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Certificate in Automated Storage and Retrieval System for Warehouses

Energy Efficiency and Sustainability

Energy consumption is the total amount of electrical power used by an automated storage and retrieval
system (AS/RS) during its operation. It is typically measured in kilowatt‑hours (kWh) and is influenced by
motor loads, control electronics, lighting, and auxiliary equipment such as climate control. Understanding
the baseline energy consumption of a warehouse AS/RS is the first step toward identifying opportunities for
reduction.

Power usage effectiveness (PUE) is a metric originally developed for data centres but increasingly applied to
warehouse environments. It is the ratio of total facility energy to the energy used by the core automation
equipment. A PUE close to 1.0 Indicates that most of the electricity is directed to the retrieval system itself,
while higher values reveal excess energy spent on heating, ventilation, air‑conditioning (HVAC), or lighting.
Reducing PUE often involves integrating more efficient lighting and improving HVAC controls.

Load factor describes the proportion of the system’s maximum capacity that is actually utilized over a given
period. A high load factor means the AS/RS operates near its design capacity, which can improve motor
efficiency because motors run closer to their optimal operating point. Conversely, a low load factor can
result in frequent start‑stop cycles, increasing wear and energy waste.

Energy intensity measures the amount of energy required per unit of throughput, such as kWh per pallet
moved or per order fulfilled. This indicator allows managers to compare the efficiency of different
warehouse layouts or automation technologies. For example, an AS/RS that moves 10 000 pallets per day
while consuming 5 000 kWh has an intensity of 0.5 KWh per pallet, whereas a less efficient system might
require 0.8 KWh per pallet.

Sustainable design incorporates principles that minimise environmental impact throughout the lifecycle of
the AS/RS. This includes selecting equipment with high motor efficiency, using recyclable materials for
structural components, and designing for easy disassembly at end‑of‑life. Sustainable design often aligns
with certifications such as LEED, which award points for energy optimisation, indoor environmental quality,
and use of renewable resources.

Lifecycle assessment (LCA) is a systematic method for evaluating the environmental burdens associated with
a product from raw material extraction through manufacturing, operation, and disposal. In the context of
AS/RS, an LCA might compare the embodied carbon of steel racking versus aluminium alternatives, assess
the energy used during manufacturing of conveyor belts, and calculate the emissions saved by reducing
manual labour. LCA results guide decisions on material selection and system architecture.

Greenhouse gas emissions (GHG) refer to carbon dioxide (CO₂), methane (CH₄), nitrous oxide (N₂O), and
other gases that trap heat in the atmosphere. The primary source of GHG emissions in an automated
warehouse is the electricity used to power motors, drives, and lighting. When the electricity originates from
fossil‑fuel‑based grids, each kWh translates into a measurable quantity of CO₂ equivalent. Tracking GHG
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emissions enables warehouses to set reduction targets and report progress to stakeholders.

Carbon footprint quantifies the total GHG emissions associated with an operation, expressed as kilograms
or tonnes of CO₂‑equivalent. For an AS/RS, the carbon footprint includes direct emissions from on‑site
generators, indirect emissions from purchased electricity, and embodied emissions from equipment
manufacturing. A detailed carbon footprint analysis can reveal that, for instance, 70 % of the total emissions
stem from the energy used by the conveyor network, highlighting a priority area for improvement.

Renewable energy integration involves feeding electricity from solar panels, wind turbines, or other clean
sources into the warehouse power system. Many modern warehouses install rooftop photovoltaic arrays
that supply a portion of the daily load, reducing reliance on the grid and lowering the carbon footprint.
When renewable generation exceeds demand, excess energy can be exported to the grid or stored in onsite
battery systems.

Demand response (DR) is a program in which the warehouse voluntarily reduces or shifts its electricity use
during periods of high grid demand, usually in exchange for financial incentives. An AS/RS can participate in
DR by delaying non‑critical moves, lowering lighting levels, or temporarily switching to standby mode
during peak periods. Effective DR participation requires real‑time monitoring and automated control
strategies.

Variable frequency drive (VFD) technology allows electric motors to operate at speeds matched to the
required load, rather than running at a constant full speed. By adjusting frequency and voltage, VFDs can
reduce motor power consumption by up to 30 % in applications such as conveyor belts and crane lifts.
Proper sizing and programming of VFDs are essential; an undersized VFD may overheat, while an oversized
one may not achieve the desired energy savings.

Motor efficiency is the ratio of mechanical output power to electrical input power. High‑efficiency motors,
often rated IE3 or IE4 under International Electrotechnical Commission standards, convert more electricity
into useful motion and waste less as heat. Replacing older IE1 or IE2 motors with modern high‑efficiency
units can deliver immediate energy reductions, especially in high‑duty cycles typical of fast‑picking AS/RS.

