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ABSTRACT

In this paper, an optimal energy management model for a RTG crane supplied by a hybrid diesel
generator/battery system is developed. The aim of the model is to reduce the energy cost spending
and CO, emission by minimizing the amount of fuel consumed by the diesel generator, and maximizing
the potential energy recovered through the regenerative braking during the container lowering phase.
As a case study, a 40 tonnes RTG crane operating in South Africa has been selected. The demand
profile, size of the diesel generator as well as of the battery storage system are used as input to the
model developed. Simulations, for a complete RTG handling cycle, have been conducted to evaluate
the techno-economic performances of the developed model use to optimally dispatch the power flow
in the system during the different phases of operation.

As compared to the baseline case where the diesel generator is used alone to handle the same
demand, the simulation results for the selected day of operation have shown that using the proposed
model, a 40.6% reduction in the operation cost as well as CO, emission is achievable in the case
of the proposed system without energy recovery; while 82.17% is achievable in the case the energy
recovery is included. Looking further into the stochastic nature of the demand, the analysis on a year
of operation have revealed that 76.04% in operation cost can be potentially saved using the proposed
system. The result of the true payback period analysis has shown that the overall investment cost may
be recovered in 1.36 years. Additionally, it can be seen from the results that the peak power demand
on the diesel generator has been reduced, this can assist in reducing the power rating and the initial
cost of the diesel generator.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Intro.

Durban Container Terminal, South Africa, operate daily up to 24 h
for 362 days a year continuously (Naicker and Allopi, 2015); this

Sea-ports and rail terminals use Rubber Tired Gantry (RTG) to
organize container aisles, loading, moving cargo-containers and
operate as the link between the cranes and the means of trans-
portation by road, rail or sea connections (Naicker and Allopi,
2015).

RTGs’ operation can be summarized in three essential move-
ments (Yu et al.,, 2019):

o Hoisting and lowering the spreader, with or without the
load.

e Moving the trolley, left and right, with or without the load.

e Gantry movement to move the entire RTG crane.

The handling of containers and the motion of RTG cranes are
powered by electric motors. For example, RTG cranes at the
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means a substantial amount of electrical energy is consumed. In
cases where the utility grid is well established and reliable, RTGs
are directly supplied from the grid. However, in cases where the
grid is unreliable or cannot adequately respond to the RTG’s load
demand, diesel generators (DGs) are used as the preferred alter-
native power source. This said, most of RTG cranes are powered
by DG, with power ratings of 410 kW and a fuel consumption of
14 L per hour; emitting close to 36.96 kg CO,/h; which represents
approximately 20% of diesel fuel emissions from cargo handling
equipment at ports (Soukup, 2019).

Diesel powered RTGs use constant-speed diesel generators to
supply the electrical power needed for the different handling
operations performed by the cranes as well as by the auxiliary
equipment such as lights and air conditioning used the opera-
tor’s control house (Pietrosanti, 2019). However, the drawback
of constant-speed DGs is that they operate at a constant speed
irrespective of the change in magnitude of the load they are
supplying (Kusakana, 2018). Therefore, in instances where the
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RTG is idle or operating in a phase where little power is needed,
the DG runs at a very low load factor which results in a very high
specific fuel consumption, translated in an important amount of
diesel fuel wasted and a significant quantity of pollutant gases are
emitted (Knight et al,, 2011).

Different authors have analysed the operation of diesel-
powered RTGs on an operation efficiency and energy manage-
ment’s point of view, and the results have shown in general that
RTG cranes are operated inefficiently due to several factors such
as:

e The RTG cranes are not powered down when idle or when
the lifting phase is not performed. Therefore, constant-speed
DG run at an unnecessarily high speed when idling, resulting
in high fuel consumption and excessive CO, emissions (Yang
and Chang, 2013).

o The need for peak power on an RTG’s diesel engine exists for

only 4% of the total handling cycle’s period (Antonelli et al.,

2017).

Due to the stochastic nature the containers’ weight to be

handled, diesel generator supplying RGT cranes often work

with an output power below their rated capacity. Therefore,
their specific fuel consumption is high like any DG operating
at low load factor, which has a direct effect on the operation

cost since more fuel is used (Phiri et al., 2018).

e The power from the lowering phase is dissipated as heat
through resistor banks, used for braking purposes (Spengler
and Wilmsmeier, 2019).

During the lowering phase, the hoisting motor is not perform-
ing any work because the lowering movement is being driven by
the weight of the load, therefore the movement has the potential
to produce electricity which a regenerated power close to 60% of
the peak power supplied to the RTG crane by the DG. The power
regeneration phase laps between 30 to 40% of a full handling
cycle’s duration (Phiri et al., 2020).

