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Abstract

Much research has been done regarding the energy future worldwide. Climate change has
emerged along with its consequences to the environment. Countries are now facing a challenge
to mitigate this phenomenon and change their attitude over their energy generation and

consumption.

Towards this direction, many countries have been motivated and have officially agreed to act
by reducing carbon emissions or even eliminating them until 2050. This pathway consists of

an intermediate critical year, i.e., 2030 and several targets that need to be achieved.

Altering the traditional types of electricity generation by renewable energy sources satisfies
this ambition. However, due to the nature of renewables and their excessive production, energy

storage facilities are vital to be incorporated with them.

This MSc thesis examines three aspects regarding the future electricity: demand and
generation, along with the distribution of it in the UK. 2017 was taken as a benchmark for every
projection. A simple Excel model was created, based on two different scenarios, in order to

calculate the future electricity demand and supply.

Projections for 2030 and 2050 were found in literature and then adjusted to the respective
reference data. Specifically, a scalar for net electricity demand and scalars for potential future

energy supply sources were found and then multiplied by the initial half-hourly data.

The results were plotted to present these future demand-supply profiles and then according to
these, the storage capacity was calculated. Finally, two different types of storage were assessed
and discussed in terms of applicability and feasibility.
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1.0 Introduction

Nowadays, the carbon emissions have posed a significant threat to the planet and therefore
environmentally friendly solutions, regarding the mitigation of this phenomenon, are urgent.
Towards this direction, agreements have been established among countries worldwide, such as
the Paris Agreement. It declares that countries will keep global warming up to 1.5 degrees, by
reducing emissions by at least 45%, compared to 2010 levels, until 2030. The final target is

countries to reach net-zero carbon emissions until 2050 [1].

1.1 Background

The UK government's aim to reduce greenhouse gas emissions by 80% by 2050 faces major
difficulties, including a change of the UK electrical infrastructure on a scale that was never
seen before. Markets are to deliver and integrate important amounts of intermittent renewable
generation along with less flexible nuclear and Carbon Capture and Storage (CCS) plants, as
part of this effort, while fields of the transportation and heating sectors are expected to be
electrified [2].

Recently, studies have shown that by 2050 the electricity generation will be solely from
renewable energy sources. The current state of each renewable source contribution is shown at

the pie chart below.
Coal Other
39% 2.2%

Nuclear
16.6%

Natural Gas
39.4%

Renewables
379%

Figure 1: UK Energy Mix 2020 [3]
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Due to the large contribution of gas combined cycle power plants (CCGT) to the grid, carbon
dioxide emissions are relatively high, imposing the need of renewables, so as to reach the global
targets. Especially, the UK seems to have warmly adopted the idea of a fully renewable future
by investing not only to the evolution of renewables, but also to units for potential storage
facilities [4].

Research has shown that although UK has invested in storage energy projects, there is still need
for upgrading and increasing them, with regards to the increased needs for electricity. On a
distributed and centralised basis, storage technologies can be used at multiple scales. Energy
storage technology development varies by industry; some are well-developed, while others are

still in the early phases of development [5].

1.2 Aims and Objectives

This MSc thesis aims to present the projections of national net demand for electricity and the
corresponding electricity generation for the whole UK. These projections are based on a
reference year, that was used as a benchmark, to calculate the aforementioned demand-supply
profiles. In addition, the next target of this project is to assess the energy storage required for
2030 and 2050, in accordance with the previous profiles, to support the needs for electricity of
the national grid. Finally, after assessing the energy storage a third goal is set and it accounts
for potential storage systems.

As far as the objectives of this dissertation are concerned, a brief overview of demand and
supply projections is theoretically presented. The next objective is to identify the renewable
energy sources that could potentially supply the national grid. Another goal is to provide a
theoretical overview of grid-level storage assessment, as well as an analysis of trending energy
storage systems. Furthermore, energy storage capacity for both years is determined, along with
possible future types of storage. Last but not least, the feasibility and applicability of the

suggested storage systems is evaluated.
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2.0 Literature Review

2.1 Demand Profile Projections and Supply

A variety of publications address several aspects of hourly demand projection. The majority of
research concentrates on single-sector or consumer load curve projections, while others are
restricted to regional load curves. Further research focuses on specific aspects of future system
load, namely the load duration curve or the system peak load. Nevertheless, there are only three
approaches now reported in literature for continuous hourly prediction of national scale load

curves over a full year, to the extent known [2].

The first is a trend-extrapolation of load shape transformation's historical data. [6] analyse
historical load curves for daily, weekly, and seasonal periodicity. The results are incorporated
into a load curve trend extrapolation, which takes into consideration assumptions regarding
total annual demand evolution. Macroeconomic impacts, technical developments, or
temperature-related effects on the load curve are not considered, as this assumes that previous
technology shifts would remain unmodified in the future. [7] expands on this technique by
conducting a regression analysis using hourly German load data from 2006 to 2011, taking into
account economic trends, public holidays and vacations, unexpected occurrences, and the
growth of population. The introduction of new technologies on the market is not specifically

considered.

Regarding the second type, there is an emphasis on certain appliances or events. [8] projects
the future national demand taking into account the widespread use of electric vehicles and heat
pumps. Hourly simulated load profiles indicate their usage pattern. The degree to which the
load curve is transformed, is largely determined by the yearly electricity demand, regardless of

the impact of ambient temperature.

The third type of research is based on a complete design of the future load curves. Based on
empirical data, [8] establishes user specific load profiles of typical consumer groups across the
industrial, tertiary, and residential sectors. These profiles are combined to create the total load
curve, which is then scaled to generate the annual national demand. Because the spread of new
technologies is not expressly considered, [9] follows the same method but focuses on the
impact of rising market penetration of electric vehicles and heat pumps. [10] performs a
regression analysis using historical load data, taking into account workdays, temperature, and

day light. Future changes in consumer behaviour, such as working hours or opening hours in

202060015



MECHANICAL & AEROSPACE ENGINEERING

the business sector, are factored into the load profiles generated with a final goal to generate

electricity demand projections.

Regarding the supply side, it is essential to follow the demand and match with it, during
relatively short timescales and, given the limited alternatives for storage, it is observed a lack
of flexibility in terms of providing the load with the demanded electricity at any time [2]. In
addition to this, sometimes there are no communications between the consumers and the
electricity suppliers, which make it more difficult for researchers to determine the supply
profiles. Nevertheless, the technology and control evolution with applications, such as smart
grids, have contributed to the more effective creation of supply profiles [11].

