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Executive Summary

Commercial warehouses and storage facilities represent a large portion of commercial buildings
in the United States, and their share increases every year. American warehouses are currently
15.5% of the national commercial sector floorspace using 0.43 quads of energy every year.
Being the second most common commercial building type according to the latest EIA energy
outlook, warehouses sustainability is a key component to decarbonize US commercial buildings.
Companies are taking multiple steps in reducing the CO, emissions in the logistics sector, and
specifically improving the energy efficiency of warehouse facilities.

The National Renewable Energy Laboratory worked with the U.S. Department of Energy to

e Portray the current landscape of efficiency measures and sustainability actions taken in
the warehouse sector.

¢ Provide guidance to overcome barriers, meet sector needs, and identify opportunities to
enhance sustainability and substantially reduce the carbon footprint of the warehouse
sector through ultra-high-efficient, zero-energy design, electrification considerations in
buildings and vehicles, and grid-friendly operation.

More than 60 pieces of literature and internet blogs about sustainability in warehouses and
logistics have been consulted, to analyze the current state-of-the art research and practices in the
warehouse sector. We also performed one-on-one interviews with warehouse managers and
stakeholders. Data collected through literature and interviews provided the status of warehousing
in the context of sustainability including energy efficiency, renewables, and carbon emissions.
The key findings are listed here:

e Sustainability, decarbonization, and energy efficiency are already a concern for most
interviewed companies (4 out of 6). The main areas of focus are renewable energy
deployment, waste reduction, electrification, transportation emission reduction.

e All the interviewed companies reported barriers and needs that prevent them from
reducing their carbon footprint further. The collected needs are summarized in Table 1.

e Economic factors, such as relatively low cost of natural gas and high electric demand
charges, can inhibit companies from adopting more renewable energy and electrification.
In fact, Zero Energy Buildings are often perceived as too costly.

e Multiple research areas have been proposed by the warehouse stakeholders, such as:
impact of thermal mass on thermal load; quantification of lighting motion sensor impact;
CFD analysis for modeling air circulation in warehouses; impact of a carbon tax to boost
energy efficiency.

e Lack of metering in warehouses seemed to be the main source of inefficiencies in
warehouses. Many facilities would also benefit from a training of warehouse managers
on energy efficiency.
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e Real-world case studies, warehouse efficiency newsletters, the implementation of a
repository of third-party technology evaluations, are some of the resources needs
expressed by the interviewed companies.

The collected needs and barriers have been organized in Table 2. They have been prioritized to
highlight research and resource areas more appropriate for federal funding. The results are
intended to inform areas for new research and deployment activities to achieve zero-energy and
zero-carbon goals.
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1 Introduction

Buildings play a major role in American energy consumption and carbon emissions. In 2021, the
U.S. building stock consumed approximately 40% of primary energy, 75% of electricity, and is
responsible for more than 35% of U.S. greenhouse gas emissions [1]. According to the 2022
Energy Information Agency (EIA) Annual Energy Outlook, warehouses represented 15.5% of
2021 U.S. commercial buildings (by area)—the second most common commercial building type
with 14.63 billion ft? (Figure 1). The warehouse sector is rapidly growing in the United States. In
2018, over 183 million ft* of new warehouse space was constructed, compared to 100 million ft?
annually in the preceding decade [2]. EIA projects the warehouse sector will grow by 6 billion ft?
in the next 30 years. Between 2012 and 2017, the size of a new warehouse increased by 143%,
equivalent to an additional 108,665 ft* [3]. In this paper, we define warehouses as “buildings
used to store goods, manufactured products, merchandise, raw materials™ [1].

2021 Commercial Sector Floorspace Distribution
1.4%

2.0%_\\ \

2.8% m Mercantile/Service

6.9% 4

® Warehouse

m Education
Assembly

m Office - Large

m Office - Small
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m Lodging

m Health Care

® Food Service

m Food Sales

Figure 1. Breakout of commercial buildings sector in the United States according to the 2022 EIA
Energy Outlook [1].

