for every extra unit of heat
delivered to the LTS. This can be corroborated in Figure 5.27, that presents the objective
functions (LCOE and SE) for the three variations of summer charging logic. From the figure,
it can be noticed that for 7;, there is a decrease in emissions when using less restrictive
charging logic for summer, which is due to the decrease of winter usage of the boiler due to
the higher state of charge of the LTS. However, in doing so, the LCOE increases due to the
much higher usage of the pump for charging the storage. In fact, the average annual amount of
electricity required to deliver a unit of heat into the storage increases from 0.012 kWh,./kWh,;,
for T,_(10) to 0.020 kWh,./kWh,, for T,_(0). In the case of T, it is clear that changing the rule to
T_(4) improves both objective functions. Therefore, T,_(4) is a better option than T,_(10). As
it seems complex to know a priori the best summer charging strategy for each configuration,
the parameters defining this strategy might be added as optimisation variables. Nonetheless,
it will increase the optimisation time and the improvement will not solve the problem of the
slow charging of the LTS.
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Figure 5.27: Annual techno-economic performance of configuration 7, and T, under the
different variations of the summer charging rule

With regards to the energy purchase logic of the HP, it is clear from Figure 5.14 that consid-
ering two different threshold purchase prices is better than using a single one for the entire
year. It is expected that further allowing more purchase threshold prices for different periods
of the year would improve the economic results, as it would represent more precisely the
temporal value of the energy purchased by the HP by considering the availability of solar
energy and capacity of using or storing the purchased energy in each short period, rather than
using an average over several months. However, implementing this with the current approach
would require to use an independent optimisation variable for each period, which would make
the optimisation problem impractical to solve. Another limitation of the current approach also
assumes a good prediction of the annual (or biannual) average spot prices behaviour, which is
affected by many uncertainties and requires information of the grid expansion and operation
that may escape the operator of the DH+HP. Considering this analysis, it is hypothesised
that a better approach that could be tested in the future would be to use a predictive control
logic that would consider the state of charge of the storage systems and day-ahead weather
forecast for demand and solar heat estimation, similar to the one proposed by Lizana et al.
(2018a).

From the analysis of the operation of the system (Figures 5.20 and 5.18), it is clear that the
rate of charge is highly limited by the rate at which the heat dissipates from the contact point
of the borehole and the hot water stream towards the interior of the storage. This process is
restricted by the relatively low conductivity of the soil used in the simulations (0.9 W/m?K).
It is possible that considering a higher conductivity would increase the LTS charging rate,
as shown by Catolico et al. (2016). However, this effect is limited, and it will also increase
the heat losses, decreasing the fraction of heat recovered when discharging the system.
Also, as suggested by Skarphagen et al. (2019), reducing the distance between boreholes
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would increase the heat transfer rate allowing for higher charging rates, but it would also
decrease the volumetric storage capacity of the system and would increase its cost. Another
option proposed by Lim et al. (2020) to increase the heat exchange rate is to modify the
inlet position of the hot water towards boreholes farther from the centre during charging.
This would increase the average temperature difference between inlet water and borehole.
However, as shown in Figure 5.26, even the temperature of the borehole at the edge is well
above 70°C at the end of the charging season; therefore, the improvement of the charging rate
would probably be limited. It seems clear that systems that do not rely on soil conduction for
the charging process can reach higher charging rates and be better suited to accommodate
higher surges of heat provision, such as in the case of large HP buying power for relatively
short periods. In line with this, it is proposed to analyse how the system would integrate with a
pit energy storage, where, assuming perfect stratification in the stored water, the cold side of
the storage would stay at a near-constant low temperature, allowing for a constant charging
rate, regardless of the state of charge of the storage system.

5.3.4 Effects of flexible demand of DH+HP system in the grid

The configuration selected for the analysis was T, from Figure 5.16, with an SF of 8,900
m?, STS of 7,190 m?, HP of 1,310 kW and negligible LTS of 5,490 m3. As shown in Figure
5.17, in this configuration, the HP supplies roughly 55% of the annual heating requirements,
while 45% was provided from the SF. In this configuration, the system has a very small LTS,
therefore the flexibility is supplied by the existence of the STS, which can provide around 20 h
of storage capacity at maximum demand (8.5 MW) and around 140 h at average demand (1.2
MW). For simplicity, 100 MW of total HP capacity was assumed for the analysis. This would
represent 76 DH+HP systems with the aforementioned configuration, with annual supplied
heating of 780 GWh (as a reference, Paardekooper et al. (2020) estimated a potential DH
capacity of 46,310 GWh/a in Chile by 2050).

When setting the two reference scenarios proposed for comparison in Section 5.2.2, it was
found that for the DH+HP system configuration chosen for the analysis, they are equivalent,
both supplying roughly 50% of the total heating demand (10,255/2 = 5,127 MWh/a, according
to Table 4.12) supplied by 3.8 COP heat pumps. This would require purchasing a total of 1,365
MWh/a of electricity. Expanding this to 76 systems means a total extra electricity demand of
103 GWh/a, following the demand pattern calculated for the Large case in Temuco in Section
4.3.1 in an inflexible way.
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As explained in Section 5.2.2, the assessment of the interactions of the electricity grid in the
Urbs model and the DH+HP system in TRNSYS were iterated several times. After 6 iterations,
it was evident that the NRMSD stopped decreasing and started to alternate between two
values. Considering that by this iteration the NRMSD and the PDSP between two iterations
were below 0.5%, the iteration process was stopped. The summary of the parameters that
were computed at each iteration are presented in Table 5.3

NRMSE PDSP Average spot price

Base - Iter 1 0.86% 10.25% 39.86
lter 1 - Iter 2 0.60%  9.02% 39.89
Iter 2 - Iter 3 0.42%  0.82% 39.87
Iter 3 - lter 4 0.39%  0.74% 39.88
lter 4 - lter 5 0.39% 0.38% 39.87
Iter 5 - lter 6 0.39%  0.38% 39.88
Iter 6 - Iter 7 0.39%  0.38% 39.87

Table 5.3: Main parameters computed during the iteration process of spot price convergence

For the Base case (no extra demand due to heating), Flexible case (additional flexible demand
due to the operation of the DH+HP system), and Reference case (additional inflexible demand
due to the operation of individual heat pumps), the main results are presented in Table 5.4.

