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Abstract 

In recent years, environmental sustainability has become increasingly central to the 

political and economic objectives of nations, driven by the urgency of rapid climate 

change. For companies across all sectors, it has become a competitive advantage that 

must be pursued to safeguard the planet and ensure the success of their business. The 

industrial sector generates 20.3% of the planet's greenhouse gas emissions and 11% of 

the emissions are produced by the logistics sector derive from warehousing activities. 

The thesis analyses the environmental impact of a refrigerated food warehouse, with 

the aim of identifying technological and strategic solutions that, individually or in 

combination, allow for the reduction of 𝐶𝑂2𝑒𝑞 emissions. Initially, the seven mains 𝐶𝑂2 

consumption categories associated with a refrigerated food warehouse were 

summarized in a taxonomy, along with the twenty corresponding solutions, whose 

environmental impact will be evaluated. This analysis was possible thanks to the 

development of an analytical model using Microsoft Excel, which describes these 

consumption categories. The model is characterized by interactive decision variables, 

enabling the simulation of the introduction of various solutions in the warehouse. 

Once a base case warehouse configuration was defined, the environmental impact 

generated was evaluated, and for each consumption category the most ecologically 

convenient solution was identified. It emerged that the consumption category that 

contributes most to the environmental footprint of the warehouse is the “HVAC and 

refrigeration system” (32.7%) and the introduction of an “intelligent HVAC and 

refrigeration system” (equipped with sensors) allows a 21% reduction of these 

emissions. The implementation priority of each solution was subsequently evaluated 

based on their economic and environmental impacts. Among them, the most 

convenient are LIB forklift, intelligent lighting system, 30% bio-based PET packaging, 

intelligent HVAC and refrigeration system. Finally, the environmental impact of a new 

warehouse configuration, also including these solutions, was assessed. The results 

indicate a 55% reduction in emissions compared to the base case configuration, with 

the potential to further reduce this by 8%, through the introduction of an AS/RS. 

 

Key-words: sustainability, refrigerated warehouse, model, environmental impact. 
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Abstract in italiano 

Nel corso degli ultimi anni, il tema di sostenibilità ambientale ricopre un ruolo sempre 

più centrale tra gli obbiettivi politici ed economici degli Stati, per via dei repentini 

cambiamenti climatici. Per le aziende di ogni settore esso è divenuto un vantaggio 

competitivo cui è necessario perseguire per la salvaguardia del pianeta e per il 

successo del proprio business. Il settore industriale genera il 20.3% delle emissioni di 

gas serra del pianeta e in particolare, l’11% delle emissioni prodotte dal settore 

logistico derivano dalle attività di gestione logistica interna di un magazzino. La tesi 

analizza l'impatto ambientale di un magazzino alimentare refrigerato, con l'obiettivo 

di identificare le soluzioni tecnologiche e strategiche che, singolarmente o in 

combinazione, permettono di ridurre le emissioni di 𝐶𝑂2𝑒𝑞. Inizialmente, le sette 

principali categorie di consumo di 𝐶𝑂2 relative a un magazzino alimentare refrigerato 

sono state riassunte in una tassonomia, insieme alle venti soluzioni associate, per le 

quali verrà valutato l’impatto ambientale. Tale analisi è stata possibile grazio allo 

sviluppo di un modello analitico tramite Microsoft Excel, che descrivesse tali categorie 

di consumo. Esso è caratterizzato da variabili decisionali con cui è possibile interagire 

per simulare l’introduzione all’interno del magazzino delle diverse soluzioni. Definita 

una configurazione base del magazzino, è stato valutato l’impatto ambientale 

generato, e per ogni categoria di consumo è stata identificata la soluzione 

ecologicamente più conveniente. È emerso che la categoria di consumo che 

contribuisce maggiormente all’impronta ambientale del magazzino è il “sistema HVAC 

e di refrigerazione” (32.7%) e l’introduzione di un “sistema HVAC e di refrigerazione 

intelligente” (dotato di sensori) permette una riduzione del 21% di tali emissioni. È stata 

successivamente valutata la priorità di implementazione di ogni soluzione in base ai 

rispettivi impatti economici e ambientali. Tra esse le più convenienti risultano essere: 

carrello elevatore con batteria a ioni di litio, sistema di illuminazione intelligente, 30% bio-PET 

packaging, sistema HVAC e di refrigerazione intelligente. Infine, è stato valutato l’impatto 

ambientale di una nuova configurazione del magazzino, includendo anche queste 

soluzioni. I risultati mostrano una riduzione delle emissioni del 55% rispetto al caso 

iniziale, con la possibilità di ridurre del 8% tale risultato mediante l’introduzione di un 

AS/RS.  

 

Parole chiave: sostenibilità, magazzino refrigerato, modello, impatto ambientale. 
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1 Introduction 

In recent years, attention and concern about the issue of environmental sustainability 

has spread significantly among people. This is due to humanity's increased awareness 

of the effects resulting from the implementation of certain practices and actions that 

do not assess the associated environmental impact. 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 [1], 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 in 

the atmosphere. The main greenhouse gases including carbon dioxide (𝐶𝑂2, 80.6% of 

total emissions), methane (𝐶𝐻4, 12.1% of total emissions) and nitrous oxide (𝑁2𝑂, 5.3% 

of total emissions), have significantly increased their concentration in recent years due 

to the growing human activity on the planet. For this reason, several plans and 

regulations have been formulated by the governments to address this sensitive issue. 

In particular, the European Parliament has approved the European Climate Law, 

aiming to reduce net greenhouse gas emissions by at least 55% by 2050 [1]. 

The European Commission has estimated that in 2023 net greenhouse gas emissions 

will decrease by 8.3% compared to the previous year [2]. Furthermore, 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%) [3]. In particular, according to Eurostat, the food, beverage, and 

tobacco sector contributes to a large part of the emissions associated with industry, 

releasing over 33,000 tons of 𝐶𝑂2 and consumed more than 1 million TJ of energy in 

2022 [4]. Furthermore, it is important to underline how logistics activities in this sector 

contribute significantly to the total environmental impact. Warehouse management 

and warehousing activities contribute roughly 11% of the total GHG emissions 

generated by the logistics sector across the world [5]. 

Given the severity of climate change effects, companies across various sectors have 

integrated sustainability into their business models, implementing plans and actions 

to reduce their environmental impact. Sustainability has become a competitive 

advantage for companies and especially some sectors, including the food industry. The 

actions taken to address this issue are applied across all activities within a company's 

value chain. Among these, warehousing activities play a significant role due to its 

considerable contribution to global emissions. For this reason, this area is heavily 



10 1| Introduction 

 

 

influenced by the introduction of sustainable practices. Given the importance of the 

issue, the literature provides several studies on solutions that companies can 

implement to reduce the 𝐶𝑂2 emissions associated with their warehousing activities. 

The studies are mainly focused on analysing individual solutions, highlighting only 

the environmental impact, neglecting the evaluation of other decision-making 

variables that are fundamental for implementation, such as for example the economic 

impact. Furthermore, a classification of the main sources of 𝐶𝑂2 emissions associated 

with a refrigerated food warehouse and the study of the environmental effects due to 

the simultaneous application of different solutions, are not well defined in the 

literature. 

Filling the gaps in the literature is crucial, as this study contributes to a deeper 

understanding of the environmental impact associated with refrigerated food 

warehouses, which, as previously highlighted, represent a significant portion of the 

total emissions generated by the logistics sector globally. 

The aim of the research is to identify the sources of 𝐶𝑂2 emissions in a refrigerated 

food warehouse and assess how various technological and strategic solutions can 

reduce the environmental impact of each source. Each solution will be analysed 

individually and in combination, from both an environmental and economic 

perspective, highlighting the interrelationship and influence of the different emission 

sources on each other. Finally, a prioritization matrix is provided to assess the 

implementation of various solutions, considering the economic and environmental 

impact of each of them. 

This thesis work provides both an academic and managerial contribution. The 

contribution provided to the academic reader consists in enriching the existing 

literature with a study that simultaneously evaluates both the ecological and economic 

impact of different solutions applicable in a refrigerated food warehouse, showing the 

effects derived also from their synergy. This can also offer insights and considerations 

for future research in this area. Considering the practical and managerial benefits 

provided by this thesis, the reader gains an understanding of the environmental and 

economic impacts associated with the introduction of various solutions within a 

refrigerated food warehouse. This knowledge can help him determine the most 

effective implementation strategy to reduce the environmental impact of his 

warehouse. Furthermore, it assists the reader in the case of designing a new 

warehouse, by illustrating the consumption associated with different configurations. 

Based on the results, the reader will be able to select the optimal configuration for its 

needs. 

1.1. Structure of the analysis 

In this section, the logical and conceptual path that has been chosen to present the 

work carried out for this thesis will be presented. Consequently, the main topics that 
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will be touched for each section will be summarized in order to generate an overall 

vision of the work that can facilitate its subsequent understanding. 

The work carried out for this project is divided into seven main sections: 

- Literature review 

- Analysis of research gaps 

- Research questions 

- Methodology 

- Consumption calculation 

- Analysis of the results and discussion 

- Conclusions and future developments 

In the “Literature review” paragraph, the methodology through which the literature 

analysis was carried out was described, specifying the type of approach used. In 

particular, the main categories of 𝐶𝑂2 emission sources and the possible solutions 

applicable to a refrigerated food warehouse for each of them will be highlighted, 

defining a taxonomy. For each category, key studies will be presented to justify the 

relevance of the solutions discussed in this thesis. 

Subsequently, in the section “Analysis of Research Gaps”, the current focus of the 

literature on the topic addressed in this thesis, sustainable solutions for warehousing 

activities in the food sector, will be presented, highlighting the areas that remain 

underexplored and explicitly outlining the contribution of this work. 

Once the literature gaps have been defined, the section “Research Questions” shows 

four questions that this thesis aims to address, clarifying the expected outcomes of the 

study. 

In the section “Methodology” the process through which the different research 

questions will be addressed will be explained. The contribution of the literature 

analysis in answering the first research question will be explained. Furthermore, the 

basic notions that define the analytical model of the refrigerated food warehouse, that 

was developed to answer the second and third research questions, will be set. In this 

paragraph, the description of the analysed refrigerated food warehouse is presented, 

focusing on describing the typology of warehouse and its area composition. Then, it 

will be specified the activities carried out, highlighting the characteristic values of the 

sector, and the various sources that generate an environmental impact. This section 

will also specify the geographical location of the warehouse, a crucial factor due to its 

significant influence on the calculation of certain consumption metrics. Subsequently, 

the way in which the carbon footprint analysis was carried out will be defined and the 

conversion coefficient used to transform the electric energy consumed in a year by all 

the activities of the warehouse into kg𝐶𝑂2𝑒𝑞 will be introduced and explained. Finally, 

the simulation process on the analytical model will be described ,which allowed to 

provide an answer to the last research question. 
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In the “Consumption calculation” paragraph, the analytical model that will be later 

analysed is developed. Accordingly, the methods used to calculate the various 

consumption sources characteristic of the warehouse will be detailed. Furthermore, 

some hypotheses that were made to facilitate the analysis, but capable of conferring 

solidity and validity to the results obtained, will be specified. 

The definition of the base case scenario and the analysis performed on the results of 

the analytical model will be explained in the “Analysis of the results and discussion” 

paragraph. After presenting the environmental impact of the base case configuration, 

the results of implementing various solutions within this configuration were 

discussed, highlighting which solution for each category contributed most to reducing 

the warehouse's carbon footprint. Subsequently, an economic analysis related to the 

introduction of the various solutions was carried out to evaluate which is the most 

economically convenient for each consumption category. The two analyses were then 

combined to evaluate which solutions are most convenient to implement considering 

both the economic and ecological aspects. Finally, a simulation of the analytical model 

was conducted to evaluate the emissions generated by the warehouse after 

implementing the solutions recommended in the previous analysis, comparing the 

results with those of the base case scenario. 

The work ends with the paragraph “Conclusions and future developments” in which the 

objective and benefits derived from this thesis are summarized. Furthermore, the main 

results that provide answers to the research questions set are shown. Finally, the main 

assumptions and limitations that characterize this work are summarized, suggesting 

possible future research to further enrich this research topic.
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2 Literature review 

2.1. Methodology 

The prerequisite for developing a research work lies in the analysis of academic articles 

related to the topics pertinent to the study's context. First, it is essential to keep in mind 

the objective of the project being developed. In this case, the following thesis aims to 

identify and evaluate the economic impact and 𝐶𝑂2 emissions of technologies and 

strategic decisions employed in refrigerated food warehouses. For the sake of this 

thesis, the “Logistics” topic has not been entirely investigated, as it is very broad and 

varied; so the focus was put on deepening different warehousing activities and the 

related strategies. Furthermore, the most recent technological solutions that are 

applied today in food warehouses have been studied, focusing on sustainability, 

highlighting consumption and future opportunities. The goal of the research work is 

to show how the economic and environmental impact of the warehouse changes with 

the implementation of different solutions and various combination of them.  

