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In this paper, a new scheduling model is proposed for the daily operation of a truck-mounted Mobile Battery
Energy Storage Systems (MBES) fleet employed in a distribution network. The distribution network is installed
with various wind and PV distributed resources wherein a portion of the renewable-based generation capacity is
curtailed due to various technical reasons. The MBES fleet scheduling model aims at minimizing curtailed
renewable energy by absorbing and releasing excess energy when and where needed. Accordingly, the variable
spatial and temporal renewable generation curtailment is recovered by optimal spatio-temporal and power-
energy scheduling of the MBES fleet. The required transportation time for the MBES unit transportation
comprising detachment, movement, and attachment is considered efficiently. Besides, a detailed breakdown of
the MBES transportation cost is presented and modelled via a new formulation. The proposed MBES fleet
operation model can be easily integrated into the available commercial distribution optimal power flow pack-
ages. Considering linearity, the model can handle very large-scale real-life networks without convergence
problems by achieving global optima. The model is numerically tested, and simulation results demonstrate its
effectiveness for recovering a considerable share of the curtailed renewable energy irrespective of the resources

type, generation time period, or installation location.

1. Introduction

Today, employing renewable energy resources has proven to be a
sustainable solution to overcome fossil fuels’ problems. The exhaust-
ibility, environmental pollutions, high prices, and low energy security
with these new resources are no longer insurmountable energy industry
challenges [1,2]. The renewable energy industry has grown exponen-
tially over the past decades, increasing its share in the energy portfolio.
It has even progressed to the point where the system planners have
triggered an energy system with 100% renewable resources [3].

However, with the steady growth of renewable energy penetration, a
new challenge has emerged. Today, this field’s problem, especially for
regions with high renewable shares, is not the production capacity but
the impossibility of consuming all the energy produced [4]. In other
words, currently, a portion of the renewable generation capacity is
forcibly cut off for various reasons despite access to extra free and clean
generation ability [5]. This problem is especially the case in distribution
networks, which have higher percentages of renewable sources and
stringent technical constraints. Accordingly, in some time periods,
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especially during the peak periods of renewable production, despite load
demand, part of the produced renewable energy is inevitably cut, and
the rest of the load is supplied from the utility grid (upstream substation)
[6]. This forced reduction in the amount of renewable production,
namely curtailment, in turn, increases the daily operating costs (energy
purchase cost) and substations and feeders loading, reduces the network
capacity to cope with higher demand growth, and most importantly,
increases air pollution due to the carbon footprint of grid electricity [7].
The renewable energy curtailment may occur because of an
over-generation condition due to demand and/or renewable potential
forecasting errors. The market and contracts mechanism and limitations
are other causes of renewable energy curtailment. The technical limi-
tation in absorbing and distributing generated energy is the main reason
for renewable curtailment in distribution networks. These limitations
appear mainly as bus overvoltage and/or feeder overload at time periods
with abundant renewable generation [8].

There are two leading solutions to recover curtailed renewable en-
ergy. The first one is to convert excess energy into other materials. The
converted material may be used in other industries, stored for later use,
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Fig. 1. Application of mobile battery for renewable curtailment mitigation.

or converted back into electrical energy [9]. These methods are known
as power-to-x solutions, and the most important of them are
power-to-gas (hydrogen) and power-to-liquid (ammonia) [10,11]. The
other solution is to store an amount of curtailed renewable energy to be
used later when needed [12]. Currently, the renewable energy is stored
mainly using stationary electrochemical battery energy storage systems
[13,14]. The stationary batteries used for this purpose can also be
deployed for other applications at the end of the life of the batteries [15].
The problem with this solution is the temporal-spatial variation of cur-
tailed renewable energy. Due to the battery’s fixed location, it is not
possible to absorb and store a high percentage of curtailed renewable
energy. This problem is a result of flowing charging power between the
battery and renewable plant installation location. In other words, the
two main problems of bus overvoltage and feeder overload also remain.
Accordingly, the stationary battery can only reduce renewable curtail-
ment due to over-generation, relatively rare in the distribution net-
works. The solution to this problem is to absorb the excess renewable
energy at its production and time. In other words, the storage device
must be capable of variable temporal and spatial utilization. This feature
can be achieved by moving stationary batteries [16].

