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Abstract

Abstract
The desire to pursue decarbonisation of the energy sector has brought worldwide
countries to face new challenges. The need of reducing CO2 emissions has
discouraged the intensive use of fossil-fuelled generators, and the increasing share of
electricity from renewable sources has urged the investment in new energy technology
able to balance the variability of the generation. Of various technologies, energy
storage provides a potential solution to the balance of energy networks, supporting the
low carbon energy development.
This work investigates the potential financial and environmental value of energy
storage technologies when integrated into real energy systems. The results have been
achieved through simulation analysis run on models that replicate the electricity
dispatch of entire grid networks. Great Britain and Tenerife energy systems have been
analysed as representative of two different electricity grid layouts, to assess the value
of energy storage in different conditions.
The simulation analysis focuses on various roles of the energy storage with the
purpose to assess the most convenient operation for the investor or the overall energy
system perspectives. When simulating Tenerife grid, the energy storage plays three
different roles: acting as load-shifter to facilitate the regulation provision and minimise
the costs, working in synergy with a single OCGT to improve its energy performance,
or increasing the penetration of renewable energy when large wind power plants will
be installed. From the energy system point of view, the best results are achieved when
the storage increases the penetration of renewables, because the presence of the
storage allows reaching the minimum system costs and CO2 emissions. In this case
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the operations of the energy storage device connected to the wind power plants save
0.5% of the total system costs, while the savings achieved with the similar device
connected to the entire electric grid in absence of large renewable plants would be only
0.2%, and even less when directly linked to the single OCGT. It is interesting to notice
that the case study that represents the most productive scenario for the entire energy
system does not correspond to the most remunerative one for the energy storage
owner. From the energy storage owner point of view, the best energy scenario is
represented by the case where the storage acts as load-shifter, because it can
maximise the number of discharge processes and profit from the fluctuation of the daily
wholesale electricity price profile.
One aim of this work is to examine how energy storage technologies can be operated
to optimise the penetration of renewable electricity in existing energy systems. An
interesting case study looks at the potential adoption of thermal storage devices in GB
for converting wind electricity excess into heat for residential applications. The benefits
achievable with this solution would not be limited to the power sector but they would
be extended to the domestic heat demand because of the link created by the thermal
storage. The savings of gas heating consumptions are directly reflected in the
reduction of fuel costs, due to the decrease of natural gas used for space heating
purposes. After the installation of 1.1GW of thermal storage devices in Scotland, the
reduction of the wind curtailment would be almost 60% and it would correspond to the
savings of 30% of the total gas heating generation that is needed for household
consumption in Scotland. The simulation results have shown that when replacing the
thermal storage capacity with electric storage devices or transmission enlargement the
wind curtailment reduction would be almost negligible.
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Chapter 1. Introduction

Chapter 1
1. INTRODUCTION
BACKGROUND
The desire to develop sustainability in the global energy sector has brought worldwide
nations to face the so-called “energy trilemma” (Figure 1-1), which defines the
challenges to achieve three vital, and often competing, goals. The three dimensions of
the energy trilemma are [1]:
•

Energy security – effective management of energy supply and ability to ensure
the energy provision in both short-term and long-term;

•

Environmental sustainability – deployment of efficient energy consumption and
low-carbon energy generation;

•

Energy equity – accessibility and affordability of energy supply across the entire
population.

Figure 1-1 Representation of the energy trilemma
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The concept of energy security concerns, on the one hand, maintaining the constant
balance between electricity consumed and electricity generated, with regulation
mechanisms that increase or reduce the power plants output to follow the exact
demand (similar procedures have been developed also for managing the customers’
demand); on the other hand, it refers to the need to forecast the future trend of the
energy consumptions and ensure the supply of an increasing energy demand, by
installing new energy capacity. Although, energy security should be achieved with
respect to environmental sustainability. In other words, the energy demand should be
supplied using low-carbon technologies that are not only able to supply the exact
amount of energy demand, but that also minimise the production of greenhouse gases.
In order to incentives this goal, strict targets have been imposed on a global level and
the emission productions have been monitored since early 1990 with the Kyoto
protocol [2]. The environmental sustainability targets should be obtained at minimum
costs, to ensure the accessibility of the energy supply to the entire population. All these
challenges summarise the difficulties represented by the energy trilemma.
When chasing these three energy goals, the installation of large-scale renewable
plants, the improvement of energy efficiency of fossil-fuelled generators, and the
enhanced management of the costumers’ demand are the key points of the
government strategies. However, the revolution of the current electricity grid concept
does not come without severe consequences on electricity transmission and balancing
mechanisms. In this energy scenario, it is necessary to introduce a new key player that
could support the energy system to pursuit the sustainability target and to ensure the
correct management of the network at the minimum costs. Energy storage
technologies can perform this role.
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SCOPE OF THE THESIS
This work shows the benefits of real potential applications of energy storage
technologies. In the last decades, the energy storage technologies have been the
object of a wide research investigation, which analysed different devices, materials and
schedule optimisations. However, real implementations of large-scale energy storage
technologies have yet to come. For this reason, it is fundamental to simulate the
potential benefits that can be achieved with the use of such devices in real energy
systems since these results might be used to support and encourage governments and
policy-makers to invest in this energy technology.
A large focus has been addressed to both financial and environmental benefits that
can be achievable with the use of different energy storage technologies in real
systems. These benefits include increasing renewable penetration, reducing CO 2
emission generation, improving fossil-fuelled plants efficiency, and reducing of system
costs for regulation or fuel consumptions. It is important to notice that all the benefits
mentioned above, and investigated in this thesis, summarise the main concept of the
energy trilemma (increasing the low-carbon energy generation at minimum costs). This
underlines that this work is in line with the main topics faced by the global energy
sector.
OBJECTIVES
The main objectives of this work have been:
•

Conducting a comprehensive literature survey on assessing the energy storage
value. “The energy storage value” refers to all the financial and environmental
benefits achievable with the use of the energy storage and it can have different
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meanings according to the point of view from which the problem is observed
(i.e. the whole energy system or the energy storage investor), the role performed
by the storage, and the location of energy storage devices in the energy system.
An exhaustive analysis of the work that has been done on this matter is
fundamental to have all the information needed to assess the accurate value of
the energy storage in the real case studies examined.
•

Identifying the method that is most suitable to simulate the integration of energy
storage technologies in national electricity networks. The chosen approach
should be able to: simulate the mechanisms that regulate the unit commitment,
following the variation of the electricity demand; adapt to different type of
electricity grids, modelling isolated grids and, large and interconnected
networks; optimise the schedule of the energy storage charging/discharging
processes; integrate the heating demand, to simulate an “holistic” energy
system that optimises the overall energy supply.

•

Investigating the benefits of energy storage technologies in different energy
systems, by analysing two main types of electric grid: small and isolated
systems or large and interconnected energy networks. To achieve this aim, it
has been decided to focus on two real electric grids chosen as representative
of the two electric grid typologies mentioned above; the two energy systems
selected are Tenerife, belonging to the Canary Islands archipelago, and Great
Britain.

•

Looking at the value of the energy storage devices when performing different
roles. For Tenerife electric grid, it has been interesting to investigate how energy
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storage technologies could improve the energy efficiency of a single fossilfuelled plant, increasing the penetration of renewables, and supporting the grid
operator in the balancing mechanisms.
•

Considering different energy storage technologies (i.e. thermal, electrical) and
comparing their performance against other potential energy solutions. For the
GB energy system, the installation of thermal energy storage, electric energy
storage, and transmission line enlargement are potential solutions that could
release the GB network by congestion problems. It is interesting to compare the
financial and environmental outcomes reachable in the three different case
studies and assess which energy technology is more suitable for the GB energy
system.
APPROACH

Assessing the benefits of the use of grid-level energy storage technologies in real
energy system has been carried out with the support of different approaches:
•

Real data analysis, fundamental for the full understanding of the balancing
mechanisms that regulated the electricity grid and highlighting the main issues
that challenge the correct energy supply. This analysis has been focused, first,
on collecting information regarding the power plants installed (i.e. capacity
installed, energy source, plant factor, location of the generation units) in the real
energy system considered; then, the attention has been drawn to the real
energy demand, looking at the daily and yearly fluctuations, and to the
technology mix used to supply this demand (i.e. renewable share, baseload
plants, peak units). This in-depth analysis of the real energy systems has
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allowed pointing out the issues that might benefit by the use of grid-scale energy
storage technologies.
•

Unit commitment model development, that represents the basis for
assessing the energy storage value. Being able to represent an accurate and
trustable model of the real energy system is one of the main challenges faced
in this work. The ability to simulate the real unit commitment following the
variation of the electricity demand is based on the correct understanding of the
balancing mechanisms implemented by the grid operator (that have been
studied during the real data analysis). The lack of validation between the
simulation results and the real generation data would compromise the reliability
of the energy storage value assessed during the simulations.

•

Energy scenario simulations, the real core of this work. Once the reliability of
the unit commitment model is validated against the real data, it is possible to
change the current energy scenario and considers several energy solutions that
can be adopted to improve the overall system. It is during this step of the
research approach that the real assessment of the energy storage value takes
place. Several case studies have been investigated to provide a complete
analysis of the potential benefits of energy storage technologies.

•

Real device investigation follows the outcome of the simulation results. This
work is not only focused on a simulation analysis; it examines the real operation
of a thermal storage device for domestic applications. This part of the research
work takes place in a demonstration house where the energy performance of
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the thermal device is tested and compared with the performance of the
conventional heating systems.
CONTRIBUTIONS
The main contributions of this work are represented by:
•

Developing simplified, but reliable, models of two different typologies of energy
systems, the isolated network and the large and interconnected grid. The
models have been built based on the real data collected about Tenerife and GB
energy systems. However, they could be adapted to other countries affected by
similar issues in the electricity grid. For instance, the issues related to the
installation of large renewable plants in Tenerife are common to any other
isolated grid, and the congestion problems in the transmission line in GB occur
in any other large electric grid where the renewable plants are installed far from
the electricity demand location. Thus, the two models could be implemented for
the analysis of other case studies similar to Tenerife or GB energy systems.

•

Assessing the value of electric energy storage in Tenerife, when considering
the future installation of large wind power plants as planned by the Canarias
government.

•

Investigating an alternative energy technology for increasing the penetration of
wind energy in Scotland. The thermal storage technology has interesting
potentials not only for reducing energy curtailment but also for decarbonising
part of the Scottish heating demand. With this solution, it would be possible to
tackle two of the main GB energy issues at the same time.
STRUCTURE OF THESIS
7

Chapter 1. Introduction

Chapter 2 analyses the current global energy scenario, highlighting the main aims and
challenges listed on the energy agenda. It summarizes the electricity market structure,
describing the main participants, rules and regulation mechanism. Introducing new
players into the energy market, like variable renewable generators, leads to increasing
difficulties in the electricity management and encourages using different energy
technologies to improve the network balancing, such as the use of energy storage
devices.
Chapter 3 provides an overview of the energy storage technologies commercially
available and their role in large energy systems. Energy storage devices play an
essential role in balancing the variable renewable energy output. They could be a
solution to speeding up the penetration of renewable energy into the electric grid,
together with the use of very accurate power forecast and the enlargement of the
transmission network. The primary classification of energy storage is based on the
approach adopted for storing the energy, and it considers electrochemical, mechanical,
chemical and thermal device. This chapter concludes with a careful review of the
different procedures for assessing the value of energy storage when operating in large
energy systems. The results achieved by various studies prove that the economic
value of energy storage may widely differ according to the role or location of the storage
considered and from which perspective the business case is analysed (the investor in
the energy storage or the overall energy system).
Chapter 4 focuses on the method adopted to simulate two different energy systems
and analyses the benefits achievable with installing grid-scale energy storage devices.
The mixed integer linear programming is a mathematical theory implemented for the
modelling of complex systems, such as the simulation of the unit commitment and
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economic dispatch of an electric network. This theory is the same used in the software
modelling tool, PLEXOS Integrated Energy Model, chosen for this work. The Chapter
goes through the main steps that have been followed to get a trustful model of the
selected energy systems validated against real data. The modelling of the energy
system status quo is the starting point for assessing the potential energy storage value:
once the current issues of the electric network are highlighted it is possible to
understand how the operation of the energy storage could improve the current network
management.
Chapter 5 offers an analysis of the issues of large-scale wind plants installed in a
small, isolated grid. The current and future energy scenario in Tenerife is analysed and
model with PLEXOS. The operation of the energy storage technology is simulated in
several energy scenarios (e.g. connected to the entire electric network, to a single gas
plant, and to the wind power plant) in order to compare the different benefits of the
energy storage technology.
Chapter 6 moves to a different case study that highlights the issues caused by largescale wind power plants concentrated in Scotland (part of the GB energy system). First,
the current energy system is described, defining the amount of traditional and
renewable power capacity installed, the plant power factor, the national energy
(electricity and heat) demand and the volume of wind energy curtailed. Then, the real
properties of the energy system are introduced in the PLEXOS model that is
characterised by two different regions to reproduce the congestion at the transmission
line between Scotland and the England-Wales region: this is the main cause of wind
energy curtailment in Scotland. The use of electric storage, thermal storage and the
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enlargement of the transmission line at the Scottish border are examined as potential
energy solution for reducing wind energy curtailment.
Chapter 7 emphasises the potential adoption of thermal storage devices in Scotland,
following the results achieved with the PLEXOS model and described in Chapter 5. It
considers the large installation of thermal storage heaters for domestic applications.
With the aid of a MATLAB model of the thermal storage heater, it is possible to analyse
the operations of the device when is charged with excess wind energy. The Chapter
presents an overview of the operating costs and the comparison with other common
heating systems for domestic applications.
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Chapter 2
2. CURRENT ENERGY SCENARIO
Researchers have proven the strict relation between the increase of greenhouse gases
percentage in the atmosphere and global warming. If further actions are not
undertaken, this phenomenon can lead to severe global catastrophes: temperature
increase, extreme weather, the rise of sea level, growing desertification. The
commitment of all countries to limit the effects of climate change has been officialised
in the Paris Climate Agreement [3]. The document, signed by all 195 country members,
asserts that the main aim is to maintain the global temperature rise “well below 2ºC
over the pre-industrial temperature level”. To achieve this target, each country must
reduce the amount of greenhouse gas emitted by the energy sector. Electricity
production, transportation, and domestic heat consumption are the primary cause for
greenhouse gas emissions, whilst industrial and agricultural sources count for only
30% of total emissions.
The need to decarbonise the three energy sectors leads to severe changes in energy
generation and management.
2.1.

POWER SECTOR

In the power sector, the decarbonisation strategy has been adopted, and the use of
coal for energy production has decreased, making new space for natural gas and lowcarbon technologies. The International Energy Agency (IEA) [4] predicts that in 2040
renewable and gas generators will cover over 85% of the energy demand. Nowadays,
the development of renewable power plants, in particular, solar panels and wind farms,
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has achieved a mature level. The growing adoption of these technologies has been
allowed by the recent fall of their investment costs and by policies and financial
incentives that aimed to promote the installation of low-carbon power plants. In the
global power sector, renewable power plants generate 25% of the total amount of
electricity [4]. Hydropower produces the most significant percentage (16%), followed
by wind (4%), biomass (2%) and solar (1.5%). The leaders of the energy transition race
are China, the United States, Brazil, and Germany which are the countries with the
most substantial portion of installed renewable capacity [4].
These modifications of the power grids might cause various problems in the
management and distribution of the electricity:
•

first, the renewable output follows the variability of the natural source (i.e. wind
speed, solar radiation) and cannot be controlled as the conventional fossilfuelled power plants;

•

then, the location of the renewable capacity is not decided based on the location
of the electricity demand but on the availability of the natural source. This
causes potential issues in the electricity’s distribution from the generators to the
customers.

To increase the penetration of renewables in the power sector and solve the energy
management issues that might arise, it is necessary to introduce new players in the
electricity grid, such as energy storage technologies.
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2.2.

HEAT AND TRANSPORT SECTORS

Although the power sector has been revolutionised by low-carbon policies, the
commitment to reducing the energy-related gas emissions needs to happen across the
whole energy sector (power, transport, and heating). Renewable energy is contributing
to only 19.3% of the overall energy demand [5], meaning that oil and gas are still ruling
the transport and heating sectors, because of their lower price compared to other
alternatives sources.
The successful reduction of fossil-fuelled generation in the power sector raises the
interests in the potential electrifications of the heat and transport demand. In this
scenario, the use of energy storage devices, such as thermal storage and electric
vehicles, might allow the interconnection of the three sectors, facilitate the
management of the energy, and optimise the costs for the customers.
2.3.

ENERGY MANAGEMENT

In the previous Section, it has been mentioned the importance of energy management
and the new challenges brought by the decarbonisation. This topic is explained in the
following paragraphs, where large attention is drawn on the complex balancing
mechanisms that rule the electricity network. The description of the balancing
strategies and management issues is a useful introduction to the simulation analysis
conducted in this thesis.
2.3.1. ELECTRICITY MARKET

The electricity generation and distribution are organised in a network that spreads
across the entire country, whose operation is based on the central principle that the
electricity production needs to follow the demand required by the users. The electricity
13
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and its corresponding price are traded in a market, that follows similar rules across the
world [6]. The supply of the electric demand occurs at any time of the day by a specific
mix of power technology, which has been decided by the System Operators.
2.3.1.1.

UNIT COMMITMENT AND ECONOMIC DISPATCH

The decision process that schedules the power plants operation is called unit
commitment and is a complicated optimisation problem characterised by several
variables [7]. The output of the unit commitment indicates whether a plant needs to be
operating. Then it is necessary to specify the exact amount of electricity production
(economic dispatch). Unit commitment and economic dispatch are based on a bid-offer
energy market that chooses the most economic technologies compared to all the
conventional units participating in the market. The electricity market is organised
according to three different time scales [8] (Figure 2-1):
•

Day-ahead market: for scheduling of the unit commitment and economic
dispatch for the following day. Assessing the unit commitment in advance is
necessary for traditional thermal plants that require long and expensive start-up
processes.

•

Intraday market: for scheduling the unit commitment and economic dispatch for
the following hour. The electricity market is based on long-term load forecast,
and the planning of the power plants operation can be improved by using more
accurate predictions generated by one hour-ahead.

•

Real-time or Balancing market: for assessing the final balancing mechanism of
the system because of unpredictable faults in the operating plants or because
of a mismatch between the predicted load and the effective one.
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In the electricity market, a day is considered as divided into 48 half-hour periods, called
settlement periods.

Electric Dispatch

Day before
Day-Ahead
Market

Intra-day
Intraday Market

Intro-hour
Real-time Market

Figure 2-1 Basic architecture of the electricity market

2.3.1.2.

RESERVE PROVISION

Once the unit commitment and the economic dispatch have been completed, it is
necessary that the grid operator ensures the perfect balance between generation and
demand by imposing real-time regulations. This means that a certain number of power
plants need to be kept available for a rapid increase or decrease in demand. This action
is required anytime there is an unforeseen variation of the electrical consumption,
damage to the transmission line or outage of some conventional operating plants. The
traditional power plants that operate this service are called operating or spinning
reserve, and they are forced to work at a partial load because of the need to further
change the output. This issue might last for a maximum of 15-30 seconds (primary
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reserve) [6], such as with a demand fluctuation that would lead to a minor regulation
of the frequency, or several minutes, because of some severe outages (secondary
reserve). In the latter case, the operating reserve could not provide an increased output
for an extended period; thus, the intervention of further power plants that are not
operating at that specific moment (tertiary reserve) might be required. These are called
non-spinning reserve. Figure 2-2 shows the time scale of the different regulation
services.

Tertiary Reserve

15 min

15-20 min
Replacement
Non-spinning
Reserve

Secondary Reserve

or

Primary Reserve

15-30 sec

Spinning

Regulation

Reserve

Reserve

Figure 2-2 Time scale of regulation services

Reserve-down, and reserve-up, are classified as ancillary services that must be
provided by all the power plants connected to the transmission lines. The provision of
the reserve comes with a series of additional costs for the system that have a
substantial impact on the overall costs of the electricity. First, having several plants
operating in partial load condition forces the plant itself not to optimise its efficiency
and thus face higher costs of generation. Second, this leads to the grid operator having
more power plants operating at the same time increasing the overall capital costs.
Finally, the units chosen as a spinning reserve are selected based on their quick
response, and they might displace other more economical energy solutions.
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2.3.1.3.

TRADITIONAL AND RENEWABLE POWER PLANTS

The electricity is generated by various power plant technologies, classified as
traditional or renewable generators.
Traditional power plants, like coal plants, diesel generators, open cycle gas turbines
(OCGT), and combined cycle gas turbines (CCGT), burn fossil fuels in the electricity
generation process (i.e. coal, gas, oil); their output is controllable by the system
operator and is scheduled to supply the demand and provide reserve. They are
characterised by elevated operations and start-up costs considered as constraints
during the optimisation of the unit commitment, to supply the demand at minimum
costs.
Renewable power plants, like photovoltaics (PV) panels, hydropower plants, and wind
power plants, are fossil-free generators, characterised by a variable output. The
renewable sources might be unlimited, unlike fossil fuels, but their availability is not
constant in time. The electricity production from hydropower plants follows a season
trend: abundant during the rainfall periods but poor in the dry seasons. Solar power
plants depend on solar radiation, and thus their productions have a predictable profile
that might change only during cloudy days (Figure 2-3). The variation of wind power
output might be intense and not subjected to any pattern since it follows any change
in wind speed (Figure 2-3). Sometimes, this variation could reflect the trend of energy
consumptions; for instance, intense windy days could correspond to high-energy
demand days because of the drop in the outside temperature. However, many days of
high wind energy production and low energy demand have been registered. Studies of
the wind output in UK have proven that the wide distribution of wind farm on a national
level reduces the variability of the generation profile and allows a weak positive
17
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correlation with the electricity consumption [9]. However, it is not possible to define

Electricity generation [MW]

wind power plants as load following generators.
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Figure 2-3 Example of the variability of wind and solar generation (based on real UK data
from 2018)

The variability and uncontrollability of the electricity input into the electric grid by
renewable power plants could have minor or essential consequences [10].
•

Minute-to-minute fluctuations could have a negative impact on the quality of the
power output, because of small modifications of the grid voltage. Being able to
maintain a constant difference in voltage is fundamental to ensure the correct
delivery of power into the transmission line. A small variation in the grid voltage,
causing over or under voltage problems, could be repaired by changing the
reactive power generation, that does not deliver active power to the load and is
related to the voltage variation. The voltage control can be done by using power
electronic converters. Renewable power plants can play this same role when
equipped with this kind of device.
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•

Consequences that are more serious can occur when the modification of the
power output from a renewable plant influences the frequency regulation. If
there is a drop in electricity generation, the frequency will fall as well and vice
versa. To overcome such issues, the generators need to adjust and change
their output by providing ancillary service (as mentioned in the previous section).

•

The extreme problem related to frequency unbalance could lead to an
overloading of the grid. This happens when the actual production from
renewable plants exceeds the forecasted value. An unexpected rise in the
power output, if not controlled, could lead to inappropriate heating of power
equipment, with a consequent increase of maintenance costs or an outage. One
possibility for solving overloading problems is to disconnect the cause of this
power increase. This means that with uncontrollable elevate power output, for
instance, caused by a strong wind gust, the grid operator could curtail the
excess of electricity that the grid cannot absorb.
2.3.2. HEAT MARKET

If the electricity market is regulated by complex mechanisms that need to ensure the
constant balance between generation and demand, the heat market is based on a
simpler structure. When referring to the heat demand, it is considered the final energy
consumption of the industry sector, that requires high and medium temperatures heat
demand for melting, evaporating, and drying processes, and the space heating and
domestic hot water requirements that are supplied by low-temperature heat and
appear in domestic, commercial, and industrial buildings [11]. The heat is generated
from primary energy supply by the combustion of different fuels, like coal, fuel oil,
natural gas, wood chips, and pellets. Alternative sources of heat are represented by
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the electricity, for instance through heat pumps or electric heaters, or by the recovery
of waste heat from industrial processes and the distribution through a district heating
network.
The various heat supply methods involve the use of fossil fuels (this might happen
directly, by burning natural gas in boiler heaters, or indirectly, considering the fuel used
in the industrial process that supplies the district heating) and contribute, in different
measures, at the greenhouse gases emissions. The carbon emission limits are
imposed on the entire energy sector (comprehensive of power, heat, and transport
sectors). Although large effort has been addressed to reduce greenhouse gases
emission from the electricity generation, the same cannot be said for the heat sector.
An example of the trend of the industrialised countries is represented by Germany,
where the percentage of renewable share in the power sector achieves 32%, whilst
only 13% of the heat demand is covered by renewable [12].
2.3.2.1.

DISTRICT HEATING

The district heating is a mature technology, well-established in many countries,
although, in Europe, only 10% of the space heating and hot water demand is covered
with district heating [13]. This heating system is based on the centralised production of
heat, through large renewable plants (i.e. biomass, geothermic, solar), combined heat
and power plants (CHP), or waste heat recovery from industrial processes, that is then
distributed to the costumers through an underground pipe network.
Because of its centralised characteristic, the district heating encourages the use of
renewable sources and waste heat for the heat generation, contributing to the CO2
emission reduction in the heat sector. However, it is interesting to notice that, when
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looking at the main heat sources used for district heating in Europe (Figure 2-4), only
a small portion is covered by renewables [14]. Surprising is also the small percentage
of district heating penetration in Europe (only 10%), concentrated in the Scandinavian
countries. One reason that might justify the modest spread of this technology, could
be the lack of incentives and policy to promote it. According to Persson and Werner
[15], this supporting mechanisms are present in countries where the district heating is
already a popular technology while there is a lack of motivation to invest in this heating
method in other countries, where the costs of district heating is less competitive to the
fossil fuels price [16].

Figure 2-4 District heating energy source
2.3.2.2.

POWER TO HEAT

Power-to-heat refers to the conversion of electricity into heat. Although in the previous
years power-to-heat was not one of the preferred options for the heating generation,
because of the main fossil-fuelled sources installed in the electricity network, it is now
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becoming a more popular solution [17]. This is also because power-to-heat could be
employed to increase the flexibility of the grid by using electric boilers or heat pumps
coupled with thermal storage devices. The power-to-heat approach can be defined as
a demand response strategy that converts electricity to heat when the grid requires
support in the balancing mechanisms. For instance, interesting works have been
conducted in Germany and Sweden to investigate how power-to-heat could be
combined with existing district heating networks [18], [19]. These studies analysed and
compared the hourly profiles of the electricity demand, electricity generation and heat
demand and assessed preliminary conclusions on the potential use of power-to-heat
technologies for increasing the renewable penetrations in the national energy systems.
Part of this thesis focuses on power-to-heat as a solution for reducing wind energy
curtailment in the GB energy system. This analysis has been performed by simulating
the unit commitment of the entire energy system and it highlights how the use of
thermal storage might have consequences on both the power and heat sectors by
changing the original balancing mechanisms.
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Chapter 3
3. ENERGY STORAGE
The previous chapter highlighted the necessity of increasing the electricity generated
from renewable sources, to pursue the requirements of energy security and
environmental sustainability. Although, it has been pointed out that renewable plants
in the power grid have brought several challenges for the balancing mechanism
operations, increasing the regulation costs and the thermal stresses for the
conventional power plants.
This chapter, after a brief introduction of different techniques used for reducing the
renewable energy output fluctuation, recommends the employment of energy storage
technologies for buffering and balancing the renewable generation. The core of this
chapter is an exhaustive summary of the methods for assessing the value of energy
storage.
3.1.

SOLUTIONS FOR RENEWABLE ENERGY PENETRATION

The variability of renewable power output is one of the leading causes that obstructs
renewables to become a driver in the actual energy market. When the renewable share
is around 15-20% of the total amount of electricity generated, the grid operator is able
to balance the fluctuation of its output [20]. However, when this percentage reaches
25% and above, the grid perturbances and congestions caused by the variability of the
renewable output are not easily offset [20]. Thus, it is essential to look at solutions
capable of increasing the security of renewable supply, to pursue the low-carbon
energy goal.
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Using precise and accurate weather forecasts could allow renewables to be more
competitive in the energy market [21]. Being able to rely on a reliable forecast for the
renewable output could enable renewables to take part in the day-ahead spot market.
Ummels et al. [22] investigated the impact of the growing wind power installations on
the Dutch unit commitment. They analysed the wind speed forecast for the day ahead
and the update of the energy dispatch every 15 minutes. According to their study, the
correct prediction can reduce the operating cost, but, inaccurate estimation of the
future wind power output could cause additional costs because of the penalty
payments. The overestimation of the wind speed implicates the sudden start-up of a
backup plant, whereas, in the opposite situation, the surplus of electricity produced
must be sold at a lower price, decreased by the penalties. The more accurate the wind
speed prediction is, the more optimised the distribution of energy will be. This is a
benefit for the wind farm companies, who will get the highest profit from the wind
turbines operation, avoiding curtailment and penalties, and for the grid operator, who
will reduce the operational costs of its traditional power plants and provide the energy
demand with a higher percentage of renewable power.
The installation of large renewable plants usually takes place in remote locations. This
decision is driven by the necessity of natural source and space availability. To ensure
the correct distribution of the renewable generation across the country, investment in
the transmission line’s enlargement might be required. This would avoid the
unpleasant occurrence of constraints in the lines because of the excessive energy flow.
Although the analysis of different case studies has proven the competitiveness of the
installation of further transmission lines as oppose to large-scale energy storage
devices (such as compressed air energy storage) [23][24], governments are not
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enthusiastic about projects that involve the amplification of the transmission network.
It is essential to consider other non-monetary factors, such as siting, line planning and
permitting, that add further complexity to the transmission line development.
Moderate controllability of the renewable power output could be achieved given the
availability of energy storage devices. The electricity generation from a hybrid system,
characterised by the synergic operation of the renewable generator and an energy
storage device in the same site, register much less fluctuation than the output from a
single renewable plant. The energy storage may act as a buffer, and it could offset the
strong variability of renewable production [25]. The control function performed by the
storage device allows getting a power profile much closer to the one predicted by the
forecast [26], filling the gap caused by poor forecast accuracy.
3.2.

ROLE OF THE ENERGY STORAGE

The charging and discharging processes of the energy storage technology can be
optimised to achieve different results. For instance, one of the possible services that
can be provided by the storage is called energy arbitrage and involves the strategic
purchasing and selling of electricity according to the wholesale electricity price
variation [27][28][29]. The energy storage would acquire electricity from the grid during
periods of excess of electricity or decrease of demand when the price is low, and then
it would sell it during high demand. The electricity would be sold at a more expensive
rate achieving an economic revenue.
This specific activity aims to maximise the revenue of the energy storage investors;
however, there are many other operations that could increase the flexibility of the
energy system, buffer the renewable power plants, maximise the efficiency of a
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traditional power plant. Table 3-1 summaries the main roles played by energy storage
[30][31][32], which are described in the following sections.
Table 3-1 Summary of the main roles of energy storage technology

Role energy storage
Seasonal / Weekly fluctuations
Peak shaving
Balancing demand and supply
Geographical unbalances
Strong variability of wind power plants
Voltage and frequency regulation
Grid management
Participate in balancing mechanism
Energy Efficiency

Improve efficiency of generation mix

3.2.1. BALANCING DEMAND AND SUPPLY

Energy storage technologies can play an important role in the increase of penetration
of renewable energy in the electricity grid, because of their ability to store the energy
when it is abundant and deliver it according to the demand profile [33]. The importance
of energy storage application together with variable renewable energy could be
understood by considering the typical solar PV panels electric output [34], [35]. The
peak of production follows the solar radiation intensity and is concentrated in the middle
of the day (Figure 3-1). However, the two daily peaks of electric consumptions take
place during the morning and the evening. Here, the use of energy storage devices
would allow collecting the excess electricity produced by the PV and spread its
consumption during the peak demand. This adoption of the energy storage would take
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advantage of its capability of load shifting, by adapting the generation from a variable
source to the energy demand. Similar considerations can be made for wind power
plants, whose electrical outputs do not follow a typical daily profile but vary and
fluctuate along the day following the wind speed variations.