As years go by, the implementation of renewables, especially wind and solar, gives the
opportunity to smart grids to evolve and get upgraded. This happens because of the fact that
with the continued deployment of the two previous sources, the supply may change
dramatically in a single day, and therefore supply profiles can become more dynamic charging
profiles. By making a profile smart charging, it is possible to achieve significant peak shavings
which lead to the degradation of the grid’s fluctuations. However, it is noteworthy to remember
that the combination of reduced minimum load, peak load, reduced utilization along with
powerful ramp rates, that are stored, make it more challenging for supply profiles to be
identified [12].

2.2 Hybrid Nuclear-Renewable Energy Systems

Nuclear power and renewable energy sources are both essentially carbon-free energy sources
and have emerged as viable solutions to the reduction of environmental footprint and energy
security issues. As a result, several countries have begun to invest in nuclear and renewable
energy as a way to minimise reliance on crude oil commerce, improve energy security, reduce
price fluctuations associated with imported fossil fuels and alleviate environmental damage.
Although both energy sources have their own challenges, they are still a preferable solution for

electricity generation, especially when they form a hybrid system.

In fact, renewable energy technologies used at a national level can make a significant
contribution to a country’s socio-economic growth. Relevant infrastructure and appliances,
even in rural and isolated regions that are not connected to the grid, may significantly improve
the quality of life. Nuclear power on its own may not be able to meet global energy demand,

but it may not be possible to do so without it. A future global energy mix that emphasises on

4
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renewable sources and opposes to large scale nuclear power deployment would have severe
economic and environmental consequences. In spite of its debatable reputation, nuclear power
Is sustainable, reliable and efficient, and multiple studies have recommended that it must be
included in the energy mix [13].

In general, renewable energy sources are characterized by variability of generation, as it can
be observed by the electricity production of wind turbines and photovoltaics. High penetration
of these resources implies a flexible grid and, as a result, alternative generators, such as nuclear-

renewable energy systems, can supply outputs at the required rates [14].

This kind of hybrid nuclear-renewable energy systems can provide several benefits. First of all,
it contributes to the competitiveness of renewable energy and an environmentally friendly
growth of green energy for future electricity generation. In addition, by upgrading the grid
infrastructure to support grid-scale energy storage and dispatch, intermittent renewable energy
can have a high grid penetration. Moreover, increased energy conversion efficiency will be
achieved by improved integration of smart control and heat management technologies [13].
Finally, combining nuclear with renewable energy into a standalone hybrid energy system
would allow a nuclear plant to operate at its full capacity, while at the same time to meet the
demand for flexible generation rates and the production of both energy and ancillary services,

and low-carbon co-products [14].
2.3 Grid-Level Storage

Energy storage is one of most important technological solutions for integrating intermittent
renewable generation with electrified transportation and heating demand, as the power system

in the UK, and the world, changes rapidly.

Regarding the generation side, renewable energy requirements are hastening the transition from
dispatchable, slow-ramping large power plants to smaller non-dispatchable renewable energy
resources, like wind and solar power plants. Electric vehicles, demand response, as well as
metering systems are being improved in a similar way. Changes on both the supply and demand
sides are causing uncertainty about the resources needed to keep the electrical grid in balance.
For instance, many prominent renewable sources are unpredictable and intermittent, which can
result in fluctuations during electricity generation, as well as unanticipated changes in power
availability [15].
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As for the demand-side, significant proportion of electric vehicles can cause increase or
decrease in grid loads. In general, such additional risk has been addressed by operating reserves
or any other auxiliary services, that can correct short-term imbalances quickly. However, due
to grid change, the size and capacity needed to meet the new grid are likewise unclear, and can
differ depending on region, season and weather patterns; as a result, it is not easy to estimate
or define resource availability [15]. Such technologies that secure power system’s flexibility
are crucial to reaching renewable energy integration targets without putting at risk the
efficiency, reliability and the cost-effective operation of the grid. Grid-scale energy storage is

commonly thought to have the ability to give this additional flexibility [16].

There are several grid-scale energy storage systems that function on varying time intervals with
an extent from seconds to hours. Such technologies are pumped hydroelectric storage (PHS),
batteries, supercapacitors, flywheels, compressed air energy storage (CAES) and
superconducting magnetic energy storage (SMES). More specifically, in the UK there are
currently 39 installed storage systems which consist of different technologies [17]. There are
several fundamental characteristics of typical grid-scale energy storage systems, such as the
energy storage capacity (in TWh), which is the amount of energy that can be stored, along with
energy and power density which indicate the rated storage energy per unit volume (in Wh/L)

and the maximum available power per unit volume (in W/L), respectively [15].

Another feature that needs to be considered is the charge and discharge duration, which is the
time needed for storage unit to fully charge or discharge. In accordance with discharge duration
of storage unit, it is essential to know the typical amount of power that can be discharged within
this period, which is the typical power output (in MW). The required time for the storage
facility to start providing the power output, called response time, is another characteristic
crucial for the application of the storage unit. In addition, storage’s lifetime (in years or cycles)
points out the total number of years or cycles of its continuous operation. Moreover, the
roundtrip efficiency (in %), demonstrates the ratio of energy discharged by the system to the
energy required, including losses, to charge the system over each cycle. Last but not least, the
capital cost (in $/kWh) plays an important role in choosing a specific storage unit and shows

the upfront investment costs of the system per unit of energy storage capacity.

It is vital for energy storage to meet a number of requirements when it is connected to a grid,
which is supported by renewables. Common grid-services regarding the stability of provided

power, regulation services, voltage control, usage of the power that is produced during off-
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peak hours to serve the load (energy arbitrage) and load balancing are important as demand

and supply fluctuates during a year [15].

All things considered, the grid-scale storage can assist in mitigating the phenomena of
intermittent, unstable and non-dispatchable power sources in various ways. Large-scale energy
storage is able to prevent losses of load by services which provide enough energy capacity to
meet peak power demand, along with services that improve power quality and suppress power
output fluctuations. In times that there is lack of wind and solar energy to match the demand,
storage can facilitate time-shifting of loads. Another important use of storage in renewable
energy systems, is to compensate for voltage rises (or falls) induced by substantial increases
(or decreases) in power availability, for instance those caused by resource intermittency.
Storage that is co-located with a renewable power source is frequently used to perform this
function. For example, co-locating storage with wind farms has been proven to help control

power levels and stabilise production in response to market or operational conditions [18].

2.4 Design of Energy Storage

Energy storage systems consist of three different stages: charge, in which the storage unit
absorbs the electrical energy from energy sources, storage, in which the facility converts the
electrical energy to other types of energy, like mechanical or electrochemical, to store it, and
discharge, which is the opposite procedure of charge, and the storage unit injects the stored
electrical energy back to the system. As energy storage is only a storehouse of energy rather
than a perfect energy source, there are always losses at each stage of the storage process.
Equation (1) defines the energy delivered to the system considering the energy generated by
the sources and the losses during power outages.

