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Abstract Storage systems can be deployed on varying scales by different stake-
holders. The stakeholders in grid-tied scenarios include residential, industrial or
commercial consumers, distribution network operators, or transmission system
network operators. For the purposes of this study, the distribution network operator
has been selected as the primary beneficiary of the storage system. This study exam-
ines the economic benefits of investing in storage systems for distribution network
operators. The consideration for time-of-use (ToU) rates, as they influence the oper-
ation of the storage system and in turn, the profit obtainable from a storage-in-
distribution-network system, is considered. The economic analysis of the payback
period for the investment in storage systems when the storage system provides energy
arbitrage services only has been analysed under the ToU tariff schemes. For the distri-
bution network operator owning a storage system, the payback period, when storage
systems are incorporated into the network, ranges from 83 to 5 years when there is
an increase in variation of consumer tariffs from 1 to 10% of the present electricity
costs. Sensitivity analysis for other storage technology options is also considered
and presented.
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1 Introduction

Recent upgrades to national grids and environmental concerns in many countries
have seen an inclusion of renewable energy sources in national energy mixes. This
inclusion has further led to the deployment of energy storage systems to handle inter-
mittency of renewable energy sources, especially solar and wind sources. Other than
intermittency, storage has also played a huge role in providing black-start services
during grid outages [1], providing additional reliability and flexibility [2] and main-
taining grid voltage by supplying reactive power to the system [3]. There is also a
growing potential for energy storage systems in modern grid networks due to evolving
energy demands in transportation and heating [1].

Storage systems have varying characteristics and constraints which make some
more suitable than others in providing a particular service to a network. These may
include the ability to charge and discharge rapidly to handle spikes and surges in
demand and supply, or a high energy density to provide power during blackouts.
The differing constraints which affect their suitability for a particular location also
include requiring large volumes of water, the need for a large space for storage tanks
or high capital costs. In this regard, a hybrid of two or more types of energy storage
systems can be used to deliver a wider range of services required by the consumer
[4]. In addition, having more than one type of storage in the network also helps to
improve reliability, as the failure of one storage system would be handled by the
second system, without interrupting normal system operation [1].

As the storage system owner (SSO), the distribution network operator (DNO), as
shown in Fig. 1, invests resources into the design, building, operation and mainte-
nance of a storage system. Apart from providing technical services to the consumers,
the distribution network storage system owner’s (DN-SSO) aim is to make maximum
profit via energy trading and other services. The choice to act as a power supplier
to the consumer to augment grid supply must also be balanced with acting as a
consumer to the central grid operator while ensuring that customers’ demands are
met at all times [20]. While in operation, the degradation of the storage system must
also be factored into the objective function to account for reduced efficiency after
going through a number of charge—discharge cycles.

The practical problem that motivates this paper stems from: How can a DNO
obtain maximum value from the inclusion of energy storage systems as part of its
network infrastructure? In addition, a range of energy storage technologies abounds;
which one is the most promising for the DNO to operate?
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CENTRAL TRANSMISSION
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Fig.1 Storage incorporated within a grid-tied distribution network
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The rest of the paper is organised as follows: a detailed literature review of energy
storage systems and related literature is presented in Sect. 2. This is followed by the
formulation of the mathematical model describing the system in Sect. 3. Section 4
presents the results and some cost analysis of variations in the network operating
conditions. The study is concluded in Sect. 5.

2 Literature Review

Storage systems may be deployed within a network by a range of stakeholders, each
having their own interests and expected benefits. These stakeholders include these
three categories:

1. The consumer—residential, commercial and industrial consumers
2. The distribution network operator (DNO) as the storage system owner (DN-SSO)

e The storage system owner (depending on grid supply only)
e The storage system owner (depending on grid and owned-PV/wind power)

3. The transmission network operator [21]

The residential, commercial or industrial consumer seeks to make use of storage
systems to provide power when there is a grid outage or when grid prices are
high. An intelligent grid management system would take advantage of low grid
prices to charge the storage system and run dispatchable electrical loads within the
network. With these consumers, the ESS can provide reliable power during outages
and replace back-up generators [3]. The DN-SSO invests in storage systems for tech-
nical, economical and environmental reasons—handling voltage fluctuations, energy
arbitrage, peak shaving or reducing GHG emissions [5, 6]. The DNO can go further
to include solar or wind power supply within the network to optimise the services
offered by the installed storage system in their network. The transmission network
invests in storage for network upgrade deferral, voltage regulation and improvements
in transient stability [2].