Idle power, also known as no‑load power, is the electricity consumed by a motor when it is running but not
delivering mechanical work. Even when an AS/RS is waiting for the next command, motors and drives may
draw a small amount of power. Reducing idle power through intelligent control logic that shuts down or
puts equipment into low‑power states can cumulatively save significant energy over a year.

Standby mode is a low‑energy operating condition where non‑essential components are powered down or
placed into a sleep state while the system remains ready to resume full operation quickly. For example, a
crane controller may enter standby after a period of inactivity, reducing its power draw from several
hundred watts to less than ten watts. Designing appropriate timeout intervals balances energy savings
against response time requirements.

Energy recovery captures kinetic or thermal energy that would otherwise be wasted and redirects it for
useful purposes. In AS/RS, regenerative braking on vertical lifts can convert the potential energy of a
descending load back into electrical energy, which is fed to the grid or stored in batteries. Implementing
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regenerative drives can improve overall system efficiency by up to 10 % in high‑rise warehouse installations.

Regenerative braking is a specific form of energy recovery applied to motor‑driven lifts and conveyors.
When a load moves downward, the motor acts as a generator, producing electricity that can be reused. The
effectiveness of regenerative braking depends on the control system’s ability to synchronize the generated
voltage with the supply frequency and on the presence of a receptive grid or storage device.

Smart sensors are embedded devices that collect real‑time data on temperature, vibration, position, and
power usage. In an AS/RS, smart sensors can detect when a motor is operating under abnormal load,
signalling that a bearing may be failing or that a blockage exists. By feeding this data into analytics
platforms, operators can perform predictive maintenance, preventing energy‑inefficient breakdowns.

Internet of Things (IoT) connectivity enables devices such as VFDs, sensors, and lighting fixtures to
communicate over a common network. An IoT‑enabled AS/RS can automatically adjust lighting levels based
on ambient conditions, schedule motor speed changes according to order volume, and aggregate energy
data for reporting. The key challenge lies in ensuring cybersecurity and reliable data transmission in a
high‑interference warehouse environment.

Predictive maintenance uses historical and real‑time data to forecast equipment failures before they occur.
By analysing vibration signatures, temperature trends, and power fluctuations, the system can schedule
maintenance at the optimal time, avoiding unplanned downtime and the energy penalties associated with
emergency repairs. Predictive maintenance also extends equipment life, reducing the need for frequent
replacements.

Thermal management in warehouse automation focuses on controlling the temperature of motor housings,
electronic cabinets, and battery packs. Excess heat reduces motor efficiency and shortens component
lifespan. Strategies include passive cooling with heat sinks, active cooling with fans, and liquid cooling loops
for high‑power drives. Proper thermal management ensures that motors operate within their optimal
temperature range, preserving efficiency.

Insulation of building envelopes and equipment enclosures helps retain conditioned air and minimise heat
loss or gain. In colder climates, well‑insulated walls and roofs reduce the heating load on the HVAC system,
while in hot climates, reflective insulation can lower cooling demand. Insulation also protects sensitive
electronics from temperature extremes, maintaining reliable operation.

Heat recovery systems capture waste heat from motor exhaust or HVAC condensers and reuse it for space
heating, water heating, or pre‑heating inbound air. For example, the heat generated by a high‑capacity
crane motor can be routed to a water‑to‑air heat exchanger, providing warm air for the warehouse during
winter months. Implementing heat recovery can offset a portion of the building’s heating energy
consumption.

Lighting efficiency is a major factor in warehouse energy use, as illumination levels directly affect worker
safety and picking accuracy. Replacing incandescent fixtures with LED luminaires can reduce lighting power
consumption by 50 % or more. LEDs also have longer lifespans, decreasing maintenance frequency and
associated downtime.
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Daylight harvesting uses photosensors to measure natural light levels and dim or switch off artificial lighting
accordingly. In warehouses with skylights or large windows, daylight harvesting can cut lighting energy use
by up to 30 % during sunny periods. The control algorithm must balance sufficient illumination for safe
operation with energy savings.

Occupancy sensors detect the presence of personnel or equipment in a zone and adjust lighting or
ventilation accordingly. In seldom‑used aisles, occupancy sensors can turn lights off when no activity is
detected, preventing unnecessary energy draw. The challenge is configuring sensitivity to avoid frequent
flickering that could distract workers.

Building management system (BMS) is an integrated platform that monitors and controls HVAC, lighting,
and power distribution across the facility. By linking the BMS with the AS/RS control system, operators can
coordinate energy‑saving actions such as synchronising crane movements with peak ventilation periods,
ensuring that the combined load does not exceed a predetermined threshold.