Figure 3-1 Graphic representation of PV energy generation and demand profile

This operation of the energy storage follows a daily frequency of charge and discharge
within the single day. However, a similar balancing role could be played by different
energy storage devices at a different time scale. For instance, run-of-river power plants
have a season generation profile that variates according to the intensity of the raining
period. Large hydro pump storage could be incorporated in the original power plant to
accumulate water, and thus energy, for the future demand. Apart from this seasonal
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role, energy storage technologies (i.e. batteries) may assist the renewable generation
by improving the quality of the electric output and smoothing the frequent fluctuation
that occurs within the hour [36].
The strategic location of energy storage in the transmission network would allow the
grid operator to manage the local unbalance of electricity with more flexibility [37].
Installing new power plants in remote areas might require the construction of additional
transmission capacity, even if it is just to accommodate peak productions for a few
hours per year. This investment might be expensive and difficult to implement, and
thus alternative solutions should be investigated. The energy storage in the power
plant’s proximity could collect and store the electricity in case the transmission lines
are already saturated to avoid the curtailment of this surplus of electricity. This case is
suitable for the installation of wind farms in the windy and remote area of the country.
Intense generation from wind power plant might cause the traditional power plants to
drastically reduce their load. Sometimes, this operation cannot be done because of
technical constraints of the plants (i.e. minimum capacity factor, maximum ramping
rate). Thus, if this “excess” of renewable electricity produced cannot be absorbed by
the demand, the grid operator is forced to curtail it. The intervention of energy storage
devices could collect the surplus of electricity and dispatch it when the demand raises
[38]. This operation of the energy storage would not just avoid the waste of clean
energy but it would also save the grid operator by penalties costs due to curtailment.
3.2.2. GRID MANAGEMENT

The importance of the role of energy storage is recognised not only as a tool that
supports the renewable generation but also as a technology that may improve the
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overall performance of energy generation and reduce the costs of electricity
production.
The role of energy storage as an available reserve for the regulation and balance of
the grid on the short and medium term (frequency control and secondary reserve) has
already been mentioned above. Energy storage technologies could replace traditional
fossil-fuelled power plant for the provision of the reserve [39], releasing them by the
obligation to run partially loaded. The power plants operating in the unit commitment
would then maximise their output and efficiency, and the number of units connected to
the grid would be reduced since there would be a minor requirement of spinning
reserve.
The ability of the energy storage to provide additional reserve and flexibility to the
electric grid enables the overall energy system to achieve several goals:
•

Increase the penetration of renewable energy, by adjusting the generation to
the demand and improving the quality of the electricity produced [30];

•

Reduce the CO2 emission, not just by integrating more renewable energy in the
system but also by improving the efficiency of the operation of conventional
power plants [40];

•

Decrease the overall wholesale electricity price, by reducing the operational
costs from traditional fossil-fuelled power plants and by playing a leading role in
the reserve provision [41].
3.2.3. ENERGY EFFICIENCY

Energy storage technologies working in combination with traditional power plants could
improve the efficiency of the unit during electricity production. Considering a gas or oil-
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fuelled power plant used to provide the daily peaks of demand, it could not optimise its
energy performance [42][40], because is required to follow the load. If the power plant
would work with an energy storage device, then it could maximise its load and
efficiency and to store the amount of electricity unnecessary at that moment. This
approach would reduce the operating costs of the plant and have a positive impact on
the reduction of CO2 emission.
A similar method could be used in cooperation with a combined heat and power (CHP)
plant [43][44][45]. The generation of electricity is related to the release of heat; thus, a
moderate heat demand would force the plant to limit its output. In case the CHP is
connected to a thermal storage device, then it would optimise its output and
performance and store the unnecessary heat.
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3.3.

ENERGY STORAGE CLASSIFICATION

Electricity is difficult to store in its original form, and thus it is usually converted into
another kind of energy. This new form of energy is stored and then converted back into
electricity for being supplied to the power grid. Energy storage devices are classified
according to the type of energy they can store [46][47][48]:
•

Electrochemical energy storage involves batteries and supercapacitors

•

Mechanical energy storage technology transforms the electricity into kinetic
energy (e.g. flywheel), or potential energy (e.g. pumped hydro storage,
compressed air energy storage);

•

Chemical energy storage devices adopt electricity for operating chemical
reactions. The new compounds obtained are stored and then used for
regenerating the electricity;

•

Thermal energy storage devices can store the energy as heat. According to the
material used as a storage medium, the energy can be converted into sensible
or latent heat.

A further classification of the energy storage devices can be done by looking at the
primary function they can provide in the energy system [47]. Some large devices, such
as pumped hydro storage (PHS) and compressed air energy storage (CAES), can
supply energy to the grid for an extended period supporting the operations of balance
between the supply and the load. Because of their moderate energy capacity, they can
also provide arbitrage and load following services. Other more modest devices would
be adopted for fast response power services, such as batteries, supercapacitors,
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flywheels. A clear example of the different roles of energy storage solutions could be
seen in Figure 3-2.

Figure 3-2 Relationship between discharging time of energy storage technologies and their
role in the energy system
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3.4.

ENERGY STORAGE TECHNOLOGIES

The flywheel represents the oldest method adopted for storing the electricity. It is based
on conservating the rotational kinetic energy by spinning a large mass. The rotation is
activated by an electrical motor, which then works as a generator for discharging the
storage device. Its efficiency is between 90-95%, and it has a long-life cycle compared
to other storage devices. It is adopted for improving the quality of the power output,
voltage regulation, but it cannot produce energy for a long time. Standalone wind
turbine might be equipped with flywheel storage for compensating sudden power
changes [49].
Pumped hydro storage converts the electricity into potential energy: it adopts the
electricity for running the pumps that move the water to an elevated basin. When the
grid operator requires operating the PHS, the water flows to the lower basin through a
turbine that generates electricity again. The capacity of the storage is linked to the
height of the water storage and to the amount of water that can be contained. The PHS
technology is mature and widely adopted for large-scale application, because of its
high roundtrip efficiency (around 70-80% considering evaporation and conversion
losses). When looking at the different percentage of energy storage installations, PHS
account for 99% of the worldwide storage capacity [50]. Taking advantage of its high
ramp rate, it could provide arbitrage and ancillary service for the day-ahead and
intraday energy market. The main drawback of this device is the large space
requirements for the two reservoirs and the high investment costs. Moreover, the
availability of a large volume of water might be an obstacle in a country subjected to
long dry seasons.
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A second large-scale technology that adopts the principle of converting the electricity
into potential energy is the compressed air energy storage. This device is equipped
with compressors and intercoolers that, powered by the electricity, compress the air
efficiently; then, the compressed air is contained in a cavity before expanding in high
and low-pressure turbines. Even though it has higher energy efficiency than PHS (7090%) this storage plant is not commonly installed. The main barrier to the
implementations of this technology is the necessity to use an underground cavity.
A standard way of storing electricity is the use of batteries. The process that leads to
the conversion and storage of electricity is based on electrochemical reactions that
take place at the electrodes. There are several various kinds of batteries available on
the market, although most of them still require further development and research. The
most common battery technology [49], adopted mainly with PV solar panels, are
Nickel-Cadmium, Nickel-Zinc, and Lead acid. Batteries are not ideal for large grid-scale
application due to their high maintenance costs, short life cycle, low energy density
and power capacity.
Thermal storage devices include any processes of either cooling or heating a storage
medium. The conversion of electricity into thermal energy might occur using electrical
resistors or through cryogenic procedures. The range of temperature at which the
energy storage take place could vary from -40°C to 400°C (industrial applications) [49].
Thermal storage devices are classified according to three different processes for
storing the energy: sensible heat storage, latent heat storage, and thermo-chemical
storage.
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The energy stored in a sensible thermal storage device is proportional to the
temperature reached by the material during the charging phase (heating or cooling).
The most common material adopted for this technology is water, favourited for its
availability, price, and safety. Also, ceramics, natural stones, and concrete are used as
a sensible storage medium. The cost of sensible heat storage is very competitive on
the energy market, and because of the simple system design, this technology is
adopted for managing domestic heating consumptions (e.g. hot water tanks for gas
boilers, solar panels, and co-generating systems).
When the material used is a phase change material (PCM), a higher amount of energy
can be stored at an equal temperature. PCMs can increase their thermal capacity
during the phase change process. This allows the materials to store more energy
concerning sensible material with similar thermal properties [51][22]. The phase
change takes place at a constant temperature permitting to store a large amount of
thermal energy without exceeding high temperature. This could improve the safety
concern in a domestic application, such as for the electric thermal storage. The
category of PCM collects a large number of materials that present different thermal
properties [52][53]. For each application, the most suitable PCM would be chosen
according to the energy storage capacity needed and the temperature range of
operation. Commercial organic PCMs, such as high-density polyethylene (HDPE) and
paraffin wax [54], are adopted for their low costs and extensive range of melting
temperature that makes them suitable for several purposes. They are chemically inert
and stable material and have a good energy density. However, the adoption of
additional metals or carbon composite is required for increasing the low thermal
conductivity of the organic PCM. For space heating, fatty acid materials [55] can also
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be adopted as their melting temperature is around 60˚C and their considerable latent
heat. When looking for a PCM with higher energy density and thermal conductivity,
hydrated salts (inorganic PCM) represent a suitable choice for thermal storage
application even though they are used for low-temperature operations.
Thermo-chemical storage can store thermal energy by using the heat for breaking
chemical bonds between molecules. The reversible process, would release heat and
discharge the storage. Since the elements in the device are stored at ambient
temperature and are not supposed to heat up during the charging process, this storage
system is characterised by very poor heat losses, and thus its application is preferred
for long-term storage [56].
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3.5.

VALUE OF ENERGY STORAGE

One of the main objectives of this work is to provide a comprehensive review of the
different approaches adopted to assess the value of energy storage technologies.
Studies related to this topic differ one from the other; it is difficult to define a unique
approach for calculating the benefits of energy storage. The economic benefits
achievable with a single storage technology might depend on the role or location of the
storage considered and on which perspective the business case is analysed (the
owner of the energy storage or the overall energy system). When focusing on a specific
business case, the return of the initial investment might occur at different moments
according to the storage technology chosen and on its capital cost.
3.5.1. WHO RECEIVES THE ECONOMIC BENEFITS

It is necessary to specify who is the receiver of such economic revenue. The results of
a single study could be different in case they are referred to the company that invests
in the energy storage, or to the whole energy system that aims to minimise the overall
operation costs.
3.5.1.1.

INVESTORS

In the first case, a positive revenue could be achieved only with the trade of electricity.
The owner of energy storage device could get a profit by selling the electricity to the
market taking advantage of the feed-in tariffs, by performing arbitrage and ancillary
services that include frequency response, short-term reserve, and other real-time
balancing services. Thus the schedule of the storage needs to be optimised to
maximise its economic revenue, as shown in the following equation [57]:
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∑ 𝐶𝑅𝑇 ∗ (𝑃𝑠𝑑 − 𝑃𝑠𝑐 ) + 𝐶𝑅𝑒𝑠 ∗ 𝑃𝑠𝑅𝑒𝑠 + 𝐶𝑆𝑇𝑂𝑅 ∗ 𝑃𝑠𝑆𝑇𝑂𝑅
Where 𝐶𝑅𝑇 , 𝐶𝑅𝑒𝑠 , 𝐶𝑆𝑇𝑂𝑅 represent respectively the price for real-time energy trading, for
frequency response regulation and provision of short-term operating reserve (£/MWh);
𝑑/𝑐

𝑃𝑠

defines the power rate of charge and discharge of the storage device (MW), 𝑃𝑠𝑅𝑒𝑠 ,

and 𝑃𝑠𝑆𝑇𝑂𝑅 refer to the scheduled response regulation or short-term operating reserve
service of the storage unit.
Feed-in tariffs, arbitrage revenue and ancillary service price depend on the current
energy market. Thus, if the study aims to analyse the value of the energy storage in a
future energy system, then it will be necessary to consider the change of these prices.
Feed-in tariffs, seen as an incentive for installing renewable plants, are meant to
decrease with the increase of renewable penetration. However, the revenue that might
be obtained by performing arbitrage is based on the daily variation of the wholesale
electricity price, and this is considered to increase when more renewable energy is
present in the market. When analysing the price paid by the grid operator for the
provision of ancillary service, it is important also to consider the flexibility of the energy
system

and

how

large

the

requirements

of

balancing

would

be.

To conduct a complete analysis of the future value of the energy storage technology,
it is necessary to look at the evolution of different future energy scenario. Those could
be part of some government plans, and they could suggest different percentages of
investment in renewable plants. Even considering a similar level of renewables in the
energy system, there might be different policies managing the operation of the
traditional power plants [58]:
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•

a flexible system would prioritise the maximum penetration of renewable energy
and reduce the installed capacity of fossil-fuelled power plants, facilitate the
operation of an open-cycle gas turbine (OCGT) as a backup for renewables
output;

•

an inflexible system would maintain a more conservative approach, scheduling
the large fossil-fuelled plants to produce the daily base-load and reducing the
share of renewable energy.

An inflexible system would highly remunerate the intervention of any technology able
to provide balance to the energy system, a service that could not be easily supported
by the operating power plants.
Furthermore, when assessing the economic benefit that could be achieved by adopting
the energy storage technology for arbitrage services, it is fundamental to consider the
electric market where this would take place. In this context, Zafirakis et al. [59] look at
the adoption of PHS or CAES in different European markets. In accordance with
several other studies, this paper concludes that, usually, the arbitrage service alone
does not generate enough profit for justifying the investment in energy storage devices.
This is true for stable and well-balanced power grids that do not suffer from significant
variations in the wholesale electricity price. However, it has been highlighted that
countries, which mostly rely on imported energy (such as Greece), might enjoy some
financial relief with the use of energy storage technology. Also, the extensive presence
of variable renewable power plants could increase the disparity in the daily wholesale
electricity price and encourage the installation of energy storage for arbitrage service.
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3.5.1.2.

OVERALL ENERGY SYSTEM

However, when looking from the whole energy system perspective, further revenue
could be obtained following the adoption of an energy storage device into the energy
system. The energy system would receive direct or indirect economic benefits by:
Improving the renewable electricity share in the energy system. Child and Breyer [60]
study the ambitious target of the Finnish government to achieve 100% of renewable
production by 2050. According to the paper, as soon as the percentage of the
renewable output in Finland overcomes 50%, it is necessary to support its variation
with the operation of energy storage capacity. The authors suggest the adoption of a
diversified mix of storage technology for tackling the strong daily and seasonal change
of renewable production. The model of the Finnish power grid has been developed
with EnergyPLAN, and it could be extended to any country at high latitude. The results
have shown the necessity of introducing energy storage devices into the power system
since over 50% of the renewable production of one year would have been stored and
not directly used. Among all the technologies adopted, the electric vehicles appear as
the devices that would be mostly exploited, questioning the real utility of stationary
battery. Thermal storage devices cover only 4% of the heat demand; one reason for
this poor exploitation could be the lack of spatial accuracy of the model that does not
consider the small rural demand. The advantages that could be achieved by exploiting
the time shifting properties of the energy storage system have been analysed by Careri
et al. [61]. The authors developed a mixed integer linear programming (MILP) model
able to optimise the unit commitment of a power grid equipped with wind power plants
and energy storage systems. The model has been validated on the IEEE 24 bus test
system, developed by the IEEE (Institute of Electrical and Electronics Engineers). The

40

Chapter 3. Energy Storage

results show that the adoption of energy storage systems, with a charging efficiency of
80%, could reduce the wind energy curtailment from 16% to only 3.1% of wind energy.
Future works are intended to look at expanding this model to real power systems and
to considering real storage technologies.
Ensuring the maximisation of the generation efficiency and reducing fossil fuel
consumption, in case the energy storage device would work in synergy with fossilfuelled power plants. As mentioned in Section 1.1.2., the intense adoption of renewable
power plants, not supported by additional measures intended to simplify the balancing
operations of the power grid, could cause severe damage in thermal power plants. One
of the first consequences is the reduction of efficiency of the plant, forced to operate
at partial load condition to work as a backup for renewable energy production. Using
energy storage systems in cooperation with traditional power plants could be
suggested for improving their energy performance. Barelli et al. [62] looked at the
energy efficiency reduction of a combined cycle gas turbine in Italy, due to the growing
introduction or renewable plants into the energy system. This has been quantified as
almost 4% of efficiency losses during four years of operation (2008-2012). The authors
calculated the benefits that could be achieved in the year 2012 if energy storage
capacity would be used for allowing the thermal plants to operate near nominal
conditions and storing the excess of electricity not absorbed by the demand. A
sensitivity analysis of the round-trip efficiency of the storage and on the rate of energy
that could have been stored has been conducted. This shows that, with an energy
storage device with 85% of energy efficiency and 30% rate of energy stored, it would
have been possible to save 1.5% of the combined-cycle gas turbine (CCGT) fuel
consumptions. Apart from the economic saving due to the reduction of fuel costs
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reduction, further benefits can be achieved by lowering the maintenance costs of the
thermal power plants because of operations at the nominal condition.
Respecting strict CO2 limits, since the energy storage device would allow larger
exploitation of the renewable plant. A detailed analysis of future low carbon scenario
for the Texas power grid has been presented by Sisternes et al. [63]. In this study, the
value of two different storage technologies, pumped hydro storage and battery, has
been assessed in case of strict CO2 limits. According to the authors, the use of energy
storage devices would allow larger exploitation of renewable power plants and, thus,
reduce the electricity generation costs by 10-12%, based on the CO2 limits imposed.
However, the authors highlight that considering the actual installation costs of the
energy storage the investment would not be covered by the revenues. The investment
will be considered more convenient if the energy storage technology becomes more
commercially available or it accomplishes different roles, like improving the distribution
network. A different example of the positive effect of the use of energy storage
technology on the CO2 level is presented by Teng et al. [64]. Using electric vehicles
(EVs) and heat pumps (HPs) can be seen as the implementation of distributed energy
storage devices for achieving the electrification of the transport and heating sector.
Here, the economic benefits related to the use of energy storage would account the
savings in the investment in both further low-carbon technology, and additional
balancing service for fluctuating renewable generations.
Avoiding additional enlargement of the transmission network, if the energy storage
would be located at the renewable site and would avoid transmission constraints by
storing the surplus produced. Fallahi et al. [24] looked at the value of the energy
storage connected to a wind farm. This work investigates the best location of the
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energy system installation that includes a compressed air energy storage (CAES) and
a wind power plant. The mathematical model has been tested on the IEEE 24-bus
system. The value of the CAES is intensified in case the wind farm is installed in a
remote area with weak transmission connections. Here, the economic revenue for the
investment of the CAES is calculated according to the grid operator. Preliminary results
show that the use of CAES looks feasible and remunerative compared to the
investment in new transmission lines. The investment in energy storage devices or
new transmission lines, for the connection of remote wind power plants, also has been
analysed by Lamy et al. [23]. This paper looks at the installation of 200MW of wind
power capacity in North Dakota for the supply of the demand in Illinois. The capital
costs for energy storage device should be less than $ 100 /kWh to compete with the
expansion costs of the transmission network. So far, the only energy storage system
that could have similar costs are CAES and used Li-ion batteries.
Reducing the risk of blackout and ensuring a higher level of security of supply. Looking
at the South Korean electric market [65], uncertainty in the electric supply is one of the
main issues for the grid operator, which is trying to avoid blackout risks by considering
the involvement of renewable power plants, demand response, and storage devices.
However, according to Shcherbakova et al. [65] company owner of battery system
would not find economic convenient to invest in this business case. If the battery
systems do not decrease their capital costs and are used only for providing arbitrage
services, the revenue cannot cover the investment. It is necessary to experiment
different role of the energy storage into the power system, such as ancillary services
or power regulation, to create a possible profitable business case.
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3.5.2. ROLE ACCOMPLISHED

The results of the studies presented in the previous sections draw attention to the
importance of the role of the storage when assessing the economic benefit of this
technology in energy systems. As already discussed, the central roles played by
energy storage can be classified as [66]:
•

Ancillary Services and Arbitrage;

•

Renewable integration, voltage support and peak shaving;

•

Grid transmission and distribution support.

The value of battery energy storage systems (BESS) has been assessed by Oudalov
et al. [67]. The authors analysed three different roles that could be covered by the
BESS in a power system and looked for the most profitable one. BESS could be
adopted for replacing the need of enlargement of the transmission and distribution
network, for load shaving purposes and fast responding power control. According to
the paper, only the latter two cases might represent an interesting investment for the
BESS, even though the payback period would be longer than ten years in both
scenarios.
3.5.3. CAPITAL COSTS

However, a different conclusion is achieved when considering different energy storage
technologies: bulk and mature devices (e.g. PHS, CAES), or distributed and not
commercially available technologies (e.g. battery). The capital costs of the investment
have still a preponderant impact when assessing a business case for energy storage
devices. The precise analysis of a business case for the investment in an energy
storage technology is strongly dependant on the capital cost of the device itself.
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However, the manufacturing companies consider there might be a drop in these costs
soon, due to an increase of these products available in the market [68]. The capital
costs of batteries are expensive also considering the adoption for load shifting and
arbitrage service in connection to Greek industrial facilities [69]. This study reveals that
a profitable investment for the industrial sector can be achieved if only the battery
storage systems are more commercially available or in case the government would
support a broad large-scale investment.
3.5.4. LOCATION

Pudjianto et al. [70] present a broad analysis of the effectiveness of energy storage
technologies in the UK power system, and it focuses on the impact that the storage
location might have on this value. In this work, when referring to the storage location,
it is meant the distinction between the adoptions of several distributed storage or the
agglomeration of all the storage capacity in a single bulk device. According to the
simulation results, different storage locations lead to a different operating strategy of
the storage device. The bulk storage would operate to balance the main renewable
output so it would charge during peaks of the wind power generation and it would
discharge when this value drops. Otherwise, the schedule of the distributed storage
devices would ignore the trend of the renewable output profile, and it would focus on
reducing the the daily peak load.
Another interesting study on the most valuable location for the energy storage device
has been done by Denholm et al. [71] analysing three different cases in the US.
According to this paper, the location of the storage device considering the wind farm
influences the role that could be played by the storage in the power system. Installing
the energy storage at the wind farm site means that the storage of energy would relive
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the transmission line from the peak of wind production and it would improve the quality
of the wind output profile. Otherwise, when considering the energy storage device at
the grid level, its function would be decoupled by the operation of the wind turbine and
it would point at optimising the economic revenue with arbitrage and ancillary services.
According to the authors, the most remunerative solution would be the second one.
However, since this study is based on the adoption of CAES, locating the storage close
to the user would not be possible and a more remote site would be preferred.

46

Chapter 4. Methodology

Chapter 4
4. MODELLING OF THE ELECTRIC GRID
To study the integration of energy storage device in an electric grid, it is necessary to
start with modelling the electric grid itself. Several energy market parties benefit from
the use of advanced models of the energy system [72]. The market operators can use
this approach for planning purposes, the electricity generating companies can be able
to provide valuable operational solutions, and government departments can develop
future energy and climate policies on the simulation results of the future energy
scenario.
4.1.

UNIT COMMITMENT AND ECONOMIC DISPATCH

An electric grid is formed by several components, such as thermal power plants,
renewable generators, and transmission lines. However, the feature that most
characterises this complex system is the way how every single generator interacts to
accomplish the daily demand. The contribution of each plant in the electricity market is
decided by the grid operator by communicating a unit commitment and an economic
dispatch. The former shows the status of operation of each plant (on/off), the latter
chooses the amount of electricity that the generators should input into the grid.
Because of the lengthy and expensive start-up procedure of most of the thermal power
plants, the unit commitment is communicated days or months in advance, based on
forecast on demand. The economic dispatch needs to decide the amount of electricity
to produce to follow the exact demand. This critic decision is based on the latest
forecasts of the demand, and it occurs minutes or hours before the settlement period.
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The decision process that leads to determinating the unit commitment is a very
complicated procedure. It looks not only at supplying the exact amount of demand
required, but it also needs to do it by minimising the overall cost of the energy system.
The grid operator needs to consider costs related to electricity generation, start-up of
units, and penalty costs, such as the ones for reducing greenhouse gas emissions or
renewable curtailment.
4.2.

THE FORMULATION OF THE UNIT COMMITMENT PROBLEM

The section defines the equations that are used to model the unit commitment problem.
Section 4.3 will focus on the methods adopted for solving these equations.
The objective function defines the system costs, and the aim of the model is minimising
its value [7]. The cost function of an energy system can be defined as:
𝑁

𝑇

∑ ∑ 𝐹𝐶𝑖𝑡 (𝑃𝑖𝑡 ) + 𝑀𝐶𝑖𝑡 (𝑃𝑖𝑡 ) + 𝑆𝑇𝑖𝑡 𝑣𝑖𝑡 + 𝑆𝐷𝑖𝑡 𝑤𝑖𝑡

(1)

𝑖=1 𝑡=1

𝐹𝐶𝑖𝑡 (𝑃𝑖𝑡 ) is the fuel cost, normally defined as a quadrative function of 𝑃𝑖𝑡 , with 𝑎, 𝑏, 𝑐
are usually positive cost coefficients.
𝐹𝐶𝑖𝑡 (𝑃𝑖𝑡 ) = 𝑎 ∗ 𝑃𝑖𝑡2 + 𝑏 ∗ 𝑃𝑖𝑡 + 𝑐

(2)

𝑀𝐶𝑖𝑡 (𝑃𝑖𝑡 ) represents the maintenance cost, described by a linear function of 𝑃𝑖𝑡 ;
𝑆𝑇𝑖𝑡 , 𝑆𝐷𝑖𝑡 are the start-up and shutdown cost of the generation unit;
𝑣𝑖𝑡 , 𝑤𝑖𝑡 refer to the start-up/shutdown decision [92].
Further costs might be included in the objective function, and they include [93]:
transmission cost, load curtailment cost, renewable curtailment cost.
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The constraints imposed to limit the system are several, and they concern technical
limits on the operation of the power plants, safety issue related to the stability and
balance of the grid, and some environmental constraints regarding the control of
emission of greenhouses and other harmful gases.
•

The balance of generation and demand

The first restriction that the grid operator must always guarantee is the power balance.
This means that in any moment the overall demand for electricity must be covered and
the generation cannot exceed this amount.
𝑁
𝑓

∑(𝑈𝑖𝑡 ∗ 𝑃𝑖𝑡 ) = 𝐷𝑡 + 𝑙𝑜𝑠𝑠𝑒𝑠

(3)

𝑖=1

𝑈𝑖𝑡 is the on/off status of unit 𝑖;
𝑃𝑖𝑡 is the power generation of unit 𝑖 during the period 𝑡;
𝑓

𝐷𝑡 represents the forecasted demand during the period 𝑡.
•

Thermal power plant limitations

The unit commitment needs to respect technical boundaries of the thermal power
plants [94]. First, every unit must produce a power output limited by the minimum and
maximum power rate of the generator.
𝑃𝑖𝑡 𝑚𝑖𝑛 < 𝑃𝑖𝑡 < 𝑃𝑖𝑡 𝑚𝑎𝑥

(4)
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The power output variation is limited by a maximum value that represents the maximum
change of power output allowed per unit generator per hour.

𝑅𝐷𝑖 < 𝑃𝑖𝑡 − 𝑃𝑖𝑡−1 < 𝑅𝑈𝑖

(5)

𝑅𝐷𝑖 is the ramp-down rate of unit 𝑖;
𝑅𝑈𝑖 is the ramp-up rate of unit 𝑖.
•

Reserve service

To maintain the balance in the electric grid and being able to buffer sudden variation
in the production, it is necessary to ensure a reserve service. This can be accomplished
by charge or discharge of storage devices, ramp up or down power plants that can be
part-loaded, operating fast response generators or curtail part of the renewable
generation.
•

Power flow constraints

The amount of electricity that can flow in each single transmission line is limited by the
technical specifications of the line itself. In case the maximum value is achieved, the
system is congested, and the excess of electricity that cannot be absorbed is curtailed.
𝑀𝑉𝐴𝑓𝑖𝑗 ≤ 𝑀𝑉𝐴𝑓𝑖𝑗 𝑚𝑎𝑥

(6)

𝑀𝑉𝐴𝑓𝑖𝑗 is the magnitude of voltage rating of the transmission line connecting bus 𝑖 and
𝑗.
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•

Emission constraints

This is a limit imposed on the total amount of greenhouse gases that could be produced
in a specified period. This constraint, even though it is imposed on the overall system,
is restrictive for fossil fuel plants such as coal and gas generators.
4.3.