Base Case Flexible Reference

Annual demand SICS [GWh] 8,997 9,137 9,100
New Investment [M€] 831.5 835.7 836.4
Overproduction [MWh/a] 4,292 4,299 4,298
Average spot price SICS [€/MWh] 39.85 39.87 39.92
Max spot price SICS [€/MWHh] 384.4 384.4 384.4
Max spot price occurrences 2 1 4

Table 5.4: Comparison of results for the base case, the case with flexible additional demand
from the DH+HP systems and the inflexible additional demand reference case

The results in Table 5.4 show that the DH+HP systems add 140 GWh of extra demand, while
the individual heat pumps add only 103 GWh. This difference is due to the individual heat
pumps operating with a COP of 3.8 (Reference scenario), compared with an annual average
COP of 2.55 of the high temperature heat pump in the specific configuration chosen for the
DH+HP system (Flexible scenario). However, the investment in the Flexible case is lower by
0.7 M€. Both cases install additional wind and off-the-river hydro, which have capacity factors
of 0.31 and 0.6, respectively. However, the scenario with flexible demand installs 1040 MW of
wind and 432 MW of hydro, while the scenario with inflexible demand requires installing more
of the more expensive but less variable generation, installing 1020 MW of wind and 440 MW
of hydro.
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Interestingly, while these differences in generation capacity are evidenced in the SICS node
(where the extra demand is added), there are slight differences in the installed capacity of
storage in the SICN node. In this point of the system, in the Reference scenario 106 MW
of 8 h capacity storage are installed, while in the case with Flexible demand the installed
capacity is reduced to 101 MW. This difference is mostly due to the Flexible scenario having
a higher spare capacity in the SICS node to export energy to the SICC node in moments of
high demand (such as winter evenings), which decreases the requirements on supplying that
energy from the SICN node (which is rich in solar PV), hence requiring less storage to provide
the energy after sunset.

Most importantly, the Flexible scenario shows a lower average spot price (39.87 €/MWh)
compared to the Reference scenario (39.92 €/MWh). Even though the difference is small, this
is interesting, as it suggests that a higher demand, if managed in a flexible way and allocated
in periods with greater availability of cheap renewable energy, produces a lower impact on the
electricity system than a relatively lower but inflexible demand.

It is important to note that the differences between the scenarios are relatively low, therefore
difficult to assess. This is mostly due to the low total installed capacity of HP in relation to
the total electricity system and the limited flexibility of the DH+HP configuration (7,) being
analysed due to its (practical) lack of LTS. In this configuration, the flexibility is provided
only by the STS, which has capacities in the range of hours or days, rather than weeks or
months. This leads to an operation such as the one presented in Figure 5.18, where the heat
pump buys electricity most of the winter, only stopping when prices are above 89 €/MW.
It can be speculated that in the case of using an LTS technology that could be combined
more effectively with a HP, the operation of the DH+HP system would be more flexible and
present greater differences with the inflexible scenario. Additionally, the high geographical
aggregation of the energy grid model used for the analysis contributes to smaller differences
in the effects of the to compared demands. This is because local impacts of the collocation
of intermittent generation and flexible demand in areas with constrained transmission may be
missed. Consequently, it is expected that by using a more detailed model, it would be possible
to detect these local effects and highlight the benefits of more flexible demand.

5.4 Conclusions

The work presented in this chapter builds on the models developed in Chapters 3 and 4 to
assess and discuss the value of integrating solar district heating networks with long term
storage with electric heaters in the form of resistance heaters or heat pumps (DH+HP). For
this, the model developed in Chapter 4 is modified to assess the effects on the cost-effectivity
of the integration of HP to the DH system (DH+HP) to provide heat to a large residential
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community. Later it integrates the results with the model developed in Chapter 3 to evaluate
the possible benefits that the flexible electric demand from a group of DH+HP systems could
provide to the electricity grid when compared to providing the same final energy with inflexible
options.

The real spot prices for the Temuco area in 2020 were analysed and it was found that the total
amount of hours that the electricity price was close to zero was low (less than 2% of the year)
due to the relatively low share of interment renewables (25% of the total installed capacity).
Therefore, as it can be expected, the conditions for implementing power-to-heat that would
take advantage of low electricity price periods are limited. A future marginal cost in a scenario
with higher intermittent generation penetration was synthesised for the year 2035 based on
representative days from the PELP 2020 process (Ministerio de Energia, 2020g). The spot
prices produced for this period had a higher variability and presented a 25% higher average
price. However, they also had 14% of hours with prices close to zero, which presents a much
more suitable condition for a scheme taking advantage of low spot prices.

The results of the DH+HP system optimisation for conditions in 2020 showed limited improve-
ments on the cost-effectivity of the systems, with the addition of HP to relatively small solar
systems reducing the LCOE to around 0.9 €/kWh, but achieving this at high SE of around 0.1
kgCO,/kWh. This is explained by the low amount of hours with low energy prices, but most
notably by the high emission factor of the electricity grid (0.26 kgCO,/kWh). In contrast, by
2035, more variable spot prices and a lower grid emission factor (0.04 kgCO,/kWh) enable an
important decrease in emission for systems that integrate HP to the DH networks, reaching
below 0.02 kgCO,/kWh for systems with LCOE of 0.087 €/kWh and below 0.01 kgCO,/kWh
for systems with LCOE of 0.12 €/kWh. To reach the lowest LCOE, the optimal configuration
consists in systems relying mostly on a large HP buying energy most of the year and only
avoiding periods of very high spot prices (above 100 €/MWh in winter and above 50 €/MWh
in summer).

