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HIGHLIGHTS

e Uncoordinated charging of batteries under ToU tariff violates network constraints.

o Introducing storage operator for coordinating batteries in distribution networks.

o Storage Operator is modelled by Mixed-Integer Linear Programming (MILP).

e Managing batteries is based on predefined time-varying and adaptive power limits.
e Storage operator optimizes network capacity to maximize customers' satisfactions.
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The transition towards Time of Use (ToU) tariffs has become a promising solution for addressing power system
challenges resulting from increased installations of renewable energy systems. ToU tariffs encourage residential
Battery Energy Storage System (BESS) adoption to reduce customers' bills through maximizing energy storage
during low-price intervals (e.g., middle of the day). However, simultaneous BESS charging affects diversity of
load, which may lead to the violation of distribution networks constraints. Traditional network management
with conservative fixed and static power limits leads to inefficient network capacity use since they do not
consider changes in network operating conditions and status of BESS facilities. Specially, these approaches do not
allow higher import limits when proportion of BESS facilities are in idling state. To better allocate the capacity of
distribution networks to active BESS facilities (charging/discharging), this work introduces an independent
storage operator to coordinate BESS control actions by employing time-varying and adaptive power limits. For
this purpose, a Mixed Integer Linear Programming (MILP) algorithm is proposed for storage operator to manage
BESS facilities while respecting network constraints and customers' desired bills. At each time step, the algorithm
decides power limits for active BESS facilities based on predefined linear functions. These functions are generated
offline by using Optimal Power Flow (OPF) to establish relationships between power limits and number of active
BESS. The application of the algorithm using a real Jordanian distribution network demonstrates its effectiveness
to allow a larger number of customers achieving their desired bills compared to using fixed power limits.

1. Introduction

Worldwide low-carbon energy policies have facilitated grid inte-
gration of large volumes of renewable generation particularly solar
photovoltaic (PV) [1]. The increasing volume of PV systems have placed
operational challenges on the power system operators to maintain
balancing between demand and generation particularly during the
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system's minimum net-demand time intervals (i.e., middle of the day)
[2]. In particular, negative energy prices have been increasingly
occurring in different electricity markets in the last few years to
encourage reducing the output power of PV power plants [3]. Also, the
volume of PV curtailment particularly from PV connected to distribution
networks has been increased significantly [4]. However, the reliance on
PV curtailment to cater for system challenges will place barriers in the
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transformation towards a low-carbon energy system. Therefore, it is
important to explore alternative solutions to PV curtailment to maintain
the security of supply [5-7]. One of the potential solutions is to
encourage energy consumption during time intervals with over gener-
ation. This requires departing from the existing standard flat volumetric
tariff towards Time of Use (ToU) tariff schemes that reflect the operating
conditions of the power system [8-10]. By designing ToU tariff, the
volume of the transferred energy towards the system's minimum net-
demand at the low-price intervals will be increased, thus supporting
grid balancing.

The employment of ToU tariff may encourage the uptake of Battery
Energy Storage System (BESS) facilities. Currently, BESS is typically
owned and controlled by customers to reduce their electricity bills
harnessing the differential prices in the ToU tariff [11-13]. The cus-
tomers' energy consumption at high-price intervals could be locally
supplied from the stored energy in BESS during the low-price intervals.
However, the simultaneous charging of BESS facilities during the low-
price time intervals affects the diversity of load which may result in a
new peak demand on distribution networks and the violations of
network constraints, specially voltage drop issues and overloading
network assets [14-16].

In the literature, constraints of distribution networks are managed
using decentralized approaches that are typically led by Distribution
Network Operators (DNOs). These approaches are formulated by
defining conservative fixed or time-varying power limits to be applied at
the customers' energy meters [17,18]. The charging and discharging
actions of each BESS are employed to maintain the power exchanges
from each meter within the predefined limits. Although the above
decentralized approaches allow managing network constraints in a
simple and implementable manner, the defined limits are expected to
become smaller at the high coverage rate of BESS. This means that the
benefits of ToU tariff could be only restricted to customers with low to
medium energy charging needs. These approaches also do not allow the
adoption of higher import limits when proportion of BESS facilities re-
mains in idling state after achieving their energy charging requirements.
Furthermore, the studies in [19-25] provided decentralized-based
methods to coordinate the control actions of distributed controllable
elements without a central controller. The methods aim to achieve local
objectives of individual customers (e.g., reducing bills) as well as
improving global objectives across group of customers such as delivering
ancillary grid services. This is done by sharing local information and
measurements (e.g., excess local energy, available headroom in BESS)
among customers to support their decision-making algorithms. The
decentralized coordination methods are developed based on advanced
concepts of transactive energy, peer-peer energy trading, smart con-
tracts, blockchain and data-driven methods to support cooperation
among customers. Few of the previous studies have considered the
constraints of distribution networks. The studies in [23-25] provided an
iterative-based methods in which each control action to be implemented
requires approval from DNOs. However, this creates complexity in co-
ordination and scalability issues as it requires direct interactions from
DNOs compared to using predefined rules to model the network
constraints.

Centralized management approaches allow establishing communi-
cation links to BESS facilities to dynamically update import and export
limits based on network operating conditions and BESS operation states.
Developing centralized approaches to maximize benefits from BESS fa-
cilities requires amending existing regulations and modifying electricity
metering systems. Considering that energy suppliers are not allowed to
directly manage customers' BESS due to unbundling regulatory rules, it
is essential to introduce an independent storage operator that serves as
an independent party from energy suppliers and DNOs to coordinate
control actions of distributed BESS facilities across distribution networks
[26]. The storage operator establishes contracts with individual cus-
tomers to partially pay the cost of batteries in return of controlling them
to maximize potential revenues from the ToU tariff [27]. The recent
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transition in metering systems in different countries (e.g., Jordan [28]
and California [29]) towards reserving a dedicated and separate ToU
electricity meter for new controllable facilities particularly BESS and
electrical vehicles could support the future role of storage operator [30].
With a dual-meter setup, the storage operator will be able to directly
interact with the new electricity meter to coordinate the control oper-
ations of distributed BESS facilities without the need for complex
computational tasks and billing mechanisms to deal with uncertainties
in uncontrollable loads and cater for limited visibility to BESS when they
are located behind the customers' meters. In the future, the role of
storage operator could be further developed to act as virtual power
plants and aggregators to deliver ancillary grid services to the power
system operator (e.g., frequency regulation services) and participate in
the electricity markets.

