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Peak shaving is method that is used to reduce peak power demand. Sizing of grid affects
its usage costs and peak shaving can be used to reduce the peak demand of system. Energy
storages could be utilized for peak shaving by charging energy at off-peak times and
discharging it to reduce size of peak. Uninterruptible power supply (UPS) systems have
energy storages for supplying power during blackouts. Since they are used only during
blackouts, there are long periods for UPS energy storages when they are not utilized.
In this master’s thesis it is studied if UPS systems could be utilized for peak shaving with
literature research and through two real-life cases. Also, other secondary applications
besides peak shaving are discussed and different types of UPS and energy storages are
showcased. Results indicate that peak shaving with energy storage of UPS is not quite
efficient in cases studied in this work.
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LIST OF ABBREVIATIONS
AC

alternate current

BESS

battery energy storage system

DC

direct current

EV

electric vehicle

FCR

frequency containment reserve

FCR-D

frequency containment reserve for disturbances

FCR-N

frequency containment reserve for normal operation

FRR

frequency restoration reserve

Li-Ion

lithium-ion battery

Q-RPC

reactive power compensation

UPS

uninterrupted power supply

VRLA

valve regulated lead acid
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1

INTRODUCTION

Electricity consumption usually generates demand peaks which increase the maximum
connection size and thus increase costs also for off-peak periods. Also load peaks increase
system instability. This encourages consumers to cut their peak demand for example by
reducing the use of unnecessary equipment, adding automation or adding energy storage
to cut power they need from the grid. The energy storage cuts the peaks by recharging the
storage during off-peak times and release energy during the peak. Reducing power peaks
allows construction of smaller and thus cheaper network interface.
This paper analyzes the feasibility of using an energy storage of UPS (uninterruptible
power supply) to balance the demand profile and how to use energy storage in addition
to peak shaving and benefits of peak shaving. This includes presentations of different
types of energy storages (for example traditional lithium battery, supercapacitor or hybrid
storage) and UPS topologies. Real industrial customer load profiles are used in the
calculation. UPS and energy storage technology comparison is done as literature research.
Also, secondary usages besides peak shaving are considered for UPS.
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2

UPS

A UPS is a power electronics device that can, for instance, supply power to a device
connected to it during a power outage using batteries to prevent data loss and corruption
caused by hard system shutdown and protect the hardware against power surges. UPS
gives time to computers, server devices and such to shut down gracefully instead of them
shutting down instantaneously which may cause data corruption and damage to hardware,
but the primary target is to prevent computers to shut down until diesel generators start
to provide steady supply of power again. UPS can also control quality of incoming power,
so, for example, voltage sag does not cause damage to electronic devices. The most
common three types of UPS are the on-line double conversion type, the offline type and
the online interactive type. Each UPS is built with a rectifier, a battery, an inverter and a
static bypass switch. Primary function of UPS is to ensure power supply. Typical UPS is
designed to provide power equal to full load of system autonomically to system for 5 to
15 minutes which is the time that takes from generator to usually start again.
UPS has similar components as dedicated battery energy storage system, which is
demonstrated in figure 2-1.
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Figure 2-1 Comparison of UPS and BESS component similarity (Alaperä, 2019)
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Places like datacenters that have UPS already installed can be efficient places for
installing extra battery capacity for different secondary operations, like peak shaving.
Alaperä (2019) studied if dual-purposing UPS in data center for other applications besides
its primary function of protecting data center would be economically feasible. Alaperä
concluded that investing in UPS energy storages would indeed be more profitable than
investing in dedicated battery energy storage system, since the related infrastructure and
assets are already there.

2.1

UPS Topologies

With a double-conversion on-line UPS, the AC goes to the rectifier from where the DC
goes to the battery, and then to the inverter, where the AC goes to the hardware. This
technology does not cause interference when switching to battery power because of the
AC to DC to AC conversion. (Eaton, 2012) On-line UPS does not only protect devices
from power surges, it also offers protection from electrical line noise, frequency variation,
switching transient and harmonic distortion. Since switching to battery does not cause
interference, double-conversion UPS supports all kinds of equipment (Eaton, 2012).
Double-conversion on-line UPS is most commonly used topology in data centers
(Alaperä, 2019).

Figure 2-2 Double-conversion UPS topology (on-line). Green arrow represents normal operation and
orange battery power (Eaton, 2012)
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A passive standby UPS (also known as off-line UPS) is single-conversion UPS type,
which is used for low-power devices like PCs. It supplies AC power to the device and
during a power outage power from the battery, like other single-conversion type, lineinteractive UPS. They supply power from battery until original AC input becomes normal
again or power from the battery runs out. Passive standby UPS sometimes utilize
transformers to apply some power conditioning. (Eaton, 2011).

Figure 2-3 Passive standby UPS topology (off-line) (Eaton, 2012)

A line-interactive type UPS can automatically regulate the voltage by reducing or
decreasing it before letting it pass through. Its inverter is parallel to the network, which
reduces switching delay. (Eaton, 2011)

Figure 2-4 A Line interactive UPS topology (Eaton, 2012)

Multi-mode UPS system combines technologies from both single- and double-conversion
topologies. System operates on line-interactive mode under normal conditions and
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switches to double conversion mode when AC input power drops under preset tolerances
which isolates loads from original AC source (Eaton, 2012).

Figure 2-5 Topology of multi-mode UPS (Eaton, 2012)

2.2

Energy storage technologies in UPS

The battery is the most vulnerable part of UPS (Eaton, 2012). Batteries have good
potential as power peak cutters because they provide fast and high-power output. The
suitability of a battery for power peak cutting depends on the type of battery, its lifecycle,
energy price and power cost. Every discharge and following recharge also reduce
lifecycle of battery since they reduce its capacity. Peak shaving requires plenty of charges
and discharges which must be noted when considering optimal battery type.
Lifespan of battery of UPS is based on four factors; temperature, chemistry, discharge
cycles and maintenance. If average annual temperature of battery exceeds rated
temperature of 25℃ for every 8.3℃ life of the battery decreases by 50%. Battery life also
is reduced by chemistry naturally after its power storage capabilities decrease over time.
Battery also discharges over time naturally so that shortens lifespan of battery even if it
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is not used (Turunen, 2019). UPS batteries are also needed to maintain by preventing
loose connections and corrosion removal (Eaton, 2012).