Once the context of the thesis is defined, it is necessary to identify possible articles 

useful for the investigation. The portal used for consulting academic articles for this 

thesis is “Scopus”, since is one of the most reliable and complete bibliographic 

database and search engine for academic and scientific literature. 

To develop this thesis work, it was initially necessary to collect the useful notions 

related to the topic that will be explored. It was therefore decided to carry out a 

narrative analysis of the literature. 

A narrative literature review refers to a comprehensive narrative synthesis of 

previously published information [6]. The research question of this thesis was not 

initially well defined, consequently when it is ambiguous, a narrative literature review 

is preferred than a systematic one [7]. 

Even though the literature review follows a narrative approach, a systematic query 

was used in the first phase to find the seminal papers from which to start the narrative 

sampling. The analysis began therefore with the identification of a systematic query 

that enabled the extraction of relevant information on the main topics of the thesis, 

namely: the management of refrigerated food warehouses, the environmental impact 

they generate, and the various technologies currently used in such contexts. The 

systematic query, used to build the initial set of articles, has been reported below. 
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“TITLE-ABS-KEY 

( sustainable OR green OR carbon AND footprint OR environmental AND sustainability ) 

AND ( internal AND logistics OR warehouse AND management ) AND 

( food AND industry OR food AND sector OR food AND production )” 

Through this search, 1066 articles were found. Filters were applied to better focus the 

results on the topic. Only articles published “from 2020 to 2024” are taken into 

consideration, since the referred study focuses on analysing the most recent solutions 

currently applied in food warehouses. As a result of this operation, 837 articles 

emerged, which were further filtered by considering only “Engineering” as the subject 

area. This decision was taken because it was noted that the numerous articles included 

in the subject areas “Environmental Science”, “Social Sciences” and “Energy” were not 

consistent with the type of study that this thesis is concerned with carrying out, since 

they did not present actual solutions related to food warehouses but rather focused on 

providing a general vision of the importance of the sustainability theme in the supply 

chain and social context. Once the subject area was defined, the number of articles 

resulting was 220. Finally, the last filter related to the “English language” was applied, 

since it is recognized that these articles are the most reliable and valid for carrying out 

research work. At the end of these operations, 202 articles were identified.  

After having applied all the filters, a set of articles was identified, among which the 

seminal papers were selected. The choice was based on an analysis of the title and 

abstract.  Specifically, the title had to refer to either structural or strategic solutions 

used in a food warehouse and the abstract had to confirm the validity of the title, 

specifying the methodology that would be carried out within the study.  

After identifying the seminal papers, the narrative sampling began, namely a backward 

reference snowball sampling on the analysed articles. Through this approach, articles that 

cite the seed article are collected at the first level, then articles that cite the articles that 

cite the seed are collected at the second level, and so on. This technique produces a 

network of relevant articles built around the seed and facilitates insights into the broad 

context of the research instead of the narrow set of publications that are returned in 

keyword searches [8]. This methodology provides a broader picture of academic 

output on a given topic and the relationships to other fields because it visualizes an 

organic whole that results from individual scholarly efforts [9]. This type of analysis 

adds value by minimizing the possible biases associated with cognitive mapping and 

enables testing hypotheses about actual citation patterns within a given research 

domain [8] . It allows to delve deeper into the different solutions that emerged during 

the narrative analysis phase and consequently build more solid knowledge. The 

selection of the cited articles was made considering the title and the name of the 

authors who frequently appeared in different studies, therefore experts in this 

thematic area, such as for example “Francesco Facchini”, “Salvatore Digiesi”, 

“Giovanni Mummolo”, “Eleonora Bottani”. 
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The collection and analysis of these documents was carried out by highlighting for 

each of them the main features that were useful to describe the paper in an exhaustive 

manner. In particular, a data extraction form was built. For each article, information 

regarding its “title” and “authors” is collected, so as to be able to easily trace it and 

highlight if an author appeared several times in different studies regarding this topic. 

Furthermore, the “research question” was also reported, since it is useful to 

understand in a concrete way what is the paper’s objective that is committed to 

achieve. The next field that was reported is the “findings”, in which the discoveries 

and conclusions of the study are described, which would have been useful to support 

the work of this thesis. Alongside the “findings”, the “methodology” used was also 

clarified. It was interested to understand whether the study was mainly qualitative, 

quantitative or a survey. For the purpose that this thesis aims to achieve, the 

quantitative articles have been the most analysed, since it will be necessary to show 

numerically the environmental and economic impact of the application of the different 

solutions. Finally, a category dedicated to the “limitations” of the paper has been 

created, to understand the limits of the study under examination and possible future 

research that can be carried out related to this topic. 

Subsequently, these articles were thoroughly analysed and divided into thematic areas 

to facilitate the subsequent work of defining a taxonomy of the solutions. In particular, 

44 articles were reviewed and classified into seven categories: "HVAC and refrigeration 

system", "Packaging", "Layout", "Lighting", "Material handling systems", "Picking policies" 

and "Renewable energy". 

 

Figure 2.1: Classification of articles analyzed during the literature review. 
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2.2. Contents’ classification 

The research methodology used to analyse the topic addressed by this thesis has 

allowed to identify 44 academic articles useful to support the development of the 

thesis. As previously stated, these articles have been divided into seven categories to 

support the subsequent development of a taxonomy of solutions.  

The objective of this part is to explain the main insights and findings learned during 

the research phase of these articles, which will lay the foundations for the subsequent 

development of the thesis and the consequent achievement of its goals. The seven 

categories into which the different articles have been divided can be further classified 

into two macro-areas. The first one, called "Building Solutions", includes all the 

technologies that can be physically used within a food warehouse. The second 

category, which is instead called "Stock-Management Solutions", concerns all those 

internal warehouse management activities that are defined in a strategic way to reduce 

the economic and environmental impact as much as possible. 

The five categories that constitute the “Building Solutions” macro-area will be briefly 

described below: 

- Renewable energy: includes articles that study technologies and solutions that 

allow the generation of renewable energy that can be used to power a 

refrigerated food warehouse. Among these, the most investigated are the 

installation of a photovoltaic system and their combination with a hydrogen 

energy storage system (HESS). [10] [11] [12], [13] 

 

- Material handling systems: these articles study the average consumption of 

various material handling systems used in a food warehouse. Their 

consumption is undoubtedly influenced by stock management policies since 

they define the best route and consequently the distance travelled by the 

vehicles. The papers also investigate solutions related to the recharging of 

such electric handling systems, so as to reduce the downtime of the vehicle as 

much as possible and optimize the energy required. Among them, the 

following will be analysed: lead acid battery forklift, lithium-ion battery forklift, 

hydrogen powered fuel cell forklift and LPG forklift. [14], [15], [16], [17], [18], [19] 

 

- Lighting: these articles address different solutions that can be employed in a 

warehouse concerning its lighting. In particular, it will be clarified how the 

efficient exploitation of natural lighting allows to significantly reduce the 

energy load related to artificial lighting. Furthermore, they investigate how 

the presence of sensors and IoT technologies associated with lighting are 

fundamental to reduce the warehouse energy impact. [20], [21], [22] 
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- Packaging: this category of articles addresses the issue of management and 

reduction of environmental impact due to the disposal of food packaging. In 

particular, the environmental impact related to the use of recyclable 

packaging and the spread of a new technology, called intelligent packaging, 

will be analysed. [23], [24], [25], [26], [27] 

 

- HVAC and refrigeration system: the topic covered in this category is the 

warehouse HVAC system which represents a significant energy consumption 

element given the different areas’ temperature conditions that must be 

constantly maintained to ensure food preservation. In particular, intelligent 

control systems that allow an optimization of the energy consumption will be 

studied. [28], [29], [30], [31] 

 

The “Stock Management Solutions” macro-category is instead characterised by two 

thematic areas which will be briefly described below: 

- Picking policies: this category mainly addresses two fundamental management 

policies related to picking operations: product allocation and routing. Both play 

a crucial role in terms of environmental and economic impact, since they 

determine the type of path taken by the MHE (material handling equipment) 

and consequently the consumption associated with them. [32], [33], [34], [35] 

 

- Layout: this represents the last thematic area belonging to Stock Management 

Solutions and addresses the search for the best layout for a food warehouse 

that can guarantee the lowest economic and ecological impact. Different types 

of layouts will be studied through various simulations including transversal 

design and longitudinal design. [36], [37], [38], [39][40]. Furthermore, the 

environmental impact associated to a AS/RS (automated storage and retrieve 

system) will be deepened during the analysis. 
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Table 2.2.1: Classification of articles by consumption category. 
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2.2.1. Renewable energy 

Environmental sustainability is an increasingly crucial topic today, given the 

environmental issues that are emerging. Companies, as a result, have modified their 

business model by introducing this issue, which is so important for investors that 

companies themselves consider it a competitive advantage. The pursuit of energy 

saving, both in terms of energy efficiency and reduction of fossil fuel consumption, 

which consists of approximately 80% of the world’s primary energy supply, becomes 

one of the most significant performances to be achieved within a sustainable 

perspective [10]. Consequently, it is necessary to use alternative source of energy with 

the aim of reducing the impact of fossil fuels on the planet. Renewable energy sources, 

such as solar, wind, geothermal and biomass, are believed to be alternative energy 

sources to fossil fuels, which can reduce pollution and global warming and also boost 

the development of the economy. [11] 

During the study of this category, three key aspects were identified that can 

significantly contribute to reducing electrical energy consumption and, consequently, 

minimizing its associated environmental impact. In particular, Meneghetti et al. [10] 

deal with the introduction of solar panels in a refrigerated warehouse, while Tay Son 

Le et al [11] and Kostadin Fikiin et al. [13] delve into how the storage of the electrical 

energy generated, and its exploitation at the right time, can both generate excellent 

results in terms of environmental impact reduction. 

Industrial food refrigeration represents one of the major energy consumers on a global 

scale, since approximately 40% of food products require refrigeration. Meneghetti et 

al. [10] investigates how the integration of rooftop photovoltaics impacts both the 

design and performance of refrigerated warehouses, which are increasingly becoming 

the preferred solution for frozen food storage facilities. During this analysis, a model 

describing the installation of solar panels to supply energy to an AS/RS for frozen 

palletized food was developed. It was demonstrated that the use of solar panels for 

energy production, if well-sized, can lead to economic and energy savings. In the case 

analysed, a decrease by 1.3% in yearly total costs was recorded as well as a 16.4% 

reduction in yearly energy consumption. 

Regarding the introduction of solar panels for the production of renewable energy, 

Tay Son Le et al. [11] investigates how the energy produced can be stored and used at 

the right times, thus generating the lowest possible ecological impact. In particular, he 

studies the operation of hydrogen energy storage system (HESS), that converts energy 

into hydrogen using physical-based or material/chemical-based methods. The result 

of the research shows that combining both battery energy storage and hydrogen 

energy storage allow to achieve better performance compared to systems with only 

battery or hydrogen. In this system, hydrogen serves as a long-term energy storage 

solution, while the battery is used for short-term energy storage. 
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The conservation of the energy produced and its exploitation at the right time, as also 

emerges from the study cited above, represents a very important aspect in terms of 

sustainability that can guarantee to the company significant energy savings. Kostadin 

Fikiin et al. [13] studies the impact of the use of renewable energy from solar panels in 

combination with the emerging sustainability-enhancing technology of Cryogenic 

Energy Storage (CES). CES is a promising technology enables to store renewable energy 

during periods of high generation and uses it at peak grid demand. It exploits the 

possibility of liquefying a cryogenic gas, in moments of lower power demand and 

subsequently pumping this gas to drive a generator of power which generates 

electrical grid, during times of high-power consumption. Although conceptually the 

use of this technology could have significant positive effects in terms of energy 

savings, today CES applications have been limited since the liquefaction of a unit mass 

of cryogen currently consumes much more energy than its evaporation can deliver. 

2.2.2. Material handling systems 

Energy consumption by warehouses has become an essential component of green 

warehousing and research on reducing the carbon footprint of supply chains. Forklifts 

are critical resources that directly influence the overall efficiency of any warehouse or 

manufacturing facility [16]. Consequently, over the years, forklifts powered by 

different sustainable energy sources have been developed. The first major distinction 

lies between LPG (Liquefied Petroleum Gas) and electric power. Subsequently, various 

models of material handling systems have been developed using different types of 

batteries, including lead acid battery forklift and lithium-ion battery forklift. Finally, 

more recently, the use of a new technology that exploits hydrogen as an energy source 

is being studied. These vehicles are called hydrogen powered fuel cell forklift. Below, 

Giovanni Mummolo et al. [17], Francesco Boenzi et al. [16], Abdulhameed Alshaebi et 

al. [41] and Zhiyu You et al. [14] showed in their studies, the comparison between these 

different materials handling equipment, highlighting their positive and critical 

aspects. 