Egenerate - ‘dEIoss = Lout (1)

Energy losses are described by equation (2)

AE;pss = AE.p + AEgt + AE 450 (2)

where, AEch, AEdisch and AEs: are the losses during charge, discharge and storage mode,

respectively.
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In fact, an essential parameter in electrical storage is the efficiency of each stage, which
indicates the energy flow in the system. Equations (3) and (4) describe the efficiencies of charge

and discharge stage, respectively.

non = 25t

ch Ech (3)
o = st

disch Edisch (4)

It needs to be mentioned that energy losses as well as the efficiency of storage depend on the
time needed among charging and discharging, so the efficiency of this stage can be calculated

by equation (5).

#*

Est
Es (5)

st (1) =

The total energy storage efficiency is given by equation (6)

_ Eout _
Motat = = Tlen X Naisen X Nst (L)
generate (6)
The stored energy is represented by Es*, while Est is the existing energy from this part. Egenerate,
Eout, Ech, and Edischare describe the generated energy, the output, the energy during the charge

and discharge step, respectively [19].

2.5 Batteries

Batteries are gaining attention recently, because they present a number of attractive advantages,
like fast response, modularisation, high efficiency, flexible installation and large lifespan. More
specifically, grid-level energy storage has become a field of application for batteries, because
they should comply with large-scale and complex needs of the power grid. Hence, energy
efficiency and densities, power, lifetime, and capacity should be taken into consideration. In
addition to this, issues regarding load levelling, peak shaving, frequency regulation and other
grid services (e.g., emergency response) should be investigated further before deciding to

connect a Battery Energy Storage System (BESS) with the grid.

There are various types of batteries currently on the market, but still lithium-ion batteries are
dominating due to their significant merits. For instance, they can achieve efficiencies higher

8
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than 95%, energy densities up to 200 Wh/kg, as well as up until 3000 cycles at a depth of
discharge (DOD) of 80%. Due to their high energy densities, lithium-ion batteries seem to be
promising when combining them with renewable energy sources in terms of grid-level storage

of energy.

The principles of operation of lithium-ion batteries are based on the existence of two electrodes,
anode and cathode, and a medium that is called electrolyte. During the charge state, electrons
move from cathode to anode via the electrolyte, whereas during discharge process happens the

vice versa. The operation of a lithium-ion battery is shown at Figure 2 below.

Electron Flow r’ CHARGED
During Discharg
& ﬁu- L3
-l
s .ééi‘?' -
- Bpaad i
d acd 8
2 e
= -
il 2= L
Negative Electrode Positive Electrode
(Anode) (Cathode)
Electron Flow B DISCHARGED
During Charge
S SR A
AR VU e
.
Qo
g IS D W
 Beaadlal- .
© I — TSI T T T
T o SN =
-
Negative Electrode Positive Electrode
(Anode) (Cathode)

Figure 2: lllustration of the working principle of Lithium-lon Batteries

The energy which is stored in batteries comes from electricity converted from a large-scale
power network into a form that can be saved and be converted back into electricity in case it is
needed. As the power grid needs energy storage systems that balance demand and supply,
gravimetric energy density, along with high efficiency and long cycle life should be taken into
account. Moreover, the reliability and cost efficiency of these systems are also crucial for large-
scale power grid applications. That is why, it is mandatory to know the calendar life of lithium-
ion batteries, because when either maintenance or replacement arises, the cost is significantly
high. Storage duration and periodical discharge rate refer to calendar life, along with
temperature, and they need to be measured in advance, as they cause losses during battery’s

self-discharging.
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However, there are some disadvantages and challenges which make lithium-ion batteries
deterring in terms of their wide-scale use. One of them corresponds to their high cost, which is
related to the shortage of certain raw materials used for batteries’ manufacture, such as nickel,
lead and lithium. In addition to that, lithium-ion batteries consist of materials which when they
come in contact with the electrolyte, are flammable and highly active. For these reasons,
batteries should pass several safety tests, including electrical, environmental, and mechanical,

before using them for grid-scale energy storage.

The applications which use batteries follow the concept of storing energy when the demand is
covered by the supply and cover with vacant power the grid when it is necessary. The necessity
of batteries appears when peak load has to be covered by peak shaving and load levelling. Also,
unprecedented fluctuations of the output power may occur and as a result, batteries are due to
smooth the generated power from renewable energy sources and diminish these fluctuations.
A way to achieve this is to adjust the output profiles of either the wind or solar energy, for

instance.

In order for a grid network to operate properly and steadily, sufficient power and energy are
prerequisites. That leads to utilisation of hundreds or even thousands of batteries, which need
to be properly managed in terms of how they are going to distribute the power. The key feature
to accomplish this is the implementation of an appropriate power management strategy. The
strategy that will be formulated, will take into consideration a few aspects, such as reliable
function, cost-effectiveness, work, and storage safety, as well as durable stability. When
batteries are place in stacks, it is compulsory to find a way to satisfy the needs of grid-level
energy storage. It is worth mentioning that the total current capability increases in case of
parallel connection, whereas the total voltage increases in series connection. In fact, this raises

a severe challenge regarding stability, safety, voltage operation and cycle life [20].
2.6 Pumped Hydro Storage

Future electricity systems will integrate a large number of intermittent renewable energy
sources, presenting challenges for ensuring high efficiency during operation and planning of
these systems. Therefore, it is vital for energy storage to be flexible and able to accommodate
the variability of renewable energy sources output and support the system by providing
frequency regulation and capacity. Pumped storage can serve this purpose due to its rapid

response to weather conditions or fluctuations and its ability to comply with large loads. In

10
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addition to that, one of the main advantages of pumped-hydro storage is its infinite technical
lifetime. However, the reliance on topography of the region, large use of land and the initial

capital needed are the most important disadvantages.

Pumped storage power plant’s operation is based on controlling the level of water on an upper
reservoir and the output frequency of voltage. The upper reservoir holds water, which during
the generation mode flows through the hydropower plant in order to generate electricity. With
regards to storage, the water is pumped from the lower reservoir into the upper one, using the
same generators and turbines operating reversibly when there is lack of electricity. It is
noteworthy that the height difference between the upper and lower tank is important to generate
a larger amount of mechanical energy. A typical pumped storage plant is shown below in

Figure 3.

Lower reservoir

Figure 3: Typical Pump Storage Plant

When the water flows from the upper tank to the discharge tank, the motor acts as a turbine
and converts gravitational power to mechanical power. The potential power relies on the water

head and its flow rate can be found using the formula:

P, = pgHQ, (7)
where the output mechanical power of the turbine is expressed as:

Ppr = npgHQ, (8)

11
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Pet is the total output mechanical power from the turbine in Watts, 1) is the turbine efficiency,
p is the volume density of water (kg/mq), g is the gravitational acceleration (m/s?) due to the
height of the upper reservoir. Qu is the water flow rate passing through the turbine (m%/s) and
H is the effective head of water across the turbine (m).

