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ABSTRACT

Warehousing operations, integral to modern supply
chains, are significant contributors to energy
consumption. Traditional approaches to enhancing
energy efficiency often focus on upgrading physical
infrastructure, which is cost-intensive and time-
consuming. The advent of smarter Warehouse
Management Systems (WMS) offers a new paradigm by
optimizing workflows and minimizing energy wastage
through data-driven configurations. This manuscript
explores the role of advanced WMS in reducing energy
consumption, with emphasis on features such as
inventory slotting, dynamic task interleaving, and
material handling equipment routing. A mixed-methods
approach combining literature review and case studies
demonstrates the potential of smarter WMS
configurations in reducing operational costs and
environmental impacts. The study concludes with
recommendations for adopting smarter WMS
configurations and discusses the scope and limitations of
these systems in achieving sustainable warehousing

practices.
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INTRODUCTION

Warehouses are essential nodes in global supply chains,
facilitating the storage and distribution of goods. However,
they are also energy-intensive, contributing significantly to
operational costs and carbon emissions. Lighting, heating,
ventilation, air conditioning (HVAC), and material handling
equipment (MHE) are among the key energy consumers in

warehouse operations.

The increasing global emphasis on sustainability has
prompted organizations to seek innovative solutions to
minimize energy use while maintaining productivity.
Traditional energy efficiency measures, such as installing
energy-efficient lighting or upgrading HVAC systems,
require substantial capital investment. In contrast, the
implementation of smarter Warehouse Management Systems
(WMS) offers a cost-effective approach by optimizing
workflows, inventory management, and equipment

utilization.
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This study focuses on how smarter WMS configurations can
enhance energy efficiency in warehousing. By leveraging
advanced analytics, Internet of Things (IoT) devices, and
machine learning algorithms, WMS can optimize tasks such
as inventory placement, equipment routing, and workforce

allocation, leading to significant energy savings.
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LITERATURE REVIEW

The intersection of energy efficiency and WMS technology
is a growing field of research. This review summarizes key

findings from prior studies, categorized into three themes:
1. Energy Consumption in Warehousing

Warehouses account for a substantial portion of energy usage
in supply chains, with lighting and HVAC systems
consuming nearly 70% of total energy, followed by MHE.
Studies have shown that operational inefficiencies, such as
suboptimal inventory placement or redundant travel paths,

exacerbate energy consumption.
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2. Role of WMS in Warehouse Optimization

A WMS is a software application designed to support
warehouse operations by managing inventory, coordinating
workflows, and tracking performance metrics. Recent
advancements have integrated IoT and machine learning
technologies, enabling real-time decision-making and
predictive analytics. Smarter WMS configurations can

reduce energy use by:

*  Optimizing inventory slotting to minimize travel

distances.
* Interleaving tasks to reduce idle time for MHE.

* Implementing dynamic routing algorithms to avoid

congestion.
3. Sustainability in Supply Chain Management

Sustainability initiatives in supply chains often focus on
reducing waste and improving energy efficiency. The
integration of energy-efficient WMS with green logistics
practices, such as carbon footprint tracking and energy
monitoring, has been identified as a key enabler of

sustainable supply chains.
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METHODOLOGY * Key Challenge: High energy consumption

This study adopts a mixed-methods approach to explore the
role of smarter WMS configurations in enhancing energy
efficiency in warehousing. The methodology comprises a
combination of systematic literature review, empirical case

studies, and quantitative data analysis.
1. Systematic Literature Review

To establish the theoretical foundation for this study, a
systematic review of literature was conducted using online
academic databases such as Scopus, Web of Science, and

Google Scholar. The following steps were followed:

* Search Terms: Key phrases included "energy-
efficient warehousing," "smart WMS," "sustainable

logistics," and "IoT in warechouse management."

* Inclusion Criteria: Articles published between
2010 and 2024, peer-reviewed journals, and case
studies focusing on WMS-driven energy savings

were considered.

* Exclusion Criteria: Papers unrelated to
warehousing or focusing only on infrastructure

upgrades were excluded.

A total of 115 articles were initially shortlisted, and 42 were
deemed relevant for in-depth analysis. The findings were
categorized into three themes: energy consumption patterns,
WMS features impacting energy use, and sustainable supply

chain practices.
2. Case Studies

To provide empirical insights, three warehouses were

selected from distinct sectors:
1. E-commerce (Retail Distribution Center):
¢ Location: Urban area in North America

*  Size: 150,000 square feet

due to round-the-clock operations.

2. Pharmaceuticals (Cold Storage Facility):
*  Location: Europe
*  Size: 80,000 square feet

* Key Challenge: Stringent temperature
control requirements leading to high

HVAC usage.

3. Manufacturing (Automotive Parts Warehouse):
*  Location: Asia
*  Size: 120,000 square feet

* Key Challenge: Inefficient equipment routing

and inventory mismanagement.
Data collection involved:

* Interviews: Warchouse managers, operations
supervisors, and IT personnel were interviewed
to understand operational challenges and WMS

configurations.

e On-Site Observations: Processes such as
inventory slotting, task scheduling, and

equipment routing were monitored.