One way of harvesting the energy from an RTG crane’s lower-
ing phase, is by using the regenerative braking method, where the
potential energy from the container moving down is used to run
the hoisting motor in a generator mode and produce electricity.
This regenerative energy is harvested, stored and can later be
used to:

e Reduce the peak power demand on the DG during the sub-
sequent RTG’s hoisting and trolley moving phases,

e Supply the auxiliary equipment, allowing the DG to be
turned off during idle and low demand periods.

From the available literature, different energy storage systems
have already been studied and successfully used for the hy-
bridization of RTG cranes, such as flywheel (Flynn et al., 2007; Tan
and Fah, 2017), fuel cell (Corral-Vega et al., 2019a), supercapaci-
tor (Corral-Vega et al., 2019a,b; Chang et al., 2010; Bolonne and
Chandima, 2019a) and battery (Bolonne and Chandima, 2019a;
Konecranes lifting businesses Power, 2021). The use of storage
systems can result in a decrease of the fuel consumption, pollu-
tant emission, operation cost, peak demand on the DG as well
as in an increase of the DG’s load factor (Kusakana, 2015b,a;
Kusakana and Vermaak, 2013; Kusakana, 2016). However, the
performance of the hybrid RTG system is not only based on
the equipment or technology used. Therefore, given the variable
operating conditions, the RTG crane with storage system, must
be optimally controlled to achieved the lower energy cost while
aiming for the maximum operation efficiency.

Optimal operation control is a powerful method that is pro-
posed in the literature to find solutions to different energy man-
agement problems (Numbi and Malinga, 2017; Kusakana, 2017).
Recently, few studies have been conducted and published on
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different control methods applied to the operation of hybrid
DG/battery RTG cranes with battery storage systems.

In Ref. Alasali et al. (2019), a stochastic optimal management
system using Genetic Algorithm (GA) for the control of a RTG
crane with storage system has been presented. The stochastic
optimal management system aimed to enhance the reliability as
well as minimize the operation cost. The results showed that the
optimal management system successfully decreases the operation
cost as well as the peak power demand on the DG and per-
forms better compared to other control methods such as set-point
controller.

In Ref. Pietrosanti et al. (2020), a Fuzzy Logic Controller (FLC)
compared to standard control system (PI) for a RTG crane operat-
ing with an energy storage system. The comparison criteria were
the energy and fuel consumption as well as the control impact
on the energy device. The results of the FLC control strategy have
indicated that the energy savings have increased by 32% and
performs 26% better as compared to the PI controller.

In Ref. Bolonne and Chandima (2019a), the authors proposed
state machine control strategy to manage the power flow based
on the RTG’s demand. The simulation results have shown that 27%
reduction in fuel consumption per handling cycle is achievable
when comparing the proposed system with actual system having
same variable speed DG and battery capacity as in the proposed
system.

In Ref. Chen et al. (2019), a game theory based energy
management method is developed for a hybrid DG/battery/
supercapacitor, modelled as a multi-agent system, supplying a
RTG crane. The simulation results showed that hybrid DG/battery/
supercapacitor can adequately respond to the RTG’s demand
while reducing the fuel consumption.

In Ref. Hong-lei et al. (2018), a thermostat control strategy is
used to switch between the “battery only” mode and the hybrid
DG/battery mode when supplying a RTG crane. A PLC is used to
manage the two modes based to the battery state of charge in-
formation received from the battery management system. When
the battery state of charge is below 50%, the DG is switched ON
and the hybrid mode is activated; when the SoC is above 80%, the
DG is switched OFF and the system operated in DG only mode.

From the studies available in the literature, it can be seen
that most control techniques applied to the energy manage-
ment of hybrid DG/battery systems supplying RTG cranes, are
based on “set-point”; and very few are based on “optimal power
management”. Hence, there is a need of further studies using
optimal control approaches applied to the energy management
of hybrid DG/battery system, supplying RTG cranes with the aim
of decreasing the total cost of energy used as well as the amount
of pollutant emitted. Therefore, an optimal energy management
model for the RTG supplied by a hybrid DG/battery system is
developed. The aim of the model is to reduce the energy cost
spending by minimizing the amount of fuel consumed by the
DG and maximizing the potential energy recovered through the
regenerative braking taking place during the lowering phase. As
a case study, a RTG crane operating in South Africa has been
selected. The load profile, size of the DG as well as of the battery
storage system are used as input to the model developed. Simu-
lations, for a complete RTG handling cycle, have been conducted
to evaluate the techno-economic performances of the developed
model used to optimally dispatch the power flow in the system
during the different phases of operation. Three main configura-
tions have been simulated as energy sources for the RTG crane,
namely DG alone, DG/Battery without energy recovery during
the lowering phase, DG/Battery with energy recovery during the
lowering phase.