The efficiency of the pump-turbine is a fixed value in all operating modes, turbine and pump,
and it can be usually around 70-85% [21].

12
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3.0 Analysis

In this MSc thesis, the data for future electricity demand were examined based on 2017’s
electricity consumption data, that were acquired from ELEXON Portal and National Grid. The
downloaded EXCEL data set consisted of 17,520 half-hourly data. The whole UK was taken
as research area, as it complies with the target of this project, which was the future demand-
supply profiles projection in national scale. Towards this direction, an estimation for these
profiles was made for 2030 and 2050, following the methodology presented below.

3.1 Data Acquisition

The first step of the methodology was to search for valid data regarding forecast of national net
demand in 2030 and 2050. Projections of UK’s national net demand for both years were found
in several references, as it is shown at Table 1 and Table 3. However, after comparison of the
aforementioned data, DUKES and National Grid were considered to give more valid and
accurate values. It is worth mentioning that, in this set of data some contributions were
neglected. More specifically, interconnectors and inflows from other countries, such as France,
the Netherlands and Ireland were not taken into consideration. Also, ELEXON Portal assigned
zero to any negative values received from National Grid in the data set [22].

In a similar way, future supply projections for 2030 and 2050 were obtained from DUKES
[23], Climate Committee’s 2017 Report [24] and National Grid [25]. Based on these data it
was decided that supply of electricity in the UK during the years 2030 and 2050 will be from
some specific sources. In particular, for 2030, electricity will be provided by wind energy, solar
energy, nuclear powerplants and small number of CCGT plants. By the end of 2050, UK’s
electricity generation will be fully decarbonised, so it is assumed that the supply will be only
from renewable energy sources, i.e., wind (onshore and offshore) and solar energy, along with

nuclear power plants.

For 2017, which was the reference year, the plot of supply and demand of electricity is shown
at Figure 4. It needs to be mentioned that only wind, solar, nuclear, and other renewables’

contribution to that year’s supply, such as biomass and hydro, is plotted.
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Figure 4: National Demand and Supply of the reference scenario

3.2 Net National Electricity Demand-Supply Profiles

The generation of future electricity demand — supply profiles were based on the following
methodology. After gathering projections for electricity demand (in TWh) in 2030 and 2050,
as well as projections for the aforementioned sources of electricity supply in these years, a
number of scalars was calculated. For future wind supply, onshore and offshore, in total 6% of
curtailment was considered [24]. These scalars were multiplied by the half-hourly data, giving

the desired profiles.

The coefficients were calculated by applying the following formula:

__ Final value-Initial value

+1 9)

Initial value

where initial value (in TWh) refers solely to 2017 and final value (in TWh) corresponds to

either 2030 or 2050 depending on the scalar that was to be calculated.

3.3 Scenarios

To investigate UK’s future electricity demand — supply profiles for 2030 and 2050, two
different scenarios were examined. The criterion that was used to divert these two scenarios
was the fossil fuel prices; namely, low prices (LP) and high prices (HP), as it was suggested by
DUKES. Although, DUKES had recommended some other classifications, in this thesis’
framework only low and high prices classifications were considered [23].
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3.3.1 Low Prices Scenario

At this scenario low fossil fuel prices were taken into consideration to create the demand-
supply profiles for 2030 and 2050, respectively. DUKES data were provided in an Excel file
until 2040, so for 2030 the values that were taken were exactly from the spreadsheet. However,
for 2050 trend interpolation was used based on a fourth order polynomial to predict the values
needed to create the 2050 profile. The values that were used as inputs to this trend started from
2008 up to 2040. By finding the aforementioned values, the respective scalars were calculated
and then the initial data were multiplied by them.

In order to verify the 2050 data calculated by using the trend, a cross-check from credible
literature was conducted. [26] and [2] give similar results to the ones that derived from the

Excel model.

Afterwards, the demand-supply profiles, created for the low prices’ scenario, were plotted and
they are presented in the next section. More specifically, for each year, the results are depicted
into two different graphs; one includes the national net demand and electricity generated by
each source, and the other includes the net national demand along with the aggregated supply.

Table 1: Projections for LP Scenario

2017 (in TWh) 2030 (in TWh) 2050 (in TWh) Reference

National Electricity

Demand 298.1 350 650 [24], [27]
Generation by type
Nuclear 64 55 124 [23]
(Onsho\:\é;noc:‘fshore) >0 120 361 [23]
Solar 115 25 72 [23]
Gas (CCGT) 134 67 0 [23]
Renewables 94 228 480 [24]
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Table 2: Scalars for LP Scenario

Scalars (r) 2030 2050
ND 1.17 2.18
Nuclear 0.86 2.25
Wind 24 7.22
Solar 2.17 6.26
Gas (CCGT) 0.5 0

3.3.2 High Prices Scenario

At this scenario, on the contrary, high fossil fuel prices were taken into account to create the
demand-supply profiles for 2030 and 2050, respectively. Following the same procedure as it
was described previously, the respective scalars were calculated and finally the initial data were

multiplied by them.

In terms of verification of the estimated values, a cross-check from credible literature was
conducted. [26] and [2] give similar results to the ones that derived from the Excel model. At
that point, the demand-supply profiles, created for the high prices’ scenario, were plotted and
they are shown in the next section. For both years, 2030 and 2050, the results are depicted into
two different graphs; one includes the national net demand and electricity generated by each
source, and the other includes the net national demand along with the aggregated supply.

The scalars calculated for both scenarios, along with an accumulative table of all the

projections, are shown below.
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Table 3: Projections for HP Scenario

2017 (in TWh) 2030 (in TWh) 2050 (in TWh) Reference

National Electricity

298.1 350 650 [24], [27]
Demand
Generation by type
Nuclear 64 55 124 [23]
Wind
50 130 368 [23]
(Onshore/Offshore)

Solar 11.5 25 73.5 [23]
Gas (CCGT) 134 49 0 [23]
Renewables 94 244 490 [24]

Table 4: Scalars for HP Scenario

Scalars (r) 2030 2050
ND 1.17 2.18
Nuclear 0.86 2.25
Wind 2.6 7.36
Solar 2.17 6.39
Gas (CCGT) 0.37 0

From Table 1 and Table 3 it is noticed that nuclear power plants’ capacity presents a
substantially fall in 2030. This is due to the fact that 15 operational nuclear power plants will
have been taken off by 2030, which correspond to 35% reduction of electricity generation.
However, new nuclear power plants are to be developed, as well as the upgrade of the existing
ones [28].
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3.4 Storage Assessment

To assess the required storage capacity to support the grid at a national scale, the aggregated
supply was found. The net electricity was found by adding the electricity generated from each
source, i.e., solar energy, wind energy, nuclear power plants and gas (CCGT). The next step
was to determine the excess electricity that occurred during a full year and needs to be stored.
Therefore, the difference between aggregated supply and national demand was calculated for
each half-hourly data. The sign of this difference indicates whether there is excess electricity
or not, i.e., the positive sign shows this excess, whereas the negative one points out the shortage

of required energy to cover the needs of the grid for electricity.

