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Abstract: This paper studies performance comparison of two shuttle-based storage and retrieval
system (SBS/RS) configurations developed on flexible or non-flexible travel policies of shuttles in
the system. In the non-flexible SBS/RS, a shuttle is dedicated to a tier so that it cannot travel out of
its dedicated aisle and tier. A lifting mechanism is installed in each aisle to provide vertical travel
for loads. In flexible SBS/RS, shuttles can travel between tiers by a separate lifting mechanism
installed on the other edge point of each aisle. The advantage of that flexible design is that there
might be decreased number of shuttles settling in the system compared to the non-flexible design.
We simulate the two system configurations and conduct an experimental design for the comparison
purpose. Based on the three-performance metrics: total investment cost, throughput rate and energy
consumption per transaction, the results show that mainly the flexible system provides better results
which might be considered as future system investment for SBS/RS.

Keywords: SBS/RS; automated warehousing; flexible SBS/RS; multi-objective SBS/RS

1. Introduction

Within the globalized world, technological and financial advancements have led to
extraordinary improvements in marketing and inventory management. With the increased
use of the internet and smartphones, e-commerce practices have increased significantly
leading to changed customer order expectations. For instance, recent customers ask for
more product variety options with shorter delivery times [1]. Thus, retailers may want to
seek ways to meet those expectations with a higher process rate and reduced cost operations.
Utilization of automation technologies may provide a significant advantage in meeting
those targets. Recently, industries have been investing in automation technologies heavily,
for instance, in which Figure 1 shows one of the recent statistics from the automation
market estimating a continuous growth in the future. The biggest issue in adopting
automation technologies is their high initial investment costs. Hence, a system design
analysis developed on cost benefit trade-offs might help to facilitate such investment
decisions, where in this paper, we focus on such a research study. In particular, we study
two SBS/RS designs by evaluating their performances from their initial investment cost,
transaction process rate and energy consumption. Here, by considering transaction process
rate as an objective function, we aim to explore increased process rate design which
would also help to decrease transaction delivery times in the systems. By considering
energy consumption per transaction as another objective function, we aim to seek designs
providing decreased energy consumption per transaction in the system, which would also
contribute to both sustainability concerns and decreased operational costs.

Sustainability 2023, 15, 762. https://doi.org/10.3390/su15010762 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15010762
https://doi.org/10.3390/su15010762
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6491-1389
https://doi.org/10.3390/su15010762
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15010762?type=check_update&version=1


Sustainability 2023, 15, 762 2 of 16Sustainability 2023, 15, x FOR PEER REVIEW 2 of 17 
 

 
Figure 1. Global warehouse automation market forecast [2]. 

SBS/RS is an automated storage and retrieval system, extensively utilized for storage 
of mini-load in e-commerce warehouses, one of which is recent micro-fulfillment centers 
[3]. SBS/RS is developed as a response to recent customer expectations towards fast, effi-
cient hyper local fulfillment. It delivers high throughput and storage capacity for storing 
small loads fast and efficiently [4,5]. The high transaction capacity of SBS/RS comes from 
warehouse design, where a shuttle mechanism is dedicated in each tier of an aisle within 
a high bay racking system. Having many shuttles in the warehouse helps the system 
achieve a high throughput capacity. However, the handicap of that system design is that 
the average utilization of shuttles is typically very low compared to the lifting mecha-
nisms in the system. Lifts are usually bottleneck in SBS/RS due to the dedicated shuttles 
in each tier. Such SBS/RS design is also referred to as tier captive SBS/RS (TC-SBS/RS) in 
the literature [6–10]. We refer to tier captive SBS/RS as non-flexible SBS/RS, in this paper. 
Figure 2 shows the side and top view of a non-flexible SBS/RS. According to that, dedi-
cated shuttles in tiers retrieve and store the loads within the tiers. There is a lifting mech-
anism (i.e., LM-1 in Figure 2) installed in each aisle carrying totes between tiers. In TC-
SBS/RS design, the shuttles are not capable of changing their tiers and aisles. LM-1 carries 
the loads between input/output (I/O) point and the target tier. Because of the excess num-
ber of shuttles in the system, the initial investment cost of those designs would likely be 
higher than one, with reduced number of shuttles, where shuttles can travel flexibly be-
tween tiers within an aisle [11–15]. This flexible SBS/RS’ operating, and design principles 
are explained in the following paragraphs. 