DIFFERENT METHODS FOR SOLVING THE UNIT COMMITMENT

The modelling of the electric grid and unit commitment decision process is achieved
using mathematical algorithms. The increase of complexity of the mechanism behind
the balancing of the energy system has brought to an evolution of the methods used
for modelling.
4.3.1. PRIORITY LISTING

The priority listing (or priority list) approach is one of the simplest methods for modelling
the unit commitment decision process. The critical point of this procedure is generating
a rank that orders the power plants according to their average operating cost [73]. This
value is calculated considering the fuel consumptions and start-up costs. Then, the
lowest number of units selected for the electricity load supply is chosen from the top of
the list. In this way, it is possible to operate the least-cost combination of power plants.
This simple method allows getting a fast response for the unit commitment and the
solutions achieved are close to the optimal one [74]. However, the quality of the output
generated by the priority list method suffers from some high heuristic properties and
the negligence of some thermal power plants limitations. For instance, with this
approach, it is not possible to consider the minimum up/down time of the units [75],
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defined as the minimum time a power plant needs to be continuously on/off due to the
thermal stress caused by the start-up/shutdown processes.
4.3.2. DYNAMIC PROGRAMMING

The dynamic programming method is one of the oldest approach adopted for unit
commitment problems [76]. It can analyse complex problems by dividing them into
small optimisation subproblems. For each step, the model tests all the possible unit
combinations and selects the most cost-effective solution for providing the demand
requirements. If 𝑃 is the total amount of power that needs to be covered by 𝑀 number
of power units, then 𝐹𝑀 (𝑃) defines the minimum operating cost [77][76]. By applying
the dynamic programming approach, the unit commitment problem would be solved by
the recurring solutions of the following equation:
𝐹𝑀 (𝑃) = min[𝐹𝑀 (𝑄)+𝐹𝑀−1 (𝑃 − 𝑄)]
Where 𝑄 is the portion of load covered by the 𝑀𝑡ℎ power unit, and (𝑃 − 𝑄) is the
remaining load, supplied by the remaining (𝑀 − 1) power units. The optimisation of
every single subproblem can bring to the optimisation of the overall unit commitment
problem.
The main issue when adopting this technique is the strong dependence on the
dimensionality of the problem. As soon as the size of the energy system by one power
unit, the number of combinations to be analysed would increase [78]. To simplify this
approach, some restriction can be imposed [79][80]: sequential dynamic programming
(SDP) follows the priority listing order for selecting the units leading to a visible
reduction of combinations from (2𝑀 − 1) to 𝑀, truncated dynamic programming (TDP)
imposes a fixed number of power units that can take part at the unit commitment.
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4.3.3. LAGRANGIAN RELAXATION

If the dynamic programming approach is not suitable for solving the unit commitment
of large energy system, Lagrangian relaxation aims to “relax” the problem by
temporarily neglecting some of the constraints [81]. The unit commitment problem can
be seen as the sum of several small subproblems characterised by the optimisation of
the operation of each power unit [82]. However, all these subproblems cannot be
considered as independent, but they are bonded through the definitional of constraints
such as power regulation (the generation must equal the demand) and spinning
reserve provision [83].
The Lagrangian relaxation method allows ignoring the coupling constraints and looking
separately at every unit. This step is managed by adopting dynamic programming.
Then, once this first step is completed, a Lagrangian equation is maximised by tuning
two non-negative Lagrangian variables [84].
4.3.4. GENETIC ALGORITHM

The genetic algorithm is an iterative procedure that takes inspiration by the natural
selection and natural recombination [85], and it is based on the principle that the best
individuals are the one that “survive” [86]. The solutions of the problem are presented
as a binary variable, and for the unit commitment problem, the value represents the
status of each power plant (ON/OFF). First step of this approach is selecting a fixed
number of variables, and it tests the resulting value of the objective function, in this
case, defined as the overall cost function that considers the operation costs, and
several constraints in the form of cost penalties [87]. In this way, it is possible to include
several limitations just considering the corresponding penalty function. Then, the value
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that minimises the cost function can be recombined (crossover), generating new
candidate solution population.
4.3.5. MIXED INTEGER LINEAR PROGRAMMING

The electric grid operations are regulated by complex mechanism and complex will be
the model that simulates it. A mathematical approach that has been adopted for the
modelling of the electric grid is the mixed integer linear programming (MILP). This is
an evolution of the linear programming (LP) method. The LP formulation considers a
series of variables, whose values need to be assessed as an optimal solution of a
function [88]. According to the different objective functions, the purpose of the model
could be minimising it or maximising its value. This process is limited by several
constraints imposed on the values of the variables. If a solution exists able to respect
all the restrictions, then it is called a feasible solution [89]. In case these are also
optimising the object function, it becomes an optimised solution. Otherwise, if the
problem is limited by too many constraints, then the solutions will be defined unfeasible
because they cannot respect all the restrictions. The unbounded solutions occur in
case the objective function has an infinite number of solutions that could optimise it.
The integer programming (IP) follows the same steps of an LP with the exception that
all the variables must be integer number. This limitation is imposed by the nature of
the problem and by the real meaning that the variables embody (some quantities, in
reality, cannot be expressed by fractional number). The MILP is reasonably a
combination of the LP and IP. This means that some of the variables are integer
numbers.
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Two main techniques are used for solving the MILP problem and they are called the
branch-and-bound and the cutting planes [90]. They are similar approaches and both
start by solving the LP problem since a feasible solution for the MILP is also respecting
all the constraints of the correlated LP model. This means that the first step is removing
the integer solution restriction. According to the branch-and-bound method [91] if the
optimal solution of the LP is a fractional number, then the integer solution will be in the
areas bounded by the two integer number that round-off the initial solution. Two new
solutions are later found in the two areas, and the final comparison of them gives the
overall optimal solution. In case it would still not be possible to identify an integer
solution than the branching procedure is iterated, and the feasible area is again
separated and bounded by other integer numbers until the process converts to an
optimal integer solution.
The cutting planes techniques aim to already find an integer value as an optimal
solution of the LP. This is achieved by introducing some inequalities to the LP to
minimise the choice of fractional number and address the solution to an integer value.
These additional limitations do not affect the final optimal decision since are imposed
on fractional numbers that are not taken into account as feasible solutions of the MILP.
4.4.

PLEXOS INTEGRATED ENERGY MODEL

When modelling an electric grid, one of the software that is adopted is PLEXOS
Integrated Energy Model by Energy Exemplar. It simulates the decision process of the
electric grid by optimising the cost function (equation (1) of Section 4.2) of the energy
system and respecting the constraints as defined in Section 4.2. PLEXOS is an
optimisation-based simulation tool that follows the principles of the MILP theory [93]. It
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is used for developing a simulation analysis of energy system for electricity or gas
network. The choice of using PLEXOS can be justified for different purposes:
•

It allows the optimisation of operation costs, by running optimal power flow or
short-, medium- and long-term unit commitment;

•

It can be used for simulating the future energy market evolution under various
scenario; PLEXOS can support decision-making processes related to the needs
for new investments, or to the size, location, and schedule of new power plants;

•

It calculates the optimal trading strategy analysing generation and transmission
constraints.

The model of the energy system can be simulated according to different time scales,
based on the purpose of the analysis. Long-Term Plan performs simulations with long
horizons, usually between 10 to 30 years. This simulation is used for expansion
planning function. The software would optimise the operation costs of the energy
system based on potential transmission upgrades, power plants installations or
retirements. Medium-Term Schedule is run on a week-by-week or month-by-month
basis. It generates a full representation of the generation and transmission system,
and it is based on load duration curve analysis. Short-Term Schedule can have a time
step of seconds, minutes or hours and it is used for generating the optimal power plants
commitment [95].
These analyses could be run on a stand-alone application or they may also be used in
an integrated way. PLEXOS provides automatic integration between the different
layers so that the information can be fed from one time horizon to the other to ensure
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the integrity of the resulting solution. For instance, the medium-term model can be run
as a stand-alone model for getting fast results for medium long-term studies or it could
be used linked to the short-term schedule. In this second case, the medium-term model
is run on a monthly horizon to determine the hydro resource targets for each day. Next,
a daily short-term model computes an hourly unit commitment that optimises the
arbitrage revenue of the energy storage devices.
PLEXOS is based on object-oriented programming design. This programming
language focuses on objects, classes, and data. The concept of class is a crucial point
for this kind of programming method. A class defines the data (properties) needed for
identifying an object, and it specifies the behaviour that all the objects in this class need
to follow. Examples of PLEXOS classes include System, Company, Region, Zone,
Node, Line, Transformer, Contingency, Fuel, Emission, Generator, and Data File.
Objects can belong only to one class; however, they might be connected to several
collections. For instance, the generator object G is linked at the node N, uses the fuel
F and produce emission E: node, fuel, and emission are defined as collections. The
relationships between two objects are called membership. Considering the example
as above, generator G is linked with node N through a membership where parent object
is G and child object is N.
4.4.1. HOW TO DEFINE AN ENERGY SYSTEM

Any energy system is described in PLEXOS starting by creating a Region [96][97]. The
region object can be considered as the transmission area. Then, it is possible to define
one or more Zone objects that can be subsets or supersets of the region. Inside the
region, it is possible to create several nodes, each of them linked to an object (e.g.
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generators, energy storage). The transmission network is defined inside the region by
connecting the nodes with lines object. The load can be described as an aggregated
curve at the region/zone level, such that any generator belonging to the “transmission
area” is contributing to the demand supply. Load data are read from text files and the
time step of the files can be customised according to the user's needs.
Generator objects are created and enable (meaning they inject electricity in the grid
and they contribute to the loaf) by specifying the number of units they are made of and
the maximum capacity, so the size in terms of MW, for each unit. The unit heat rate is
another fundamental information for the operation of the thermal generator since it
defines the relationship between the amount of fuel intake and the electricity output
(GJ/MWh). The definition of the unit heat rate is allowed in PLEXOS using four different
formats: a constant value, an incremental heat rate, an average heat rate or a
polynomial function. The latter methods are more accurate than the use of a single
constant value because the unit heat rate varies across a unit’s operating range.
Several other properties can be defined for each generator, and they can be chosen
according to the user's information availability. They include [98]:
•

Minimum Stable Level (MW): the minimum generation level when the unit is
committed;

•

Minimum Up/Down Time (h): the minimum number of hours that a unit must run
for once it has been started/shutdown;

•

Start Cost (€ or £): the cost of starting up a unit;

•

Maximum Run Up/Down (MW/min): maximum change in the load per hour;
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•

Energy limits: minimum or maximum total amount of energy produced over any
period (e.g. each day, week, month, or year).

Generator objects need to be associated with a fuel object. The fuel consumption is
regulated by the unit heat rate function expressed in GJ/MWh. Knowing the cost of fuel
(€/GJ or £/GJ), it is possible to calculate the cost of producing electricity. Then, this
value might be increased taking into account further variable or fixed costs of
maintenance related to the unit generator. The fuel object might be assigned to several
different units so that the information available for one fuel type (e.g. fuel price,
emission rate) are common to all the generators that consume such fuel.
The presence of the Reserve class of objects allows defining ancillary services for the
optimisation of the energy dispatch. When creating a new reserve object, it is possible
to decide the attribute it represents: spinning up/down reserve by units online,
regulation raise/lower provided by units online separate to their spinning reserve
provision, non-spinning reserve provided by units that are not online.
The definition of the renewable generation in PLEXOS could be achieved using two
approaches: one considers a perfect foresight method [99], while the other follows a
stochastic unit commitment modelling [100]. The perfect foresight modelling does not
take into account any uncertainty due to errors in the power output forecast. To input
the wind power profile, historical data can be used. When the times series is
normalised, it can be implemented for simulating the generation from any wind power
plant size by changing the number of units installed. Using this technique can result
useful in case it is necessary to simulate several future scenarios for the same model,
which may require the installations of different amount of renewable capacity.
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Otherwise, if the model needs to consider the uncertainty related to renewable
production forecasts the introduction of variables should be considered.
4.4.2. REAL APPLICATIONS OF PLEXOS SIMULATIONS

The simulation-based analysis executed on PLEXOS has been adopted as a decisionsupport tool by several energy authorities [101]. Energy-related industries benefit from
the use of long-term PLEXOS results for evaluating significant investments or for
predicting the future commercial competitiveness of some energy products in the
market. Governments’ energy and policy-maker departments are recommended on the
deployment of new energy, or climate policies addressed to promote the adoption of
specific products.
Long-term PLEXOS simulations analyse the future evolution of energy markets and,
therefore, it can highlight the future key players that may appear. For instance,
encouraging model results could attract industries in the investment in energy storage
for grid-level integration or on electric vehicles for the reduction of CO2 emission in the
transport sector. In particular, the Commission for Energy Regulation (CER) developed
and validated a PLEXOS model of the Irish single energy market (SEM), the wholesale
energy market operating in Ireland and Northern Ireland. Since 2007, this specific
model has been adopted in Ireland as a reliable starting point for several studies.
Cleary et al. [102] show that a 270MW compressed air energy storage (CAES) could
be able to displace a significant portion of the gas and coal production reducing by
over 9% the CO2 emission for the Irish market. The operation of the CAES in PLEXOS
has been replicated by connecting a pumped storage plant with a gas turbine. The
authors continued their work focused on the Irish SEM and CAES integration in [103].
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This second paper is meant to support investors in the wind sectors and policy-makers
that look at the evolution of the energy market once the compensation for curtailment
will disappear.
By running long and medium-term simulations in PLEXOS, it is possible to define the
best strategies for achieving renewable energy penetration targets in all energy
sectors. Foley et al. [104] analysed the impact of a considerable number of electric
vehicles (EVs) in the Irish SEM market. This work highlighted the ambitious plans for
the renewable transport goal of the country and concluded that even 213,561 EVs
could achieve only 1.45% of this target. The authors also studied the issues raised by
integrating a significant amount of offshore wind power plants in the Irish-UK energy
market [28]. The simulation analysed how improvements in offshore wind power output
forecast positively affect the planning and management strategies.
Every country is subjected to CO2 limit restrictions to fulfil, and PLEXOS model
simulation might be a guide for policy-makers for understanding which the best
approaches would be for achieving the aimed results. The simulation analysis of the
future evolution of the Australian energy market and its impact on greenhouse gas
emissions has been presented in [105]. The study has shown that substituting coal
with gas-fired power plants will not be entirely beneficial for the CO2 reduction. Moreover,
this would lead to an increase of the wholesale market price. Similar conclusions have
been confirmed by Wagner et al. and by their work on the Australian market [106].
According to these two papers, PLEXOS results dissuade policy maker to incentivise
gas generators over coal-fired power plants, because the modest emission savings
would not be worth the considerable wholesale electricity price increase for the
consumers due to the carbon price penalties addiction. However, an alternative
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solution to the CO2 emission problem has been suggested by a different study carried
out on the Australian energy system evolution [107]. This paper highlights the possible
environmental benefits achievable with the extensive use of electric vehicles (EVs)
connected to the grid. Following PLEXOS simulation results, the positive influence on
the electricity industries, gasoline consumptions, and greenhouse gas emissions
showed in the paper should motivate the deployment of policy addressed to the
incentives and regulation of this interface between the electricity and the transport
systems.
The analysis of various energy systems in PLEXOS highlights how the adoption of
similar policies may have different effects on different markets. It has been mentioned
above how several studies focused on the Australian energy market discourage the
installation of gas power plants as a replacement of the more polluting coal stations.
However, the same analysis carried out in Croatia [108] suggested that carbon price
penalties could represent a powerful boost for the CO2 emission reduction because
they would make gas-fired plants1 more competitive than coal on the electricity market.
The investigation on transmission network enlargement can be run analysing the
results of the model simulation in PLEXOS. The possibility to include transmission line
description in the electric grid model allows studying the direction and behaviour of the
electricity flows understanding when and where there might be congestions in the
energy system. PLEXOS is popular in the United States, because the software offers
a database of the Western Interchange (WECC). For instance, Diakov et al. [109]
analysed the different level of wind and PV generation in the six large WECC regions
and their influence on the net interchange in the Western United States. Studies, like
the one presented in the paper mentioned above, are fundamental for understanding
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the requirement for future transmission network expansion. Another example is shown
by the work carried on by Moazzen et al. [110] that analyses the planning of
transmission network reinforcement for reducing renewable curtailment on Vancouver
Island.
Simulation-based analysis of the energy market is often used for highlighting the
existing barriers that obstacle the energy system evolution. This is shown in the work
of Lytvyn and Hewitt [111] who investigate the reasons that limit efficient cross-border
trading between the Irish SEM market and the GB market (e.g. market liquidity,
mismatches between trading timeframe, market power). They suggested to policymakers and governments the correct actions that should improve the benefits from the
use of the interconnectors. The commitment of creating a European Single Electricity
Market has risen the question about installing new lines connecting the neighbouring
countries. This matter has been analysed in Reference [112], where the PLEXOS
results urge installing more interconnectors at the European energy market level.
Energy-related industries might benefit from the use of long-term PLEXOS results for
evaluating substantial investments [113][114][115], or for understanding future
commercial competitiveness of some energy products (e.g. energy storage, renewable
generators) in the market [116]. Brouwer et al. [117] aim to show the most costeffective option for deploying a low-carbon power system. Nweke et al. [118] use
PLEXOS as a decision-support tool for planning new investments. Ni et al. [119]
compare the investment in a compressed air energy storage or a combined cycle gas
turbine, concluding that the energy storage might have more expensive energy
generation but higher revenue due to the ancillary service provision.
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Chapter 5
5. TENERIFE ENERGY SYSTEM
This chapter analysis the value of energy storage technologies in isolated grids, such
as Tenerife. It has been investigated the potential operations of energy storage for:
•

Balancing demand supply – balance the variability of large wind power plants
and reduce curtailment;

•

Grid management – accomplish reserve and regulation tasks;

•

Energy efficiency – increase the energy efficiency of a gas plant by time shifting
the load from peak to off-peak periods.

The results have been assessed with simulation analysis on a model of the isolated
grid, whose characteristics are described in the first sections of the chapter.
5.1.

BACKGROUND

5.1.1. ISOLATED GRIDS

The exact definition of a small isolated grid, according to the European Directive
2009/72/EC [120], is “any system with consumption of less than 3000 GWh in the year
1996, where less than 5 % of annual consumption is obtained through interconnection
with other systems”. This definition corresponds to remote areas, such as small
communities or islands, that are not connected to a main electric network. Isolated
grids are generally characterised by a radial distribution and few nodes where the main
generators are connected [121]. The electricity generation is mainly based on small
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fossil-fuelled power plants, such as diesel or gas turbine, causing a dependence of
isolated grids on imported fossil fuels.
The usual main objectives an isolated grid needs to fulfil are:
•

The safe and secure supply of energy;

•

The reduction of the electricity price;

•

The increase of the efficiency and sustainability of the energy supply and the
restriction of greenhouse gases emission;

•

The pursuit of independence from fossil fuels transportation from the mainland.

The first three aims are common to any electric grid. However, achieving these
objectives is more difficult in an isolated grid, because of the lack of interconnections
with other networks. To ensure the safety and reliability of the energy system, it is
important to rely on a large amount of reserve used in case of equipment failure or
power plant malfunctioning. For this reason, fossil-fuelled power plants operate at
partial load, restricting the efficiency of their operations. Due to these technical
constraints, governments and companies involved are already investigating the
possibility to use energy storage technologies for peak shaving and ancillary services
[122]. These additional energy devices could be an economic alternative to reduce the
number of start-ups and shut-downs of thermal units and release the power plants by
these thermal stresses.
The electricity price is particularly high, compared to the average price of a large
electric grid. For instance, for the Canary Islands archipelago, the average wholesale
electricity price is above 0.20 €/KWh [123]. This is because of elevated costs for fossil
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fuel provision that, in case of islands, it is supplied by the mainland. Furthermore, the
strong dependence on fossil fuels not only causes high electricity generation costs, but
it is also the reason for a large amount of greenhouse gases emission.
The recent decrease in renewable installation costs has generated new opportunities
for isolated grids. Remote areas, in particular islands, can have impressive amounts of
natural resources available and the installation of hydro plants, wind turbines, solar
panels or geothermal plants can be fruitful. The exploitation of local resources would
allow the isolated grids to reduce the significant impact that fossil fuels have on their
energy market. This would generate a reduction in the wholesale electricity price and
decrease in greenhouse gases emissions.
5.1.2. INCREASE RENEWABLES PENETRATION IN ISOLATED GRIDS

The several benefits that could be achieved following the penetration of renewable
plants are obstructed by the several problems that may arise in the grid management
[124]. The balance of renewable output fluctuations afflicts any energy system and is
even more stressed in small isolated grids with reduced flexibility. Thus, it is necessary
to consider additional energy technologies to support the penetration of renewable
plants in isolated grids.
Building new interconnections with neighbouring grids can allow the trade of electricity
and abandon the condition of isolated grids. Example of this can be found in some of
the Hawaiian Islands and in the interconnection between the North and South New
Zealand [121]. Other projects investigate the possibility to link the islands with the
mainland, as it happened in Italy as the outcome of the Insular Project [125] that aimed
to connect the electric grid of Italian islands with the main network. A more ambitious
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project is looking at the possibility to create a connection between Iceland and the UK
(Icelink Project) [126], allowing the large exploitation of the renewable energy sources
present in Iceland.
However, this solution is not always achievable due to geographical constraints or
prohibitive investment costs. This is the case of the Canary Island archipelago, where
the distance with the mainland and the ocean depth prevent the realisation of
interconnections within the islands of the archipelago or with the mainland.
The extensive use of electric vehicles (EVs) can facilitate the penetration of
renewables in isolated grids, because of the additional flexibility added to the system.
This solution can be particularly profitable in islands: the lack of space availability
recommends the choice of small energy storage devices, to reduce the environmental
impact, and the short road distance represents the perfect application for EVs that are
not suitable for long trips [127]. Studies focused on the island of Guadalupe [128] show
that introducing 20,000 EVs could increase the penetration of renewable energy by
69% and contribute to reducing greenhouse gases emission by 25%. However, the
authors point out that these successful results could be achieved only in case the
charging periods of the EVs were completely controlled and optimised to balance the
variable energy resource. Otherwise, when considering an overnight charging period,
typical of the users that intensively use the car during the day, the EVs would cause
an increase in the demand and thus a negative impact on the carbon footprint with an
increase of 50%. Furthermore, the ability to use vehicle-to-grid products, and thus to
allow EVs to discharge into the grid, could increase the potential of this application.
This concept has been investigated for the island of Sao Miguel in the Azores [129].
The paper presents the economic benefits that could be achieved by an EV’s owner
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when exploiting different energy market: the contribution to the baseload generation,
the provision of peak power energy supply or ancillary services to the grid, like spinning
reserve and regulation. Finally, the large adoption of EVs in isolated grids would impact
not only the energy management aspects but especially fossil fuel reduction.
Reference [130] analyses the introduction of 50,000 EVs on the island of Tenerife and
it concludes that the secondary benefits would impact on road transport, reducing the
noise, fuel consumption, and emissions.
The geographical conformation of islands, in particular of volcanic islands, presents
natural reservoirs and difference in altitude that encourage choosing pump hydro
storage solutions. This idea has been examined for the Canary Island archipelago.
Different studies have been focusing on the energy system of Gran Canaria and El
Hierro, where a wind-powered pump hydro storage has already been realised
[131][132]. The wind power plant in El Hierro is characterised by five wind turbines for
a total of 11.5 MW of installed capacity. This renewable power plant can supply the
electricity to 5,000 households, or in case of excess of generation, it can power the
hydro pumps and store the energy [133]. The pumped hydro plant works as a backup
system for the wind farm and generates electricity in case of lack of wind. This hybrid
system can control the fluctuation of the wind power plant and contribute to the
sustainable generation of electricity in the island: in August 2015 the isolated grid
recorded four hours of 100% renewable energy supply.
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5.1.3. TENERIFE (CANARY ISLANDS ARCHIPELAGO)

This work presents an overall assessment of the value of energy storage technologies
in Tenerife. The electricity supply of the island is based on fossil-fuelled power plants
and new government strategies are planning the installation of large renewable power
plants in the isolated grid. In this scenario, the use of energy storage devices could
implement the stability and reliability of the energy supply, the efficiency of thermal unit
operations and the extensive penetration of renewables.
Tenerife belongs to the Canary Islands archipelago; it is regulated by the Spanish
government and located in the northeast Atlantic, in front of the Western coast of Africa.
Tenerife is the largest and most populated of the seven islands of the archipelago with
an overall surface of 2034 km2 and a total population of almost 900,000 inhabitants,
with a further increase of over 10% of the population because of intensive tourist flow
all over the year [134].
5.2.

DATA REVIEW

The modest dimension of the considered isolated grid and the few numbers of units
installed on the island allowed the in-depth investigation of the technical parameters of
every unit. This approach differs with the one adopted for the analysis of the GB electric
grid (Chapter 6), where the hundreds of electric units have been modelled as
conglomerated in large generators, one for each power plant technology.
The examination of Tenerife electric grid has been facilitated by the large availability
of real data and technical information published on the website of the Spanish
transmission system operator (La Red Electrica) [135] and on the official government
bulletin [136]. La Red Electrica distributes real-time and historical data related to the
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electric demand variation, the technology mix that supply the load, and the amount of
CO2 emission. The real data is collected and listed with the time step of 10 minutes.
The information published in the government bulletin refers to important technical
parameters for every single plant, like maximum and minimum capacity level, heat rate,
variable and fixed costs of operation and fossil fuels costs.
5.2.1. INSTALLED CAPACITY

In Tenerife, the ring-shaped electric network connects the four main power plants of
the island to the demand (Figure 5-1).

Figure 5-1 Tenerife ring-shaped power grid
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The overall installed capacity corresponds to 1,266 MW and almost 90% is covered by
fossil-fuelled power plants and the remaining is provided by solar panels and by a
modest portion of wind power plants (Figure 5-2).

7.60%

31.80%

48%
7.80%
4.80%
Thermal Power - Steam Turbine

Thermal Power - Diesel Generator

Thermal Power - OCGT

Thermal Power - CCGT

Renewables

Figure 5-2 Electricity demand by sources.

The strong dependence of Tenerife on fossil fuels supply is common to many isolated
grids. The thermal power plants include four open cycle gas turbine (OCGT) units, one
oil-fuelled steam turbine, one diesel generator and one combined cycle (CCGT) plant.
The size of these units rarely exceeds 100 MW of maximum capacity, except for the
CCGT that achieves a total installed capacity of 432 MW (Table 5-1). The diesel
generator is the unit with the highest heat rate and thus the best energy efficiency
compared to the other technologies. Moreover, the oil fuel used in this plant is cheaper
than natural gas, making the diesel generator the most competitive on Tenerife energy
market. Thus, this unit operates at a constant rate generating a continuous base load
for the demand supply. The OCGTs are the units with the most elevated operational
costs, but fastest and cheapest start-ups: for these reasons the three gas units are
used for providing only the demand peaks, with around 10% of the total capacity. The
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steam turbine and the CCGT are listed among the most efficient and competitive units,
after the diesel generator. Moreover, they have strict technical constraints that require
the plants to operate always at a minimum stable level around 35-37% of the installed
capacity. This means that even during the valley periods the steam turbine and the
combined cycle plant operate providing the minimum capacity level, while the diesel
generator supplies the remaining part of the load.
Table 5-1 Thermal power plants technical parameters.

Thermal

Max Capacity

Min Stable

Heat Rate

Min Capacity

Power Plant

[MW]

Capacity

[GJ/MWh]

Factor [%]

[MW]
Arona OCGT

43.2

9.7

9.017

-

79.38

20.37

9.313

-

41.02

28.18

5.78

68.7

71.54

13.58

7.42

-

148.48

55.68

9.04

37.5

432

149.5

8.05

34

Candelaria
Gas OCGT
Granadilla
Diesel
Granadilla
Gas OCGT
Granadilla
Steam
Turbine
Granadilla
CCGT

72

Chapter 5. Tenerife Energy System

5.2.2. DEMAND

The electric demand profile of Tenerife has an average daily peak of 460 MW that
occurs during the evening (Figure 5-3), whilst the lowest demand can achieve the
minimum value of 260 MW during the night. Figure 5-4 represents the average daily
demand profile calculated over each month. Looking at Figure 5-4 it can be noticed
that the electricity demand is not subjected to large variation along the year. The lack
of season variation could be due to the mild temperature during the whole year and
the temporary increase in population during the holiday periods.

Average Daily Demand
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Figure 5-3 Average daily demand (MW) - year 2015.
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Average daily demand per month
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Figure 5-4: Average daily demand across the whole year

The trend of the total energy demand (Figure 5-5) is coherent with the yearly variation
that affects the Canary Islands archipelago: the maximum total consumption has been
achieved in 2008, after that year, the demand has been decreasing because of the
economic crisis that influenced the whole Spanish energy market. In recent years,
demand has risen again because of the economic growth and the increase of
population [137]. However, this recent increase in the demand presents a slow growing
rate because it has been mitigated by the progressive implementation of energy
efficiency measures.
Predictions on the future trend on the population on the island show that this value is
expected to rise, due to intense immigration flow to Tenerife, increasing by 18%
compared to 2012 [137].
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Figure 5-5 Trend of annual electricity demand in Tenerife

5.3.

FUTURE SCENARIO

The government of the Canary Islands worked on three scenarios of the energy
situation for the 2020s for the whole archipelago. This section focuses on the energy
strategy suggested for the island of Tenerife. The necessity for new developments of
the energy system layout has been driven by three factors:
•

The need to increase the amount of power capacity, to cope with the future rise
of the energy demand correlated to the local population increase;

•

The desire to reduce the strong dependence on fossil fuels and do not rely
anymore on fuel imports from the mainland. This aim would encourage the
deployment of a more energy independent system and would reduce the
energy costs, because of the avoidance of the fuel delivery and transport fees;

•

The willingness to decrease the carbon footprint of Tenerife power sector, that
is currently relying on 90% of fossil-fuelled energy production. This
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achievement is planned to be reached by both improving the efficiency of
energy consumption and increasing the renewable share on the island.
The three future energy scenarios for Tenerife energy system are presented hereafter
and summarised in Table 5-2.
Table 5-2 Summary of three future energy scenario

Scenario 0

Scenario 1

Scenario 2

4263.73

4189.3

4062.5

1066

1066

1066

Wind Power [MW]

36.7

412

412

PV Power [MW]

97.3

218.5

218.5

1.6

12

12

-

10

10

-

90

-

Demand
[GWh/year]
Traditional Power
[MW]

Biofuel Power
[MW]
Geo Power [MW]
Hydropower
[MW]

Scenario 0: This is the most conservative of the future energy scenarios since it
considers that the actual energy situation would be maintained with no alteration in the
future (Table 5-3). The plan for the Ration Use of Energy (URE), which considers
implementing efficiency measures to reduce consumptions, would not be applied; the
natural gas would not be introduced and the infrastructures for the renewable energy
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would be kept equal to the actual one. This means that this scenario presents the
highest demand per year because no energy efficiency measure would be applied to
reduce the energy consumption. The lack of any further addition to the power capacity
installed would lead to more intense exploitation of the original thermal generators to
cover a higher demand.
Table 5-3 Projection of technology mix for power generation, Scenario 0.

SCENARIO 0

2020

Demand [GWh/year]

4263.73

Traditional Power [MW]

1066

Wind Power [MW]

36.7

PV Power [MW]

97.3

Biofuel Power [MW]

1.6

4% 3%

93%

Traditional Power

PV Power

Wind Power

Biofuel Power

Scenario 1: This scenario is considered the most sustainable among the three
different strategies suggested by the government. It considers applying the plan for the
Ration Use of Energy (URE), the use of natural gas, improving the adoption of
renewable energy sources and incrementing the penetration of the renewable energy
production, using storage and energy demand control. The ambitious government
future plan considers installing variable renewable energy for a total of 652.5 MW that
corresponds to 61% of the total thermal power plants capacity. The largest renewable
energy contribution would be provided by large-scale onshore wind power plants with
a total of 402 MW installed, followed by almost 220 MW of PV. Minor energy provision
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is expected from the offshore wind farm, geothermal, and biomass power plants,
whose installed capacity is planned to be around 10 MW per generator. The expected
large contribution of variable energy and the lack of interconnectors that might support
the balancing mechanisms of the grid suggest the necessity of introducing further
energy efficiency measures, like energy storage and demand control. Canary Islands
government considers that for 2020 the most common storage technology adopted will
be pumped hydro storage. In Scenario 1, to ensure the security of the energy supply
and the flexibility of the electrical grid, the adoption of large hydro pumped storage will
be preferred to the installation of combined cycle plants, diesel generators and small
gas turbine, due to the storage’s faster response and higher efficiency. In Table 5-4,
the storage capacity installation is planned to be 90MW.
Table 5-4 Projection of technology mix for power generation, Scenario 1.

SCENARIO 1

2020

Demand

4189.3

[GWh/year]

1%

2% 2% 1%

24%

Traditional Power [MW]

1066

Wind Power [MW]

402

Wind Off-Shore [MW]

10

PV Power [MW]

218.5

Biofuel Power [MW]

12

Geo Power [MW]

10

Hydropower [MW]

90

61%
9%

Traditional Power

PV Power

Wind Power

Wind Power Off-Shore

Biofuel Power

Geothermal Power

Hydrom Power
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Scenario 2: Similarly to Scenario 1, it considers applying the plan for the Ration Use
of Energy (URE), the use of natural gas, adopting renewable energies, however, this
scenario does not include the increment of the penetration of the renewable energy
production, represented by the hydro pumped plant (Table 5-5). The absence of any
storage technology would not allow the complete exploitation of renewable energy
installed. Thus, the same installed capacity of renewable plants could provide a minor
amount of electricity. According to the government expectation, renewable energies
could cover 36.6% of energy demand in Scenario 2, while this percentage has been
calculated equal to 39.6% in Scenario 1.
Table 5-5 Projection of technology mix for power generation, Scenario 2.