Furthermore, the aforementioned difference’s sign outlines the charge and discharge state of
the storage system. When the difference is greater than zero, it means that the storage facility
is charged with the respective excess electricity. On the other hand, when the difference is less
than zero, the storage unit is discharged. Another feature of the storage unit that needs to be
defined is the ramp rate. The ramp rate is the average rate of either charging or discharging of
the storage system per half hour. It was essential to calculate the ramp rate, so as to have a good

approximation of the storage system’s size and behavior.

Based on the methodology of this thesis, the average charge and discharge rate in a whole year
were calculated, as well as the corresponding ramp rates of each state.

The maximum difference between aggregated supply and demand was calculated by using a
moving window to scan a set of data, importing the Excel sheet to MATLAB. The timestep of
this window was assumed to be 14 calendar days or 672 half-hourly segments. The aim of the
process was to keep the maximum number of the difference during the first iteration and then
compare it with the one obtained from the next iteration and finally keep the maximum amongst
them. The same procedure was repeated until the last scan of data, so as to find the maximum
of all. The total maximum was then multiplied by 30 days and by 24 hours to find the storage
capacity in TWh. The product occurred was multiplied by a coefficient of 1.05 which indicates
the worst-case losses and amounts to approximately 5% per day [29].

To make the problem more realistic, two types of storage were dimensioned; pumped storage
and batteries. The methodology regarding the pumped storage was based on [21] and for the
batteries, by retrieving a set of manufacturers’ data, as shown at Appendices , some detrimental

steps were followed to estimate the number of batteries needed.
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As it was presented at [21] and by using Dinorwig hydropower station as a benchmark, the

quantity of respective pumped storage plants was calculated.

Table 5: Storage characteristics for LP Scenario

2030
Total capacity 12289.79 MW  9.29 TWh
Average charge rate (MW) 2995.78
Average discharge rate 11882.42
(MW)
Average charge ramp rate 1.66
(MW/30min)
Average discharge ramp 6.60
rate (MW/30min)
2050
Total capacity 56273.76 MW 42.54
TWh
Average charge rate (MW) 12999.17
Average discharge rate 24967.77
(MW)
Average charge ramp rate 7.22
(MW/30min)
Average discharge ramp 13.87

rate (MW/30min)

202060015
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Table 6: Storage characteristics for HP Scenario

2030
Total capacity 12657.4 MW  9.57 TWh
Average charge rate (MW) 3082.82
Average (dl\i/ls\(;\r/])arge e 12995.70
Average charge ramp rate 1.71
(MW/30min)
Average discharge ramp 7.22
rate (MW/30min)
2050
Total capacity 58208.1 MW  44.01 TWh
Average charge rate (MW) 13382.78
Average (dl\ij\j\f/\;rge e 24881.27
Average charge ramp rate 7.43
(MW/30min)
Average discharge ramp 13.82

rate (MW/30min)

The amount of energy to be stored for 2030 scenario and low fossil fuels’ prices, as show at
Table 5, is 9.29 TWh which corresponds to 12,289.79 MW. This is a vast amount of energy to
be stored and therefore it was decided to split this quantity into 70% that goes to pumped
storage and 30% that is sent to batteries. Consequently, 8,602.85 MW are to be stored via
pumped hydro storage and 3,686.94 MW with batteries, respectively.

As far as pumped storage is concerned, an already existing pumped hydro storage system was
taken into consideration as a benchmark, i.e., Dinorwig Power Station. The specifications of
this Power Station are depicted at Table 9 at Appendices. It was also considered the maximum

charge and discharge power rate of storage were equal [30].
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Based on [21], the Dinorwig’s current nominal capacity (CN) in MW was estimated:

— At - MW _
Cy = 6 generators - 288 /’generator =1,728MW (10)

If for 1,728 MW 6 generators are required, then for 8,602.85 MW it was calculated that 30
generators are required. Hence, given the 6 generators of Dinorwig’s Power Station, 24

generators will be essential eventually. This corresponds to 4 additional pumped storage plants

likewise Dinorwig’s Power Station.

Afterwards, the generated power was assumed to be 1,728 MW. The required mass of water,

during the discharge state, is given by the formula:

Feen 1728 - 10° 3
Deap = = = 1053.3m
g Her " Disrate Ngen 9.81-536-390-0.8 (11)

On the other hand, during the charge state, the flow rate is calculated as follows:

P.,'n 1728-10°-0.8
gen gen _ _ 262,905.6 IHEKS

Flow rate = F, 4. =
g - Heg 9.81-536 (12)

The calculated flow rate corresponds to 6 generators in total.

Then, based again on [21], if a reference time of 16 secs is considered, then the required
electrical energy along with the maximum capacity can be assessed using the equations below:
Required Electrical 8V = Tper " Poen = 16 1728-10° = 7.68MWh

equired Electrical energy = Ter - Feer, = 3600 =7. (13)

Energy _ 7.68MWh
Voltage ~ 18kV

Maximum Capacity = = 426.7Ah (14)

Regarding the percentage of energy that was determined to be stored at batteries, it corresponds
to 2.79 TWh. From the respective manufacturer’s data for a battery that is presented at
Appendices (Figure 13) it was found that the battery’s capacity (Q) is 138 Ah and the open-
circuit voltage (Voc) is 12.8 V. Thus, the capacity of the battery in Wh units is:

C=Q-V, =138-12.8 = 1.8kWh (15)

Since each battery can store 1.8kWh, it was calculated that for storing 2.79 TWh, the number

of required batteries is:

. 2.79 - 10%2
Number of Batteries = —— = 1,550,000,000
1.8-10° (16)
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By following the same methodology, the respective values were calculated and presented at
the table below. At this point, it is worth mentioning that for both scenarios of 2050, it was
decided to split the quantity of energy to be stored into 80% for pumped storage plants and
20% for batteries, respectively. The results are presented on the table below.

Table 7: Recommended Storage Capacity

Type of Storage 2030 HP 2050 LP 2050 HP 2030 LP
Total
Capacity 6.38 32.41 35.21 6.19
Pumped (TwWh)
Storage Number of
Power 5 26 26 4
Stations
Total
Capacity 2.87 8.51 8.8 2.79
Batteries (Twh)
Required ) co) 444444 4727.777,778 4.888,888,889 1550,000,000

number
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4.0 Results and Discussion

By following the methodology described at the previous chapter, demand-supply profiles were
created for both years, i.e., 2030 and 2050, for HP scenario, in accordance with the projections

presented at the tables previously.