2.2.1

Lithium-ion battery

Lithium-ion batteries (also known as Li-ion batteries) are typically used in electric
vehicles but also in UPS. Lithium has theoretically highest voltage energy, so this battery
uses typically lithium metal oxide (where metal can be for example cobalt, nickel or
manganese) as anode material and graphite as cathode material. When charging, Li-ion
battery functions with alkali metal deintercalation from anode and intercalation into
cathode, while discharge causes opposite process (Murashko, 2015). Lithium-ion is
popular type of battery since it can sustain many cycles, has low self-discharge rate and
it lacks memory effect of nickel-cadmium batteries. The memory effect stands for effect
in which battery gradually loses its maximum energy capacity when recharged when they
are not completely discharged. Disadvantages of Li-ion battery are its high cost,
sensitivity for overcharging and overdischarging and thermal runaway risk which stands
for situation where temperature of system increases reaction rate of system which causes
a cycle that can cause damage to system. Lithium-ion batteries provide more flexibility
to demand response and peak shaving capabilities of energy storage since li-ion batteries
can be maintained at a partial charge state. In UPS systems lithium-ion batteries provide
reduced service and maintenance costs. Lithium-ion battery cost is expected to come
down (Alaperä, 2019). For instance, McKinsey & Company (2017) has estimated that
lithium ion batteries will cost under 100 USD per kWh in 2030.

2.2.2

Lead-acid battery

Lead-acid battery is oldest type of rechargeable energy storage. It was originally
developed in 19th century which makes it very mature. Lead-acid batteries are the most
popular rechargeable battery type in the world since they are very affordable and efficient.
Low price of lead-acid battery is due the fact that lead is common resource. Commonly
lead-acid batteries are found in land and marine transportation vehicles. In lead-acid
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battery both cathode and anode are made of lead and electrolyte is sulfuric acid. Though
lead-acid batteries are heavy weight and have cycle-life limitations and reliability issues
and thus require lots of maintenance. Lead-acid battery technology is still evolving and
some systems that base on same technology is developed for frequency regulation, wind
integration, photovoltaic smoothing, automotive applications and peak shaving. These
types of lead-acid batteries are known as advanced lead-acid batteries. New systems are
said to include features that grant them fast response speed that supercapacitors have
(EPRI, 2010). These advanced types of lead-acid battery may have carbon on cathode to
improve charge and discharge performance.
Most commonly UPS systems use VRLA (valve-regulated lead-acid battery) battery also
known as SLA (sealed lead acid) battery. It is sealed usually with polypropylene plastic,
so any liquid does not leak from it (Eaton, 2012). The VRLA battery is easy to use because
it does not need additional electrolytes to be added during its lifetime but is also more
expensive than a standard lead acid battery. It is also known as maintenance free battery,
but this refers to fact that liquid is not required to replaced, all other maintenance is
required. Since water cannot be added to VRLA battery, all evaporation of water
decreases life of it (Eaton, 2012). It is also better in terms of efficiency but has a shorter
lifetime than conventional lead-acid battery (Farret & Simoes 2018).

2.2.3

Supercapacitor

UPS energy storage could be supercapacitor (also known as ultracapacitor) instead of a
traditional battery. Supercapacitor usually has 10 to 100 times more capacitance than
ordinary electrolytic capacitor. Supercapacitor is optimal for high power charge- and
discharge periods and thus it’s suitable for peak shaving. Lifetime of supercapacitor is up
to 20 years, which is based on charge voltage and temperature, and it is maintenance free.
Eaton has installed supercapacitor UPS to the Pirkanmaa Hospital District. Reason for
supercapacitor UPS installation was their ability for peak shaving (Eaton, 2019).
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Supercapacitor has advantages over traditional batteries for peak shaving purposes; it has
over three times discharge cycles since there are no chemical reactions, Peukert’s law
(which stands “as the rate of discharge of battery increases, the battery's available capacity
decreases) does not apply to it and low internal resistance of supercapacitor allows a
supply of high transient power, higher recharge current, which lowers recharge time, and
smaller energy loss in charge and discharge (Ma & Wang, 2017). Ma and Wang studied
using hybrid battery storages (which have supercapacitors with conventional batteries)
for peak shaving in data centers. Hybrid battery storage is good solution for peak shaving
because usually battery is recharged once a day due battery’s cycling limit,
supercapacitors can be charged “on-line” and it requires less supercapacitor capacity than
full supercapacitor storage. Hybrid energy storage also requires less physical space than
full battery storage since same amount of battery capacity requires less space than equal
amount of supercapacitor capacity (Ma & Wang, 2017). Full battery system also requires
capacity to cut all peaks for whole day when hybrid system needs only the size of largest
peak because supercapacitor’s ability to recharge anytime. Ma and Wang concluded their
research by determining that supercapacitor solutions were more cost efficient (saving 34
% on average) than full battery option in data center peak shaving. 10 MW data center
saved 3 million dollars in 10-year period in total cost of ownership (Ma & Wang, 2017).
Supercapacitors disadvantages include high self-discharge rate, which is up to 40 % per
day, and high price. Because these problems researchers are developing cheaper material
solutions for supercapacitors, like carbon, graphene or paper (Faisal et al. 2018). One of
the overlooked problems of supercapacitors is the fact that they are capacitors. Equation
for energy stored in capacitor is
1

𝐸 = 𝐶𝑈 2
2

(1)

Where E stands for energy stored in capacitor, C is capacitance of capacitor and U stands
for voltage of capacitor. When energy is used from capacitor, its voltage dips. It is
important to take note that right voltage is used in system which limits usable power
spectrum of supercapacitor without conversion of voltage. Supercapacitors are also very
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susceptible for high temperatures. Calendar-life of supercapacitor shortens exponentially
when temperature rises (Turunen, 2019). This is showcased in following figure.

Figure 2-6 Calendar-life for supercapacitors of different voltages as a function of temperature (Turunen,
2019)

It can be noted from figure 2-6, that use of supercapacitor in 5 °C hotter environment,
can cause 10 years of calendar-life loss in some cases.

2.2.4

Flow battery

In flow battery electrolytes flow through power cell or reactor of battery, where their
chemical energy is converted into electricity. Flow batteries are capable of rapid
recharging with replacing of electrolytes and have relatively high life. Capacity of flow
battery can range from 1 kW to several MWs. Applications of flow batteries include wind
farm load leveling and energy storage for UPS. Especially in UPS use flow batteries shine
as they are capable of fast response times. Flow batteries are feasible for large energy
storage purposes. Disadvantages of flow battery are inferior energy-to-volume ratio and
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complexity of system when compared to traditional battery energy storages (Farkas,
2008).
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3

SECONDARY USE OF UPS

Primary function of UPS is distributing power to devices it protects during times of loss
of primary power. Besides this UPS could be utilized for secondary objectives. These
secondary uses could be use of UPS as frequency reserve, use as reactive power
compensator, help in demand response or participate in balancing market or peak shaving.