A Mobile Battery Energy Storage (MBES) system is a set of storage
cells and required power electronic converter compacted and contain-
erized to be movable. The whole battery system can be transported by
train or truck. The truck-mounted battery containers are the most pop-
ular system in the distribution networks because of higher flexibility in
transportation medium and parking location, resulting in more network
candidates for connection [17]. Application of the truck-mounted MBES
for enhancing distribution network resiliency at emergency and disaster
event has evaluated previously in [18-21]. The optimal sitting of a
stationary battery system [22] will be converted to the spatio-temporal
location optimization for the mobile counterpart owning to the
dynamical changes in the battery location. This is one of the most
important differences between stationary and mobile battery systems.
Network reconfiguration has been always one of the effective solutions
to the distribution network operation challenges [23]. The mobile bat-
tery can act as a virtual reconfiguration scheme in the distribution
networks with low reconfiguration opportunities. However, the mobile
battery application to recover renewable energy curtailment in distri-
bution networks is not addressed technically yet. Some other solutions
to the renewable energy curtailment have been proposed and developed
especially for the transmission networks, namely Dynamic Thermal
Rating (DTR) [24,25]. Considering the spatial and temporal variation of
the produce renewable energy, the MBES can efficiently recover cur-
tailed energy if scheduled optimally. This application is aimed at this

paper by proposing a novel operation schedule model for a fleet of MBES
units. The MBESs are employed in a distribution network with multiple
renewable distributed resources in the form of wind turbines and PV
panels.

The proposed operation model aims to recover the curtailed
renewable energy as much as possible by defining the optimal spatio-
temporal and power-energy schedule of each MBES unit. To do this,
novel formulations have been proposed for modelling and considering
transportation time, including detachment, movement, and attachment
of the MBES to the network buses. Besides, a detailed breakdown and
new modelling of MBES transportation cost are presented. The presented
model is linear in objective function and constraints and can be easily
used for real-life, very large-scale systems without convergence and
optimality problems. The scheduling’s ultimate goal is to recover cur-
tailed energy from PV and wind resources as much as possible, having
the lowest daily operation cost. Concisely, the novelty of this paper can
be listed as:

- Proposing a new operation schedule model for an MBES fleet
considering the required time for transportation and detailed anal-
ysis and modelling of transportation cost.

- Proposing a linear model capable of handling very large-scale real-
life networks.

- Minimizing renewable energy curtailment irrespective of the re-
sources type, generation time period, or installation location.

The paper excluding this introductory part is organized as follows.
The concept and application of the MBES to recover curtailed renewable
energy and governing rules are described in Section 3. The proposed
mathematical model for MBES fleet operation is the context of a distri-
bution network is outlined in Section 4. The numerical test of the model,
along with the inputs and parameters, are shown in Section 5. Sections 6
and 7 presents simulation results for the conventional network without
MBES fleet and employing them and the comparisons and discussions.
Finally, Section 8 offers concluding remarks of the paper.

2. Application of mobile battery for curtailment recovery

Fig. 1 depicts a generic bus of a distribution network installed with
renewable energy resources. The Pg shows the total power produced by
these resources at a typical time period. At least three factors influence
the acceptance level of this value by the network. The first one is the
power balance in the network. Summation over all generated power and
consumed power has to be the same at any time period. Thus, the grid
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Fig. 2. General rules of MBES transportation and connection.

will be able to absorb renewable energy from all distributed generation
resources up to its maximum load. The extra amount will be forcibly cut
because it will not be transferable to the next hours. The second limi-
tation in accepting the generated power is the allowable amplitude of
the bus overvoltage. Increasing the amount of power injected by
renewable sources in the bus will only be possible by increasing the bus
voltage. This increase to the standard level (usually 5%) is acceptable.
Injection of the generated power causes the voltage to rise more than
this amount will be cut off. The third limitation is the ability of the lines
connected to the bus to transmit the generated power. A portion of the
power generated by renewable sources will be consumed locally by the
bus demand. The excess amount will be sent to the network through the
bus lines to be used in other buses. The amount of this transmitted power
depends on the capacity of the lines. In other words, as much as the
capacity of the lines connected to the bus, regardless of the bus voltage
limit and power balance, there will be the opportunity to transfer and
benefit from the produced renewable energy.