* Operational Data: Pre- and post-WMS
upgrade records of energy consumption, task
completion times, and equipment utilization

were analyzed.
3. WMS Configurations Evaluated

The study focused on specific WMS features designed to

improve energy efficiency:

1. Inventory Slotting Optimization: Arranging
inventory to minimize travel distances for pickers

and equipment.
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2. Dynamic Task Interleaving: Assigning multiple
tasks (e.g., picking, replenishment) to a single trip

to reduce idle movement.

3. Equipment Routing Algorithms: Leveraging real-
time data to dynamically route MHE, avoiding

congested areas and redundant paths.
4. Quantitative Data Analysis

Quantitative metrics such as total energy consumption
(kWh), MHE travel distances, and task completion times
were collected before and after WMS implementation.
Statistical tools, including paired t-tests, were used to assess

the significance of changes in these metrics. Statistical

Analysis
Metric Pre- | Pos | Mean | % pval | Signific
WM | t- | Differe| Cha | ue | ance
S W | nce nge
Mea | MS
n Me
an
Lighting 12,01 9,8 | -2,200 | - 0.04 | Signific
Energy 00 | 00 18% ant
(kWh)
MHE 1,50| 1,0 | -450 - 0.01 | Highly
Travel | 0 50 30% Signific
Distance ant
(km)
Order 45 |3.7|-0.8 - 0.03 | Signific
Fulfillment 18% ant
Time
(hours)
HVAC 8,00| 6,8 | -1,200 | - 0.05 | Signific
Energy| O 00 15% ant
(kWh)
Idle 20 14 | -6 - 0.02 | Signific
Equipment 30% ant
Time
(hours)
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RESULTS

The findings from the case studies highlight the substantial
impact of smarter WMS configurations on energy efficiency

and operational performance.
1. Energy Savings

Across the three warehouses, significant energy reductions

were observed:
e  E-commerce Warehouse:

* Lighting energy consumption decreased
by 18% due to optimized inventory
slotting.

* MHE energy usage dropped by 22%,
enabled by dynamic routing algorithms.

e Overall, the warehouse achieved a 20%

reduction in total energy use.
*  Pharmaceutical Warehouse:

*  HVAC energy consumption reduced by
15%, attributed to better zoning facilitated
by WMS.
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* Inventory slotting improved order
fulfillment efficiency, reducing cold
storage door openings and subsequent

energy loss.
*  Manufacturing Warehouse:

* MHE travel distances were reduced by
30%, leading to a 25% reduction in fuel

and battery usage.

* Task interleaving decreased idle time,

optimizing energy utilization across shifts.
2. Operational Efficiency

The smarter WMS configurations significantly enhanced

warehouse efficiency:

*  Order Fulfillment Time: Improved by 18% on

average due to streamlined processes.

* Inventory Accuracy: Increased by 25%,
minimizing the need for time- and energyintensive

audits.

* Equipment Downtime: Reduced by 30%, as
dynamic routing and task interleaving minimized

bottlenecks.
3. Financial Impact

The financial implications of WMS upgrades were evaluated

using ROI and payback period analysis:

e E-commerce Warehouse: Recovered WMS

implementation costs within 14 months.

¢ Pharmaceutical Warehouse: Achieved ROI within
18 months, primarily through HVAC energy

savings.

*  Manufacturing Warehouse: Break-even achieved
in 12 months due to significant reductions in MHE

operational costs.

4. Environmental Impact
Energy savings translated to reduced carbon emissions:

O Across all three warehouses, CO- emissions decreased

by an average of 20%, aligning with corporate

sustainability goals.
5. Statistical Validation

Paired t-tests confirmed the statistical significance of energy

savings:
*  Lighting energy reduction: p < 0.05
*  MHE energy savings: p <0.01
*  HVAC energy savings: p < 0.05

6. Challenges and Observations

* Implementation required extensive staff training

and a period of adjustment.

* Integrating WMS with legacy systems posed initial

compatibility issues.

DiSCUSSION
1. Key Insights

*  Smarter WMS configurations enable warehouses to
achieve dual goals of energy efficiency and

operational excellence.

*  Real-time data integration and predictive analytics
are critical in identifying and addressing energy

inefficiencies.
2. Challenges

* High upfront costs of WMS software and

integration with existing systems.

* Resistance to change among warehouse staff,
necessitating extensive training and change

management initiatives.
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3. Future Trends

Emerging technologies such as Al-driven digital twins and
blockchain for energy traceability are expected to further

enhance WMS capabilities in sustainable warehousing.

CONCLUSION

Smarter WMS configurations represent a transformative
approach to achieving energyefficient warehousing. By
optimizing inventory placement, task interleaving, and
equipment utilization, warehouses can significantly reduce
their energy consumption while enhancing operational
efficiency. This study underscores the importance of
integrating technology-driven solutions with sustainability

goals in modern supply chains. Scope and Limitations

Scope

This study provides a comprehensive analysis of energy
efficiency through smarter WMS configurations, with
insights applicable across industries. The findings are
particularly relevant for warehouses seeking cost-effective

alternatives to traditional energy-saving measures.
Limitations

e The case studies are limited to three warehouses,

which may not fully represent all industry contexts.

*  The analysis assumes consistent energy prices and
does not account for external factors such as supply

chain disruptions.
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