A distribution network’s operation was optimised to maximise profit when energy
storage systems and distributed generation were incorporated in it [7]. The results of
the study revealed that coordinated planning of the storage and distributed generation
yielded increases in profits of 42, 37 and 59%, when distributed generation only,
energy storage only and distributed generation-energy storage, respectively, were
considered.

Based on the possible benefits of the storage system to different stakeholders
[2], who sometimes have opposing interests, the optimisation of storage system
operation must be done with consideration of its effect on the remunerability, which
may vary for each stakeholder [8] and also depends on the incentive scheme being
used [9]. For instance, under a ToU tariff scheme, a residential consumer seeks to
minimise buying from the distribution network operator at peak periods and obtain
maximum remuneration to make his storage investments profitable. A distribution
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network operator on the other hand seeks to buy from the utility so that even when
the customer demands reach peak periods, the high customer demands can be met
while seeking to maximise remuneration [22-24].

Similarly, it is important to consider who the primary beneficiaries of the storage
system’s required function would be [8] in considering storage type, site and size
to be deployed, as this affects the return on investment. In sizing a storage system
performing energy arbitrage services in a distribution network, there needs to be a
compromise between the invested capital and incomes realised from energy arbitrage
[10]. When providing peak shaving services, high power and high energy capabilities
of the storage system are required.

In an ideal situation when the beneficiaries do not have conflicting interests, one
storage can serve multiple functions within the network and gain revenue for multiple
services provided. However, this may not be a common case as the storage’s perfor-
mance in carrying out one function might be limited by other functions. One way to
overcome this challenge is the inclusion of multiple storage systems within a network
to obtain maximal functionality of the particular storage systems in the network [4].
Summarily, the objective of optimising storage system allocation involves a trade-off
among the capital invested in the storage system, the services that the storage system
can provide and the choice of storage technologies that can be considered [2].

Reviewed literature has considered the profitability of energy storage systems
providing different services for a distribution network. As storage systems require
consideration of both power and energy constraints unlike other conventional assets
in a network [11], our work seeks to consider in detail the influence of the preceding
time interval on profitability of the system. Therefore, while other works are limited
to power demand constraints, which do not consider power demand or supply in the
preceding time interval within the horizon, we have included time-dependent energy-
related constraints in this study to give a more realistic approach to the operation of
storage systems within a distribution network.

3 Methodology

A modified form of the IEEE 5-bus network [12] is used in this study. Buses 1-4 are
selected as buses with residential consumers, while Bus 5 is selected as the bus for
industrial consumers. The storage service considered in this study is the provision
of energy arbitrage services.

Due to the huge variety of demand profiles available, peak demand, which is
generally assumed for the demand profile, is not sufficient for proving the contribution
of energy storage systems within a network [11]. Thus, in this study, the load profile
is based on the IEEE 5-bus system peak demands (see Table 1), but modified to
suit residential consumers at some buses and industrial consumers at one bus. The
residential load profile framework from Eskom [13] is scaled to match the peak
demand of the IEEE 5-bus data at each bus for every hour within a day. Similarly, the
industrial load profile of [14] is used at Bus 5 and is scaled to match the IEEE 5-bus
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Table 1 IEEE 5-bus data:

active loads at buses and lines Bus Peak power demand (MW) Lines
1 0 1-2,1-3
2 20 2-3,2-4,2-5
3 45 34
4 40 4-5
5 60 _

MODIFIED LOAD PROFILE FOR THE IEEE 5-BUS SYSTEM
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Fig. 2 Hourly load profile

data. Thus, the demand at every hour comprises residential loads on Buses 2—4 and
industrial loads on Bus 5. The resulting hourly load profile at all buses is presented
in Fig. 2 below:

The objective of the model is to maximise profits from the sale of electricity to
residential and industrial consumers, while considering degradation of the energy
storage systems as shown in Eq. 1:

