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1. Introduction

The significant increase in climate changes in
recent years, including the growing frequency of
extreme weather events, global warming, rising
sea levels, and the spread of respiratory and
cardiovascular diseases, has driven the population
to place greater emphasis on environmental
sustainability, making it an absolute priority for all
countries. The primary driver of the rising
environmental impact is the increasing
concentration of greenhouse gases (GHG) in the
atmosphere. The European Environment Agency
has classified greenhouse gas emissions by sector,
showing that the three largest shares belong to
energy supply (27.4%), transport (23.8%) and
industry (20.3%). According to Eurostat, the food,
beverage sector contributes to a large part of the
emissions associated with industry, releasing over
33,000 tons of CO, and consumed more than 1
million TJ of energy in 2022 [1]. Furthermore, the
warehousing activities of this sector contribute
roughly 11% of the total GHG emissions generated

by the logistics sector across the world [2]. Given
the significant environmental impact of this sector,
this thesis examines both the environmental and
economic effects of various technological and
strategic solutions applicable to refrigerated food
warehouses. The aim of the research is to identify
the sources of C0, emissions in a refrigerated food
warehouse and assess how technological and
strategic solutions can reduce the environmental
impact of each source. Each solution will be
analysed individually and in combination to each
other, from both an environmental and economic
perspective, highlighting the interrelationship and
influence of the different emission sources. Finally,
a prioritization matrix is developed to assess the
implementation of various solutions, considering
the economic and environmental impact of each of
them.

2. Literature review

2.1 Methodology

Since the research question of this thesis was not
initially well defined, it was decided to carry out a



narrative literature review. Despite this choice, the
analysis was initially supported using a systematic
query to identify the seminal papers from which to
start the narrative sampling. Subsequently, to
enrich the analysis, a backward reference snowball
sampling was carried out on the seminal papers.
Finally, forty-four articles were analysed and
classified into seven classes of consumption based
on their content.

2.2 Contents’ classification

The analysed articles were classified into seven
classes of consumption. The categories can be
further divided into two macro-areas: “Building
solutions” and “Stock-management solutions”. The
first one includes the consumption sources
associated with physical assets used in the
“Renewable  energy”,
“Material handling systems”, “Lighting”, “Packaging”
and “HVAC”. The second macro-area concerns the
sources related to strategic decisions that have an
economic and environmental impact on the

warehouse, including;:

warehouse, including: “Picking policies” and
“Layout”. For each «class of consumption
mentioned, twenty technological and strategic
solutions with different environmental effects
were highlighted thanks to the literature review.
Meneghetti et al. [3] studies the effects of the
introduction of a photovoltaic system in the
warehouse. Different forklift power supply
technologies will be evaluated based on the studies
of Giovanni Mummolo et al. [4] and Zhiyu You et
al. [5]. Furthermore, the ecological impact of a
smart lighting system [6], and heliostat system [7]
will be compared to the emissions generated by a
traditional system. The analysis will also delve into
the environmental impact associated with different
types of packaging, considering not only different
material compositions, but also a recent technology
called intelligent packaging [8]. For the “HVAC”
consumption source, the emissions generated by
an intelligent system [9] compared to a traditional
one were analysed. Finally, considering the
sources belonging to the second macro-area, the
environmental impacts associated with the layout
of the reserve area [10], respectively longitudinal,
transversal and AS/RS, and the different picking
policies, considering both routing and product
allocation typology [11], were evaluated.

2.3 ldentification of research gaps

The literature of this topic is mainly focused to
study the environmental impact of individual
solutions, overlooking the synergistic effects that
different classes of consumption may have.
Furthermore, the literature lacks studies that
simultaneously assess both the environmental and
economic impacts of solution implementation.
Filling these gaps guarantees a contribution from
both an academic and managerial perspective,
identifying the best solutions in terms of
sustainability, and subsequently suggesting the
priority of implementation based on an economic
and environmental evaluation.

2.4 Research questions

After identifying the gaps in the literature, the
aim of the thesis was broken down into four
research questions, respectively:

1.  Which are the main classes of solutions
that have an environmental impact in a
refrigerated food warehouse?

2. Which classes contribute the most to the
warehouse's environmental impact, and
which solutions, within these classes,
offer the greatest potential for CO,
emission reductions?

3. What priority should be assigned to the
implementation of each analysed solution
based on the economic and
environmental impact?

4. Which configuration can guarantee a
relevant improvement in terms of
ecological impact in a refrigerated food
warehouse?

3. Methodology

3.1 Taxonomy

To address the first research question, a careful
literature review was conducted. It allows to
identify the main classes of consumption for a
refrigerated food warehouse and the most adopted
solutions for each of them.