The result of the optimisation shows that it is not Pareto optimal to install HP together with
LTS. After an analysis of the operation of specific configurations, it was found that this result
was caused by the low charging capacity of the BTES technology which in turn induced a low
load factor on the HP, even during hours when the spot prices were low. This behaviour is a
product of the limited capacity of the storage to quickly conduct heat inside, which causes low
temperature difference between the hot water and the soil close to the borehole. It is proposed
to perform the analysis considering a faster charging technology, such as pit thermal storage
to check if this technology would promote the collocation of HP and LTS by increasing the
utilisation of the HP. In addition, other control strategies for the operation of the HP can be
studied, which would benefit the operation of the DH+HP regardless of the LTS technology.
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Even though the results of the optimisation showed that under the chosen control strategy
and LTS technology, installing LTS and HP in the same system is not Pareto efficient, there
are optimal configurations that combine HP with large STS that operate the HP in a flex-
ible way, buying only at periods when it is economically convenient. The effect of a large
scale implementation of systems with this configuration on the electricity grid was assessed
and compared against an inflexible demand alternative. The results showed that despite the
flexible demand being larger than the inflexible alternative, its fulfilment requires lower new
investment in generation and on-grid storage and produces a lower increase in the spot price.
Although the differences are meagre, this result is interesting as it opens the possibility for the
grid operator to create incentives that promote the development of flexible demand. It would
be interesting to conduct a similar analysis using a more detailed electric network model to
perform a more meticulous evaluation of local effects and an LTS technology that could have
better synergies with HP, allowing for a more flexible operation.



Chapter 6

Conclusions and recommendations

The main aim of this thesis has been to address the question of how can thermal energy
storage support the transition toward a cleaner energy matrix. It is proposed that various
forms of TES are cost-competitive alternatives for enabling higher penetration of intermittent
renewable energy generation technologies in the electric and heating systems. This main
general question has been addressed by exploring the following specific questions:

1. Can thermal energy storage at grid level increase the penetration of renewable gener-
ation in the electricity grid?

2. What are the optimal locations and sizes for on-grid pumped thermal energy storage to
minimise the cost of the future energy system?

3. How can thermal energy storage support the use of variable renewable energies in
residential heating applications?

4. How can thermal energy storage increase the flexibility of thermal demand and facilitate
its integration with the electric grid for the provision of clean heating?

These questions have been addressed by the analysis presented in Chapters 3, 4 and 5 of this
thesis. Summaries of the conclusions of each chapter are presented in the following section.

6.1 Conclusions

This section reviews the conclusions drawn from the analyses presented in Chapters 3, 4 and
5 and matches them with the specific research questions.

6.1.1 Thermal storage in the Chilean electric grid

The first specific research question has been addressed in Chapter 3. The potential of
pumped thermal energy storage (PTES) was investigated using a linear optimisation model
of the annual hourly operation and expansion of the Chilean electricity network. The system
configuration of 2016 was modelled and the future cost-optimal development of the system
was assessed by increasing the demand in intervals of five years until 2050. Six scenarios
for different storage and transmission expansion were evaluated, focusing the analysis on
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the deployment of solar photovoltaics (PV) and wind and the carbon intensity decrease of the
system. The main findings are that, even though under the modelled scenarios, the increase in
the total renewable capacity thanks to the deployment of PTES is moderate, the deployment
of PTES increases the share of intermittent renewables, such as PV, decreasing the
need to invest in new natural gas combined-cycle generation (CCGT) and in expensive
flexible concentrated solar power (CSP). This leads to a decrease in the accumulated costs
of expanding the system and in the cost of running the system.

It is also found that the main source of CO, emissions reduction in the grid is the decom-
missioning of coal generation and its replacement by a mix of flexible renewable (such as
geothermal and CSP), intermittent renewables (wind and PV), and CCGT. As mentioned in
the previous paragraph, this mix shifts towards intermittent renewables in scenarios where
higher amounts of PTES are deployed.

The second specific research question has also been addressed in Chapter 3. The
optimal storage capacities were found to vary along the country. The optimal storage capacity
in the northern nodes was approximated 12 h, as in this area the relatively flat demand and
high solar penetration require to store energy from the day to fulfil demand during all the night.
For the centre and southern nodes, on the other hand, the optimal storage capacities were
found to be around 7 h, as in these nodes the residential consumption drives the total demand
and the main requirement of storage is to fulfil a relatively short evening peak.

In summary, the installation of storage has the potential to increase the decarbonisation of the
Chilean electricity grid. The role of PTES is potentially important, especially if it can reach
the cost and efficiencies assumed in this study, as the required storage capacities
match those that this technology can provide.

6.1.2 The value of seasonal thermal energy storage in solar district heating
networks

The third specific research question has been addressed by the techno-economic ana-
lysis performed in Chapter 4. For this, the hourly annual thermal demand for social housing
dwellings was estimated for two cities in southern Chile (Temuco and Coyhaique). A TRNSYS
simulation model of a solar district heating network (DH) with short and long term thermal
storage (STS and LTS respectively) based on previous research was adapted and improved.
Design characteristics, such as pipe length and diameter or pump size, were parametrised
with the objective of automatically follow changes in key design features. An optimisation
framework was developed in Python to integrate the simulation with an optimisation based
on a genetic algorithm. The system design was optimised focusing on several key design
variables with the objective of minimising total systems cost (LCOE) and emissions associated
with the system’s operation. The set of Pareto optimal configurations was produced and the
influence and interplay of the design variables on the optimal configuration were analysed.
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The results showed that the system can be economically competitive against conventional
alternatives such as electric heating and conventional gas-fired district heating. Moreover,
considering the emission factors of the current electricity grid and of natural gas, the proposed
system may reach emissions levels several times lower than the aforementioned conventional
alternatives. As the proposed system is capital intensive, the economic performance is sens-
itive to the size and energy density of the supplied demand. Considering this, it is noticed that
the economic results are enhanced for larger systems in more densely populated areas. The
emissions, however, do not present improvements in larger systems, as they are limited by the
emissions associated with the electricity required for pumping the working fluid, and pressure
losses tend to increase for larger systems. Following the same logic, the proposed system is
economically more competitive in Coyhaique. This better economic performance is due to the
higher demand density and better utilisation of the infrastructure, as in this location the higher
summer demand allows for a higher overall load factor of the system, therefore yielding lower
LCOE.