Giovanni Mummolo et al. [17] sets the objective of his study to identify the best 

material handling equipment (MHE) to minimize the carbon footprint of inbound 

logistics activities, based on the type of the warehouse as well as the weight of the 

loads to be handled. In particular, the model compares the consumption linked to an 

LPG forklift with an electrical forklift used within the same reference warehouse. The 

results show how the electric forklift performs better in terms of carbon footprint for 

“light” and “medium” goods weight (lower than 3000 kg) while the LPG forklift 

performs better than the electric ones for “heavy” loads (higher than 3000 kg). 

However, the emission hourly rate (EHR) of the electric forklift is significantly lower 

than that powered by LPG, respectively 4.84 kg𝐶𝑂2/h for the electric forklift and 19.6 

kg𝐶𝑂2/h for the LPG forklift. Consequently, he concludes by stating that it doesn’t exit 

an optimum material handling equipment for every situation but, based on the 
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characteristics of the warehouse being analysed, it is possible to evaluate which of the 

two technologies fit better. 

A further analysis carried out by Francesco Boenzi et al. [16] is concerned with 

comparing the energy consumption between an LPG forklift with an electrically 

powered one, developing an iterative non-linear integer model, able to identify the 

best alternative in terms of environmental performance of the internal logistics 

activities. The result shows that for the same number of items to be stored, the use of 

electric forklift does not always ensure the minimal environmental impact of the 

material handling activities in a warehouse. In fact, the choice is strongly related to 

items position in the stockpile (identified by x, y and z coordinates) and to the storage 

configuration adopted in the warehouse (storage racks or stackable units). In 

particular, when no racks are used and a high value of items are store along the z axis, 

greener warehousing operations are guarantee if forklifts equipped with internal 

combustion engines are used. On the other hand, when electric forklifts are employed, 

the more sustainable strategy involves a greater number of horizontal movements 

rather than vertical fork operations. 

Other authors have instead concentrated on analysing and comparing the differences 

between different types of electric forklifts. Abdulhameed Alshaebi et al. [41] presents 

a comparative performance analysis of two different forklift battery systems in the cold 

warehouse environment: lead acid batteries and lithium-ion batteries. The findings 

show that adopting lithium-ion batteries saves approximately 25 labor hours per week 

as they don't require changing for charging. Additionally, lithium-ion batteries deliver 

over 70% of their rated capacity, compared to just 46% for lead-acid batteries. 

Moreover, trucks powered by lithium-ion batteries achieve a higher productivity rate, 

with more than 10% increase in the number of pallets moved per operating hour. 

However, the higher initial cost of lithium-ion batteries should be taken into account, 

as they are more expensive than lead-acid option. 

Finally, several authors are analysing the possible introduction of a new technology 

based on a hydrogen power supply for forklifts. In particular, Zhiyu You et al. [14] 

aims at evaluating the impact of a prototype forklift with a fuel cell/battery hybrid 

power system that uses hydrogen as an energy source, in addition to electricity. The 

results of the analysis are promising because the forklift utilizing the proposed power 

strategy successfully achieves the energy management control target. The output 

aligns with the fuel cell’s performance requirements, and the system is able to follow 

the load’s current demand during operation, gradually adjusting the fuel cell’s output 

current accordingly. 

2.2.3. Lighting 

This category collects articles related to the way in which a building can be illuminated 

and an analysis of possible technologies that can be used to reduce energy 
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consumption and the resulting environmental impact. In particular, artificial lighting 

is one of the most important energy loads in buildings [42] and therefore requires some 

precautions in order to be reduced. Among the articles analysed, the main actions to 

put in practice to improve the electrical consumption are the better exploitation of the 

natural light, through innovative technologies [22]  and the introduction of sensors 

that makes “intelligent” the lighting system [20]. 

Luis Manuel Fernández-Ahumada et al. [22]  in his study analyses the possible energy 

savings related to lighting that could be obtained through the application of a heliostat 

illuminator. Essentially the study demonstrates that an environment that properly 

exploits natural illumination requires a significant lower amount of artificial lighting, 

and this will be beneficial for the company in terms of energy savings. Therefore, the 

morphology of the roof and the correct arrangement of windows, which allow for 

increasing natural exposure to light, are elements that must be taken into great 

consideration during the design phase of the building. Furthermore, to exploit natural 

light even more, a heliostat system could be installed externally to the building. This 

is a system of mirrors that follows the movement of the sun while redirecting reflected 

solar radiation in a fixed direction. At the end of the analysis, it was demonstrated that 

through the use of this heliostat system it is possible to obtain up to 64% of savings in 

artificial lighting compared to those without them. 

Another widely discussed topic regarding the optimization of lighting inside a 

warehouse lies in the exploitation of Internet of Things (IoT) technology. IoT consists 

of all those interconnected smart sensors, which are able to collect information on the 

surrounding environment, process it and perform actions accordingly. In particular, a 

study carried out by Yanmin Wu and Xiang Cheng [20] deals with the analysis of the 

energy savings related to the application of these sensors to lighting system. The 

introduction of these technologies combined with RFID sensors allows, to reduce the 

light intensity of a space based on needs or to automatically turn off the lighting when 

no one is present in the area. 

2.2.4. Packaging 

Plastic consumption in 2023 is equivalent to approximately 460 million tons, that 

represent a worrying data since this number has been growing year after year. The 

40% of the plastic used is attributable to packaging for commercial products [43]. 

Plastic, therefore, represents a great problem for the well-being of our planet; in fact, 

companies are trying to find sustainable alternatives to reduce their impact of its use. 

In particular, the food sector in recent years has been investing in the research and 

development of recyclable materials for the packaging production of their products 

[44]. An example are biodegradable materials that at the end of their useful life can be 

easily recycled and reused again. The food sector is also currently developing another 

alternative, called intelligent packaging, consisting of biodegradable materials and 
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sensors capable of collecting and exchanging data along the supply chain regarding 

the state of conservation, location and integrity of the food product contained in it. 

The literature tries to understand how much people is willing to introduce in their life 

and business sustainable packaging [45], [46] and evaluate the benefits that different 

typologies of recyclable packaging can have on the planet, also focusing on the effects 

of a new technology. [25], [45], [47] 

Kinga Nemesa and Márta Konczos-Szombathelyib [46] and Ramona Weinrich et al. 

[45] in their articles conduct surveys on food companies to investigate the decision-

making process that allows them to decide whether to use recyclable packaging, 

highlighting the barriers that limit its full diffusion. Companies realize that using 

recyclable packaging material guarantees better sustainable development of the 

company, but at the same time it requires investment in specific machinery for its 

production and consequently higher cost has to be sustained. The main barriers that 

emerged from the study are the lack of commitment both from management and from 

employees, resistance towards change in packaging and packaging development 

processes, costs of materials, equipment, and training, internal problems in interaction 

between departments, complexity of decision-making processes, lack of knowledge, 

training and experience. However, both authors conclude by stating that even if the 

initial cost for the use of these materials is higher, in the long term, the choice of 

investing in sustainable packaging will determine a competitive advantage for 

companies, since the food supply chain will be more and more involved with 

sustainable initiatives.  

Leela S. Dilkes-Hoffman et al. [24] instead investigates in her study the greenhouse gas 

(GHG) trade-offs associated with a particular biodegradable packaging material 

through an LCA (life cycle assessment) analysis. The results showed how the use of 

biodegradable packaging can contribute to an improvement in GHG emissions and an 

improvement in the shelf life of the product. 

Rowaida K.S. Khalil et al. [47], Ivy Chiu and Tianxi Yang [25], [26] and Muhammad 

Hasan et al. [25] in their studies examine different biological materials that can be used 

as intelligent packaging to directly detect by the consumer the conservation condition 

of the food contained inside them. In particular, the authors examine different 

materials able to change colour based on the degree of oxidation of the food inside, 

which consequently leads to an improvement of the shelf life of the food and the 

reduction of waste. 

2.2.5. HVAC and refrigeration systems 

Heating, ventilation, and air conditioning (HVAC) accounts for approximately 38% of 

a warehouse's energy consumption [31]. This is because the shape of a warehouse, 

with high ceilings and vast indoor spaces, makes it complex and expensive to maintain 

a constant temperature. Furthermore, in the food warehouse taken into consideration 
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in this thesis, it is necessary to maintain constantly low temperatures to ensure product 

conservation. This results in high energy consumption and therefore also a significant 

environmental impact. During these years for this reason, solutions have been studied 

to reduce such consumption and consequently also obtain economic savings. 

A Oswiecinska et al. [29] and Farzad Dadras Javan et al. [31] in their studies investigate 

how to improve the energy efficiency by developing an intelligent control system, able 

to adjust itself to upcoming changes in indoor conditions and external environment, 

and by introducing IoT technologies able to reduce, in a preventive manner, the 

warehouse’s load. These systems exploit artificial intelligence and machine learning to 

adjust the operation of the HVAC based on the data received as input from the sensors. 

The simulation results show potential for energy savings up to 7% in January, 57% in 

April and 76% in June. 

2.2.6. Picking policies 

Order-picking process, defined as the process of retrieving items from storage 

locations in response to a specific customer request, is the most laborious and the most 

costly activity in a typical warehouse, with up to 55% of warehouse total operating 

costs [34]. It is therefore essential to maximize the efficiency of this process by 

leveraging two important policies: routing and product allocation. The routing policy 

defines the type of internal path taken by pickers when picking an order, aimed to 

obtain a sequence of items to be retrieved from racks such that the total travel distance 

is as short as possible. Manzini, R. et al. [34] define in his study three main routing 

strategies: 

- Transversal: the picker enters an aisle containing items in the picking list from 

one end and leaves it from the opposite side. 

- Return: the picker enters an aisle containing items in the picking list from one 

end and leaves it from the same side. 

- Midpoint: the warehouse is equally divided into two areas where a picker 

accesses the front half of an aisle from the front cross aisle, and the back half 

from the back cross aisle. 

Product allocation assignment instead refers to the strategic decision of positioning 

items within the warehouse with the aim of maximizing the efficiency of the receiving, 

storage, and order-picking operations. An element to take into considerable 

consideration in a food warehouse is the low shelf life of foods, which is a criterion 

that must be absolutely evaluated during the design of the product allocation. In terms 

of sustainability, a good product allocation can absolutely bring benefits in terms of 

energy savings and reduction of emissions, since if well implemented it allows to 

optimize the picking efficiency and consequently reduce the consumption related to 

the material handling equipment used. Furthermore, a good product allocation also 
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allows to reduce waste, since the expiration of the products will certainly be a 

parameter to take into consideration when allocating them in the warehouse. 

Yasmin YY Hui et al. [48] develops in her article a cloud-based decision support system 

(DSS) able of identifying variables related to the storage time of the stock-keeping unit, 

in order to provide storage guidelines to the packaged food warehouse efficiently and 

effectively. The system assigns the optimal position of the products in the warehouse 

considering six main parameters: monthly average order size, sales velocity, expiry 

date, closeness to holiday, past storage time and actual storage time. A simulation of 

the DSS was carried out and the results show how the average time spent in allocating 

SKUs dispatched from a container into the proper warehouse sections sped up by 

11.8% and the average time spent in picking an order was reduced by 25.5%, 

suggesting that the system is able to identify stock keeping units with potentially high 

turnover velocity allocating proper storage locations to them to shorten the traveling 

distance. The product disposal rate figure also improved significantly, showing a 

decrease in waste and defective products of 26.9%. 

Manzini, R. et al. [34] instead analyses different types of allocation policies to 

determine the best one to apply to his base case taken under consideration. In 

particular, the following are analysed: 

- random policy: in which the items are assigned to a random location of the 

storage area 

- dedicated policy: a specific fixed location is associated with each product. 

- class-based policy: the items are grouped into different families, called classes, 

based on Pareto analysis and each family of product is assigned to a dedicated 

area of the storage area. 

- correlation policy: a correlation index between items in a product mix is defined 

after carrying out a cluster analysis that evaluates the items that are usually 

ordered together. Products with high values of correlation are stored near to 

each other. 

The random policy was chosen as the base case to be compared with the others and 

the several simulations also considered different routing policies applied (return and 

transversal). The result shows how the correlated assignment strategy is the best 

performing rule. Specifically, it guaranteed an average saving of approximately 10% 

on total travel distance compared to random strategy. 

2.2.7. Layout 

A fundamental decision variable that must be considered when building your 

warehouse is its layout. It represents the way in which the aisles of the reserve area are 

oriented in order to minimize the construction cost and material handling cost. The 

decisions usually include aisle orientations, number of aisles, length and width of 

aisles, and door locations. Since the layout, as previously stated, influences picking 
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activities, it has an impact on the economic aspect and it is also closely linked to the 

energy consumption associated by the material handling equipment, generating a 

relevant environmental impact on the entire warehouse. The goal of various 

researchers is therefore to understand which configuration can minimize as much as 

possible the economic and environmental impact associated with it. 