In this paper, to facilitate the investment decisions of retailer companies in automa-
tion technologies, specifically for SBS/RS, we study trade-offs between investment cost, 
throughput rate and energy consumption per transaction in two SBS/RS designs, non-
flexible SBS/RS and flexible SBS/RS. Figure 3 shows the side and the top view of the stud-
ied flexible SBS/RS design. In that design, shuttles are allowed to travel between tiers by 
using a lifting mechanism (i.e., LM-2) which is installed at other end side of each aisle. 
Namely, LM-2 is dedicated to carry shuttles between tiers within its aisle. In that flexible 
design, the number of shuttles in an aisle may be reduced compared to a non-flexible de-
sign. Thus, the system can be operated at a lower investment cost by using fewer shuttles. 
In addition, by exploring alternative warehouse designs achieving higher process rates 
would improve the performance of this system more. 

 

Figure 1. Global warehouse automation market forecast [2].

SBS/RS is an automated storage and retrieval system, extensively utilized for storage
of mini-load in e-commerce warehouses, one of which is recent micro-fulfillment centers [3].
SBS/RS is developed as a response to recent customer expectations towards fast, efficient
hyper local fulfillment. It delivers high throughput and storage capacity for storing small
loads fast and efficiently [4,5]. The high transaction capacity of SBS/RS comes from
warehouse design, where a shuttle mechanism is dedicated in each tier of an aisle within
a high bay racking system. Having many shuttles in the warehouse helps the system
achieve a high throughput capacity. However, the handicap of that system design is that
the average utilization of shuttles is typically very low compared to the lifting mechanisms
in the system. Lifts are usually bottleneck in SBS/RS due to the dedicated shuttles in each
tier. Such SBS/RS design is also referred to as tier captive SBS/RS (TC-SBS/RS) in the
literature [6–10]. We refer to tier captive SBS/RS as non-flexible SBS/RS, in this paper.
Figure 2 shows the side and top view of a non-flexible SBS/RS. According to that, dedicated
shuttles in tiers retrieve and store the loads within the tiers. There is a lifting mechanism
(i.e., LM-1 in Figure 2) installed in each aisle carrying totes between tiers. In TC-SBS/RS
design, the shuttles are not capable of changing their tiers and aisles. LM-1 carries the loads
between input/output (I/O) point and the target tier. Because of the excess number of
shuttles in the system, the initial investment cost of those designs would likely be higher
than one, with reduced number of shuttles, where shuttles can travel flexibly between
tiers within an aisle [11–15]. This flexible SBS/RS’ operating, and design principles are
explained in the following paragraphs.

In this paper, to facilitate the investment decisions of retailer companies in automa-
tion technologies, specifically for SBS/RS, we study trade-offs between investment cost,
throughput rate and energy consumption per transaction in two SBS/RS designs, non-
flexible SBS/RS and flexible SBS/RS. Figure 3 shows the side and the top view of the
studied flexible SBS/RS design. In that design, shuttles are allowed to travel between tiers
by using a lifting mechanism (i.e., LM-2) which is installed at other end side of each aisle.
Namely, LM-2 is dedicated to carry shuttles between tiers within its aisle. In that flexible
design, the number of shuttles in an aisle may be reduced compared to a non-flexible design.
Thus, the system can be operated at a lower investment cost by using fewer shuttles. In
addition, by exploring alternative warehouse designs achieving higher process rates would
improve the performance of this system more.
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The main motivation for the study is to address the growing importance of automated
storage and retrieval systems and provide more cost-efficient warehouse design in terms of
initial investment cost, energy consumption per transaction, and processing rate per hour.
With this study, our main aim is to explore a warehouse design with a less investment cost
and more balanced shuttle and lift mechanisms for their average utilization values. We
explore the design study under multi-objective perspectives: investment cost, throughput
rate and energy consumption per transaction. The remainder of the paper is organized
as follows: Section 2 includes a comprehensive assessment of the literature as well as a
synopsis of our research. Section 3 presents the simulation model of the systems along
with the system assumptions. The results are discussed and summarized in Section 4. An
implication section providing recommendations from findings is provided in Section 5.
Last, we provide a conclusion part summarizing the work and findings.
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2. Literature Review

Most of the research in the literature focuses on non-flexible SBS/RS. There are few
numbers of works studying flexible SBS/RS within the literature. We summarize all the
related ones, in this section.