Warehouses significantly contribute to national energy consumption and consequent emissions,
using 0.43 quads of energy annually [1]. Globally, the World Economic Forum estimated
logistics activities in supply chains to be responsible for 5.5% to 13% of global greenhouse gas
emissions in 2009 [4]. Food cold-chain, including transportation and cold storage in refrigerated
warehouses, contributes approximately 1% of global carbon dioxide (COze) emissions, and this
number is likely to increase in upcoming years because of the impact of higher average
temperatures from global warming on refrigeration equipment [5]. Refrigerated warehouses also
have some of the highest energy use intensities in the commercial building stock, consuming on
average 85.3 kBtu/ft? of electricity and 9.2 kBtu/ft> of natural gas; the refrigeration equipment
can consume up to 70% or more of the total building electricity [6].

1
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According to an international survey by Coyote Logistics, sustainability has become a focus for
81% of the surveyed logistics companies [7], in particular the key role that supply chains play in
CO2 emissions. Companies fear that lack of investments toward the reduction of supply chain
carbon footprints will lead to negative feedback from consumers and affect their reputation and
therefore competitiveness in the market. In response to that, 98% of logistics companies have a
sustainability program in place, and 71% of them have measurable goals. A few examples of
these sustainability programs include Amazon’s pledge to become carbon neutral by 2030 [8];
USPS’ investment in producing next-generation delivery vehicles that will include fuel-efficient
internal combustion engines or battery electric powertrains [9]; and Amazon, AT&T, and DHL’s
partnership to put more electric vehicles on the road [10].

There are some obstacles to incentivizing sustainability. The major one is related to split
incentives between landlords and tenants. Most leased warehouse business models include “triple
net lease” structures where the tenant is responsible for paying all the operating expenses of the
property (including real estate taxes), building insurance, utility bills, and maintenance. Thus,
there is little to no incentive for landlords to retrofit their facilities for energy efficiency, nor for
the tenants to invest in permanent energy-efficient solutions on a property they are temporarily
renting.

In recent years, zero-energy buildings (ZEBs) have become more common [11]. We are seeing
this in the warehouse sector as well. For example, from the in-person interviews conducted under
this effort, the larger owner-occupied warehouse companies like IKEA are regularly updating
buildings, installing state-of-the-art equipment, and using renewable energy sources to supply
part of their energy needs. The outdoor retailer REI achieved LEED™ Platinum and zero-energy
status in their 400,000 ft? facility outside of Phoenix [12], and other examples like this exist as
well [14-18]. ZEBs produce at least as much renewable energy on-site as they consume over the
course of a year. These companies recognize that energy efficiency is critical in reducing the
amount of renewable energy required at the site to achieve ZEB status. It is also necessary for
reducing the building’s greenhouse gas emissions.

In 2007, Griffith et al. [20] published a study on multiple building types, analyzing the
percentage of energy reduction a building needs to get to zero energy, covering 50% of rooftop
area with PV panels. They found that the warehouses, being low-density and low-rise buildings,
need little reduction in energy use to be converted to ZEBs. The technologies and efficiencies
used in the study are outdated, so current warehouses could be converted to ZEBs with even less
effort. It also shows that the large roof areas of warehouses could produce more energy than is
required if uses for this energy can be identified.

The U.S. Department of Energy (DOE) has funded many research efforts that have established
the feasibility of achieving zero energy in both new and existing buildings across multiple
market sectors. Previous DOE-sponsored work pertaining to warehouses includes the 30%
Advanced Energy Design Guide (AEDG) for Warehouses [18] and 50% Medium to Big Box
Retail AEDG [19]. These design guides provide useful tips and energy consumption targets that
could benefit warehouse stakeholders. The information was based on input from leading industry
professionals coupled with energy modeling to validate the potential savings.
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This report aims to expand on previous efforts to present a current landscape of advanced energy
concepts in the warehouse sector. It also aims to recommend a prioritized list of research areas,
based on market needs, that could advance the warehouse sector to achieving zero-energy, zero-
carbon, and electrification goals more rapidly (Figure 2).