As compared to different researches currently available on the
energy management of hybrid DG/Battery RTG, the key contribu-
tions of this work are:
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Fig. 1. RTG crane with its main electrical components.

e Most studies have used control techniques such as closed-
loop PI controller, set-point control (SoC, power, voltage or
frequency) to manage the operation of RTGs with hybrid
DG/Battery. Studies focusing on power management sys-
tems were limited to the use of optimization algorithms
such as Genetic Algorithm, Fuzzy Logic and Game-based
controllers. However, this paper uses a deterministic non-
linear optimization approach to solve the power dispatch
problem and minimize the energy cost resulting from op-
erating the system.

Available studies based on hybrid RTG cranes’ energy man-
agement predominantly focus on diesel fuel savings, limit-
ing their analysis on the energy cost for a cycle or a day.
The current study goes beyond the cost saving to look at
a lifecycle cost analysis, to assess the payback period and
the breakeven point achieved when comparing the proposed
optimally controlled system with the DG alone used as
baseline.

The subsequent sections of this manuscript are organized as
follows. A description of the system’s components as well as the
load demand is presented in Section 2. The proposed optimal
power dispatch model is discussed in Section 3. Section 4 presents
the simulation results and optimal power flow achieved during
the simulated horizon and for the given operating conditions.
The economic analysis is presented in Section 4.5. Conclusion,
remarks and suggestion for future works are given in Section 5.

2. Hybrid RTG with DG and battery storage system description

Fig. 1 shows the proposed system with its different electrical
components. The RTG crane has a powertrain with a diesel engine
driving a self-excited AC generator regulated by a variable voltage
control circuit. The DG is connected to the DC bus through a
AC/DC rectifier; and the gantry, hoist and trolley AC electric
motors are fed from the DC bus through their respective DC/AC
inverters.

A peak voltage can be reached when the hoist motor is oper-
ating in the lowering phase, since the motor acts as a generator.
Therefore, a regenerative energy is produced while an increasing
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Fig. 2. Main powerflows (control variables).

the voltage on the DC bus, which is harvested during the re-
generative braking process and stored in the battery. This means
that only the hoist inverter can allow a bidirectional power flow
(working as a rectifier in the regenerative mode).

The battery storage system is connected to the DC bus through
a bidirectional inverter DC/DC converter to allow the charging
and discharging processes.

The different operation phases of a RTG crane are given in
the following sequences: hoist up (with container), trolley right
(with container), hoist down (with container), hoist up (without
container), trolley left (without container) and hoist down (with
container). During the first half cycle, the RTG is handling a load,
while it does not during the second half cycle. Therefore, the load
demand can either be positive during the hoist up, trolley left and
right; or be negative during the lowering processed.
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3. Optimal energy management model of the hybrid DG/
battery RTG crane

3.1. Proposed model’s main powerflows

The different powerflows in the proposed system are shown
on Fig. 2. It can be seen that the power from the DG can be used to
supply the load (P) or/and to recharge the battery (P,), depend-
ing on the SoC. In other instances, the battery power (P3) can be
used alone or in conjunction with the DG to supply the different
motors. However, during the energy regenerative process, the
battery is being recharged using the power recovered (P4) from
the hoist motor operating as a generator, while the DG is not used
to supply the load. Therefore, there is a need to optimally manage
the power flow with the objective of minimizing the operation
cost which is mainly linked to the DG fuel consumed (P, and P-).
The DG’s hourly fuel consumption, FC, can be expressed by the
following non-linear equation:

FC = aP}; + bPp¢c + ¢ (1)

where a (L/kWh?), b (L/kWh), ¢ (L) are the parameters of the
selected DG's fuel consumption curve; and Pp¢ is the DG’s output
power.

The cost is calculated by multiplying the fuel consumption by
the price ($/L).

3.2. Objective function

The main aim of the model is to minimize the amount of fuel
and the cost linked to the DG supplying operations of a RTG while
handling containers. Additionally, the energy recovered through
the regenerative process, during the lowering of containers, must
be maximized. The objective function (OF) can be modelled as:

N N
OF:min Y ((Pyg) + Pa) x At)+ max » (Pyj) x At)
j=1

(2)

j=1

where j is the sampling interval under consideration with N the
total of optimization intervals; At is the length of each sampling
interval.