2.1. Non-Flexible SBS/RS Works

The first study on non-flexible SBS/RS has been done by [5] which focuses on the
scheduling of lifts in the warehouse. They present a heuristic approach and introduce two
functions for requesting requests in order.

Marchet et al. [6] design an analytical model for non-flexible SBS/RS design to estimate
its performance under different warehouse designs. They develop open queuing network
(OQN) models for that purpose.

Tappia et al. [8] model non-flexible SBS/RS by queueing network models to predict the
performance of both single-tier and multi-tier system designs. While each tier is modelled
as a multi-class semi-open queuing network, the vertical transfer is modelled as an open
queueing network.

Wang et al. [9] study task scheduling for non-flexible SBS/RS. The two-step open
queueing network is developed to solve resource waiting times. An ant colony technique is
used to analyze the outcome of a position distribution optimization model.

Ekren [10] presents a simulation-based method for the key performance outputs from
various SBS/RS designs.

Then, Marchet et al. [16] design a non-flexible SBS/RS model to observe how a change
in the number of corridors affects the outcome.

Ekren et al. [17] present a method for estimating key performance indicators for
various SBS/RS architectures. Any system with a linear, discrete travel pattern and equal
distance stop locations can benefit from the proposed methodology. The performance
of SBS/RS systems may be quickly assessed by altering the input design parameters of
SBS/RS systems using the suggested tool.

Ha and Chae [18] study free balancing impact in non-flexible SBS/RS by comparing
basic system control. According to the results of their simulation study, using free balancing
reduces the burden on elevators in non-flexible SBS, increasing system performance and
allowing for more productive system operation. Later, Ha and Chae [19] present a decision
model for non-flexible SBS/RS to determine the best number of shuttles. They show that the
proposed model can find the necessary number of shuttles at the desired throughput rate.

Additionally, research in Burkina Faso (West Africa) found that good sustainability
management enhances the standing and visibility of foreign development initiatives, raises
stakeholder satisfaction, and lessens unfavorable social and environmental effects [20].

Based on a statistical experimental design, Ekren [21] analyzes non-flexible SBS/RS
to identify design elements that affect the performance of that system. It is observed that
increasing the number of aisles has a substantial impact on system performance. For
the design of a non-flexible SBS/RS, Ekren [22] presents a multi-objective optimization
method. Simultaneous reduction of average cycle time and energy usage per transaction is
regarded as multi-objectives in the study. Later, Ekren and Akpunar [23] provide a queuing
network-based tool for predicting many performance indicators (e.g., mean cycle time and
mean energy consumption per transaction) from a pre-defined SBS/RS design by using a
queueing network.

2.2. Flexible SBS/RS Works

The most related paper is presented by Küçükyaşar et al. [11], where they compare
performance of non-flexible SBS/RS and flexible SBS/RS based on their hourly throughput
rate, initial investment cost and the other key performance metrics. They observe that
flexible SBS/RS designs can achieve a higher throughput rate with lower initial investment
costs than non-flexible SBS/RS designs. The main difference between this current paper
with that one is that, while Küçükyaşar et al. [11] study single speed profile for shuttles
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and lifts we also include different velocity profiles along with the different warehouse
racking designs.

In contrast to deadlock and collision-focused works, Lerher [24] and Turhanler et al. [25]
focus on flexible SBS-RS from shuttle’s flexible travel between aisles. The study provides
deadlock collision and prevention rules.

Ekren and Arslan [26] apply a machine learning algorithm for the scheduling of tasks
in flexible SBS/RS. They treat the shuttles and lifts as agents in the system that can make
dynamic decisions in selecting transactions from their queues. Later, Arslan and Ekren [14]
apply Deep-Q learning in flexible SBS/RS.