2030 HP Scenario
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Figure 5: Demand-Supply Profile by source for 2030 HP Scenario
At Figure 5 the HP scenario for 2030 is shown and the x-axis the time is depicted in half-hourly

segments, while y-axis depicts the national demand for electricity that needs to be covered, as

well as the future electricity generated by each source, in terms of power.
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Figure 6: Demand-Aggregated Supply Profile for 2030 HP Scenario
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Figure 6 represents the national demand projected for 2030, along with the aggregated supply
which resulted by adding the electricity generation provided by each source.

2050 HP Scenario
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Figure 7: Demand-Supply Profile by source for 2050 HP Scenario
At Figure 7 the HP scenario for 2050 is shown and the x-axis the time is depicted in half-hourly

segments, while y-axis depicts the national demand for electricity that needs to be covered, as
well as the future electricity generated by each source, in terms of power.
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Figure 8: Demand-Aggregated Supply Profile for 2050 HP Scenario

Figure 8 shows the national demand projected for 2050, along with the aggregated supply
which resulted by adding the electricity generation provided by each source.
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Similarly, the projected demand and supply profiles for the LP scenario in both years, are

illustrated below.

2030 LP Scenario
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Figure 9: Demand-Supply Profile by source for 2030 LP Scenario
Figure 9 demonstrates the LP scenario for 2030. At the x-axis the time is depicted in half-

hourly segments, while y-axis depicts the national demand for electricity that needs to be

covered, as well as the future electricity generated by each source, in terms of power.
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Figure 10: Demand-Aggregated Supply Profile for 2030 LP Scenario

Figure 10 presents the national demand projected for 2030, together with the aggregated supply
which occurred by adding the electricity generation provided by each source.
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2050 LP Scenario
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Figure 11: Demand-Supply Profile by source for 2050 LP Scenario
Figure 11 demonstrates the LP scenario for 2050. At the x-axis the time is depicted in half-

hourly segments, while y-axis depicts the national demand for electricity that needs to be

covered, as well as the future electricity generated by each source, in terms of power.
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Figure 12: Demand-Aggregated Supply Profile for 2050 LP Scenario

Figure 12 presents the national demand projected for 2030, together with the aggregated supply
which occurred by adding the electricity generation provided by each source.

In general, based on the graphs presented above, supply and demand does not match every time
in a full year, due to the nature of sources that are chosen to support the demand. To be more

specific, wind and solar are renewable energy sources which are affected by weather
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conditions, such as adequate wind and solar radiation, and their power generation is not steady
throughout the year. When the supply surpasses the demand, there is a potential to store the
excess energy and use it during peak hours, when the supply is not enough to meet the grid
load. Also, it needs to be mentioned that 2017’s respective profiles (Figure 4) do not match, as
in that year the electricity supply coming from renewables accounted less than 36% of UK

generation.

According to the methodology suggested to the previous chapter, the capacity of energy to be
stored for both scenarios in 2030 and 2050 was calculated and it is presented at the table below.
The excess energy (storage capacity) was calculated by subtracting demand from supply for
each segment and then find the maximum value of this difference. Remarkably, during the
winter months, electricity demand seems to have its peak, whereas during summer months

there is excess energy and there is the potential to store it and be exploited afterwards.

Table 8: Storage Capacity for both scenarios in both years

Scenarios Year Storage Capacity (TWh)
2030 9.29
Low Prices
2050 42.54
2030 9.57
High Prices
2050 44.01

The above values for storage capacity were verified based on National Grid’s projections [31].
Particularly, National Grid projects 9.36 TWh total capacity of storage in 2030 and 51.12 TWh
storage capacity for 2050, regardless of any scenario. The deviation of values projected for
2050 arises from the fact that in this thesis’ framework only wind, solar and nuclear contribute
to 2050’s electricity generation, while in reality more renewable energy sources will contribute

to it, which, on the other hand, have been considered from National Grid.

It can be observed that during the transition to a net-zero carbon emissions future, a large
amount of storage capacity is required, regardless of the examined scenario. Particularly, the
capacity of storage soars from approximately 9 TWh in 2030 to almost 45 TWh in 2050. This

difference between 9 and 45 TWh can be justified due to the increase of renewables connected
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to the grid, which compared to the traditional coal or gas power plants’ output, their output is
much greater. Another reason contributing to this large difference is the implementation of new
technologies, such as wind generators with improved efficiencies and control strategies. This
means that the power output is effectively controlled and adapted to the electricity needs of the
grid. Increased storage capacity is an indicator of the amount of excess energy generated from

renewables, as the target for the UK grid is to be 100% renewable by the end of 2050.

In general, in 2050, electricity supply will be achieved by more renewable energy sources than
the three that are considered in this dissertation. More specifically, renewables like tidal, wave,
biomass, and gas, along with coal power plants with carbon capture and storage (CCS), will
also have an important contribution to future electricity production. The implementation of
these additional sources support the supply side resulting in the rise of supply by a percentage

that remains to be thoroughly investigated.

Concerning the demand side, projections about an increased value have been made. To be more
specific, scientists talk about almost double electricity demand until 2050, in comparison with
the one in 2017. This accounts for increased needs for electricity due to the electrification of
vehicles and heating, for instance, and the use of alternative fuels, with hydrogen to be a
pioneer. Also, from Table 8 it is noticed that regarding the HP scenario, the storage capacity,
in both years, is larger than the capacity found for the LP scenario, during the same period. An
explanation could be that the higher the prices of fossil fuels are, the greater the motivation for

utilisation of renewables is.

In terms of storage, the results occurred for pumped hydro storage look slightly more sensible
than the ones for batteries (Table 7). As a result, additional storage techniques have to be
investigated to support the batteries as one storage option. The techniques that are
recommended at this MSc thesis concern the energy distribution to supercharges in order to
charge electric vehicles and to appropriate facilities for hydrogen production. Electric vehicles
are a trend that spreads worldwide and towards a net-zero carbon emissions future, they are
about to dominate the market. Since the quantity of these increases, it is certain that more and
more power stations will be essential. Moreover, hydrogen becomes popular as an alternative
fuel and state-of-the-art concept to store excess energy that can be exploited. Finally, as it was
mentioned at literature review section, there are currently various installed stand-alone energy
storage projects in the UK, which can be potentially upgraded to support the future needs for
electricity storage.
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5.0 Conclusions and Future Work

All in all, this study set out to provide an overview of the UK’s electricity demand projection
in the upcoming years, towards a net-zero carbon emissions future energy system. In
accordance with the demand projections, the supply was determined based on the targets that
UK has set for electricity generation to be 100% from renewables until 2050. British electricity
is going to be fully decarbonised until then and by integration of renewables to the grid, the
generated energy will significantly rise. Therefore, the need to store this amount of energy for

potential future use derives from the respective excess energy which occurs.