The first component of the developed objective function makes
sure that the energy cost from the diesel generator used to supply
the load, or to charge the battery, is minimized. The second
component makes sure that the energy recovered, through the
regenerative process, is maximized through the battery charging.

3.3. Load balance

From the operation given on Fig. 2, the load balance can be
given as:

(3)

where P; is the electrical demand resulting from the handling
of container (kW). This means that for any selected sampling
interval “j”, the load can be supplied by either the DG or the
battery; or operate in the regenerative braking mode.

Puijy = P1g) + P3g) — Pag

3.4. Diesel generator power constraints

For any sampling interval “j”, the summation of powers from
the DG needed to supply the load or to recharge the battery must
be less or equal to the DG’s rated power. This condition can be
expressed as:

Py + P, < PRaed (4)
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3.5. Dynamics of the energy storage’s SoC

For any given optimization interval *j” the resultant battery’s
SoC can be expressed as:

(5)

With SoCy;) the SoC at the considered optimization sample; SoCq)
the SoC at the previous optimization sample; E,, is the nomi-
nal storage capacity of the considered battery in kWh; 7., and
Naisch are respectively the efficiencies of the battery’s charging
and discharging processes; and § is the battery self-discharging
coefficient dependent on the selected battery type and condition.

J

At
S0Cg) = S0Co) x (1=8)+ = x (nch x Y (Pag + Pagy)
" i=1

y
_ 2P
Ndisc

3.6. Variables limits

Each control variable, or power flow, can be modulated be-
tween a minimum and a maximum value according to the sys-
tem’s design specifications while following the manufacturers’
design and operation specifications. These can be modelled as:

P{nin < Pl(i) < P{nax

(6)

The power flow P, is limited by the size or power rating of the
considered DG.

PP < Py < P 7)
The power flow P, is limited by the power rating of the consid-
ered DG as well as by the battery’s maximum charging current
and the system’s voltage.

PP < Py < PP ®)
The power flow Ps is limited by the power rating of the consid-
ered battery storage system.

Paoy )
The power flow P, is limited by peak power rating from the re-
generative system as well as by the battery’s maximum charging
current and the system’s voltage.

The minimum SoC of the battery depends on the battery type
while the maximum SoC is always 100%. This can be modelled as:

PP < Py <

SoC™" < SoCj, < SoC™* (10)

3.7. Restricted power flows

This restriction is applied to power flows that cannot happen
concurrently in the same considered optimization sample. In
the case of the battery, the charging and discharging processes
cannot happen simultaneously. Using Fig. 2, this condition can be
expressed as:

(Pz(,') + P40)) X P3(i) =0 (11)

Additionally, the regenerating braking mode cannot take place
when the load is being supplied by the DG or the battery (hoist-
ing). This condition can be expressed as:

(P1y + P3(j)) X Pay =0 (12)
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3.8. Fixed-final state condition

For the repeated execution of the optimization process in
subsequent optimization horizons; the battery’s SoC at the begin-
ning should be equal to the one at the end of the horizon. This
condition can be modelled as:

N
D (Pag) + Pay — P3)) = 0
j=1

(13)

3.9. Processing steps of the developed energy management algorithm

The processing steps of the proposed energy management
system, as depicted in Fig. 2, can be summarized as follows:

e Step 1: Start the optimal control process for the open-loop

scheme by identifying the different control variables.

Step 2: Set the time horizon of the control structure and/or the
control horizon for the open-loop scheme.

Update system parameters at a sample of time. This is chosen
to be at t = i where i = [1...N].

Step 3: Read the energy flows on each component as well
as the demand through the energy management system as
described in Fig. 1.

Step 4: Compute the energy management system strategy
based on equations 3.2 to 3.13.

Step 5: Find the optimal solution of the control variables. If this
solution is not optimal, repeat step 2 to 4 to get the optimal
solution.

Step 6: Generate the optimal solution for open loop.
3.10. Solver selection

Due to the nature of the quadratic nature of the DG’s fuel con-
sumption curve, as represented in the objective function, as well
as due to the restricted power flows, the optimization problem
is of a non-linear nature, which can be solved using “fmincon” in
MATLAB (Alasali et al., 2016).

