A roadmap for improving warehouse environmental
sustainability: the case of a conditioned logistics facility
for medical devices

Abstract. In the logistics arena, green warehousing has been achieving increas-
ing attention from both practitioners and academia. On the one hand, practitioners
have started to search for solutions to decrease the environmental impact of their
logistics facilities and incorporate practices towards greener warehousing pro-
cesses. On the academic side, a rising — though limited — number of papers have
been found addressing the impact of the green warehousing practices in place,
together with the related effects on warehouse consumption and environmental
performance. In this context, conditioned warehouses represent a key challenge
due to their temperature constraints and the ever-demanding logistics perfor-
mances, and related studies are still lacking. This paper aims to addressing this
research gap by proposing a simulation-based approach where multiple scenarios
of a real conditioned logistics facility are discussed, grounded on a conceptual
framework of green warehousing practices selection process. Three different sce-
narios are proposed, and the related performances are examined in terms of en-
ergy consumption and COzeq emissions. Implications of the results are discussed
and streams for future investigation are identified.
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1 Introduction

A significant evolution of the role of warehouses in supply chains has emerged over
time, thus contributing to increase the level of complexity of such facilities and related
operations (Baglio et al., 2019). Within this context, warehouses are also challenged by
more demanding requirements and expected performance from an environmental sus-
tainability viewpoint, as they require a substantial amount of energy to carry out all the
warehousing processes (Perotti et al., 2023). Considering environmental sustainability
factors, the impact on energy consumption and the derived greenhouse gas (GHG)
emissions are noteworthy and call for further exploration (Bartolini et al., 2019).

Conditioned logistics facilities stand out as the most critical in terms of energy con-
sumption and related environmental impact. Unlike ambient-temperature warehouses,
in conditioned logistics facilities heat flows become essential to meet multi-temperature
constraints imposed by the products to be handled. These constraints, combined with
the ever-demanding logistics performances required, make conditioned warehouses
particularly challenging (Ou et al. 2017) also from a sustainability perspective, in terms
of both energy efficiency performance and environmental impact. As such, implement-
ing environmentally friendly practices at conditioned warehouses has become crucial.
When addressing the practices aimed at enhancing warehouse environmental



performance, some scholars have referred to the concept of green warehousing (GW),
which is defined by Bartolini et al. (2019) as a managerial concept integrating environ-
mentally friendly practices with the aim to minimize energy consumption, energy cost
and GHG emissions of a warehouse. From an environmental sustainability perspective,
GW practices may impact different main end-use types (e.g., lighting, cooling, HVAC
and material handling equipment) strongly influencing their effectiveness, requiring an
evaluation strategy before their implementation. Literature still lacks in offering empir-
ical-based studies which assess the effects of GW practices in terms of emission and
energy usage within logistics facilities (Dobers et al., 2022), and in particular in the
context of conditioned warehouses.

To fill this gap, this paper proposes a simulation approach supported by empirical data
to investigate the effects of GW practices. Specifically, it investigates the impact of
GW practices on energy consumption by performing multiple simulation scenarios on
a real conditioned logistics facility for medical devices located in Northern Italy. The
simulation-based approach is grounded on a conceptual framework which set out the
GW practices selection process. Specifically, starting from the base case analysis each
alternative scenario is discussed by following an iterative process to identify and test
the most suitable GW practice to adopt, in terms of energy and environmental perfor-
mance.

The remainder of the paper is structured as follows. The next section includes a back-
ground literature related to GW practices, with a specific focus on interventions on the
lighting system and the use of on-site renewable generation units as they have been
studied in the examined scenarios. The proposed conceptual framework and methodol-
ogy are then described, followed by the analysis of results for each investigated sce-
nario. Lastly, conclusions are discussed, limitations of the study are identified, and rec-
ommendations for further studies are offered.

2 Background literature

2.1  Smart Lighting Systems

Lighting is frequently regarded as the principal driver of energy consumption within
warchouse environments. Some scholars estimate that lighting accounts for 65% of the
total energy consumption within warehouses (Fichtinger et al., 2015). Other sources
attest an overall share of 28% due to lighting indoors, activity cluster, with chilling
being equal to 35% and material handling around to 19% (Dobers et al., 2022).