Previous records and history of renewable energy utilization in
highly penetrated distribution networks have demonstrated that a per-
centage of the produced energy is cut off for one or more of the above
reasons. This has mainly occurred when renewable energy production is
high, or the network load is low. As mentioned above, the curtailment
because of power balance can be recovered by a time shift in a produced
energy employing a stationary battery energy storage. However, bus
overvoltage and feeder overload problem persists. The solution for the
renewable curtailment problem is to shift excess produced energy both
spatially and temporally, as illustrated in Fig. 1. In this case, the cut off
energy is stored and shifted spatially and temporally to be used at
another time and location. This spatio-temporal shift can be performed
by using a Mobile Battery Energy Storage System (MBES). The MBES is a
complete battery system with storage cells, and power converters
containerized and mounted a truck [24]. The battery container is
permanently mounted on the truck. In other words, it cannot be de-
tached for charging or discharging. This means that movement of the
truck without the battery is not possible. The MBES can connect to the
network buses for charging, transported to another bus location, and
discharge the stored energy. In this way, the unusable produced
renewable energy at bus n and time period k is shifted to bus nn and time
period kk. Charging, transportation, and discharging of energy is con-
strained by some technical and economic factors. In the charging state,
the MBES has to be connected to one of the network buses. Besides,

neither it can power rating of its power converter nor the energy ca-
pacity of the storage cells. Similarly, in the discharging state, the MBES
has to be attached to one of the network buses and observe power rating
and the charge’s available state.

There are some different rules for the transportation state. Trans-
porting the MBES between network buses necessitate disconnection
from the previous bus, movement to the new location, and finally,
connection to the new bus. Performing these actions demand spending a
specific time for any specific transportation between network buses.
Besides, functioning the MBES imposes some operation costs. The first
cost is related to the truck driver, which is a fixed value. The second one
is the cost paid for the fuel burnt over transportations. These two cost
terms constitute the driving cost of the MBES. Attachment and detach-
ment of the MBES to the grid needs an expert electrical technician. This
person has to be contracted based on an options fee and exercise fee
paradigm. In this way, the electrical technician receives a fixed daily
option fee regardless of the MBES connections and disconnection. Be-
sides, an exercise fee has to be paid for any connection or disconnection
of the MBES, which has a predefined daily schedule. These rules and
limitation must be mathematically modelled to schedule the MBES
optimally. The mathematical formulation for an MBES fleet’s optimal
operation is proposed in the following regarding the situations
mentioned above.

3. Mathematical formulation of the proposed model

As discussed earlier, transporting each MBES unit in the network
enforces specific situations that have to be met. The MBES trans-
portation governing rules are mathematically formulated one-by-one in
the following. Before introducing the proposed optimal MBES, the fleet
operation model for renewable curtailment recovery involving sets must
be defined. The mathematical model’s ultimate goal is to schedule a set
of m MBES units in an electric power distribution network with n (or
equivalently nn) buses over k (or equivalently kk) time periods of daily
operation horizon. Fig. 2 tabulates the general rules of transporting an
MBES unit amongst network buses. Accordingly, a two-dimensional
binary variable is used to indicate spatio-temporal status of each
MBES unit in the network. This variable, Bffn‘n_k), denotes the connection
of MBES unit m to bus n of the network at time slice k. Obviously, each
MBES unit can only connect to one of the network buses at any time
slice, formulated in (1). Besides, considering the periodical operation
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Fig. 3. Internal structure of the MCS battery.

paradigm of the distribution, each MBES unit has to be relocated to its
initial location before ending the day. This limitation is modelled by (2)

where B{,, , presents the initial spatio-temporal status
ZB‘,”M)gl Y m, k €h)
Bl win) = Bl ¥ mkk =K @

As illustrated by Fig. 2, transporting each MBES unit between
network buses necessitates elapsing at a specific time. This time is itself
composed of previous bus connection detachment, movement time, and
new bus attachment. This Transportation Time (TT) is a constant and
predefined value for each movement between network buses, shown by
TT (- This time indicates that the MBES cannot connect to a new bus
after disconnecting from the previous one unless disconnected from the
network as long as the transmission time between these two. For
instance, it supposed that the transportation time between buses 2 and 5
is equal to 2 h in Fig. 3.

This limitation is modelled by (3) and (4). In (3), the value of the
spatio-temporal status variable for two non-identical busses cannot be
equal to one if the time interval between them is less than the required
transportation time. In other words, the time interval between con-
necting two non-identical buses must be at least equal to the trans-
portation time between them. In (4), the spatio-temporal stats variable is
forced to connect to the network after elapsing the required trans-
portation time. It should be noted that there may be some idle (not
connected and not transported) statuses for the MBES if (2) is ignored. In
Other words, observing (2) ensures that the value of the spatio-temporal
binary variable will be equal to zero as long as the transportation time
and not any more.