4. Simulation results and discussion

Simulations are conducted to evaluate the effectiveness of
the proposed optimal energy management model applied to the
battery integrated DG supplying the RTG crane’s demand, with
regenerative energy capabilities, for a full load cycle (as described
in Section 2). Three main scenario, are simulated and discussed.
These are:

e The RTG crane’s demand supplied by the DG only (Baseline).

e The RTG crane’s demand supplied by the battery integrated
DG system.

e The RTG crane’s demand supplied by the battery integrated
DG with energy recovery through regenerative braking.

In relation to the battery and DG'’s sizing; modern, advanced
and accurate metaheuristic or deterministic optimization meth-
ods have been successfully used to solve optimal sizing problems
of hybrid energy systems. Therefore, this work does not deal with
the optimal sizing of the proposed system; the main goal of this
work is to reduce the operation cost spending by minimizing the
amount of fuel consumed by the DG and maximizing the potential
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Fig. 3. Daily measured energy profile (used and recovered).

energy recovered through the regenerative braking happening
during the lowering phase.

The RTG crane used in this work is the Hybrid Power Pack
manufactured by Konecranes, which includes a DG as well as a
high power lithium batteries pack with an autonomy of about
2 h (Konecranes lifting businesses Power, 2021). The methodol-
ogy for sizing the DG and the battery storage system is reported in
Ref. Kusakana and Vermaak (2014). The typical average power of
a RTG crane is 24.8 kW. The storage system is expected to have
an autonomy of 90 to 120 min when solely supplying the RTG
operation. Therefore, the battery storage system with a capacity
of 37.2 to 49.6 kWh can be proposed. However, to expand the
battery lifespan, a state of charge usage is recommended as 0.3,
yielding a battery storage system capacity of 124 to 165.3 kWh.
For economic consideration, the batter capacity is selected as 128
kWh.

4.1. Load demand

Analyses on RTG cranes’ energy usage as well as the approx-
imate duration of a handling cycle have been analysed by few
authors (Bolonne and Chandima, 2019a; Steenken et al., 2004;
Papaioannou et al., 2017). These references show that the load
demand is highly non-linear and is not influenced by the variation
of seasons.

For the case study considered in this paper, the measured
power profile is given in Fig. 3 with the energy consumed consid-
ered as positive, while the energy produced from the regenerative
process is considered to be negative. Due to the stochastic nature
of the containers’ weight to be handled in different cycles, the
energy used as well as recovered as well as the length of the
different cycles differ significantly.

It has to be noted that the simulations are performed using
a computer with a processor Intel (R) Core (TM) i7-9750H CPU@
2.60 GHz, 6 cores with 16GB physical installed memory. Addi-
tionally, the daily profile is made of 540 cycles with 64 sampling
intervals per cycles and 4 variables to be optimized in each inter-
val. Thus, the number of possible combinations for simulation is
too high to compute. Therefore, to make the discussion clear and
analyse the behaviour of the system in each handling phase, the
simulation horizon has been shortened and focuses on a single
cycle to emphasize on the dynamic of the system controlled using
the developed model.

Focusing on one cycle with a 40T container considered as full
load, the full handling cycle is taking up to 160 s as shown on
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Table 1
Simulation parameters.
Parameter Value
Sample interval 25s
DG power rating 410 kW

0.0074 (L/kWh?)
0.233 (L/kWh)

a (Konecranes lifting businesses Power, 2021)
b (Konecranes lifting businesses Power, 2021)

¢ (Konecranes lifting businesses Power, 2021) 0.4200 (L)
Diesel price 1.018 USD/L
Battery storage capacity 128 kWh
SoCo 50%
SoC™™ 100%
Soc™in 30%

Nch 85%

"Disc 95%

Hoist motor 292 kW
Trolley motor 1 30 kW
Trolley motor 2 30 kW

Fig. 4. The peak demand during the hoist up phase is 292 kW
with an average demand of 24.8 kW and possibility of a peak
regenerated power of 178 kW achievable during the hoist down
phase. For a full cycle, at full load (worst case), the details on
the power needed during all the handling phases are presented
on Fig. 4. The main phases are hoisting up phase (takes around
35 s), trolley moving left phase (around 25 s), lowering load phase
(around 30 s), hoisting up at no load (around 20 s), trolley moving
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Fig. 6. Hybrid DG/battery without energy recovery.

right at no load (around 25 s), lowering trolley at no load (around
25 s).

The simulation parameters of the DG and battery as well as
other inputs to the developed model are given on Table 1.

4.2. Baseline: RTG crane’s demand supplied by the DG only

The sole supply of the RTG crane’s load demand by the DG is
considered as the baseline for comparison with the developed op-
timal energy management model applied to the proposed hybrid
system.

As sole energy source, Fig. 5 shows that the DG operates in a
load following manner and the load factor is low.