In this paper, we study system performance comparison of nonflexible and flexible
SBS/RS designs from multi objective perspectives: initial investment cost, energy con-
sumption per transaction and throughput rate in unit time. We apply a simulation-based
experimental work for comparison purposes.

3. System Description and Simulation Model Assumptions

We detail the flexible SBS/RS design in this section. In this system, unlike the others,
shuttles can travel between tiers with the help of LM-2. There are two-sided storage racks
in each aisle, where loads can be stored either on the left or right side of an aisle. There are
two transaction types: storage and retrieval.

Figures 4 and 5 show the simulation flow charts of the storage and retrieval processes,
respectively. Storage process starts with an available bay selection. Later, the storage
transaction waits until at least one buffer space becomes available at the regarding tier.
The selection rule of a shuttle is the closest shuttle to the transaction address. Meanwhile,
the load to be stored enters the queue of LM-1. After lift picks up the load from the I/O
point, it travels to the tier address where the load will be stored. Later, LM-1 drops off the
load at the buffer area. If a shuttle requires to change its tier, then it requests LM-2. Then,
the shuttle travels to the buffer area in that tier to pick up the load, and both travel to the
storage bay address. In the retrieval process, while the shuttle selection and the arrival
of the shuttle to that tier are the same as the storage process, the entrance of the load to
the LM-1 row is when the load is taken from the storage location and arrives at the buffer
area. When the load is dropped off at the buffer area, it enters the LM-1 queue. Later, LM-1
carries the load at the I/O point.

The simulation assumptions are summarized below:

1. The queues of LM-1 and LM-2 follow the first-in-first-out (FIFO) scheduling rule.
2. An available shuttle is selected according to the closest distance rule.
3. When transactions are performed on the first tier, the LM-1 is not utilized.
4. There are two main transaction types: storage and retrieval transactions.
5. We assume that the storage transactions begin at the I/O point and the retrieval

transactions end at the I/O point.
6. In storage transactions, shuttles pick up the totes from the buffer locations, where

LM-1 leaves them there.
7. In retrieval transactions, the shuttles drop off the loads at the buffer locations, and the

LM-1 mechanisms picks up them from there.
8. In a single tier, only one shuttle is allowed to travel to prevent collisions.
9. As dwell point policy, shuttles and lifts wait at their last locations until they have

new tasks.
10. The buffer areas have three tote capacities, and they are located on either side of each tier.
11. Storage and retrieval addresses of arriving requests are determined randomly.
12. The loading and unloading delays for loads to/from shuttles/lifts are assumed to be

equal and 3 s.
13. The models account for acceleration and deceleration travel times of shuttles and lifts

until they reach their maximum speeds. Transporter modules are used in simulation
software to calculate trapezoidal velocity-time relationships.
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14. In the simulation models, the bottleneck resource (e.g., shuttle or lift) is set to be
utilized at around 97%.

15. According to Ekren [10,21], we consider the distance between two adjacent bays, the
buffer area and the first bay as 0.5 m. Additionally, the distance between two tiers is
0.35 m.

16. The maximum velocity and acceleration/deceleration values of velocities of shuttles
are 2 and 4 m/s. It is 2 m/s for lifts.

17. According to Ekren [10,21], we assume that the mass of a shuttle, lift and tote is 40 kg,
60 kg and 20 kg, respectively.

18. The warm-up period for the simulation models is assumed to be 15 days. It is
determined by the eye-ball technique.

19. The replication length of simulation runs is 30 days.
20. The number of replications for each design is five.
21. There is no time-dependent deterioration in the operation of all machines.
22. No failure takes place in the warehouse for shuttles and lifts.
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3.1. Simulation Model

All SBS/RS designs are simulated by the commercial software, ARENA 16.0. Ani-
mation is developed to verify and validate the simulation models. A snapshot from the
animation is given in Figure 6. In that figure, there are 30 aisles, 15 tiers and 60 bays. The
blue and red balls on the shuttles indicate the type of process, while the white line on the
LM-2 indicates that the LM-2 is not idle.