3.1

Methods for making use of excess battery storage of UPS

This section showcases different possibilities for redundant UPS battery storage to be
utilized besides peak shaving. These include participating in energy markets, frequency
reserve, reactive power compensation and demand response. Also, conflicts between
applications are discussed.

3.1.1

Electricity market

Electricity producers and large electricity consumers and suppliers, who are selling
electricity to small-scale users in retail markets, trade electricity products in electricity
markets. In Nordic countries physical trades are made in Nord Pool market. The main
products of Nord Pool are day-ahead trading (Elspot) and intraday trading (Elbas). Price
of Elspot is determined for next day and for every hour and they are auctioned in close
bidding. If seller fails to provide electricity determined in Elspot trades, missing energy
can be acquired from Elbas markets on same day.
If market price difference between charging and discharging event of battery energy
storage is at least as high as the price of stored energy, contributing to electricity markets
is profitable:
𝑃𝑟𝑖𝑐𝑒(𝑡𝑦)discharge − 𝑃𝑟𝑖𝑐𝑒(𝑡𝑥)charge ≥ 𝑝𝑟𝑖𝑐𝑒kWh

(2)

Where Price(ty)discharge is market price of discharged energy of battery, Price(ty)charge is
price of charged energy, ty is hour of discharge y, tx is hour of charging x and pricekWh is
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price of energy stored in battery (Tikka et al, 2018). However, in Finnish taxation there
can be some issues that are not beneficial for storage owners. For example, owners of
battery energy storage used to pay taxes twice when electricity was fed into the storage
and when electricity is delivered to consumer (Energia, 2017). Now double taxes from
energy storages has been removed by new legislation (Valtiovarainministeriö, 2018).

3.1.2

Frequency reserve

Frequency reserve is used to help maintain frequency of grid in normal frequency range
(in Finland 49.9-50.1 Hz) by balancing electricity production with consumption. Fingrid
has markets for frequency reserves. Reserve types of Fingrid include frequencycontrolled Frequency Containment Reserve for Normal operation (FCR-N), Frequency
Containment Reserve for Disturbances (FCR-D), automatic frequency restoration reserve
(aFRR), manual frequency restoration reserve (mFRR) and new fast frequency reserve
(FFR) which will be operational in summer 2020. Table 1 showcases procurement
channels of these reserves (excluding FFR) and their requirements for participation.
Fingrid buys automatic reserve from hourly markets and also from yearly markets for
FCR. Fast reserve is needed because of declining inertia. Inertia stands for grids big
moving masses like large scale hydropower. Solar power for instance has low inertia and
this needs to be compensated with more power to prevent generators from shutting down
since inertia is needed to maintain generators on grid during sudden changes in production
and consumption. Eaton has developed “UPS-as-a-Reserve” -service that can enable UPS
owners to assist energy providers to maintain production and consumption balance.
Frequency reserve is important tool when renewable energy sources are added to grid
since they usually cannot provide steady supply of power. For instance, wind and solar
power are very intermittent since they rely on weather.

19
Table 1 Fingrid's reserve obligations and procurement sources in 2020 (Fingrid, 2020)

Many distribution system operators allow consumers to inject power to grid since solar
power generation has increased. This would allow UPS systems to join grid and start
feeding energy back to grid (Alaperä, 2019). Some newer data center UPS systems have
internal frequency measuring capabilities which can automatically supply power back to
the grid, when frequency drops under certain threshold. These capabilities are not in use
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in large scale, but for example it has been tested in Fortum’s offices in Stockholm with
FCR-D pilot with Svenska Kräftnat (Alaperä, 2019). Pilot was made with Norwegian
transmission system operator Statnett using three UPS systems located in two data centers
near Oslo and two of them proved to be capable of reacting in two seconds to frequency
loss in grid and therefore are capable participating in fast frequency reserve (Alaperä
2019).

3.1.3

Reactive power compensator

Electrical grids transmit energy from power plants to consumers and this energy is
measured as power. In AC circuit this power is measured as apparent power which
consists of active power (or real power) and reactive power. Active power does all work
and reactive power is power that is stored in magnetic- or electrical field. Besides active
power (or real power) many devices that consume power require reactive power. For
instance, asynchronous motors require reactive power to maintain magnetic field that
rotor needs to produce torque from electromagnetic induction. Case study was made by
Haines that battery energy storage equipped with suitable inverter could provide reactive
power compensation to grid and control power factor (which stands for ratio of active
power to apparent power) (Haines, 2018). Battery storage could be used as dynamic
reactive power compensator for small-scale solar power plant (Selvakumari & Babitha,
2015).

3.1.4

Demand response

Increasing amount of unsteady renewable energy sources like solar and wind power
causes a problem of balanced supply and demand. The demand profile includes more
peaks nowadays since heat pumps and electric vehicles are added to the mix.
Conventional ways to uphold balance of supply and demand, like adjustable fossil fuel
plants, are becoming outdated and dominant energy sources of future, nuclear power, for
example, are not easily adjustable. Demand response is mechanism targeted for
consumers which aims to bring flexibility for the demand side of electric grid. Consumers
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are encouraged to reduce their consumption during peak periods or shift their
consumption to off-peak hours. For example, consumption can be regulated with
changing pricing during demand or allowing consumers to participate in electric markets
with own small energy production. Battery energy storage is helpful addition for
consumers to participate in demand response. For example, if consumer has own solar
energy production, surplus energy can be stored to batteries and be used during times
when production is not possible or during demand peak periods. Besides storing power
for better consuming periods battery storage is sometimes even necessary for small-scale
power generation system to prevent generation curtailment (Kumari & Shantha, 2015).

3.2

Conflicts between applications

If battery energy storage is used for multiple market-related (electricity markets or
frequency reserve) and/or grid-related (peak shaving, voltage support) applications
conflicts of interest are bound to happen. There are two types of conflicts, technical and
economic. A technical conflict means that the battery energy storage doesn’t have enough
capacity allocated to task. An economical conflict means that there are not enough
rewards from task or service. Figure 3-1 showcases different services and how they cause
conflicts between each other.
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Figure 3-1 Conflict of interest between applications (Tikka et al., 2018).