3.2 Modelling

The second and the third research question were
addressed by developing an analytical model of
the refrigerated food warehouse, hypothetically
located in Milan. The software chosen to carry out
the analyses is Microsoft Excel, due to its friendly-
user interface and intuitive visualization of the
results. The model describes the environmental
consumption sources of the warehouse through
analytical expressions and allows to assess the
variation in terms of C0O, emissions generated from
the introduction of the different studied solutions.
The modelled warehouse is constituted by seven
main areas: reserve area, picking area, sorting area,
packaging area, unpackaging area, moving goods area
and offices. The most appropriate environmental
analysis to evaluate the environmental impact of a
complex system, such as the warehouse analysed,
is the carbon footprint analysis, since unlike an LCA,
that assesses the environmental emissions of a
product across all stages of its life cycle, it
exclusively quantifies greenhouse gas emissions
generated by a product or process over the course
of one year, making the evaluation easier and
ensuring good validity of the results. The
parameter used to convert the electricity
consumption generated by the solutions into CO,
emissions is the Italy’s energy mix factor, equal to
0.2736 kg C0,/kWh.

3.3 Simulation development

To address the fourth research question, multiple
simulations were conducted on the analytical
model, adjusting the implemented solutions
within the warehouse, to assess their benefits and
identify = a  configuration  that ensures
environmental savings compared to the base case
scenario.

4. Consumptions calculation

The developed warehouse model is based on
analytical relations that describe the different
sources of environmental consumption. Eight
main consumption categories have been identified,
seven of which align with the classifications
previously highlighted in the literature review.
The eighth category labelled “Other Consumptions,”
encompasses sorter and refrigerant consumptions,
activities performed in the packaging and

unpackaging area and water consumption.
Different decision variables have been defined to
represent the solutions taken into consideration in
this thesis work (Figure 1). These variables can be
adjusted to assess the environmental impact of the
individual solutions and to evaluate the variation
of the entire warehouse’s carbon footprint due to
the synergies among them.

DECISION VARIABLES
1/0 position Center - Corner - Along one side
Storage layout Longitudinal - Transversal
Number pallet per bay 1-2-3-4
Double pallet width? YES - NO
Double pallet Heigth? YES - NO
Maximum Storage Height (m) 48-8-9.75-30
Type of MHE LPG - LIB - LAB - Hydrogen

Routing policy Transversal - Return

Product allocation policy Random - ABC
Intelligent HVAC? YES - NO
Iluminating sensors? YES - NO
Heliostat system installed? YES - NO
Photovoltaic panels? YES - NO

Surface of the roof covered 10% - 20% - 25% - 30%
Packaging material PET - BIO 30% - BIO 100% - Intelligent packaging
AS/RS? YES - NO

Figure 1: Decision variables of the model.

5. Analysis of results and

discussion

5.1 First research question

The narrative literature review, strengthened by
the introduction of a systematic query to define the
study perimeter and deepened with a backward
reference snowball sampling, allowed to answer
the first question. This analysis revealed twenty
solutions that determine the environmental impact
of a refrigerated food warehouse, grouped into
seven consumption categories. A taxonomy
classifying these solutions has been consequently
defined.

5.2 Second research question

To determine which solution contributes the most
to reducing the carbon footprint, a base case
configuration of the warehouse was established, as
a benchmark for assessing the impact of various
solutions. The environmental impact generated by
the base case configuration amounts to 1,528,766
kgCO0,/year, with a contribution of the various
consumption categories equal to the results shown
in Figure 2.



CATEGORIES’ IMPACT BASE CASE CONFIGURATION
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Figure 2: Impact of consumption categories on
total emissions in the base case configuration.

The categories that contribute the most to the
warehouse's carbon footprint, and for which this
thesis will explore different implementation
solutions, are "HVAC and refrigeration system"
(32.7%), "Packaging" (18.2%), and "Lighting system"
(10.8%). After establishing the consumption
associated with the base case scenario, simulations
were conducted by varying the solutions used for
each category individually. During the analysis of
these results, three scenarios were studied, each
identifying a layout of the reserve area, given their
effects on the categories’ outcomes. From this
analysis, the solutions that for each category
guarantee a greater saving of (0, emissions
generated, compared to the solutions implemented
in the base case warehouse, were identified. The
most effective solutions for each category
remained the same across all analysed scenarios.
Since the longitudinal layout represents the base
case warehouse configuration, the results for this
scenario are presented in Figure 3

LONGITUDINAL LAYOUT

500,028

395,459 = Packagin
277474
220,218
164, 345 @
128,662
111,389
32,636
- 283 1,877

HVAC  Imtelligent 100%Bio-  LED Heliostat Lpgforklit  Hydrogen Trasverssl Returnand
system HVAC  pa ck ;mg based PET illumination  system forklift  andrandom  ABGC
system

Figure 3: Reduction of environmental impact by
consumption category due to the implementation
of the most environmentally friendly solutions.