Implementing the storage operator in practice requires developing a
realistic decision-making algorithm that considers implementation
challenges related to the management of distribution networks. In
particular, the storage operator will not have access to the full data of
distribution networks and real-time measurements. In this respect, it is
important for the DNOs to provide the storage operator of network
constraints by utilizing predefined import and export limits to manage
the charging and discharging of individual BESS [31]. However, the
decision-making algorithms for centralized approaches found in the
literature [32-37] are based on utilizing advanced and complex full real-
time Optimal Power Flow (OPF) [35,36]. The adoption of the OPF is not
implementable in practice since it requires the storage operator have full
observability of distribution networks and real-time network measure-
ments. Although the studies in [38] assign import and export limits to
the aggregate power of controllable elements, the defined limits are
fixed, and they are not time-varying according to network conditions.
Furthermore, the defined limits are not updated based on the operation
states of BESS facilities. The adoption of adaptive power limits allows
better allocating the available capacity of distribution networks to active
BESS (charging/discharging) rather than reserving capacity for BESS
under idling state.

To enable the wide-scale employment of ToU tariff with BESS at
residential customers, this work provides a Mixed Integer Linear Pro-
gramming (MILP) decision-making algorithm to be applied in future
storage operator to coordinate the control actions of distributed resi-
dential BESS facilities whilst respecting the constraints of distribution
networks. Considering that the storage operator does not have access to
the details of distribution networks' topology and real-time measure-
ments, the coordination of BESS facilities is carried out in response to
time-varying and adaptive import and export power limits. At each time
step, the storage operator selects BESS facilities who should be active to
be charged/discharged. The storage operator also decides the most
adequate power exchange limit for active BESS facilities based on a set
of predefined linear functions to be provided in practice by distribution
network operators. The functions provide the mathematical relation-
ships between maximum power exchange from individual batteries and
number of active BESS facilities. The functions are generated offline by
using three-phase stochastic AC Optimal Power Flow (OPF) model that
caters for uncertainties in BESS locations and network demand. The
performance of the adaptive power limits approach is compared against
the adoption of conservative power limits as mostly adopted in the
literature. Also, the ability to create additional revenue stream from
increasing energy export to the grid during the high-price intervals are
quantified (i.e., price arbitrage). The performance of the algorithm is
demonstrated using a real integrated Medium Voltage (MV) and Low
Voltage (LV) network from the southern region of Jordan, serving 2440
residential customers.

The rest of this paper is structured as follows: Section 2 provides an
overview of storage operators in distribution networks. Section 3 pre-
sents the formulations of the AC OPF based approach to define time-
varying functions of power limits. The modelling of the decision-
making algorithm for storage operators using the adaptive time-
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varying power limit is provided in Section 4. The role of storage operator
is demonstrated in Section 5 using a real MV/LV network from Jordan.
Section 6 discusses implementation aspects and potential metering ar-
rangements to be applied in countries with different regulatory rules.
Finally, the conclusions are drawn in Section 7.

2. Role of storage operator: an overview

The structure of the proposed storage operator is shown in Fig. 1. The
storage operator aims to coordinate the control actions from residential
BESS to maximize the potential revenues/benefits from the ToU tariff
whilst respecting the constraints of distribution networks (i.e., voltages
and thermal constraints). In the proposed structure, the storage operator
establishes contracts with individual customers to install batteries at
residential premises for the mutual benefits of both the storage operator
and customers while sharing the cost of batteries. In exchange for cus-
tomers' participation in the cost of batteries, the storage operator pro-
vides customers with guaranteed monthly revenues to be earned from
the charging and discharging actions under the ToU tariff. Under the
ToU tariff, it is assumed that the buying and selling prices are the same.
Therefore, the storage operator is incentivized to sell energy from the
BESS ToU meter particularly during the highest-price interval. The
storage operator also aims to maximize the potential revenues from the
differential prices in the ToU tariff (i.e., price arbitrage) by increasing
the volume of charge energy in the low-price intervals to be exported
later at the high-price intervals. From the regulation perspective, the
metering system in the proposed BESS coordinated management system
considers two electricity meters at each residential customer. The first
meter is the conventional meter with either flat-rate or ToU electricity
tariff that deals with the electrical energy of the property. The second
meter is a newly installed ToU meter that is dedicated to BESS. Dedi-
cating a separate meter for residential BESS provides an implementable
solution for the storage operator to directly manage the charging and
discharging actions of BESS. The presence of a dual-meter setup also
facilitates the billing mechanism and the reconciliation between the
storage operator and the residential customers compared to dealing only
with the net-demand of a single meter.

To achieve customers' contractual bill reduction, the storage oper-
ator is required to ensure that the volume of stored energy in each in-
dividual battery during the low-price intervals is adequate to support
customers' energy consumption in high-price intervals (i.e., achieving
desired bills). It is also worth to note that due to the adoption of two
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sperate meters, it could not be distinguished that the power flows to the
customer's meter is supplied from the battery discharged power. How-
ever, the customer will be still financially benefitted from the battery
since the storage operator will pay to the customer a percentage of
revenues earned from selling energy to the grid particularly at the high
price interval.

The decision-making algorithm for storage operator embeds the
constraints of distribution networks in the forms of mathematical linear
functions that define the maximum power exchanges from individual
batteries in terms of the proportion levels of active BESS facilities
(charging/discharging). At each time step, the defined power limits are
dynamically varying according to the proportion of active batteries
under charging/discharging state. This allows the adoption of higher
import limits in the low-price period when proportion of BESS facilities
remain in idling states after fulling their desired volume of charging
needs.