Elspot is product of Nord Pool sold in day-ahead markets. BPM stands for balancing
power market with which Fingrid ensures that it has enough fast containment reserve for
disturbances for own and leased power plants during maintenance and repair. Elbas is
intraday product of Nord Pool. Q – RPC stands for reactive power compensation. Peak
shaving, which is focus of this work, conflicts with other market-related services except
FCR-N and doesn’t conflict with other grid-related services. This is because power-based
applications can be operated simultaneously as long as the state-of-charge level of battery
storage is kept within optimum level. In which priority these alternate applications are
executed should be calculated with benefits gained at times with particular application
and incurred losses when energy storage does not carry out other tasks (Tikka et al.,
2019).
It should be noted, that if peak shaving is used simultaneously with other applications,
security limits for energy storage use should be set. If too much energy is used for other
applications and system cannot do shaving with low energy, systems could be damaged
with lacking shave. Appropriate safety limits for energy use should be set for these “extra”
operations and hierarchy for different application uses should be created. If energy
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storages main objective (in UPS use secondary objective) is to do peak shaving, it should
be put into relatively high spot on hierarchy, since the risk of damaging systems. It should
be taken into account, if security of system that UPS is protecting could be compromised
by using batteries dedicated for that purpose.
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4

PEAK SHAVING AND PRICE OF STORED ENERGY

This chapter showcases benefits and methods of peak shaving, cost formation of energy
stored in energy storages and how economic feasibility of energy storage, that is used for
peak shaving, is defined.

4.1

Peak shaving

Demand of electricity is not usually even, for example, in industry, when certain bigger
machines are turned on for short periods of time. This generates peaks in load profile.
These peaks are increasing gradually since number and size of end users are growing
(Uddin et. al., 2018). Peak load increases probability of blackouts and increases costs of
electricity supply which has caused many companies to find ways to mitigate peaks. This
has been done with small gas power plants and diesel generators which are costly to
operate and maintain. Diesel and gas also cause unpleasant carbon dioxide emissions.
This has increased interest of research of peak shaving methods.
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Figure 4-1 Principle of peak shaving. Grayed area equals energy of system (power multiplied with time)
(Karmiris & Tengnér, 2013)

Benefits of peak shaving for grid operator include better power quality, efficient energy
utilization, better system efficiency, cost reductions, integration of renewable energy and
better power reliability for grid. Power quality may suffer from instability and blackouts
which may cause problems in power generating machinery. This can be mitigated with
peak shaving which helps with creating better demand profile (Udding et al., 2018).
Peak shaving can be beneficial for end-user since money can be saved by using energy
instead in off-peak periods when energy prices are usually lower than on high demand
peaks, for example spot-price of electricity changes every hour of day. Effective peak
shaving also allows smaller connections to be built for grid, which is also cheaper, this
also lowers grid service fees which are smaller for smaller grids if pricing is power based.

26
Peak shaving increases also reliability of electricity supply and power quality (Uddin et.
al. 2018).
Peak shaving could be done, for example, with energy storage system or by demand
response program. Energy storages have advantage over demand response in peak
shaving since customers can use their equipment as usual (Chua et al. 2016). Energy
storages peak shaving ability is limited to its capacity, charge and discharge power and
how much energy does the load profile hold (Karmiris & Tengner, 2014).

4.2

Price of stored energy

Some factors that affect price of energy stored in battery are energy losses, battery wear
(number of charging and discharging cycles) and cost of battery. Losses are quite small
part of price of energy, since battery prices are so high. In future though, portion of losses
in price of energy is expected to be more significant (Lassila et al. 2012) Figure 4-2
showcases the price of stored energy based on price of battery and their charging and
recharging cycles.

Figure 4-2 Price of 30 kWh batteries compared with their charging and recharging cycles (Lassila et al.
2012)
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The price of discharged energy can be calculated with following formula.

𝐸

∙𝐶

battery
price/kWh
𝐶𝑐𝑦𝑐𝑙𝑒 = 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑛𝑑 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑦𝑐𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒

(3)

Where Ebattery is energy capacity of battery, Cprice/kWh is price of battery per energy capacity
of it and Ccycle is the price of discharged energy. For instance, if the price of battery, which
capacity is 30 kWh, in case is 300-700 €/kWh and the lifetime of battery is 2000-4000
cycles, the capital cost of the battery per discharged energy would be 10-40 cent/kWh. It
is presumed that cycle is 80 % of nominal capacity of battery. Discharge rate affects
strongly how much the lifetime of battery is (Lassila et al. 2012). It can be deduced that
less battery needs charging and discharging cycles, more cost effective it will be. How
this affects the peak shaving will be discussed in chapter 5. Though, “saving” lifetime of
charge and discharge cycles is not maybe the most economically feasible option since
energy storages have also calendar-life.
Besides limitation of charge discharge cycles of storage, there is a calendar life for
battery. The calendar-life of energy storage is affected by type of energy storage, which
applications the storage is used and environment of storage. Calendar-life of energy
storage can be increased with low humidity, right temperatures and tight housing
(Turunen, 2019).
Energy storage is used up most efficiently, if charge and discharge cycle limit and
calendar-life of battery are equal. If the excess battery in UPS is used only for peak
shaving purposes, it can be estimated with number of peaks shaved in case which battery
type is optimal by this standard.

28
Investment costs of energy storages also affect the price of energy. Following figure
showcases energy cost reduction potential of different storage types.

Figure 4-3 Battery electricity storage system installed energy cost reduction potential, 2016-2030. LA =
lead-acid; VRLA = valve-regulated lead-acid; NaS = sodium sulphur; NaNiCl = sodium nickel chloride;
VRFB = vanadium redox flow battery; ZBFB = zinc bromine flow battery; NCA = nickel cobalt aluminium;
NMC/LMO = nickel manganese cobalt oxide/lithium manganese oxide; LFP = lithium iron phosphate;
LTO = lithium titanate. (IRENA, 2017).

Figure 4-3 demonstrates that best cost reductions are expected from flow batteries.
Example of price reduction of batteries comes from Germany, where price of Li-ion
batteries has decreased from end of 2014 to second quarter of 2017 by 60 % and is
expected to decrease by another 60 % by 2030 (IRENA, 2017).

4.3

Economic feasibility of energy storage in peak shaving

Economic feasibility of energy storage for peak shaving can be deduced by taking in
account energy storage price per discharge. Formula (3) is used to define if use of energy
storage is feasible. If Ccycle is smaller than saving gained from peak shaving with one
battery cycle, the peak shaving is economically feasible. In a paper by Lassila et al.
(2012), the limit of economic feasibility was determined by feasible operating time of
charging and discharging in a year. Following formulas were used.
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𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑠𝑒 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑠

(4)

∆𝑃peak ∙ 𝐶inv = 𝐶e−storage ∙ ∆𝑃peak ∙ 𝑡peak

(5)

𝑡peak = 𝐶

𝐶inv

e−storage

(6)

Where “savings” are the saved network reinforcement costs, Cinv is the average marginal
cost on the feeder per year (€/kW), Ce-storage is the battery price per discharged energy
(€/kWh) and tpeak is the peak operating time of charging power. Following figure
showcase the maximum economically feasible operating times for charging and
discharging.