4.3. The RTG crane’s demand supplied by DG/battery without energy
recovery

In this case, the developed optimal energy management model
is applied to the RTG crane supplied by the battery integrated DG.
The role of the battery in this arrangement is to supply the load
demand as well as to increase the load factor on the DG with the
aim of decreasing the DG’s specific fuel consumption.

In this case, the RTG crane’s load demand is supplied by the
DG operating in conjunction with the battery storage in a hy-
brid system configuration. However, there is no energy recovery
through the regenerative braking during the hoist down phase;
the braking resistances are used to dissipate the generated energy
into heat. Therefore, the battery can only be recharged by the DG.

The powerflows in the system are managed using the de-
veloped optimization model with the aim of minimizing the
operation cost through the DG’s fuel consumption. Fig. 6 shows
the operation strategies on the powerflows, while Fig. 7 shows
the corresponding SoC’s dynamics during the different operation
phases.

4.3.1. Hoisting up phase

During the hoist up phase (at full load), Fig. 6 shows that the
load is supplied by the power from the DG with a contribution of
the power from the battery system.

4.3.2. Trolley left phase

During this phase, the container is moved to the left using the
trolley which results in a lower load demand. Therefore, Fig. 6
shows that the power needed during this phase is exclusively
supplied by the DG. It can also be noticed that the DG is also used
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Table 2

Operation cost and CO, emissions saving for the considered cycle.
Supply options (Scenario) Fuel consumed (L) Energy cost ($) CO, emission (kg) Saving (%)
Baseline 0.522 0.531 1.38 -
Hybrid system (without energy recovery) 0.282 0.287 0.744 4597
Hybrid system with energy recovery 0.0933 0.095 0.246 82.12
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Fig. 7. Dynamic of the SoC in the hybrid DG/battery without energy recovery.
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Fig. 9. Dynamic of the SoC in the hybrid DG/battery with energy recovery.
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to recharge the battery; this increases the load factor on the DG
during this phase. The corresponding SoC of the battery shown a
small increase as shown on Fig. 7.

It can be seen that the peak power demand, in this phase, is
now 190 kW; which is 35% less than in the baseline case where
the DG is used alone to supply the RTG crane. This means that
the DG’s size can be reduced.

4.3.3. Lowering load phase

During the hoist down phase (at full load), there is no power
from the DG or from the battery to supply the load demand. It can
be seen that of Fig. 6 that the DG is used to recharge the battery
which is translate by a small increase in the corresponding SoC
(Fig. 7). It is normally at this stage that the energy recovery
through the regenerative braking system is achieved. However,
in this case, it is assumed that there is no energy recovery and
the power is dissipated through the resistor brakes.

4.3.4. Hoisting up phase: No load

During this hoist up phase (at no load), Fig. 6 shows that
the load demand is supplied by the DG and the battery; the
corresponding SoC is decreasing during this phase (Fig. 7).

4.3.5. Trolley right phase: No load

During this phase, the trolley is being moved to the right (at
no load) and the demand is principally met by the DG (Fig. 6).
The battery is neither charged or discharged during this phase as
seen from the stationary SoC (Fig. 7).

4.3.6. Hoisting down: No load

During this hoist down phase, Fig. 6 shows that there is no
power from the DG to supply the load or to recharge the battery.
Similarly, the battery is neither charged or discharged during this
phase as seen from the stationary SoC (Fig. 7).

4.4, The RTG crane’s demand supplied by DG/battery with energy
recovery

In this case, the RTG crane’s load demand is supplied by the
DG operating in conjunction with the battery storage system. In
addition, there is a possibility of energy recovery through the
regenerative braking during the hoist down phase; this energy
is converted and stored in the battery storage system. Therefore,
the optimization model is applied to manage the power flows
from the different sources, in addition to the one from the energy
recovery system, to achieve the minimum operation cost and
DG fuel consumption during a full handling cycle taken as the
optimization window.

The peak power demand is also reduced to 190 kW; corre-
sponding to 35% reduction compared to the baseline.

4.4.1. Hoisting up phase

As for the previous case, Fig. 7 shows that during to hoist up
phase, the load demand is met by the power from the DG with a
contribution of the power from the battery system.
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4.4.2. Trolley left phase

During this phase where the loaded trolley is moved to the
right, Fig. 7 shows that the demand is principally met by the
DG, which also makes a very small contribution to the battery
charging process. It can also be notices that at around, the battery
is also supplying the with a small power contribution, which is
linked to the SoC increase shown on Fig. 8.