To demonstrate the importance of utilizing adaptive time-varying
operating power limits to manage BESS during low-price intervals,
Fig. 2 shows the stored energy in batteries owned by customers with
different energy consumption needs (i.e., low, medium, and high). Also,
the stored energy is compared against the levels that could be achieved
with the utilization of fixed power charging limit (as commonly adopted
in most studies in the literature). In this example, the storage.

operator aims to charge the batteries of three residential customers
during the low-price interval (i.e., three-time steps). Each of the cus-
tomers has different energy consumption needs in the high-price inter-
val. The size of the box in the figure corresponds to the desired energy
needs. Customer 1 has the lowest energy consumption needs while
customer 3 has the maximum needs. The charging process in Fig. 2 (a) is
carried out to maintain the charged power throughout the time steps
below a relatively low value of P; to comply with the constraints of
distribution networks. As can be seen, customer 1 is able to meet the
desired needs quickly (at time step T;) even though with the adoption of
a small limit. In particular, the battery of customer 1 goes into idling
state at time step Ty and Ts. In contrast, the adoption of a small charging
limit significantly affects customer 3. For this customer, the level of
charged energy at the end of the low-price interval only reaches a small
portion of the customer’ desired needs. Thus, a larger volume of im-
ported energy will be drawn from the grid during the high-price periods.
Although the fixed charging limit is a simple and implementable
approach to model the constraints of distribution networks, it negatively
affects customers with large energy consumption needs and prevents
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Fig. 1. Storage operator structure.



S.Z. Althaher et al.

Fixed charging rate

Charging

Fixed charging rate

Applied Energy 371 (2024) 123714

Fixed charging rate

Charging Charging

1
1
1
1
1
1
]
1
1
1
]
: Charging
1
1
1
1
1
1
1
]
1
1
1
1

Charging Charging
) )
Charging Idling Idling
Customer 1 Customer 2 Customer 3 Customer 1 Customer 2 Customer 3 ! Customer 1 Customer2 Customer 3
\ T, T, T |
f
(a)
Low charging rate \ Medium charging rate High charging rate
1
1
! |
. 1
Charging : Charging : Charging
1
1
. 1
| |
1
' |
Charging : Charging ! Idling
]
. 1
Charging : Idling : Idling
. 1
! ]
Customer 1 Customer 2 Customer 3 | Customer | Customer 2 Customer 3 | Customer I Customer2 Customer 3
1
1
1
1

\ T,

JE ]

T>
I

(b)

Fig. 2. Illustrative example during low-price intervals with (a) fixed power limits and (b) adaptive time-varying power limits.

them from meeting their desired electricity bills. This means that the
benefits of ToU tariff could be only restricted to customers with low to
medium energy consumption needs (i.e., non-fair access). Also, the fixed
power limit does not harness the existing communication links between
the storage operator and BESS to update the power limits. Alternatively,
the usage of adaptive time-based power limits allows better utilization of
the available capacity in distribution networks. The available network
capacity is fully assigned to only those batteries at the charging state. As
can be seen in Fig. 2 (b), a higher power charging limit is defined for
customer 3 at T3. Thus, a larger percentage of the customer's energy
needs at high-price intervals could be supplied from the stored energy
that is charged within the low-price interval. This means that a higher
proportion of customers could benefit from the ToU tariff.

3. Defining time-varying functions of power limits: planning
approach

This section provides the formulations to define time-varying func-
tions of import and export limits. At each time step, a series of linear
functions are defined to provide relationships between power limits and
proportion levels of active BESS (e.g., starting from 0% to 100% in steps
of 10%). The functions are determined by DNOs to be provided to the
storage operator to coordinate the control actions of residential batteries
whilst respecting network constraints. To define the functions of import
limits, a two-stage approach is adopted.

The first stage illustrated in Fig. 3 is an iterative approach that aims
to define power limits for multiple OPF simulations, per each time step

(set T indexed by t), proportion level of active batteries (set R indexed by
r) and scenario of BESS locations (set SC indexed by sc). For this purpose,
the three-phase AC OPF model is formulated to decide the maximum
charging power (i.e., import limit) of active BESS facilities.

At each time step, the OPF is run for different proportion levels of
active BESS (i.e., 10%, 20%... 100% of the total number of batteries). To
cater for uncertainties in BESS locations, multiple OPF simulations are
carried out per each specific proportion level by considering unique
scenarios of BESS locations. To define a single import limit at each
proportion level, the minimum value across all the OPF simulations is
selected. This means that the first stage produces multiple discrete
import limits at each time step. Each of them corresponds to a specific
proportion level of active BESS. To enhance flexibility for storage
operator in selecting a proportion level within the analyzed range, the
second stage is employed. The defined import limits at each time step are
then processed using curve fitting technique to generate a series of linear
functions of import limits. Each function corresponds to a specific range
of active BESS proportion levels. The two-stage approach is also adopted
to define the time-varying functions of export limits. For this purpose,
the OPF objective is adjusted to define maximum discharging power (i.
e., export limit) of active BESS in discharging state.

3.1. First stage: AC OPF
For each time step, the AC OPF is run for different proportion levels

of active batteries and scenarios of BESS locations. The time-series data
of active and reactive power of loads and generators are obtained from
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historical data. The objective function of the AC OPF is formulated to
maximize charging power (import power) from active BESS (pi™°r).

Max pimpurt (1 )

The model employs a Quadratic Constrained Programing (QCP)
formulations for the AC OPF [39,40] to calculate the three-phase power
flows throughout lines and transformers (set L indexed by ) and network
voltages at each bus (set B indexed by b). The voltage drop is modelled in
the QCP by eliminating angles of voltages and by using the active and
reactive power at the start bus of each line and transformer and for each
phase (set PH indexed by ph), pi,» and qy,n; respectively. For each phase,
lines and transformers, the QCP formulations calculate the voltage drop
in terms of the square of voltage magnitude, V;f’;h at the start and end bus

of line [ and the square of current magnitude, I;3;, throughout line [, as
given in (2).

Z qdph =

Pa=b, , =Ph xex
4 d
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Fig. 3. First Stage: Iterative approach to define import limits.
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where R; and X; are the resistance and reactance of line [ respectively,
piart and p¢™d maps the start bus and the end bus of line 1. The active and
reactive power balance equations at each bus and for each phase are
modelled in (3) and (4), respectively. In this model, the locations of
active BESS (set BT indexed by bt) are modelled by using a binary
parameter Affg,f . This parameter is predefined as inputs to the OPF, and
it is set to one with the existence of an active BESS at bus b and phase ph.
z Paph + Z pimpmtABESS —

btph —
Pap, ., =Ph bteBT
7,

D

Pxb, =ph leL|piat » =ph
x 1

deD Pop., =Ph

bt

Z Dgph + Z

8eG |/Jg—b.yg—ph

Diph — Rlliqu 3
( )

xeX

(quon — X833, @

where pgp, and gqpnare the active and reactive power of demand (set D
indexed by d); pgpn and qgp, are the active and reactive power of gen-

BSP BSP

erators (set G indexed by g); p;, and g, are the active and reactive

power imported/exported from the grid (Set X indexed by x); y, maps
the bus b and the phase ph to which each network element is
connected (uc{d, g, bt,x,1}).