B(mnk +annkﬁ < 1 vmznvnnrkrn 7£ nn, kk = {k+17,k+TT(nrm)}
3
KT g +1
[Biltn,nn.kk)] > B(mnl\) v m, n,nn, k (4)
kk=k+1

As discussed earlier, transporting and operating each MBES unit in
the network imposes specific costs. These costs can be broadly catego-
rized into electrical technician cost and driver (and fuel) cost. Attach-
ment and detachment of the MBES in the network are technical and
necessitate a learned person’s presence. It should be noted that this
human resource is needed only when the MBES is disconnected or
connected to the network. In other words, there is no need for the
electrical technician when the MBES is static at any network bus or on
the road for transportation. As a result, the electrical technician cost can
be divided into two parts. The first part is a constant and daily option fee
paid regardless of the number of MBES connections and disconnections.
The second part is an exercise fee that will be paid based on the number
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of connections and disconnections. Accordingly, the connections and
disconnection of each MBES unit have to be detected. Inequalities (5)
and (6) define situations wherein each MBES changes its connection
status. In (5), B{, ,;, denotes the establishment of a new bus connection

regarding present and previous status. Similarly, BD"‘mk in (6) implies

the establishment of a new bus disconnection regarding present and
later status.,

C
B(r;)n k) = Bifn,mk) - Bitm.n,k—l) vm’ n, k 2 2 (5)
Bl()r:lnk) 2 B:mnk) Bi:ﬂ,/l,]\+l) vm7n7k < 23 (6)

After defining binary variables indicating connection and discon-
nection of each MBES unit, the total daily technician cost can be
calculated using (7). In this equation, C(C"f), C%, and CE denote, in turn,
total daily technician cost, technician fixed option fee, and technician
exercise fee for each connection or disconnection. The transportation
cost can be considered the sum of the truck driver cost and fuel cost. The
driver cost is a predefined and fixed daily value independent of the
number of transportations. On the contrary, the fuel cost is imposed only
when the MBES moves between network buses. The transportation sit-
uation can be detected by observing the time periods when the MBES is
not connected to the network. In other words, the zero value of spatio-
temporal status variable indicates MBEs transportation and fuel con-
sumption. As a result, the inverse of the status binary variables is used to
calculate MBES fuel cost and then total driving cost (8). The CF, Cif
and Ci% denote total transportation cost of each MBES, fixed daily driver
cost, and fuel cost for each driving hour, respectively. The total daily
cost of MBES operation can be calculated by summing up (7) and (8).

Sl =%+ ciy (B(Cn’f,() + Bg’"{k)) Vm )
(n.k)
chy =i+ cin> (1-BY,) vm ©)

(nk)

The stored energy in the MBES at any time period (J(M,,fk)) has a cu-
mulative nature and depends on the previous periods other than the
current one. The present energy exchange, the difference between net
charged and discharged volumes, and the previously stored volume
constitute current stored energy, as formulated in (9). In this equation,
PRk and PR, are hourly charging and discharging powers while {,
and {) stand for corresponding efficiencies. The relation of the stored
energy concermng the nominal energy capacity of the MBES (E?:’,ﬁ) has to
be within permissible State of Charge (SoC) bounds (SoCE, and SoCh2
which is modelled by (10). Like the spatio-temporal status, stored en-
ergy in each MBES has to be equal to the initial value after ending the
day, denoted by (11).

PRD
(m,n k)
Tty = Tomicr) *prmc.n.m”% - n Vm,k C)
SoCME < (J":fk / Effj) < SoCME (10
Ty =d0 Ym k=K an

Fig. 3 depicts various part of the whole battery system within the
container, including storage cells, power converter(s), and transformer
(if needed). As in the figure, there are three limitations on the active and
reactive power of the MBES regarding both charging and discharging
statuses. The first one is that the MBES can only be charged or dis-
charged at any time period. The second one is that power flowing
through it has to be lower than its nominal power [26]. The third one is
that the MBES can interact with the network by charging or discharging
if connected to a bus. These constraints are modelled for active power
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charging and discharging in (12) to (14). Two auxiliary binary variables
are used for modelling active power charging ( mn 1) and discharging
(xb (mnk) ) status. The inequalities (15) to (17) establish the same limita-
tions on the MBES’s inductive (Qm’"

(mnj) and capacitive reactive power

Yo

(mnk denote

(Qmmnk) Similarly, the binary variables Y’;‘nnk and
inductive and capacitive reactive power contribution of the MBES,
respectively. Also, the S{‘:{f‘) denotes power rating for each MBES unit of
the network. Beside scalar values of the active and reactive power, the
vector of the MBES’ apparent power has to be lower than its power
rating. This limitation is formulated in (18), where it is handled by
piece-wise linearization to keep the total formulation linear [27].