New lighting technologies have recently emerged that offer the potential for significant
enhancements in terms of energy efficiency. Among those, the implementation of sen-
sors stands out as one of the most promising solutions (Fiichtenhans et al., 2023). Sen-
sors can facilitate lighting control by adjusting the necessary light intensity in accord-
ance with the availability of daylight within the warchouse (daylight harvesting) and/or
the presence of personnel operating within the warehouse premises. The use of sensors



is often coupled with the use of LED bulbs, and literature usually refer to such solution
as "Smart Lighting Systems” (SLS).

2.2 On-site renewable generation units

The implementation of on-site renewable generation within logistics facilities has re-
cently appear as a means to curtail energy consumption. The prevailing choice of re-
newable energy derives from solar sources, primarily harnessed through the installation
of photovoltaic (PV) panels (Maturo et al., 2022) mainly due to their rapid return on
investment and the possibility to install them on warehouse rooftops.

The potential of PV panels is remarkable. First, energy consumption savings can be
achieved through an increase in self-consumed energy (Tsoumalis et al. 2022). The
self-consumption ratios enhancement for renewable power generation can lead to sev-
eral benefits, such as less grid losses, less electrical storage required to cover the build-
ing energy needs and economic benefit for the end-user (e.g., lower operating costs).
Second, the implementation process does not require major structural changes, making
it a cost-effective and sustainable solution not only in the case of recent buildings but
also for retrofitting.

3 Methodology

Many companies have made a public net-zero pledge, making it no surprise that reduc-
ing GHG emissions is most often cited as a part of organizational goals (CBRE report,
2023). Nevertheless, becoming net-zero energy logistics hubs requires a long and chal-
lenging strategic pathway and huge resource allocation. For this reason, a conceptual
framework based on both academic literature, secondary sources and empirical analysis
has been developed to identify most energy-efficient and environmental-friendly prac-
tices to adopt according to the structural features, operating performances and techno-
logical level of the logistics facility under investigation.

Figure 1 summarizes the discussion and proposes a framework for identifying how GW
practices can enhance the environmental sustainability performances at logistics facili-
ties through a simulation approach. We followed a deductive-inductive approach, in
line with Siems and Seuring (2021). The research team defined the process flow for
choosing the practices to be implemented from the literature (deductive approach),
which were then challenged and modified during the iterative simulation process (in-
ductive approach). Such a framework is not tied to any simulation software and can be
applied to any logistics facility, regardless of its industry, the size of the handled goods
and plant operating temperature.
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Fig. 1. Simulation-based framework for GW practice selection and testing.

The identification of the most suitable GW practices involves performing a closed-loop
simulation process with a priority-based approach, focusing on solutions related to the
end-use types offering the most significant contribution in terms of energy efficiency
improvement and environmental impact reduction.

The DesignBuilder software which employs EnergyPlus energy simulation program
has been chosen as modelling and simulation tool, in coherence with previous papers
assessing building energy simulation in other business sectors (Cook and Sproul, 2011).
DesignBuilder was used to estimate yearly energy consumption and COscq emissions.
DesignBuilder serves as an advanced 3D modeling tool specifically designed for com-
prehensive energy consumption analysis, enabling a wide range of energy efficiency
measures, facilitated by its extensive library.

A conditioned warehouse of a Logistics Service Provider (LSP) located in Northern
Italy has been selected as the case study. In line with the conceptual framework pro-
posed (Fig. 1), a 3D digital model of the warchouse was developed based on the data
(i.e., technologies used, operational and geometrical data) gathered from semi-struc-
tured interviews and on-site visits.

Using the developed 3D digital model, the base-case scenario was first simulated con-
sidering the existing GW practices adopted, i.e. a LED lighting system and on-site re-
newable generation units covering one-third of the available roof space (i.e., PV pan-
els). Starting from the base case, two alternative scenarios were then simulated:

— Scenario A: Introduction of SLS (daylight harvesting).
— Scenario B: PV panels installation sized to cover 100% of the available roof space.