SCENARIO 2

2020
1% 3%

Demand

2%

4062.5

[GWh/year]

21%

Traditional Power [MW] 1066
10%

Wind Power [MW]

402

Wind Off-Shore [MW]

10

PV Power [MW]

218.5

Biofuel Power [MW]

12

Geo Power [MW]

10

63%

Traditional Power

PV Power

Wind Power

Wind Power Off-Shore

Biofuel Power

Geothermal Power

The analysis of the future evolution of Tenerife energy system has been the object of
this work. The aim is to draw attention to the potential implementation of energy storage
technologies in an isolated grid with large-scale renewable power plants. Moreover,
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the simulations will analyse scenarios similar to the ones described in the government
plans, drawing interesting conclusions on the environmental and economic
optimizations. The energy scenarios have been modelled thanks to the use of the
energy system modelling tool PLEXOS. The results are presented in the following
sections.
5.4.

DESCRIPTION TENERIFE ENERGY SYSTEM MODEL

PLEXOS, the optimisation tool for energy system, has been used for modelling
Tenerife electric grid. The simulation of the unit commitment and economic dispatch of
the isolated grid allows highlighting problematic situations that could be solved with the
use of energy storage technologies. The focus has been drawn on:
•

Reducing the system costs by increasing the balancing mechanisms flexibility

•

Improving the efficiency of a single power plant;

•

Increasing the penetration of renewable power plants considered in future
energy scenario.

The case studies simulated in PLEXOS are the following:
•

Case 0: the current status quo;

•

Case 1: the installation of grid-scale energy storage, to improve the balance
mechanisms;

•

Case 2: the installation of an energy storage device directly connected to one
gas plant, to improve its efficiency;

80

Chapter 5. Tenerife Energy System

•

Case 3: the introduction of wind power plants as planned in the government
strategy that considers installing 400 MW of wind capacity without energy
storage devices (following Scenario 2);

•

Case 4: the installation of an energy storage device directly connected to the
wind power plant, to improve the penetration of renewable energy and reduce
curtailment (similarly to Scenario 1).
5.4.1. MODEL DESIGN

The power plants are connected to the demand, ideally agglomerated in one node,
through the description of transmission lines. The load profile has been collected from
the website of the Spanish transmission system operator and represents the demand
request for the year 2017, sampled with a time step of one hour.
The model has been realised starting with defining the thermal power plants
characteristics. Values of maximum installed capacity, heat rate, and variable and fixed
costs have been collected from the official government bulletin and represented the
first fundamental parameters to describe the operations of the thermal plants. Knowing
the heat rate of the thermal plants and the fuel price (see Annex A) it is possible to
calculate the total fuel costs for generating the electricity.
Based on these first inputs (demand profile and thermal plants techno-economical
parameters) PLEXOS simulates the unit commitment of Tenerife’s energy system by
defining the unit commitment problem in mathematical terms (as described in Section
4.2). The cost function considers the sum of the fuel costs (FC) and operation costs
(MC) for each power plant and each time step:
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𝑁

𝑇

∑ ∑ 𝐹𝐶𝑖𝑡 (𝑃𝑖𝑡 ) + 𝑀𝐶𝑖𝑡 (𝑃𝑖𝑡 )
𝑖=1 𝑡=1

By applying the MILP theory, PLEXOS optimises the cost function and defines the
value of the power output (𝑃𝑖𝑡 ) for each power plant and each time step, such that it
minimises the costs for the energy system. The solution needs also to meet the
following constraints:
•

the demand constraint imposes that the sum of the power output for each power
unit meets the demand for each time step:
𝑁
𝑓

∑(𝑈𝑖𝑡 ∗ 𝑃𝑖𝑡 ) = 𝐷𝑡
𝑖=1

•

the power plant technical constraint limits the power output of the power unit
between the minimum and maximum values:
𝑃𝑖𝑡 𝑚𝑖𝑛 < 𝑃𝑖𝑡 < 𝑃𝑖𝑡 𝑚𝑎𝑥

•

the transmission line constraint limits the power flow through the transmission
lines:
𝑀𝑉𝐴𝑓𝑖𝑗 ≤ 𝑀𝑉𝐴𝑓𝑖𝑗 𝑚𝑎𝑥
As the transmission constraints are not a focus of Tenerife case study, the
maximum power flow has been set higher than the maximum peak demand,
such that it would not affect the unit commitment result.

See Section 4.2 for more detailed information about the formulation of the
mathematical model of the unit commitment.

82

Chapter 5. Tenerife Energy System

5.4.2. MODEL VALIDATION

Based on this information it is possible to run the preliminary simulation. These first
results are not aiming to present the validation of the model, but to show the (wrong)
results that would be obtained if the modelling of the thermal plants would have been
based just on the few fundamental parameters described so far (demand profile and
thermal plants techno-economical parameters).

Figure 5-6 Comparison of modelled thermal power plants generation and real data –
Preliminary results

PLEXOS simulates the optimal unit commitment such that it minimises the costs for
the energy system and it respects the constraints imposed by the user, in this case the
hourly demand and few technical parameters of the thermal plants. The initial results
obtained are shown in Figure 5-6. Most of the demand is provided by the diesel
generator and the steam turbine, which are the least expensive power plants and work
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at the maximum constant rate. The remaining part of the load, represented by the
demand peak, is supplied by the CCGT and OCGTs.
As can be noticed in Figure 5-6, this optimal model solution (solid line) does not respect
the technology mix that has been chosen by the grid operator for the demand supply
(dotted line). The reason is that the transmission system operator needs to consider
further technical constraints (Table 5-6) that force the final unit commitment to diverge
from the optimal economic one:
•

First, the start-up costs are considered in the cost function that defines the
energy system (as described in Section 4.3) and this reduces the shutting down
of the plants since the high start-up costs would increase the over costs for the
energy system.

•

Also, the minimum capacity factor forces the operator to run CCGT at a
minimum of 34% of its total capacity.

•

Then, the operations of the steam turbine and diesel generator have been
limited by the minimum and maximum capacity factor.

•

Finally, the schedule of the small gas turbines has been regulated by controlling
the daily value of the capacity factor.
Table 5-6 Technical constraints imposed on thermal power plants operations.

Thermal

Start-up

Maximum

Minimum

Average Daily

Power Plant

Costs [€]

Capacity

Capacity

Capacity

Factor [%]

Factor [%]

Factor [%]

Arona OCGT

270

100

0

10
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Candelaria

270

70

0

10

1,000

87

50

-

270

100

0

10

72,000

100

37.5

-

11,000

100

34

38

Gas OCGT
Granadilla
Diesel
Granadilla
Gas OCGT
Granadilla
Steam
Turbine
Granadilla
CCGT

Further improvements and better validation of the model results against the real data
have been achieved by introducing the constraints of the reserve and regulation
provision. The limits imposed, following the real grid code indications [138], require:
•

The regulation up to cover the generation of the maximum generator, in this
case, the CCGT;

•

The regulation down to provide half of the amount of the regulation up.

Introducing the technical constraints of the thermal power plants and regulation
provision allowed to achieve improvement in the modelled unit commitment, as can be
noted looking at Figure 5-7, where the model output is compared with the real data
across four days.
The complete list of data defined in the model is presented in Annex A.
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Figure 5-7 Comparison of modelled thermal power plants generation and real data
– Final results
5.4.3. RENEWABLE POWER PLANTS

The current energy system layout in Tenerife is characterized by a modest portion of
renewable capacity installed. The renewable energy generated by solar panels, wind
turbines and biomass generators, covers less than 10% of the overall energy demand
of the island. This modest percentage is the reason renewable generators have not
been included in the model’s realisation of the status quo of the energy system.
Integrating these three technologies would add complexity to the model without
bringing interesting contributions, in term of energy provision. However, integrating
large-scale wind power plant is the core of the simulation of the case study that
investigates the consequences of the future scenario suggested by the Canarias
government. Even though the future energy scenarios (Scenario 1 and Scenario 2)
consider installing any kind of renewable power plant (like wind farms, PV panels,
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biomass and geothermal plants), the model focuses only on the installation of wind
power plants. This decision is justified by the very large percentage of wind power
capacity compared to the other renewable sources and the intense variability of the
output profile that makes it the most challenge renewable plant to balance into the
electric system.
The lack of historical data from large-scale wind power plants installed in the Canary
Island archipelago prevented the use of real data. To simulate the wind power plants
generation, it has been decided to follow the deterministic approach, and rely on yearly
wind speed profile for the island of Tenerife. The real information has been obtained
from online sources that collect historical weather data from global reanalysis models
and satellite observations [139]. The small dimension of the island has encouraged the
use of a single wind profile, considering that the overall wind power plants output would
not have been influenced by the exact location.
5.4.4. ENERGY STORAGE

Case 1, Case 2, and Case 4 consider the installation of large-scale energy storage.
However, the role played by energy storage differs from case to case, investigating
multiple benefits that could be achieved. Thus, the energy storage technology
modelled changes according to the case study considered, in order to choose the most
suitable energy storage device and maximize the revenue.
Liquid air and pumped hydro energy storage have been investigated for potential
installation in Tenerife energy system. The liquid air energy storage (LAES) uses the
air liquefaction process to store energy [140]. The electricity powers a liquefaction unit
that refrigerates the air until it reaches the liquid state. This corresponds to the charging
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process, whilst the insulated tank of liquid air represents the storing component. Then,
when the electricity is required to the energy system, the liquid air is pumped to high
pressure, heated and expanded in a turbine to generate electricity. The advantages of
this technology include the possibility to design independently each section of the
device (charge, storing, and discharge process), and the lack of geographical
restrictions like other grid-scale energy storage technologies, such as compressed air
and pumped hydro energy storage. The LAES optimizes its energy performance when
operating with a source of waste heat, like a thermal power plant. The waste heat would
be used for heating the liquid air, avoiding the installation of an additional thermal unit
for generating heat. All the reasons mentioned above encourage the use of LAES in
Tenerife. In particular, this energy storage technology can be installed near thermal
power plants for the recovery of the waste heat and the optimization of the process.
To simulate the LAES operation and not add an unnecessary level of complexity to the
model, the layout of this device had to be simplified. The charging, storing, and
discharging process of the LAES has been associated with the operation of a battery,
whose performance improves when working in synergy with a thermal power plant.
This detail aims to model the variation of the storage efficiency that improves when the
device can recover waste heat from an external plant. This approach has been followed
for Case 1 and Case 2, where the energy storage device is considered connected to
the electric grid or to a OCGT plant. The technical characteristics of the modelled LAES
are listed in Table 5-7.
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Table 5-7 LAES technical parameters defined in PLEXOS model [140][141].

LAES Technical Parameters
Round-trip Efficiency

70% (maximum efficiency occurs assuming that
the OCGT would provide enough waste heat)

Power Output

25 MW

Energy Capacity

100 MWh

Charge/Discharge Duration

4h

Investigating of the value of the energy storage in an isolated grid with large-scale
renewable power plants (Case 3) has been done considering the installation of the
pumped hydro storage (PHS) power plant. This decision is not only based on the
government choice described in the energy Scenario 1 but has been achieved
analysing several real cases where the PHS has been used for the balancing of large
wind power plants in isolated grids [142][143][144][145][146]. The model of this energy
storage technology is supported in PLEXOS by defining the characteristics of the two
water basins (the lower and the upper ones), the water pump for the charging process
and the turbine for generating the electricity (discharging process). Table 5-8
summarizes the technical parameters that define the PHS power plant in the model.
The size of the two storage devices modelled is identical in order to ease the
comparison between the different case studies. However, the maximum power is
smaller than the one suggested by the government in Scenario 1 (90MW). For this
reason, it will only be possible to draw conclusions on the general application of energy
storage connected to large wind power plants without analysing the details of the
choices made for Scenario 1.

89

Chapter 5. Tenerife Energy System

Table 5-8 PHS technical parameters defined in PLEXOS model [147].

PHS Technical Parameters
Turbine Capacity

25 MW

Pump Load

25 MW

Pump Efficiency

70%

Head Reservoir Capacity

100 MWh

Tail Reservoir Capacity

100 MWh
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5.5.

RESULTS

For each of the five different models, the simulations are run for an entire year,
following the historic electric demand of the year 2015. The outputs and the inputs are
generated with a time step of one hour. The following sections explain the simulation
results obtained for each case, highlighting the influence of the energy storage
operations on the unit commitment, system costs and CO2 emission profiles.
In Section 5.2.2, when analysing Tenerife electricity demand, it has been mentioned
the lack of seasonal variation of the profile. Thus, the model results do not show
interesting variations according to the different period of the year. For this reason, it
has been decided to represent three days of data as a representative sample of the
daily behaviour of the model results.
5.5.1. CASE 0: STATUS QUO

The detailed analysis of the simulation results of Case 0 is fundamental to understand
the original balancing mechanism procedures that currently regulates Tenerife electric
grid. The highlight of critical outcomes from the simulation will support the assessment
of the energy storage potentials for the isolated grid.
5.5.1.1.

UNIT COMMITMENT

The simulation results reproduce the unit commitment and economic dispatch for the
supply of the demand required by the electric grid. The decisions made by the PLEXOS
model follow the need to find the minimum system costs solution and to respect the
technical constraints imposed by the correct operations of the thermal plants. Thus,
according to these guidelines, it is possible to understand and critically analyse the
generation profile for each power plant (Figure 5-8).
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Figure 5-8 Generation profile from each single thermal unit, according to simulation results.
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Figure 5-9 Average capacity factor of each thermal unit across three days, according to
simulation results.

The graph in Figure 5-8 represents an example of the technology mix designated by
PLEXOS model to supply the demand across three days. As can be noticed looking at
the graph, the CCGT is the plant that generates the largest portion of the demand, with
production peaks that achieve 200-250 MW. However, the potential output of this plant
could reach the maximum output of 400 MW, meaning that its capability is not
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completely exploited. Indeed, the average capacity factor for the CCGT is around 40%
(Figure 5-9). The reasons for this limited percentage are due to the high operating
costs of the plant. Nevertheless, the technical restrictions, like minimum capacity level
and minimum daily capacity factor, forces the model to operate this plant instead of
other more convenient options. The elevated start-up costs and the long time needed
to start the plant suggest the continuous use of the combined cycle.
Looking at the average capacity factor for every single plant (Figure 5-9), it can be
observed that the generators with the highest value are the diesel generator and the
steam turbine. Both plants present the most competitive energy generation prices and
for this reason, they are the most used ones for the demand provision. The average
capacity factor of the diesel generator and steam turbine are 70% and 80%, meaning
that none of the plants operates at the maximum capacity allowed (namely, 87% and
93%). This is because the energy system needs to respect several technical
constraints at the same time and reaching a compromise for achieving an optimal
solution for the entire system. For instance, the operation of the diesel generator is
limited by the necessity to run both the steam turbine and the CCGT at the minimum
capacity factor around 35-37%. Thus, during the demand valley periods, the diesel
generator covers the remaining portion of the demand and cannot work at its maximum
capacity factor, since this would impede the correct operation of the other two power
plants. Similarly, when providing the demand peaks, the diesel generator needs to
balance its generation with the output of the OCGTs that should work for at least 10%
of their daily capacity to respect the minimum daily capacity factor imposed.
Furthermore, the operation of the diesel generator or steam turbine at the maximum
available capacity would not be recommended because otherwise these power plant
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could not provide regulation up services (as it will be explained in detail in the following
paragraph focused on regulation results).
The OCGTs have elevated energy generation costs, however, the presence of
competitive start-up costs and short starting time imply the scheduling of these plants
for the peak demand provision. Among the OCGTs, the Granadilla Gas is the most
cost-effective plant and for this reason it is the first plant that selected when the
demand increases. Then, Arona and Candelaria Gas are turned on when the demand
reaches the local peak values.
5.5.1.2.

REGULATION RESERVE SERVICE

When analysing the regulation of reserve service in the energy grid, it is interesting to
look at how the provision of this service alters the operation of the thermal plants and
how the regulation costs affect the overall system costs. With a sudden increase of
demand or an unexpected fault in an operating plant, the system operator requires to
maintain the electricity balance by increasing the generation from the units, which need
always to ensure the possibility to further increase their load. The regulation up
represents the requirement to increase the spinning power plant generation, whilst the
regulation down constraint stands for the need to decrease the output.
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Figure 5-10 Regulation up/down capacity availability for Granadilla steam turbine across
three days, according to simulation results.

The graph in Figure 5-10 shows the rise and lower reserve available from the steam
turbine. As expected, the reserve up is mostly available during the demand valley
periods when the power plant operates at the minimum capacity level, whilst the
reserve down reaches its minimum value because the plants would not be available to
reduce their output. The necessity to provide regulation service limits the generation
from some of the power plants impeding them the possibility to work at the maximum
capacity available. For instance, this is the case of the diesel generator, whose flat
profile is constrained by the necessity to supply around 10 MW of available reserve up.
The regulation price is calculated as the ratio between the cost to the system of
providing reserve at the marginal cost of reserve provision and the total amount of
reserve being provided. The prices paid to supply raise and lower reserve reflect the
general availability of the power plants to provide the service. For instance, looking at
the variation of the reserve up price (Figure 5-11), it can be noticed that the value is
minimum during the night when the operating generators work at their minimum
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capacity and they all would be available to increase their output if needed. Instead,
when the power plants increase their generation they would not be willing to accept a
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Figure 5-11 Regulation up/down price across three days, according to simulation results.

further increase in the load. For this reason, the reserve up price rises to incentive the
provision of this service.
5.5.1.3.

WHOLESALE ELECTRICITY PRICE

The wholesale electricity price corresponds to the price issued to the load for the
consumption of energy and its value depend on the costs afforded to generate that
amount of energy required. Thus, its value fluctuates during the day and follows the
variation of the energy generation with peaks during the middle of the day and valleys
during the night. Looking at Figure 5-12, it can be noticed that the average wholesale
electricity price is above 200 €/MWh. Even if this value seems extremely elevated, it
follows the real trend, as mentioned at the beginning of this chapter, when referring to
the high wholesale electricity price of isolated grids.
The variation between the peaks and the valleys in the wholesale electricity price
profile is less accentuated than the correspondence variation in the energy generation
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profile (Figure 5-12). The main reason that justifies this behaviour is that during the
valley periods the principal power plants operating, the steam turbine and the CCGT,
work at the minimum load. Thus, their operating point is far from being the optimum
one. This operating condition forces the plants to work at low efficiency and the not
optimized procedures lead to higher costs of energy generation. These costs are
driven by the large amount of fossil fuels that need to be burnt due to the low efficiency.
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Figure 5-12 Wholesale electricity price variation across three days, according to simulation
results.
5.5.1.4.

CO2 EMISSION

Figure 5-13 shows the CO2 emission rate, defined as the total emission generated per
unit of power output. The total emission production is calculated by knowing the
relationship between the fuel usage of each thermal plant and the CO2 emissions (see
Annex A).
Looking at the graph, it can be noted that the emission curve is, first, subjected to a
sharp increase corresponding to the instant when the OCGTs turn on to cover the
demand rise. Then, the CO2 emission rate profile stabiles as soon as the generators
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improve their operating efficiency. Finally, the curve shows a drastic fall in
correspondence with the highest demand peak; the intensity of CO 2 production
decreases because both the energy generation achieves its maximum local value, and
the power plants reach their optimum operating point, maximizing the efficiency and,
thus, reducing the amount of CO2 emission rate.
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Figure 5-13 CO2 emission curve for Tenerife electric grid across three days, according to
simulation results.
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5.5.2. CASE 1: ENERGY STORAGE CONNECTED TO GRID
The model presented in this paragraph analyses the potential influences energy
storage technology can have on Tenerife energy system when connected to the entire
electricity grid. The simulation results draw attention to the economic and
environmental advantages that can be achieved and on the alteration of the balancing
mechanism following the installation of grid-level energy storage devices.
The effects energy storage technologies have on Tenerife energy system are
explained below. The value of the energy storage is investigated looking from the
whole energy system perspective, and it is evaluated as the impact on unit commitment
decisions, wholesale electricity price, and greenhouse gases emissions.
5.5.2.1.

UNIT COMMITMENT

The presence of the energy storage device is seen by the system operator as an
opportunity to reduce the overall system costs. For this reason, the role played by the
storage can be summarised as load-shifter; the energy storage charges during the
demand valley periods and discharge when the demand rises for covering the peaks
(Figure 5-14). Therefore, the effect that the energy storage installation plays on the
thermal power plants operation is increasing the generation during the valley periods
and reducing it in correspondence to the peak periods. This means that the general
generation curves gain a flatter profile compared to the output achieved in Case 0.
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Figure 5-14 Comparison of total generation of thermal power plants for Case 0 and Case 1,
across three days.

The consequences of introducing an energy storage device and the modifications of
the generation profile are particularly visible for the steam turbine and the CCGT
(Figure 5-15). Without the energy storage operation, the steam turbine generation
curve shows a severe fall during the night with a rapid increase that follows the daily
rise of the demand. The presence of the energy storage incentives the electricity
production when the demand is minimum, reducing the variation in the steam turbine
generation. The electricity that is stored during the night is then released during the
day affecting the output of the CCGT that is the main provider of the demand peaks.
The maximum value of generation achieved by the CCGT is reduced and the modest
reduction disappears to supply more energy to the storage.
Similar, but less emphasised, consequences appear in the OCGTs output. The
OCGTs, which generally operate to cover only the demand peaks, produce a more
constant generation across a longer period. Looking at the graph, it can be noted that
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only Candelaria Gas and Granadilla Gas, are designated for the supply of the demand
peaks.
The diesel generator shows modest variation in the generation profile. This curve
already presents a constant behaviour, which incurs a slight reduction to follow the
reduction of the demand and the resulting decrease of the steam turbine and CCGT
output. It has already been shown how energy storage encourages a more intense
electricity production from the steam turbine. Therefore, this means that also the diesel
generator can increase its generation and achieve a constant operation across the
entire working period.
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Figure 5-15 Generation from each thermal unit across three days, according to Case 1
simulation results.

5.5.2.2.

SYSTEM COSTS

The detailed description of the influence of the energy storage technology on the unit
commitment decisions facilitates understanding the system costs variation after
installing the energy storage device. The system costs are calculated as the sum of
the fuel cost, VO&M costs, and start-up/shut-down costs for each power plant and
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every time step. Table 5-9 shows an overall decrease of the system costs between
Case 0 and Case 1 following the use of grid-scale energy storage technology. This
results as a combination of variating both wholesale electricity price and regulation
costs.
Table 5-9 Comparison of yearly system costs for Case 0 and Case 1.

System Costs

Case 0

Case 1

695,240

693,929

[€000/year]

The daily wholesale electricity price fluctuation follows the general generation trend;
this means that, regarding the results of Case 0, the wholesale electricity price slightly
increases during the valley periods and decreases during the peak periods, due to the
load shifting action of the energy storage (Figure 5-16).
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Figure 5-16 Comparison wholesale electricity price variation in Case 0 and Case 1.

Moreover, energy storage operation allows the system operator to optimize the
schedule of the thermal power plants to minimize the generation costs. For this reason,
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the average wholesale electricity price is subject to a reduction because of the fossil
fuel consumption savings. Indeed, the increased level of flexibility introduced by the
energy storage encourages the generation from the diesel generator and steam turbine
for charging the energy storage during the low demand periods. Thus, these two plants
replace the operation of the gas turbines during the peak periods, and because of the
fossil fuel costs differences, this is reflected in an overall wholesale electricity price
reduction.
However, the variation of the wholesale electricity price profile has a slight effect on
the overall system costs. Most of the reduction is due to the decrease of the regulation
costs, compared to the values obtained for Case 0. As mentioned in the previous
paragraphs, an energy storage device in an isolated grid can lead to interesting
benefits for the management of the network. These benefits are then reflected in the
reduction of the costs needed for the regulation services provision. The Regulation
Down requires the spinning thermal power plants to reduce their output in case of an
unbalance event in the network. The correspondence price for this service is usually
elevated when the operating generators work at their minimum level, as shown for the
Case 0 results. However, the necessity to charge the energy storage during the valley
periods increases the operation rates of the power plants that could provide Regulation
Down since they do not operate at the minimum level (Figure 5-17). Regulation
up/down price variation across three days, according to Case 1 simulations results.
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Figure 5-17 Regulation up/down price variation across three days, according to Case 1
simulations results.

Similarly, the Regulation Up price encourages the spinning power plants to suddenly
increase their generation and it decreases when simulating the energy storage device
in the grid. The energy storage discharging partially replaces the output from the peak
plants (e.g. CCGT and OCGTs), which are more available to increase their generation
(Figure 5-17).
5.5.2.3.

CO2 EMISSION

The main advantages achieved due to the use of energy storage technologies in
isolated grids are mostly related to improving the network management and reducing
the system costs. However, from an environmental point of view, energy storage
devices do not seem to bring any benefit to the grid. According to the simulation results,
the greenhouse gas emissions increase compared to the respective amount assessed
in Case 0 (Table 5-10). Indeed, the energy storage operations have been optimized to
minimize the overall system costs; the power plants prioritised have been the one with
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least operation costs considering no environmental constraints. Thus, the choice to
minimise the system costs is detrimental to reducing CO2 emission for the current
Tenerife energy grid layout.
Table 5-10 Comparison of yearly CO2 emission for Case 0 and Case 1.

CO2 generated

Case 0

Case 1

2,031,647

2,037,801

[tonne/year]

It is important to notice that Case 1 does not take into account the installation of any
renewable power plant. Thus, the only introduction of an energy storage device cannot
contribute to the carbon footprint reduction, because it would be charged only by fossilfuelled plants. Looking at the simulation results, it is also interesting to highlight that
the strategy that minimises the CO2 emission does not correspond to the one that
optimises the overall costs. This means that the current Tenerife energy system needs
to prioritise one objective over the other when defining the unit commitment. Further
improvement will be shown when presenting the simulation results that consider
installing large-scale wind power plants as planned in the government future scenario
and modelled in Case 3 and Case 4.
5.5.2.4.

ENERGY STORAGE REVENUE

The energy storage device can maximise its revenue by optimising the schedule of the
charging and discharging periods. During the charge, the energy storage needs to
purchase the electricity from the grid and pay it at the equivalent wholesale electricity
price. Then, during the discharge, the electricity provided is sold again to the grid at
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the current wholesale electricity price. Thus, to maximise the revenue of the energy
storage, the charge occurs when the wholesale electricity price is minimum, during the
valley periods, and the discharge takes place during the peak periods when the energy
storage can make the most out of the provision of electricity (Figure 5-18).
For this specific case study, the revenue of the energy storage device over the year
has been calculated equal to 965,000 €/year, according to the model results. It will be
interesting to compare this value with the financial revenue obtained for Case 2 and
Case 4 that simulate different roles of the same energy storage capacity.

Figure 5-18 Net storage revenue variation according to the demand profile, Case 1
simulation results.

106

Chapter 5. Tenerife Energy System

5.5.3. CASE 2: ENERGY STORAGE CONNECTED TO OCGT

This case study analyses the potential effects and benefits energy storage device
would cause when connected only to a single generator. The thermal unit under
consideration is an OCGT belonging to the Granadilla energy system (unit number 7
in Figure 5-19, the energy storage is represented by node number 12).
The restriction to interface with a single plant limits the energy storage operations and
its beneficial influence on Tenerife energy system, as it will be highlighted when
presenting the system costs and CO2 emission variation.

Figure 5-19 Tenerife energy grid layout according to Case 2 model (figure taken from
PLEXOS).
5.5.3.1.

UNIT COMMITMENT

The energy storage device connected to Granadilla Gas unit has large effects on this
unit operations and, indirectly, also on some other plants schedule. The possibility to
store the local excess of electricity produced incentivises Granadilla Gas to operate at
a constant rate for the most part of the day. This strategy differs from the usual unit
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commitment of this OCGT, which is characterised by several daily start-ups and shortperiod operations that follow the demand peaks. The distribution of Granadilla Gas
daily generation over a longer period means that the power output profile never
achieves peak values but maintain a stable modest rate (Figure 5-20). This means
that other competitive power plants may take advantage of reducing this output and
increase their generation in case of peak demand; examples of this strategy are the
operations of the diesel generator and steam turbine. In previous sections, the
competitiveness of these plants has already been mentioned as well as their
constrained operations by the several technical limitations. In this case, their output is
not restricted anymore by Granadilla Gas peaks and it can slightly increase compared
to Case 0.
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Figure 5-20 Comparison of Granadilla Gas operations in Case 0 and Case 2, according to
simulation results.

It is interesting to notice that the energy storage device in the model does not increase
the daily capacity of the OCGT, but it only affects its distribution. Further simulations
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run on the model have proven that this choice is bounded to the minimization of the
system costs. When increasing the daily capacity factor of Granadilla Gas from 10%
to 40%, PLEXOS is forced to run the unit more intensively increasing the productivity
of both the OCGT and the energy storage. However, this cause extremely elevated
system costs due to the high operative cost related to the large use of an expensive
unit that does not allow minimizing the cost function.
5.5.3.2.

SYSTEM COSTS

The slight decrease of the system costs with respect to Case 0 (Table 5-11) shows
that the installation of an energy storage device in synergy with a single unit might
bring economic advantage to the overall system. However, this improvement is not
comparable to the cost reduction achieved when the same technology is assumed
connected to the entire electric grid.
Table 5-11 Comparison of yearly system costs for the three case studies, according to
simulation results.

System Costs

Case 0

Case 1

Case 2

695.24

693.93

694.85

[MEUR/year]

This result is partially influenced by the small reduction of fossil fuels costs. The slight
increase of diesel generator and steam turbine operations leads to a consequent
decrease in the gas consumption that represents the largest portion of the fossil fuels
costs.
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Most of the system costs savings are due to the reductions related to the regulation
expenses. Even though the energy storage device is directly connected to a single
unit, this approach brings benefits to the overall balancing mechanism. The reason is
that Granadilla Gas conveniently operates at the constant flat rate for most of the 24hour period and, thus, it is available to provide regulation down and up. Looking at the
graph in Figure 5-21, it can be noted that, in absence of the energy storage, the
regulation supply from the OCGT is restricted to short periods across the day,
corresponding to the spinning periods. Extending these periods means that the
flexibility of the OCGT increases across the day, reducing the need to force other
operative power plants to provide regulation services.
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Figure 5-21 Comparison of Granadilla Gas regulation down availability in Case 0 and Case
2.
5.5.3.3.

CO2 EMISSIONS

The simulation results related to greenhouse gas emission show similar conclusions
to the ones achieved for Case 1. The energy storage operation is planned by the model
to minimise the overall costs function, and this choice leads to the increase of the CO2
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emissions since the least expensive solution does not correspond to the most
environmentally friendly. As the system costs show a slight decrease with respect to
Case 0 solutions, the CO2 emission presents a minor increase (Table 5-12). Again,
this can be explained considering the exploitation of oil fuel burnt in the diesel
generator and steam turbine, which is cheaper and more pollutant than the natural gas
used in the gas turbines.
Table 5-12 Comparison of yearly CO2 emission for the three case studies.

CO2 generated

Case 0

Case 1

Case 2

2,031,647

2,037,801

2,032,466

[tonne/year]

5.3.3.4.