Authors such as Francesco Facchini et al. [19], Kevin R. Gue et al. [39]  and Goran Dukic 

et al. [37] research the optimal layout configuration that guarantees to reduce the 

distance travelled. 

In particular, Francesco Facchini et al. [19] and Kevin R. Gue et al. [39] tried to identify 

the layout for a food warehouse that manage to ensure the least impact through 

inbound material handling, considering both the economic and the environmental 

perspective. For this purpose, there have been considered three different warehouse 

management configurations: longitudinal, transversal, and fishbone. Each one is assessed 

considering the handling time from collecting the good from the rack to the carry and 

to the picking area, according to an ABC class-based storage approach. The fishbone 

layout was proposed by Kevin R. Gue [39] and characterized by two main diagonal 

aisles forming a “V” and picking aisles that are perpendicular to the sides of the 

warehouse. The authors found out that this type of configuration ensures savings of 

20% inside paths for the picking and the depot of the items within the warehouse. 

Through a simulation, Facchini discovers also that this configuration is able of 

guaranteeing the lowest environmental impact compared to the other two layout, 

guaranteeing a 10% reduction, since it allows, thanks to its shape, to quickly access the 

highest rotating items. It is necessary to specify, however, that this type of layout 

requires a larger area and consequently turns out to be 20% more expensive to 

implement compared to a transversal or longitudinal warehouse. 

Furthermore, Goran Dukic et al. [37] investigates how to reduce the traveling distance, 

thus reducing the energy consumption of a warehouse and consequently its 

environmental impact. Similarly to the previous authors, he compares the 

performance of a transversal layout with a fishbone configuration and the results show 

that the fishbone layout will give less travel distance, around 9.5%, compared to 

transversal configuration. 

2.3. Identification of research gaps 

The topic of environmental sustainability associated with the food industry is today 

deeply studied and described in the literature. It plays a fundamental role for 

companies in this sector, since given its importance from both environmental and 

social point of view, it has become a real competitive requirement. 

The research that has been carried out has allowed to highlight the main practices used 

in food warehouses and to evaluate what are the related environmental and economic 
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impacts. However, there are no studies that show the synergies related to the 

implementation of different solutions in a warehouse in terms of environmental 

impact. In general, it has been highlighted how various analysis have been carried out 

on this topic, focusing mainly on a specific technology, evaluating its effects on the 

reference warehouse analysed. What is missing in the literature is a study of the 

ecological and economic impacts of all the various solutions that can be applied to a 

food warehouse, evaluating their effects both individually and in combination with 

each other, considering both the structural aspect of the warehouse and the 

management point of view. 

Classifying and analysing the consumption associated with solutions that contribute 

to the carbon footprint of the refrigerated food warehouse guarantees valuable insights 

for the reader. This approach allows to understand the most significant source of 

impact, enabling to take actions to mitigate these consumptions. Furthermore, being 

aware of the economic impact associated with the implementation of a solution is an 

additional advantage for the reader, as he can evaluate its implementation based on 

his capital availability. Finally, analysing the consumption of these solutions through 

an analytical model based on decision variables, it ensures flexibility and adaptability 

to various types of refrigerated food warehouses, making it a more valuable tool for a 

greater number of people. Filling these gaps in the literature can therefore bring 

benefits in terms of reducing environmental emissions related to a refrigerated food 

warehouse, making people more aware of the consumption associated with it, and 

contributing positively to the safeguard of the planet. 

The aim of this study is to fill this gap in the literature, first defining a classification of 

the various solutions that define a refrigerated food warehouse through a taxonomy, 

dividing them into consumption categories. Secondly, they will be analysed one by 

one, highlighting the variation of the ecological and economic impact of the 

warehouse, comparing the results with a base case warehouse. Furthermore, the 

impact of the combination of multiple technologies used simultaneously in a 

warehouse will also be quantitatively evaluated. The final aim of the study is to offer 

the reader a model useful to understand which are the best strategies and solutions to 

adopt in a food warehouse to obtain economic savings and be environmentally 

sustainable at the same time. 

2.4. Research questions 

This thesis aims to fill issues that have not yet been widely explored in the literature 

and that have emerged in the analysis of research gaps. In fact, research on sustainable 

solutions for food warehouses remains limited, often focusing on the analysis of a 

single solution rather than a comprehensive approach. There is no clear classification 

in the literature of which technological and strategic aspects influence the 

environmental impact of a warehouse. The literature lacks studies that holistically 
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examine all sources of atmospheric emissions within a warehouse. Consequently, 

there are no analyses that explore potential interactions between these emission 

sources. Finally, the literature rarely simultaneously supports the environmental and 

economic evaluation of the solutions that are studied. 

The thesis work initially defines how the analytical model that identifies the food 

warehouse was developed. The analytical relationships that describe the model and 

that allow to evaluate energy consumption, environmental emissions and economic 

impact, will be described in this part of the work. Subsequently, a simulation phase 

will be conducted to analyse how the environmental impact varies based on the 

practices implemented in the warehouse and the relationship between these practices 

and the emissions generated. 

One defined the objective that this thesis work, four research questions have been 

formulated. The reader will be informed about the practices of a refrigerated food 

warehouse that generate environmental emissions, highlighting which of them 

contributes to a greater impact. Subsequently, the priority of implementation for them 

will be suggested, considering both the economic and environmental aspects. Finally, 

a warehouse configuration will be suggested, capable of minimizing the 

environmental impact, providing valuable insights for decision making when 

planning to establish a new refrigerated food warehouse. 

The lack in literature of a classification that summarizes the solutions of a food 

warehouse that generate environmental emissions will be the subject of the first 

research question. Indeed, it investigates the classes of technological and strategic 

practices that can be implemented in a refrigerated food warehouse, generating 

environmental emissions.  

The second research question aims to fill the gap in the literature of a complete analysis 

of the sources of environmental impact in a refrigerated food warehouse. 

Understanding which of the above sources has the greatest impact on the 

𝐶𝑂2 emissions of a food warehouse and how this impact varies by studying the 

application of different alternatives will be the subject of the second research question.  

Since very few articles simultaneously evaluate both the ecological and economic 

impacts associated with the practices applied in a refrigerated food warehouse, the 

third research question will address this gap. The third research question concerns the 

understanding of the priority of applying different practices in an existing warehouse, 

in order to improve its carbon footprint. 

Finally, the fourth research question will address the gap in the literature regarding 

the lack of studies that can be adapted to different real-world scenarios situations of 

refrigerated food warehouses, capable of providing different results based on the 

chosen configuration. Indeed, the fourth research question aims to explore a 

warehouse configuration characterized by an improved carbon footprint, based on the 

analysis of both environmental and economic impact.  
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The research questions can be summarized as follows: 

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 𝐶𝑂2 

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?





 31 

 

 

3 Methodology 

3.1. Taxonomy development 

A careful analysis of the literature was essential to address the first research question 

posed for this thesis work. The type of narrative analysis carried out, adapted with the 

introduction of a systematic query to highlight the seminal papers and extended 

through a snowball sampling with backward approach, allowed to learn important 

notions about the studied topic, bringing out the main sources of environmental 

emissions associated with a refrigerated food warehouse. 

 

3.2. Modelling 

The second and the third research question were addressed by developing an 

analytical model. They respectively refer to the investigation of the most relevant 

source of environmental impact in a refrigerated food warehouse and the priority 

implementation of the solutions, based on their environmental and economic impact. 

Before describing the pillars of this model, it is necessary to give a definition of what 

is meant by analytical model. 

A model is an abstract, simplified and operational representation of a system or its 

parts, useful for studying the system itself [49]. In particular, in an analytical model 

the system is represented by parameters and variables that are linked to each other by 

mathematical expressions capable of guaranteeing an analytical solution. This type of 

model is often used when the system to be represented is not particularly complex or 

simplifications are applied to the real case that do not excessively alter the validity of 

the results.  

To populate this model, data were primarily sourced from the literature related to the 

analysed topic. In cases where specific data were not available in the literature, such 

as economic evaluations of certain technologies, secondary sources were consulted, or 

production companies with expertise in quantifying the required parameters were 

directly contacted.   

The software chosen to carry out the analyses that were previously introduced is 

Microsoft Excel. The decision to use this software over more complex alternatives is 

driven by several factors, including its intuitive interface and the ease of use, which 
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does not require extensive knowledge of programming languages. Furthermore, since 

this work is committed to supporting anyone who wants to be aware of their 

warehouse consumption or suggest possible investments and configurations that can 

improve them, it was decided to adopt a widely used software, where the framework 

could also be modified based on the specific situation analysed. Finally, a further 

advantage of Microsoft Excel is the possibility to create simple and intuitive dashboard 

that shows the results of the analysis clearly, integrating extensions such as PowerBI 

to this software. 

The various sources of consumption in a refrigerated food warehouse will be 

incorporated into the analytical model and analysed individually to determine the 

contribution of each solution category to total emissions. Additionally, the model will 

identify which solution within each category provides the greatest 𝐶𝑂2 savings for the 

warehouse. Subsequently, this analysis will also consider the costs associated with 

each solution, allowing for a comprehensive evaluation that addresses the third 

research question. 

3.2.1. Definition of the analysis context 

The aim of this thesis is to evaluate the ecological and economic impact of different 

technological and strategic solutions applicable to a refrigerated food warehouse. In 

this paragraph the context of analysis will be defined by specifying the type of 

warehouse considered and its configuration, the activities carried out that generate a 

certain environmental impact, the respective sources of consumption, its geographical 

location and finally the coefficient choice to quantify the amount of equivalent 𝐶𝑂2 

produced during the year. 

It is appropriate to initially distinguish between two types of existing warehouses: 

- Warehouse: it performs both a static and dynamic function. It represents a 

decoupling point between production and the customer, thanks to the 

presence of a storage area for the finished product and allows to manage the 

inbound and outbound flows. Two typologies of flow management can 

happen: transformation of the input flows, for example from full-pallet-load to 

mixed-pallet-load, and flow sorting, ensuring the possibility of sorting the 

order received as input towards different points of destination. 

 

- Transit point: it simply performs a dynamic function. There is no storage area 

in it, but it allows to sort and transform the inbound and outbound flows of 

products.  

In the case examined for this thesis, a warehouse that performs both static and 

dynamic function is the structure chosen to undertake this analysis. The distribution 

network that has been hypothesized for this warehouse is composed of two-echelons 
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in which there are 3 – 4 central warehouses in the first echelon (L1) and approximately 

20 local warehouses in the second echelon (L2) located in the various regions. The 

choice to adopt local warehouses in the second echelon of the distribution network 

instead of transit points is due to the fact that a portion of the managed product needs 

to be stored at low temperatures, and this requires the presence of a storage area that 

a transit point would not have. Furthermore, since food products have a short shelf 

life, it is important for the inventories to be close to the client so that the lead time for 

delivery is as low as feasible.  

The warehouse examined is identified as a local warehouse present in L2, which serves 

all the points of destination in the Lombardy region, guaranteeing a good level of 

service with an order cycle time of approximately 2 – 3 days. Since a refrigerated food 

warehouse has been analysed, the products that are managed are both fresh foods, 

which therefore require a refrigerated area to be stored, and long-life products. The 

order profile is usually composed of 180 products that are picked for each picking tour, 

applying a batch picking logic, joining together multiple orders requested by different 

customers. 

3.2.2. Warehouse structure 

Having defined the type of warehouse to be analysed in this thesis, it is essential to 

outline its internal structure, specifying the proportional allocation of space for each 

of its constituent areas. To do this, the study by Ticozzi et al. [50] has been taken into 

consideration, which proposed an example of subdivision of the areas of a refrigerated 

food warehouse that seemed very pertinent for the type of analysis that must be 

carried out in this work. Following this study, the warehouse is made up of six main 

areas: 

- Storage area: it is formed by two areas: reserve area and picking area. In the 

storage area, pallets load of food are stored and kept at a controlled 

temperature depending on their conservation conditions. However, it is 

recommended to divide the storage capacity into two distinct areas: a picking 

area, designed to optimize the efficiency of picking operations, and a reserve 

area, responsible for periodically replenishing the picking area as needed. 

McKinsey & Company [51] highlights how the characteristic throughput 

capacity of a food warehouse is approximately 3200 pallets/day for the reserve 

area, while the inventory turnover ratio of the picking area, according to Seval 

Ene et al. 2016, is approximately 60%. This value highlights the importance of 

effective communication required between the two areas to ensure the 

successful completion of all daily order picking requirements, since more than 

half of the capacity of the picking area has to be replenished every day.  
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- Sorting area: since the picking carried out follows a batch policy, picking 

multiple orders at the same time to optimize picking times, the presence of a 

sorting area is mandatory. In this area an automatic sorter allows to sort the 

products previously picked from the picking area according to the orders 

requested by the different customers. It is estimated that approximately 70% 

of items will require sorting after picking. This assumes that when a 

customer's order consists of a full pallet, the products inside do not require 

sorting and can be sent directly to the packaging area for shipment. 