The resulting net yearly electric energy consumption (received from the grid), self-en-
ergy consumption rate and the corresponding CO,.q emission, for each scenario, were
then presented and discussed.

4 Scenario design and simulation procedures

4.1 Base case scenario

The warehouse is a multi-temperature facility and has a total floorspace and building
clear height of 14,000 m? and 10.0 m respectively. Eight functional zones can be iden-
tified (including storage, receiving/shipping, packing, charging areas, mainte-
nance/services, and offices), each with pre-defined temperature ranges according to the
products to be managed.
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Fig. 2. Base-case: layout breakdown by warehouse functional zones

Warehouse is illuminated by both artificial and natural lighting. While the latter is guar-
anteed by skylights, the former is provided by a LED lights system designed to reach
the illuminance required by the UNI EN 12464-1. Lighting and temperature require-
ments for each functional zone are summarized in Table 1.

Table 1. Lighting and temperature requirements for each warehouse functional zone

Zone Space Illuminance Lighting power Temperature range
[m?] [Tux] (kW] [°C]
Storage 1 5,808 150 4.4 15-25
Storage 2 4,059 150 3.0 15-30
Charging Station 188 200 0.2 N/A
Chilled 139 150 0.1 2-10
Maintenance 48 200 0.05 N/A
Receiving & 842 200 038 15-30
Shipping 1
Receiving & 1,279 200 13 15-30
Shipping 2




Packing 652 300 1.0 15-30
Locker Room 47 200 0.1 18-28
Offices

(two floors) 763 500 3.8 18-28

Material handling is executed manually by using forklift trucks. Table 2 provides an
overview of size and features of the material handling equipment (MHE) fleet, along
with the energy consumption involved in charging operations.

Table 2. Size and features of MHE fleet

Fleet Usable Avg. Avg. Daily Total energy
size battery charging charging charging consumption
capacity time rate frequency
[No.] [kWh] [h] [kWh/h] [No. full [kWh/day]
charges/day]
Pallet trucks ‘ 8 0.9 3 0.31 0.5 3.7
Order pickers ‘ 5 9.2 8 1.16 1 46.2
Reach trucks ‘ 6 20.8 8 2.60 1 124.8
Counterbalanced
forklifts ‘ 1 29.1 8 3.64 1 29.1

The following assumptions are made to perform the above-mentioned scenarios:

— HVAC is fully powered by a heat pump system;

— Air circulation rate is 0,5 vol/h in the residential areas and 2 vol/h in the others;

— Working schedule is organized in 2 shifts per day, from 6:00 a.m. until 9:30 p.m.;

— Charging operations are performed overnights;

— Each PV panel (sized 1.7 x 1.0 m?) generates 0.3 kWp;

— In the assessment of CO»q emissions, a conversion factor of 0.261 COq/kWh has
been adopted according to the ISPRA report (2021).

In line with the framework previously defined (i.e., Figure 1), the base-case scenario is
simulated to identify critical areas. The monthly electricity consumption breakdown by
main end-use types is shown in Figure 3.
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Fig. 3. Monthly electricity consumption breakdown

4.2  Scenario A: Smart Lighting System

The introduction of SLS through existing lighting system is first simulated. The inter-
vention is based on daylight harvesting technology able to dim bulbs light output as the
daylight illuminance increases.

4.3  Scenario B: On-site renewable generation

As a second step, the self-generation electricity has been scaled up by enlarging the PV
installed capacity up to 900 kWp. PV panels installation is based on guidelines pro-
vided by Jacobson et al. (2018), which offer the best configuration to adopt to increase
the yield of PV panels.