It was found that optimising the system design and operational conditions for the specific
location was important, as it could yield LCOE decreases close to 0.02 €/kWh. For instance,
systems located in warmer climates, such as Temuco, are most cost-effective operating with
higher supply temperatures than systems in colder areas such as Coyhaique. This is because
systems operating in warmer climates present smaller heat losses and they tend to be eco-
nomically offset by lower investment in pipes due to reduced pipe diameter when operating
with a hotter water supply. In addition, it was found that optimising the solar collector tilt angle
for the specific location and long term storage size was a cost-free measure that could achieve
modest improvements in cost and emissions.

The presence of TES is key in driving down the emissions of the system as in all
the Pareto optimal configurations there is an important presence of STS, LTS or a
combination of both. For smaller systems, the STS is enough for fulfilling the requirements
of the system’s operation. For these scales, the use of long term storage is in most cases
not optimal, as its investment cost per unit of stored energy increases and the operational
efficiency decreases for smaller systems. However, as it was pointed out previously, DH makes
more economic sense when the systems are larger and the demand higher. For these larger
systems, the use of LTS is desirable, as it drives emissions down, by reducing the need of
using gas auxiliary heaters in winter.
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6.1.3 Integration of electricity in district heating systems with seasonal thermal
energy storage

The third specific research question has been further investigated by modifying the
model developed in Chapter 4 and performing a new analysis, which is reported in
Chapter 5. Electric resistance heaters and heat pumps are integrated into the TRNSYS
simulation of the solar DH with thermal storage. These heaters operate as a power-to-heat
scheme, buying electricity from the grid in periods when the spot prices are low due to a
surplus of renewable generation and providing heat to the DH system. The optimisation is
rerun, and variables associated with the design and operation of the power-to-heat scheme
are added to the optimisation. The optimisation was run for conditions in 2020 with real local
spot prices and for conditions in 2035 with projected spot prices.

The results showed that heat pumps (HP) perform better than resistance heaters for both
studied periods. For the case of 2020, the relatively high emission factor of the grid electricity
means that the electricity supplied by the HP has high embedded emissions, thus configura-
tions with HP are only Pareto optimal in cases with a small solar field (SF), which otherwise
would mean a heavy reliance on the auxiliary boiler. For these cases, the integration of an
HP can drive the LCOE down by around 0.02 €/kWh, but at a relatively high emission of 0.1
kgCO,/kWh. For the case in 2035, the emissions of the DH system go down, as the embedded
emissions in the electricity used for operating the pumps are much lower. Notably, integrating
an HP into the system helps to keep the emissions low, as the HP replaces a large part of
the winter boiler operation. This effect is even more pronounced when the electricity buying
logic of the HP is improved by allowing differentiated buying threshold prices for summer and
winter. As the HP only operates buying energy at low price periods defined by an abundance
of wind generation, it can be concluded that the presence of TES in the system increases
the use of renewable energy for providing domestic heat.

Contrary to what was assumed, there is no optimal techno-economic case for integrating
HP in a system with LTS, as for all the scenarios analysed, the optimal solutions are either
systems with HP, small SF and STS (reaching minimum cost but with higher emissions);
or configurations with larger SF, STS and big LTS (achieving lower emissions but at higher
relative costs). The reason for this is that the chosen technology used for the LTS is borehole
energy storage, which is comparatively cheap but has limitations in the charging rate capacity,
as at higher states of charge the temperature difference between the hot charging media
and the storage interface decreases, which diminishes the heat exchange capacity. Using an
alternative LTS technology, such as pit thermal storage, which directly stores the hot heat
transfer media and does not rely on water-solid heat exchange, could be a better option to
take advantage of the HP’s capacity to supply large amounts of heat when electricity prices
are low but when there may not be enough thermal demand to use that heat.
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The fourth specific research question has been addressed in Chapter 5 by joining the
models previously developed and performing a comparative economic assessment of
the impact of flexible and inflexible demand on the electricity grid. A specific Pareto
optimal configuration of the case of DH with integration of HP (DH+HP) in 2035 was used
for the analysis. A total of 76 of these systems were assumed to operate with a joint HP
capacity of 100 MW, consuming electricity flexibly at times when the spot prices were lower.
The effect of this additional demand was compared with an inflexible demand from individual
HP providing heat directly.

The results show that even though the total demand added by the DH+HP systems is higher
than that of the individual heat pumps, due to the flexibility provided by the presence
of TES, it posed a smaller burden on the electric grid, requiring less generation and
electricity storage investment than the smaller inflexible demand of the individual heat
pumps. This opens the possibility for the grid operator to create market incentives that recog-
nise the value of flexible demand and promote its development.

6.2 Recommendations for future work

The work presented in this thesis can be extended and improved. Several alternatives with
interesting potential impacts are discussed in the next paragraphs.

6.2.1 Improvement and actualisation of the Chilean electricity grid model

The model of the electric grid used for the analysis performed in Chapter 3 can undergo sev-
eral improvements in order to represent more closely the operation of the Chilean electricity
system. A first step would be to increase the number of nodes in the southern part of the
system, to be able to represent better the specific locations of the main demands and high
wind potential areas. This would provide a better understanding of possible local transmission
constraints and highlight the value of flexible demand in different locations. Furthermore, the
policy-imposed constraints and other projections of future system configurations have to be
actualised based on the latest development of the technologies and energy policy goals.
The trade-offs of other improvements, like the inclusion of binary variables for simulating
minimum operational conditions of conventional power plants, have to be assessed. Including
the minimum operational loads of conventional generation adds further limitations to the
electricity system which flexible demand could ameliorate but converts the optimisation into a
mixed-integer linear problem, which requires more time and computational power.
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6.2.2 Addition of domestic hot water demand to the district heating model

In this thesis, the analysis of the design and operation of the DH system has focused only on
the supply of the heating demand. However, as it was pointed out in Chapter 4 the provision
of domestic hot water (DHW) can represent between 10 and 25% of the total thermal demand
of a Chilean dwelling. Therefore, including the provision of this demand in the evaluation of
the solar DH system is important. Furthermore, including the DHW demand may improve the
economic performance of the system, as it increases the demand density. In addition, as the
DHW demand tends to be more constant throughout the year, it can increase the average
load rate of the DH equipment. It may also lead to a relative decrease of the LTS, as the ratio
between winter and summer demand is likely to decrease.