Prioritized List Accelerated adoption
P of o ¢
Literature Warehouse Stakeholder Identlfn_zatlon of Recommended of energy Efﬁ‘:lency
Review Characterization Interviews BETES New Research & i
Needs 5 and carbon reducing
eployment - .
Areas strategies in the

warehouse sector

Figure 2. The approach taken and goals of the current research presented in this report

2 Literature Review

Over 50 documents were reviewed, including technical journals, online articles, case studies, and
warehouse sector-related blog posts. The reviewed literature is organized into five different
categories, corresponding to the major research areas that emerged:

Location Optimization

Operations Optimization

Social, Economic, and Environmental Management
Automated Warehousing

Warehouse Design Guidance

Nk W=

A common thread appeared around company goals to optimize sustainability in warehouses. As
summarized in [15], this thread acknowledges that to reach global sustainability, social,
economic, and environmental sustainability must be regarded as equally important components
[21]. Key points related to this thread are discussed in the five categories below.

2.1 Location Optimization

Many articles in the reviewed literature focused on the impact of logistics operations on overall
energy consumption and sustainability. He et al. [22] in 2018 and Bartolini et al. [23] in 2019
published extensive literature reviews about sustainability in the logistics sector, providing useful
resources and case studies for warehouse operators to more sustainably manage operations and
transport goods. From these publications, it is also shown that distribution centers and
warehouses are growing rapidly in number and are experiencing so-called “logistic sprawl,”
moving from inner urban areas to the outskirts of cities (also confirmed in other publications
[24], [25]). Recent growth of online commerce, especially during the COVID-19 pandemic, has
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caused warehouses to maintain larger inventories, forced expansion into suburban areas, and
created the need for efficient volume usage and transportation [26]. In relation to transportation,
the locations of the actual warehouses can be optimized to reduce the CO; emissions related to
routes of delivery vehicles, whether powered by traditional internal combustion engines [27] or
electric motors [28]. These lessons are applicable not just in a city or small region, but also at the
national level [29] by optimizing long-distance shipment routes. Warehouse tenants want their
centers to be close to urban areas and transportation hot zones (highway entries, ports, airports),
in order to reduce both truck driving distance and employee commuting time and distance (both
for environmental and social sustainability) [30].

2.2 Operations Optimization

Regarding warehouse logistics related to sorting and picking product, a study by Ene [31] in
2016 proposed a genetic algorithm to review storage assignment policies and consequent picking
performances. Their results show a significant reduction in energy consumption (more than 20%
for the example provided in their manuscript) when the optimized logistical sorting and picking
operations are applied. In 2018, Burinskiene et al. [32] presented a mathematical model to
optimize the travel times of products in a warehouse building, with consequent cost reductions
and increases in energy efficiency. Analogously, Lorenc et al. [33] analyzed the effect of new
storage assignment policies on retrieval time. Through the improvements they proposed,
warehouse managers can make informed decisions to optimize the effectiveness of order picking,
reducing related energy consumption and improving workforce utilization. Recently, Popovic et
al. [34] proposed an innovative approach to optimize operations in warehouses, scheduling
activities’ execution together with workforce. Through their framework, it is possible to reduce
the use of workforce, and therefore its cost (decreased by 20%), with better resource utilization
that also drives social, economic, and environmental sustainability benefits.

2.3 Social, Economic, and Environmental Management

Holistic management of social, economic, and environmental systems in warehouses was another
topic covered in the reviewed literature. Some papers focused mainly on maximizing economic
sustainability of warehouse buildings [35]-[42], while other authors recognized the importance
of integrating social and environmental sustainability as well in their analyses [38], [43]-[50].
Torabizadeh et al. introduced 33 key performance indicators to appraise the level of
sustainability in a warehouse. The key performance indicators pertain to all three areas of
sustainability—social, economic, and environmental-—and can be used to maximize overarching
warehouse sustainability [51]. Malinowska et al. [52] identified 22 criteria to assess the level of
warehouse sustainability, and presented a roadmap to optimally evaluate each criterion. This
roadmap comprises a number of specific activities to help guide the assessment. Other authors
produced similar studies and offered additional sustainability frameworks or sustainability
assessment methods [53], [54].