Maximise

5 24 5 24
(Z D Paem (i 1) x ToUG, 1) = Y ) Pyria i, 1) * cmumc>
t i t

l

— (st % Pip (i, 1) + psa * Poop (i, 1)) (D

The profit due from the storage system under the ToU is defined in Eq. 2. Pgem (i,
1) and Piq(3, 1) represent the power demand from the consumer and power supplied
by the grid respetively, ToU(i, t) are the electricity prices under time of use rates
and Cunic 1S the cost of purchasing electricity from the central grid. wg; and wg;
are the storage degradation costs for storage systems 1 and 2. The power discharged
from storage systems 1 and 2 are represented by Pgs;p(i, 1) and PS2D(i, t) respec-
tively. Equations 3 and 4 define the sales of electricity to consumers, ConSP(, )
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which is a product of the power demanded by the consumers, Pdem(i, ), and the
time of use tariffs, ToU(i, ¢). The cost of grid electricity (GridCP(i, ¢)) purchased is
shown in Eq. 4.

Act.Profit(i, t) = ConSP(i, t) — GridCP(i, t) 2)
ConSP(i, t) = Pdem(i, t) * ToU(i, t) 3)
GridCP(i, t) = Pgrid(i, t) * CMunic @

The constraints guiding the operations of system components in the distribution
network are as shown in Egs. 5— 9b below. Equation 5 depicts the power balance
at buses within the day, where the balance of power within the network involves
power generation and supply balancing out. The limits of the grid power supply are
presented in Eq. 6, and the state of charge of the storage systems is presented in 7a
and 7b.

5 5 5
Z Pyia(i, 1) + Z Psip(i, 1) + Z Psap(i, 1)
5 5 5
=Zpdem(i,t)+ZP51c(i,l)+ZPszc(i, 1) (5
Pgrid min(i) = Pgrid(i) = Pgrid max(i) (6)

. ) . Ps1pi,n
ESOC; (i, t) = ESOC; (i, t — 1) + Efs1 * Psic(i, t) — T (7a)
51

. ) . Ps>pin
ESOC;; (i, t) = ESOCy (i, t — 1) + Efsy * Psac(i, t) — T (7b)
52

These states of charge (SOC) of the energy storage systems are maintained
between the highest and lowest SOCs, to avoid possible overcharging or over
discharging, as defined in 8a and 8b.

ESOC;iminv < ESOC;; (i, 1) < ESOC;; max (8a)

ESOC>miv < ESOC,, (i, ) < ESOC; max (8b)

Simultaneous charging and discharging of the storage systems are prevented as
shown in Eqgs. 9a and 9b:

Pcgi(i,t) % Pds(i,t) =0 (9a)
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Table 2 Time-of-use tariffs

for residential and industrial Residential Industrial
consumers in summer Hours Summer Summer
charges charges
(c/kWh) (c/kWh)
Peak 07-10, 18-20 162.57 155.99
Standard 06-07, 10-18, 128.60 117.44
20-22
Off-peak 00-06, 22-00 101.17 90.28
Pcyp(i,t) % Pdgp(i, 1) =0 (9b)

Other data used in the model include the electricity tariffs of CityPower consumers
as shown in Table 2 [15].

4 Results

The model is run with the data presented in the tables above using the CPLEX
solver of the Advanced Interactive Multidimensional Modeling Software (AIMMS).
The system daily profit with and without storage systems installed in the network
is obtained from the simulation results. These results show the profit from buying
electricity from the central utility at Municflex rates (CMunic ($/MWh) of R583,
(equivalent to $38.33/MWh) was compared with when storage was included in the
system. The HESS storage configuration considered in this analysis is a lithium-ion
and lead—acid battery hybrid.

Without storage systems, a daily profit from sales of electricity under the ToU
tariff system was realised as $267,265. In this case, as there is no storage, all power
obtained from the grid is immediately sold to the consumer at the ToU rates. It should
be noted that this is not the actual profit generated by the distribution network, as
other expenses such as network demand charges, transmission network charges,
environmental levies and administrative charges are also borne by the distribution
network operator daily and would reduce this value. However, for the purposes of
this study, it is assumed that this is the profit received daily.