6.2.3 Modelling of long term storage using pit storage technology

As it was pointed out in the discussion of Chapter 5, it is interesting to repeat the optimisation
of the configuration of a DH+HP system with an LTS technology with faster charging capab-
ilities. As mentioned before, one option is to use a pit energy storage, which stores the hot
water directly, thus not relying on heat transfer to store and recover the energy. The modelling
of this kind of storage can be performed by using TRNSYS type 342, type 1300/1301 or type
1322 (Jensen and Nielse, 2020). The assumption behind this proposed future work is that a
system that allows a faster rate of charge would facilitate the operation of the HP at its nominal
capacity whenever there are low spot prices, as it will be able to quickly move the hot water
to the storage and supply cold water from the bottom of the storage to maintain the operation
of the HP at maximum capacity. This would increase the load factor of the HP, raising its
economic value for the DH+HP. In addition, it would potentially allow decreasing the prices at
which the HP purchases electricity, increasing the flexibility of the system’s electricity demand
from the point of view of the electricity grid.

6.2.4 Predictive control logic for heat pump operation and long term storage
charging

The model developed in Chapter 5 for the integrated district heating and heat pump operation
(DH+HP) assumes that the HP uses electricity from the grid based on a threshold purchase
price. This approach assumed that there is a relatively good understanding of the spot prices
behaviour during the year, which might be questionable. Moreover, it does not consider the
availability of heat coming from the SF nor the current or future demand. This may cause that
the heat from the HP could displace heat coming from the SF in the absence of demand or
spare capacity to charge the LTS. This is not a problem when the electricity spot prices are
very close to zero, but is suboptimal when the spot prices increase. The proposal is to use
a logic that could consider the state of charge of the STS and LTS and the following days’
weather forecast to predict the heat demand and the supply of heat from the SF. This would



6.2. Recommendations for future work 156

allow to maximise the production from the SF. A similar control logic was proposed by Lizana
et al. (2018a) for a heat pump supplying heating for a single house. A supervised regression
model can be implemented to predict future demands based on heating degree days forecast.
To predict the SF heat production, a similar regression model can be implemented considering
the time of the year and the main weather forecast parameters such as temperature, humidity
and precipitation as variables.

6.2.5 Detailed study of flexible power-to-heat demand effect on the electric
grid

Assuming that the work proposed in Sections 6.2.3 and 6.2.4 are successful in optimising the
integration of the HP and LTS in the DH system and increasing the flexibility of operation of
the HP, it would be worth repeating the analysis of the effect of the flexible demand on the
grid. This increased flexibility combined with the improved electricity system model proposed
in Section 6.2.1 should allow for a much more insightful analysis of the effects of this additional
flexible demand against inflexible electrification of heating.

6.2.6 Implementation of Pareto front convergence improvement algorithm

It is worth implementing the proposed improvement for the genetic algorithm included in DEAP.
As the number of optimisation variables increases, the random mutation and crossover operat-
ors seem not to be enough to promote a quick convergence of the Pareto front. Therefore the
algorithm proposed in Appendix E could be implemented by forcing an interpolation between
the variables of adjacent Pareto points whose distance exceeds a certain predefined metric.

6.2.7 Surrogate model development for improve optimisation process

In the same line of decreasing the time of the simulation-based optimisation, it is proposed to
develop a surrogate model that would approximate the solution of the simulations with a lower
order problem. The idea of this surrogate model is to emulate the expensive evaluation of the
objective function, which in this case is a simulation running for 1 to 2 minutes, with a much
simpler alternative. This surrogate model can be based on a statistical approximation using
machine learning techniques and trained on a small set of simulation output data. Therefore,
it can be used to predict the objective function results from the simulation almost instantly,
reducing the running time of the optimisation, producing a set of approximated optimal results.
This set of approximated optimal solutions can be supplied as a starting point for a further
optimisation run using the simulation, but the convergence is expected to be much faster as
the starting points are already near the optimum. It is important to clarify that this surrogate
model would not replace the simulation, as it would only be able to predict approximated
values for the objective function, but the simulation will still be needed to obtain any other
operational information.
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Figure 6.1 presents a diagram of the framework with the surrogate model implemented. N1
represents the first iteration of the optimisation using the simulation model, starting from a
random sample. This first iteration is used to generate the training data (used to build the
machine learning model) and the testing data (used to check if the model was fit to produce
accurate approximations). This first data set could be produced by running simulations with
random system configurations. However, training and testing the model with data produced
from a short optimisation run would probably lead to a better fit of the surrogate model to the
solution space around the optimum. N2 corresponds to the run of the optimisation algorithm
using the surrogate model to evaluate the objective functions and generates a large amount of
close to optimal solutions with minimal computational requirement. Finally, N3 is the last set of
iterations, using the close-to-optimal solutions produced in the previous step as a starting point
for the simulation-based optimisation that yields the final set of optimal solutions. Examples of
similar approaches to improve accuracy and computational time of optimisation of buildings
thermal performance can be found in the works of Ferrara et al. (2021) and Garcia Kerdan
and Morillon Galvez (2020). A thorough review of different surrogate models applied for the
design of energy systems in buildings, their applications and characteristics is presented by
Westermann and Evins (2019).
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Figure 6.1: Diagram of the proposed framework for decrease the optimisation time by using
a machine learning surrogate model



Appendix A

Building envelope materials

This appendix presents the details of the materials assumed for the thermal envelope of the

buildings composing the development modelled in Chapters 4 and 5.