2.4 Automated Warehousing

Another line of research looks at the level of automation in warehouses. An energy efficiency
model for automated storage and retrieval systems (AS/RSs) was proposed by Lerher in 2014
[55], concluding that the energy consumption and the consequent CO> emissions increase with
the AS/RS speed: the faster the system speed, the more energy consumption and released CO>
emissions. Similarly, Liu et al. [56] verified that lift velocity and acceleration of the AS/RS are

4

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



the main factors that influence energy consumption in an automated warehouse. Meneghetti
[57]-[60] is a pioneer in sustainable automated warehousing, and his work looked at
optimization models for energy consumption, retrieval time, cold storage, and energy used by in-
house cranes. Tappia et al. [61] argued that although environmental concerns are commonly in
the warehouse sector community, the proposed solutions in automated warehouses mainly focus
on operations and economical optimizations, lacking attention to energy use. They showed that
by incorporating the energy dimension together with the economic dimension in an automated
warehouse, the technology selection shifts from classical AS/RSs to autonomous vehicle storage
and retrieval system. Lastly, in 2016, Freis et al. [62] developed synthetic models for three
different types of warehouses, based on the level of automation. Their research showed that
considering interrelations between the building design and the intra-logistics can reduce
warehouse energy demand and CO» emissions. The higher the level of automation, the more the
energy consumption can shift from HVAC systems to material and product handling equipment.
However, this will be dependent on heating or cooling needs of the building. If the building is in
a heating dominated climate, higher levels of automation will reduce heating needs and HVAC
energy. If the building is in a cooling dominated climate, higher levels of automation will
increase cooling needs and HVAC energy.

2.5 Warehouse Design Guidance

When it comes to warehouse building design, there are only a few resources available that
provide guidance on high-performance warehouse design. ASHRAE’s AEDG for Warehouses
provide guidance on how to achieve 30% energy savings compared to ASHRAE Standard 90.1-
1999; however, some of this guidance is outdated and applies to small warehouse and self-
storage buildings [18]. Some recommended efficiency measures from the AEDG for Medium to
Big-Box Retail Buildings, 50% more efficient than ASHRAE Standard 90.1-2004 [19], also
could apply to the warehouse sector. The AEDGs help the building construction industry by
providing prescriptive solutions to achieve significant energy savings over minimum building
energy codes. The design recommendations in these guides are still relevant. However, updated
design guidance specific for warehouses would be beneficial.

3 Warehouse Characterization and Stakeholder Input

Leveraging findings from the literature review, we developed a high-level characterization of
warehouse buildings shown in Figure 3. This includes how the warehouses are conditioned,
whether there is refrigeration, and to what degree the sorting and picking processes are
automated. This characterization helps frame how we discuss warehouses, plan for improved
building design and operations, and direct future research to create more impactful resources for
specific warehouse audiences. The proposed characterization is shown in Figure 3. The research
also involved conducting several one-on-one stakeholder interviews that included warehouse
design firms and warehouse energy, sustainability, and facility managers. Key findings from
these interviews were organized to highlight current sustainability, energy, and carbon reduction
successes; barriers that those organizations face in implementing sustainability, energy, and
carbon reduction strategies; and specific needs that would accelerate further implementation of
those strategies. This final list of barriers and needs then fed into a prioritized list of
recommended next steps that include additional research topic areas and deployment pathways to
get to zero energy and zero carbon.
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Figure 3. Categorization of warehouse as found in the literature

For the stakeholder interviews, the research team spoke to six stakeholders that included
warehouse owners, architects, engineers, and logistics companies from IKEA, Bergmann, Link
Logistics, Qurate Retail Group (QVC), Lynden Transportation, and River Valley Group. NREL
interviewed these stakeholders in a series of 30- to 60-minute conference calls.

To guide the conversation, we developed a framework of questions, including:

*  What are your current energy and carbon emission reduction goals and practices? How
do zero energy and carbon neutrality play into those goals?

»  What is stopping you from achieving your energy and emission goals? What information,
resources, or tools are missing?

*  Who is most responsible for making decisions around energy and carbon?

* What is the best path to receive or incorporate new technological information about zero
energy and carbon reduction strategies?

The data collected from these interviews were then synthesized to understand current successes,
barriers, and needs, in order to accelerate progress toward more energy-efficient and lower-
carbon-emitting warehouse buildings in the near future.