Figure 4-4 The maximum economically feasible peak operating time of charging and discharging (Lassila
et al. 2012)

In figure 4-4, the peak operating time of charging and discharging is displayed by function
of price of battery per stored energy from 0-50 cents per kWh (Lassila et al., 2012).
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One of the challenges of cutting power peaks is designing a control system that will detect
power peaks in real-time. Most systems for peak shaving that are suggested in literature,
are based on predefined shave levels. This may cause underutilization of battery intended
for peak shaving or shaving wrong peaks while leaving the larger peaks of profile
unshaved. Karmiris and Tenger (2014) suggested few different options for recharging
scheme of battery. The safest option is to charge battery during night hours with minimum
load, since sudden peaks in power demand are not expected. Other option is to recharge
during night, but with constant load. Default scheme is to recharge battery as soon as the
load is below the desired shave level. In practice this is implemented with using historical
data of peak loads. The data is arranged and then optimized peak shave levels will be
calculated. This can, however, cause complications if the prediction for peak load is off,
which may lead to power demand exceeding the limits of the interface.
UPS is a device that is designed to supply power in case of emergency, so it is always
hooked to system but seldom used. This makes it interesting to be used in applications
that require battery energy storage, since it requires no additional investment cost of
building new infrastructure. It should be considered that when shaving peak with UPS
that it must be able to do its primary function which is securing constant power supply.
Energy capacity of UPS in datacenters is represented with “N”-definition. N stands for
amount of capacity required to power system when it is in its full load. N+1 stands for
that system has one extra UPS unit. Usually N stands for three to four units so N+1 system
has four to five units. 2N system has extra mirrored N system besides the original N.
Systems are not connected to each other anyway, so when original system fails the other
one can supply power with full capacity. 2(N+1) system has one additional N+1 system
besides primary N+1 system. Topology of UPS systems in following cases are considered
N+1 system (Alaperä, 2019). This must be taken in consideration to deduce how much
extra battery UPS must have to be able to shave peak in previous cases. Redundant energy
capacity grows as amount of battery energy storage units grows. Following table gives
examples of how much excess battery capacity UPS, that has been designed for providing
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10 minutes of power supply for peak load of 3 MW (which stands for 500 kWh of energy
(Alaperä, 2019)), has.
Table 2 Excess battery capacity for different UPS topologies (Alaperä, 2019)

Rightmost column indicates how much excess energy the battery storage of UPS has.
Here N is presumed to be three. If N would be four, size of excess battery units would be
smaller.
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5

ENERGY STORAGE USE CASES

Two cases were investigated to gather data for feasibility of using UPS for peak shaving.
It is assumed that UPS has plenty of redundant capacity that could be utilized for peak
shaving. First one is campus area and second one is electric vehicle recharge station. The
data was anonymous, but both cases were real sites in Europe.

5.1

Campus area

The data from campus area in real world included power demand in resolution of 15
minutes from period of one year (2014). Based on data for one year, peak utilization time
of area is 2083 hours, average demand is 700 kW and maximum power demand is 2940
kW, so the maximum peak demand is approximately four times higher than average
demand. Topology of the system is unknown. Demand peaks take place on working days
(from Mondays to Fridays) and usually last from about 11:30 to 14:00. The highest peaks
by average took place in August (figure 5-2) and September (figure 5-3) and the single
greatest power peak took place in 23rd of April (figure 5-1).
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Figure 5-1 Power demand profile of campus area of end of April 2014 (kW)
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Figure 5-2 Power demand profile of campus area of August 2014 (kW)
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Figure 5-3 Power demand profile of campus area of August 2014 (kW)

It should be noted, that power demand profiles for March, April (figure 5-1) and May (see
Appendix A) are “spikier” than rest of the profiles. There was no additional info for data
for that time period, so data was trusted to be correct.
Certain reasonable peak shave targets were chosen by roughly reviewing data. Those
targets were 2600 kW to 1800 kW with 200 kW intervals. Average and maximum energy
required for peak shaving was calculated with the assumption that power demand is same
for the whole 15 minutes. This was done for each day for the whole year.
𝐸 = ∑(𝑃peak − 𝑃shave targe𝑡 )𝑡15min

(8)

After energy required for shaving was calculated manual check was made to see if
there was low enough power demand between peaks that battery could be
recharged without exceeding the peak shave target.
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𝐸 = ∑(𝑃shave target − 𝑃between peaks )𝑡15min

(9)

Peak length was calculated by summing the time when peak was shaved to desired
power target in one continuous run. Average was calculated by adding together all
peaks and it does not take in account the days when there were no peaks at all. It can be
noted that the average peak when target is 1800 kW is shorter than average peak of
2000 kW which is due to the fact that there are more shorter peaks to shave when the
target power of peak shaving is more ambitious.
Table 3 Average and the longest time required for shave

Peak shave target (kW) Average peak length (h) Longest peak length (h)
2600

1,2

3,8

2400

2,5

9,3

2200

4,2

11,5

2000

4,3

13,3

1800

4,1

16,0
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Table 4 Average and largest amount of energy required to achieve certain power targets

Peak shave target (kW)

Average energy

Energy required for

required for shave

largest peak (kWh)

(kWh)
2600

84

403

2400

280

1 523

2200

837

3 579

2000

1 351

9 245

1800

1 783

11 359

When peaks were shaved at 1800 kW and 2000 kW, the battery does not have time to
recharge as much energy as is needed after largest peak before next. Therefore, after all
power that was theoretically possible to recharge to battery during off-peak after the
largest peak, the energy needed to shave next peak is taken in account. After that peak
there was enough time to recharge the required amount of energy.
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Peak shaved to 1800 kW
3000
2500
2000
1500
1000
500
0

10.8.2014 0.00

9.8.2014 12.00

9.8.2014 0.00

8.8.2014 12.00

8.8.2014 0.00

7.8.2014 12.00

7.8.2014 0.00

6.8.2014 12.00

6.8.2014 0.00

Figure 5-4 Example of demand profile while peak shaving in campus area. Blue line depicts original
demand and orange line depicts new demand curve when energy storage is used to shave peak (kW)

Figure 5-4 demonstrates that battery is charged immediately when load is below the
desired shaving level.
Previous calculations were to demonstrate what could be done with different sized battery
energy storages in this case. Following calculations assume that extra battery of UPS
could be utilized for peak shaving. If UPS system on this site is designed to provide 5-15
minutes of peak power (2940 kW) and its topology is N+1 the surplus battery size in
system is calculated with following formula:
𝐸 = 𝑡 ∗ 𝑃max /(𝑁 + 1)

(10)