Temuco
Surfaces Material Thickness Density Thermal conductivity
[mm] [kg/m3] [W/mK]
Lightweight concrete 20 800 0.26
External wall Brick 175 1000 0.46
Cement mortar 10 2000 1.40
Boundary wall Brick 140 1000 0.46
Cement mortar 10 2000 1.40
Internal wall Wall board 50 600 0.29
Internal ceiling/floor Lightweight concrete 120 800 0.26
Linoleum 4 1000 1.02
Ceiling board 10 600 0.29
External roof Polystyrene 40 20 0.03
Fiber cement 4 1250 0.23
Ground Common cement 200 2400 2.10
Linoleum 4 1000 1.02
Windows Glass 5 2500 0.9

Table A.1: Building envelope material in the city of Temuco
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Temuco
Surfaces Material Thickness Density Thermal conductivity
[mm] [kg/m3] [W/mK]
Polystyrene 40 20 0.03
External wall Brick 175 1000 0.46
Cement mortar 10 2000 1.40
Boundary wall Brick 140 1000 0.46
Cement mortar 10 2000 1.40
Internal wall Wall board 50 600 0.29
Internal ceiling/floor Lightweight concrete 120 800 0.26
Linoleum 4 1000 1.02
Ceiling board 10 600 0.29
External roof Polystyrene 120 20 0.03
Fiber cement 4 1250 0.23
Ground Common cement 200 2400 2.10
Linoleum 4 1000 1.02
Windows Glass 5 2500 0.9

Table A.2: Building envelope material in the city of Coyhaique.



Appendix B

Method for estimating the state of the
LTS after year 6

The objective of this method is to predict the temperature in an underground Borehole Thermal
Energy Storage (BTES) after six years of operation with the objective of shortening the run
of the genetic algorithm by decreasing the simulated period from seven to two years. As the
resulting approximation of the average BTES's temperature 7;rs,,, has to be written within
the TRNSYS equation environment, it is important for it it be a parametric expression. Hence,
a multiple linear regression algorithm provided by Python’s Scikit-learn package (Pedregosa
etal., 2011) is used.

The first step is generating the training and testing data. For this, 5000 random system
configurations are run for seven years. The variables defining the configuration (independent
variables) and T;rs,,, (dependent variable) are recorded.

As an example, Figure B.1 presents the distribution of 11715, for conditions in 2020 are
presented for 5000 configurations with nine variables, numbered from 0 to 8: SF, (0), LTS,
(1), STSy01 (2), 6 (3), Tpn,,, (4), Toh,, (5), LT Spump (6), Pricepuren (7) and HPp, (8).
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As it is showed in Figure B.1, most of the temperatures tend to fall above 80°C, but some
are as low as 30°C. This distribution is very skewed and a transformation is required to get a
better fitting of the model. After some try an error, a reflected log transformation (equation B.1)
is used to obtain a closer to normal distribution in the independent variable (a requirement for
applying a regression model), as shown in Figure B.2.

tr(TLTSavg) = ln(Ol —{—max(TLTSavg) — TLTSavg) (B.1)
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Figure B.2: Distribution of the transformation of (TLTSM)

If the regression were performed with all the variables, there is risk of over fitting. Therefore,
the next step is to define which variables are going to be included in the regression. This
process is known as feature selection, and consists in identifying those features (independent
variables) that have higher correlation with the dependent variable or provide more information
about it.

After performing the analysis of mutual information and correlation between the independent
and the dependent variable, presented in Figure B.3, it is evident that 6 (3), Tpn,,, (4), TpH,,
(5) and HP,,, (8) present comparatively lower scores (values are non dimensional scores,
and the highest the score, the higher the expected relevance of the specific independent
variable on the prediction of the dependent variable).

From this analysis it is reasonable to exclude variables 3, 4, 5 and 8 from the regression. In
the case of variables 4 and 5 (Tpp,,,, Tpa,,,), this makes sense, as both define processes that
occur downstream the LTS, therefore, it is expected they have lower impact in its temperature.
In the case of variable 3 (0), a lower impact on 1175,

4.3.3 show that 8 has a relatively low influence on the operation of the system. However,

is also expected, as results in presented
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Figure B.3: Scores of the independent variables for predicting the dependent variable for
mutual correlation (left) and mutual information (right)

for variable 8 (HP,,), it was expected a higher influence on the dependent variable, as a
larger heater should be able to provide more heat to the LTS, therefore achieve higher T rs,,,-
Considering this analysis, it was decided to exclude Tpp,
to keep HP,,,.

.»» IDH,, @nd 6 from the analysis, but

Several linear regression models with different order variables were tried and the best fit was
achieved with a model that included the variables up to a third order, as shown in equation
B.2.

tr(Tirs,,) = ao+ai -vary +az - varf +as -var? +--+a,-var,+ay - varﬁ +ay, - var,i (B.2)

, Where a; are the coefficients calculated by the regression algorithm and var; are the different
independent variables.

For performing the regression, randomly picked 3000 points where used as training data and
the remaining 2000 as testing data. The result of the regression is presented in Figure B.4
and the coefficient of determination of the regression is 0.911.

Residuals for LinearRegression Model
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Figure B.4: Comparison of the regression with the objective variable and of their residuals
(right)
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Although the result shows a reasonable approximation, some heteroscedasticity (changing
variability of the residuals along the predicted values) can be noticed in the residuals of the
regression (right of Figure B.4). After further analysis it is noticed that it likely comes from the
clearly non-convex relation between Price e, and Tyrs,, (and tr(Tirs,, ), in this case), as
shown in Figure B.5

tr{Tirs,.)

Figure B.5: Relation between the transformed objective variable tr(TLTSm,g) and the purchase
price threshold Price,,,.;, With the three different regions identified by dashed lines

Following this, the regression model was repeated, but applied independently for each of
the three intervals of Price,,., were the relation showed more regularity: Pricep,.;,<0.018,
0.018<Price,,r,<0.04 and Pricep,;,>0.04. The results of this three regression model pro-
duced improved coefficient of determination of 0.964, 0.924 and 0.916 for each of the three
intervals of Price,, ., and the heteroscedasticity reduced notably, as it can be noticed in the
right plots of Figure B.6.