4 Results

We organized the feedback received from the stakeholders in three categories: successes,
barriers, and needs. Because the needs suggest future research areas and resource development,
they are also summarized at the end of the section in Table 1.
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4.1 Successes

Four of the six companies that were interviewed have already committed to short-term goals for
CO2 reduction and environmental sustainability improvement. Two of them have sustainability
and emission reduction plans in place at a corporate level. These include committing to 100%
renewable energy consumption in the next 10 years; committing to cut CO; emissions by 40% in
the next two years; reaching 85% of waste reduction through reuse, recycling, and sorting
practices (examples of this include reusing pallets or employing cardboard pallets); and/or
including CO; reduction as part of return-on-investment considerations.

Building equipment and technological upgrades have been adopted by most of the interviewed
stakeholders (four out of six). The use of LED lighting and motion sensors to control lights
proved to be the most popular energy conservation measures, followed by the complete
electrification of space conditioning. Heating and cooling equipment have primarily transitioned
to electric equipment, so loads can be offset with photovoltaics (PV). Large interior fans are also
used to reduce facility cooling needs and consequent CO> emissions. One interviewee, has
committed to installing 200 MW of solar power production by 2025, including deploying PV
panels on the company’s retail stores. Another interviewed company is also invested in
strategically placing insulation in areas of high heat transfer (e.g., refrigerated warehouse areas).

On the front of sustainability in transportation, three companies have already implemented
advanced strategies. A system was put in place to monitor and reduce carbon emissions
associated with transportation through the SmartWay Transport Program [4], an EPA-sponsored
program helping the freight transportation sector to increase efficiency in their supply chain. Fuel
use and costs are also incorporated into a Green Benchmark report and included in periodic
review process with upper management and board members. Similarly, one other stakeholder is
on track for a zero-emissions transportation plan by 2025. To increase social and environmental
sustainability, the same company also facilitates access to public transportation to and from their
facilities for the employees. Three companies invested in electrifying lift trucks and forklifts.
One refrigerated warehouse owner adopted high-efficiency plug-in refrigerated containers
(known as “reefers”) for frozen food transport, using 30% less energy than typical containers.

4.2 Barriers and Needs

All the interviewed companies highlighted economic factors that can inhibit the adoption of
more sustainable solutions for their facilities. The cost of natural gas in the United States has
historically been very low compared to electricity, which has disincentivized some in electrifying
natural gas heating systems in warehouses. Electric demand charges can also be prohibitive to
building owners looking to electrify certain systems and technologies. For example, there are
high demand charges associated with charging plug-in refrigerated shipping containers (the
“reefers” mentioned above). Often, some products available on the market offer great
environmental benefit, but with long payback periods. Environmental and economic
sustainability need to be taken into consideration at the same time, as also stated in the literature
[63]. For this reason, ZEBs can be perceived as too costly with long payback periods that often
exceed company business models.

Moreover, many warehouses are leased by tenants, and industrial landlords typically take a
passive stance on managing and controlling energy (see the discussion on triple net leases in
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Section 1). DOE has explored green lease language [64] in the commercial building sector at
depth; however, there is a need to better connect this lease language to the warehouse center
sector. In addition, it would be helpful if landlords could better control tenant energy use or
incentivize tenant’s energy conservation. Furthermore, some of the interviewed companies
mentioned that better information on financing solutions, or an incentives database that apply to
warehouses, would help overcome other economic struggles.

In terms of the contributions that could be provided by additional research and development in
this area, many suggestions were offered by the stakeholders. Three logistics operators would be
interested in better understanding the impact of thermal mass on thermal loads and HVAC
equipment sizing. Although motion sensors are already widely adopted for lighting, a more
detailed quantification of their impact on lighting loads in warehouses would help boost their
utilization, as would guidance on how to improve ambient lighting levels to provide sufficient
illumination while saving energy. Analogously, analysis of the energy impact of infiltration
through warehouse fenestration would be beneficial for the warehouse energy managers. One
stakeholder proposed computational fluid dynamics (CFD) modeling of air circulation in
warehouses to better select and size equipment. That stakeholder also suggested that research
into how willing people are to improve energy efficiency based on a potential carbon tax would
help shape environmental public policies and incentives.