 

- Packaging & Unpackaging areas: in these areas the unpackaging of the inbound 

flows and packaging of the orders are carried out. An automated machine will 

be dedicated to the unpackaging operations of the materials that will 

subsequently be stored in the reserve area, while another automated machine 

carries out the packaging operation of the orders requested by the customer, 

that will subsequently be ready to be delivered. 

 

- Moving goods area: The following area serves as a connecting pathway between 

all other sections of the warehouse. Pallet loads can be efficiently moved from 

one area to another thanks to the warehouse layout, which has been carefully 

designed to include appropriately sized movement zones, enhancing the 

efficiency of internal operations. 

 

- Office: a small area of the warehouse is dedicated to offices where employees 

could work to manage the different flows. 

The warehouse structure is shown in Figure 3.1. 

 

 

Figure 3.1: Warehouse functional areas. 
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3.2.3. Warehouse activities 

This section outlines the main inbound and outbound activities of a warehouse, 

highlighting those included in the analytical model. These selected activities will 

directly contribute to calculating the final 𝐶𝑂2 equivalent emissions generated. It is 

necessary to underline that some assumptions and simplifications have been adopted 

in the model, which will be specified later. They will slightly reduce the accuracy of 

the results obtained, maintaining in any case valid and coherent the latter. Jinxiang 

Gu, et. al. [38] summarized in his study the main flow management activities carried 

out in a warehouse are the following: 

- Receiving: it is mainly composed by three phases. The planning of the carriers’ 

arrivals in order to optimize the productivity of the plant, the unloading of the 

pallet loads entering the warehouse and the control of the conformity of the 

purchase order, verifying the integrity of the goods and their compliance with 

what was ordered. The receiving activity in the proposed model is expressed 

in terms of environmental impact with the operations carried out in the 

unpackaging area. 

 

- Put-away: when the pallet loads have been unloaded and checked, they are 

then moved to the reserve area. It is necessary to initially identify the 

incoming products, usually scanned by a bar code, in order to understand the 

correct location in which to store them. Subsequently the inventory records 

are updated to reflect receipt of the item and its location. In the model 

proposed in this thesis, different types of product allocation will be analysed 

that contribute to a different environmental impact and the consumption 

related to the movement and storage of the products in the correct position in 

the reserve area will be analysed. 

 

- Storage: it encompasses all activities performed within the storage area, 

which, as previously mentioned, consists of a reserve area and a picking area. 

The reserve area is where pallet loads coming from the receiving area are 

initially stored, while the picking area is replenished daily with goods 

transferred from the reserve area. In the developed model, the consumption 

and emissions generated by the replenishment of these two areas will be 

quantified. 

 

- Picking: picking activities are carried out when an order is received. There are 

two main types of picking: item picking and batch picking. If the adopted 

policy is item picking, the single order is picked from the picking area, and no 

sorting activity is needed. The batch picking policy instead consists of picking 
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products belonging to different orders at the same time, optimizing the 

picking time, but requiring a sorting activity to reconfigure the different 

orders. Since batch picking is more efficient than item picking and in the 

analysed warehouse there is an area entirely dedicated to order sorting, this 

policy will be adopted in our model. After operators pick the various products 

based on a picking list designed to minimize travel distances, the items are 

transferred to the packaging area, where a label is affixed to identify the newly 

created order. In the model this activity is quantified in terms of 

environmental impact by analysing different types of routing policies that can 

be undertaken by the pickers and evaluating the consumption related to the 

packaging area. 

 

- Shipping: It represents the last flow management activity, where the carrier 

schedules the pickup of the order once it has been consolidated in the 

packaging area. The carrier signs a bill of landing, and the warehouse 

management systems are updated to reflect removal of the products from the 

warehouse. This activity is quantified in the model through the operations 

performed in the packaging area. 

3.2.4. Environmental impact evaluation 

Life cycle Assessment (LCA) provides a framework, approach and methods for 

evaluating environmental burdens associated with a product, process or activity by 

identifying and quantifying relevant inputs and outputs of the defined system and 

evaluating their potential impacts [52]. LCA systematically identifies and evaluates 

opportunities for minimizing the overall environmental consequences of resource 

usage and environmental releases. International standards, including ISO 14040 and 

ISO 14044, have standardized the methodology. 

The advantage that this type of analysis provides is certainly the precision and 

reliability of the final results but at the same time it is not suitable for all the situations. 

In fact, it is a very long and meticulous study of the entire life process of the system 

analysed and therefore requires a large amount of reliable data. The analysis of the 

environmental impact of various technologies and managerial decisions in a 

refrigerated food warehouse presents significant complexity. Quantifying data that 

accurately reflect the environmental impact following a cradle-to-grave approach is 

challenging and may not effectively capture the primary objectives this thesis seeks to 

address. For this reason, another approach has been selected for this thesis work. 

Since LCA assesses the environmental emissions of a product across all stages of its 

life cycle, it is a complex method for evaluating the environmental impacts of processes 

within a warehouse. LCA is best suited to assess the environmental impact of a single 

product or service. For this reason, the environmental impact analysis developed in 
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this thesis is a carbon footprint analysis, which represents one of the impact categories 

examined in LCA and focuses specifically on quantifying greenhouse gas emissions 

generated by a product or process over the course of one year [53]. Carbon footprint 

analysis is the measurement of greenhouse gas (GHG) emitting processes, their origins 

and their composition and amount, caused directly or indirectly by an individual, 

event, organization, or product, expressed in carbon dioxide 𝐶𝑂2eq [54] .GHGs are 

gases in the atmosphere that absorb and emit radiation within the thermal infrared 

range [54]. Kyoto Protocol identifies 6 types of gases that constitute the GHG which 

are: Carbon dioxide (𝐶𝑂2), Methane (𝐶𝐻4), Nitrous oxide (𝑁2𝑂), Hydrofluorocarbons 

(HFC), perfluorocarbons (PFC), sulfur hexafluoride (𝑆𝐹6). These gases released in the 

atmosphere contribute to the Global Warming, so the increase in the average 

temperature of Earth's near-surface air and oceans [54]. According to the IPCC 

(Intergovernmental Panel on Climate Change), 𝐶𝑂2 represents 76% of the total 

greenhouse gas emissions, among which 65% comes from fossil fuels and industrial 

processes. In 2024, 37.4 billion tonnes of 𝐶𝑂2 were generated, recording an increase of 

0.8% compared to the previous year. Countries around the world are regulating 

actions and investing in new technologies to try to reduce these emissions, aiming to 

reach different goals by the year 2030. The issue of 𝐶𝑂2 emissions reduction has also 

become of fundamental importance for companies in every sector. For this reason, it 

was chosen to evaluate the environmental impact of the refrigerated food warehouse 

considering a 𝐶𝑂2 equivalent (𝐶𝑂2eq) conversion coefficient which will be presented 

later. This approach enables anyone to easily obtain a reliable estimate of the 

environmental impact they are generating and understand how it can change through 

the implementation of different technologies and strategies. 

3.2.5. Sources of consumption 

In this paragraph, the main sources of consumption that have been considered in the 

analytical model will be described. In most cases, about 70-80% of the overall energy 

required for the warehousing activities depends on the degree of automation, 

electricity, oil and gas consumption for material handling activities [18]. Considering 

more specifically the case analysed for this thesis work, the main sources of 

consumption are 5: electricity, fuels, refrigerants, water and waste. 

Electricity is the largest source of consumption in a warehouse due to its extensive use 

for various functions, including lighting, operation of physical assets, running the 

refrigeration system, powering and charging material handling equipment. The unit 

of measurement that will be used to quantify this consumption is [kWh/year]. 

Considering instead the fuels, it is mainly used to power the warehouse heating and 

cooling system (HVAC system) and powers some types of material handling 

equipment that will be analysed later, which use LPG as fuel. 
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Another source of consumption is refrigerants. It is a fluid used in the refrigeration 

system to regulate the area of interest at various temperatures. Due to the loss of 

refrigeration properties of the liquid, a certain amount expressed in [kg/(year*m^2)] 

must be replenished every year. The refrigerant that will be used to ensure the cooling 

of the warehouse is the fluid R410A, that has been widely introduced to replace other 

fluids that generated a high emission of chlorofluorocarbons [55]. 

Water consumption has a significant impact on the environment, primarily due to two 

main sources of emissions: supply emissions and treatment emissions. Water supply 

emissions arise from the activities performed by water supply companies, including 

water extraction and delivery to the end user's location. Water treatment emissions, on 

the other hand, are related to the processing of wastewater that is returned to the 

sewage system through mains drains. In the model it is quantified in terms of 

[m^3/year] consumed. 

Finally, the last source of consumption considered is waste. It refers to all the product 

and packaging waste that are generated during a year. For the sake of simplicity of the 

work carried out in this thesis, the only source of waste considered in the model that 

generates an environmental impact is the plastic material that constitutes the 

packaging of food products. Furthermore, it is necessary to clarify that the calculation 

of kg𝐶𝑂2 eq attributable to this category was not calculated considering only the 

impact of the disposal method used, but rather the entire life cycle of the material was 

considered, following a craddle-to-grave logic that evaluated the long-term climate 

change impact. 

3.2.6. Warehouse localization 

The local warehouse examined in this thesis work is located in the city of Milan and 

consequently it supplies the points of sales of the Lombardy region. The geographical 

position in which it was decided to locate the warehouse is a fundamental parameter 

to take into consideration to carry out a correct analysis. In fact, the climatic zone 

influences some elements of consumption of the warehouse related to heating, cooling, 

exposure to sunlight, which therefore must be considered. 

Pernigotto, G. et al. [56] highlighted in their work 8 European climate zones identified 

by the following acronyms: 

- Dfc: Cold climate without dry season and with cold summer: in Iceland, in 

most of Scandinavia, along the coast of the White Sea, in some mountain’s 

regions. 

 

- Dfb: Cold climate without dry season and with warm summer: in Denmark 

and southern Sweden, in eastern Europe and in part of the Alpine region. 
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- Cfb: Temperate climate without dry season and with warm summer: in 

western Europe, in particular in the British islands, in France, in the western 

German territory, in northern Spain. 

 

- Csa: Temperate climate with dry and hot summer: along the Mediterranean 

coast, in particular in southern Spain, in large part of Italy, Greece and Turkey. 

 

- BSk: Arid cold steppe climate: in centre and eastern Spain. 

 

- Csb: Temperate climate with dry and warm summer: in northwestern Spain 

and part of southern France. 

 

- Cfa: Temperate climate without dry season and with hot summer: in the Po 

Valley and in the coast of the Adriatic Sea in Italy. 

 

- Dsb: Cold climate with dry and warm summer: in some regions of Greece and 

Turkey. 

These climate zones have been associated by Pernigotto, G. et al. [56] to various 

European cities reported in Table 3.2.1. 

 

 

Table 3.2.1: Climatic zone definition for European cities. 
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It is possible to observe how the city of Milan has a temperate climate without dry 

season and with hot summer (Cfa). To quantitatively assess the effects of being in one 

climate zone versus another, correction coefficients were introduced, using the Dfb 

climate zone as the baseline. This zone was assigned a coefficient of 1, with other zones 

being adjusted accordingly. This assumption was made because several input data 

related to the warehouse, which will be used later in the analysis, have been collected 

from the work of Lewczuk, K. et al. [42]. This study examines the varying consumption 

patterns of a warehouse with different levels of automation located in a Dfb climate 

zone. The coefficients of the other climate zones were calculated thanks to the results 

achieved by Pernigotto's study. In Table 3.2.2 it is possible to observe the correction 

coefficients for the different climate zones. 

 

CLIMATIC ZONE CONVERSION 

Climatic Zone Coefficient 
Dfb 1.0 
BSk 1.5 
Cfa 1.2 
Cfb 1.0 
Csa 1.5 
Csb 1.4 
Dfa 1.3 
Dfc 0.8 

Table 3.2.2: Climatic zone conversion coefficient. 

3.2.7. Energy mix factor 

As previously stated, the carbon footprint analysis is the methodology chosen to 

quantify the environmental impact of the refrigerated food warehouse studied in this 

thesis. The analysis consists in quantifying the amount of GHG emissions generated 

by the processes and assets present in the warehouse. It should be noted that in this 

thesis work, following this approach, only the environmental impact related to the 

internal logistics of the warehouse has been quantified. External logistics flows such 

as the organization of shipments and the optimization of truck saturation have not 

been taken into account in this project. 