5 Results and discussion

The simulation results of Scenario A indicates that the yearly electricity demand of the
logistics facility had decreased by a small amount. Even though SLS have a notable
impact on lighting consumption (-57%) compared to the base case, the introduction of
such GW practice has a negligible impact on the overall yearly energy consumption (-
1,6%) as the lighting consumption area accounts for only 3% of the total energy con-
sumption. This result is in line with Perotti et al (2023) as lighting usually represents a
major energy consumption source in ambient-temperature warehouses, but in the case
of conditioned facilities the key consumption source is normally refrigeration. Regard-
ing Scenario B, results demonstrate that the total yearly electricity demand further de-
creases (-3,6%) compared to the base case, mainly due to “heat shield” formed by the



PV panels on rooftop which decrease the energy consumption related to heating and
cooling. On the other hand, self-consumption drops to 48% due to the MHE charging
operations performed by night and the heating energy consumption required during the
winter, which in both cases can’t soak up energy from the generation units.

To provide further insights on the impact of the investigated interventions, the simu-
lated monthly electrical consumptions for the three examined scenarios are reported in
Table 3. Table 3 also offers other relevant KPIs enabling benchmarking with other lo-
gistics facilities, such as self-consumption ratio, CO»cq emission intensity and the En-
ergy Use Index (EUI).

Table 3. Monthly consumption figures for each scenario [MWh].

Month Base Case Scenario A Scenario B

Jan 255.6 254.4 253.8

Feb 209.6 208.3 208.2

Mar 151.7 149.9 149.9
Apr 833 81.4 81.8
May 61.1 583 57.6

Jun 1383 134.6 132.7

Jul 177.9 172.9 171.1

Aug 1793 174.8 173.5
Sep 86.3 832 82.2
Oct 76.0 74.4 74.4

Nov 172.4 171.1 170.6

Dec 233.7 2325 231.7

Total [MWh] 1,825.0 1,795.8 1,787.7

Self -consumption [%] 60 61 48

EUI [kWh/m?] 132.0 129.9 129.3
CO2 emission intensity [kgCO2q/m?] 31.1 30.7 23.8

The monthly CO,q emissions for each scenario were also computed, as reported in
Figure 4. Monthly CO,cq emissions shows a similar trend for all considered scenarios
reaching the lowest values during the summer and winter transition periods (i.e., May,
September, October), where heating and cooling consumption have not reached steady
state values yet. Looking at Scenario B, significant emission savings emerge, particu-
larly during the summer. This trend is due to the fact that cooling and lighting needs
are met during the daytime hours, which is when most energy is generated, as opposed
to MHE charging operations which are performed overnight.
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6 Conclusions

Simulation performed using DesignBuilder were used in this study to investigate the
impact of SLS and on-site renewable generation units in a conditioned warehouse.

The simulation was conducted under three scenarios: existing condition (i.e., base case
scenario), SLS implementation (i.e., Scenario A) and PV panels installation sized to
cover 100% of the available roof space (i.e., Scenario B). The obtained results were
presented in terms of energy consumption, self-consumptions rations, Energy Use In-
dex, and CO;q emissions intensity in order to globally evaluate the warehouse energy
performances. It was demonstrated that, by installing a SLS all over the building and
PV panels covering 100% of the available roof space the yearly net consumption of the
building is slightly reduced by 4%, resulting, on the other hand, in a substantial decrease
in terms of COx¢q emissions (24%) compared to the base case. These results highlight
a crucial statement to reach the net-zero energy goals: on-site renewable generation
must be considered along with warehousing process (e.g., charging processes), consid-
ering both warehouse features and operational requirements. Although the results of the
study address a major gap identified in the extant literature, some limitations do exist,
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since solely on the electricity consumption was investigated, intentionally excluding
others (e.g., fuels, refrigerants, waste, water) as they are normally accounting for a lim-
ited extent, as highlighted by Perotti et al. (2023). Nonetheless, this contribution can
lay the groundwork for future developments: (a) the model can be extended by consid-
ering other sources of consumption; (b) MHE charging strategies can be taken into ac-
count; (c) battery energy storage for self-consumption ratio increase can be evaluated;
(d) the effect of trends and seasonality on consumption and emissions can be further
investigated. Furthermore, the proposed simulation model offers interesting implica-
tions for companies that are currently engaged in developing their roadmap towards
corporate environmental sustainability.
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