In this thesis’ framework, it was observed that demand and supply profiles do not always
match. However, there are days throughout the year when supply surpasses the demand and
that is why the excess energy needs to be stored. In addition to this, the stored energy will
contribute to the grid supply in order to decarbonise it, as it was presented at this project.
Furthermore, several technologies to store this energy were suggested and a couple of them
were dimensioned, i.e., pumped hydro storage and batteries. The results indicated that these
two types of storage are not enough to support the grid in terms of saving energy for future use.
Consequently, additional energy storage units need to be investigated and in accordance with
the respective feasibility studies to be dimensioned.

In terms of the future work, the main field of study could be the analysis of the additional
energy storage units, regardless of pumped storage and batteries. This could lead to a more
practical and feasible approach regarding the distribution of the stored energy. Another aspect
for future research is the improvement of current storage configurations with the
implementation of additional technologies, such as control systems, to improve the efficiency
of storage unit and therefore the performance of the grid. Last but not least, the design of
demand side management strategies for peak power reduction, improved reliability and

degradation of carbon dioxide emissions is also recommended for future work.

29
202060015



DEPARTMENTOF! MECHANICAL & AEROSPACE ENGINEERING

202060015

30



MECHANICAL & AEROSPACE ENGINEERING

6.0 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

“United Nations Climate Change,” [Online]. Available: https://unfcce.int/process-and-
meetings/the-paris-agreement/the-paris-agreement. [Accessed 14 August 2021].

T. BoBmann and I. Staffell, “The shape of futere electricity demand: Exploring load
curves in 2050s Germany and Britain,” Energy, vol. 90, no. 2, pp. 1317-1333, 2015.

“Shell Energy,” [Online]. Available: https://www.shellenergy.co.uk/info/energy/fuel-
mix. [Accessed 14 August 2021].

I. Staffell, “Measuring the progress and impacts of decarbonising British electricity,”

Energy Policy, vol. 102, pp. 463-475, 2017.

G. Strbac, M. Aunedi, D. Pudjianto, P. Djapic, F. Teng, A. Sturt, D. Jackravut, R.
Sansom, V. Yufit and N. Brandon, “Strategic Assessment of the Role and Value of
Energy Storage Systems in the UK Low Carbon Energy Future,” Energy Futures Lab,
Imperial College London, June 2012.

U. B. Filik, O. N. Gerek and M. Kurban, “A novel modeling approach for hourly
forecasting of long-term electric energy demand,” Energy Convers. Manag., vol. 52, no.
1, pp. 199-211, Jan. 2011.

E. Sotiropoulos, “Modeling of German Electricity Load for Pricing of Forward
Contracts,” ETH Ziirich, 2012.

A. Hainoun, "Construction of the hourly load curves and detecting the annual peak load
of future Syrian electric power demand using bottom-up approach,"” Int. J. Electr. Power
Energy Syst., vol. 31, no. 1, pp. 1-12, Jan. 2009.

F. M. Andersen, H. V. Larsen and T. K. Boomsma, “Long-term forecasting of hourly

electricity load: Identification of consumption profiles and segmentation of customers,”

Energy Convers. Manag., vol. 68, pp. 244-252, Apr. 2013.

31

202060015



MECHANICAL & AEROSPACE ENGINEERING

[10] J. Torrity, M. G. Hassan and M. Leach, “Demand response experience in Europe:
Policies, programmes and implementation,” Energy, vol. 35, no. 4, pp. 1575-1583, Apr.
2010.

[11] SRU, “Climate-friendly, reliable, affordable: 100% renewable electricity supply by
2050,” Berlin, 2010.

[12] T. BolBmann, R. Elsland, F. Lickert and M. Wietschel, “TheGerman load curne in 2050:
structural changes through energy efficiency measures and theri impacts on the electricity

supply side,” eceee 2013 summer study, pp. 1199-1211, 2013.

[13] S. Suman, “Hybrid niclear-renewable energy systems: A review,” Journal of Cleaner
Production, vol. 181, pp. 166-177, 2018.

[14] M. F. Ruth, O. R. Zinaman, M. Antkowiak, R. D. Boardman, R. S. Cherry and M. D.
Bazilian, “Nuclear-renewable hybrid energy systems: Opportunities, interconnections,
and needs,” Energy Conversion and Management, vol. 78, pp. 684-694, 2014.

[15] A. Castillo and D. F. Gayme, “Grid-scale energy storage applications in renewable
energy integration: A survey,” Energy Conversion and Management, vol. 87, pp. 885-
894, 2014.

[16] P. Denholm and M. Hand, “Grid flexibility and storage required to achieve very high
penetration of variable renewable electricity,” Energy Policy, vol. 39, pp. 1817-1830,
2011.

[17] “Energy Storage in the UK: An overview (2nd Edition),” Renewable Energy Association,
Autumn 2016.

[18] J. P. Barton and D. G. Infield, “Energy storage and its use with intermittent renewable
energy,” IEEE Trans Energy Convers, vol. 19, pp. 441-448, 2004.

[19] O. Palizban and K. Kauhaniemi, “Energy storage systems in modern grids-Matrix of
technologies and applications,” Journal of Energy Storage, vol. 6, pp. 248-259, 2016.

32
202060015



MECHANICAL & AEROSPACE ENGINEERING

[20] T. Chen, Y. Jin, H. Lv, A. Yang, M. Liu, B. Chen, Y. Xie and Q. Chen, “Applications of
Lithium-lon Batteries in Grid-Scale Energy Storage Systems,” Transactions of Tianjin
University, vol. 26, pp. 208-217, 2020.

[21] M. Nko, D. S. Chowdhury and O. Popoola, “Application Assessment of Pumped Storage
and Lithium-Ion batteries on Electricity Supply Grid,” Energies, vol. 12, no. 15, p. 2855,
20109.

[22] “ELEXON PORTAL,” [Online]. Available:
https://www.elexonportal.co.uk/news/latest?cachebust=59ehk4ce8m. [Accessed 6 July
2021].

[23] “National Statistics, Digest of UK Energy Statistics (DUKES),” Department of
Business, Energy, and Industrial Strategy, [Online]. Available:
https://www.gov.uk/government/statistics/electricity-chapter-5-digest-of-united-
kingdom-energy-statistics-dukes. [Accessed 30 June 2021].

[24] “Climate Change Committee,” [Online]. Available: https://www.theccc.org.uk.
[Accessed 3 July 2021].