Finally, the parameters are obtained from the Python script and the three regression models
are written within the TRNSYS environment as equations which define the starting average
temperature at the beginning of the simulation (equivalent to year 6).

As the simulation is run for two years, the first year smoothens the differences between the
prediction and the true value. The difference of LCOE and SE between a 7 years runs and

the 2 years runs with prediction of Tz = show average discrepancies of 0.56% and 0.98%

avg
respectively. Figure B.7 shows comparisons of T;rs,, for a complete 7 years run and a 2
years approximation starting from a preheated LTS according to the regression. This run was
performed for a Large case in Temuco with SF4=10,000 m?, LT'S,,;=450,000 m3, ST'S,,,;=6000

M3, LTS pyump=0.297 Kg/S, Price pre;=0.075 €/kWh and H Py, =10 kW.
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Figure B.6: Comparison of the regression with the objective variable (left) and of their
residuals (right)
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Figure B.7: Comparison of average temperature of a 7 years run and an approximation using
the regression method



Appendix C

Sensitivity analysis of the district
heating model to the main economic
parameters

A sensitivity analysis was performed on the results of the optimisation to evaluate the impact
of a variation in the main economic assumptions on the LCOE of the system. To achieve this,
the three system configurations highlighted from the Pareto front of the Base and Large case
in Figure 4.12 (C4, Cp and C¢) and Figure 4.14 (C4, Cp, Cc) respectively were analysed.
These system configurations were simulated for different electricity costs (C,..), fuel costs
(Ctuer), investment costs (Cy) and interest rates (r). Each of these parameters was changed
by +10% and +50% of its original value. The comparison of the LCOE for these sensitivity
simulations are presented in Figure C.1. On the left axis are presented the parameters that
were changed and the absolute values that were used in the analysis. The bars represent the
variation of the LCOE with respect to the case with the original value (in bold).

From the results it can be seen that the LCOE is very sensitive to variations of the investment
cost Cj,, for all cases. This indicates that the system’s LCOE is strongly investment cost
dependent and that any decrease in the system’s capital investment would lead to an almost
corresponding decrease in LCOE. On the other hand, Ce. and Cy,.; produce relatively low
variation in the LCOE. A variation of C,;.. produces a higher impact for the Large case, where
more pumping is required for water circulation due to a longer piping network. A variation of
Cruer Produces a higher impact in those configurations that have relatively small SFr, such as
C4 and Cy4, because these systems require more use of the back-up boiler. The effect of a
change in r has also a relatively important impact on the LCOE and, similar to the investment
cost Ciy,y, its effect is independent of the size and configuration of the system.
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Figure C.1: Results of the sensitivity of LCOE to variation in economical parameters.
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Appendix D

Estimation of demand for domestic
hot water

For estimating the hourly consumption of DHW, a probabilistic approach was used following
the recommendations of Braas et al. (2020).

The DHW uses were separated in 3 main categories: shower, dishwasher and other, which
add to 160 | of DHW at 45°C consumption each day per flat, according to data used by
Carrasco Vidal et al. (2016).

For the case of showers, it was assumed that each of the four dwellers of a flat would take
a daily shower with a probability of 0.8, and every shower would represent an average water
consumption of 40 | with standard deviation of 10 |. For the dishwashing, there would be 2
dishwashes per day per flat, each of them using an average of 3 | with a standard deviation of
1 |. The other DHW uses would add to 40 uses per day in each flat, with an average of 0.7 |
per use and a standard deviation of 0.2 I. The previous values are summarised in Table D.1

shower dishwash other unit

Average DHW consumption per event 40 3 0.7 I
Standard deviation 10 1 0.2 I
Number of events per day per flat 4 2 40 -
Probability of each event happening 0.8 1 1 -

Table D.1: Main assumptions for the calculation of DHW use

Additionally, the average consumption per event, shown in the previous table, are modified
depending on the time of the year, as shown in Figure D.1. This assumes that people tend to
take longer showers and in general use more hot water in cold months. The actual variation
is based on a figure presented by Aiguasol (2019).

The time of the day at which each event would occur is given by the probabilities shown in
Figure D.2, based on estimated behaviour of average Chilean families.
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Figure D.1: Variation of water usage per each event (shower, dishwash or other) depending
on the time of the year
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Figure D.2: Probability distribution of different events of DHW’s usage occurring at different
times of the day

The probabilities presented in Figure D.2 assume that most of people take showers in the
morning, but some also do it in the evenings; the dishes are washed mostly after lunch and
after dinner, and on a lesser extent after breakfast and that other uses are required throughout
the day and much less during the night.

Given all the assumptions presented, the DHW consumption (DHW (1)) is calculated for each
hour of the year according to equation D.1.
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where N(u,,o,) corresponds to a sample from the distribution with mean and standards
deviation according to Table D.1. Py,, is a boolean function that returns 1 80% of the time
(probability of anyone taking a daily shower). Pr,(t) is the probability of the event x happening
at time 7, according to Figure D.2. SV (day) is the seasonal variation correction factor from
Figure D.1 depending on the day of the year. i represents the total number of flats, j the
dwellers in each flat and k each dishwash or other event in a flat in a day.

After performing the calculation of equation D.1 for each flat and each day of the year, the
total consumption is obtained for each hour of the year. The main results of this calculation
are presented in Table D.2.

average daily consumption 162 I
average daily consumption summer 148 I
average daily consumption winter 176 I
average daily consumption spring 159 I
average daily consumption autumn 165 I
max hourly demand summer 46 m3/h
max hourly demand winter 56 m3/h
max hourly demand spring 52 m3/h
max hourly demand autumn 54 m3/h
total annual demand 101,868 m’/a

Table D.2: Main results of the DHW use for the large development (1,728 flats)

As this method uses random sampling processes of probability distributions, the results might
change every time the calculation is performed. However, for a development of 1,728 (the
Large case discussed in Chapter 4 and the case included in Chapter 5, this changes are
negligible.