The optimization is also subject to the voltage and thermal con-
straints, as given in (5) and (6); respectively.

ngr (=) < Vgczh < V;qr(ﬂ (5)
Ly, < 1" ©)

where V7 (=% are the limits of the square voltage magnitude at each

bus and ¥ ") is the square of the line current limit.

To guarantee convexity in the QCP problem, it is important to ensure
that the apparent power throughout line [ equals the product of voltage
and current, as expressed in (7).

2 2 Vsqr Sqr
> (Pzph) + (qz,ph) = > vere @)
leL|pirt.yi=ph IeL| it 1y =ph
For a time step, a single import limit is defined per each proportion
level of active BESS (p!’? 0") whose value is decided as the minimum
among the import limits identified in the corresponding scenarios

import
tr.sc

P — min, {pg:f;g"},w €T, VreR (8)

Similarly, the export limit per each proportion level of batteries

export

under discharging state at a time step t (p;; )is formulated in (9).

PEPT — min,, {pfﬁ“c"},w €T,VreR ©)

3.2. Second stage “defining linear functions of power limits

By the application of curve fitting technique, a series of linear
functions (I indexed by i) of power limits is defined at each time step.
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The mathematical expressions of the functions of import limits are
modelled in (10) and (11). Each function corresponds to a specific range
of active BESS. For example, the function f;, ; is applied at time step t;
when the proportion level of active BESS falls within the range of 0%
and 10%. Similarly, functions of export limits are generated per each
time (p7F"").

lepm = { ti (rt.i) 1 Cric1 STy < Ct.i} (10)

fui (rt.i) = @i +be; an

where a;;, b;; are the slope and the intersection of each function;
respectively. Each function is assigned to a particular percentage range
whose start and end values are given by c;; 1 and c;;; respectively.

4. Storage operator decision-making algorithm

This section provides the modelling of the Mixed Integer Linear
Programming (MILP) decision-making algorithm for storage operators.
The algorithm aims to control charging and discharging powers of BESS
facilities pf,’;_t, pgft (both have non-negative values) in response to the
ToU price signal r;. Further to catering for the constraints of distribution
networks, the storge operator also aims to improve the satisfaction level
for each individual customer (i.e., achieving the customer’ contractual
bill reduction). This is done by making sufficient revenue from each
BESS to offset the corresponding customer's energy consumption cost.
To do so, a customer satisfaction index (CSIy.) is defined, and it is
expressed as the ratio of the revenue from the BESS to the customer's
contractual bill reduction ( Cje""*"). Having a CSIy, of 100% for a spe-
cific customer, for instance, means that the storage operator has fully
achieved the contractual bill reduction. Mathematically, the CSI for a
customer is formulated in Eq. (12) whose numerator represents the
revenue obtained from the BESS with purchasing and selling energy.

Z (szﬂr _pilg,t ”t)
CSI,, = =1 (12)

(Ceontract
bt

The objective of the algorithm is formulated in (13) as a multi-
objective function. The first term of the objective aims to minimize
the overall energy costs for the storage operator associated with the
purchase and sale of energy from BESS facilities (i.e., maximizing rev-
enues from BESS facilities). The objective also aims to minimize the
deviation of each customer's satisfaction index from unity. Considering
customers' satisfactions in the objective function prevents leaving pro-
portion of batteries without charging. This allows a larger number of
customers to achieve the contractual bill reduction (i.e., a unity CSI
metric).

Min > > (pitm—plfm) +@ Y (1-CShy) 13)

bteBT teT bteBT

where o is a weighting coefficient, whose value is smaller than one to
provide higher priority to the first term of the objective function. The
CSI metric for each individual customer is maintained within CSI™" and
CSI™™. The upper limit of CSI is selected as one when the focus of
storage operator is to only achieve customers' contractual bill reduction.
A higher value than unity is adopted to allow the creation of additional
revenues from BESS facilities than the defined values in the customers'
contracts. By relaxing the upper limit of CSI (e.g., CSI"*=2), the storage
operator will aim to maximize the volume of charged energy in each
BESS during the low-price intervals to be exported back to the grid at the
high-price intervals (i.e., price arbitrage).

CSI™" < CSI,, < CSI™ 14)
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The storage operator decides the best states of each BESS (i.e.,
charging and discharging). For this purpose, the binary variable ugﬁ[ is
defined to denote the charging and discharging states of BESS (i.e., a

binary variable ”ﬁ?,z = 1 means that the battery is at charging state and

pfs. is set zero). The charging and discharging power of BESS are
controlled within its power rating Pﬁte’i. The constraints in (15) and (16)
are formulated to prevent the simultaneous charging and discharging of
BESS.

h h ted
Phie < Upe X Py 1s)

P < (1-ugh,) < Pyt (16)

Moreover, the energy stored in the battery E° is calculated as in
(17), and it is constrained to remain below its energy rating, E*d. To
preserve the storage life, one cycle of charging and discharging is
allowed by enforcing the initial stored energy Ej;°,, equal to the final
stored energy Ej . Also, the stored energy is allowed to decrease to a

minimum limit, Eji".

dis
By =BT + (pi’;mc" I;';if) x At an

where At is the time step, 7"and 7% are the charging and discharging
efficiencies; respectively.