In the simulation models, if there is no available shuttle, the transaction entity is hold
by the “hold” module until at least one shuttle becomes idle. Each shuttle has its own
separate queue. Transactions with the same tier address of a shuttle enter that shuttle’s
queue immediately. Hence, when a shuttle becomes idle, it tends to select a transaction from
its own queue. If there is a busy shuttle that is to arrive at the tier address of a transaction
request, that transaction enters that shuttle’s queue anyway although it is not available for
that transaction. Here, the aim is not to schedule two shuttles at the same tier. If there is not
any shuttle currently running at or heading to that transaction’s tier, then that transaction
enters the closest shuttle’s queue. After the selection of a shuttle, the entity is duplicated,
and one enters the LM-1 queue the other enters the LM-2 queue to consider a parallel travel
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process. Shuttles, LM-1 and LM-2 have their own queues and these queues are processed
based on FIFO rule.
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3.2. Design Scenarios

To compare the performance of the flexible and non-flexible SBS/RSs, we conduct
four different warehouse designs in the experimental study, shown in Table 1. According
to that, we change the number of tiers, aisles and shuttles in the system. Besides, we also
consider two warehouse capacity scenarios in terms of the number of bays in the storage
racks: 45,000 and 90,000.

Table 1. Design Factors.

Factor/Factor Level 1 2 3

Tier (T) 15 25
Aisle (A) 30 50

Velocity (V) 2 4
Number of shuttle (Ns) 3 6 Non-flexible

We set the number of tiers to 15 and 25, and the number of aisles to 30 and 50. Therefore,
the number of bays (B) in an aisle is based on the warehouse capacities. We consider two
different velocities which are 2 and 4 m/s. While for the flexible SBS/RS there are two
different numbers of shuttles, 3 and 6, in the non-flexible system design there are as many
shuttles as tiers. Depending on the capacity of each warehouse, the results are commented
on separately. Remember that the arrival rates are varied so that the average utilization of
the bottleneck server is around 97%.

3.3. Performance Metrics

From the results, we observe three important performance metrics: total investment
cost (TC), hourly throughput rate (λ) and energy consumption per transaction (ET). Here,
ET values are computed by Ekren [21,22]. Utilizations of shuttle, LM-1 and LM-2 have been
shown by Us, L1u, L2u, respectively. The throughput rates are already shown by λ. The
costs of a shuttle, lift, bay and footprint area are important parameters while calculating the
initial investment costs. Table 2 shows the cost calculation parameters [16]. To calculate the
footprint area, first, we calculate the length of the warehouse (Lw) and then the width of the
warehouse (Ww). (1), (2) and (3) show the calculations of Lw, Ww and S, respectively. Total
cost calculation is shown by (4) for both systems. Here, note that the number of shuttles in
non-flexible SBS/RS configuration is equal to the number of tiers.

Lw = d × (B/2) + lb + lc + l1 + l2 (1)
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Ww = (2 · wr + wa) · A (2)

S = Lw ·Ww (3)

TC = (C1 · ns + C2 + C3) · A + (C4 · T · B · A) + (S · C5) (4)

Table 2. Cost Calculation Parameters.

Parameters Definition Unit Value 1 Value 2

C1 Cost of Shuttle EUR/shuttle 20,000 30,000
C2 Cost of LM-1 EUR/LM-1 50,000
C3 Cost of LM-2 EUR/LM-2 75,000
C4 Cost of a Bay EUR/bay 30
C5 Cost of a Space EUR/m2 50
B Total number of bays in a tier
S Footprint of the warehouse m2

Ns Number of shuttles in an aisle
Lw Length of the warehouse m
Ww Width of the warehouse m

d Distance between two adjacent bays m
Ib Length of buffer area m
Ic Length of conveyor area m
I1 Length of LM-1 m
I2 Length of LM-2 m
wr Width of a rack m
wa Width of an aisle m
NO Design number
NT Number of Tier
NA Number of Aisle
NB Number of Bay
TC Total Cost EUR
L Throughput per Hour

Us Utilization of Shuttle
L1u Utilization of Lift 1
L2u Utilization of Lift 2
CPT Cost per Throughput EUR/L
ET Energy consumption per transaction Kwh/L