4.4.3. Lowering load phase

During the hoist down phase, Fig. 7 shows that there is no
power from the DG to supply the load demand or to recharge
the battery. However, it can be seen that the energy recovery
through the regenerative braking system is taking place; this
energy recovered is used to recharge the battery. An increase in
the battery SoC is noticeable from Fig. 8.

4.4.4. Hoisting up phase: No load

During this hoist up phase, Fig. 7 shows that the load demand
is exclusively supplied by the battery while the DG is not used.
The corresponding SoC is decreasing during as shown on Fig. 8.

4.4.5. Trolley right phase: No load

During this phase, Fig. 7 shows that the trolley is being moved
to the left (at no load) and the demand is exclusively met by the
battery while the DG is not used. The corresponding SoC of the
battery is shown on Fig. 8.

4.4.6. Hoisting down: No load

During this hoist down phase (at no load), Fig. 7 shows that
there is energy recovered through the regenerative braking sys-
tem and stored in the battery, which is translated by an increase
in the SoC (Fig. 8). Additionally, it can be clearly seen that the DG
is not used (Fig. 7).

4.5. Economic and environmental analysis

The simulation results are further analysed in terms of the
economic and the environmental performance of the optimally
controlled battery integrated DG system supplying the RTG crane.
At the time of the simulation, the price of 1 L of diesel fuel
was 1.018 USD in South Africa. Table 2 shows that a 45.97%
reduction in cost as well as CO, emission is achievable in the case
of the proposed system without energy recovery; while 82.12% is
achievable in the case the energy recovery is included.

The cumulative fuel consumption curves of the proposed op-
timally controlled system versus the baseline are given on Fig. 9
where the difference in fuel consumed can be noticed at the end
of the considered simulation horizon.

It has to be mentioned that the 0.522 L fuel consumption,
achieved using the baseline, is mainly dependent on the type
of DG used and its specific fuel consumption parameters a, b
and c as given in Table 1 (which were directly provided by the
manufacturer Konecranes (Konecranes lifting businesses Power,
2021)). However, the 0.522 L diesel consumption per handling
cycle is far from industrial practice. It is shown, in Ref. Konecranes
lifting businesses Power (2021), that 25 moves of 20T container
will consume 26 L of diesel fuel; that is, 1 container will need 1L
in average for industrial engine RTG. 25 moves of 20T container
will consume 18 L diesel, that is, 1 container needs 0.72 L for
hybrid RTG. In other words, 25 containers will need 95 kWh; that
is, 1 container needs 3.8 kWh (1 L) for the selected RTG, which
is in line with typical internal combustion engines’ conversion
efficiency .

Therefore, for simulation accuracy, the fuel consumption pa-
rameters must be checked to reflect the actual real performance
of the DG used.
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Fig. 10. Cumulative cost comparison between the hybrid DG/battery with energy
recovery and the baseline for the considered handling cycle.

4.5.1. Lifecycle analysis

Due to the intensive computation power required to perform
the simulation, the analysis conducted in Section 4.4 was limited
to only one handling cycle of 160 s, where only the operation
cost linked to the DG fuel consumption was considered. However,
given the stochastic nature of the weight to be handled in the
different cycles; the energy used, energy recovered as well as the
length of the different cycles will differ significantly. Therefore,
there is a need to perform a lifecycle cost analysis including all the
different costs (initial, operation and maintenance, replacement)
to better assess the economic benefits of the proposed system’
savings when compared to the baseline.

4.5.2. Annual cost analysis

As explained in Section 4, due to the computation power
required to consider a daily optimization horizon at once, the
simulations have been performed for each hour separately and
the results have been summed to come up with the daily op-
eration cost achievable for the demand given on Fig. 3. As an
example, Fig. 10 shows the progression of the cumulative fuel
consumption comparison between the proposed system with en-
ergy recovery and the DG as baseline, for the first optimization
hour; the operation for the twenty-three subsequent hours is
optimized using the same methodology.

As discussed in Ref. Naicker and Allopi (2015), RTG cranes
continuously work daily up to 24 h for 362 days a year and are
only turned off 3 days for maintenance. Therefore, considering the
daily operation cost computed, the annual cost can be calculated
(Table 3).

4.5.3. Lifecycle cost analysis

The energy savings are also function of the battery storage sys-
tem’s size. Therefore, a lifecycle cost (LCC) analysis is conducted
in order to give a better indication of the project cashflow over
the system’s operation lifetime taken as 20 years. This can be
computed as:

LCC = Cyiy + Creiy + Comgiy + Cecqiy — Cs(iy (14)

where Cj, Cs, Cg, Com and Cgc are the initial cost, salvage cost,
replacement cost, operation and maintenance cost as well as
energy cost respectively linked to each components of the system.