The storage operator manages the operation of batteries according to
the functions of import and export limits established in Section III. At
each time step, the storage operator prevents different batteries from
being in both charging and discharging modes simultaneously. During
the time intervals of charging, the storage operator establishes a uniform
power limit for charging that is applied for all batteries, pi™*". During
periods of discharging, the storage operator also maintains the discharge

power of each active BESS below a specified export limit (p©°™).

pike < as)

Pite <PF™ a9

During periods of charging, the optimization engine is required to

select the highest percentage of active charging batteries r, and the

corresponding charging limit p™°*. This means that only a single

function from the DNO's functions will be adopted per each time step.
However, the direct formulation of the DNO's functions (in Eq. (11)) will
not maintain the linear formulation of the optimization problem. For
this purpose, the linearization approach in [41] is adopted. As proven in
[41], the function f;; (r“-) can be reformulated as provided in (20)-(23).

fri(res) < @irei+bei+M(1—2yy) (20)
fri(res) = @eire; +bei — M(1 —2yy) (21)
feilrei) < Mz, (22)
fei(re) > — Mz (23)

where M represents a sufficiently large constant and the binary vari-
ables, 2;;, are introduced to ensure that the optimization selects only a
single percentage range of active charging batteries, as given in (24).

> mi=1 (29)
iel

At the time step t, the constraints in (25)-(26) are also formulated to
specify the minimum and the maximum values of the percentage of
active charging batteries; respectively.
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Tei > th,i—lzt.i (25)

iel

ry < th.izt.i (26)
iel
Deciding the active charging battery percentage r, and the corre-
sponding charging limit p™"" that are defined using (27) and (28);
respectively.

e = Zrt.i (27)

icl

pimpm = Zat.irt.i +beizei (28)
iel
The functions related to export limit are also linearized following the
same procedure as provided above in (20)-(28).

5. Results

The storage operator framework is demonstrated using a real inte-
grated MV/LV network from the southern region of Jordan, serving
2440 residential customers [31]. The details of the network are available
in [31]. The daily load profiles of residential customers were derived
from a dataset obtained from smart meters data along the studied feeder.
Further, the load profiles of non-residential customers are defined based
on the real power measurements. The modelling language AIMMS [42]
is utilized for both defining the power limits (as per the OPF formula-
tions in Section III) and modelling the decision-making algorithm
(Section IV). The optimization problems are solved using the CPLEX
solver [43]. The distribution network analysis software package
OpenDSS [44] is used to assess the technical impacts of the adaptive
time-varying power limits framework on the real MV/LV network.

In the analyzed network, each residential customer has two distinct
meters; one for house consumption and another dedicated to a 14-kWh
battery with a power rating of 3.6 kW [27]. The Jordanian ToU tariff is
adopted as shown in Fig. 4. The low-price period (i.e., 10:00-15:00)
aligns with high PV production, while the high-price period corresponds
to the peak demand of the Jordanian power system (i.e., 19:00-23:00).
The remaining hours in the day represent the intermediate-price
periods.

In this section, the impacts of residential ToU tariff on the analyzed
network before the application of the proposed BESS management sys-
tem are presented in Section V.A. The impacts are found for different
ToU penetration levels starting from 0% and up to 100% in steps of 10%.
The impacts are assessed in terms of voltage violations and thermal
overloads. To capture the effects of BESS locations, stochastic power
flows simulations are employed. The BESS coordinated management
system is then utilized to mitigate the impacts and allow higher ToU
penetration. In Section V-B, the time-varying functions of import and

Cent/kWh

05:00 10:00 15:00 20:00 24:00
Time (Hour)

Fig. 4. ToU tariff.
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export power limits are defined at each time step in the day and for 10
proportion levels of active BESS (i.e., from 10% to 100%). In Section
V-C, the defined function are then utilized in the decision-making al-
gorithm to coordinate the operations of residential BESS in response to
the ToU tariff whilst achieving the customers' contractual bill reduction
(Cgo"™t). To assess the performance of storage operator under a chal-
lenging scenario, it is assumed that each customer aims to pay the cost of
energy used during high-price intervals with the lowest price in the ToU
tariff. Mathematically, the contractual bill reduction per customer is
calculated by multiplying the customer’ amount of energy used during
high-price intervals by the price difference between high and low-price
intervals.

5.1. Impact assessment of ToU Tariff on distribution networks: No BESS
coordination

This section presents the technical impacts on the MV/LV distribu-
tion network resulting from deploying ToU tariff and BESS for residen-
tial customers, without the application of power limits (i.e., no BESS
coordination). To do so, a range of ToU penetration levels is adopted
starting from 0% and increasing up to 100% in steps of 10%. A ToU
penetration level corresponds to the number of customers who have
adopted ToU tariff. For instance, a 50% penetration level among 2440
customers means that 1220 customers adopt the ToU tariff. Each
customer with ToU tariff is equipped with a 14 kWh BESS. To cater for
the uncertainties in the BESS locations, the impact assessment is per-
formed at each penetration level across different scenarios of BESS lo-
cations. The methodology to generate the scenarios is adapted from [4].
Specifically, 100 scenarios of BESS locations at each ToU penetration
level are considered. As the penetration level increases, more BESS in-
stallations are added to the existing ones from the previous penetration
level and for the same scenario. This process continues until each cus-
tomer's location is assigned a single BESS, along with ToU tariff,
reaching 100% penetration.

Each battery management system controls the charging and dis-
charging actions locally to minimize the customer's electricity bill.
Specifically, each BESS goes into charging state during the low-price
intervals between 10:00 and 15:00. The objective of each battery
management system is to store energy up to customer's energy needs
during the high-price periods. The stored energy is then utilized during
the high-price intervals to support the customer's energy needs so that
the import energy from the grid can be reduced. Based on both the de-
mand of each residential customer and BESS power output, three-phase
time-series unbalanced power flows are conducted by using the distri-
bution network analysis software package OpenDSS. For each time step,
customers' voltages are evaluated against the statutory voltage limits (i.
e., based on the distribution performance standard in Jordan [45], the
voltage limits for LV customers are + 10% of nominal voltage 230 V
line-to-neutral [45]). Then, the minimum voltage for each scenario and
ToU penetration is recorded. Similarly, the maximum loading level of
MV and LV lines and for each distribution transformer are also assessed
(i.e., expressed in per unit relative to their ratings).