4. Simulation Results and Discussion

The simulation models are run based on the Table 1 scenarios. Note that the results are
provided by multiple replications’ confidence intervals at 95% level. Figures 7 and 8 show
the throughput versus total investment cost for 45,000 and 90,000 capacities, respectively.
In that figure, yellow-colored dots show the results for non-flexible SBS/RS designs and the
blue ones show the results for flexible SBS/RS designs. The cost of non-flexible SBS/RS is
generally more expensive than flexible ones. From a multi-objective perspective, we focus
on the experiments presented at the lower right corners. Namely, from that graph, we know
that an experiment with high throughput rate and less cost would be at the right low corner.
By observing those graphs, we note that in the case where throughput rate is at its peak in
non-flexible SBS/RS design, there is always a close throughput rate to that value with less
investment cost in a flexible SBS/RS. From those graphs, it is observed that, the number
of aisles is the most important parameter for throughput per hour performance metric.
It also affects the investment cost significantly, this is probably because in non-flexible
SBS/RS system, increasing the number of aisles would also increase the number of lifts in
the system. We can achieve enormous benefits in terms of cost and transaction rate within
flexible SBS/RS.
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For example, in Tables 3 and 4 the experiment with design number 24 which is the one
with 25 tiers, 50 aisles, and shuttle speed of 4 results in 27,918 throughput rate per hour
with a cost of EUR 41,419,000. The experiment with design number 5, which is the one with
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15 tiers, 50 aisles, and shuttle speed 2, produces 29,524 throughput rate per hour with a
cost of EUR 13,701,000. Compared to experiment 24, experiment 5 results in a 66% cost
reduction and a 10% increase in throughput. Such comparisons can be done by using those
tables to understand how those two systems perform in terms of those two-performance
metrics. Another example is design number 17, which has a speed of 4 and a throughput
rate of 31,112 per hour at a cost of EUR 16,701,000. In comparison with design number 24,
design number 17 can increase throughput by approximately 20% while reducing costs
by nearly 60%. Thus, we can comment that, designs 5 and 17 can be considered to be
alternatives for design 24.

Table 3. Simulation results for 45,000 bay capacity.