For the purpose of this thesis, it is necessary to introduce a parameter capable of 

converting warehouse consumption into 𝐶𝑂2eq so as to quantify its actual 

environmental impact. To appropriately evaluate which parameter to use, it was 

necessary to introduce the concept of energy mix. The Gestore Servizi Energetici (GSE) 

defines it as the set of primary energy sources used for the production of electricity 

supplied by sales companies to end customers. Energy production, mainly the burning 

of fossil fuels, accounts for around three-quarters of global greenhouse gas emissions. 
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The world therefore needs to shift away from fossil fuels to an energy mix dominated 

by low-carbon sources of energy. A country can produce energy using non-renewable 

sources such as coal, oil, gas, nuclear, or renewable sources such as solar, wind, 

geothermal, hydroelectric or biomass. Emerging energy sources that are starting to be 

adopted by some states are hydrogen and synthetic fuels. The composition of the 

energy mix can differ significantly between countries or regions and may change 

considerably based on the season. Factors influencing this include the availability of 

domestic energy resources and the capacity to import them. The type and quantity of 

resources utilized are used to calculate a parameter known as the energy mix factor. In 

this thesis, it will be applied to convert warehouse energy consumption into kg𝐶𝑂2eq. 

This parameter changes every year based on the energy sources used by the States. 

The Association of Issuing Bodies (AIB) publishes updated values for this parameter 

annually. The 2024 datasheet was consulted to determine the energy mix factor 

applicable to this thesis. 

 

 

Table 3.2.3: Energy mix factor by countries 

In Table 3.2.3, the energy mix factor for Italy has been highlighted. This value, equal 

to 0.2736 kg𝐶𝑂2/kWh, will be used throughout the analysis referring to it with the 

denomination CF. 

 

Country 

code

CO2 

(KgCO2/kWh)

RE 

unspecified

RE 

biomass
RE solar

RE 

geothermal
RE wind RE hydro Nuclear

FO 

unspecified

FO hard 

coal

FO 

lignite
FO oil FO gas

Volume 

(TWh)

Rad waste 

(mg/kWh)

AT 0.0957 0.00% 4.61% 0.00% 0.00% 14.03% 63.91% 0.00% 1.06% 3.13% 0.00% 1.17% 12.08% 65.24 0.00

BA 0.7007 0.00% 0.00% 0.91% 0.00% 2.33% 41.99% 0.00% 0.00% 54.76% 0.00% 0.00% 0.00% 15.37 0.00

BE 0.1121 0.00% 3.76% 9.63% 0.00% 19.27% 0.39% 41.48% 1.04% 1.91% 0.00% 0.01% 22.52% 75.38 1.12

BG 0.3321 0.00% 4.19% 9.08% 0.00% 4.32% 8.30% 41.86% 0.00% 27.08% 0.00% 0.48% 4.69% 36.68 1.47

CH 0.0015 0.00% 1.65% 4.96% 0.00% 0.27% 56.13% 36.66% 0.02% 0.00% 0.00% 0.00% 0.31% 63.69 1.76

CY 0.5727 0.00% 0.73% 16.30% 0.00% 4.06% 0.00% 0.00% 0.00% 0.00% 0.00% 78.91% 0.00% 5.13 0.00

CZ 0.5779 0.00% 6.82% 3.11% 0.00% 0.99% 3.38% 41.14% 0.14% 39.22% 0.00% 0.12% 5.08% 69.94 0.53

DE 0.3351 0.00% 3.85% 13.75% 0.04% 32.15% 3.66% 1.49% 3.31% 25.96% 0.00% 0.78% 15.00% 450.60 0.04

DK 0.0739 2.35% 15.22% 10.06% 0.00% 59.64% 0.06% 0.00% 1.93% 7.04% 0.00% 0.21% 3.49% 32.55 0.00

EE 0.4650 0.00% 24.42% 14.05% 0.00% 14.36% 0.50% 0.00% 45.63% 0.00% 0.06% 0.00% 0.97% 4.93 0.00

ES 0.1218 0.29% 1.44% 16.30% 0.00% 24.18% 8.63% 20.95% 0.00% 1.50% 0.00% 1.17% 25.54% 259.08 0.57

FI 0.0452 0.00% 13.28% 0.83% 0.00% 18.53% 19.25% 41.95% 0.88% 4.23% 0.00% 0.21% 0.84% 78.04 1.26

FR 0.0308 0.00% 2.12% 4.41% 0.00% 10.38% 10.97% 65.45% 0.02% 0.16% 0.00% 0.35% 6.13% 489.53 1.77

GB 0.1934 0.00% 10.90% 5.06% 0.00% 30.01% 1.89% 13.55% 1.54% 1.17% 0.00% 0.79% 35.08% 273.18 1.08

GR 0.2597 0.00% 1.30% 17.50% 0.00% 23.00% 9.04% 0.00% 0.70% 0.00% 9.16% 7.43% 31.87% 49.26 0.00

HR 0.1767 0.00% 5.45% 1.81% 0.10% 15.07% 47.90% 0.00% 0.00% 7.23% 0.00% 0.30% 22.14% 16.79 0.00

HU 0.1956 0.00% 3.87% 19.48% 0.02% 1.86% 0.65% 45.42% 0.90% 6.58% 0.00% 0.10% 21.12% 33.23 1.59

IE 0.2679 0.89% 1.36% 1.49% 0.00% 38.81% 2.57% 0.00% 0.77% 4.91% 1.12% 0.04% 48.04% 37.30 0.00

IS 0.0002 0.00% 0.00% 0.00% 29.67% 0.03% 70.28% 0.00% 0.00% 0.00% 0.00% 0.02% 0.00% 20.24 0.00

IT 0.2736 0.00% 5.96% 12.07% 2.11% 9.22% 14.49% 0.00% 1.60% 4.62% 0.00% 3.07% 46.85% 253.38 0.00

LT 0.1512 0.00% 3.25% 1.97% 0.00% 61.57% 10.56% 0.00% 3.49% 0.00% 0.00% 3.59% 15.57% 4.07 0.00

LU 0.0584 0.00% 15.77% 25.02% 0.00% 40.28% 8.64% 0.00% 3.63% 0.00% 0.00% 0.00% 6.66% 1.27 0.00

LV 0.1202 0.00% 8.97% 2.11% 0.00% 4.41% 62.12% 0.00% 0.00% 0.00% 0.00% 0.00% 22.40% 6.08 0.00

ME 0.4672 0.00% 0.00% 0.50% 0.00% 7.65% 54.25% 0.00% 0.00% 0.00% 37.60% 0.00% 0.00% 4.05 0.00

MT 0.3653 0.00% 0.06% 9.62% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.61% 89.71% 2.19 0.00

NL 0.2416 0.00% 5.99% 17.75% 0.00% 24.21% 0.06% 3.16% 1.33% 8.50% 0.00% 1.27% 37.75% 119.75 0.09

NO 0.0000 0.00% 0.08% 0.00% 0.00% 9.36% 90.56% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 148.77 0.00

PL 0.6686 0.00% 4.65% 7.47% 0.00% 14.95% 1.52% 0.00% 0.76% 59.90% 0.00% 0.00% 10.74% 151.21 0.00

PT 0.0922 4.24% 2.85% 8.04% 0.00% 28.79% 32.59% 0.00% 5.85% 0.00% 0.00% 0.00% 17.64% 44.92 0.00

RO 0.2124 0.00% 0.32% 3.14% 0.00% 14.31% 34.85% 19.72% 0.00% 12.57% 0.00% 0.07% 15.00% 52.21 3.55

RS 0.7668 0.00% 0.70% 0.13% 0.00% 2.90% 33.11% 0.00% 0.00% 0.00% 58.26% 0.00% 4.90% 36.34 0.00

SE 0.0065 0.00% 6.99% 1.90% 0.00% 21.01% 40.27% 28.57% 1.02% 0.01% 0.00% 0.11% 0.13% 163.38 0.77

SI 0.2078 0.00% 1.56% 4.21% 0.00% 0.04% 34.48% 37.64% 0.05% 19.52% 0.00% 0.01% 2.48% 14.23 1.13

SK 0.1230 0.32% 3.36% 2.21% 0.00% 0.01% 17.09% 61.98% 1.85% 1.42% 2.55% 1.10% 8.12% 27.49 2.17
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3.3. Simulation development 

The fourth research question focuses on analysing potential configurations of a 

refrigerated food warehouse that can reduce environmental impact compared to a 

predefined base case scenario. To answer to this question, several simulations were 

applied by varying the decision variables of the analytical model previously described. 

It is therefore necessary to define what is meant by simulation. 

A simulation is an analysis and test on the response of a model, software programs are 

usually required to do it [57]. It is an imitation of the operation of a real-world process 

or system [58] . Simulation is usually used when the system is too complex to be 

represented by analytical relations. 

During the simulation, various decision variables will be adjusted, directly yielding 

the resulting 𝐶𝑂2 emissions as output from these modifications. This simulation 

process was repeated several times testing numerous combinations, until a satisfactory 

refrigerated food warehouse configuration, in terms of equivalent 𝐶𝑂2 emissions, was 

identified.
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4 Consumptions calculation 

4.1. Introduction of the analytical model 

In this paragraph, the analytical model that identifies a refrigerated food warehouse, 

located in Milano, will be described. It represents the starting point capable of 

answering to the research questions set at the beginning of this thesis work. In 

particular, it allows to provide an answer to the first objective, identifying the sources 

associated with a refrigerated food warehouse that generate an environmental impact 

in terms of 𝐶𝑂2eq, highlighting which is the most responsible for the total result 

obtained. 

The taxonomy that was defined, thanks to the careful study of the literature, laid the 

foundation for the formulation of the structure of the analytical model. The taxonomy 

groups together the solutions found in the literature into seven classes of 

consumptions, respectively “Layout”, “Material handling Systems”, “Picking Policies”, 

“HVAC and refrigeration system”, “Lighting”, “Renewable Energy” and “Packaging”. 

Similarly, the analytical model was developed by categorizing the various 

consumptions into these classes. Although most of the consumption measured in the 

model fits within these categories, some instances were not sufficiently consistent to 

be grouped with them. Consequently, it was necessary to create an additional category 

called “Other Consumptions” to group together the refrigerant and sorter 

consumption, the activities performed in the packaging and unpackaging area and the 

water consumed in the warehouse. 

 

 

Figure 4.1: Model structure. 
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The result of the “Layout” category will be the square meters of the various functional 

areas comprising the warehouse. Different layout configurations will be proposed, and 

the variation in the warehouse surface area will be analysed. This section allows to lay 

the foundations for the calculation of various consumptions that will be described 

later. 

In “Material Handling Systems” section, the consumption related to the material 

handling equipment chosen for the warehouse has been calculated. Different forklift 

technologies used to perform storage and retrieval operations of the pallets in the 

reserve area and in the moving area, will be analysed. An economic analysis regarding 

the investment related to the different typologies of forklift has been included in the 

study. 

The “Picking Policies” category instead evaluates the impact of picking activities carried 

out in the picking area by the operators. In this section, different combinations of 

picking and allocation policies will be considered. 

Moving forward with the description of the model, the “HVAC and refrigeration system” 

category will be analysed, in which the impact associated with the heating and cooling 

system will be quantified based on the different areas of the building. An economic 

assessment for this category has been developed, considering both the investment and 

operative costs related to it. 

In “Lighting” section instead, the consumption related to the lighting system will be 

studied. The implementation of different technologies, capable of limiting energy 

consumption and consequently also the environmental impact, have been analysed. 

An economic assessment for this category has been developed, considering both the 

investment and operative costs related to it. 

In the “Renewable Energy” section, the analysis of energy saving due to the installation 

of a photovoltaic system has been took into consideration. Different sizes of the system 

will be analysed also considering the economic investment associated with it. 

Finally, in the “Packaging” category, the consumption associated with the packaging 

used to preserve food stocked in the warehouse was evaluated. For this section, unlike 

the other described consumptions, the long-term environmental impact of the entire 

life cycle of the material was evaluated, following the cradle-to-grave principle. An 

economic analysis regarding the investment related to the different typologies of 

forklift has been included in the study. 

Each section of the paragraph will be structured in a similar way, initially presenting 

an introductory section of the source of consumption and the technologies that will be 

analysed and subsequently the analytical relationships that constitute the model will 

be finally described. 
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4.2. Warehouse layout 

In this paragraph the basis of the analytical model will be defined, sizing the areas that 

the refrigerated food warehouse is made up. It is essential to specify that the entire 

warehouse is made up of areas kept at different temperatures in order to preserve the 

food conditions. The result obtained in this paragraph includes all the areas of the 

warehouse kept at different temperatures. The correct computation of this part is 

essential for the validity of the model and the results, since several other warehouse 

consumptions depend on this one. To define the different areas that the warehouse is 

made up of, the research work carried out by Ticozzi C. [50] was taken into 

consideration, which presented a warehouse configuration constituted by seven areas. 

For each of them, the respective portions that they cover in relation to the total area of 

the warehouse are reported in Table 4.2.1. 

 

WAREHOUSE CONFIGURATION 

Reserve Area 45% 

Picking Area 19% 

Sorting Area 12% 

Packaging Area 8% 

Unpackaging Area 4% 

Offices 0.5% 

Goods Moving Area 11.5% 

Table 4.2.1: Space occupied by each functional area. 

