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Abstract—This paper presents Energy Storage-based Packe-
tized Delivery of Electricity (ES-PDE) that is radically different
from the operation of today’s grid. Using ES-PDE, the loads are
powered by the energy storage systems (ESS) the majority of the
time and only receive packets of electricity periodically to charge
the ESSs. Therefore, the grid operators can schedule the delivery
of electricity packets to utilize the existing grid infrastructure.
Since the customers are powered by the co-located ESSs they
are not impacted by the grid operation in short term. Therefore,
when grid outages occur, the customers still have power for some
time, giving the grid more time to be fully restored.

Index Terms—Energy storage, packetized energy.

I. INTRODUCTION

In today’s power grid, electricity demand must be matched
instantaneously by electricity generation due to the lack of
storage capacity. To ensure grid reliability, the generation,
transmission and distribution systems must have sufficient
capacity to meet the peak demand. In the future, as the
number of electric vehicles (EV) increases, the peak demand
is anticipated to increase sharply since EV charging tends
to coincidentally occur in the evening when drivers arrive
home from work. That will require tremendous investment to
upgrade grid infrastructure just to meet the peak demand. Fur-
thermore, as more and more renewable energy (RE) resources
are integrated into the grid, the variability and uncertainty
from those resources will create many technical challenges
in maintaining grid reliability and stability. Therefore, to help
mitigate these problems, the peak demand, the variability and
uncertainty from RE must be effectively managed.

Among the recent technologies, energy storage has shown to
be one of the most effective solutions for the above problems
as it can provide the needed flexibility to both the grid
operators and the customers. In the literature, many studies
have investigated the use of energy storage systems (ESS) for
different applications and services. These studies often access
the technical and economic benefits of ESSs for multiple
services in electricity markets [1-3], for Transmission and
Distribution (T&D) upgrade deferral and congestion relief
[4, 5] and for behind-the-customer-meter applications [6—8].
Many papers also study the optimal control of ESSs for the
above applications. An optimal control for frequency regu-
lation using behind-the-meter battery energy storage systems
(BESS) is proposed in [9]. Model predictive control (MPC) for
the management of building demand with BESS and heating
ventilation air conditioning (HVAC) is used in [10]. An opti-
mal BESS control is proposed in [11] for mitigating solar PV

variability while reducing transformer losses. An optimization
framework is proposed in [12] to maximize the benefit of ESSs
for utilizing the existing fossil-fueled generation fleet.

Beside energy storage, many other technologies and so-
lutions are also developed to help manage the highly de-
centralized, distributed and transactive grid in the future,
among which Packetized Energy (or Energy-as-packet, Energy
Internet) introduces a completely different way in balancing
electricity supply and demand [13]. In a packetized-energy
system, energy is delivered to consumers as packets during
certain times [14, 15]. In the literature, packetized energy
has been studied extensively. Most recent studies focus on
the energy management and control of the packetized energy
systems. For example, [16] presents a plug-and-play energy
internet where energy packets are routed using energy routers
(similar to internet modems). In [17], an energy-router-based
architecture is proposed using a continuous-time Markov chain
that models and monitors system behaviors.

Nevertheless, most of the above works do not investigate
the use of energy storage in packetized networks. Only in [18]
is store-then-consume mechanism for local packetized power
networks proposed. While this approach aims to reduce the
aggregated load fluctuation in the distribution system, it does
not consider distributed RE systems that can be significant in
the future grid. Therefore, in this paper we propose Energy
Storage-based Packetized Delivery of Electricity (ES-PDE)
that is radically different from the previous packetized energy
frameworks by using distributed ESSs to decouple electricity
generation and demand while considering the high penetration
of RE in the distribution system. Specifically, under ES-PDE,
the loads are powered by the ESS the majority of the time and
only receive packets of electricity periodically to charge the
ESSs. In essence, ES-PDE decouples electricity generation and
consumption using distributed ESSs, which will allow both
generation and consumption to follow their own schedules that
maximize their benefits. Using ES-PDE, the grid operators can
schedule the delivery of electricity packets to the customers’
ESSs in a manner that fully utilizes the existing grid infras-
tructure thereby minimizing the system operating cost and
neglecting or deferring the need for infrastructure upgrade.
On the other side, the customers are powered by the co-
located ESSs and not being impacted by the grid operation in
short term. Therefore, when grid outages occur, the customers
can be self-powered for some period of time, giving the grid
more time to be fully restored. This advantage is particularly
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helpful during natural disasters or physical- and cyber-attacks
when the utility grid restoration might be delayed due to some
critical damages.