No NT NB NA NS V L1U L2U Us L TC CI (±) ET

1 15 100 30 3 2 72% 73% 98% 9011 6992 2.06 × 10−3 3.07 × 10−7

2 15 100 30 6 2 97% 80% 98% 16,026 8792 1.07 × 10−3 1.53 × 10−7

3 15 100 30 15 2 97% NA 51% 17,288 11,942 1.56 × 10−3 0.98 × 10−7

4 15 60 50 3 2 76% 75% 97% 18,927 10,701 1.46 × 10−3 1.44 × 10−7

5 15 60 50 6 2 97% 77% 97% 29,524 13,701 1.07 × 10−3 0.82 × 10−7

6 15 60 50 15 2 97% NA 52% 30,536 18,951 1.61 × 10−3 0.55 × 10−7

7 25 60 30 3 2 76% 80% 98% 10,191 6960 8.34 × 10−4 3.88 × 10−7

8 25 60 30 6 2 97% 91% 97% 14,791 8760 4.77 × 10−4 2.55 × 10−7

9 25 60 30 25 2 98% NA 45% 16,367 17,910 2.56 × 10−3 1.46 × 10−7

10 25 36 50 3 2 78% 82% 97% 18,927 10,669 1.47 × 10−3 2.08 × 10−7

11 25 36 50 6 2 97% 89% 97% 25,747 13,669 7.77 × 10−4 1.43 × 10−7

12 25 36 50 25 2 97% NA 45% 27,617 28,919 2.38 × 10−3 0.86 × 10−7

13 15 100 30 3 4 78% 74% 98% 12,350 7892 1.88 × 10−3 2.87 × 10−7

14 15 100 30 6 4 97% 76% 96% 18,010 10,592 1.44 × 10−3 1.80 × 10−7

15 15 100 30 15 4 97% NA 57% 18,636 16,442 1.98 × 10−3 1.25 × 10−7

16 15 60 50 3 4 81% 75% 98% 23,236 12,201 1.10 × 10−3 1.49 × 10−7

17 15 60 50 6 4 98% 70% 96% 31,112 16,701 1.24 × 10−3 1.00 × 10−7

18 15 60 50 15 4 97% NA 55% 31,597 26,451 1.31 × 10−3 0.72 × 10−7

19 25 60 30 3 4 80% 82% 98% 11,874 7860 1.90 × 10−3 3.98 × 10−7

20 25 60 30 6 4 97% 89% 97% 15,495 10,560 1.04 × 10−3 2.92 × 10−7

21 25 60 30 25 4 97% NA 46% 16,620 25,410 3.78 × 10−3 1.79 × 10−7

22 25 36 50 3 4 81% 82% 98% 20,845 12,169 1.41 × 10−3 2.21 × 10−7

23 25 36 50 6 4 97% 90% 96% 25,938 16,669 8.61 × 10−4 1.72 × 10−7

24 25 36 50 25 4 97% NA 48% 27,918 41,419 2.81 × 10−3 1.04 × 10−7

Similar graphs are also drawn for energy consumption per transaction (ET) ver-
sus initial investment costs and throughput rate per hour under two capacity scenarios.
Figures 9–12 show those results, respectively. When we check the same number of aisles
and tiers scenarios for fleaxible and non-flexible systems, we do not observe better results
in flexible system design in terms of energy consumption and throughout rate. This is prob-
ably because that there is LM-2 in flexible system which causes more energy consumption
when shuttles travel between tiers. From a multi-objective perspective, we focus on the
designs located at the right low corner again in Figures 9 and 11. In Figures 10 and 12, we
focus on the designs around the origin points. For example, the experiment with the design
number 12 having 25 tiers, 36 aisles, with shuttle speed 2 m/s produces 27,617 throughput
rate per hour with 0.86 × 10−7 Kwh/L. The experiment with design number 5 with
15 tiers, 60 aisles, shuttle speed 2 m/s produces 29,524 throughput rate per hour with
0.82 × 10−7 Kwh/L. There is roughly 4.7% reduction in energy consumption per transac-
tion and 6.9% increase in throughput rate per hour in design 5 compared to the design 12.
Additionally, the experiment 45 with 25 tiers, 120 aisles, and shuttle speed of 4 produces
16,367 throughput rate per hour with 1.87 × 10−7 Kwh/L. The experiment 41, that is with
15 tiers, 120 aisles, and shuttle speed 4 produces 30,017 throughput rate per hour with
1.06 × 10−7 Kwh/L. That design 41 creates a 43.4% reduction in energy consumption per
transaction and 83.4% increase in throughput rate per hour compared to design 5. Hence,
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this time we comment that designs 41 and 45 can be considered to be alternatives for
design 5.

Table 4. Simulation results for 90,000 bay capacity.