Two out of six stakeholders expressed difficulties in electrifying their fleet—either because large
batteries impinge on freight truck weight limits for carrying goods, or because commercial
electric vehicles can be very expensive. Often, companies lease electric vehicles; however, third-
party management could potentially inhibit how electric vehicle charging could more optimally
integrate with other building loads and distributed energy resources for maximized reductions in
energy, demand, utility costs, and carbon.

Investments in PV and energy storage systems are important to many warehouse stakeholders.
One stakeholder has a requirement that the investment needs to pay back in under 10 years. They
also try to combine PV and energy storage together for cost-effectiveness, especially in states
that offer financial incentives. Lack of information on PV recycling and on PV power acquisition
(on-site or off-site, power purchase agreements) also inhibits PV adoption. Better information on
the balance between investing in energy storage, PV, and emergency generation together to make
financial returns, with more resources on best practices for battery management and for
extending battery life, would also be helpful in implementing PV systems. Solar PV has also
been reported as problematic on large open-span roofs due to weight limits; more information on
weight considerations for installing more PV on large, expansive roofs would be beneficial to
design teams. One stakeholder requested more information on fuel cell systems integration with
warehouses.

In terms of facility management, many concerns were raised. Lack of metering appeared to be
the most common issue for identifying inefficiencies. Facility manager training in energy
management, and implementation of energy efficiency measures is often not prioritized, because
it may not align with business goals and often facility managers are busy enough in maintaining
existing building operations. Furthermore, it takes significant time and proper analysis to
examine building energy data accurately. Therefore, facility managers often have poor
understanding of energy consumed in their buildings. For example, lack of knowledge in using a
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building automation system can lead to certain equipment running all day every day, such as air
conditioning, or equipment left on in vacant buildings, etc. An overarching platform to monitor
energy performance and operations of portfolio could help significantly in these regards, as well
as training programs for waste and water reduction, building management, etc. One stakeholder
required more direction for the next tier of efficiency strategies after the “low-hanging fruit”
strategies were implemented. Another stakeholder lamented a disconnect between design and
operational performance of zero-energy buildings, which creates uncertainty risk to building
owners. Lastly, retrofits can be difficult—there is no stock recipe for retrofits. The age of certain
facilities and types of certain equipment can make retrofits challenging and more expensive to
implement. More resources on retrofit options would be beneficial.

Regarding real-world examples, two companies stated that case studies were missing on the e-
commerce world and on electric energy measures adoption with a payback period of 1-3 years.
More regular information and updates on warehouse efficiency via online communications such
as newsletters, and partnerships with trusted industry organizations, as well as access to better
information about specific vendors and their solutions for warehouses would be helpful.
Similarly, one stakeholder suggested the implementation of a repository of third-party
technology evaluations depicting energy and cost savings.

More general comments from the interviews included needing better information on life cycle
analysis on products. Stronger partnership with ASHRAE for more information dissemination
about warehouses and distribution centers would also be beneficial to design teams. One
stakeholder requested more information on efficient motor upgrades for fans and more efficient
heating technologies that move away from natural gas hanging space heaters. Information on
how to phase out high global warming potential refrigerants would also be appreciated by
another stakeholder.

The needs expressed by these stakeholders have been summarized in Table 1. They have been
sorted by relevant categories and prioritized subjectively by this research team based on
communicated warehouse needs.
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Table 1. Different areas of needs expressed by the interviewed stakeholders

Category # ‘ Needs Priority
INCENTIVES: Database of incentives that apply specifically to warehouses Low
FINANCING SOLUTIONS: Better information on financing solutions for energy Low
Economics efficiency
LANDLORDS INITIATIVE: Landlords to take a more active stance to control Low
or better influence/incentivize tenant energy consumption
THERMAL MASS IMPACT: Analysis of thermal mass impacts on heating and High

cooling loads, and impact on space-conditioning equipment

CFD: computational fluid dynamics analysis to understand airflow circulation
and infiltration through warehouse envelope and fenestration, and those High