Fig. 5 (a) presents the median value (the solid line) of the minimum
voltage across residential customers for all the scenarios and per each
penetration level. The bottom and the top bars represent the 25th and
the 75th percentile of all scenarios. It can be noticed that the provision of
ToU tariff along with BESS start creating voltage drop issues at 20%
penetration. This is due to the loss of diversity as most BESS will be
charged during low-price intervals. The voltage issues increase signifi-
cantly at higher ToU and BESS penetrations. For example, the median of
the minimum voltage at 100% penetration is 0.64 p.u. Fig. 5 (b) shows
the maximum loading of the distribution transformers at various ToU
and BESS penetration levels. The results show that transformer over-
loading issues appear at 30% penetration. The MV feeders, however,
remain within capacity limits. Furthermore, Fig. 6 shows the power
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Fig. 5. Impact assessment of different ToU penetration levels without BESS
coordination on (a) network's minimum voltage and (b) maximum loading of
transformers. The solid line is the median of the scenarios. The bottom, and top
bars are the 25th and 75th percentile, respectively.
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Fig. 6. Head of MV feeder loading before ToU tariff (Blue line) and after
employing 100% ToU penetration (red line). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

flows at the feeder's head along with the thermal limit at 100% ToU and
BESS penetration. BESS responses to price signals create new peak de-
mand during the low-price periods (i.e., between 10:00-15:00), reach-
ing 16.2 MW, which exceeds the feeder's thermal limit by 62%
overloading. Since batteries discharge stored energy during high-price
hours (19:00-23:00), the original peak demand during night periods
reduces from 8.6 MW to 6.8 MW with the implementation of ToU tariff.

Based on the above, the widespread adoption of batteries and con-
trolling them for the benefits of customers under the ToU tariff affects
demand diversity, creating a new peak during the low-price intervals.
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The resulting new peak demand exceeds the original peak demand
observed before implementing ToU tariff. This operating condition vi-
olates distribution network constraints, requiring network reinforce-
ment to enable the ToU tariff. Alternatively, the charging of batteries
must be coordinated to maintain network constraints within their limits.

5.2. Defining time-varying functions of power limits

This section aims to define time-varying functions of import and
export limits based on the process described in Section III. The AC OPF is
run multiple times to decide the optimal import/export limits consid-
ering 10 proportion levels of active BESS ranging from 10% to 100%. For
each proportion level of active BESS, 100 scenarios were generated to
address uncertainties related to battery locations. Multiple AC OPF
simulations were conducted each hour throughout the day (24 h)
considering the defined scenarios and proportion levels of active BESS.
This in turn results in performing 24,000 OPF simulations (i.e., 10 x
100 x 24). During each simulation run, the maximum limits for battery
charging and discharging were calculated. Fig. 7 shows the import limits
for battery charging across all the 24,000 simulations. It can be noticed
that the charging limits vary based on the proportion level of active BESS
in the charging state. As the proportion levels rise from 10% to 100%,
the corresponding import limits are in the range from 4.5 kW to 0.6 kW.
For a particular proportion level of active BESS, the defined charging
limits also vary according to the spatial distribution of BESS. For
example, the charging limit varies from 1.2 kW to 4.5 kW at 10% pro-
portion level of active batteries in the charging state. However, these
variations become smaller at proportion level close to 100%. For each
proportion level of active BESS, a set of 24 import limits is defined (i.e.,
one for each hour of the day). The selected limits are determined by
taking the minimum value across all scenarios for each hour. This results
in defining 10 profiles of import limits across the day. For demonstration
purposes, Fig. 8 provides the profiles of import limits for five proportion
levels of active BESS (i.e., 20%, 40%, 60%, 80% and 100%). It can be
noticed that the charging limit has higher values during the middle of
the day (10:00-15:00) while it is restricted during peak-demand periods
(19:00-23:00). Once the profiles of import limits are defined, it is
important to generate linear functions at each time step to preserve
linear formulations required by the storage operator decision-making
algorithm (Section III-B). Fig. 9 shows examples of the resulting linear
functions at 10:00 a.m. The power limit may increase by 370%
compared to the adoption of a conservative small value of import limit of
1.2 kW. The functions clearly show the importance of dynamically
adjust the import limit based on the number of active BESS. This in turn
provides further flexibility for the storage operator to manage BESS and
enhances the percentage of customers achieving their desired energy
needs.

Proportional Levels of Active
Charging BESS

~

40% 60% 80% 100%

Power Charging Limit (kW)
(3]

9600 14400 19200 24000
Scenario

Fig. 7. Power charging limits for all the simulations.
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Fig. 8. Time-varying power charging limits.
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Fig. 9. Set of linear functions for power charging limit at 10:00 a.m.

(5]
.

Power Discharging Limit (kW)
(=}
T

12 ) ) ) A )
20% 40% 60% 80% 100%
Proportional Level of Active Discharging BESS (%)

Fig. 10. Set of linear functions for power discharging limit at 19:00.

For each time step during the high-price intervals (19:00-23:00),
linear functions of export limits are also generated. For illustration,
Fig. 10 shows the set of linear functions of export limits at 19:00. The
functions determine the maximum discharge power of BESS facilities. It
is worth noting almost identical functions of export limits are obtained
for the other hours within the high-price intervals.

5.3. Storage operator: performance assessment

The resulting set of linear functions for charging and discharging at
each hour are utilized in the storage operator decision-making algorithm
(Section IV) considering 100% ToU penetration. The performance of the
algorithm is assessed from both network and customers perspectives.
Here, the focus of storage operator to achieve customers' contractual bill
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Fig. 11. Head of MV feeder loading after introducing storage operator with
time-varying and adaptive power limits.

reduction. For this purpose, the upper limit of CSI is selected as one
(CSI™™=1).

5.3.1. Network's perspective

Fig. 11 shows the head of the feeder loading after introducing the
storage operator. For comparison purposes, the figure also presents the
loading of the feeder in Section IV.A (i.e., no power limits are placed on
BESS control actions). The figure shows the effectiveness of storage
operator in reducing the peak demand of the feeder during the low-price
interval. The peak demand is reduced significantly from 15.9 MW to 7.4
MW. Furthermore, the loadings of all the distribution transformers and
lines as well as customers' voltages are all maintained within their limits.
This shows that it is possible to achieve 100% ToU penetration with
introducing storage operator compared to only 20% ToU penetration

25

(]

Power Charging Limit (kW)
o

T
|
|
t
|
|
|
|
|
|
|
|
|
t
|
|
-

10:00 15:00 20:00

Time (Hour)

2500

2000

1000

No of Active BESS

500

05:00 10:00 15:00
Time (Hour)

(b)

Fig. 12. (a) Power charging limit and (b) Number of active BESS under
charging state after introducing storage operator with time-varying and adap-
tive power limits.
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without utilizing power limits. Although the network constraints are
effectively managed, the benefits from the ToU almost the same and
equals to 12.9 MWh. The decision-making algorithm of the storage
operator allows distributing the required volume of charged energy
throughout the time steps rather than the simultaneous charging of all
the BESS at the same time step. The storage operator supports better
utilization of network capacity by adjusting the charging power limit at
each hour so that each BESS could achieve its desired volume of charged
energy.