No NT NB NA NS V L1U L2U Us L TC CI (±) ET

25 15 200 30 3 2 47% 59% 98% 6755 8421 3.10 × 10−3 2.30 × 10−7

26 15 200 30 6 2 97% 50% 96% 13,015 10,221 1.01 × 10−3 1.00 × 10−7

27 15 200 30 15 2 98% NA 41% 13,506 13,371 1.53 × 10−3 8.04 × 10−7

28 15 120 50 3 2 70% 72% 97% 13,353 12,130 2.23 × 10−3 2.10 × 10−7

29 15 120 50 6 2 96% 81% 98% 24,995 15,130 5.28 × 10−4 0.99 × 10−7

30 15 120 50 15 2 98% NA 54% 28,131 20,380 1.52 × 10−3 0.60 × 10−7

31 25 120 30 3 2 70% 78% 98% 7468 8358 2.67 × 10−3 5.38 × 10−7

32 25 120 30 6 2 95% 92% 98% 13,064 10,158 1.20 × 10−3 2.90 × 10−7

33 25 120 30 25 2 97% NA 37% 15,495 19,308 1.86 × 10−3 1.56 × 10−7

34 25 72 50 3 2 74% 81% 97% 15,667 12,067 1.68 × 10−3 2.56 × 10−7

35 25 72 50 6 2 97% 91% 98% 24,333 15,067 7.66 × 10−4 1.54 × 10−7

36 25 72 50 25 2 98% NA 45% 27,074 30,317 2.30 × 10−3 0.88 × 10−7

37 15 200 30 3 4 74% 62% 98% 10,794 9321 1.83 × 10−3 2.18 × 10−7

38 15 200 30 6 4 97% 50% 88% 17,567 12,021 1.36 × 10−3 1.17 × 10−7

39 15 200 30 15 4 98% NA 39% 18,322 17,871 2.51 × 10−3 0.95 × 10−7

40 15 120 50 3 4 76% 75% 97% 18,927 13,630 1.86 × 10−3 1.91 × 10−7

41 15 120 50 6 4 98% 73% 98% 30,017 18,130 1.48 × 10−3 1.06 × 10−7

42 15 120 50 15 4 97% NA 51% 30,536 27,880 2.37 × 10−3 0.77 × 10−7

43 25 120 30 3 4 76% 80% 98% 10,191 9258 1.11 × 10−3 4.78 × 10−7

44 25 120 30 6 4 97% 91% 97% 14,891 11,958 5.41 × 10−4 3.11 × 10−7

45 25 120 30 25 4 97% NA 45% 16,367 26,808 3.83 × 10−3 1.87 × 10−7

46 25 72 50 3 4 78% 82% 97% 18,927 13,567 1.87 × 10−3 2.55 × 10−7

47 25 72 50 6 4 97% 89% 97% 25,747 18,067 1.01 × 10−3 1.76 × 10−7

48 25 72 50 25 4 98% NA 51% 27,742 42,817 3.66 × 10−3 1.08 × 10−7
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Figure 9. Throughput versus energy consumption per transaction graph for 45,000 bay capacity. 
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When Figures 10 and 12 are observed, we note that there is always better alternative
in flexible system design compared to non-flexible design. In experiment 5, energy con-
sumption is 35% less than experiment 15′s energy consumption. Initial investment cost is
also less in experiment 5 compared to experiment 15. Hence, that flexible system may be
considered to be alternatives for experiment 15 of non-flexible system design.

All those graphs can be analyzed in this manner namely by considering multi-objective
perspectives. The companies can choose the best design according to their requirements for
instance providing decreased initial investment cost, increased transaction process rate per
hour and energy consumption per transaction.

5. Implication of the Study

The studied performance comparison work of two SBS/RS designs, flexible and non-
flexible SBS/RSs, show the trade-offs between three performance metrics: total investment
cost, throughput rate per hour and energy consumption per transaction based-on different
warehouse designs. From results it is observed that, the average energy consumption per
transaction is usually low in non-flexible system. However, from total investment cost
and throughput rate per hour perspectives, flexible system design usually provides better
results than the non-flexible system. From practitioners, the most encouraging result to
invest in those systems would be most probably the decreased initial investment costs.
For instance, 60% decreased initial investment cost can be realized by changing the design
of warehouse in flexible SBS/RS. Hence, practitioners may invest in flexible SBS/RS by
considering the multi-objectives to meet their requirements.

6. Conclusions

In this paper, we study two SBS/RS designs, flexible and non-flexible SBS/RSs, devel-
oped on shuttle travel policies. We compare the performance of those two system designs
based on three performance metrics: total investment cost, throughput rate per hour and
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energy consumption per transaction. We investigate warehouse designs providing bet-
ter outputs in terms of those three-performance metrics. From energy consumption per
transaction although mainly non-flexible system provides better results, from the other
performance metrics flexible system provides usually better results than the non-flexible
system. The most encouraging results are from initial investment costs. For instance, 60%
decreased initial investment cost can be realized by changing the design of warehouse in
flexible SBS/RS. The simulation results presented in this paper can be used by practitioners
for multi-objective SBS/RS design to meet their requirements. The simulation assumptions
considered in the models are limitation of this study. Those can be extended in the future
studies. This study can also be extended by considering more warehouse designs and new
performance metrics such as average cycle time per transaction as a new output parameter.
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