EFFECT OF ENERGY STORAGE ON OCGT PLANT

It is interesting to notice that the installation of the energy storage in cooperation with
the OCGT is driven by the willingness to improve the performance of the unit.
The marginal heat rate and short-run margin costs values (Figure 5-22) indicate that
the constant flat generation from the unit favours the potential increase of electricity
production, making the OCGT flexible and suitable for regulation provision.
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Figure 5-22 Comparison of SRMC for Granadilla Gas in Case 0 and Case 2

Although it has been proven how the energy storage can optimize the generation and
regulation supplied by Granadilla Gas, there is no further evidence in the simulation
results of the improvement of the unit efficiency. PLEXOS does not provide information
about the amount of CO2 emission from the single plant.
The correlation between the thermal efficiency of the OCGT and the power output
(Figure 5-23) shows that the optimal performance is achieved when the plant operates
at nominal power. Lower thermal efficiency leads to higher CO2 generation because
the gas combustion is not performed in optimal conditions (see Section 3.2.3). This
information is provided in PLEXOS by defining the heat rate as a polynomial function,
instead of a constant value (see Annex A).
However, the simulation results of Case 2 (Figure 5-20) suggest that the energy
storage operation would not improve the energy efficiency of the OCGT plant since it
would lead the plant to operate at a lower power output for a longer period. In Section
5.5.3.2, it has been explained that this operational choice is done by PLEXOS in order
to minimise the overall costs of the energy system. Thus, the installation of the energy
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storage connected exclusively to the OCGT would be able to reduce the system costs
by operating strategic arbitrage operation, but it would not bring benefits to the OCGT
plant owner.
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Figure 5-23 Correlation between the thermal efficiency of the OCGT and the power output,
based on official bulletin information

5.5.3.5.

ENERGY STORAGE REVENUE

The net generation revenue obtained by the energy storage device is only a small
amount compared to the potential economic benefits achieved when connected to the
entire grid (Table 5-13). First, this result can be explained considering that the
restriction to be charged by a single unit limits the amount of energy stored by the
device and, thus, the potential electricity generated. Secondly, the charging period of
the energy storage is exclusively driven by the operations of one OCGT and, thus, the
storage does not have the possibility to optimize its costs by charging during low
wholesale electricity price periods. The variation of the charging period can be noticed
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in the graph in Figure 5-24 that compares the schedule of the energy storage in the
two different case studies.
Table 5-13 Comparison of total energy storage net revenue in Case 1 and Case 2.

Energy Storage Net

Case 1

Case 2

969,000

113,000
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Figure 5-24 Comparison of energy storage charging/discharging periods in Case 1 and Case
2 according to the demand profile.

114

Chapter 5. Tenerife Energy System

5.5.4. CASE 3 AND CASE 4: ENERGY STORAGE CONNECTED TO WIND POWER
PLANT

Adding large-scale wind power plants in Tenerife grid completely distorts the original
electricity dispatch strategy. The simulation results of Case 0 show that each power
plant generation has a periodic profile that recurs across the days following the
variation of the demand and all the technical constraints. Installing large-scale wind
power plants forces the model to change balancing mechanism strategy: the main
priority becomes the maximization of the wind energy that represents the cheapest
electricity source and the other power plants generation needs to adapt to this variable
profile and supply the remaining portion of the demand. This largely affects the daily
capacity factor of every single plant reducing visibly the fossil fuel consumptions.
As expected, the main benefits of this new energy system layout are the costs and
CO2 emission reduction, due to the supply of clean and cheap energy from the wind
farms. The price that needs to be paid to achieve these economic and environmental
advantages is the variability and fluctuation of the wind energy output that increases
the need for regulation services. The amount of wind power capacity planned to be
installed in Tenerife is high and the small isolated grid will be challenged to absorb the
intense flow of variable energy. Figure 5-25 shows the total volume that would be
curtailed according to the size of wind power plant installed in Tenerife, (based on
PLEXOS simulations run for a time period of two months). Already 100 MW of wind
power capacity installed would require the curtailment of renewable electricity excess
(equal to 11% of the total volume generated in two months). Then, the volume of
energy curtailed would increase with the rise of wind capacity installed reaching almost
50% of the total wind energy produced across the simulated period. This first result
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suggests that the installation of large wind power plants without considering the
presence of an energy storage device (as considered in Scenario 2) would require
consistent balancing costs for the management of the wind curtailment.

Wind electricity curtailment
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Figure 5-25 Wind curtailment volume for increasing amount of wind capacity installed,
according to simulation results across two months

This problematic situation encourages the adoption of energy storage technologies for
supporting the balancing mechanism of the electric grid. To be able to compare the
different case studies that involve the presence of an energy storage device (Case 1,
Case 2, and Case 4), it has been decided to size the energy storage as in the previous
case analysed (100 MWh of energy capacity, and 25 MW of power capacity). However,
this choice brings modest results for this specific case study, because it appears
undersized compared to the large capacity of wind power plant installed.
5.5.4.1.

UNIT COMMITMENT

As mentioned above, the unit commitment simulation supports the large consumption
of renewable energy and, thus, prioritizes the wind output over the conventional power
plants generation. The wind energy generation has a fluctuating profile and the
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presence of the fossil-fuelled generators is necessary as backups to cover the
remaining portion of the demand (Figure 5-26). The diesel generator produces a
constant baseload, while the gas turbines oscillate between a minimum and maximum
value of electricity production following the peak and valley alternations. The thermal
unit that covers the largest portion of the demand is the CCGT, due to its strict technical
operating constraints. Moreover, this generator provides the demand peaks in case of
lack of wind generation; on some occasions, this is done together with the steam
turbine or some gas turbine.
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Figure 5-26 Generation profile for each renewable and thermal unit across seven days,
according to Case 3 simulation results.
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Figure 5-27 Generation profile for each renewable, thermal and storage unit across seven
days according to Case 4 simulation results.

The addition of the energy storage device slightly affects the unit commitment as
shown in Figure 5-26, due to its limited power output compared to the predominance
of the wind power capacity. The energy storage discharge usually occurs during
demand peak periods and it partially replaces the CCGT output, whilst the charging
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periods exclusively intensify the wind energy profile, due to the direct synergy between
the energy storage device and the wind turbines.
The detailed analysis of the simulation results highlights that the energy storage device
does not maximise its output and does not discharge its energy stored for several days
in a row. Even though this strategy may appear counterproductive for the energy
storage revenue, it is coherent with the current wholesale electricity price profile. The
large availability of wind energy generation drives the electric market and drops the
overall wholesale electricity price. To optimise its revenue, the energy storage needs
to ensure to sell the electricity to the grid when the wholesale electricity price
overcomes the value it paid during the charging period. For this reason, it may happen
that the system operator prefers not to run the energy storage and wait for the increase
in the wholesale electricity price.
5.5.4.2.

SYSTEM COSTS

The overall system costs decrease because of the installation of large-scale wind
power plants and, following, of the energy storage device (Table 5-14). It is interesting
to notice that this general decreasing trend is consistent with the large reduction of
fossil fuel consumption and average wholesale electricity price, but it is in contradiction
of the extreme increase of the regulation service costs. The necessity to balance the
variable wind power output causes a significant rise of the regulation price, in particular
for the provision of regulation down; indeed, most of the power plants operate at their
minimum stable capacity level and a further reduction of the output could cause severe
technical damages. Also, the regulation up service requires high costs, due to the fact
that the wind power plants produce one of the largest portions of electricity generation,
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and a sudden drop in this profile need to be immediately balanced by the increase o
generation from the spinning thermal plants.
Table 5-14 Comparison of yearly system costs in Case 0, Case 3 and Case 4.

System Costs

Case 0

Case 3

Case 4

695.24

549.76

547.14

[MEUR/year]

The addition of energy storage technologies allows decreasing these regulation
service prices. In the graph in Figure 5-28, it can be noticed that the discharging
periods of the energy storage device correspond to drastic drops in the regulation price,
due to the increase of flexibility of the energy system. This influence, together with the
minimisation of the fossil fuel costs, explain why the latest case study is the one with
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Figure 5-28 Comparison of regulation price variation and PHS discharge power across three
days, according to Case 4 simulation results.
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5.5.4.3.

CO2 EMISSIONS

The CO2 emission profile follows the fossil fuel consumption curve and, thus, it drops
due to the large renewable generation that displaces the output of the thermal unit
(Table 5-15). The minimum total value of CO2 generated per year of simulation is
achieved for the case study that considers the cooperation of the energy storage
device with the wind power plants and that maximises the total renewable generation.
Table 5-15 Comparison of yearly CO2 emission in Case 0, Case 3 and Case 4.

CO2 emission

Case 0

Case 3

Case 4

2,031,647

1,425,772

1,419,801

[tonne/year]

5.5.4.4.

ENERGY STORAGE REVENUE

The previous paragraphs have highlighted the economic and environmental benefits
the energy storage can add to an isolated electric grid with large-scale wind power
plants. However, from the energy storage owner perspective, this latter case study
represents the less profitable among the different energy scenario investigated. Table
5-16 collects the yearly energy generation produced by the energy storage device
according to the three model simulations. It can be noticed that Case 4 is characterized
by the smallest value of total generation per year. While the modest amount of Case 2
is justified by the limited availability of energy due to the synergy with a single OCGT
operation, in Case 4 the wind power plants generate abundant energy for storing
purposes. Thus, the reason for the modest energy storage contribution is not due to
the lack of excess of energy for charging the storage device, but to the limited
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wholesale electricity price variation. As it has already been mentioned, the number of
discharging processes of the energy storage in Case 4 is not maximised because of
the lack of wholesale electricity price peaks. The flat wholesale electricity price profile
driven by the large wind energy production does not encourage the energy storage to
sell back the electricity to the grid because it would not be profitable.
Table 5-16 Comparison of yearly energy storage net generation in Case 0, Case 3 and Case
4.

Energy Storage

Case 1

Case 2

Case 4

64.30

33.84

16.16

Net Generation
[GWh/year]

Although the energy storage device reaches the smallest amount of total generation,
its contribution to the whole energy system is still remarkable, making Case 4 the least
expensive and pollutant energy scenario. The size of the wind power plants and the
excess of renewable energy generated in the isolated grid implicitly promote the
installation of large energy storage devices. The model has been simulated with a 100
MWh of storage capacity, for the sake of comparison with the previous case studies.
However, as shown in Table 5-17, a larger energy storage device would improve the
penetration of renewable in the isolated grid and, thus, increase its revenue and its
positive effects on the entire system. This suggests that the choice to install 90MW of
PHS, as proposed in Scenario 1, might be appropriate for the optimisation of the wind
generation in Tenerife.
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Table 5-17 Increase of wind energy output for different energy storage capacity

Energy Storage

100 MWh

200 MWh

+ 2.54%

+ 4%

Capacity
Wind Energy Output
(compared to Case 3)
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5.6.

DISCUSSION AND CONCLUSION

The simulation of Tenerife electric grid operations has stressed potentially problematic
management issues for the current and the future energy scenario layout. First, the
strict dependency on fossil fuels leads to elevated greenhouse gases emission and the
expensive transportation fees cause high wholesale electricity prices for the current
energy system. Then, the lack of interconnections and flexibility in the balancing
mechanisms force the thermal units to operate at partial load for regulation and reserve
provision, causing thermal stresses and poor energy performance. Finally, the future
installation of large-scale wind power plants, planned with the aim to solve most of the
current energy issues of the island, would achieve significant savings in fossil fuel
consumptions but it would completely distort the original unit commitment forcing the
thermal unit to operate as a backup at the minimum capacity. Whilst the previous
statements have been verified against real data, this latter conclusion has been based
exclusively on simulation results since it concerns future energy scenario. In this case,
the simulation has been run considering the rules and constraints existing for the
current electric grid (e.g. minimum capacity factor, minimum daily capacity). However,
the installation of large-scale renewable plants could suggest modifying the traditional
plant operations, like reducing the number of spinning units. The shutdown of some of
the thermal plants could improve the energy performance of the remaining operating
ones. Moreover, the simulation has been based on the principle to prioritise the
renewable generation, leading to the predominance of wind generation and the drop
in the wholesale electricity price. It has already been noticed that this strategy would
bring interesting system costs savings, but it would minimise the revenue of other
components of the system, like the energy storage. Thus, further measures could be
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introduced to benefit from renewable energy but do not obstruct the deployment and
the correct operations of other energy technologies.
These conclusions show that if the government would choose either Scenario 0 or
Scenario 2 as future development of the power sector, it needs to consider:
•

In the first case, high electricity price and CO2 emission due to the exploitation
of imported fossil fuel;

•

In the second case, intensive wind energy curtailment (almost 50% of the total
wind generation) and potential thermal stress for the thermal plants that need
to constantly operate at partial load.

For these reasons, the adoption of energy storage technologies would be
recommended in both the scenarios.
5.6.1. ENERGY STORAGE POTENTIALS

This work has investigated three different roles that could be played by the energy
storage device in Tenerife grid: acting as load-shifter to facilitate the regulation
provision and minimise the costs, working in synergy with a single OCGT to improve
its energy performance or increasing the penetration of renewable energy when large
wind power plants will be installed. It is interesting to notice that the case study that
represents the most productive scenario for the entire energy system does not
correspond to the most remunerative one for the energy storage owner. From the
energy system point of view, the best results are achieved in Case 4, where the
presence of the storage allows reaching the minimum system costs and CO 2
emissions. In Case 4 the operations of the energy storage device connected to the
wind power plants save 0.5% of the total system costs compared to Case 3, while the
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savings achieved with the similar device connected to the entire electric grid would be
only 0.2%, and even less when directly linked to the single OCGT. However, from the
energy storage owner point of view, the best energy scenario is represented by Case
1, where the storage can maximise the number of discharge processes and profit from
the fluctuation of the daily wholesale electricity price profile.
In conclusion, this simulation analysis suggests the existence of interesting potential
applications for the energy storage technologies in Tenerife isolated grid, assessing
the value of the storage according to different case studies, roles and perspectives.
5.6.2. MAIN ASSUMPTIONS AND LIMITATIONS OF THE MODEL

It is important to notice that these conclusions are based purely on the results from a
simulation analysis where the benefits of the energy storage operations are expressed
in terms of differences compared to the simulation results of the current energy system.
The model of Tenerife energy system is quite accurate due to the small dimension of
the grid. This has been proven in Section 5.4.2 where the validation of the unit
commitment results is shown.
However, in order to simplify the simulation model, it has been decided to neglect the
current renewable capacity installed, since this covered only 10% of the overall energy
demand in 2017 (chosen as reference year for the simulations).
This choice might have resulted in slightly higher wholesale electricity prices because
the modest portion of demand covered by renewable capacity is replaced by thermal
generation in the simulation results. In terms of energy storage revenues, the decision
of neglecting the renewable generation might have negatively affected the results since
the generation from variable renewable source increase the revenue from arbitrage
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and regulation. This means that the revenue of the energy storage when charged with
the electricity from the grid or from the OCGT plant could be slightly higher in the real
application.

127

Chapter 6. GB Energy System

Chapter 6
6. GB ENERGY SYSTEM
The software PLEXOS has been used for modelling Great Britain national grid to be
able to assess the value of the energy storage technologies when installed at grid level.
The potential benefits that are considered involve the increase of penetration of
renewable, the reduction of overall system and regulation costs and the decrease of
CO2 emissions. The geographical unbalance between the generation and demand has
drawn the attention to the innovative adoption of thermal storage devices, that would
tackle the renewable integration and heat decarbonisation issues.
6.1.

BACKGROUND

Great Britain energy scenario has been selected as the target of this study because it
represents a clear example of the renewable curtailment issues that may happen due
to lack of sufficient transmission lines. The rapid installation of large-scale wind power
plants in Scotland has not been followed by an enlargement of the transmission
network, creating congestion issues in the line [148]. This problem is common to
several other countries (e.g. China, Brazil, Germany) since the most suitable locations
for the installation of large-scale wind power plants are remote, windy areas far from
the most populated cities. Thus, in these energy systems, the constrained transmission
network acts as a bottleneck and limits the amount of renewable power that can meet
the demand.
Wind power development in China grew rapidly between the 2000 and the 2012 and it
took place mainly in the Three North region (Northeast, Northwest and North China)
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due to resource availability and wind farm constructions requirements. Wind power
curtailment became a major problem starting from the year 2010 and according to Luo
G. L. et al [149], the lack of proper planning and network management were the main
reasons that led to poor integration of the renewable. The authors blame the lack of a
national energy deployment planning, which would have been beneficial when
authorizing the local installation of wind power plants. Moreover, the slow progression
of the grid enlargement construction created further obstacles to the penetration of the
large-scale wind power plants into the national grid.
Similarly, in Germany, the transmission lines prevent the correct dispatch of the windgenerated electricity [150]. The most suitable location for the installation of new power
plants is in the northern area, not convenient for the grid distribution that is mostly
addressed to the central and southern regions.
The Brazilian energy system has been investigated through a simulation analysis run
on PLEXOS [151]. This work contributes to an article previously published [152] that
analysed the increase of wind integration in the Northeast of Brazil without considering
transmission lines and congestion issues. The paper concludes that wind curtailment
would occur only in case the renewable output overcome the overall demand. The
second work questioned that it would have been possible to achieve 65% of wind
integration in the Northeast of Brazil almost without curtailment. Indeed, the simulation
results presented in the second paper showed that several events of curtailment could
be registered. The reason for this curtailment has been investigated with the power
flow analysis, which highlighted congestion issues in the transmission lines connecting
the wind farm sites with the rest of the electric network.
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In the case of GB energy system, the bottleneck in the network is located exactly at
the border between Scotland and England. Looking at the map of the network grid
across GB in Figure 6-1, most of the congestions take place between zone B6 and
B7, corresponding to the Scottish border. This area is crossed by only two transmission
lines. The purpose of the simulation-based analysis is to quantify the savings that could
be achieved if energy storage devices would be used in Scotland for collecting the
excess of renewable energy produced. To stress the attention on the congestions that
obstruct the power flow from Scotland to England, the grid model is represented by a
two-region network connected by a single transmission line. The first region embodies
the wind power location while the second aggregates most of the demand. This
approach could be easily extended to other national grid characterized by a similar
structure, such as China, Brazil and Germany.
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Figure 6-1 Map of transmission lines in Great Britain

The following paragraphs present an overview of the current energy situation in GB
highlighting the distribution of installed capacity across the country and the different
energy mix that provides the daily demand. An accurate analysis of the electric and
heat demand in England and Scotland is presented, suggesting possible interesting
power-to-heat solutions for handling the wind curtailment.
Section 6.3 introduces some further comments for the development of the model of the
grid, applying to a specific case the methodology defined in Chapter 3. The chapter
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concludes with a detailed analysis of the results achieved with the simulations and
some discussion on the potential deployment of energy storage technologies in
Scotland.
6.2.

DATA REVIEW

6.2.1. INSTALLED CAPACITY

The overall electricity system in GB is constituted by almost 81.3 GW of power installed
in 2017 [153]. This value is calculated based on the power plants (renewable and fossilfuelled) connected to the transmission line. Smaller generation units (in total 32.4 GW
[154]), such as diesel generators, solar panels, and wind turbines connected to
distribution networks, are not included in this amount.
64% of this capacity is fossil-fuelled power plants. Combined cycle gas turbines
(CCGTs) cover the largest portion of this percentage with over 30 GW of capacity
installed (Figure 6-2). The remaining fraction is then shared between open cycle gas
turbines (OCGTs), diesel and coal power plants. The latter counts eight remaining
units, all placed in England and Wales since the last coal-fired power plant in Scotland
(Longanett) has been closed in 2016 [155].
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Figure 6-2 Installed capacity according to plant type
The largest installation of renewable power in GB is represented by wind farms, 15%
of the overall installed capacity (Figure 6-2). 40% of this total amount is concentrated
in Scotland, representing the most intense installed capacity in the region as shown in
Figure 6-2. Nuclear power plants are an established technology in GB with 8 GW of
capacity installed (11% of the national installed capacity) and they provide baseload
for the daily demand. Biomass, solar and hydropower plants represent a similar share
around 2-3% of the overall installed capacity.
From Figure 6-2, it can be noted that a considerable amount of the renewable plants
is located in Scotland, where the main contribution to the fossil-fuelled generation is
given by only the single CCGT of 1.1 GW capacity. The total installed capacity in
Scotland is abundant for the local electric demand and a large portion of the electricity
produced in Scotland is exported to England (in 2017 this amount corresponded to
27% of the total electricity produced, according to official government figures
[156][157]). The modest Scottish electric demand is mostly covered by renewable
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energy (60% of the total), and the ambitious government plans for this region consider
the achievement of 140% of renewable electricity by 2030 [158]. This is aligned with
the target to reach full decarbonisation of the energy sector by 2050. The future energy
scenario considers almost doubling the current amount of renewable capacity in
Scotland (reaching a total of 17 GW) and implementing further policies and energy
technologies for facilitating renewable penetration into the grid.
6.2.2. PLANT CAPACITY FACTOR

The plant capacity factor is defined as the ratio between the real output that has been
generated by the unit during a certain amount of time and the maximum capacity that
could be generated for the same amount of time. This parameter is an indicator of how
intensively each technology has been exploited and it could give interesting information
about the energy mix that provides electricity in GB. The plant capacity factor is mainly
driven by the actual demand and by the balancing mechanism decisions that govern
the energy system, but a reduction of this value could also be caused by technical
issues of the unit, such as planned or unplanned outages. The plant capacity factor of
nuclear power plants represents the highest capacity factor in GB (Figure 6-3) at
77.4% in 2017 [159]. In other words, nuclear technology is the type of plant which is
mostly exploited in the GB, covering almost 26% of the electric demand. The CCGT
capacity factor has grown to reach almost 50% in 2016 [153], due to the closure of
coal-fired plants. CCGT cover the highest portion of electric demand by following the
peak trends. The decrease (-4.3 percentage point) of CCGT capacity factor in 2017 is
due to the decrease of supply as renewable share increased. As mentioned before,
the coal-fired power plants are drastically decreasing their operation and in 2016 the
plant capacity factor reached the lowest value ever registered (16.5%). This value is
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expected to further decrease due to the government decision of limiting the generation
from coal-fired power plants. The plant capacity factor of renewable plants is mostly
affected by weather conditions that influence the natural water flow for the hydropower
system as well as the wind intensity or number of sun hours. For this reason, the plant
capacity factor of wind power plants, solar panels and hydropower have all seen a
slight reduction in 2016 compared to the previous years due to unfavourable weather
conditions [159]. In 2017, high wind speed allowed wind power achieving 31.7% of
capacity factor. The increase of hydro capacity factor is not related to weather
conditions but to the addition of small-scale hydro plant capacity. The operations of
pumped hydro storage plants are controlled and driven by the decision of storing
excess electricity then provided it during the peak time demand. The pump storage
capacity factor has kept the almost constant value of 12% over the last five years
(Figure 6-3).
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Figure 6-3 Plant capacity factor for main power plant technologies in GB [%]
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6.2.3. GENERATION DATA

The electricity generation in Great Britain has been keeping a constant value for the
past years, since 2014. However, the amount of fossil fuels burnt has decreased, due
to the gradual shift from coal-fired power plants to more energy efficient gas turbines,
as can be noted in Figure 6-4. The reason for this change is due to the increase in the
carbon tax in 2015, from £9 to £18 per tonne of CO2 emitted [153]. Since the coal-fired
plants produce more greenhouse gas emission than other technologies, this decision
weighed heavily on their production and it favoured other power plant types, like CCGT.
The renewable capacity has largely increased in 2017 and the renewable generation
(that includes wind, solar, natural flow hydro, tidal, waste and biofuel) has increased
by 19.5% in 2017 compared to the previous year [154].

Figure 6-4 Shares of electricity generation, by fuel
6.2.3.1.

TRADITIONAL POWER PLANTS

The real profile of the electricity generation is available through the online platform
managed by Elexon. Elexon is the company that administers the Balancing and
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Settlement Code for GB and provide the services needed to implement it [160]. The
data accessible on this website is gathered through National Grid, the owner and
operator of the transmission lines in England. The electric output from each power
plant is collected according to the different technology and updated each settlement
period (30 minutes) that corresponds to the moment in which actions are taken in the
energy market.
Each power plant unit, both fossil-fuelled and renewable, is identified by an ID number,
whose prefix provides information about the role of the unit in the energy system. The
main classification recognises when a unit is directly connected to the transmission
line (using the prefix T), it is a small size power plant and it is embedded in the
distribution network (prefix E), or is one of the four interconnectors, France,
Netherlands, Northern Ireland, Republic of Ireland (prefix I). Knowing the unit ID
number gives access to the generation recorded for each unit. Due to the large number
of units installed in the energy system in GB, this work does not go through the
specifics of each unit but analyses the electricity output according to the different
technologies that gather all the operating units together. The study of the generation
profile from every single unit could be useful when only a few units of a specific type
of plants are installed (like for the Tenerife case study). This is the case of the fossil
fuel power plants installed in Scotland that count one single CCGT unit and eight diesel
generators. Creating a model of GB energy system divided into two regions allowed
the analysis of the few traditional power plants in Scotland. This analysis has shown
that contrary to the CCGT operation in the rest of GB, the CCGT plant installed in
Scotland (Peterhead) does not follow the demand trend but alternate long periods of
shutting down with periods of constant and flat generation (Figure 6-5).
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Figure 6-5 Generation profile of the CCGT in Scotland across six days in February 2017
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6.2.3.2.

RENEWABLE POWER PLANTS

The data related to the generation from renewable power plants could also be collected
from Elexon website. Together with the real electric generation input in the
transmission line, it is possible to access to the forecasted generation for the following
weeks or days. Due to the variability of the sun and wind generation, the balancing
mechanism decisions are initially based on the information generated by the weather
forecast. The uncertainty of the predicted values leads to several changes and
adjustments of the original unit commitment until the final decision is taken half an hour
before the beginning of the settlement period. To simplify the mathematical model of
the energy system, it has been decided not to consider the forecasted value of the
wind power output but the actual generation and to input it in the model as a perfect
foresight. The use of historical wind output profile for the realization of the model allows
obtaining a trustable representation of the real wind curtailment profile, which is one of
the main objectives of the simulation.
6.2.4. DEMAND DATA

This work investigates different energy solutions to reduce the wind curtailment
between Scotland and England and to improve the penetration of renewable at the
national level. It focuses on the possible adoption of electric and thermal energy
storage devices for the absorption of the excess of wind energy. For this reason, it is
interesting to analyses both the electric and domestic heat demand to identify
potentials for the installation of energy storage technologies.
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6.2.4.1.

ELECTRICITY DEMAND

Being able to balance and follow the electric demand is one of the constraints of the
mathematical model of the electric grid. Thus, the demand profile is defined as input in
the model. In this case, the assumption is that the model takes the unit commitment
decision based on perfect forecasted demand. In other words, as for the renewable
generation, the model does not consider any uncertainties in the forecasted demand.
The time series adopted is the real demand measured by the grid operator. Moreover,
using a historical profile it is possible to validate the performance of the model against
real generators output.
The UK electric demand is collected by the Elexon website. The curve is updated every
30 minutes and agglomerates all the demands from England, Wales, Scotland, and
Northern Ireland.
The total annual electricity consumption in the UK in 2017 is 353.8 TWh [154]. Of this,
consumption in Scotland roughly corresponds to 10% of the overall electricity demand
(Figure 6-6) [156][161]. The value of the total consumption has been gradually
decreasing since 2010 because of the implementation of energy efficiency measures
employed in the industrial and residential sectors (Figure 6-7). Moreover, the slight
increase in the outside temperature has also contributed to the reduction of
consumption [154]. The value recorded in 2017 has been the minimum since 1995.
However, the last three years present a similar demand due to the increase of
electrification in the heat and transport sectors that compensate the savings achieved
in the domestic consumptions.
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Figure 6-6 Average weekly demand profile, by region

Figure 6-7 Electricity consumption yearly trend, by sector
6.2.4.2.