Fig. 12 shows the applied charging power limit for each time step in
the day and the corresponding number of active BESS in the charging
state. It can be noticed that the number of active batteries in the
charging state decreases during the interval between 10:00 to 15:00
since 40% of BESS achieve their desired charging needs by 13:00. In
response to the reduction of active BESS, the storage operator keeps
adjusting the power charging limits according to the import power
profiles determined in Section V.B. In particular, the number of active
batteries reduces from 2440 at 10:00 to 600 at 15:00 with associated
power limit increases from 1.0 to 2.2 kW. It is worth noting that
although the number of active BESS reduces between 10:00-12:00, the
power charging limit increases slightly. This is since the variations in the
slope of predefined import profiles are small for proportion level of
active BESS larger than 40%.

5.3.2. Customers' perspective

To assess the performance of storage operator in achieving the cus-
tomers' contractual bill reduction, the CSI metric for each individual
customer is evaluated as per (12). It is found 90% of customers have a
100% CSI while the minimum value of CSI reaches 82% for customers
with large energy consumption needs. This shows the effectiveness of
storage operator to maintain high levels of customers' satisfactions. For
comparison purposes, the performance of storage operator is assessed
against a decentralized control approach that adopts fixed import and
export power limits to manage power exchanges from individual BESS
with the grid. In this approach, the charged and discharge power of BESS
are managed below a conservative fixed limits whose values are pre-
defined as per the approach in [31] to maintain voltage and thermal
constraints of the grid. Therefore, a conservative power limit of 0.8 kW
is adopted. This limit represents the minimum power limit during low-
price intervals (10:00-15:00) at 100% proportion level of active batte-
ries in the charging state (see Fig. 8). The histogram in Fig. 13 illustrates
the distribution of customers across different levels of CSI for both the
fixed power limit and the storage operator with time-varying and

100
I Fixed Power Limit
I /daptive Power Limit
0k .
2 60
S
O 40F 4
=
(=)
i ' l
L—m W N

40-50 50-60 60-70 70-80 80-90

90-100
Customer Satisfaction Index (CSI%)

Fig. 13. Customer Satisfaction Index (CSI) with fixed power limit (red) and
after introducing storage operator with time-varying and adaptive power limits
(blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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adaptive power limits. The figure clearly demonstrates that the storage
operator results in a better performance than the fixed power limits.
Specifically, only 37% of the customers achieve a 100% |CSI with the
fixed power limits. Furthermore, the CSI for 15% of the customers is
relatively low (i.e., below 60%).

5.3.3. Maximizing revenues for storage operator (price Arbitrage)

In the previous Sections, the storage operator manages the opera-
tions of BESS for the benefit of customers to achieve their contractual bill
reductions (i.e., CSI™™=1). Here, the storage operator aims to maximize
the potential revenues by buying and selling energy based on ToU
market prices (i.e., price arbitrage). The volume of energy exports dur-
ing the high-price interval is maximized. For this purpose, the upper
limit of CSI metric is relaxed above unity (i.e., CSI"*=2). It is found that
the total energy transferred from the high-price intervals to the low-
price intervals for the analyzed day is increased from 12.9 MWh to
15.2 MWh (18% increase). For the adopted ToU price, the additional
revenue is about $500 per day. The revenues could be further increased
when the role of storage operator is developed to be an aggregator to
deliver ancillary grid services to the power system operator (e.g., fre-
quency regulation services).

6. Discussions

This Section discusses the implementation aspects and potential
improvements Furthermore, this Section discusses the modifications in
the metering arrangements to be applied in countries with different
regulatory rules.

6.1. Step size of proportion levels of active BESS

The time-varying linear functions of power limits are defined in the
case study considering a 10% step of proportion levels of active BESS (i.
e., 10%, 20%... 100% of the total number of batteries). This assumption
allows adequately capturing the relationships between power limits and
proportion levels of active BESS, therefore effectively managing network
constraints. However, using a small step size of 10% increases the
computation burden since the OPF at the first stage (i.e., planning stage)
is required to be run at each time step for 10 proportion levels. To cater
for the computation burden, it is required to adopt fewer number of
proportions levels. However, the adoption of fewer proportion levels
may affect the effectiveness of managing network constraints. To decide
the best number of proportion levels, the technical impacts on both
distribution networks and customers are assessed considering different
step sizes of proportion levels (10%, 25%, 50% and 100%). For
demonstration purposes, the resulting linear power functions of import
limits at 10:00 are shown in Fig. 14. The figure shows that using a single

100%

25% —— 50%

D

Power Charging Limit (kW)

A '}
20% 40% 60% 80%
Proportional Level of Active Charging BESS (%)

100%

Fig. 14. Linear functions of import limits at 10:00 a.m. considering different
step sizes of proportion levels of active BESS (10%, 25%, 50% and 100%).
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Table 1
Impact assessment of different step sizes of proportion levels of active BESS
(10%, 25%, 50% and 100%).

Linear functions Technical performance

Network's perspective Customer's
perspective
Step size of ~ Number Voltage Transformer Line CSI (above
proportion of linear drops overloads overloads 90%)
levels of functions (Yes/ (Yes/No) (Yes/No)
active BESS No)
100% 1 Yes Yes No 95%
50% 2 Yes Yes No 93%
25% 4 No No No 91%
10% 10 No No No 90%

linear function with a step size of 100% (red line) leads to higher import
limits compared to the adoption of 10 linear functions with 10% step
size (blue line). Although this allows improves the CSI metrics for cus-
tomers, the constraints of distribution networks could be violated. The
figure also clearly shows that the limits found at step sizes of 10% and
25% are almost the same. This indicates that it is possible to adopt the
25% step size of proportion level to reduce the computation burden
while respecting network constraints. For completeness, the impacts of
different step sizes of proportion levels on both distribution networks
and customers are summarized in Table 1. The results show that the
adoption of a single and two linear function to define power limits (i.e.,
step sizes of 100% and 50%) are not adequate and will lead to voltage
drop issues and overloading distribution transformers. In contrast, the
adoption of a step size of 25% allows effectively managing network
constraints, thus reducing the computation time by 60% compared to
using a step size of 10%.