Where t is 5 to 15 minutes, Pmax is peak power of the whole year (2940 kW) and N usually
is three or four which makes surplus energy to be 49-183,75 kWh (lowest value when t is
5 and N is 4, largest value when t is 15 and N is 3). It is assumed that the “+1” -battery
unit could be utilized for peak shaving without any constraints. By that assumption UPS
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still has exactly the energy storage size it needs to keep system running with peak power
for 5 to 15 minutes. Following table showcases the results with these assumptions.
Table 5 Peak shaving targets that are theoretically achievable with different battery attributes

Number of

Designed time to operate system (minutes)

battery units
N

5

10

15

3

2 721 kW

2 685 kW

2 662 kW

4

2 745 kW

2 697 kW

2 675 kW

The table indicates that peaks could be shaved to 2662-2745 kW with default UPS
systems. When peaks shaved to 2745 kW there are two hours for whole year when
shaving is needed. Longest peak shave then lasts for one consecutive hour. When peak
shave target is 2662 kW longest peak shave lasts for three hours and sum of shaved hours
is 11. Additional energy storage capacity needs to be added or different topology to be
used to achieve more considerable shaves. The calculation does not take in account
charging and discharging losses, and it is assumed that whole available energy of battery
energy storage is used, so results are completely theoretical.

5.2

Electric vehicle recharge station

Electric vehicle recharging data of recharge station (see Appendix B) was used to
determine if energy storage of UPS could be used effectively in peak shaving at
theoretical simulated electric vehicle recharge station. The data from real world electric
vehicle recharge station had data from one charging spot which was used to create
simulation of station that included more spots. Charging data was from period of one
month and charging events were measured with resolution of approximately ten minutes.
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The data was presumably from one charging dock since there were no overlapping
charging events.
The data of electric vehicle station was used to create model of station which has as much
recharging events in day as real-life location has in for whole month. Power demand for
different charging events were summed for same day without changing the starting time
of charging event. For simplicity same power demand profile for same power size events
was used. There were total of 52 charging events. 40 of them were 3,7 kW events, three
of them were 7,4 kW events, six were 11 kW events, two of them were 17 kW events and
one was 22 kW event. There are no charging events between 00:40 and 07:10. Following
chart represents sum of power events.
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Figure 5-5 Sum of electric vehicle charging event power demand implemented for one day

The maximum power demand of charging station is 104 kW and therefore it is presumed
that dimensioning of UPS is based on that demand. Like in case of campus area, it is
assumed that UPS must keep up the maximum power demand for 5-15 minutes straight
and its topology is N+1 (in which N is three or four). Same calculation methods are used
as in previous case. Following table showcases these results.
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Table 6 Battery size of "+1" with different attributes

Number of

Designed time to operate system (minutes)

battery units
N

5

10

15

3

2.2 kWh

4.4 kWh

6.5 kWh

4

1.7 kWh

3.5 kWh

5.2 kWh

Table 7 Peak power of system with maximum shave capable with corresponding battery sizes

Number of

Designed time to operate system (minutes)

battery units
N

5

10

15

3

98 kW

94 kW

90 kW

4

99 kW

96 kW

92 kW

Size of available surplus energy in battery energy storage is therefore between 1.7 kWh
and 6.5 kWh. With these methods it is determined that the peak can be shaved at best
(when N is 3 and UPS is designed to secure power demand for 15 minutes) to 92 kW and
at worst to 98 kW (when N is 4 and UPS is designed for securing power for up to 5
minutes). Following figures demonstrate what shaved power demand profiles would look
like.
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Figure 5-6 Power demand profile when shaved with the smallest presumed battery energy storage

Figure 5-7 Power demand profile when shaved with the largest presumed battery energy storage

Since there is at least 6 hours and 40 minutes of time without power demand it can be
calculated that charging the part of energy storage that was used to shave peak of electric
vehicle charging station requires constant power supply of 0.04 kW for 6 hours and 40
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minutes for smallest battery and for larges battery respectively 0.16 kW. Both power
demand profiles (figure 5-6 and figure 5-7) of electric vehicle station peak shaving would
showcase this for quiet hours, but it is bit difficult to see since power demand is so small.
This is lower than peak shave target of 92 kW or 98 kW so shaving to those targets is
possible.

5.3

Results

In the campus case, there are presented calculations for different peak shaving targets
without considering size of battery storage (Table 2 and Table 3). These are somewhat
irrelevant for the case, but they offer insight how much energy would be needed to gain
significant shaves for this type of power demand level. However, this can be valuable
information if additional energy storage capacity is considered.
Energy amounts for shaves this large would require more excess battery from UPS or
possibility to “take risk” and utilize battery needed for maintaining the primary objective
of UPS. When shaved with using all excess battery package, without considering losses,
peak could be shaved at best 6.6%-9.5% from peak demand. In EV-station case
corresponding shave percent is 11.5%-13.4%.
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6

DISCUSSION

Benefit gained from peak shaving in cases considered in this paper seems rather small. It
is impossible to evaluate how much of a value is from cutting demand profile with about
10-20 percent in cases of this study. Peak shaving with this energy capacity could be more
suitable for instance in some industrial sites where big machines have high power demand
for mere seconds when turned on. Figure 6-1 Friction welding power demand example
with two different velocities. Red line represents 200 mm/min and blue line 50 mm/min
(Buffa et al, 2017) demonstrates power demand of frictional welding process.

Figure 6-1 Friction welding power demand example with two different velocities. Red line represents 200
mm/min and blue line 50 mm/min (Buffa et al, 2017)

At both velocities peak starts at approximately 100 second in process and lasts for
approximately 30 seconds for faster process and 80 seconds for slower process. There are
also shorter peaks after 30 seconds in process. Peak demand of this process is
approximately 4200 W. With previous calculation methods, to shave peaks of this process
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to 1300 W, it would require only about 0.02-0.06 kWh of energy. This shave would
reduce peak demand of process to 30 %. So much lower effort is required to gain more
impressive shaves in comparison to previous cases. However, in cases like these, the
discharging capacity of battery must be taken into the account. The battery may have
necessary capacity for shave, but lacks the power needed to discharge energy to cover the
energy during the peak.
It should be noted that data from cases studied in this paper was at quite imprecise time
resolution of 10 to 15 minutes. More accurate data would benefit follow-up research since
shorter peaks in power demand profile could be observed.
One of the problems of peak shaving is predictability of peaks. If system is sized with
data from one year or month, one must be sure that the demand really does not peak higher
than that. If sizing of power connection or battery is too optimistic, unusually high power
demand peaks can cause problems ranging from blackouts to equipment breakdown.
Besides forecasting size of demand peaks there is also risk in predicting time of peak. If
there is significant variance in timing of peaks, there could be risk at damaging system
with badly timed energy storage recharging phase, since if the interface has been designed
for the power demand of the shaved power curve and recharging happens when demand
is close to interfaces limit, power demand would exceed limits of interface. Lots of
reliable measurement data is required to implement energy storages for peak shaving.
In cases of this work it is presumed that the excess battery package of UPS could be
utilized for peak shaving. If one of the primary battery packages is damaged when peak
shaving is about to commence, the excess package must be utilized for its original purpose
of securing power supply to system. Without its participation, there is not 100 % certainty
in securing power, for example, in blackout situations. UPS is designed for power supply
of 5-15 minutes with peak power of system. Modern diesel or gas generators can be
started and brought to full power in two minutes (Wärtsilä, 2018), so problems caused by
having one battery pack less in system with four to five packages seem unlikely to be
severe.
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To gain more impressive shaves in cases studied in this work, consideration of adding
extra battery to system is desirable. Having UPS already on the spot that requires peak
shaving indicates that the infrastructure is already been build. Adding more battery
storage to existing system seems to be more cost-effective than building additional battery
energy storage. Also, it should be taken into consideration that sizing of UPS to 5-15
minutes of constant supply of peak power is relatively pessimistic since modern diesel
generators tend to supply full power in shorter time window.
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7