HEAT DEMAND

Contrary to electricity consumption, domestic heat demand cannot be precisely
monitored.
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The heating demand can be supplied by different sources. Natural gas, used in boilers,
is the most common fossil fuel adopted across GB. The natural gas is provided across
the country through a network comparable to the electricity grid. It is first transported
in a transmission network characterised by high pressure and then it is delivered to the
single consumer by a forked distribution system.
Almost 2.2 mln households in GB [162] are not connected to the gas distribution
network. The highest percentage of “off-gas” households is in Scotland (22%), followed
by Wales (21%), and 15% in England [163]. Where a natural gas connection is not
available, different sources for heat can be used: electricity, solid fuel (including
biomass), heating oil. In particular, the use of electric heaters is most common in
Scotland, while several households in Wales have been using heating oil as a
replacement for natural gas [164]. The main space heating fuels used in GB are listed
in Table 6-1, along with the proportion of households that use it.
Table 6-1 Percentage of GB household by main space heating fuel [%]

England

Scotland

Wales

GB

Main gas

85

78

79

84.2

Communal & DH

2

1

0

1.6

LPG

1

1

2

0.7

Heating oil

4

6

11

4.2

Solid fuel

1

1

3

0.8

Electricity

8

13

5

8.5
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Among all the primary heating fuel, natural gas consumption is the only one that can
be monitored. The electricity demand for space heating purpose is obviously included
as part of the overall electricity consumption and it is not possible to extract the exact
amount necessary for covering the electrified heat demand. Annual figures can be
calculated on the base of national surveys, but no information is available for daily
domestic consumption. The same consideration can be extended to the heating oil or
petrol product used in households as an alternative to natural gas.
National Grid collects and publishes the daily gas consumption for the whole GB [163].
In particular, it is possible to access non-daily metered natural gas demand (NDM) that
reflects the gas demand for all the cosumers that are not monitored by a daily meter
[165], [166]. Those include households, small industrial units and small commercial
units. This information is collected at region level and, thus, it is possible to separate
the NDM gas consumption of Scotland from England and Wales. The variation of the
NDM value in Scotland across the year is shown in Figure 6-8. There is no possibility
to understand the portion of natural gas that is actually adopted for space heating or
for other domestic purposes. According to a statistical study run by the UK Government
[167], 23% of the overall domestic gas consumption is deployed for hot water, 3% is
used for cooking purpose, and 74% of the natural gas demand is used for space
heating. These percentages can help drawing assumptions on the portion of daily gas
consumption that is employed for the domestic space heating in Scotland.
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Figure 6-8 Daily NDM total gas consumption in Scotland across the year 2017

The domestic heat demand, and thus the gas consumption, is related to the outside
temperature. It is not unusual that the highest mean gas consumption per household
is recorded in Scotland, where the high latitude causes more severe temperatures. In
2017, the mean domestic gas consumption in England for 2015 was 13,210 kWh, while
in Scotland was 13,657 kWh [163]. This latter value has fallen by approximately 32%
since 2005, due to the energy efficiency measures that have been introduced in
households and due to the increase in temperature [154].
6.2.5. WIND CURTAILMENT DATA

The main objective of this simulation analysis is the reproduction of the wind
curtailment at the Scottish border to assess the benefits of energy storage technology
when tackling this issue. Thus, attention has been drawn to the analysis of the wind
output and wind curtailment profile. This data analysis has been fundamental for the
identification of the causes of the curtailment and the understanding of this problem,
delimited at the border between Scotland and England.
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The collection of real and precise data of wind curtailment is fundamental for
understanding the seriousness of the issue and for the validation of the model. Having
access to this data is a complex and long process. The curtailment strategy affects any
power plant technology and it is not limited exclusively to the renewable output. In case
of severe transmission constraints, the network operator can force the reduction of the
generation from any type of power plant to restore the balance in the grid. Information
about the monthly curtailment volumes is accessible through the Monthly Balancing
Mechanism Report [168]. These documents do not specify the exact amount of energy
that is curtailed from wind power plants, but they gather together all the information
that concerns the balancing mechanisms due to constraints in the transmission lines
and the prices that have been paid for sorting out the problem. To understand which is
the exact wind energy curtailment, it is necessary to analyse the half-hourly bid-offer
data and identify the one flagged with “SO”; this particular information means that the
bid flagged has been made as a consequence of congestion in the transmission line.
As already mentioned, this balancing mechanism does not involve exclusively wind
power plants but also fossil-fuelled stations. Thus, it has been necessary to analyse
the source of each bid action to exclude the one related to traditional power plants that
are not considered meaningful for this study. The format of the data analysed is
presented in Figure 6-9. For this study the attention has been drawn on: the ID column
for the identification of the power unit involved in the curtailment, SO-Flag column that
specifies if the balancing action has been caused by congestion in the transmission
network, the Bid Price (£/MWh) and Bid Volume (MWh) columns that collect
information about the amount of power the station is willing to curtail and the price it
ask for this service.
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Figure 6-9 Detailed system price, published by ELEXON

The trend and the magnitude of the volume curtailed in GB for the month of January
2017 could be analysed in Figure 6-10. This curve is compared with the GB wind
production and the electricity flow across the transmission line between Scotland and
England. The real-time data related to the electricity export from Scotland to England
is published on National Grid live status website. The website does not contain any
historical data. Thus, the generation of a profile has been possible via a MATLAB code
that queries the website each half-hour and saves the data in a separated file. The
information on the Scotland-England export flow in the first 11 days of the year is
missing due to a lack of real data. The analysis of this graph allows understanding the
strict relations between these three profiles.
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Figure 6-10 Analysis of wind power output, power curtailed and electricity export flow from
Scotland to England for the month of January 2017

January 2017 has been characterised by five curtailment periods with different
durations. Information on the five curtailment periods are listed in the table below:
Table 6-2 Identification of the five curtailment periods

Period

Duration [day]

Start date

End date

A

5

01/01/2017

05/01/2017

B

6

09/01/2017

14/01/2017

C

5

19/01/2017

23/01/2017

D

1

25/01/2017

25/01/2017

E

1

31/01/2017

31/01/2017

Looking at the three curves in the chart a quite straightforward relation could be seen:
the curtailments occur when the total wind production and the electricity flow from
Scotland to England achieve very intense value. This can be confirmed checking the
identity of the power stations involved in the curtailment (information collected in the
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ID column of the Detailed System Price page, Figure 6-9). It is proved that all those
power stations are wind plants located in Scotland. However, the curtailment period C
corresponds to a period of low wind output and, so, it is not due to an excess of wind.
The analysis of the power stations curtailed at that moment shows that those are
exclusively coal and gas plants located in England and Wales. Indeed, looking at the
graph, it can be noticed that this curtailment period corresponds to a small wind power
production and a negative value of the electricity flow through the Scotland-England
transmission line. This means that electricity was imported in Scotland to cover the
lack of wind production. It can be concluded that the sudden drop in the wind output
forces the fossil-fuelled plants to increase their production to cover the demand. This
rapid rise of the electricity must have caused congestions in other parts of the
transmission networks, leading to the dispatch-down of the power plants that caused
the congestion itself.
The volume of energy curtailed from gas and coal-fired power plants is not considered
during the simulation-based analysis of the Great Britain energy system. This is
because this work focuses on the reduction of curtailment related to renewable energy.
6.2.5.1.

WHY DO WE WANT TO AVOID CURTAILMENT?

The curtailment of renewable energy is the result of congestions in the grid due to the
lack of adequate transmission lines. Being forced to curtail part of the renewable output
means that a portion of the clean electricity available is wasted. Thus, the first negative
consequence of renewable energy curtailment is the lack of optimization of the
renewable generation and reduction of CO2 gas emissions. However, one of the effects
that is most relevant for the grid operator is the significant cost that is paid for the
management of the transmission constraint. This value includes two main terms: on
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one hand, the penalties costs for the forced power shut down and on the other hand
the costs for rebalancing the system. The payment related to the energy curtailment
has been increasing for the past years achieving the peak in 2017, where the total
constraint costs count for £m 446.34 (Figure 6-11) and the wind energy curtailment
contribution corresponds to 88% of the total amount [168]. According to the Balancing
Service Reports [169], published every month by National Grid, between 2015 and
2017, the constraint costs were 29-33% of the total costs related to balancing services
for the grid.

Total Constraint net cost [£m]
446.34
371.64

349.47

221.1

187.19

2013

2014

2015

2016

2017

Figure 6-11 Variation of the total constrained costs per year, 2013-2017
6.2.5.2.

MEASURES FOR AVOIDING WIND CURTAILMENT IN GB

Curtailment is a straightforward procedure for solving congestion issues in the
transmission line, however, it comes with a significant cost and with negative effects
on the low-carbon electricity generation. The most suitable solution to reduce
curtailment depends on the energy system characteristics.
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Particularly, in the case of GB energy system, the renewable energy curtailment is due
to a local excess of renewable energy generation that cannot be absorbed by the local
demand and cannot be distributed to the rest of the network either. The first solution
that can be considered is the strengthening of the transmission network, particularly
focusing on the line across the Scotland-England border. However, as mention in
Section 0 analysing previous works on assessing the value of the energy storage, it
has been found that the enlargements of the transmission line cause not only large
investment costs but also problems related to the siting and construction. Secondly,
the installation of storage capacity could relieve the transmission network by the
congestion issues caused by the excess of wind generation. Although, it should be
noted that, to avoid the transmission bottleneck at the Scottish border, it is important
to concentrate the energy storage capacity in Scotland. If the reserve capacity was
added in England, then the congestion and curtailment would still occur.
It is important to remember that the population living in Scotland corresponds to only
8% of the overall British population. With a density population of 67 inhabitants per
square kilometre, Scotland represents the perfect remote location for the installation of
large-scale wind power plant. This number also explains the very modest electric
demand registered in Scotland. For this reason, the choice of investing in electric
energy storage may be a risk, the electric demand may be insufficient for absorbing
the energy stored.
An innovative solution, which could be implemented to reduce curtailment in Scotland,
investigates the power-to-heat conversion of the excess of wind power output and the
following storage of thermal energy. In this work, the heat stored would then be
supplied for space heating purpose.
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In other words, by increasing the amount of electric heating demand it could be
possible to absorb a higher percentage of renewable energy in Scotland. Moreover,
the presence of storage would allow the decoupling of generation from demand,
collecting all the excess energy and distributing it according to the heating requests.
This approach could achieve two main objectives:
•

The avoidance of transmission congestions and wind energy curtailment, by
increasing the local consumption of renewable energy in Scotland;

•

The contribution to the decarbonisation of the heating sector, by replacing part
of the domestic gas boiler consumption with the excess generated from the wind
power plants.

All the three solutions mentioned above (transmission enlargement, electric energy
storage, and thermal energy storage) have been investigated with PLEXOS model and
the results will be presented in the following sections.
6.3.

DESCRIPTION PLEXOS MODEL

The purpose of the simulation-based analysis of the GB energy system is to assess
the potential value of thermal energy storage technology. These benefits will be
compared with the advantages achievable with the adoption of different energy
solutions, such as transmission lines enlargement and electric energy storage. Thus,
the main requirements for the energy model are:
•

To represent the dualism of the British energy system, in two regions ScotlandEngland;

•

To be able to replicate the wind energy curtailment at the Scottish border;
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•

To incorporate the Scottish domestic heating demand, to simulate the benefits
achieved with the power-to-heat approach.

The case studies simulated in PLEXOS are the following:
•

Case 0: the current status quo;

•

Case 1: the installation of thermal energy storage devices in Scotland, to
reduce the wind curtailment and use the excess wind energy for domestic
space heating consumption.

•

Case 2: the potential enlargement of the transmission line at the Scottish
border, to increase the penetration of wind energy at the national level;

•

Case 3: the installation of electric energy storage devices in Scotland, to reduce
wind curtailment.

See Annex A for detailed information of the simulation model.
6.3.1. TWO-REGION MODEL

The first step for the definition of the GB energy system has been defining two regions:
one for Scotland and the other for England and Wales. The two energy regions are

SCOTLAND

Transmission line

ENGLAND

Figure 6-12 Simplified layout of the PLEXOS model of GB electric system
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connected by a transmission line (Figure 6-12), whose power rating has been defined
according to the real power flow limitation. The actual dimension of the transmission
line is 3.5 GW, according to a report on the British transmission network [168]. Figure
6-13 shows an example of the electricity flow from Scotland to England in February
2017. Looking at the graph, it can be confirmed that the electricity flow profile never
overcomes a maximum value that corresponds at 3.5 GW.
4000
3000

MW

2000
1000
0
-1000
-2000

February 2017
Scot-Eng electricity export

Max transmission line capacity

Figure 6-13 Electricity flow from Scotland to England for the month of February 2017

Each region is characterized by a local electric demand the can be supplied by the
power plants located in the region itself or by the power generated in the other region,
which needs to flow through the transmission line that connects Scotland and England.
6.3.2. CONGLOMERATED GENERATION

The GB electricity system includes almost 900 power plants connected to the
transmission and distribution network [153]. Due to the large number of generators
involved it has been decided not to describe every single unit, but rather conglomerate
the power plants according to the type of technology they belong to. This decision has
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helped to drastically reduce the number of objects that define the model and to simplify
the computational optimization problem.
The energy model is characterized by the existence of two main regions: Scotland and
England, which include also the generation and demand from Wales. Each region
contains the correspondence capacity installed and connected to the transmission line
of:
•

Combined cycle gas turbine (CCGT)

•

Coal power plants

•

Open cycle gas turbine (OCGT)

•

Nuclear power plants

•

Hydropower plants (run-of-river and pump hydro plants)

•

Wind power plants

Each generator object is characterized by the number of units that correspond to the
overall number of power plants that belong to the energy technology and it can produce
a maximum output equal to the maximum cumulative power generation achieved when
considering all the power plants (Table 6-3). See Annex A for more information.
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Table 6-3 Number of units and maximum capacity of generators defined in PLEXOS model

Generator

Region

Units

Max Capacity
Single unit [MW]

CCTG _S

Scotland

1

1180

Hydro river_S

Scotland

100

13.16

Nuclear_S

Scotland

1

1075

Pumped

Scotland

1

740

CCTG

England&Wales

30

963.67

Coal

England&Wales

16

940.81

Hydro river

England&Wales

1

141.70

Nuclear

England&Wales

8

846

OCGT

England&Wales

1

32.30

Pumped storage

England&Wales

3

700

storage_S

6.3.3. DEFINITION OF WIND POWER OUTPUT

It has been decided to follow a deterministic approach for simulating the renewable
generation in the PLEXOS model. Thus, the information needed consists of the total
amount of renewable capacity installed and the normalized generation profile. The
amount of wind power capacity installed has been added to the model by distinguishing
the percentages present in Scotland and in the England-Wales area, respectively 4667
MW and 6840 MW, following the data published by the government energy department
[159]. The normalized generation profile has been created by using the historical profile
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available on the Elexon online portal. The historical profile collects the generation on a
national basis and it is not possible to separate the contribution from the Scottish wind
farms. One of the possible approaches would have been collecting the real output for
every single renewable unit installed in the interested region for the entire time period
considered (one year). This solution has been considered long and unproductive, not
adding concrete advantages to the simulation. For these reasons, it has been preferred
to look at the whole wind production and split it out in the two regions according to the
share of participation. To generate two separated wind power profiles, it has been
decided to divide the total value according to the percentage of capacity presents in
each region. Scotland hosts 40% of the overall wind power capacity, thus it has been
assigned with 40% of the overall wind generation. The remaining portion of wind power
generation has been allocated in the England-Wales region.
The lack of accurate available data can be a limitation for the model development and
could cause some discrepancies between the model results and the real data.
However, the results have confirmed that this assumption on the wind power
generation profile has not severely affected the overall validation of the model, as it will
be shown in the following sections.
To simulate wind energy curtailment at the Scotland-England border, it is necessary to
modify the original historical profile of the wind power plants installed in Scotland.
When only considering the power output registered by National Grid, this takes into
account exclusively the amount of power that is input into the grid. This profile differs
from the real power output generated from the wind farms and the difference between
the two curves corresponds exactly to the amount curtailed (Figure 6-14). Therefore,
it is necessary to modify the wind power profile and add the amount of energy volume
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curtailed to register constraints in the transmission line and force the software to
interrupt the generation from the wind power plants. This is one of the reasons why the
curtailment data collection and analysis has been fundamental for the correct

Normalised wind power profile

modelling of the renewable integration issues in Scotland.
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Figure 6-14 Difference between real normalised wind power profile and normalised wind
power profile with the addition of power curtailed
6.3.4. DEFINITION OF ELECTRIC DEMAND

The electric demand has been input into the model as a constraint to the simulation,
such that the unit commitment and economic dispatch are optimized to supply the
exact consumptions. To validate the model against the real data, it is necessary to run
the simulation using the historical demand profile. For this case study, it has been
decided to focus on the most recent data available and run the model using the
demand data of the year 2017. The data is collected from National Grid website with a
time step of one hour, for a total of 8760 data per year. The information related to the
national electric demand is classified into different categories according to the origin of
the demand, national level or England-Wales regions only, with the possibility to
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include the interconnectors demand. From this data, it has been possible to extrapolate
the yearly profile for the Scottish and England-Wales regions to input in the PLEXOS
model.
6.3.5. DEFINITION OF HEAT DEMAND

The willingness to investigate a power-to-heat solution, among the different energy
solutions simulated for the absorption of wind energy excess, has required the
integration of the heating demand in the model. As mention in Section 6.2.4.2 it is not
possible to access the exact amount of heating consumption for domestic applications.
However, a quite accurate estimation can be achieved analysing the natural gas
consumptions for non-daily metered users. The value registered by National Grid is
the overall daily consumption that considers all the contributions from any kind of
domestic service that requires natural gas consumption (like cooking, space heating,
and hot water). The value needs to be scaled down in order to consider the only impact
of the space heating, correspondent to 74% of the total consumption [167], and it needs
to be distributed according to a daily profile in order to be coherent with the electric
demand profile added to the energy system model.
No information is available concerning the distribution of natural gas consumption
across the day. Thus, the definition of the heating profile needs to be based on some
assumptions. The analysis of real heating profile carried out in several studies [165],
[170]–[173] has highlighted that the heat consumption is usually concentrated in two
different moments of the day: during morning and evening. Moreover, the space
heating is usually required for a total of seven or eight hours per day, according to an
accurate survey on the energy consumption for GB households [162]. Based on this
information the daily heating profile has been created by distributing the total gas
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consumption per day across eight hours, four in the morning and four in the evening,
as can be seen in Figure 6-15.
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Figure 6-15 Heat demand profile for Scotland region, based on daily distribution
assumptions extrapolated from literature
6.3.5.1.

HOW TO DEFINE HEAT NETWORK IN PLEXOS

One of the peculiarities of this work is the interconnection between the electric and
heating network. Using the excess of electricity for displacing part of the gas
consumption for space heating application requires to link the electric generation with
the domestic heating demand. It has been necessary to find the best method for
including the balance of the heating generation and demand with a software tool
focused on the optimization of the unit commitment and economic dispatch. Three
different approaches have been identified to accomplish this task. Table 6-4
summarises the advantage and disadvantage of each approach.
The first idea considered the possibility to represent a gas network. PLEXOS allows
analysing the optimal distribution of the natural gas fuel across the gas generators
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[174] [101]. The gas network includes: a gas field that represents the gas availability,
several nodes and pipelines that define the distribution network, gas storage devices,
and gas demand. The gas and electric models integrate at the gas nodes, where the
gas generators are connected. Defining both these memberships instructs the
simulator that the generator is physically supplied with fuel from the gas node and it
will demand gas according to its heat rate and generation. The adoption of this method
would allow a clear and simple definition of the demand: the gas demand would
correspond to the exact gas consumption data collected from National Grid and that
corresponds to the heat demand. In other words, the natural gas demand would
simulate the request of energy for space heating. However, problems could arise when
looking at how to connect this demand with excess wind production. As mentioned
above, the electric generators and the gas network are linked through the presence of
gas node, but this relation needs the definition of the heat rate and generation. For this
reason, this approach has been rejected.
The second option considered looks at the possibility to define a proper heat demand
by using the combined heat and power (CHP) plant modelling scheme [175]. PLEXOS
recognises the operation of a CHP plant, which produces electricity and provides
heating demand using the recovering heat. Moreover, tuning specific parameters of
the CHP model allows the simulation of a thermal storage device or electric boiler. This
solution would have allowed the definition of the heating demand and the connection
between the electric and heating network using the electric boiler. The key point of the
modelling of this device is defying it as an “anti-generator”, a generator that acts as a
load and absorbs electricity from the grid. Although, the simulation of the heat demand
and electric boiler is possible only if they coexist with the CHP electric generator. Thus,
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it is not feasible to represent a stand-alone electric boiler connected to the heat
network. For this reason, this approach has been considered not viable.
Table 6-4 Summary of approaches identified to represent heat demand in PLEXOS

Gas network

Advantage

Disadvantage

Allow input gas demand

Difficulties of connecting
gas network and excess
wind electricity

CHP modelling

Allow input heat load

Impossibility of decoupling
heat and electricity
generation

Heat-electricity analogy

Allow direct connection

Heat demand needs to be

between excess wind

converted in electricity

electricity and heat

consumption

demand

The third approach considers the creation of a heat-electricity analogy (Figure 6-16).
This idea looks at the heat demand as the equivalent electric consumption that would
be needed to provide the same amount of space heating using electric boilers. The
conversion is done by considering the real efficiency of a gas and electric boiler.
Following this analogy, the heat demand can be replaced by electricity demand, the
gas boiler can be simulated with an electric generator.
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Figure 6-16 Representation of heat-electricity analogy

The electric network and the “heat network” are defined as two separated grids inside
the Scotland region: the operation of each of them is optimized to provide each
separate demand profile. As in reality, the connection between the two networks
happens at the thermal storage level (Figure 6-17). In a real application, the thermal
storage converts the electricity into heat, usually using electric resistance immersed in
the storage medium. Then, it stores the energy in form of thermal energy and it delivers
it following the space heating demand. In the energy model, the operation of the
thermal storage is simulated by a battery to be coherent with the heat-electricity
analogy.
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Thermal Storage
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ENGLAND
HEAT
DEMAND

Transmission line
Figure 6-17 Representation of the integration between heating network and electricity
network

This method allows connecting the heating and electric network in a software tool
focused on the optimization of the unit commitment. In case of excess of generation
from the Scottish wind power plants, the software schedules the charge of the electric
storage. The electricity stored is delivered according to the “heating network” demand
profile input in the model.
6.3.6. INTERCONNECTORS

The British energy system is interconnected with four European countries; a total
amount of 4GW of capacity is shared among the interconnectors, providing almost 5%
of the national demand [176]. The interconnections represent the physical link that
enables the power flow across the borders. Currently, the existing British
interconnectors include:
•

2GW to France (IFA)

•

1GW to the Netherlands (BritNed)

•

500MW to Northern Ireland (Moyle)
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•

500MW to the Republic of Ireland (East-West).

The mechanism behind the exchange of electricity across interconnectors is controlled
by different regulatory models. In some cases, the electricity is traded as a result of the
market arbitrage model, whilst in other cases can be a combination between the market
arbitrage model and regulated transmission asset models [177].
The complicated balancing mechanisms that regulate the net electricity interchange
across the national borders is not the focus of this work. The existence of long-term
contracts and agreement between the European countries complicates the simulation
and optimization of the national electric dispatch. Moreover, it has been assumed that
the congestion issues that take place between Scotland and England are not
influenced by the balancing mechanisms that involve international interconnectors.
Thus, when modelling the British energy system, it has been decided to neglect the
modelling of the interconnectors.
6.3.7. ENERGY STORAGE

Energy storage can be modelled in PLEXOS as pumped hydro systems or batteries.
The GB model includes both typologies since PHS are already present in the real
electric grid layout and batteries are introduced as potential solutions for wind
curtailment avoidance. To include a pumped hydropower plant is necessary to define
the characteristics of the upper and lower water basins, in terms of maximum energy
stored, the electric pump and the generator. This information input in the model is
summarised in Table 6-5 and is referred to the real PHS plant installed in GB [178].

164

Chapter 6. GB Energy System

Table 6-5 Technical parameters PHS installed in GB

PHS station

Region

Max

Head

Volume

Energy

capacity

basin

basin

capacity

(GW)

(m)

(million m3)

(GWh)

Ffestiniog

Wales

0.36

320–295

1.7

1.3

Cruachan

Scotland

0.40

365–334

11.3

10

Foyers

Scotland

0.30

178–172

13.6

6.3

Dinorwig

Wales

1.80

542–494

6.7

9.1

Case 1 and Case 3 respectively simulate the operations of thermal and electrical
energy storage devices in synergy with the wind power plants in Scotland and both
technologies have been simulated as battery objects. While for Case 3 the use of a
battery model does not represent an issue, in Case 1 it might seem unusual to adopt
the same approach for the simulation of a thermal storage system. However, in
accordance with the power-heat analogy used for this simulation analysis, the thermal
storage can be modelled as a battery system. To simulate the effect of the use of
excess wind energy for partially replace the use of gas boiler for space heating
application, the thermal storage model is connected to the Scottish wind power
generators, for the charging process, and to the Scottish heat demand, for the
discharging process.
The battery object can be implemented by specifying the power rating, energy capacity
and charging or discharging efficiency. The main parameters that define the battery
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system model are tuned and modified during the simulation in order to run sensitivity
analysis and assess their influence on the overall value of the thermal storage.
The operation of the energy storage devices is scheduled by PLEXOS to optimize the
economic revenue of the plant. Following energy arbitrage basic concepts, the storage
buys energy during off-peak periods and discharge during peak periods to maximize
the income by selling the electricity at the highest price. The energy storage is seen as
a consumer of electricity because it has charge efficiency lower than 1. Thanks to the
optimized operation and the disparity between peak and off-peak prices, it is still able
to generate economic revenue.
The optimum schedule of the energy storage can be achieved only running a ShortTerm simulation. The Medium-Term simulation would not be able to identify the
arbitrage opportunities for the storage device because it would not capture the daily
price variation. For this reason, it is necessary to use a small time step (e.g. one hour)
in order to assess the optimum schedule of the storage and maximise its economic
revenue.
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6.4.

RESULTS

6.4.1. CASE 0: STATUS QUO

The simulation is run with the time step of one hour and the time horizon of one year.
The demand profile adopted for the simulation corresponds to the real electric
consumption measured in the year 2017. This choice allows comparing and validating
the model against the real output of the power plants, generated in the same year.
6.4.1.1.

UNIT COMMITMENT AND ECONOMIC DISPATCH

The following graphs (Figure 6-18, and Figure 6-19) show the economic dispatch of
the generating units installed in GB according to the different periods of the year, at
the beginning and at the middle of the year 2017. The solid lines represent the model
results while the coloured areas show the corresponding real generation. Looking at
both figures, it can be noticed that the nuclear power plants contribute to the national
load with a constant baseload; the wind output is characterised by a fluctuating profile
due to the variation of the wind speed; the hydropower plants (both run-river and
pumped hydro) have a small contribution to the demand, while a quite large portion of
electricity is supplied by fossil-fuelled units, such as coal and CCGT plants. The output
of these power plants is regulated to compensate the renewables generation and
supply the electricity demand, as can be observed by looking at the two daily peaks,
typical of the demand profile.
The two periods have been selected to show the differences in the unit commitment
following the seasonality of the electricity load, characterised by high value during the
winter and low demand during the summer. For instance, in June (Figure 6-19), the
electricity generation of the coal and CCGT power plants is visibly reduced due to the
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reduction of the electricity requirements. Moreover, the variation of the electricity
generation can be driven by other factors, such as the seasonality of the renewable
source. Figure 6-20 shows the variation of the run-river units generation that
decreases during the summer periods due to shortages of water to supply the power
stations.
The graphs below present both the simulation results and the real data collected in the
year 2017. This similarity of the several profiles according to the different generator
fuel types, the moment of the day, and the seasonality of the electricity demand allows
validating the model against the real data. When comparing the simulation results with
the real data, it is important to take into account that the model considers several
assumptions, such as the division in two regions (Scotland and England-Wales)
connected by a single transmission line, the agglomeration of the generation and
demand, and the lack of interconnectors, that might cause some gaps between the
simulated and real profiles.
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Figure 6-18 Unit commitment and economic dispatch of generation units in GB across 10
days at the beginning of the year 2017. The simulation results are compared with the real
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Figure 6-19 Unit commitment and economic dispatch of generation units in GB across 10
days at the mid of the year 2017. The simulation results are compared with the real
generation data for each fuel type.
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Figure 6-20 Example of electricity generation seasonality following the availability of
renewable source. The monthly generation of the hydro power plants simulated with
PLEXOS is compared with the real data.
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6.4.1.2.

ELECTRICITY EXPORT AND WIND ENERGY CURTAILMENT

Another important result achieved with the simplified model of the GB electricity
network is shown in Figure 6-21. The graph presents the similarity between the
electricity export flow between Scotland and England simulated by the PLEXOS model
and the corresponding real data. The reproduction of this information has been
possible by separating the modelled electric network in two regions (Scotland and
England-Wales), connected by one single transmission line, as it happens in reality.

Electricity export [MW]
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Figure 6-21 Comparison between the electricity export at the Scotland-England border
simulated by the model and the real data.

Being able to validate the accuracy of the modelled export flow with the measured data
is fundamental for the aims of this work. This means that the model can simulate the
congestions in the transmission lines at the border between Scotland and England that
cause the curtailment of the excess wind output. Indeed, wind energy curtailment has
been detected by the model and an example of the volume curtailed profile is shown
in Figure 6-22. The simulation results reproduce the intermittent behaviour of the wind
power curtailment that is clustered in periods when the transmission line is obstructed
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by congestion, or absent for several days in a row (as it appears between the 5th and
the 12th of February 2017, according to the simulation).

Wind power curtailment [MW]
4,000

3,500
3,000
2,500

2,000
1,500

1,000
500
0

Figure 6-22 Example of wind power curtailment, occurred in Scotland in February 2017,
according to the simulation results

The analysis of the simulated wind energy curtailment across the year has not shown
any visible pattern or seasonality (Figure 6-23). The volume of renewable energy
curtailed per month is a function of the wind speed intensity and the electricity demand;
since both values are subjected to different level of variation over the year and are not
correlated one to each other, it is reasonable that the total amount of wind energy
curtailed per month changes over the year without following a clear pattern.
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Figure 6-23 Total wind energy curtailed per month due to congestion in the transmission line
between Scotland and England, according to the PLEXOS model
6.4.2. CASE 1: THERMAL STORAGE

The assessment of the benefits that can be achieved with the installation of grid-scale
thermal energy storage in Scotland is the key point of this section and the main direct
and indirect effects are the central topics of this paragraph. The thermal storage
technology has been modelled considering a maximum power rate in the range of 1.12.2 GW and an energy capacity corresponding to 8 hours of charge at the maximum
power. For this technology, suitable for domestic space heating, it has been considered
the maximum value of energy efficiency. This assumption is justified thinking that the
coefficient of conversion from electricity into heat is equal to 1.0, according to the Joule
effect theory [179], and that any thermal losses of the device into the surrounding area
can be seen as heat gain for the space that needs to be heated.
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6.4.2.1.

OPERATING STRATEGY

One of the peculiarities of this solution is that the charging and discharging processes
of the thermal storage are decoupled and driven by two different markets: the charging
process aims to maximise the amount of renewable energy stored, while the
discharging is driven by the space heating requirements. For this reason, the operating
strategy of the thermal storage devices does not follow the variation of the electricity
price, that is usually employed to optimise the economic revenue of the storage itself.
Figure 6-24 shows the charging strategy of the thermal storage compared to the
Scottish wind power output profile. It can be noticed that the grid scale thermal storage
device aims to maximise the charge. This is because the wind wholesale electricity
price is convenient compared to the price of the gas heating system, used in the model
for the heating provision. Thus, when possible, the thermal storage operates at
maximum charging load, otherwise, in case of low wind speed, it achieves the
maximum wind power output. Moreover, since the charge and discharge process
cannot happen simultaneously, it can be observed that the charging process is
regularly interrupted by the discharge that follows the space heating requirements
assumed for this model. This charging strategy is coherent with the optimisation
approach adopted by PLEXOS, whose aim is to minimize the costs of the entire energy
system that in this case is seen as the combination of the electricity and heating
network.
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Figure 6-24 Charging strategy for thermal storage, assumed connected to the wind power
plants in Scotland

It is important to highlight that the use of thermal storage devices, rather than direct
electric heating systems, ensures the avoidance of peak electricity price. Indeed, the
heating periods are usually set during the peak hours (this is because they correspond
to the moments when people are at home and, thus, generate the highest
consumptions) and use of direct electricity for the space heating would cause high
costs. The use of thermal storage devices would overcome this issue by charging in
periods of off-peak and, thus, low prices. Figure 6-25 and Figure 6-26 show an
example of the wholesale electricity price profile according to the simulation results for
the GB energy system. This curve is compared to the space heating demand, as
assumed for the model and based on national surveys reports. Looking at Figure 6-25
and Figure 6-26 it is confirmed that the wholesale electricity price peaks correspond
to the space heating periods.
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Figure 6-25 Evolution of wholesale electricity price variation compared to heating profile in
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Figure 6-26 Evolution of wholesale electricity price variation compared to heating profile in
November, according to simulation results
6.4.2.2.