The annual extra energy demand required to produce the DHW can be estimated according
to equation D.2

V i prarer ! (TDHW - TCOld)
Nux

Opaw = (D.2)

when V is the volumetric annual demand of DHW. Tpyw is the required temperature of the
DHW. T,,;4 is the annual average mains water temperature. ngx is the efficiency of the heat
exchanger. Considering Tpgw = 45°C, T,,q = 11.5 (Aiguasol, 2019) and a heat exchanger
with 90% effectivity, the total annual energy demand for the Large development (1728 flats)
in Temuco would be close to 4,400 MWh/a, which would represent close to 30% of the
combined heating-DHW annual demand. This is slightly higher than the 25% reported by
Yanez et al. (2019) and Tolvett (2015), but it is reasonable considering that those values are
for an average household, which include much more thermally inefficient existing buildings
with higher relative heating demands.



Appendix E

Proposed algorithm for improving
Pareto front convergence

As mentioned in Section 5.3.2, it was found that on some occasions, the optimisation did not
improve the Pareto front after several iterations and some clear irregularities or voids (areas
of the curve without points) were apparent in the Pareto curve. This is shown in Figure E.1.
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Figure E.1: Pareto front not improving after four generations and with areas with no points

This may be the product of the algorithm getting stuck in some local optimum or just not
enough variability of the solutions was set in the initial parameters.
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It was found that manually identifying a pair of "good" points surrounding the area with the
void and adding configurations resulting from linear interpolations between the values of the
variables of those two points led to improving the Pareto front. An example of how this process
improved the Pareto population is shown in Figure E.2.
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Figure E.2: Pareto front not improved after adding interpolation of good configurations to the
population

After just one generation, the spaces with voids populated with Pareto optimal configurations.
This shows that there is potential to implement this process into DEAP and improve the
convergence of the optimisation algorithm.

The first approach is to calculate the distance along the horizontal and vertical axes between
each adjacent point. Then, select a point for interpolation based on some selection criteria
such as those whose distance is larger than the average distance plus a standard deviation,
therefore points P; that fulfil condition E.1.
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were P! is the position on the x axis of point i in the Pareto front. P; and Fy the positions in the
x axis of the last and first points (max(-) and min(-)), tz and o+ the mean and the standard
deviation of the locations on the x axis of all the points in the Pareto front.

For the example presented in the figures, applying the criterion on condition E.1 works well
for most of the points in this example. But it fails to recognize that point B is a better candidate
for interpolating with point C than point B* (the conditions in E.1 would have chosen B*).
Therefore an extra condition should be included to remove potentially sub-optimal points,
such as B* and the points between B and B* or those between G and G*. This condition is
not trivial, and it might involve some pattern recognition techniques.

However, it is believed that just including the interpolation based on the distance between
points would increase the speed of convergence of the genetic algorithm.



Appendix F

Installed capacity in Urbs model for
2035

This appendix presents the detail of the technologies included in each node for the Urbs model
in used in Chapter 5. The different thermal technologies were separated according to clusters
of their variable costs of generation with the objective of having a more detailed spot price
calculation, especially in the low range (bellow 80 €/MWh), where it is expected the HP will
buy electricity from the system.
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SING SICN SICC  SICS  Total
Capacity [MW] 110 - - - 110
CSP power block Variable cost [€/MWh] 4 - - -
. Capacity [MW] 6,343 2,118 2552 2,191 13,204
Wind park Variable cost [E/MWh] 0 0 0 0
. Capacity [MW] 7120 3,142 1,143 30 11,435
Photovoltaics Variable cost [E/MWh] 0 0 0 0
Capacity [MW] 78 - - - 78
Geothermal plant Variable cost [E/MWh] 1 - - -
Hvdro reservoir Capacity [MW] - - 3,254 172 3,426
y Variable cost [€/MWh] - - 0 0
. Capacity [MW] - - 3830 583 4,413
Hydro off the river Variable cost [E/MWh] - i 0 0
. Capacity [MW] 238 - 257 - 495
Gas OCGT_highkf Variable cost [€/MWh] 108 - 96 -
Capacity [MW] 20 - 426 - 446
Gas OCGT_lowEf Variable cost [E/MWh] 146 - 169 -
. Capacity [MW] 532 - 1,544 - 2,076
Gas CCGT_highEff Variable cost [E/MWh] 87 - 60 -
Capacity [MW] 608 - 379 - 987
Gas CCGT_lowEt Variable cost [E/MWh] 50 - 77 ;
. . Capacity [MW] 964 32 176 26 1,198
Diesel highEff Variable cost [E/MWh] 216 207 179 199
Diesel lowEft Capacity [MW] 444 1223 1361 287 3315
Variable cost [E/MWh] 344 350 346 333
. . Capacity [MW] - - 54 - 54
Biomass cheap_highEff Variable cost [€/MWh] - - 4 -
. . Capacity [MW] - - 69 33 102
Biomass cheap midEff /. o le cost [€/MWhH] - - 14 18
. Capacity [MW] - - 257 22 279
Biomass cheap lowEfl /. o ble cost [/MWhH] - - 25 33
. . Capacity [MW] - - 41 26 67
Biomass med _highEff /. - ble cost [€/MWH] - - 50 60
. Capacity [MW] - - 69 61 130
Biomass med lowEff /. oble cost [€/MWhH] - - 106 96
Biomass ex Capacity [MW] - - 28 - 28
P Variable cost [€/MWh] - - 176 -
. Capacity [MW] - - 14 - 14
Biogas plant Variable cost [E/MWh] - - 129 ;
Total capacity [MW] 16,457 6,515 15454 3,431 41,857
Total annual demand [GWh] 36,634 17,089 71,548 89,978 215,249
Peack demand [MW] 4852 2477 10,369 1,304 18,543

Table F.1: Installed capacity and variable generation costs for the system in 2035 used for the
Urbs model in Chapter 5.2.2
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