[25] “National Grid ESO,” [Online]. Available: https://www.nationalgrideso.com/industry-
information/industry-data-and-reports/data-finder-and-explorer. [Accessed 30 June
2021].

[26] T. J. Foxon, “Transition pathways for a UK low carbon electricity future,” Energy Policy,
vol. 52, pp. 10-24, 2013.

[27] Energy UK, “Pathways to GB Electricity Sector to 2030,” 2016.

[28] “EDF Energy,” [Online]. Available: https://www.edfenergy.com/about/nuclear/future-
of-nuclear-power. [Accessed 14 August 2021].

[29] J. Allison, K. Bell, J. Clarke, A. Cowie, A. Elsayed, G. Flett, G. Oluleye, A. Hawkes, G.
Hawker, N. Kelly, M. M. Marinho de Castro, T. Sharpe, A. Shea, P. Strachan and P.
Tuohy, “Assessing domestic heat storage requirements for energy flexibility over varying

timescales,” Applied Thermal Engineering, vol. 136, pp. 602-616, 2018.

33
202060015



MECHANICAL & AEROSPACE ENGINEERING

[30] F. Teng, D. Pudjianto, M. Aunedi and G. Strbac, “Assessment of Future Whole-System
Value of Large-Scale Pumped Storage Plants in Europe,” Energies, vol. 11, no. 1, pp.
246-265, 2018.

[31] National Grid ESO, “Future Energy Scenarios,” July 2020.

34
202060015



MECHANICAL & AEROSPACE ENGINEERING

Appendices
Table 9: Dinorwig Power Station's characteristics
Dinorwig Power Station
Dimensions of Surge Pond (m) 80x40x14
Effective Head (m) 536
Distance of Power Station inside -
mountain (m)
Depth of Turbine Hall below top level -
of Llyn Peris (m)
Number of Generators 6
Generator/Motor Rating (MVA) 330/312
Terminal Voltage (kV) 18
Ngen 80%
Discharge Rate (m?/s) 390
Total time of a full cycle (h) 12
Average full unit over all heads -
(declared capacity) (MW)
Synchronous Speed (rpm) 500
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U-Charge® XP
Battery Modules

U-Charge® XP le arange of 12, 18 & 36 volt Lithium Iron

Magnesium Phosphate battery modules, offering

Intrinsic

safety with twice the run-time and less than half the

welght of similar sized lead-acid battery modules.

Overview

U-Charge® XP modules are ideal when Advanced
Enargy Systems ara required, Exceallant float and cycla
ife with zero maimenance offers and-usars significant
cost of ownership savings and complets peace of
rrind, throwugh safaty inherant in Valence Lithiurm
Phosphate chamistry. Tens of thousand U-Charge®
systems have baan deployad in a rangs of aquiprmeant
sincea 2002,

The U-Charge® XP Battery Managerment Systaem is
alzo designed to offer excallent command and control
functionality (ncluding remote monitoring) when
colplad with U-Charge® XP Bartary Modules,

Valencs monitorng and diagnostic kits are also

avallable enabling system data recording and detaled
performance status indicators,

LH-A2XP

U24-142¢P

Features

@ 2800 cycles at100% DOD
Exceptional voltage stability
Application voltages from 12V - 700V

@& Maintenance frae

& Intar moduls balancing

& Can be charged using mest standard lead-
acld chargers

& Communication of montored data via
Battary Managemant Systarm (BMS)

& Rugged macharical design

& Flame retardant plastics

&% | ED battery statis Indeator

& Carrying Straps (U24, U27, UEY)

& Manufactured in standard BCl sizes

UBEV-18XP  UZ7-36XP

UZ712XP

Speciications

Momiral Module Voltege 12.8v 12.8Y 128y 1o.2Y gAY
Mominal Capacity (G5, 23°C) 40 AR 10 AR 198 Ah B9 AR A5AR
Waight (apprasimats) E5 kg 15.8 kg 195 kg 14.8 kg 10.Elag
Dimersion ncl. Terminals LddxH (mm) 197131182  280x72x225 306xT2x225 260¢148x245  20Ex172x225
BCI Group Mumber LR Group 24 Group 27 MA Group 27
Teminals, Femalke-Threadsd MBE x 1.0 MB x1.25 MBEx 1.25 MBx 1.25 MEB x1.25
Specific Energy 7O Whikg 20 Whikg 01Whikg 20Whikg o1 Whilkg
Ensngy Dansity TOWhA 189'Wh 148 \Wh 124 Whi 148'Wh
e, Cortinuous Losd 20 A 150 A 150 4 1204 =
Curmrent
Standard Pesk Load 1204 300 A 300 A 200 A 1354
Discharging  Cyrent (30 sac).
@ 25°C
Cut-off Violtage 10 10 10 15y a0y
Max. Cherge Vo HEY MEY HEY 21.0Y 438V
— &g l=ge
Charging Float Voitage 13.8V 1238V 1BEY 207V A14W
Charge Tme o2 * 25hrs 25hrs 25hrs 2.5hrs 25 hrs
DG internal resistancs (miex) 15 méz [y 5 iz 10 e 25 mi}
Equivalanit Lithiurn Cortant Per Module () ABE 127.08 180,38 125 180,38
Part Mumbesr 1004434 1004425 1004428 1004431 1005219
* Crargng under mcommended condtions
wawwovalence.com
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Common specifications Accessories
Diacharge temperaturs -10°C to 50°C
Charge temperature 0°C to 45°C The Battary Managament Systam maintains
o battery to battary balanca control, direct
Ston temperat -40°C to 50°C
o BE:B . id'rr:m e ;5% control capahility for up to four contactors, and
perating humi . o Sy 5.
i - monitoring and control of data systam:
Warer/dust resistance IP56 & U-BMS-HV operates at 100V - 450V
Shock and vibration IECE2133. DIN VGEE 824 @ U-BMS-LV opsrates at 10V - 150V
Certifications FOC Class B, CE, {’ L-BMS-SHY operates at 350V - 700V
UL1E42 (cells only)
Shioping Classification UN 3480, Claca § For further informaton:
Please refer to separate datashest on U-BMS
products or visit www.valence.com
U-Charged Capacity Retention U-Cherged Voltage Profiles at Various Rates
at /2. 23°C & 100% DOD 23°C Ambient Temperature
e . |
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Cydles Capacity %
|-Charged® U1-12XP Dischange Voltage Profiles Typical U-Charged o2 Charging Voltage and S0C Profiles
at o2 Discharge Rate Z3°C Ambient Termperature
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Corporate Headquartera EMEA Sales Parformance may wary dapaending on, but not imited to coll Lsone and apploation.
12202 Technology Bsd. Uk £3 Malusk Ertarpriss Fark ool = usad outsids speciicetions, parformance will dminish. Al spachications
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