VALUE OF THE THERMAL STORAGE TECHNOLOGY

System point of view. The first outcome directly dependent on the use of thermal
energy storage in synergy with wind power plants is the reduction of wind energy
curtailment across the year. Different simulations and energy scenario have been run
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according to different sizes of the storage capacity. The larger the size of the overall
energy storage capacity installed, the larger the reduction of wind energy curtailment
across the years, since the thermal storage devices store the excess of wind electricity
(Figure 6-28). The installation of 1.1 GW and 8.8 GWh of energy storage can already
achieve almost 60% of reduction of wind energy curtailment across the year, as can
be read in Table 6-6. When increasing the storing energy capacity, the reduction of
wind curtailment per year follows a non-linear trend (Figure 6-28). The reason is that
the addition of further capacity would have a significant effect only in case of peaks of
energy curtailments or for curtailment periods that last for a long time. The amount of
volume curtailed is not homogenously distributed across the month but is usually
concentrated in short periods that may present also relevant peaks. For this reason,
the installation of large thermal storage capacity able to completely avoid curtailment
can be not convenient, since the entire capacity would be exploited just on a few
occasions per year. Sizing the energy storage to avoid curtailment can be not
economically convenient and the revenues will not be able to cover the capital
invested.
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Figure 6-27 Comparison of wind energy curtailment reduction according to different thermal
storage size
Table 6-6 Reduction of wind energy curtailment per year according to simulation analysis
based on thermal storage with different energy capacity

Case 0: Status

Wind generation

Wind energy

Reduction of

Scotland [GWh]

curtailed Scotland

wind energy

[GWh]

curtailment

10,686.90

2,913.11

-

12,383.81

1,216.20

58.25%

Quo
Case 1: Thermal
Storage 1.1GW
8.8GWh

Apart from the reduction of wind energy curtailment, the use of thermal energy storage
can generate secondary but not less important benefits. By addressing the wind energy
excess to the heat sector, thermal storage devices contribute to the electrification and
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decarbonization of the space heating generation. The savings of gas heating
consumptions are directly reflected in the reduction of fuel costs, due to the decrease
of natural gas used for space heating purposes. The reduction of almost 60% of the
wind curtailment would correspond to the savings of 30% of the total gas heating
generation that is needed for household consumption in Scotland.
Table 6-7 Comparison of generation, costs and emission for the heating system in Scotland,
according to simulation results

Gas heating
Heating costs

CO2 emission

[£m]

[Mt]

24,547.64

1,562.49

5.13

17,393.34

1,107.21

3.63

consumption
[GWh]
Case 0: Status
Quo
Case 1: Thermal
Storage 1.1GW
8.8GWh

The reduction of gas boiler consumption means a visible decrease in the CO2 emission
per year. The potential reduction achievable could reach almost 30% of the current
emission quantity. It is important to notice that this decrease in CO2 emission is
calculated according to the real heating consumption in Scotland (and not to the total
GB heating demand) and it is coherent with the interventions suggested by the
Committee on Climate Change (CCC) [180] that stresses the necessity to increase the
percentage of electric heating system. Moreover, according to the 4th Carbon Budget
published by the CCC, a reduction of emission related to the domestic heat sector of
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approximately 30% by 2030 should allow the achievement of the CO2 target by 2050
[181]. This means that the simulation results obtained by using large scale thermal
storage devices connected to wind power plants agree with the CCC’s projections.
It is interesting to notice that the exploitation of the wind energy and the partial use of
this energy for heating purposes could cause modifications in the unit commitment of
the Scotland region. Part of the wind energy that is addressed to the heat sector is no
more available to cover the electricity demand; thus, another power technology needs
to supply this demand. As can be noted looking at Figure 6-28 the generation of
hydropower, nuclear and PHS plant is limited by maximum energy constraints, due to
technical limitation or natural source availability. Thus, the difference in energy needed
is covered by the CCGT, whose energy production is normally restricted to only 3% of
the total capacity, due to the presence of large alternative power available.

Yearly energy generation Scotland [GWh]
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Pumped storage_S

Wind_S

Case 1

Figure 6-28 Comparison of yearly energy generation from power plants in Scotland,
according to simulation results

Investor point of view. The previous paragraph showed the environmental and
financial benefits of the use of thermal storage technology regarding the entire energy
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system (i.e. savings of natural gas consumptions and CO2 emissions). However, as it
has been mentioned in the literature review in Chapter 3, the value of the storage can
be assessed also in relation to the investor's point of view that looks at the economic
revenue of the storage technology itself. In this case, the benefit of the storage is
represented by the possibility to buy wind electricity and thus to generate the same
amount of heat at a cheaper price than with the use of gas boilers. The energy storage
value can be calculated as the total revenue of the energy storage over its lifetime
divided the energy capacity (kWh) [57]. According to the simulation results, when
considering the installation of 8.8 GWh of thermal storage capacity the value of the
storage could be approximately £35/kWh. This quantity is smaller compared to results
presented in other works [57] and the reason is due to the fact that in this case the
value of the thermal storage is only based on arbitrage activity and it does not consider
ancillary services. One of the devices that could be adopted as thermal storage
technology is the thermal storage heater (whose characteristics are the object of the
discussion section of this chapter and Chapter 7). In this case, the current price of the
product on the market is in the range of £20-40/kWh (based on real quotations), which
is of the same order of magnitude of the value calculated in the present system.
6.4.2.3.

SENSITIVITY ANALYSIS

The potential effects of the thermal storage system when connected to the Scottish
wind power plants have been analysed according to the variation of the storage
capacity and power rate.
Storage capacity. The first results have been obtained assuming the installation of
the thermal device with large storage capacity, able to charge at maximum power for
8 hours. This choice has been based on the average daily heating demand (that is
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approximately 8 hours/day). However, the simulations results have shown that the
storage is not able to benefit from the full charge since the heating profile is
characterised by two heating periods per day of 4 hours each (Figure 6-30). This
means that the storage would not be able to optimise the charge and thus maximise
the amount of wind power to store during the charging period.
When simulating the installation of thermal storage heaters with 4 hours of reserve, the
storage would be able to completely discharge during the heating periods (Figure 630). However, with a limited storage capacity, it is not able to maximise the amount of
wind power stored during the 8 hours of charging period and it achieves worse results
than in the previous case (Figure 6-30).
In other words, not only the storage capacity but also the heating demand profile would
influence the schedule and optimisation of the thermal storage strategy. For instance,
concentrating all the heating hours in a single period would allow the employment of
storage with large capacity. Another strategy would be dividing the heating demand
into several short periods per day, this heating pattern might fit the requirements of
people who spend most of the daily time at home.
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Figure 6-29 Comparison of state of charge of thermal storage systems according to different
storage capacity
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Figure 6-30 Comparison of reduction of wind energy curtailment according to different
storage capacity of the thermal storage system

Storage power rate. Simulation results have been obtained also modifying the power
rate of the storage technology, maintaining constant the reserve capacity to 8 hours.
As expect, doubling the power rate allows achieving better reduction of the wind energy
curtailment (Figure 6-31). This is because in the same amount of time, it is possible to
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store a larger amount of energy. Although, it is interesting to notice that, by doubling
the power rate, the percentage of curtailment reduced is not doubled. As mentioned
above, this is due to the wind curtailment profile, which is usually clustered in short
periods with high peaks and discourage the installation of oversized storage system.
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Figure 6-31 Comparison of reduction of wind energy curtailment according to different power
rate value of the thermal storage system
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6.4.3. CASE 2: TRANSMISSION LINE ENLARGEMENT

The adoption of thermal storage looks a promising solution for the reduction of wind
energy curtailment. Different energy solutions have been investigated and their
performance and simulation results have been compared with the ones reported in the
previous paragraph. An alternative to the installation of thermal storage devices can
be the enlargement of the transmission line that connects the Scottish electric grid with
England. Some of the government projections for future energy scenario are
considering the enlargement of this specific transmission line to reduce congestion
issues at the border between Scotland and England [182]. It has been decided to
simulate the effect of transmission enlargement on the GB energy system and for doing
that the maximum capacity of the transmission line has been incremented by 1.1 GW
(according to government future scenario). The simulation results obtained for this
scenario have been compared with the ones simulated in Case 1 considering large
thermal storage installation. The over thermal storage power rating has been set equal
to 1.1 GW, to simulate two scenarios with similar technical conditions.
Compared to the installation of energy storage devices connected to the wind power
plants, the enlargement of the transmission line that links the Scottish and English
electric grid has only an indirect effect of the wind power output. This energy solution
allows the increase of electricity flow between the two regions bringing relief to the
network affected by congestions at the border, which lead to the wind energy
curtailment. However, it is important to notice that the modification of the transmission
line power limits influences the balance mechanism of the entire GB electricity grid and
the cost optimisation problem run on the unit commitment modify the output of different
power plants technology, not only the Scottish wind power profile.
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The simulation results show that the enlargement of the transmission line at the border
between Scotland and England would reduce the overall CO 2 emission and system
costs of the entire energy system (Table 6-8).
Table 6-8 Comparison of the main results of Case 0 and Case 2, according to simulation
results

System Costs

CO2 emission

Wind Energy

[£m]

[Mt]

Curtailment
[GWh]

Case 0: Status
1,431.83

78.93

2,913.11

1,427.25

78.68

2,842.64

Quo
Case 2:
Transmission
Line Enlargement

Table 6-8 shows that even though this solution might gain overall economic and
environmental benefits, the reduction of wind energy curtailment is not remarkable
(2.43%). This result could be explained thinking that the aim of the unit commitment is
the achievement of the most optimised solution for the whole system. The enlargement
of the transmission line at the border between Scotland and England allows the model
to get an overall reduction of the CO2 emission and system costs by increasing the
renewable generation in the whole network. Thus, this choice might still prevent wind
power plants in Scotland to maximises their output and avoid curtailment.
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6.4.4. CASE 3: ELECTRIC STORAGE

A third energy solution simulated for the GB energy system model includes the
installation of electric storage systems in the Scottish electric grid. The electric storage
devices collect and store the excess of electricity generated by the wind power plants
and dispatch it later in time during intense electric demand. Comparing this approach
with the adoption of thermal storage devices, the main difference is the kind of demand
they address their generation. Electric storage would optimize the discharge period
according to the variation of the electric demand of Scotland, whilst the generation from
thermal storage devices would be driven by the space heating requirements. This
difference is also the main reason why thermal storage technology would be preferable
for this case study.
Indeed, the simulation results obtained for the electric storage discourage the use of
this kind of technology in Scotland. Whilst the thermal storage would achieve the
extensive reduction of energy curtailment per year (60% of reduction of volume
curtailed), the same energy capacity expressed in electric storage would have
negligible effects on the wind energy curtailment. The reason should be sought in the
modest local electric demand that does not allow flexibility in the operation of the
electric storage. Moreover, the electric storage devices have been modelled
considering an average round trip efficiency of 75%. Thus, according to the model the
storage of wind energy in the electric device would be convenient only in extreme
circumstances, otherwise, it would be preferred to lose the surplus of wind energy
generated rather than dissipate it as energy losses from the electric storage.
Figure 6-32 shows an example of the state of charge of the electrical energy storage
system. It can be noted that the percentage of charge is particularly low, proving that
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the optimisation model does not consider convenient the charge of the electricity
storage with wind energy; moreover, the discharge processes are not frequent, due to
the fact that the Scottish electric consumption is saturated and not able to absorb wind
electricity peak generations neither when they occur or later in time after being stored.
100
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Figure 6-32 Example of State of Charge (SOC) profile of electric storage device across
March 2017, according to simulation results

Therefore, for the reasons mentioned above, it should be concluded that large electric
storage systems are not suitable for increasing the penetration of wind energy in the
Scotland electric grid.
6.4.4.1.

REGULATION COSTS

Even though the electric storage system would not positively influence the wind power
curtailment, it could lead to some reduction in the overall system costs (Table 6-9).
The installation of electric storage capacity in Scotland would represent an increase of
flexibility in the grid balancing mechanism. Thus, the presence of this further source of
energy capacity causes a reduction of the reserve prices and thus a decrease in the
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costs due to the yearly reserve provision. A similar conclusion cannot be drawn for the
thermal storage capacity. The reason is because this latter system is not exclusively
connected to the electricity network, but it links the electricity grid to the heating
demand. Thus, in case of need of a rapid increase of generation to balance a peak in
the electricity demand, the thermal storage would not be able to contribute to the
balancing mechanism since its discharge is connected to the heating sector.
Table 6-9 Comparison of regulation costs according to different simulation results

Total Costs for Balancing Mechanism [£m/year]
Case 0: Status Quo

4.347

Case 1: Thermal Storage

4.357

Case 3: Electric Storage

4.281
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6.5.

DISCUSSION AND CONCLUSION

This chapter has presented a detailed analysis of the GB electric grid highlighting the
congestion issues that affect the transmission lines and cause the curtailment of a
portion of the wind power generated in Scotland. The analysis has been carried out
following different approaches:
•

firstly, the real data published by the GB grid operation has been the object of
in-depth investigation, focusing on the installed generation mix, the renewable
share and the electricity flow from Scotland to England. This research has
emphasised the duality of the GB electricity network, that can be schematised
as two regions (Scotland and England-Wales) connected by a single
transmission line with limited flow capacity. A large portion of the total
renewable capacity is installed in Scotland and, due to the modest local
demand, most of this energy is exported to England. The analysis of the export
flow allowed to understand that the several congestion issues in the
transmission line are the reason for wind energy curtailment concentrated in
Scotland.

•

Then, based on the main outcome of the real data analysis, it has been possible
to realise a unit commitment model of the real GB system. The definition of two
separated regions, the conglomeration of the power stations in few large power
plants and the avoidance of interconnectors allowed to achieve a simplified
version of a complex system without losing the accuracy of the results.

•

The optimisation model has been the core part of this work focused on identify
future system development options for the GB electricity network. The technical
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potentials and implications of the installation of grid-scale energy storage
(thermal or electric) and enlargement of the transmission line have been
described based on the several simulation results.
The choice of a power-to-heat approach together with the installation of large thermal
storage devices has resulted the most suitable and promising solution for the current
energy scenario in Scotland. Indeed, this approach would tackle two major problems,
wind energy curtailment and intense carbon emission from the heating sector.
Compared to the use of electric storage technology or the enlargement of the
transmission line, thermal storage devices would achieve remarkable results in terms
of reduction of volume curtailed and CO2 emission per year.
6.5.1. MAIN ASSUMPTIONS AND LIMITATIONS OF THE MODEL

It is important to notice that these conclusions are based purely on the results from a
simulation analysis where the benefits of the energy storage operations are expressed
in terms of differences compared to the simulation results of the current energy system.
For GB energy system it has been decided to represent a simplified model of a complex
reality in order to achieve shorter computational time (even though, the simulation of
the unit commitment across an entire year with a time step of 1 hour takes more than
12 hours) and the possibility to adapt this model to different electricity grid with similar
features and issues (like Germany, China or Brazil all characterised by the clear
identification of two regions and congestions in the transmission line that connects
them). Although the simulated unit commitment shows accurate results compared to
real data, the conglomeration of the power stations and the lack of interconnectors
might cause some small discrepancy it the total amount of the electricity generated, as
shown in previous graphs. The model error can also be assessed by comparing the
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wholesale electricity price of the simulation model with the real data (Figure 6-33).
According to the model, the average annual wholesale electricity price is equal to
£51.4/MWh while in 2017 the average annual wholesale electricity price was
£46.3/MWh. This leads to an average annual difference of £5.1/MWh that correspond
to the 11% of the average annual wholesale electricity price in 2017. Based on that, it
could be concluded that the accuracy of the value of the energy storage calculated
through the simulation analysis fall in a range of 11% of error.

Monthly Average Electricity Price [£/MWh]
60
50
40
30

20
10
0
Jan

Feb

Mar

Apr

May

Jun

Model results

Jul

Aug

Sept

Oct

Nov

Dec

Real Data

Figure 6-33 Validation of monthly average electricity price (Source real data: Ofgem)

When considering the limitations of the software, it is important to mention that
although it is particularly suitable for the simulation of the unit commitment and
economic dispatch of a complex electricity grid, it does not consider the possibility to
easily define a heating network. One of the reasons could be that the electricity, heating
(and transport) sectors have usually been identified as separate entities with their own
demand, generation and control. Thus, so far, it has not been considered important the
modelling of a “holistic” network that considers different demand profiles (such as
electricity and space heating) and analyses how to optimise the supply of both
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together. However, the necessity to increase the electrification of all the energy
demand will require, in an early future, the ability to model the interactions between the
different sectors. During the development of the GB energy system model, this
challenge has been faced by generating an electricity-heat analogy able to include the
Scottish heating demand in the model and to quantify the benefits of introducing large
scale thermal storage devices in the system.
6.5.2. REAL IMPLEMENTATION

One of the most interesting results achieved with the GB energy system model is the
understanding of the interesting economic and environmental potential of the use of
thermal storage devices to connect the wind power output to the space heating
demand. This solution is particularly suitable for remote and cold areas (such as the
Scotland region) that host large wind power plants and, at the same time, are
characterised by intense space heating demand due to the low temperatures. The
simulation analysis run on the GB energy system is based on a technical-agnostic
approach, and it considers storage power and capacity without defining the
characteristic of a specific device. In this Section, two different thermal storage
technologies are suggested as potential devices for achieving the results simulated in
the model.
When thinking about large-scale thermal storage technologies connected to the
domestic heating demand, one of the potential candidates are heat pumps or electric
boilers connect to large water storage as part of the district heating system. A similar
idea has been realised in Denmark and Sweden [183], [184] where this kind of thermal
storage technology is already in operation in the district heating system and is
considered as a valid alternative for the balancing of the electricity grid. A quite ramified
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district heating network is already present in Scotland and it connects the most
populated cities on the coasts, as it is shown in Figure 6-34 that represents the
Scotland Heat Map [185]. According to the Scottish Government [186], this network is
supposed to be considerably enlarged, as can be noticed in Figure 6-34, and to cover
1.5 TWh of heating demand corresponding to almost 40,000 dwellings connected by
2020.

Figure 6-34 District heating map in Scotland. The pink marks represent the operational
plants, the green marks show the plants in development.
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Alternatively, instead of large thermal storage devices connected to the district heating
network, it can be considered the option of installing several thermal storage heaters
for domestic applications. This device uses electricity to heat a storage medium and
release the energy according to the user's requirements and it is usually designed for
the space heating of a room [187]. The potential “smart” control of the charging periods
of the devices, following the variation of the wholesale electricity price or the energy
available, is under investigation in Ireland, Germany, and the Shetland Islands in the
north of Scotland [188]. The investigation of the specific use of smart thermal storage
heaters for increasing the penetration of wind energy and the electrification of the
heating sector in Scotland is the object of the following chapter. The chapter describes
a detailed analysis of the schedule of a domestic thermal storage heater, following the
real wind power curtailment profile. These results have been obtained using a MATLAB
model of the storage device based on real data collected in a demonstration house.
6.5.3. ENERGY POLICY IMPLICATIONS

This work considers the combined use of electrification of heat and thermal storage
technologies for increasing the penetration of wind energy in Scotland and the partial
decarbonisation of the heat demand. The UK government encourages a low carbon
energy deployment with the introduction of several supporting mechanisms that give
economic incentives to justifies investment in new energy project. Nevertheless,
neither electric heaters or storage devices are included in the products incentive by the
current policies.
These energy policies include the Renewables Obligation Certificates, now substituted
by the Contract for Difference, that economically supports the construction and
operations large low carbon power plants, or the Feed-in Tariffs that is addressed to
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small-scale renewable plants, like solar panels and biomass [188]. Most of the
attention of the UK government is addressed to the decarbonisation of the electricity
sector achieving impressive results: the renewable share has risen from about 2% in
the early 1990s to approximately 25% in 2016 [189]. Also, the decarbonisation of heat
sector is supported by economic incentives: Renewable Heat Incentives (RHI)
provides the financial support to industrial and domestic users that switch their heating
system to renewable sources, such as heat pumps, solar thermal and biomass.
Among the list of products eligible for the RHI direct or off-peak electric heaters are not
included [190]. In the last year, the average CO2 emission from the electricity grid
decrease to 292 g/kWh (according to real-time measurements [191]) being still higher
than the emission rate from a domestic gas boiler (202 g/kWh). However, during offpeak periods the CO2 generation rate falls to minimum value being competitive with
the low-carbon heating system. For this reason, it might be interesting to provide
financial support to the installation of electric heaters that uses off-peak electricity, as
investigated in this work.
Moreover, the installation and use of energy storage technology have not been
included in the supported mechanisms yet. Currently, the UK government is still
working on the correct definition and on the specific actions to be accomplished by
energy storage [190]. The introduction of new regulations and support for energy
storage devices is one of the priorities of the UK energy agenda.
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Chapter 7
7. THERMAL STORAGE HEATER
Following the results achieved with the simulation model run in PLEXOS, it is
interesting to study the feasibility of this application of the thermal storage for domestic
heating purposes.
The main contribution of this work is to investigate a combination of physical
demonstration,

laboratory

performance

tests

and

modelling.

The

physical

demonstration analyses the thermal comfort achieved by the thermal storage heater in
an existing dwelling and how the consumptions compare with a gas boiler heating
system. this investigation allows to critically analyse the data showed by the
manufacturer and to test the feasibility of the storage schedule assumed for the
simulation model. The laboratory tests are fundamental to study the internal
temperature evolution of the thermal storage device. These results are used as
reference data for the validation of the mathematical model of the thermal storage
device implemented in MATLAB. The contribution of the simulation model is to
investigate the feasibility of charging the thermal storage heater with excess generation
from the Scotland wind plants as assumed in the PLEXOS model.
7.1.

ELECTRIC HEATING

The growing electrification of heat demand offers an alternative to the heavy fossil fuel
consumption for the heating purpose (e.g. natural gas, heating oil) and will affect the
electricity demand. Currently, heat pumps and resistive heating represent the most
valid options for domestic space heating [192]. Heat pumps are a mature and efficient
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technology, whose consumptions can compete with a classic natural gas boiler system
[193]. However, the dimension of the device and the elevated investment costs
obstruct heat pumps adoption on large scale. Direct electric heating systems, on the
contrary, are simple to install, being the size comparable to a radiator, and thus are
suitable for flats and maisonettes. To confirm that, 2.2m households in GB are
equipped with resistive heating technologies while less than 100.000 dwellings own a
heat pump device [194]. Although more widely adopted than heat pumps, direct electric
heating systems require a considerable amount of electricity, even more, if installed in
inefficient, high-consuming buildings. Moreover, a recent national survey run by Ofgem
highlighted that households that adopt electric heating tend to have a lower income
[164]; this, combined with the elevated operating costs of heating, could cause an
increase of fuel poverty.
Therefore, resistive heating devices are usually equipped with thermal storage to
advantage on off-peak electricity prices and reduce the impact on the user utility bills.
Almost 80% of the total number of dwellings heated by electric radiators preferred the
installation of heating systems with the capability to store heat [194], rather than directacting heating systems without storage functionality. Traditional night thermal storage
heaters heat the medium during the night and release the energy stored during the
day.
This work investigates a more flexible schedule of the storage heater, able to charge
at any time following the electricity grid conditions. Due to the possibility to decouple
the charging and discharging process, the modification of the charging schedule does
not affect the thermal comfort of the user, who has full control over the release of the
heat.
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7.2.

WHAT IS A THERMAL STORAGE HEATER?

The thermal storage heater is a decentralized heating system that provides space
heating for domestic applications. The device dimensions, comparable to the ones of
a radiator, suit the heating demand of a single room, and thus, the heating of an entire
dwelling requires the installation of several devices, at least one for each room. An
example of thermal storage heater is the Quantum Dimplex device, shown in Figure
7-1.

Figure 7-1 Thermal storage heater operation principles

As shown in Figure 7-1, the electro-thermal system consists of three electric heating
elements that are embedded between high-density masonry material, such as red
bricks. During the charge period, the bricks are heated, through thermal conduction,
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by the contact with resistances that convert the electricity flow into heat. The
temperature of the bricks is measured by thermocouples, which are used to control
and monitor the charging operation of the heater. The close-packed medium
accumulates and stores the thermal energy, then the heat can be released into the
room with the use of a fan that blows air inside the conducts carved into the bricks.
The operation of the fan is controlled by the user who decides the period and the
temperature of the heating release. During the discharging period, the heat is
transferred through convection by forcing air over the solid matrix with a
thermostatically controlled fan. Moreover, the presence of a thermostat allows
maintaining the room temperature within ±0.3˚C depending on the user’s heating
requirements and the weather conditions. The energy difference between the amount
of heat input in the system, through the heating elements, and the quantity that is
released during the forced discharge is due to the heat losses to the surrounding
environment. The heater is also equipped with a boost resistance, whose operations
can be compared to the ones of a direct-electric heater; the boost is activated in case
the thermal energy stored in the device is not enough to cover the heat demand of the
room. Since the boost resistance is based on direct electricity consumptions, the
activation of this extra heating element during the day causes a drastic increase in the
electricity bill. Thus, the optimal schedule of the thermal storage device should charge
the storage with the right amount of energy for the daily space heating requirements
and avoid the use of the boost. According to the manufacturer [187], approximately
90% of the energy requirement is expected to be off-peak electrical heating energy,
due to the sophisticated algorithm that regulates the charging process.
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The core medium characteristics are critical to the effective storage of thermal energy.
Ceramic bricks are widely used for thermal energy storage because they constitute an
inexpensive option, with valid thermal properties. Indeed, masonry material represents
a suitable medium for thermal energy storage due to the relatively high energy storage
density and heat retention characteristic. However, the ceramic material might need to
achieve elevated temperature (e.g. 700°C) to store the required amount of heat,
causing intense heat losses through the heater surface due to the high difference of
temperature. Therefore, the research interest is focused on formulating alternative
material fabrication for more effective thermal energy storage. For instance, the use
of phase change materials (PCMs) might allow achieving similar performance at a
lower temperature, being able to reduce the heat losses to the environment. To be
competitive with the ceramic material, the PCM should have high heat storage
capacity, no phase segregation and high thermal conductivity [195]. Previous
experiments focused on the performance of paraffin wax in thermal storage heater
[196] showed that this solution could drastically reduce the overall weight of the heating
device, however, it could negatively impact on the costs of the device. The thermal
property of the PCM can be improved by using a specific composite. For example,
Zhang et al. [197] have shown that phase change carbon nanofiber with paraffin wax
composites disposes five times higher thermal storage capacity and enhanced
electrical conductivity in comparison to conventional bricks.
7.2.1. STORAGE SCHEDULE

The optimal schedule of the thermal storage heater operations is based on demandresponse principles. The electricity demand profile can change due to the active
involvement of the consumers [198] that reduce their consumptions [199] or, like in the
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case of the thermal storage heater, act as load-shifter and move their consumptions to
off-peak periods. The load shifting is convenient for both customers and electric
system; the former benefits using cheap electricity, such as with the use of the
Economy 7 tariff, and the latter takes advantage on the reduction of peak demand
during the day.
The traditional operation of the night thermal storage heater described above can be
improved and adapted to the new requirements of the electric grid. The need for
balancing the excess of renewable energy might encourage the charge of the thermal
storage heater also during the day [200], in contrast with the conventional schedule of
the device. This might be the case of the potential wide installation of thermal storage
heaters in Scotland, whose benefits and influence on the electric grid have been
presented in the previous chapter. This approach assumes the deployment of smart
devices able to be remotely controlled to charge in case of excess of wind generation.
Moreover, to encourage the customers to charge their storage devices during the day
it is necessary to consider profitable electricity tariff, which might follow the intensity of
the renewable generation. Following this idea, charging the storage with wind energy
excess could improve the system flexibility and saving the extra charge due to the
balancing management; thus, the demand-response of the customers should be
“awarded” with convenient tariffs to encourage the extra charge out of night off-peak
hours.
The following paragraphs investigate the potential adoption of smart thermal storage
heater for the absorption of wind energy excess in Scotland. This analysis has been
completed using a combination of physical demonstration, laboratory performance
tests and modelling.
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7.3.

DEMONSTRATION PROJECTS

The thermal storage heater performance has been widely analysed in different
domestic contexts as an object of several European projects. The main interests of
these works are to assess the potential use of this technology for ancillary service
provision and, at the same time, to ensure the constant thermal comfort of the
consumers.
7.3.1. EUROPEAN TRIAL PROJECTS

The largest European demonstration project that experiments the potential of small
scale energy storage for ancillary service provision is Real Value [201]. It is a €15.5m
Europe Horizon 2020 energy storage project that involves the installation, control and
monitor of smart thermal storage systems in a total of 1,250 houses in Ireland,
Germany and Latvia [202]. The technologies adopted include thermal storage heater
for space heating purpose, like Quantum Dimplex, and smart hot water tank for the
domestic hot water dispatch. The choice of these thermal technologies is due to their
affordable costs, compared to other electro-chemical systems available on the market,
and their ability to decouple the energy production and energy consumption without
altering the user thermal comfort [203]. The potential aggregation of several smart
thermal storage systems is investigated to assess the value of these devices for the
provision of different grid services (e.g. load shifting, frequency response, ramping
duty).
Quantum Dimplex technology has been adopted in other interesting European
projects, such as Shetland-based Northern Isles New Energy Solutions (NINES)
project [204][205]. This trail project demonstrated that smart thermal storage
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technologies can play a key role in the decarbonisation of the isolated grid, because
of their ability to reduce peak demand and increment renewable penetration.
7.3.2. DEMONSTRATION HOUSE

This work had the possibility to investigate the real operation of a thermal storage
heater device in a domestic application. The demonstration house object of this work
is a terraced property located in Harbourne (Birmingham, UK), whose room
temperature and energy consumption have been carefully monitored for 24 months. A
single thermal storage heater has been installed in one of the three bedrooms to
compare the performance of this technology with the operation of a gas or electric
heating system. The internal temperature variation of the bedroom has been observed
during the operation of the thermal storage heater; Figure 7-2 shows an example of
the room temperature daily profile of the double bedroom when heated with central
gas heating system or thermal storage heater. Comparing the daily temperature
variation of the same room presents some challenging due to the strong influence of
the external temperature and weather conditions, for instance, the sun radiation usually
causes a drastic increase of the temperature in the middle of the day due to the south
exposition of the room. For this reason, the two curves have been monitored in two
days of the same month (February 2018) presenting similar weather (mostly cloudy)
conditions. The first temperature profile visibly presents two daily peaks due to the
operation of the gas heating, scheduled for the morning (6-9 am) and the evening (711 pm) following the user heat requirements. Even though the thermal storage heater
is controlled to release the heat in the same time periods, the two temperature peaks
are not visible in the curve monitored during the thermal storage operation and the
room temperature presents a flat profile. This behaviour is due to the heat losses of

204

Chapter 7. Thermal Storage Heater

the thermal storage that can be considered as heat gain for the room. The storage
device can maintain a constant room temperature around the comfort value set by the
user. If this behaviour can be considered as an advantage for the user, it reveals
insulation issue of the storage device contrary to what is claimed by the manufacturer,
who declare “exceptional level of insulation” [187].
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Figure 7-2 Double bedroom temperature profile when heated with gas central heating
system or thermal storage heater (Quantum QM125)

However, it is also interesting to point out that, despite the constant heat losses to the
room, the energy stored in the device is enough to ensure the thermal comfort for the
entire days without the use of the extra boost resistance. This can be noticed also
looking at the electricity consumption during the night (Figure 7-3) that correspond to
the charging period of the thermal storage heater. The graph in Figure 7-3 shows the
night electricity consumption for the whole house across five consecutive days. The
storage constantly charged from midnight to 6 am on the night of 31 st of January and,
apparently, the amount of energy stored is enough for covering the heating demand of
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two days since the following night (1st of February) there is no evidence of extra
consumption during night due to the charge of the storage. Similarly, also during the
nights of the 3rd and 4th of February the charge periods present different durations and
do not last the whole night. This means that the algorithm that controls the charge
period is optimized to store the amount of energy considering the potential heating
demand for the following day and the current state of charge of the device, to avoid
unnecessary consumption of energy. Thus, although the device can charge for a total
of seven hours per night (corresponding to the off-peak electricity tariff), it does not
follow a constant charge schedule every night, but it optimises the charge period in
order to minimise the energy consumption.
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Figure 7-3 Night electricity consumption recorded with a smart meter across five consecutive
days (heating period 2018)

The Quantum Dimplex installed in the demonstration house represents the state-of-art
in term of thermal storage heater technology, due to its sophisticated charging strategy
and to the possibility to schedule the discharge based on the user requirements. These
improvements, together with the increase of insulation layers compared with previous
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technologies, minimise the energy consumption of the device and reduces the
consumer costs. Although, when considering more mature and efficient technology,
such as gas/oil central heating, the yearly operating costs of the thermal storage heater
do not look promising. Analysing the results presented in Table 7-1, it can be noticed
that, with the current energy tariffs, the use of gas/oil heating system is still convenient
compared to any electric system even when equipped of thermal storage. Moreover,
the installation of thermal storage systems requires the use of the Economy 7 tariff,
due to its cheap off-peak price, and this cause a further increase of the electricity bill
due to the elevated peak price (around £85 per year). These costs have been
calculated considering the yearly heating consumption of the demonstration house, the
efficiency of each heating system and the energy tariffs based on the six major
suppliers in GB.
Table 7-1 Yearly costs comparison of different heating systems, based on yearly heating
consumption of the demonstration house, the current thermal efficiency of the different
heating system, and energy tariff according to six major suppliers

Operating costs without TSH [£/year]
Natural Gas

331.54

Heating Oil

440.54

Direct Electricity (no storage)

977.90

Thermal Storage Heater

513.304 + (~85)

The analysis of these results suggests that the potential use of renewable energy
excess at a convenient price could increase the cost-efficiency of the thermal storage
heater compared to more traditional heating systems.
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7.4.