ISO 50001 is an international standard for energy management systems. It provides a framework for
establishing, implementing, and maintaining systematic processes to improve energy performance.
Certification to ISO 50001 demonstrates a commitment to continual energy improvement and can be
leveraged for corporate sustainability reporting.

LEED (Leadership in Energy and Environmental Design) certification awards points for strategies such as
using high‑efficiency motors, incorporating renewable energy, and implementing water‑saving measures. A
warehouse AS/RS that contributes to reduced energy consumption and lower GHG emissions can help the
overall facility achieve a higher LEED rating.

Circular economy concepts encourage the reuse, refurbishment, and recycling of materials throughout the
product lifecycle. In an AS/RS context, this may involve designing racking components that can be
disassembled and re‑configured for different warehouse layouts, or refurbishing older crane modules for
resale. Embracing circular economy principles reduces material waste and the embodied carbon of new
equipment.

Waste reduction focuses on minimising the amount of material that ends up in landfill. For automated
warehouses, waste can arise from packaging, damaged pallets, and obsolete electronic components.
Implementing waste‑segregation stations, using reusable containers, and adopting modular electronics that
can be upgraded instead of replaced all contribute to lower waste streams.

Eco‑design integrates environmental considerations into product development from the earliest stages. For
AS/RS manufacturers, eco‑design may involve selecting low‑impact alloys, reducing the number of
fasteners, and designing for easy end‑of‑life disassembly. Eco‑design not only supports sustainability goals
but can also lower production costs through material efficiency.

Environmental impact assessment (EIA) evaluates the potential effects of a new AS/RS installation on local
ecosystems, water usage, and air quality. An EIA may examine the impact of increased electrical demand on
regional power grids, the noise generated by crane operations, and the visual footprint of large racking
structures. Conducting an EIA ensures regulatory compliance and informs mitigation strategies.
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Energy audit is a systematic review of a facility’s energy flows, identifying areas of inefficiency and
recommending corrective actions. An energy audit for a warehouse with an AS/RS typically includes
measuring motor loads, assessing VFD settings, analysing lighting schedules, and reviewing HVAC
operation. The audit report provides a prioritized list of measures with estimated savings and payback
periods.

Benchmarking compares the energy performance of a warehouse against industry standards or peer
facilities. Metrics such as kWh per square metre, kWh per order, and PUE are commonly used benchmarks.
By tracking performance against these benchmarks, managers can gauge the effectiveness of implemented
improvements and set realistic targets.

Energy performance indicator (EnPI) is a specific metric that quantifies energy efficiency for a given process.
In AS/RS, an EnPI might be the average kWh per pick, or the energy consumed per metre of conveyor travel.
Selecting appropriate EnPIs enables focused monitoring and facilitates data‑driven decision making.

Energy‑saving retrofits are modifications applied to existing equipment to improve efficiency. Examples
include upgrading to high‑efficiency motors, installing VFDs on legacy drives, adding LED lighting, and
improving insulation. Retrofits are often more cost‑effective than complete system replacement and can be
phased to minimise disruption.

Battery storage provides a buffer that can absorb excess renewable generation and supply power during
peak demand periods. In a warehouse, a battery bank can be charged during off‑peak hours when
electricity rates are low, then discharge to support the AS/RS during high‑intensity picking periods,
reducing demand charges and smoothing load profiles.

Energy storage also includes flywheels and supercapacitors, which can deliver short‑burst power for rapid
acceleration of lifts or conveyors. These technologies improve dynamic response while reducing the need
for oversized motor drives, leading to lower overall energy consumption.

Grid interaction involves coordinated communication between the warehouse and the external power
network. Advanced grid interaction enables automated demand response, where the AS/RS receives signals
to curtail load or shift operations in response to grid frequency deviations. Effective grid interaction requires
compliant inverters and robust control algorithms.

Peak shaving is the practice of reducing electricity demand during periods of high grid load, often to avoid
costly demand charges. An AS/RS can achieve peak shaving by scheduling non‑critical moves, dimming
lighting, or temporarily using stored battery energy. The goal is to flatten the demand curve without
compromising order fulfilment.

Load shifting moves energy‑intensive tasks to times when electricity rates are lower, such as nighttime. For
example, replenishment cycles that involve moving bulk inventory from inbound docks to storage locations
can be programmed to run during off‑peak hours, while real‑time picking remains responsive to customer
orders.