X(mnk +ank)7 gy Y1k 12)
Pm(crs,n,l\) < Xcmhnk [(‘;Int; Vm,n, k 13)
me’mn,‘ Xﬁ’mk S’(‘zg Vm,n,k (14)
Y(I:Ln.n,k) + Y(Cr:in.k) hS mnk Vm,n, k (15)
ngﬁl.nx < Y’:;nk S(m) Vm,n, k (16)
Oy < Ytsy Sty sk a7

_ 2 2
(Pm mn.k) + Pm (m,n.k ) + (Qm(cr::nk) + ngﬁ::—:k)) < (S?frg) Vm, n, k (18)

The cost of the up-stream substation’s energy has an incremental
nature and increase with the output power growth. Conventionally, a
stair-wise function is used to model the substation energy cost function.
In this method, the substation’s cost of purchasing power is divided into
a certain number of price steps, denoted by set g. The amount of power
supplied by each step is variable (P(S,fg)) and limited by the step size
(APSS), as shown by (19). The cost of purchasing power will be calcu-
lated with the next step’s price by completing each step’s power limit.
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is equal to the power purchased on all steps, modelled by (21).

Py SAPY Vgk a9)

CH = IgPhy Yk (20)
8

(2D

Pojy =D Pieg Yk
g

According to the power balance rule, the total active power gener-
ated must be equal to the total active power consumption per hour of
operation and each network bus. Equalities (22) and (23) present a
balance of the active power for the network buses at any time period.
The equalities (22) establishes the power balance for the first bus, or
equivalently substation bus, of the network. The substation output
power is the only real power generator at this bus. The discharging
power of the MBES units connected to this bus is treated as a fictitious
generator. The summation over discharged power of the MBES units and
the substation output power constitute the bus’s total injected power.
On the contrary, power charging of all MBES units connected to the bus,
local bus active power demand (Pd’f,f,k)), and summation over active
power flows (Pf (nnnj)) leaving the bus are bus power consumptions.
There is no substation output power in other network buses, but instead,
there may be renewable distributed generation resources. The active
power balance for these buses is formulated in (23) where ng‘r‘fn_k) de-
notes maximum power produced by renewable resource r connected to
the bus. Besides, Pcf?,
compulsorily. This variable has to be positive and lower than the total
renewable power produced in the bus, denoted by (24). The problem
aims to maximize renewable power penetration by minimizing these
variables’ total daily amount, namely imposed curtailment. Similar to
the active power, the reactive power balance is established for substat-
ion bus and other network buses in (25) and (26). In these equations,
Qofp, Qd%,,, Qff%,, . denote reactive power output of the substation, bus

local reactive demand, and reactive power low of the lines connected to

¥ presents amount of renewable power curtailed

Accordingly, the cost of the total power purchased per hour (C%) is the bus.
equal to the sum of the product of step price (1)) in power supplied in
that step, as in (20). Similarly, the total power imported per hour (Po(slf))
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Fig. 4. IEEE 33-bus test system with renewable resources and MBES fleet.
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Po}) +Z}>mmnA =Y Pml),, + Py, +2mek Vikn=1

(22)
Z (ngre,nk) P(’(r n k)> + Z Pm (mpnk) — Z Pm (m.n.k) + Pd(n k)
+prnnnk V167'122 (23)
0< Pcﬁfmk) < ngf‘n,k) Yo, nk (24)
Qo + Y Omiyisg = D Omiy i+ 0ty + > Ofiy ¥ ko n =1
(25)
ZQmﬁrink ZQm(mnk +anA +Zgr1nnk Vk7n22 (26)

A linear version of the DistFlow equations [28,29] is used to model
the relation between bus voltages and line flow, as shown by (27). The
line apparent power flow must be lower than its thermal limit, formu-
lated in (28). This non-linear constraint is also handled by piece-wise
linearization to maintain the whole model linear. Finally, there is a
limitation on the lower and upper bound of the network’s bus voltages
established in (29).

V(”-k) = V(”"]‘ (Rl;enn an nn k) Xl.;lenn Qf(ﬁ nn.k ) Vn nn, k (27)
2

f?fnk JFine:nk < <S(Fne,,m)) Vi, nn, k (28)

Viin < Viun) < Vg Y,k (29)

The objective function formulated in (1), i.e., total daily operation
cost, comprises summation over substation energy cost along with the
MBES fleet operation cost over entire daily operation periods. The
substation energy cost is previously calculated in (20). The operation
cost of the MBES units, technician (calculated in (7)) and transportation
(calculated in (8)), comprises fixed driver cost, fixed technical cost,
variable fuel cost, and variable connection and disconnection cost. The
problem ultimately aims at lowering total daily operation cost by
maximizing renewable energy penetration. This goal can be achieved by
MBES fleet employment for curtailment minimization if scheduled
optimally.