LABORATORY PERFORMANCE TESTS

The Quantum Dimplex thermal storage heater QM125 has been monitored also in the
laboratory, where its core temperature variation has been carefully measured to
assess the thermal performance of the device. Moreover, the real data collected during
the performance tests have been fundamental for the deployment of a mathematical
model of the device.
The storage core consists of thirty high density (3,780 kg/m3) magnetite energy cells
that are heated by three embedded heating elements. The specific heat capacity of the
energy cells is 0.948 kJ/kg K and the total mass of the core is 97.56 kg, which has
been derived by the volume and the density of the energy elements. The input rating
of the heater is 2.76 kW and the maximum storage capacity is 19.3 kWh. Finally, the
core is covered by insulation which enables energy storage during low demand periods
and about 24 hours supply when its required [187].
Figure 7-5 shows some of the results that have been obtained during the experiments
run on the device. The thermal storage heater has been equipped with several
thermocouples (Figure 7-4), to monitor the temperature variation during the different
operative mode of the device. The curves reflect the temperature variation during the
periods of charging, natural discharging, due to natural heat losses, and forced
discharge. This latest mode corresponds to the heating release period that is controlled
with the use of an air fan and it can be observed following the evolution of the outlet
air temperature (dotted line).
During the experiment, the desired temperature set by the user is 20°C. Looking at the
temperature values, it could be noticed that, once the average core temperature
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reaches a value around 30°C, the slope of the curves suddenly changes. This point
has been identified as the moment when the forced discharging automatically stops.
For this reason, in the following model, it has been considered that the heater is able
to provide heating into the room until it reaches this minimum internal temperature.

Figure 7-4 Location thermocouples in storage core and dimensions (mm)
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Figure 7-5 Experiment results during charging, natural discharging, and forced discharging

During the charging process, all the heat generated by the electric resistance is
transferred to the surrounding storage medium and the average temperature increases
based on the ability of the material to store energy [206]. Thus, this first thermal
process is described by the following equation:

𝑄𝑖𝑛 = 𝑚𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑝𝑠𝑡𝑜𝑟𝑎𝑔𝑒 (𝑇 − 𝑇0 ) = 𝑚𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑝𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑑𝑇
𝑑𝑡

Where 𝑄𝑖𝑛 is the constant amount of heat generated by the resistances, 𝑚𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is the
mass of the storage medium and 𝑐𝑝𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is its specific heat capacity. Since the
characteristics of the sensible heat material do not change in time, then the increase
of the internal temperature results as a linear curve, directly proportioned to the
duration time of the process.
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The natural discharge is a direct consequence of the heat losses of the device to the
environment. This is a function of the temperature difference between the storage
surface and the room and of the thermal properties of the storage medium and
insulation. The heat is first transferred from the core of the device to the surface
through conduction and then released to the room through natural convection.
𝑄𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑈𝐴(𝑇 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) + ℎ𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑟𝑜𝑜𝑚 )
Where 𝑈 is the overall heat transfer coefficient that considers the thermal properties of
both the storage material and the surrounding insulation, 𝐴 is the internal surface
through which the heat is transferred, ℎ𝑛𝑎𝑡𝑢𝑟𝑎𝑙 is the air natural convection coefficient,
𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the external surface of the heater, and 𝑇 , 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , 𝑎𝑛𝑑 𝑇𝑟𝑜𝑜𝑚 are respectively
the average temperature of the core material, the external surface, and the room.
The controlled heat release takes place through forced air convection and, thus,
assuming a constant air flow through the internal channels, it depends on the difference
between the output temperature of the heater and the room temperature: smaller the
temperature difference, smaller the heat released.
𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = ℎ𝑓𝑜𝑟𝑐𝑒𝑑 𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 (𝑇 − 𝑇𝑟𝑜𝑜𝑚 )
These three equations together with empirical relations obtained from the experiment
data analysis have been adopted for the deployment of a mathematical model in
MATLAB that represents the thermal behaviour of the thermal storage device.
7.5.

MODELLING

The model investigates the potential operation of the thermal storage heater when
coupled with the wind energy excess in Scotland. It is interesting to analyse whether

211

Chapter 7. Thermal Storage Heater

the device could rely exclusively on the renewable generation excess or if it is
necessary to consider some conventional backup for ensuring the constant heat
demand provision.
The model has been tested with a space heating pattern like the daily schedule defined
in the PLEXOS model, that considers two heating periods, for a total of 8 hours per
day. To simulate the wind energy excess, it has been decided to use the wind
curtailment volume measured at the Scottish border, already implemented in the
PLEXOS model.
The algorithm developed in the model considers the following steps:
•

The thermal storage heater covers the heat demand as scheduled by the user;

•

If there is wind energy excess available, and the state of charge of the device is
not equal to 100%, the electricity is used to charge the storage;

•

When the thermal storage heater is in a state of idle (meaning that is not
charging/discharging) it is subject to natural discharge due to heat losses;

•

[Further addition to the original model] When the device achieves the minimum
level of state of charge and there is no wind energy excess available, then the
thermal storage heater charges using off-peak electricity during the night, like a
normal night storage heater.
7.5.1. MODEL RESULTS

The following results are based on the curtailment data collected for the month of
January 2017 and on the thermal properties of the thermal storage heater tested in the
laboratory. The information that is used as input for controlling the charging schedule
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of the storage is a signal that communicates when the wind curtailment occurs. If the
signal is equal to 1, it means that the grid operator registers curtailment and the thermal
storage heaters can be charged to realise the network by the renewable excess;
otherwise if the signal is equal to 0, there is no surplus of electricity in the transmission
line. Figure 7-6 shows the signal that has been created analysing the data from
January 2017.

2
1.8
1.6

Curtailment

1.4
1.2
1
0.8
0.6
0.4
0.2
0

0

500

1000

1500

Time (time step 30 min)

Figure 7-6 Duration of each curtailment period due to excess of wind production for January
2017

Figure 7-7 reports the inside temperature variation of the thermal storage heater in
case this would be charged exclusively according to the signal of the wind energy
excess. In the figure, the three operative modes of the thermal storage heater are
visible; the sudden increase of temperature represents the charging, the slow decrease
of the curve show the natural discharging of the device and, finally, the fast decrease
of temperature means that the heater is warming up the surrounding environment.
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Figure 7-7 shows a quite long period, between two curtailments, where the thermal
storage heater stays at the minimum state of charge (corresponding to the minimum
internal temperature). This means that the thermal heater storage has no more heat
stored inside and, thus, it is not able to operate as a heater and supply the heating
demand. This period lasts more than three days. To be operative and to provide
thermal comfort continuously for the whole month, it is necessary to modify the control
of the storage simulated in the model.
The further modification of the model has included additional charging process during
the periods when the curtailment is not registered. The results of this second approach
are presented in Figure 7-8.
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Figure 7-7 Average temperature evolution of storage medium when charged exclusively with
wind energy excess
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Figure 7-8 Average temperature evolution of storage medium when charged with wind
energy excess and off-peak electricity

Although the maximum temperature achieved after the night charge of the thermal
storage is around 400 °C, the actual maximum temperature achievable by the ceramic
material employed in the specific device tested (Quantum Dimplex QM125) is around
700 °C. Thus, it has been possible to simulate the thermal performance of the same
device in case the wind energy excess could be exploited until the storage medium
achieves 700 °C. As expected, the results (Figure 7-9) show that the possibility to
achieve a higher temperature and, thus, to store a larger amount of energy, would
reduce the necessity of charging the storage during the night using off-peak electricity.
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Figure 7-9 Average temperature evolution of storage medium if maximum temperature
achievable is 700°C

Looking at the results it is possible to notice that the stochastic nature of the wind
curtailment, clustered across few days of the month, does not allow the possibility to
rely the space heating exclusively on the excess of wind energy. Thus, it is necessary
to consider an extra backup for ensuring the correct and regular operation of the
heating device. This means that the large installation of thermal storage heater for the
absorption of wind energy excess could cause a drastic increase in the electric
demand. Thus, when understanding the amount of storage capacity to install in
Scotland, it is necessary also to consider this secondary effect on the electric demand
that might even cause more problem on the balancing management, when the aim of
the installation of the storage technology was to solve this problem in the first place.
Although, it is also possible to consider the smart thermal storage heater as a
secondary heating system to add in the households already heated by a gas/oil heating
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system. In this case, the storage technology would operate exclusively during wind
energy excess periods replacing fossil fuel consumption with renewable energy
generation.
7.6.

COSTS

The elevated operating costs of the resistive heating system represent a barrier to
consider this technology as a real alternative to a gas boiler. It has already been
mentioned that the use of a storage medium reduces visibly the costs compared to a
tradition direct resistive heating system. However, these costs are still not competitive
to the mature and cheap gas heating system. Thus, the introduction of smart storage
heater technology could be a solution for reducing the operating costs and it could
represent a valid alternative to the fossil fuel heating systems.
It can be assumed that the national grid operator would incentives the consumption of
excess wind energy by offering cheap tariff or accessing this electricity for free since
otherwise it would have been curtailed, causing extra costs to the grid operator. This
means that the use of smart storage heater would be economically beneficial to the
users (Figure 7-10). However, it is necessary to point out that this economic advantage
is directly related to the amount of excess wind energy available. The increasing
number of dwelling equipped with smart thermal storage systems will improve the
penetration of renewable and thus the costs for the total heating of the dwellings is
convenient compared to the case where they are heated with gas heating system.
Although, once the optimum number is achieved (Figure 7-11), then the benefits would
decrease since the amount of excess wind energy would not be enough to cover the
total heat demand and more electric backup would be needed.
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Figure 7-10 Comparison of monthly costs by the heating system according to the number of
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Figure 7-11 Difference operating costs between gas central heating and smart thermal
storage heater charged with wind energy excess
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WIND CURTAILMENT REDUCTION
By considering an average of seven thermal storage heaters (7*2.75kW) installed per
house to cover the total domestic heating demand, it is possible to calculate the
correspondent amount of storage capacity per number of houses. Thus, it is possible
to express the simulation results discussed in Section 6.4.2.1 in terms of number of
houses as shown in Figure 7-12, where 55,000 houses correspond to around 1.1GW
of thermal storage, while 80,000 and 25,000 houses represent respectively 1.5GW and
500MW of thermal storage.

Reduction of wind energy curtailment [%]

Number of houses

80,000

55,000

25,000

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Figure 7-12 Wind curtailment reduction achieved according to number of houses heated with
thermal storage heaters (charged with onshore wind electricity) – results based on PLEXOS
simulations
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7.8.

DISCUSSION AND CONCLUSION

This work analyses the performance and operations of the thermal storage heater
technology, to assess the feasibility of using these smart devices for the absorption of
excess renewable in cold country (e.g. Scotland). This means that the charging
process of the thermal storage heater would be scheduled based on an alternative
method to the usual night program. The simulations results have shown that the
combination of thermal storage heaters and excess wind energy could be employed
for the partial provision of the heat demand in Scotland. The storage heating devices
could support the electric network for balancing the renewable generation surplus and
displace part of the fossil fuel heating systems, because of the flexibility of the storage
to adapt its charging periods to surplus wind generation periods. However, the limited
capacity of the thermal storage heater for domestic applications might not be able to
store enough renewable energy to cover long periods of lack of wind curtailment. Thus,
this would force the consumers to find alternative energy sources for the heat supply
in those periods (e.g. conventional gas/oil heating system, buying off-peak electricity
for charging the storage). The simulation results have also highlighted that the increase
of storage capacity of the thermal device could provide a valid solution to “bridge” the
long period with insufficient wind energy generation. In the model two maximum
temperatures have been tested; however, the adoption of different material, like PCM,
could also be investigated for replacing the original ceramic bricks.
The wide installation of thermal storage heater systems could provide balancing
services to the grid in countries with intense renewable generation. The resolution of
congestion issues with the use of thermal storage capacity could bring relief to the
overall electric network. Thus, this service provided by the thermal storage heater
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should be rewarded by the grid operator with convenient electricity prices. The
introduction of new policies is necessary to incentivise the purchase and installation of
thermal storage systems and their charge out of the usual off-peak periods. The lack
of such measures would not allow the potential adoption of excess renewable for space
heating purposes.
7.8.1. MAIN ASSUMPTIONS AND LIMITATIONS OF THE MODEL

It is important to notice that these conclusions are purely based on the results of a
MATLAB model. The mathematical model of the thermal storage heater is quite
accurate since its results have been compared with the temperature evolution
observed in the laboratory during the charge and natural/forced discharge phases.
However, in order to simplify the model, it has been decided to use a single thermal
storage heater operation based on an “out-all-day” timer profile, with eight hours of
heating per day, has been selected; this choice has been based on the GB national
survey report [162] and the heating requirement of the participants of the
demonstration house. The “out-all-day” pattern is suitable for users who work out of
home all day and come back in the late afternoon. Different occupants could rather
choose different programs that suit more their lifestyle. For instance, users who work
or study from home might enjoy having the heater on for few hours also during the
middle of the day, increasing in this way the overall heating demand for the thermal
heater storage. Future work could focus on the model of the thermal storage heater
operations according to the variation of the outside temperature rather than using a
fixed charging/discharging schedule. Although, it is expected that this change would
not largely compromise the model results because colder days could be easily offset
by sunnier and warmer periods without affecting the overall results.
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Chapter 8
8. DISCUSSION AND CONCLUSION
The main purpose of this thesis is to assess the value of energy storage technologies
in existing energy systems. An exhaustive review focused on the different approaches
adopted so far for analysing the benefits of the energy storage showed that the results
might change according to the technologies, roles, and perspectives considered. This
literature survey confirmed the importance of running simulations on real energy
system models, since it is not possible to generalise the value of the energy storage
for any circumstance.
The choice of PLEXOS as software to simulate the electricity dispatch of real energy
systems has been driven by the necessity of:
•

Achieving reliable and accurate unit commitment simulations for small and
isolated grids, as well as, for large and interconnected networks. This
requirement has been fulfilled, on one hand, with a detailed model of each of
the few elements of the electricity system, and, on the other hand, with a
simplified model that maintained the features of the real system.

•

Analysing the electricity flow in the transmission lines and simulate the
congestion issues that obstruct the electricity export from Scotland to England.

•

Simulating wind power curtailment in case of surplus electricity that cannot be
absorbed by the demand and jeopardise the stability of the grid. This point was
fundamental for this work since it was one of the reasons that support the use
of energy storage technologies at the grid level.
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•

Modelling and optimising the operation of the energy storage devices both when
connected to a single power plant or to the entire network.

The flexibility, accuracy, and details of the simulations run are the reasons why
PLEXOS has been selected as the most suitable software for this work. However,
when analysing the GB case study, it has been highlighted the difficulties faced to
integrate a heat network in the model of the electricity grid. The reason is that the focus
of PLEXOS is the representation of the electricity network without considering possible
interactions with other sectors (heat or transport). This approach is coherent with the
current vision of the energy sector, which is usually considered as divided into three
different and separated areas.
Nevertheless, this way of representing the energy sector is expected to change soon
following the latest evolutions in the energy field and the necessity to pursue the
“energy trilemma”. Indeed, as shown through the simulation analysis of the GB energy
system, the use of thermal storage technology for linking the power generation with
the heat demand could allow the country to achieve interesting results regarding the
reduction of wind power curtailment (up to 60%) and the decarbonisation of the heat
sector (30% of the Scottish heat consumption). These results have been compared
with the operations of a different energy storage technology, the electric storage,
following one of the objectives of this thesis. The comparison of these two case studies
has proven that different technologies installed in the same energy system might obtain
different values. In this specific case, the electric storage showed good potentials for
the reduction of the regulation costs, due to the increased level of flexibility of the
electricity grid, while it had negligible influences on the wind power curtailment. In
contrast with these results, the same amount of storage capacity expressed in terms
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of thermal energy might allow minimising wind power curtailment, but it would not be
able to participate to the balancing market since its discharge process is not linked to
the electricity grid.
Another objective of this thesis was to look at the value of the same energy storage
technology playing different roles. This aspect has been investigated with simulations
on the Tenerife energy system model that looked at the use of energy storage devices
in the current and future energy scenario. Currently, the energy system lacks large
renewable share and the energy storage would work, together with the traditional
power plants, to shift part of the load from peak to off-peak hours. This strategy would
maximise the revenue of the energy storage investor, due to the large variation of the
wholesale electricity price during the day. However, the maximum benefits for the
entire energy system, in terms of system costs and CO2 emissions, would be achieved
when the energy storage is coupled with large wind power plants since the storage
device would maximise the penetration of renewables in the electricity grid.
This thesis aimed to show the various benefits of energy storage technology in existing
energy systems and how its adoption on large scale can address specific issues
according to the operation strategy used. However, due to the complexity of the socalled “energy trilemma”, the energy storage cannot represent the unique solution able
to solve all the problems. The deployment of the energy trilemma might need a radical
revolution of the entire energy system, and the energy storage can play a key role
together with decentralised renewable generation, demand management, district
heating, and reduction of energy consumption.
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MAIN OUTCOMES
8.1.1. TENERIFE ENERGY SYSTEM

This work presents a full evaluation of the value that an energy storage installation
would have on Tenerife through power flow modelling of the island system under
different energy scenarios to determine the value of the energy storage. The analysis
focused on a storage device of 25MW of power and 100MWh of capacity. This choice
was driven by the willingness to compare the value of the storage assuming the latter
is charged with electricity from three sources (i.e. the grid, OCGT plant, onshore wind).
Thus, it has been necessary to choose a size that could fit all the scenarios.
The integration of an energy storage device with Tenerife energy system offers an
enhanced peaking solution that not only responds to peaks in grid demand but also
absorbs energy during times of excess production – allowing greater renewable
penetration and reduced cycling of baseload thermal plant.
It is possible to see that when charged with onshore wind electricity emissions from
the combined system are the lowest – leading to a potential reduction of 30%
compared to the current emission level. In contrast, when electricity from the grid is
used to charge the energy storage device, emissions from the overall energy system
are the highest. This is due to a combination of carbon intense plants generating the
electricity used to charge the storage and the losses during the storage of electricity
that reduce the amount of electricity that can be discharged. For the same reasons, it
is possible to see that also emissions from the hybrid system OCGT+ES are also
higher compared to the current level.
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From a whole system perspective, it has been simulated that the operations of the
energy storage are more beneficial when coupled with the integration of a greater
renewable capacity, reducing the costs associated with curtailment and reducing the
carbon intensity and cost of peaking power required to allow the integration of these
renewables. This highlights the importance of taking into account projections for
renewable deployment. Larger energy storage device could be considered in case the
government committed to a fast deployment of renewable sources.
From the energy storage owner perspective, it would be more profitable to operate the
energy storage device in an energy system based on thermal capacity (i.e. carbon
intense grid, OCGT plant). In these scenarios, the high variation of wholesale electricity
price during the day encourages the arbitrage operation of the storage device and
maximises the revenue for the energy storage owner. The choice of a LAES could be
beneficial because it would allow to recover part of the heat waste from the electricity
generation process and increase the efficiency of the storage device.
8.1.2. GB ENERGY SYSTEM

The focus of this work is the assessment of the reduction of the wind curtailment due
to transmission constraints between at the Scotland-England border in different
scenarios (i.e. thermal storage devices, enlargement of transmission lines, batteries).
The installation of thermal storage devices charged with wind energy and discharged
to provide residential heating it has been proven to be the most interesting solution.
The simulation results show that this scenario can obtain the reduction of almost 60%
of the wind curtailment would correspond to the savings of 30% of the total gas heating
generation that is needed for household consumption in Scotland. If the installation of
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1.1 GW and 8.8 GWh of energy storage can already achieve almost 60% of reduction
of wind energy curtailment across the year, when increasing the storing energy
capacity (to 1.5GW), the reduction of wind curtailment per year does not follow a linear
trend. The reason is that the addition of further capacity would have a significant effect
only in case of peaks of energy curtailments or for curtailment periods that last for a
long time. The amount of volume curtailed is not homogenously distributed across the
month but is usually concentrated in short periods that may present also relevant
peaks. For this reason, the installation of larger thermal storage capacity able to
completely avoid curtailment can be not convenient, since the entire capacity would be
exploited just on a few occasions per year. Sizing the energy storage to completely
avoid curtailment can be not economically convenient and the revenues will not be
able to cover the capital invested.
The simulation of the scenario based on the enlargement of the transmission lines
shows that even though this solution might gain overall economic and environmental
benefits, the reduction of wind energy curtailment is not remarkable (2.43%). This
result could be explained thinking that the aim of the unit commitment is the
achievement of the most optimised solution for the whole system. The enlargement of
the transmission line at the border between Scotland and England allows the model to
get an overall reduction of the CO2 emission and system costs by increasing the
renewable generation in the whole network. Thus, this choice might still prevent wind
power plants in Scotland to maximises their output and avoid curtailment.
The installation of large battery systems does not seem particularly interesting for this
case study, as proven by the simulation results. The percentage of charge is
particularly low, proving that the optimisation model does not consider convenient the

227

Chapter 8. Discussion and Conclusion

charge of the electricity storage with wind energy; moreover, the discharge processes
are not frequent, due to the fact that the Scottish electric consumption is saturated and
not able to absorb wind electricity peak generations neither when they occur or later in
time after being stored. Therefore, for the reasons mentioned above, it should be
concluded that large electric storage systems are not suitable for increasing the
penetration of wind energy in the Scotland electric grid. The low state of charge
achieved by the large battery systems suggests that smaller electric storage devices
could be used instead. However, it is important to notice that their operations would
still achieve negligible results in terms of wind curtailment reduction, as showed by the
simulation results.
8.2.

FUTURE WORKS

The simulation analysis of GB energy system performed in this work focuses only on
the current energy scenario. The value of the energy storage technologies has been
calculated considering the actual level of renewable penetration and thermal power
capacity. However, GB energy system will go through a consistent modification of the
current status quo to achieve the decarbonisation targets. The achievement of these
goals will require the increase of renewable penetration and the reduction of coal plant
capacity [207]. Thus, it would be interesting to run simulations on this future scenario
and understand how the value of the storage will be affected. On one hand, the
increase of fluctuating and unpredictable renewable generation will increase the
requirements for energy solutions to balance the energy grid, like the energy storage
technologies. On the other hand, the future wholesale electricity prices might fall due
to the reduction of thermal power plant generation and the flattened wholesale
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electricity price might not be profitable for the energy storage devices that take
advantage from the variation of the daily wholesale electricity price.
The choice of analysing Tenerife and Great Britain electricity networks has been
justified by the willingness to study two countries representative of two different energy
system types. Several other countries are affected by network balancing issues and it
would be interesting to extend the simulation analysis done for Tenerife and GB also
to those countries. It has already been mentioned that German electricity grid is
characterised by large volume of wind curtailment due to transmission congestions.
Siemens Gamesa is currently investigating the potential of including electric thermal
energy storage (ETES) for repowering closed coal power plants [208]. This idea
suggests that German energy players have large interest in energy storage
technologies and in pursuing novel energy solutions, like the power-to-heat application
as it has been investigated in this work for GB energy system.
Due to its central position in Europe, the exchange flows with the neighbouring
countries play a key role in the German electricity network. Poland and Czech Republic
complain that German grid operators use the interconnectors for moving the renewable
electricity from the northern part of the country to the southern regions when the
national transmission lines are congested (loop flows [209]). The presence of these
loop flows would bring new challenges to the modelling of the electricity network in
PLEXOS because for the study of Germany energy system it would not be possible to
ignore the interconnector flows, as it has been done for GB energy system.
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Annex A
9. MODEL INPUTS
Table A-1 Techno-economical parameters of generators in Tenerife simulation model

Generator

Max
Capacity
(MW)

Heat Rate
Increment
(GJ/MWh)

Heat Rate
Increment
(GJ/MWh²)

VO&M
Charge
(€/MWh)

Running
Cost (€/hr)

Start Cost (€)

Start Cost
Time (h)

Max
Capacity
Factor (%)

Min Capacity
Factor (%)

Fuel

Nodes

38.38

9.02

0.07

18.60

130

270

0.10

-

-

Gasoleo

1

Min Stable
Heat Rate
Level (MW) Base (GJ/hr)

Arona

43.20

9.70

Candelaria Diesel

25.53

13.74

31.88

5.78

0.06

10.50

360

470

0.10

56

25

Fueloil BIA 0.73%

2

Candelaria Gas

79.38

20.37

122.94

9.31

0.01

24.40

130

270

0.10

70

-

Gasoleo

3

Candelaria Vapour

74.56

27.16

35.12

11.97

0.00

8.33

320

72,000

3.50

100

-

Fueloil BIA 0.73%

4

Cotesa

38.00

23.00

39.00

9.09

0.07

21.17

130

270

0.10

-

-

Gasoleo

5

Granadilla Diesel

41.02

28.18

31.88

5.78

0.06

11.43

360

1,000

0.10

87

50

Fueloil BIA 1%

6

Granadilla Gas

71.54

13.58

131.43

7.42

0.05

20.53

130

270

0.10

100

-

Gasoleo

7

Granadilla Vapour

148.48

55.68

88.99

9.04

0.00

5.21

320

72,000

3.50

100

-

Fueloil BIA 1%

8

Guia Isora

43.00

20.00

40.00

9.94

0.07

21.17

130

270

0.10

100

-

Gasoleo

9

Granadilla I y II

432.00

149.50

253.04

8.05

0.00

18.69

2,550

11,000

1.50

-

34

Gasoleo

10

Wind

400.00

-

-

-

-

13.00

-

-

-

-

-

Wind

13
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Table A-2 Technical specifications for the three scenarios in Tenerife model

Scenario

Storage (LAES)

Storage
capacity
(MWh)

Storage
Power (MW)

Node

Storage
Charge
Efficiency
(%)

100.0

25.0

12

100

Storage
Discharge
Efficiency
(%)

Timeslice

Pattern

50

offpeak

H1-7,H24

70

peak

H8-23

Storage and OCGT

100.0

25.0

12

100

70

-

-

Storage and wind

100.0

25.0

12

100

70

-

-

Table A-3 Fuel costs in Tenerife model

Price (€/GJ)

Delivery
Charge
(€/GJ)

Fueloil BIA 0.73%

18.0

0.50

Fueloil BIA 1%

20.0

0.77

Gasoleo

21.0

0.47

-

-

Fuel

Wind

Table A-4 Reserve specifications in Tenerife model

Reserve

Type

Regulation down

Lower

Regulation up

Value (MW)

Timeslice

Pattern

75.0

offpeak

H1-7,H24

100.0

peak

H8-23

150.0

offpeak

H1-7,H24

200.0

peak

H8-23

Raise
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Table A-5 Techno-economical specifications of generators in GB simulation model – region England&Wales

Units

Max
Capacity
(MW)

Min Stable
Level (MW)

CCTG

30

963.7

Coal

16

940.8

Hydro river

1

Nuclear

8

OCGT
Wind

1

Generator

Pumped storage

Heat Rate
(GJ/MWh)

VO&M
Charge
(£/MWh)

Running
Cost (£/hr)

96.0

7.5

3.0

-

10.1

5.0

141.7

10.0

1.0

18.0

20.0

846.0

427.5

9.2

1.0

320.0

10

32.3

-

10.0

50.0

4,200.0

6,840

1.0

-

-

-

-

2,060.0

-

-

10.0

-

Max Ramp
Down
(MW/min)

Fixed
Charge
(£/kW/year)

25.0

25.0

5.0

5.0

Min Up Time Max Ramp
(h)
Up (MW/min)

Fuel

Nodes

110.0

Gas

6

250.0

Coal

7

-

Hydro

8

470.0

Uranium

9

72.0

Gas

10

-

Wind

11

20.0

-

Hydro

12

Max Ramp
Down
(MW/min)

Fixed
Charge
(£/kW/year)

Fuel

Nodes

25.0

110.0

Gas

1

Start Cost
(£m)

Start Cost
Time (h)

8,357.0

20.5

4.0

4.0

1,000.0

107.0

4.0

4.0

-

-

5.0

-

-

4,000.0

96.0

-

5.0

5.0

0.3

1.0

1.0

-

-

-

-

-

-

-

-

0.5

20.0

20.0

Table A-6 Techno-economical specifications of generators in GB simulation model – region Scotland

Units

Max
Capacity
(MW)

Min Stable
Level (MW)

Heat Rate
(GJ/MWh)

VO&M
Charge
(£/MWh)

Running
Cost (£/hr)

Start Cost
(£m)

Start Cost
Time (h)

CCTG _S

1

1,180.0

120.0

7.5

3.0

8,357.0

390.4

4.0

4.0

Hydro river_S

1

1,315.6

-

1.0

10.0

-

-

0.5

20.0

-

-

-

Hydro

2

Nuclear_S

1

1,075.0

540.0

9.2

1.0

320.0

4,000.0

96.0

-

5.0

5.0

470.0

Uranium

3

4,667

1.0

-

1.0

-

-

-

-

-

-

-

-

Wind

4

Pumped storage_S

1

700.0

-

-

10.0

-

-

0.5

20.0

20.0

20.0

-

Hydro

5

Boiler Scotland

10

3,000.0

-

4.8

60.0

130.0

0.3

0.1

-

-

-

-

Gas boiler

13

Generator

Wind_S

Min Up Time Max Ramp
(h)
Up (MW/min)
25.0
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Table A-7 Technical specifications for the three scenarios in GB model

Node

Storage
Charge
Efficiency
(%)

Storage
Discharge
Efficiency
(%)

200.0

14

100

100

400.0

200.0

14

100

75

-

4,500.0

-

-

-

Units

Storage
capacity
(MWh)

Max Power
(MW)

Thermal electricity storage

11

400.0

Battery

11
-

Scenario

Transmission enlargement

Table A-8 Fuel costs in GB model

Fuel

Price (£/GJ)

Coal

4.69

Gas

6.07

Gas boiler

0.75

Hydro

3.00

Uranium

0.34

Wind

-

Table A-9 Carbon price and emission limits in GB model

Price (£/kg)

Property

Value
(mtonne)

Timeslice

Pattern

CO2

18.00

Max Production Month

21.00

Q1

M1-3

CO2

18.00

Max Production Month

15.55

Q2

M4-6

CO2

18.00

Max Production Month

15.13

Q3

M7-9

CO2

18.00

Max Production Month

20.48

Q4

M10-12

Emission

Table A-10 Reserve specifications in GB model

Type

Value (MW)

Timeframe
(s)

Duration (s)

Frequency down

Lower

200.0

10.0

900.0

Frequency up

Raise

200.0

10.0

900.0

STOR down

Regulation Lower

1,800.0

1,200.0

14,400.0

STOR up

Regulation Raise

1,800.0

1,200.0

14,400.0

Reserve
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