Energy‑aware scheduling integrates energy considerations into the planning algorithms that assign tasks to
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cranes, conveyors, and robots. The scheduler evaluates not only the shortest travel distance but also the
incremental energy cost of each possible move, selecting routes that minimise total power consumption
while meeting service level agreements.

System optimisation combines hardware configuration, software control, and operational policies to achieve
the best possible energy performance. Optimisation may involve adjusting rack spacing to lower lift heights,
re‑routing conveyor loops to reduce travel distance, and fine‑tuning VFD set‑points to match real‑time
load.

Throughput versus energy is a trade‑off that managers must balance. Maximising throughput often requires
higher speeds and greater acceleration, which increase energy use. Conversely, operating at lower speeds
saves energy but may reduce order fulfilment rates. The optimal point depends on business priorities,
service level commitments, and energy cost structures.

Utilisation factor measures the proportion of time that equipment is actively performing work versus being
idle. A high utilisation factor indicates efficient use of capital assets. Strategies to improve utilisation include
consolidating orders to reduce travel, implementing zone picking to limit unnecessary movement, and
synchronising multiple cranes to avoid bottlenecks.

Slotting optimisation arranges inventory within the racking system to minimise travel distance for the most
frequently picked items. By placing high‑velocity SKUs in easily reachable locations, the AS/RS reduces the
number of lift cycles and conveyor runs, directly lowering energy consumption per order.

Conveyor energy consumption depends on belt speed, load weight, and friction characteristics. Selecting
low‑friction belt materials, maintaining proper tension, and using VFDs to match belt speed to demand can
significantly reduce conveyor power draw. Additionally, incorporating motor‑brake regeneration on inclined
conveyors recovers energy during downhill runs.

Chiller efficiency is relevant for warehouses that require climate‑controlled storage, such as perishable
goods. High‑efficiency chillers with variable speed compressors adapt to fluctuating cooling loads, reducing
electricity use compared to fixed‑speed units. Integrating chiller control with AS/RS activity can further
optimise cooling demand, for instance by staging temperature‑sensitive items near the pick zone only when
needed.

HVAC integration ensures that ventilation and temperature control systems operate in harmony with the
AS/RS. For example, when a crane lifts a large volume of air, the HVAC system can temporarily increase
airflow to maintain temperature stability, avoiding over‑cooling or overheating that would otherwise waste
energy.

Airflow management uses strategically placed diffusers, return grilles, and directional fans to create efficient
circulation patterns. Proper airflow reduces the workload on HVAC fans and prevents hot spots around
motor enclosures, preserving motor efficiency and extending component life.

Energy performance monitoring is achieved through a combination of metering, data acquisition, and
analytics. Sub‑metering at the level of individual drives, lighting circuits, and HVAC zones provides granular
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insight into where energy is spent. Advanced analytics can flag anomalies, such as a sudden rise in motor
current that may indicate a bearing problem.

Energy‑aware control algorithms use real‑time data to adjust operating parameters dynamically. For
instance, if the system detects a low‑order volume forecast for the next hour, it can reduce crane lift speeds
and lower lighting levels in peripheral aisles, conserving energy while still meeting the reduced demand.

Dynamic scheduling adapts task assignments in response to fluctuating energy prices. When electricity
tariffs dip during renewable generation peaks, the scheduler can accelerate non‑time‑critical moves, taking
advantage of cheaper power. Conversely, during high‑price periods, the system can defer certain actions to
minimise cost.

Energy‑saving modes for individual components, such as “eco‑run” for cranes, limit acceleration profiles and
cap maximum speed to a level that balances throughput with reduced power draw. These modes can be
activated automatically based on order volume thresholds or manually by operators during low‑activity
periods.

Energy‑efficient material handling equipment includes not only cranes but also automated guided vehicles
(AGVs) and robotic pickers. Selecting AGVs with high‑efficiency drive trains, regenerative braking, and
lightweight chassis contributes to overall warehouse energy reduction. Robotic pickers equipped with
low‑power servomotors and intelligent path planning further enhance efficiency.

Electrical distribution design influences losses due to resistance in conductors. Using appropriately sized
cables, employing three‑phase distribution where feasible, and installing power factor correction capacitors
can lower line losses. Reducing line losses improves the overall energy efficiency of the AS/RS power supply
network.

Power factor correction addresses the phase difference between voltage and current caused by inductive
loads such as motors. A low power factor leads to higher apparent power demand from the grid, increasing
utility charges. Installing correction capacitors or using active power factor correction devices improves the
power factor, reducing apparent power and associated costs.

Energy‑aware procurement policies require that new equipment meet defined efficiency standards before
purchase. Criteria may include minimum motor efficiency classes, VFD availability, and compliance with
ENERGY STAR or similar programs. By enforcing these standards, organizations ensure that each new asset
contributes positively to the overall sustainability agenda.