 

The typical product flow of this warehouse begins in the unpackaging area, where the 

incoming products coming from outside are received and unpacked. Subsequently, 

they are moved through the goods moving area and stored in the Reserve Area. After 

receiving a customer order, operators pick the products from the picking area and 

replenish them with items previously stored in the reserve area. The picked orders are 

placed in the sorter, located in the sorting area, where they are processed and 

organized. Once sorted, they are sent to the packaging area for packing and prepared 

for shipment to the point of sale. To oversee the entire process, dedicated employees 

manage operations from designated offices. 

The reserve storage surface is the first to be determined, since thanks to this result it 

will be possible to find out also the other ones. For its calculation, several decision 

variables were taken into consideration that will be subsequently analysed to evaluate 

the optimal configuration that minimizes the 𝐶𝑂2eq emissions generated (Table 4.2.2). 
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DECISION VARIABLES 

I/O position Center - Corner - Along one side 

Storage layout Longitudinal - Trasversal 

Number pallet per bay 1 - 2 - 3 - 4 

Double pallet width? YES - NO 

Double pallet Heigth? YES - NO 

Maximum Storage Height 4.8 - 8 - 9.75 

Table 4.2.2: Decision variables for reserve area configuration. 

 

Several aspects must be considered as starting data to size this area of the warehouse. 

It is necessary to be aware of the daily throughput capacity, the layout and the height 

of the building. The analysis carried out by McKinsey [51] showed that on average in 

a traditional food warehouse 180 to 220 pallet loads are moved per hour. Since it was 

assumed that the warehouse analysed in this thesis operates with two 8-hour shifts 

and moves 200 PL/h, the daily throughput capacity is 3,200 PL/day. 

Considering now the layout of the reserve area, three typologies have been taken into 

consideration: longitudinal layout, transversal layout and AS/RS [19], [37], [39] . In the 

first one, the aisles and storage racks are arranged parallel to the length of the 

warehouse, while in the second configuration, they are oriented perpendicularly to the 

length of the warehouse. The third option investigates an AS/RS and therefore an 

automated warehouse, which mainly exploits the height of the warehouse and does 

not require manual handling operations of the pallets stored inside it. The layout 

choice, combined also with other factors such as the routing and product allocation 

policy adopted, can be decisive in terms of consumption produced, and for this reason 

these two configurations will be analysed to figure out the best one. In relation to it, 

the position of the Input/Output (I/O) can vary in the analysis, and three different 

positions will be considered: in the centre of a side, in the corner of a side or extended 

along the entire side. 

Another decision variable introduced is the height of the reserve area. In fact, the aim 

was to analyse how much the height influenced the warehouse size result. In 

particular, four measures will be used in the model, respectively 4.8, 8, 9.75 meters for 

the traditional reserve area, while 30 meters for the AS/RS, relying on the work done 

by Ticozzi in his study. 

Finally, the area of this zone was also evaluated based on the bay size. The possibility 

of storing different quantities of pallets in them was taken into consideration, since it 

influences the surface required for the reserve area. 

The input data, reported in Table 4.2.3 , have been hypothesized to allow the 

formulation of this model. 
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INPUT DATA 

Variable Full Name Value Unit of Measure 

𝑇𝐻𝑑 Daily throughput capacity required 3,200 PL/Day 

DSC Average days of stock coverage 5 Day 

𝑃𝐿𝑤 Pallet Width 0.8 m 

𝑃𝐿𝑙  Pallet Length 1.2 m 

𝑃𝐿ℎ Pallet Heigth 1.2 m 

𝐴𝑤 Aisle Width 3 m 

a Beams Height 0.1 m 

𝐵𝑎𝑦𝑙 Length of the bay 0.1 m 

 c Upright Width 0.1 m 

𝑑𝑖𝑠𝑡𝑙 Lateral Distance 0.1 m 

𝐻𝑚𝑎𝑥 Forklift Max Height 6 m 

𝑑𝑃𝐿 Distance two facing PL 0.2 m 

𝐿𝑟𝑎𝑐𝑘 𝑚𝑎𝑥 Max lenght of the rack 100 m 

𝐴𝑤 𝐴𝑆/𝑅𝑆 Aisle width (AS/RS) 1.5 m 

Table 4.2.3: Input data for layout calculations. 

 

The initial analysis examines warehouse sizing with a traditional reserve area using 

both longitudinal and transversal layouts. Subsequently, the variation in total area will 

be evaluated when implementing an AS/RS system. For both cases, it is important to 

underline that both the storage capacity and the throughput capacity required is the 

same. 

 

4.2.1. Traditional reserve area 

In order to size the reserve area, and subsequently all the other zones described above, 

the storage capacity required for the warehouse was first calculated ( 4.2.1.1). 

𝑆𝐶 = 𝑇𝐻𝑑 ∗ 𝐷𝑆𝐶 

( 4.2.1.1) 

Where SC is the warehouse's required storage capacity, 𝑇𝐻𝑑 is the daily throughput 

capacity and DSC is the average days of stock coverage that the warehouse aims to 

have. 

Following, the three module dimensions have been calculated from equation ( 4.2.1.2) 

to ( 4.2.1.4): 

 

𝑀𝑙 = 𝑃𝐿𝑤 ∗ 𝑁𝑃𝐿𝐵 + 𝑐 + (𝑁𝑃𝐿𝐵 + 1) ∗ 𝑑𝑖𝑠𝑡𝑙 

( 4.2.1.2) 
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𝑀𝑤𝑁𝑂 𝑑𝑜𝑢𝑏𝑙𝑒 𝑝𝑎𝑙𝑙𝑒𝑡 𝑤𝑖𝑑𝑡ℎ = 𝐴𝑤 + 2 ∗ (𝑃𝐿𝑙 + 𝑐)  or  𝑀𝑤𝑑𝑜𝑢𝑏𝑙𝑒 𝑝𝑎𝑙𝑙𝑒𝑡 𝑤𝑖𝑑𝑡ℎ = 𝐴𝑤 + 2 ∗ (2 ∗ 𝑃𝐿𝑙 + 2 ∗ 𝑐) 

( 4.2.1.3) 

𝑀ℎ𝑁𝑂 𝑑𝑜𝑢𝑏𝑙𝑒 𝑝𝑎𝑙𝑙𝑒𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 = 𝑎 + 𝑃𝐿ℎ + 0.15  or  𝑀ℎ 𝑑𝑜𝑢𝑏𝑙𝑒 𝑝𝑎𝑙𝑙𝑒𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 = 𝑎 + 2 ∗ 𝑃𝐿ℎ + 0.15 

( 4.2.1.4) 

 

“𝑀𝑙” identifies the length of the module where “𝑃𝐿𝑤” is the width of the pallet, “NPLB” 

represents the number of pallets stored in a bay, “c” instead identifies the upright 

width of the bay and “𝑑𝑖𝑠𝑡𝑙” indicates the distance between the various pallets stored. 

“𝑀𝑤” instead indicates the width of the module that is calculated in two different ways 

based on its storage capacity. To get this value the useful variables are “𝐴𝑤”, so the 

width of the aisle, “𝑃𝐿𝑙” which is the length of the pallet and the upright width. Finally, 

“𝑀ℎ” identifies the height of the module that also in this case depends on whether the 

bay can accommodate two stacked pallet loads or not. In both cases the useful variables 

are the beam height and the height of the pallet load. 

With this information, it is possible now to calculate the Reserve Storage Area 

Required (equation ( 4.2.1.5) to ( 4.2.1.8)) 

𝐴𝑚𝑜𝑑 = 𝑀𝑙 ∗ 𝑀𝑤 

( 4.2.1.5) 

𝑁𝐿 = min (
𝑆𝑇ℎ

𝑀ℎ
;
𝐻𝑚𝑎𝑥

𝑀ℎ
) 

( 4.2.1.6) 

𝐴𝑈𝑅 =
𝐴𝑚𝑜𝑑

𝑁𝑃𝐿𝐵 ∗ 𝑁𝐿 ∗ 2
 

( 4.2.1.7) 

𝐴𝑟𝑒𝑎𝑅𝑆𝑟 =
𝑆𝐶

𝐴𝑈𝑅
 

( 4.2.1.8) 

First, the area of the module “𝐴𝑚𝑜𝑑” was calculated. Next, the number of levels on 

which to arrange the pallets in the warehouse were identified. To do this, the storage 

height (𝑆𝑇ℎ), the maximum height that can be reached by the material handling 

equipment (𝐻𝑚𝑎𝑥) and the height of the module (𝑀ℎ) are needed. With this data, the 

area utilization rate (AUR) was calculated and finally the Reserve Storage Area 

Required (𝐴𝑟𝑒𝑎𝑅𝑆𝑟) was obtained by comparing the storage capacity required and the 

area utilization rate. 

Based on the position of the I/O point, the optimum storage width (𝑉𝑜𝑝𝑡) and optimum 

storage length (𝑈𝑜𝑝𝑡) can now be evaluated as follows (equation ( 4.2.1.9) to ( 4.2.1.14)) : 
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I/O → corner position    𝑉𝑜𝑝𝑡 = √𝐴𝑟𝑒𝑎𝑅𝑆𝑟 

( 4.2.1.9) 

      𝑈𝑜𝑝𝑡 =
𝐴𝑟𝑒𝑎𝑅𝑆𝑟

𝑉𝑜𝑝𝑡
  

( 4.2.1.10) 

 

I/O → center position   𝑉𝑜𝑝𝑡 = √
𝐴𝑟𝑒𝑎𝑅𝑆𝑟

2
 

( 4.2.1.11) 

       𝑈𝑜𝑝𝑡 =
𝐴𝑟𝑒𝑎𝑅𝑆𝑟

𝑉𝑜𝑝𝑡
 

( 4.2.1.12) 

 

I/O → along one side   𝑉𝑜𝑝𝑡 = √
𝐴𝑟𝑒𝑎𝑅𝑆𝑟

1.5
 

( 4.2.1.13) 

       𝑈𝑜𝑝𝑡 =
𝐴𝑟𝑒𝑎𝑅𝑆𝑟

𝑉𝑜𝑝𝑡
 

( 4.2.1.14) 

 

To calculate the Real Storage Width (𝑉𝑟𝑒𝑎𝑙) and Real Storage Length (𝑈𝑟𝑒𝑎𝑙) the number 

of aisles (𝑁𝑎𝑖𝑠𝑙𝑒𝑠) and columns (𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠) of the warehouse are needed. Both depend on 

the type of layout chosen for the warehouse, so two formulations will be presented, 

one for the transversal layout (equation ( 4.2.1.15) to ( 4.2.1.18)) and one for the 

longitudinal layout (( 4.2.1.19) to ( 4.2.1.22)). 

Transveral Layout     

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 =
𝑉𝑜𝑝𝑡

𝑀𝑤
 

( 4.2.1.15) 

𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 =
𝑆𝐶

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ 𝑁𝑃𝐿𝐵 ∗ 2 ∗ 𝑁𝐿
 

( 4.2.1.16) 

𝑉𝑟𝑒𝑎𝑙 = 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ 𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 

( 4.2.1.17) 

𝑈𝑟𝑒𝑎𝑙 = 𝑀𝑙 ∗ 𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 +  𝑑𝑖𝑠𝑡𝑙 
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( 4.2.1.18) 

 

Longitudinal Layout     

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 =
𝑈𝑜𝑝𝑡

𝑀𝑤
∗ 2 

( 4.2.1.19) 

𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 =
𝑆𝐶

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ 𝑁𝑃𝐿𝐵 ∗ 2 ∗ 𝑁𝐿
 

( 4.2.1.20) 

𝑉𝑟𝑒𝑎𝑙 = 𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 ∗ 𝑀𝑙 + 𝑑𝑖𝑠𝑡𝑙 

( 4.2.1.21) 

𝑈𝑟𝑒𝑎𝑙 = 𝑀𝑤 ∗ 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 

( 4.2.1.22) 

 

Ultimately, once these variables have been calculated, it is possible to evaluate the Real 

Reserve Storage Area (𝐴𝑟𝑒𝑎𝑅𝑆) ( 4.2.1.23), which allows to identify the size of all the 

functional areas thanks to the percentages described previously in Table 4.2.1. 

𝐴𝑟𝑒𝑎𝑅𝑆 = 𝑉𝑟𝑒𝑎𝑙 ∗ 𝑈𝑟𝑒𝑎𝑙 

( 4.2.1.23) 

 

4.2.2. AS/RS configuration 

Similar to the traditional reserve area, the dimensions of the AS/RS module were 

initially calculated (𝑀𝑙 𝐴𝑆/𝑅𝑆, 𝑀𝑤 𝐴𝑆/𝑅𝑆, 𝑀ℎ 𝐴𝑆/𝑅𝑆) from equation ( 4.2.2.1) to ( 4.2.2.3). 