Table 1
Characteristics of MBES units.
Parameter Unit MBES#1 MBES#2
Initial Location Bus # 1 6
Power Rating kw 5000
Energy Capacity kwWh 1000
Lower SoC % 10
Upper SoC % 90
Initial Energy kwWh 100
Charging Efficiency % 90
Discharging Efficiency % 90
Daily Driver Cost $ 25
Fuel Cost $/h 5
Technician Option Fee $ 20
Technician Exercise Fee $ 5
Table 2
Transportation time between candidate buses (h).
Bus 1 3 6 12 22 25 33
1 0 1 2 3 2 2 3
3 1 0 1 2 1 1 2
6 2 1 0 1 2 2 1
12 3 2 1 0 3 3 2
22 2 1 2 3 0 2 3
25 2 1 2 3 2 0 3
33 3 2 1 2 3 0
Min CO™ = ; i+ > (o +chn) 30)
m

4. Numerical test, inputs, and parameters

The model proposed and explained previously is texted on a sample
system in this section. The IEEE 33-bus standard test system is used as
the studied distribution network. The line and load data are presented in
[30]. The system is equipped with additional renewable power sources
in the form of PV panels and wind turbines, as depicted in Fig. 4.

As the figure shows, The PV panels are installed in buses 18 and 22
while wind turbines are connected to buses 25 and 33. Hourly power
production of these renewable resources, along with the load demand, is
depicted in Fig. 5. As in the figure, the PV2 and WT2 distributed re-
sources have larger capacities than PV1 and WT1, respectively. Besides,
the figure denotes a small over-generation of renewable-based power at
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the early hours of the day. The MBES fleet comprises two truck-mounted
containerized battery energy storage systems with a 500 kW power
rating and 1000 kWh energy capacity. The charging and discharging
efficiency is both equal to 0.9. It is supposed that the MBESs can connect
to buses 1, 3, 6, 12, 22, 25, and 33, considering parking limitations and
connection requirements. Technical and cost data related to the MBES
fleet are presented in Table 1. Besides, Table 2 presents the trans-
portation time between candidate buses. The pie-wise linear substation
cost is as [23].

The bus voltage magnitude variation is limited to 5% to simulate the
renewable curtailment’s real-life situation. Besides, the capacity of the
line connecting WT1 wind farm lateral to the main feeder, namely line
6-26, is confined to 500 kVA while the capacity of the other lines is
equal to 3000 kVA. The two different cases are simulated to compare
and analyse the effectiveness of the MBES fleet operation. The first one is
the conventional distribution network without an MBES fleet, titled
CODN. The second one is the network equipped with the MBES fleet,
denoted by MFDN. The mathematical model is implemented in GAMS 32
software [31] and solved using the CPLEX 20 solver [32]. In the
following, first, the results for the former case are presented. Then, the
effect of MBES fleet operation is analysed, and the results are compared.
Finally, the optimal spatio-temporal and power-energy schedule of each
MBES, causing the latter case results are presented.

5. Conventional distribution network without MBES (CODN)

Fig. 5 demonstrates the hourly power balance for the considered

Table 3

Total daily results for both cases.
Item CODN MFDN Difference

Net %

Substation Energy Cost ($) 3456 2845 —611 —17.68
MBES Operation Cost ($) - 170 +170 +100
Total Operation Cost ($) 3456 3015 —441 -12.77
Used Renewable (kWh) 47,608 50,170 +2562 +5.38
Curtailed Renewable (kWh) 4016 1454 —2562 —63.79
Substation Energy (kWh) 20,673 18,545 2128 -10.29
MBES energy Losses (kWh) - 434 +487 +100

distribution network without the MEBS fleet. As indicated previously in
the modelling section, the hourly load demand is supplied from the
renewable distributed generation resources and the up-stream substat-
ion. Fig. 5 denotes a high share of the wind farms in the load supply
considering the higher and 24-hour power production range. In contrast,
the PV panels’ power contributes to load supply only during non-hours
when solar radiation is abundant. Besides, the power production share
of the PV2 is higher than the PV1 plant. The critical point is that the
substation injects the power at all time periods of operation and follows
the load demand.