CONCLUSIONS

Purpose of the work was to make literature research of use of energy storages and UPS
systems in peak shaving and other secondary options and find out how UPS could be
utilized in peak shaving with data of two real-life cases. Objective was to determine if
use of UPS would be viable in those cases. Technically, use of UPS in peak shaving is
possible according to literature research.
Peak shaving with UPS in the cases studied in this paper seems inefficient with rather
small shaves. It should be noted though, that peak shaving with UPS can be valid way to
utilize excess battery in system, but it seems that it is not in these cases. Better uses could
be for example in cases where peaks are relatively high, but short (ranging from seconds
to fractions of them). Excess energy storage capacity of UPS should be used for other
secondary applications that were showcased in chapter 3. Also, consideration of overdimensioning energy storage in these cases should be taken into account since it could be
more profitable to use existing infrastructure of UPS than build brand new dedicated
energy storage system. Also, other secondary uses, that were showcased in this paper,
should be considered for UPS in these cases so its redundant energy storages could be
utilized.
Some follow-up research would be necessary to determine if UPS systems are suitable
for peak shaving purposes and with which prerequisites, for example, should additional
capacity be added or should the protection of system be compromised with loose
requirements. Example cases where very high power demand peaks that last for shorter
periods need to be analyzed.
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1.2.2014 0.00
1.2.2014 21.00
2.2.2014 18.00
3.2.2014 15.00
4.2.2014 12.00
5.2.2014 9.00
6.2.2014 6.00
7.2.2014 3.00
8.2.2014 0.00
8.2.2014 21.00
9.2.2014 18.00
10.2.2014 15.00
11.2.2014 12.00
12.2.2014 9.00
13.2.2014 6.00
14.2.2014 3.00
15.2.2014 0.00
15.2.2014 21.00
16.2.2014 18.00
17.2.2014 15.00
18.2.2014 12.00
19.2.2014 9.00
20.2.2014 6.00
21.2.2014 3.00
22.2.2014 0.00
22.2.2014 21.00
23.2.2014 18.00
24.2.2014 15.00
25.2.2014 12.00
26.2.2014 9.00
27.2.2014 6.00
28.2.2014 3.00

Power (kW)

1.1.2014 0.00
1.1.2014 23.15
2.1.2014 22.30
3.1.2014 21.45
4.1.2014 21.00
5.1.2014 20.15
6.1.2014 19.30
7.1.2014 18.45
8.1.2014 18.00
9.1.2014 17.15
10.1.2014 16.30
11.1.2014 15.45
12.1.2014 15.00
13.1.2014 14.15
14.1.2014 13.30
15.1.2014 12.45
16.1.2014 12.00
17.1.2014 11.15
18.1.2014 10.30
19.1.2014 9.45
20.1.2014 9.00
21.1.2014 8.15
22.1.2014 7.30
23.1.2014 6.45
24.1.2014 6.00
25.1.2014 5.15
26.1.2014 4.30
27.1.2014 3.45
28.1.2014 3.00
29.1.2014 2.15
30.1.2014 1.30
31.1.2014 0.45

Power (kW)
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Appendix A Power demand profiles of the campus case
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February 2014
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1.4.2014 0.00
1.4.2014 22.30
2.4.2014 21.00
3.4.2014 19.30
4.4.2014 18.00
5.4.2014 16.30
6.4.2014 15.00
7.4.2014 13.30
8.4.2014 12.00
9.4.2014 10.30
10.4.2014 9.00
11.4.2014 7.30
12.4.2014 6.00
13.4.2014 4.30
14.4.2014 3.00
15.4.2014 1.30
16.4.2014 0.00
16.4.2014 22.30
17.4.2014 21.00
18.4.2014 19.30
19.4.2014 18.00
20.4.2014 16.30
21.4.2014 15.00
22.4.2014 13.30
23.4.2014 12.00
24.4.2014 10.30
25.4.2014 9.00
26.4.2014 7.30
27.4.2014 6.00
28.4.2014 4.30
29.4.2014 3.00
30.4.2014 1.30

Power (kW)

1.3.2014 0.00
1.3.2014 23.15
2.3.2014 22.30
3.3.2014 21.45
4.3.2014 21.00
5.3.2014 20.15
6.3.2014 19.30
7.3.2014 18.45
8.3.2014 18.00
9.3.2014 17.15
10.3.2014 16.30
11.3.2014 15.45
12.3.2014 15.00
13.3.2014 14.15
14.3.2014 13.30
15.3.2014 12.45
16.3.2014 12.00
17.3.2014 11.15
18.3.2014 10.30
19.3.2014 9.45
20.3.2014 9.00
21.3.2014 8.15
22.3.2014 7.30
23.3.2014 6.45
24.3.2014 6.00
25.3.2014 5.15
26.3.2014 4.30
27.3.2014 3.45
28.3.2014 3.00
29.3.2014 2.15
30.3.2014 1.30
31.3.2014 0.45
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1.6.2014 0.00
1.6.2014 22.30
2.6.2014 21.00
3.6.2014 19.30
4.6.2014 18.00
5.6.2014 16.30
6.6.2014 15.00
7.6.2014 13.30
8.6.2014 12.00
9.6.2014 10.30
10.6.2014 9.00
11.6.2014 7.30
12.6.2014 6.00
13.6.2014 4.30
14.6.2014 3.00
15.6.2014 1.30
16.6.2014 0.00
16.6.2014 22.30
17.6.2014 21.00
18.6.2014 19.30
19.6.2014 18.00
20.6.2014 16.30
21.6.2014 15.00
22.6.2014 13.30
23.6.2014 12.00
24.6.2014 10.30
25.6.2014 9.00
26.6.2014 7.30
27.6.2014 6.00
28.6.2014 4.30
29.6.2014 3.00
30.6.2014 1.30