6.2. Behind-the-meter BESS

The existing structure of storage operator is based on creating rev-
enues from the BESS ToU meter assuming that the selling and buying
prices are the same. For regulatory schemes with selling price smaller
than the buying price, adjustments to the structure of storage operator
are required. The BESS could be located behind the original residential
meter with ToU tariff rate (i.e., a single meter arrangement). With the
BESS behind-the-meter, the proposed storage operator's decision-
making algorithm could be utilized with slight modifications to
consider daily power consumption profiles of individual customers. In
contrast, the planning approach to define the time-varying and adaptive
power limits can be directly adopted. It is worth to highlight that the
adoption of a single meter may result in increasing implementation
complexity due to the need to deal with uncertainties in uncontrollable
loads and billing reconciliation particularly when the storage operator is
required in the future to respond to system's price signals to provide grid
services like aggregators.

6.3. Sub-metering arrangement

This work assumes the presence of two separate meters per each
customer. One of them is the BESS ToU meter while the other is the
original residential meter. The adoption of two separate meters per each
customer may require additional LV installations which may not be
technically feasible in some cases. Also, regulatory frameworks may not
support the dual-metering setup. The adoption of a sub-meter with ToU
tariff could be placed behind the main original meter to be directly
controlled by the storage operator. This sub metering arrangement has
been trailed in California [29] to support the integration of residential
EVs with TOU tariffs. From modelling perspective, the decision-making
algorithm proposed in this work could be modified to co-optimize the
power flows transactions between the main and the sub meters to
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maximize the potential revenues for both the customers and storage
operators.

6.4. Residential solar rooftop PV

The structure of the storage operator does not consider the role of
residential solar PV systems. To increase the revenues for storage
operator, solar PV systems could be placed behind the BESS ToU meter
which will in turn reduce the cost of BESS charging. This will also
enhance the potential to deliver larger volume of additional grid ser-
vices, therefore increasing the revenues to the storage operator. Based
on the applied PV incentive scheme (i.e., net-metering), it might be also
feasible from the customers' perspective to install the PV systems behind
the original residential meter. Therefore, further investigations and
analysis are needed to better define the role of residential solar PV
considering the interactions with different regulation and tariff schemes.

7. Conclusions

The employment of Time of Use (ToU) tariffs supports grid balancing
with the evolution of solar photovoltaic systems. By assigning the low-
price intervals in the ToU tariffs to the middle of the day, residential
customers are incentivized to adopt Battery Energy Storage System
(BESS) to increase the energy transferred towards the system's minimum
demand. To enable the wide-scale adoption of BESS facilities, it is
important to ensure that the constraints of distribution networks are
effectively managed. Existing network management schemes are typi-
cally led by Distribution Network Operators (DNOs) by placing conser-
vative power limits at customers' energy meters. The depart towards
centralized management it is important to better utilize the capacity of
distributionnetworks through the adaptive adjustments of power limits
according to network operating conditions and BESS operation states.
Centralized schemes allow utilizing higher import limits when propor-
tion of BESS facilities remains in idling state after achieving their energy
charging requirements. Taking into account that energy suppliers are
not allowed to directly interact with BESS due to existing unbundling
regulatory rules, it is essential to introduce an independent storage
operator to coordinate the control actions of BESS facilities.

This work aims to develop a decision-making algorithm that allows
storage operator to manage the operations of residential BESS facilities
under ToU tariff to maximize the benefits for residential customers while
respecting the constraints of distribution networks. Taking into the ac-
count that the storage operator does not have in practice full access to
the topology and real-time measurements of distribution networks, the
algorithm embeds the constraints of distribution networks in the forms
of mathematical linear functions that define the maximum power ex-
changes from individual batteries in terms of the proportion levels of
active BESS (charging/discharging). The functions are produced offline
by developing a stochastic three-phase AC Optimal Power Flow (OPF)
that caters for uncertainties in BESS locations and network demand. The
resulting time-varying adaptive limits are then processed to be adequate
for delivery to the storage operator in terms of a set of linear functions.
The coordinated decision-making algorithm is formulated as a Mixed
Integer Linear Programming (MILP) to optimally select the applied
power limit at each time step to maximize the percentage of customers
who can achieve their desired energy bill reduction. The algorithm is
demonstrated using a real integrated Medium Voltage (MV) and Low
Voltage (LV) network from the southern region of Jordan, serving 2440
residential customers.

The results show that leaving BESS facilities without any form of
coordination affects diversity in load resulting in a new network peak
demand at the low-price interval. Particularly, voltage drop issues and
transformer overloading have been identified when the coverage of ToU
tariff exceeds 20% among residential customers. In contrast, the utili-
zation of time-varying adaptive power limits allows both managing the
network constraints effectively and support most of residential
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customers achieving their desired bill reductions under the ToU tariff. In
particular, the storage operator supports distributing the required vol-
ume of charged energy throughout the time steps in the low-price in-
terval. The results also demonstrate the ability of storage operator to
create additional revenue stream through increasing the volume of
charged energy during the low-price interval to be exported back to the
grid at the high-price interval (i.e., price arbitrage). For comparison
purposes, the performance of the algorithm is also assessed against the
adoption of fixed power limits to manage power exchanges from indi-
vidual BESS. The results show that both approaches manage network
constraints effectively. However, the time-varying adaptive power limits
effectively utilize the capacity of distribution networks to support larger
percentage of residential customers to achieve their desired energy bill
reductions compared to the adoption of fixed power limits.

This work could be further extended to consider future role of storage
operator to serve as aggregators to deliver ancillary grid services to the
power system operator. To do so, the algorithm has to be developed to
respond to both grid price signal as well as to the ToU tariff to co-
optimize the operation of BESS facilities along with other future resi-
dential controllable elements. The time-varying and adaptive power
limits proposed in this paper has to be integrated in future algorithms to
effectively manage network constraints when the functions of storage
operator are extended to provide grid services.
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