By comparing Figs. 6 with 5, the status of total renewable-based
power generation concerning the load demand, some critical points
can be deduced. The first one is that the difference between total
renewable power generation with the load demand in Fig. 5 should be
supplied from the substation. This value is much lower than the sub-
station output power resulting from the simulation in Fig. 6. Another
point is that total renewable power generation exceeds or equals load
demand at the day’s initial hours, meaning zero substation output
power. However, the hourly power output of the substation in Fig. 6
violates this deduction. The reason is behind the curtailed renewable
energy. Fig. 7 depicts the hourly curtailed renewable energy for various
resources. As in the figure, there is a considerable volume of curtailment
in the produced renewable energy, especially for WT2 and PV1 re-
sources. The reason for this considerable power cut is excess power
generation at the early hours of the morning, bus voltage violation
(overvoltage), and feeder overload. The technical limitation of the
network resulting in enforced renewable cut off has caused importing
power from the up-stream substation despite abundant internal power
generation. The bus installation location and the production time of the
renewable resources shape the usable and curtailed renewable energy
share. The substation supplies 20,673 kWh from the total 68,281 kWh
demanded energy. Total energy from renewable resources is equal to
51,624 kWh. From this value, 47,608 kWh is used, and the remaining
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4016 kWh is curtailed. The total curtailed renewable energy can reduce
about 20% of energy imported from the substation if recovered. The
proposed model’s application to achieve this goal utilizing the MBES
fleet is described in the following.

6. Effect of MBES fleet operation (MFDN) and comparison

Table 3 presents the total daily results of the simulations for both
cases and the absolute and relative differences. As it can be observed,
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total injected energy by the substation is reduced by 2128 kWh, equal to
10.29%. This reduction in imported energy has reduced the total daily
energy cost by 611 $ or equivalently 17.68%. The point to be noted here
is that the substation energy cost reduction percentage is much more
than the corresponding energy reduction. The reason is behind the in-
cremental energy cost and value of price arbitrage performed by the
MBES fleet.

In other words, the results show that a reduction in the substation
output power has occurred mainly at peak load demand with higher
energy prices. Operating the MBES fleet costs 170 $ because of the driver
cost, fuel cost, technician exercise and option fee. As a result, the total
daily operation cost is reduced by 12.77%. This reduction is achieved by
recovering curtailed renewable energy. The optimal MBES fleet opera-
tion helps recover 2562 kWh out of the total 4016 daily curtailed
renewable energy, meaning a net 63.79 reduction. This reduction in the
curtailed energy denotes a 5.38 growth, given the total used renewable
energy. It should be noted that a total value of 434 kWh of the absorbed
energy by the MBES fleet is wasted as the internal losses. Fig. 8 dem-
onstrates total hourly curtailed energy for both cases. The figure mag-
nifies the critical role of the MBES fleet in curtailment reduction. The
point to be noted here is that total curtailed renewable energy is still
high at the early hours of the day, and the MBES fleet has not been able
to reduce it. There are two reasons for this problem with the same origin.
The first one is the hourly power generated more than the load demand,
and the second one is the bus upper cottage limit violation. These

450
300
13 150 10

0w

12 11

b. PV2

24

23

d. WT2

Fig. 9. Hourly curtailed renewable energy by source (Blue = CODN, Yellow = MFDN). (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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consequences result from the low load demand on the one hand and high
renewable potential by wind turbines on the other hand.

Fig. 9 shows the breakdown of hourly curtailed renewable energy by
the renewable plant for both cases. As in the table, the MBES fleet has
recovered curtailed energy for both PV plants completely. However, a
portion of the curtailed renewable energy produced by both wind farms
is remained due to the high share. Accordingly, the distributed resource
WTT1 has benefited from the MBES fleet less than other resources with
38.5 recovered energy. The WT2, which is the largest distributed
resource of the network, has constituted the highest share of the cur-
tailed renewable energy in both cases. The MBES fleet has reduced
curtailed energy for this resource by 50.60%.

Recovering curtailed renewable energy or equivalently increasing
used renewable energy will result in lower power import from the up-
stream substation in turn. Fig. 10 displays the total hourly used
renewable energy for both cases. As it can be observed, the MBES fleet
has increased used renewable energy by recovering the curtailed portion
at two periods, hours 2-7 and 11-15. Fig. 11 exhibits the hourly output
power of the substation for both cases. As in the figure, the reliance on
the substation power has increased using the MBES fleet at two periods
in accordance with the renewable energy curtailment mitigation. In
other words, by comparing Figs. 10 and Fig. 11, one can conclude that
the absorbed curtailed renewable energy is used to supply a portion of
the load demand at later periods. Accordingly, the substation output
power’s first and second peak periods during hours 7-10 and 17-22 is
reduced, utilizing energy previously stored in the batteries. This
reduction in the substation outpour power will increase its loading and
connected feeders in turn. Besides, there will be an additional capacity
to cover more load growth in the future.