Renewable energy certificates (RECs) represent proof that a certain amount of renewable electricity has
been generated and fed into the grid. Purchasing RECs allows a warehouse to claim that its electricity
consumption is offset by renewable generation, supporting corporate sustainability goals even when on‑site
generation is limited.

Carbon accounting involves tracking the total amount of CO₂‑equivalent emissions across all activities,
including energy use, transportation, and waste disposal. Accurate carbon accounting enables the
warehouse to set science‑based targets, report progress to stakeholders, and participate in carbon trading
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schemes if applicable.

Energy budgeting allocates a specific amount of energy or cost to each operational area, such as picking,
replenishment, and maintenance. By monitoring actual consumption against the budget, managers can
identify variances early and implement corrective actions. Energy budgeting also supports financial planning
and profitability analysis.

Energy‑aware training programmes educate operators, maintenance staff, and supervisors on best practices
for reducing consumption. Training topics include proper shutdown procedures, recognizing signs of motor
inefficiency, and understanding the impact of idle time on energy use. Engaged personnel are essential for
sustaining energy‑saving initiatives.

Continuous improvement cycles, such as Plan‑Do‑Check‑Act (PDCA), provide a structured approach to
iteratively enhance energy performance. In each cycle, the warehouse plans a set of energy‑saving actions,
implements them, monitors results, and adjusts strategies based on data. Over time, these cycles lead to
incremental but measurable reductions in energy use.

Regulatory compliance is increasingly tied to energy and sustainability metrics. Regulations may mandate
reporting of energy consumption, enforce minimum efficiency standards for industrial equipment, or
require adherence to emission limits. Staying compliant avoids penalties and positions the warehouse as a
responsible corporate citizen.

Supply chain sustainability considerations extend beyond the warehouse walls. The choice of packaging
materials, the distance goods travel to reach the warehouse, and the efficiency of inbound and outbound
transportation all affect the overall carbon footprint. Integrating AS/RS energy efficiency with broader
supply‑chain initiatives magnifies impact.

Digital twins are virtual replicas of the physical AS/RS that simulate performance under varying conditions.
By modelling energy consumption, airflow, and load distribution, a digital twin can predict the effects of
layout changes, new equipment, or control strategies before physical implementation, reducing risk and
accelerating optimisation.

Machine learning algorithms can analyse historical energy data to uncover hidden patterns, such as the
correlation between ambient temperature spikes and increased motor cooling demand. These insights
enable proactive adjustments, like pre‑cooling motors during anticipated hot periods, thereby avoiding
unnecessary energy waste.

Resilience planning ensures that energy‑efficiency measures do not compromise the ability to operate
under adverse conditions. For instance, reliance on a single renewable source may expose the warehouse to
power interruptions; incorporating backup generators or diversified storage mitigates this risk while
maintaining sustainability goals.

End‑of‑life management for AS/RS equipment involves planning for responsible disposal, recycling, or
refurbishment. Components such as steel frames, copper wiring, and electronic control boards have high
recycling value. Establishing take‑back programs with manufacturers can streamline end‑of‑life processes
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and reduce landfill waste.

Policy incentives, such as tax credits for energy‑efficient upgrades or subsidies for renewable installations,
can offset the capital cost of sustainability projects. Understanding the eligibility criteria and application
process enables the warehouse to leverage available financial support, improving the return on investment
for energy‑saving initiatives.

Stakeholder engagement includes communicating energy‑efficiency achievements to customers, investors,
and regulatory bodies. Transparent reporting of metrics such as reduced GHG emissions, lower electricity
bills, and improved operational efficiency builds trust and can differentiate the warehouse in competitive
markets.

Cross‑functional collaboration between engineering, operations, finance, and sustainability teams is
essential for successful implementation of energy‑efficiency measures. Engineering provides technical
expertise, operations ensures practical feasibility, finance evaluates cost‑benefit, and sustainability tracks
environmental impact. Coordinated effort accelerates progress.

Risk assessment identifies potential barriers to energy‑efficiency projects, such as equipment obsolescence,
technology integration challenges, or resistance to change among staff. By evaluating these risks early, the
warehouse can develop mitigation strategies, allocate appropriate resources, and increase the likelihood of
project success.

In summary, the vocabulary surrounding energy efficiency and sustainability in automated storage and
retrieval systems encompasses a wide array of technical, operational, and strategic concepts. Mastery of
these terms equips practitioners to design, operate, and continuously improve warehouse automation with
an eye toward reduced energy consumption, lower carbon emissions, and long‑term economic viability.
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