For simulation purposes, the yearly operation and mainte-
nance cost is taken as 1% of the equipment initial cost; this is
associated to an annual average inflation rate of 5.3% (Harrison
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et al,, 2018). The bill of quantity for the additional equipment to
achieve the hybrid DG/Battery with energy recovery is given on
Table 4.

As compared to the baseline, Fig. 11 shows that the break-
even point of the proposed optimally controlled DG/Battery, with
energy recovery, suppling the RTG crane can take place after 1.1
year, corresponding to USD 113 900. For the 20 years’ project life-
time, the computed lifecycle in the case of the proposed optimally
controlled DG/Battery with energy recovery is USD 1 426 000.
However, when only the baseline is considered, the projected
lifecycle cost is USD 5 391 000. There is a potential cost saving
of USD 3 965 000 corresponding to 73.55% (see Fig. 12).

4.5.4. Payback period

In addition to the LLC, a “true” payback period (PBP) analysis
is conducted to assess the economic performance of the system
and found out how long it takes to recover the investment made
on the battery as well as the bidirectional inverter from the
operation cost saving as compared to the baseline (Hohne et al,,
2019). The true PBP may be computed as the quotient of the
present worth of the total costs (PWrc) to the yearly average of
the present worth of the overall benefit (PW1g_g, ).

PWrc

“True” PBP = ————
PWrp_qy

(15)
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The PWrp is computed as:

(1+r)”—l}

r(l1+4r) (16)

PWyr = AB [
Where AB is the yearly benefit and r is the rate.

Using the annual cost savings obtained in Section 5.2.1, the
true payback period is computed, using the online tool available
from Ref. Kusakana (2020), and the results show that the simple
payback period is 1.28 years, the true or discounted payback
period is 1.360 year and the cash flow return rate is 77.24% per
year.

5. Conclusion

In this work, an optimal energy management model for a RTG
crane supplied by a hybrid DG/battery system is developed with
the aim to reduce the energy cost by minimizing the amount of
fuel consumed by the DG and maximizing the potential energy
recovered through the regenerative braking taking place during
the lowering phase.

As compared to the baseline, the daily simulation results have
shown that using the proposed model, a 45.97% reduction is cost
as well as CO, emission is achievable in the case of the proposed
system without energy recovery; while 82.17% is achievable in
the case the energy recovery is included.

Due to the intensive computation power requirement to per-
form the simulation, most authors in the available literature,
have limited their analysis to one handling cycle, where only the
operation cost linked to the DG fuel consumption was considered.
However, given the stochastic nature of the weight to be handled
in the different cycles; the energy used, energy recovered as
well as the length of the different cycles will differ significantly.
Therefore, this study has taken a step further in the analysis of
RTG cranes’ operation where the simulation results for a year
of operation have revealed that 76.04% in operation cost can be
potentially saved using the proposed system.

As compared to the DG alone, the break-even point of the
proposed optimally controlled DG/Battery, with energy recovery,
suppling the RTG crane can take place after 1.1 year, correspond-
ing to USD 113 900.

The result of the true payback period analysis has shown
that the overall investment cost may be recovered in 1.36 years.
Additionally, using the proposed system, the peak power demand
on the DG has been reduced, this can assist in reducing the size
of the DG by more than 50% needed which can lower the initial
cost of the system.

For further studies, the following aspects can be considered:

e Alternative renewable energy sources such as Photovoltaic
or wind energy conversion system can be considered as
primary source of energy.

e The techno-economic impact of using energy storage sys-
tems such as flywheel, fuel cell or supercapacitor should be
studied.

e Closed loop optimal control approach should be studied
when working toward the implementation of the control
method in real-time.
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Table 3
Annual operation cost and CO, emissions saving.

Energy Reports 7 (2021) 4769-4778

Supply options (Scenario) Fuel consumed (L) Energy cost (§) CO, emission (kg)  Saving (%)
Baseline 91137.12 92777.58 240939.2 -
Hybrid system with energy recovery  21832.994 2222598 57719.88 76.04
Table 4
Bill of quantity for the battery and inverter.
Component Size Price (USD) Life (years)
2 X Blue Nova Lithium Iron Battery 65 kWh 128 kWh 59 952.98 10
3 x ABB PVS 100 kW Inverter Three Phase incl AC4+DC Protection 300 kW 30 221.88 20
Total capital 90174.86
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