Journal of Energy Storage 46 (2022) 103883

Table 4
MBES fleet transportation statistics and cost.
Item MBES#1 MBES#2
# of Transports 3 2
Bus Connections 1, 3,22 6, 33
# of Connections 3 2
# of Disconnections 3 2
Trans. Cost ($) Driver 25 25
Fuel 20 10
Technician Option Fee 20 20
Exercise Fee 30 20
Total 50 40
Total 95 75

7. MBES fleet spatio-temporal and power-energy schedule

The benefits mentioned above is achieved via optimal scheduling of
the MBES fleet described in this section. The scheduling denotes deter-
mining optimal hourly spatio-temporal status along with the charge-
discharge power of each MBES. Table 4 presents a summary of the sta-
tistics related to mobile battery units. As in the table, MBES#1 experi-
ences three transportations while MBES#2 transports only two times.
Besides, MBES#1 changes the connection between buses 1, 3, and 22.
On the contrary, MBES#2 moves only between buses 6 and 33. Ac-
cording to the required transportations, MBES#1 and MBES#2 need
three connections/disconnections. The table also presents the detail of
the transportation cost for each mobile battery unit. Accordingly, the
transportation cost of MBES#1 with a higher number of movements is
more than MBES#2.

Fig. 12 displays the hourly spatio-temporal status of the MBES units.
As it can be observed, each MBES unit covers a part of the network in
terms of energy recovery. Accordingly, the PV1 renewable plant is
handled by MBES#1. To lower renewable curtailment in this distributed
resource, MBES#1 moves between its initial location, namely bus 1 and
buses 3 and 22. As in the figure, MBES#1 has left its initial location
immediately after initiating operation periods by moving to bus 3. After
spending 4 h in bus 3, it moves again to the new location in bus 22.
MBES#1 has been 9 h at bus 22 and then leaves it to be at its initial
location. The MBES# unit has tried to recover WT1 energy curtailment
by transportation to bus 33. Accordingly, it moves to be at bus 33 for
charging during hours 3-7 and then returns to its initial location at hour
9.

At last, Fig. 13 depicts hourly power and energy scheduling for each
MBES. As can be observed, the mobile batteries’ power and energy
schedule are in accordance with their spatio-temporal status, namely
Fig. 12. As a result, MBES#1 starts power charging from hour 3 when it
arrived at bus 3. Similarly, MBES#2 had absorbed curtailed renewable
energy from hour 3 when it arrived at bus 33. The first period of power
charging for both mobile batteries takes about 4 h. At this time, the
stored energy for MBES#1 has reached its allowable value, 900 kWh,
while MBES#2 has used 800 kWh of the storage capacity. A portion of
the stored energy in both MBES units is released during hours 7-10 to
handle the load profile’s first peak. The energy deficit is compensated at
the second power charging period during hours 11-13. The MBES#1
changes its location while the MBES#2 stays at the previous bus. At this
time, both MBES#1 has ultimately charged. The curtailed energy stored
is discharged from hours 17 to 21 to cope with the second and main peak
demand. Finally, stored energy in both mobile batteries reaches its
minimum allowable value, i.e., 100 kWh.

8. Conclusions

Mitigating a portion of the curtailed energy will increase the
renewable resources’ penetration level without capacity enhancement.
The recovered cut off energy can improve the distribution networks’
economic, technical, and environmental performance by decreasing
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reliance on distribution network supply. The MBES systems can store
and recover a considerable share of the curtailed energy owing to their
variable spatial and temporal production nature. Accordingly, a new
scheduling model was proposed in this paper to benefit from a fleet of
the MBES units for curtailment mitigation. The proposed model, while
linear, considers MEBS’ transportation time and cost, efficiently and by
new formulations. The simulation results demonstrate a 12.77%
reduction in the total daily operation cost utilizing the MBES fleet. This
cost reduction is achieved as a result of a 63.79% recovery in the cur-
tailed renewable energy employing two MBES units. Besides, the spatio-
temporal and power-energy status of the MBES units is highly dependent
on the time and location of renewable resources with abundant curtailed
energy. As a future work, the operation model of the separable mobile
battery storage system can be addressed. In this case, the battery
container can be detached from the truck and one truck can be used for
transporting multiple battery containers.
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