In comparison, when storage systems are included in the network, it was observed
that:

$84 = Total daily revenue without storage = $267, 265
$8p = Total daily revenue with storage = $265, 672
Savings made from system, $8ap = $85 — $84 = —$1593
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On a superficial level, this simply implies that the inclusion of a storage system
is not profitable to the distribution network operator under the existing conditions.
However, a detailed analysis of some influencing factors presented below will give
another perspective.

4.1 Sensitivity Analysis I—Increasing ToU Tariffs

As current electricity ToU tariffs (shown in Table 2) were used in the first cost
analysis, a consideration for a 1-10% increase in tariff paid by the consumer shows
the daily savings due to the inclusion of storage systems (Table 3):

Payback Period

The payback period is an economic analysis tool used to assess the time it would
take to recover the capital costs invested in an energy storage system [16]. A simple
payback period is used in this study and is described in Eq. 10 as [17]:

Cost of the st t
Payback period = ot o7 e storage .sys em (10)
Annual cost savings

For a storage system to be deemed as profitable, the best scenario would be to
have a payback period less than its lifetime [16]. Thus, from preceding results, the
annual savings and payback periods at slightly increased consumer tariffs from 1 to
10% of the current consumer ToU tariff are presented in Table 4:

From the results presented in Table 4, the most beneficial tariff for the customer
is the one in which there is at least 10% increment in the current time-of-use tariff
rates, due to the lifetime of the storage used (lithium-ion and lead—acid HESS).

4.2 Sensitivity Analysis II—Comparison of Different Storage
Technologies

Each storage type has particular characteristics associated with it. These include the
roundtrip efficiency, power density, energy density, lifetime, response time, tech-
nology maturity, storage duration, etc. [18]. The technically viable energy storage
system options for distribution networks include batteries, hydrogen fuel cell (HFC)
systems, flywheel energy storage systems, supercapacitors and superconducting
magnetic energy storage systems [18]. The charging and discharging efficiencies
of the energy storage systems are assumed to have the same value [19].

A compromise between the cost and performance using the data provided in
Table 5 is used to compare some of these technologies.
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Table 4 Annual savings and payback period

A. O. Gbadegesin et al.

Annual savings (‘000 $) Payback period (years)

1% 784.11 83.33
2% 2149.58 304
3% 3515.04 18.59
4% 4880.5 13.39
5% 6245.96 10.46
6% 7611.42 8.59
7% 8976.88 7.28
8% 10342.33 6.32
9% 11707.8 5.58
10% 13073.26 5

Table 5 Data of costs and efficiency ranges of different storage systems [3, 17]

Storage technology Cost (‘000 $/MW) Cost (‘000 $/MWh) Efficiency
Battery—lead—acid 300-600 200-400 0.63-0.90
Battery—Ilithium-ion type 1200-4000 600-2500 0.75-0.97
Battery—sodium sulphur 1000-3000 300-500 0.75-0.90
Hydrogen fuel cell 10,000 1,650 0.20-0.66

Table 6 Annual savings and payback period for the lithium-ion battery-hydrogen fuel cell HESS

0% 1% 5% 10%
Annual savings (‘000 $) —1,672.24 2,068.75 17,032.70 35,737.64
Payback period (years) —144.40 116.73 14.18 6.76

For this study, another HESS considered is the lithium-ion battery-hydrogen fuel
cell hybrid. The payback period with this HESS is presented in Table 6.

The results from Table 6 show that under the existing ToU tariffs scheme, the
lithium-ion battery hydrogen fuel cell HESS only becomes profitable when there is
at least a 1% increase in the current tariff regime. In addition, it can be seen that the
payback period, when there is a 10% increase in the current tariff, is 6.76 years.

5 Conclusion

The profitability of inclusion of energy storage systems when providing energy arbi-
trage services within a distribution network is influenced by a number of factors—the
technology type, the capacity, existing tariff rates, lifetime of the storage technology,
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etc. A few of these factors have been analysed in this study to highlight the influ-
ence they have on the payback period of storage systems within a network under
the time-of-use tariff. This analysis would assist distribution network operators in
choice of storage technologies that can be deployed to ensure that the investment
on storage systems is profitable. Further work on this study will include the profit
analysis when the storage system is providing other services such as peak shaving,
voltage regulation, etc., concurrent with energy arbitraging.
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