Figure 3 shows the most sustainable solutions for
the various categories and highlights which of
them guarantees the greatest savings of
€0, emissions in absolute term: “intelligent HVAC
system” (-21% compared to traditional HVAC),
“counterbalance hydrogen powered fuel cell forklift” (-
71% compared to LPG forklift) and “100% bio-based
PET packaging” (-21% compared to PET

packaging).
5.3 Third research question

To answer the third research question, an
economic analysis of the various solutions was
developed, evaluating the initial investment
supported for the implementation and the
operating costs associated with them. The payback
period for each solution was also calculated,
revealing that the counterbalance hydrogen-
powered fuel cell forklift (47 years) and the
heliostat system (23 years) are not economically
viable. This analysis, in combination with the
environmental results obtained, allowed to classify
the different practices in groups characterized by
different implementation priorities. Figure 4 shows
a matrix that identifies the composition of the
different groups.

Economic impact

Low HIGH

Low »

CORE SOLUTION STRATEGIC ENHANCEMENT

* LIB forklift CLEs
« Smart lighting system * Hydrogen forklift
» 30% Bio-based PET * LED lighting system with heliostat
« Intelligent HVAC system B Al T
*+ Intelligent packaging
+ Photovoltaic system (20%)
= Photovoltaic system (25%)

OPTIMIZED IMPROVEMENT FUTURE INNOVATION

Environmtal impact

* LPG forklift * LAB forklife
* LED lighting system

+ HVAC system

« PET

« Photovoltaic system (10%)

HIGH w»

Figure 4: Priority matrix.

The “Core solutions” group includes the solutions
that have the highest priority for implementation,
since they offer a significant reduction in
environmental impact while maintaining
reasonable costs. Among them: “LIB forklift”,
“smart lighting system”, “30% bio-based PET
packaging” and “intelligent HVAC system”. The



“Future innovation” group is just constituted by
“LAB forklift” which does not guarantee significant
reductions in terms of environmental impact and
that it is expensive to implement.

5.4 Fourth research question

To answer the fourth research question, a
configuration of decision variables was defined,
including solutions belonging to the “Core
solutions” group, a longitudinal reserve area,
return and ABC product allocation policies, and a
photovoltaic system covering 10% of the total
surface area. The yearly emissions generated by the
new configuration guarantee a reduction of
approximately 55% compared to the base case
configuration. The category that has most
positively influenced the result in absolute terms is
the HVAC and refrigeration system (-229,391
kgC0O,eq/year), also supported by a large
contribution from the introduction of a
photovoltaic system covering 10% of the total
surface area (-174,722 kgCO0,eq/year). Finally, the
impact of replacing a traditional reserve area with
an AS/RS was analysed to assess how this change
influenced the warehouse's emission results.

TOTAL EMISSIONS AS/RS NEW CONFIGURATION

Figure 5: Consumptions comparison between
AS/RS and longitudinal new configurations.

The installation of an AS/RS results in an 8%
reduction in emissions compared to the
configuration with a traditional reserve area.

4. Conclusions

The thesis work presented was able to answer the
research questions posed. The development of the
analytical model, along with the environmental
and economic analyses, highlighted that emissions
from the HVAC system represent the largest share
of the total emissions generated by the warehouse.
The intelligent HVAC system is, in fact, recognized
as the solution that offers the greatest ecological

savings. On the contrary, solutions such as
counterbalance hydrogen powered fuel cell forklift, the
heliostat system and LAB forklift, do not appear to be
economically convenient to implement in the
warehouse. The analysis subsequently outlined a
classification of the solutions based on their
implementation priority, considering the economic
and environmental impact associated with them.
Finally, a new warehouse configuration was
suggested that included the most convenient
practices, highlighting how the introduction of an
AS/RS leads to a reduction in environmental
impact, but at the same time requires an
investment of 1,350,000 euros.

The thesis makes a valuable contribution to both
academic and managerial fields, addressing gaps
in the existing literature, paving the way for future
research, and providing a practical managerial tool
to support decision-making in the implementation
of sustainable solutions within warehouses.

6.1 Limitations and future research

The study presents some limitations that reduce
the complexity of the analysis but at the same time
they do not undermine the coherence and validity
of the results. Among the identified limitations
there are a summary economic analysis based on
secondary sources, the exclusive use of Italy's
energy mix factor without considering those of
potential specific energy suppliers, and the
omission of spread technological solutions.
Considering these limitations, future research
could explore the aspects omitted in this thesis to
enhance the analysis. It is recommended to include
an assessment of the emissions generated by a
geothermal system and different types of
refrigerants usually adopted, conduct a more
detailed economic analysis, and expand the scope
of this thesis to encompass all activities related to
outbound logistics.
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