II. ELECTRICITY PACKET DELIVERY SCHEME

In this work, specified are the electricity packet delivery

schemes that are based on the following principles:

o The customers’ hourly load profiles are forecasted by the
system operators ahead of time (e.g., day ahead).

o The operators then specify the size of each packet to
be delivered to the customers’ ESSs at each hour in
the next day. This schedule is based on an optimization
to minimize an objective function under the system’s
constraints. For example, the objective can be minimizing
the daily peak of a load or a load aggregation.

o At each hour in operation, the size of the electricity
packet to be delivered to a customer will be adjusted
by the difference between the customer’s actual and
forecasted consumption in the previous hour.

Predict the Specify packets Adjust and
loads and schedule deliver packets

Fig. 1. ES-PDE Workflow

Two packet delivery schemes are proposed that include
a one-battery delivery scheme and a two-battery delivery
scheme, as described below.

A. One-battery delivery scheme

Under this packetized delivery scheme, each customer’s
power system must be equipped with one ESS and inverter
(see Fig. 2). For the continuous operation of the customer’s
loads the power rating of the inverter must be high enough to
cover the peak load and power losses. This delivery scheme
allows the loads to be powered by ESSs most of the time and
only receive packets of electricity periodically to charge the
ESS:s.
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Fig. 2. One-battery configuration
The operation modes of the customer’s ESS are defined as
follows:

o Grid-connected mode (S1 and S2 are closed): occurs
when the inverter is connected to the utility grid to receive

energy packets. In this operation mode, the grid energy
and on-site distributed generation (optional) are used to
power the load and charge the ESSs.

o Stand-alone mode (S1 is open and S2 is closed): occurs
when the inverter is disconnected to the utility grid. In
this operation mode, the customer’s loads are powered by
the ESS and the on-site distributed generation.

This delivery scheme allows the loads to be powered by
ESSs most of the time and only receive packets of electricity
periodically to charge the ESSs.

B. Two-battery delivery scheme

Under this packetized delivery scheme, each load or load
cluster is coupled with two ESSs that are alternatively switch-
ing between the load and the grid (see Fig. 3). At any time,
one of the associated ESS discharges to power the load while
the other ESS charges to receive the electricity packet from
the grid. The ESSs at different loads and load clusters will be
coordinated in a centralized manner by the grid operators to
meet specific objectives or requirements. The operation modes
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Fig. 3. Two-battery configuration
of the customer’s ESS are defined as follows:

o Normal mode (S1, S2 are alternatively open and closed):
occurs one of the battery charges from the grid and on-
site generation while the other battery discharges to power
the load.

o Emergency mode (S1 is closed and S2 is closed): occurs
when long outages occur on the grid. In this mode, the
batteries discharge the entire time to power the load.

This delivery scheme can fully decouple the loads and the
grid by using a two-storage configuration. Therefore, the
grid operators can observe the uncertainties in load before
making changes in the packet delivery schedule. Similarly,
grid outages cannot be seen immediately by the load thereby
improving grid resilience significantly.

III. OPTIMIZATION PROBLEM FORMULATION

In this section, we formulate the optimization problems to
optimally schedule the energy packets considering all storage
and configuration constraints. The objectives of these problems
are to minimize the peak load of a given feeder (i.e., flatten out
the feeder’s load profile). The physical limits of the devices



TABLE I
NOMENCLATURE

Constants Description Unit
Time step duration hour

h Time step index -

i Node index -

x ESS index € {1,2} -

H Time horizon -
i Energy capacity of ESS-x at ¢ kWh
P ESS’s power rating of ESS-x at ¢ kW

s ESS’s self-discharge efficiency € [0, 1] -

Ne ESS’s round-trip efficiency € [0, 1] -
P]i’h Load forecast at i during h kW
Ppi\;h PV forecast at ¢ during h kW
Variables Description Unit
Prax Peak load of the feeder over time horizon H kW
Pg h Grid power at ¢ during h kW
Pci h.@ Charge power of ESS-x at ¢ during h kW
Pdi h@ Discharge power of ESS-x at ¢ during h kW

ai’h’z Binary charge status of ESS-x at ¢ during h -

aé’h’z Binary discharge status of ESS-x at ¢ during A -
Si-how The state of energy of ESS-x at ¢ during h kWh

and the characteristics of the configurations are described
in the constraints. The results of these optimizations will
provide a deterministic schedule for energy packet delivery
since perfect foresight of the load and PV data are used.
Specifically, followings are the formulations of the opti-
mization problems. Nomenclature is given in Table L.

A. Formulation for one-battery configuration

s e o i,h
minimize: Py = m}?x {Z Pg } €))]

with the followings constraints:
« State of energy (SOE) constraints:

Shh = g §hh=1 4 (nCPth - Pj’h) , )
0< 8 <5, 3)
Si,O _ Si’H. (4)

These constraints calculate and make sure the SOEs of
ESSs are in within their energy capacity limits and the
initial SOE is equal to the final SOE.

o Power balance constraint:

Pyt — P 4 PRt 4 PR > Pt ©)
o Charge and discharge constraints:
0< P < ol P, ©)
0< P <af"P, ™
ablh bt <1 (8)

Constraints (6) and (7) describe the power limit of the
ESS at node 7. Constraint (8) makes sure the ESS at node
¢ do not simultaneously charge and discharge during time
step h.

o Linearization constraint:

Y P < Puw, Vh. ©)
Since Py.x = m}?x{z Pgi"h} is nonlinear, it is lin-
earized by constraint (9)1.