Power (kW)

1.5.2014 0.00
1.5.2014 23.15
2.5.2014 22.30
3.5.2014 21.45
4.5.2014 21.00
5.5.2014 20.15
6.5.2014 19.30
7.5.2014 18.45
8.5.2014 18.00
9.5.2014 17.15
10.5.2014 16.30
11.5.2014 15.45
12.5.2014 15.00
13.5.2014 14.15
14.5.2014 13.30
15.5.2014 12.45
16.5.2014 12.00
17.5.2014 11.15
18.5.2014 10.30
19.5.2014 9.45
20.5.2014 9.00
21.5.2014 8.15
22.5.2014 7.30
23.5.2014 6.45
24.5.2014 6.00
25.5.2014 5.15
26.5.2014 4.30
27.5.2014 3.45
28.5.2014 3.00
29.5.2014 2.15
30.5.2014 1.30
31.5.2014 0.45
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1.8.2014 0.00
1.8.2014 23.15
2.8.2014 22.30
3.8.2014 21.45
4.8.2014 21.00
5.8.2014 20.15
6.8.2014 19.30
7.8.2014 18.45
8.8.2014 18.00
9.8.2014 17.15
10.8.2014 16.30
11.8.2014 15.45
12.8.2014 15.00
13.8.2014 14.15
14.8.2014 13.30
15.8.2014 12.45
16.8.2014 12.00
17.8.2014 11.15
18.8.2014 10.30
19.8.2014 9.45
20.8.2014 9.00
21.8.2014 8.15
22.8.2014 7.30
23.8.2014 6.45
24.8.2014 6.00
25.8.2014 5.15
26.8.2014 4.30
27.8.2014 3.45
28.8.2014 3.00
29.8.2014 2.15
30.8.2014 1.30
31.8.2014 0.45

Power (kW)

1.7.2014 0.00
1.7.2014 23.15
2.7.2014 22.30
3.7.2014 21.45
4.7.2014 21.00
5.7.2014 20.15
6.7.2014 19.30
7.7.2014 18.45
8.7.2014 18.00
9.7.2014 17.15
10.7.2014 16.30
11.7.2014 15.45
12.7.2014 15.00
13.7.2014 14.15
14.7.2014 13.30
15.7.2014 12.45
16.7.2014 12.00
17.7.2014 11.15
18.7.2014 10.30
19.7.2014 9.45
20.7.2014 9.00
21.7.2014 8.15
22.7.2014 7.30
23.7.2014 6.45
24.7.2014 6.00
25.7.2014 5.15
26.7.2014 4.30
27.7.2014 3.45
28.7.2014 3.00
29.7.2014 2.15
30.7.2014 1.30
31.7.2014 0.45
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1.10.2014 0.00
1.10.2014 23.15
2.10.2014 22.30
3.10.2014 21.45
4.10.2014 21.00
5.10.2014 20.15
6.10.2014 19.30
7.10.2014 18.45
8.10.2014 18.00
9.10.2014 17.15
10.10.2014 16.30
11.10.2014 15.45
12.10.2014 15.00
13.10.2014 14.15
14.10.2014 13.30
15.10.2014 12.45
16.10.2014 12.00
17.10.2014 11.15
18.10.2014 10.30
19.10.2014 9.45
20.10.2014 9.00
21.10.2014 8.15
22.10.2014 7.30
23.10.2014 6.45
24.10.2014 6.00
25.10.2014 5.15
26.10.2014 4.30
27.10.2014 3.45
28.10.2014 3.00
29.10.2014 2.15
30.10.2014 1.30
31.10.2014 0.45

Power (kW)

1.9.2014 0.00
1.9.2014 22.30
2.9.2014 21.00
3.9.2014 19.30
4.9.2014 18.00
5.9.2014 16.30
6.9.2014 15.00
7.9.2014 13.30
8.9.2014 12.00
9.9.2014 10.30
10.9.2014 9.00
11.9.2014 7.30
12.9.2014 6.00
13.9.2014 4.30
14.9.2014 3.00
15.9.2014 1.30
16.9.2014 0.00
16.9.2014 22.30
17.9.2014 21.00
18.9.2014 19.30
19.9.2014 18.00
20.9.2014 16.30
21.9.2014 15.00
22.9.2014 13.30
23.9.2014 12.00
24.9.2014 10.30
25.9.2014 9.00
26.9.2014 7.30
27.9.2014 6.00
28.9.2014 4.30
29.9.2014 3.00
30.9.2014 1.30
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September 2014
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1.12.2014 0.00
1.12.2014 23.15
2.12.2014 22.30
3.12.2014 21.45
4.12.2014 21.00
5.12.2014 20.15
6.12.2014 19.30
7.12.2014 18.45
8.12.2014 18.00
9.12.2014 17.15
10.12.2014 16.30
11.12.2014 15.45
12.12.2014 15.00
13.12.2014 14.15
14.12.2014 13.30
15.12.2014 12.45
16.12.2014 12.00
17.12.2014 11.15
18.12.2014 10.30
19.12.2014 9.45
20.12.2014 9.00
21.12.2014 8.15
22.12.2014 7.30
23.12.2014 6.45
24.12.2014 6.00
25.12.2014 5.15
26.12.2014 4.30
27.12.2014 3.45
28.12.2014 3.00
29.12.2014 2.15
30.12.2014 1.30
31.12.2014 0.45

Power (kW)

1.11.2014 0.00
1.11.2014 22.30
2.11.2014 21.00
3.11.2014 19.30
4.11.2014 18.00
5.11.2014 16.30
6.11.2014 15.00
7.11.2014 13.30
8.11.2014 12.00
9.11.2014 10.30
10.11.2014 9.00
11.11.2014 7.30
12.11.2014 6.00
13.11.2014 4.30
14.11.2014 3.00
15.11.2014 1.30
16.11.2014 0.00
16.11.2014 22.30
17.11.2014 21.00
18.11.2014 19.30
19.11.2014 18.00
20.11.2014 16.30
21.11.2014 15.00
22.11.2014 13.30
23.11.2014 12.00
24.11.2014 10.30
25.11.2014 9.00
26.11.2014 7.30
27.11.2014 6.00
28.11.2014 4.30
29.11.2014 3.00
30.11.2014 1.30
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Appendix B Power demand profile of EV charging station March 2019

March 2019
25

Power (kW)

20
15
10
5
0
01/03/2019

06/03/2019

11/03/2019

16/03/2019

TIme

21/03/2019

26/03/2019

31/03/2019