Research & impacts on space-conditioning equipment
Development LIGHTING LEVELS CONTROL: Guidance on how to best control and High
minimize lighting levels 9
CARBON TAX EFFECT: Research to understand how willing warehouse
owners and tenants are to improve energy efficiency based on a potential Low
carbon tax
PV FOR FINANCIAL RETURNS: Better information on the value and financial
benefit in investing in energy storage and PV versus traditional emergency High
generation
BATTERIES: Resources on best practices for battery management and Low
Storage extending battery life
FUEL CELLS: Better information on fuel cell technology Low
PV STRUCTURAL INFO: Information on considerations for installing more PV High
on a large, expansive roof, from a weight standpoint 9
ENERGY MONITOR PLATFORM: Overarching software platforms to monitor Med
energy performance and operations of warehouse portfolios
ENERGY+COST SAVINGS REPOSITORY: Repository of third-party Hiah
technology evaluations depicting energy and cost savings 9
BUILDING MANAGEMENT TRAININGS: Training for implementation of waste]
Asset Management . . o Med
reduction, water reduction, building management, etc.
RETROFITTING INFO: More information on retrofitting warehouse/distribution .
High
centers
REFRIGERANT PHASE OUT INFO: Information on how to phase out high High
global warming potential refrigerants 9
CASE STUDIES: Case studies of actual buildings including energy High

performance and energy strategies

WAREHOUSE EFFICIENCY NEWSLETTER: More regular information on
warehouse efficiency via online communication such as newsletters, etc. and Low
partnerships with trusted industry organizations

WAREHOUSE VENDORS REPOSITORY: Repository of vendors and
product/equipment for warehouses

LCA INFO: Better information on life cycle analysis High

ASHRAE PARTNERSHIP: Stronger partnership with ASHRAE for information
dissemination

MOTOR UPGRADES INFO: Information on efficient motor upgrades for fans Med

ELECTRIC HEATING INFO: Information on more efficient heating
technologies that move away from natural gas hanging space heaters

Low
General

High

Renewables and

Med
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5 Conclusions

Warehouses represent a substantial and growing share of the U.S. building stock, and therefore
analyzing their energy consumption and emissions is critical for lowering carbon emissions and
greening our supply chain of food and goods. Our literature review highlighted how warehousing
spaces are growing, especially during the COVID-19 pandemic, and they are transitioning closer
to more densely populated areas in cities. Literature also showcased many different research
areas related to sustainability in warehouses and logistics, underlining how this topic has been
receiving more and more attention, encompassing the 3 pillars of sustainability (social,
economic, environmental). Through a number of stakeholder interviews, sector needs and
barriers were identified. These are presented in Table 1 and aim to guide future research and
resource development to help enhance energy efficiency, sustainability, and zero-carbon goals in
the warehouse sector.

Some of the needs and barriers suggested in the interviews are higher priority than others.
Similarly, some could be tackled by federal investments, while others could be addressed by
industry organizations. Research and resource areas more appropriate for federal funding include
those listed in Table 2.

Table 2. Research areas that emerged in the interviews with stakeholders

Analysis of thermal mass impacts on heating and cooling loads, and impact on space-
conditioning equipment

CFD analysis to understand airflow circulation and infiltration through warehouse

fenestration, and those impacts on space-conditioning equipment .
Guidance on how to best control and minimize lighting levels in warehouses based on 6
occupancy and automation levels

Develop repository for third-party technology evaluations depicting energy and cost 13.19. 22 23
savings » 19, 22,
Develop guidance on retrofitting warehouse and distribution centers that would include 14 15
design guidance and building management training modules ’
Create information on how to phase out high global warming potential refrigerants 16
Provide better information on the balance of investing in energy storage, PV, and 8
emergency generation to make financial returns

Develop information on considerations for installing more PV on a large, expansive roof, 11

from a weight standpoint

Case study development:
»  Highlighting successes of real projects 17, 20
»  Providing information on lifecycle analysis

Information dissemination:
» Develop a warehouse accelerator through Better Buildings
. Provide regular online updates such via newsletters, bulletins, blog posts, etc. 18, 21
» Develop and strengthen partnerships with warehouse industry organizations for
information dissemination

These new project areas will help address the (1) lack of technical resources and information
available to warehouses, (2) warehouse ability to improve short- to medium-term return on
investments, and (3) offer better information on using new technologies and managing
warehouse energy performance.
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