B. Formulation for two-battery configuration

The objective function is also given in (1). The constraints
are as follows:

« State of energy constraints:

Si,h,w _ nssi,h—l,x 4T (nCPCi,h,a; _ Pj,h,aj) , (10)

0 < §bhe < gie (11)
Si,O,x _ SLH’X. (12)
« Power balance constraints:
> {mtr)=Rt (13)
ze{1,2}
S APty < P+ PR (14)
z€e{1,2}

In the two-battery configuration, the load and the grid
are fully decoupled using ESSs. Therefore, power must
be balanced on both the load side and the grid side.

o Charge and discharge constraints:

0 < Pihe < giha P (15)
0< PPl < oLt (16)
almt = af™?, (17)
ozf]’h’l = aé’h’z, (18)
alhm 4 aght <1, (19)

where constraint (17), (18) and (19) make sure the two
ESSs at node i alternatively charge from the grid and
discharge to the load during time step h.

« Linearization constraint: is also given in (9).

IV. CASE STUDIES

In this example, a hypothetical utility feeder is considered
(see Fig. 4) that powers one large hotel, one primary school,
one large office building, 20 large houses, 20 medium houses
and 20 small houses. The load consumptions are taken from
OpenEIl database [19] that includes simulated load data for
Albuquerque, New Mexico. Since the residential loads are
relative small, they are clustered together in three groups
including large house load, medium house load and small
house load. For ES-PDE to work, batteries are associated with
each load or load cluster. The size of the batteries are selected
so that they can power the associated loads the whole day. In



this example, we assume the operator wants to minimize the
peak load of the feeder. The load profiles in a day are given
in Fig. 5.

A Large Distribution Feeder in New Mexico
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Fig. 4. A Large Feeder in New Mexico
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Fig. 5. Load profile

A. One-battery delivery scheme results

Using one-battery delivery scheme, the operators can sched-
ule the delivery of energy packets to the customers’ ESSs to
achieve their objective (e.g., minimize the peak load of the
feeder as we assume in this case study). As a result of the
operators’ optimization problem, energy packets are specified
in Fig. 6. As one can see from the schedule, different electricity

Packetized Delivery Schedule
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Fig. 6. One-battery Scheme: Packet Delivery Schedule

packets can be scheduled at different time in order to minimize
the total peak load of the feeder. While the packets for each
customer are discrete, the total load seen from the feeder is
continuous and specified by the sum of all energy packets.
Given the load profiles and the packet delivery schedule,
the normalized SOE (i.e., the state of charge (SOC)) of the

customers’ ESSs are specified in Fig. 7. It is shown that at any
time during this scenario the SOCs are always above 20%.
That means in the worst-case scenario when a grid outage
occurs between 21:00 and 23:00, all of the ESSs would be able
to maintain their full loads for more than 4.8 hours (or 20 % of
24 hours). This demonstrates the grid resilience enhancement
of ES-PDE.
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Fig. 7. One-battery Scheme: ESSs’ State of charge

B. Two-battery delivery scheme results

In contrast to the one-battery delivery scheme, the two-
battery delivery scheme allows much more flexibility in
scheduling the packet delivery to the customers. The two
batteries can alternatively charge and discharge making the
load profile look flat to the grid while maintaining the real
load. As a result of the operator’s optimization problem,
energy packets are shown in Fig. 8. We also see that the total
SOE of the two batteries at any site is high at any time. For
example, the total SOE of the batteries at the primary school
is always above 1400 kWh which is enough to power the load
for 12 hours if outages occur.

Electricity Packet Schedule
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Fig. 8. Two-battery Scheme: Packet Delivery Schedule

V. CONCLUSIONS

In this paper, the packetized energy concept has been
realized using ESSs. Two configurations including one-battery
and two-battery configurations are proposed for the delivery of
energy packets to the customers. While the one-battery config-
uration is easier and more economical for realization, the two-
battery configuration can fully decouple the load and the utility
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Fig. 9. Two-battery Scheme: ESSs’ State of energy

grid by adding another battery. As seen in the case studies, the
main advantage of this decoupling is that the grid operators can
schedule the delivery of electricity packets to the customers’
ESSs in a manner that fully utilizes the existing grid and at
the same time the customers are not affected by the short-
term outages since they are being powered by their co-located
ESSs. Future work in this topic will include uncertainty in the
optimization problems to describe the stochastic characteristics
of both the load and the renewable generations.
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