 

𝑀𝑙 𝐴𝑆/𝑅𝑆 = 𝑀𝑙 

( 4.2.2.1) 

𝑀𝑤 𝐴𝑆/𝑅𝑆 = 2 ∗ 𝑃𝐿𝑙 + 𝑑𝑃𝐿 

( 4.2.2.2) 

𝑀ℎ 𝐴𝑆/𝑅𝑆 = 𝑀ℎ 

( 4.2.2.3) 

To size reserve area, it is necessary to calculate the number of columns (𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 𝐴𝑆/𝑅𝑆) 

( 4.2.2.6) and the number of aisles (𝑁𝑎𝑖𝑠𝑙𝑒𝑠 𝐴𝑆/𝑅𝑆) ( 4.2.2.7). However, to obtain these 
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values it is initially necessary to know the number of pallet loads contained in a 

module (NPLM) (equation ( 4.2.2.4) to ( 4.2.2.5)). 

𝑁𝐿𝐴𝑆/𝑅𝑆 =
𝐻𝐴𝑆/𝑅𝑆

𝑀ℎ 𝐴𝑆/𝑅𝑆

 

( 4.2.2.4) 

𝑁𝑃𝐿𝑀 = 2 ∗ 𝑁𝑃𝐿𝐵 ∗ 𝑁𝐿𝐴𝑆/𝑅𝑆 

( 4.2.2.5) 

Where “𝑁𝐿𝐴𝑆/𝑅𝑆” is the number of levels of the AS/RS and "𝐻𝐴𝑆/𝑅𝑆” is the height of the 

reserve area of this automated warehouse. 

Finally, it is possible to evaluate the number of columns and aisles which will allow to 

quantify the real storage width (𝑉𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆) ( 4.2.2.8)and the real storage length 

(𝑈𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆) ( 4.2.2.9), required to calculate the real reserve storage area of the AS/RS 

(𝐴𝑟𝑒𝑎𝑅𝑆 𝐴𝑆/𝑅𝑆) ( 4.2.2.10).  

𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 𝐴𝑆/𝑅𝑆 =
𝐿𝑟𝑎𝑐𝑘 𝑚𝑎𝑥

𝑀𝑙 𝐴𝑆/𝑅𝑆
 

( 4.2.2.6) 

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 𝐴𝑆/𝑅𝑆 =
𝑆𝐶

𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 𝐴𝑆/𝑅𝑆 ∗ 𝑁𝑃𝐿𝑀
 

( 4.2.2.7) 

𝑉𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆 = 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 𝐴𝑆/𝑅𝑆 ∗ 𝐴𝑤 𝐴𝑆/𝑅𝑆 + (𝑁𝑎𝑖𝑠𝑙𝑒𝑠 𝐴𝑆/𝑅𝑆 + 1) ∗ 𝑀𝑤 𝐴𝑆/𝑅𝑆 

( 4.2.2.8) 

𝑈𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆 = 𝑀𝑙 𝐴𝑆/𝑅𝑆 ∗ 𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 𝐴𝑆/𝑅𝑆 

( 4.2.2.9) 

𝐴𝑟𝑒𝑎𝑅𝑆 𝐴𝑆/𝑅𝑆 = 𝑈𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆 ∗ 𝑉𝑟𝑒𝑎𝑙 𝐴𝑆/𝑅𝑆 

( 4.2.2.10) 

4.3. Material handling system 

In this section, the material handling operations that occur daily in the reserve area 

have been modelled. These activities refer to the storage of pallet loads coming from 

the unpackaging area and the replenishment activities of the picking area. The model 

has been developed both for the configuration of a traditional reserve area and for a 

AS/RS. In the first one, the consumption associated with different types of material 

handling equipment will be studied, while in the second one, the consumption related 

to the shuttles, that autonomously move the pallet loads, will be analysed. 
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4.3.1. Traditional reserve area 

In this model, the environmental impact generated by different types of material 

handling equipment has been evaluated. All the vehicles analysed are counterbalance 

forklifts, that differ in the type of power technology they utilize. Based on the literature 

study, it was considered to analyse four different types of technologies: counterbalance 

LPG forklift, counterbalance lead acid battery forklift, counterbalance LIB forklift, 

counterbalance hydrogen powered fuel cell forklift. The LPG (Liquefied Petroleum Gas) is 

the most popular forklifts engines [17], representing about half of the world total 

forklift fleet [16]. LAB (lead acid battery) and LIB (lithium-ion battery) are powered by 

electricity [41]. Finally, it was chosen to consider in the analysis a new recently 

developed power supply technology that exploits hydrogen [14]. In Table 4.3.1 are 

shown the features of each forklift. 

 

 

Table 4.3.1: Different material handling equipment features. 

 

The UF parameter reported in the table indicates the utilization factor of the forklift 

that identifies the availability of the vehicle during a working day. The value 

associated with the LPG forklift, equal to 80%, was considered the base case scenario 

and it takes into consideration possible failures and downtime. For the other types of 

power supplies, this percentage is lower since the downtime associated to them, due 

to the recharging time, is lower. In this section, a simple economic analysis was 

introduced alongside the environmental analysis to assess the investment required for 

utilizing different power technologies. 

In this section of the model, the number of material handling equipment needed to 

satisfy the required throughput, and the environmental impact associated with them, 

will be evaluated. It is important to underline that it has been assumed that the policy 

adopted by forklifts during pallet movements is a single command cycle. To create the 

model of this section, some input data, reported in Table 4.3.2, have been used. 
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INPUT DATA 

Variable Full Name Value Unit of Measure 

WD Working Days 325 Days/Year 

shifts Number of shifts per day 2 Shifts/Day 

𝐻𝑠ℎ𝑖𝑓𝑡 Hour per shifts  8 h/Shifts 

𝐴𝑇𝑡𝑝 Average Time truck positioning 20 sec 

𝐴𝑇𝑙/𝑢 Average Time Loading and unloading a pallet 10 sec 

𝐴𝑇𝑟𝑑 Average Time to read data 10 sec 

Table 4.3.2: Input data for material handling equipment category. 

 

It was necessary to evaluate the time needed to move a pallet using a forklift, which 

will be defined as average time single command cycle (ATSCC). To obtain this value, 

the average horizontal distance ( 4.3.1.1) and the average vertical distance travelled ( 4.3.1.2) 

by the forklifts were calculated as follows: 

𝑃 = 2 ∗ (
𝑈𝑟𝑒𝑎𝑙

𝑎
+

𝑉𝑟𝑒𝑎𝑙

2
) 

( 4.3.1.1) 

𝑆 = 2 ∗ ℎ𝑏𝑎𝑦 ∗ (
𝑁𝐿 − 1

2
) 

( 4.3.1.2) 

Where “P” indicates the average horizontal distance and the variable “a” identifies a 

coefficient that varies based on the position of the I/O point in the warehouse. Its value 

is equal to 2 if it is positioned in the corner of a side, 4 if it is placed in the centre, 

instead equal to 3 if it is along one side. Finally, “S” and “ℎ𝑏𝑎𝑦” respectively identify 

the average vertical distance and the height of a bay. 

Thanks to these two values it was possible to calculate the average time single 

command cycle (equation ( 4.3.1.3) to ( 4.3.1.5)): 

𝐹𝑇𝑆𝐶𝐶 = 𝐴𝑇𝑡𝑝 + 𝐴𝑇𝑙/𝑢 + 𝐴𝑇𝑟𝑑  

( 4.3.1.3) 

𝑉𝑇𝑆𝐶𝐶 =
𝑃

𝑣ℎ
+

𝑆

𝑣𝑣
 

( 4.3.1.4) 

𝐴𝑇𝑆𝐶𝐶 = 𝐹𝑇𝑆𝐶𝐶 + 𝑉𝑇𝑆𝐶𝐶 

( 4.3.1.5) 

Where “FTSCC” indicates the fixed time single command cycle while “VTSCC” 

indicates the variable time single command cycle. To calculate the latter, the horizontal 
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and vertical speeds of the various forklift types indicated respectively with "𝑣ℎ" and 

"𝑣𝑣" were used as parameters. 

Now it is possible to evaluate the number of material handling equipment required by 

the system (𝑁𝑚ℎ𝑒) (equation ( 4.3.1.6) to ( 4.3.1.8)): 

𝑇𝐻𝑚ℎ𝑒 =
𝑈𝐹

𝐴𝑇𝑆𝐶𝐶
 

( 4.3.1.6) 

𝐻𝑠𝑟 =
𝑇𝐻𝑚ℎ𝑒

𝑇𝐻𝑑
 

( 4.3.1.7) 

𝑁𝑚ℎ𝑒 =
𝐻𝑠𝑟

#𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡
 

( 4.3.1.8) 

Where “𝑇𝐻𝑚ℎ𝑒” indicates the throughput of a single forklift based on the technology 

used, since this value depends on the utilization factor (UF). Instead, “𝐻𝑠𝑟” are the 

daily hours needed to store and retrieve the pallets requested by the system. Finally, 

with these parameters it was possible to evaluate the number of material handling 

equipment required (𝑁𝑚ℎ𝑒). 

The last part consists in the evaluation of the environmental impact, and thanks to the 

previously calculated parameters, it is possible to obtain this result (equation ( 4.3.1.9) 

to ( 4.3.1.13)): 

𝑇𝐻𝑟𝑒𝑎𝑙 = 𝑇𝐻𝑚ℎ𝑒 ∗ 𝑁𝑚ℎ𝑒 

( 4.3.1.9) 

𝐴𝑇𝑆𝐶𝐶𝑑 = 𝑇𝐻𝑟𝑒𝑎𝑙 ∗ 𝑇𝐻𝑑 

( 4.3.1.10) 

𝐴𝑇𝑆𝐶𝐶𝑦 = 𝐴𝑇𝑆𝐶𝐶𝑑 ∗ 𝑊𝐷 

( 4.3.1.11) 

𝐸𝑦 𝑚ℎ𝑒 = 𝐴𝑇𝑆𝐶𝐶𝑦 ∗ 𝑎𝑐𝑚ℎ𝑒 

( 4.3.1.12) 

𝑌𝐶𝑂2 𝑒𝑞 𝑚ℎ𝑒 = 𝐸𝑦 𝑚ℎ𝑒 ∗ 𝐶𝐹 

( 4.3.1.13) 

“𝑇𝐻𝑟𝑒𝑎𝑙” refers to the real throughput of the system. The daily average time single 

command cycle (𝐴𝑇𝑆𝐶𝐶𝑑) and then the annual one (𝐴𝑇𝑆𝐶𝐶𝑦) were calculated by 

multiplying them by the annual working days (WD). Finally, the electrical 

consumption associated with the material handling equipment (𝐸𝑦 𝑚ℎ𝑒), was 

evaluated, where “𝑎𝑐𝑚ℎ𝑒” is the average consumption of the forklift. By multiplying 
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this value with the conversion factor (CF) it was possible to evaluate the 𝐶𝑂2𝑒𝑞 

emissions generated by the material handling equipment due to the storage and 

retrieve operations.  

In addition to the environmental analysis just described, an economic evaluation of 

the investment required to purchase the material handling equipment (𝐼𝑚ℎ𝑒) ( 4.3.1.14), 

and the evaluation of the associated operating costs (𝑂𝐶𝑚ℎ𝑒) ( 4.3.1.15), were also 

carried out. Operating costs refer to the cost associated with the electricity used in a 

year by the forklift. For this reason, the current cost of electricity equal to 0.13506 

€/kWh [59] (𝑐𝐸𝐸) was introduced, which was used to calculate the operating costs of all 

the categories of the model. 

𝐼𝑚ℎ𝑒 = 𝑁𝑚ℎ𝑒 ∗ 𝑐𝑚ℎ𝑒 

( 4.3.1.14) 

𝑂𝐶𝑚ℎ𝑒 = 𝐸𝑦 𝑚ℎ𝑒 ∗ 𝑐𝐸𝐸 

( 4.3.1.15) 

This evaluation was made for each type of material handling equipment described and 

the results were then compared with each other. 

4.3.2. AS/RS configuration 

Unlike a traditional reserve area, in an AS/RS there are no counterbalance forklifts to 

move pallet loads in the reserve area. Shuttles, on the other hand, autonomously 

transport pallets by retrieving and storing them without manual intervention. For the 

development of the model, it was assumed that the pallet movement policy adopted 

by the shuttles is a single command cycle, so as to allow a more truthful comparison with 

the consumption generated in a traditional reserve area. 

To delve deeper into the consumption for this configuration, it was necessary to 

introduce new input data reported in Table 4.3.3. 

 

INPUT DATA 

Variable Full Name Value Unit of Measure 

𝑐𝑠ℎ𝑢𝑡𝑡𝑙𝑒   Average Consumption of a shuttle while moving  7.1 kWh/h 

 𝑆𝑇ℎ Stroke height 27.55 m 

 𝑆𝑇𝑙 Stroke Lenght 100 m 

 𝐼/𝑂𝑙𝑒𝑣𝑒𝑙 I/O location 5 level 

𝑣ℎ 𝑠ℎ𝑢𝑡𝑡𝑙𝑒   Horizontal speed of the shuttle 2 m/s 

 𝑣𝑣 𝑠ℎ𝑢𝑡𝑡𝑙𝑒 Vertical speed of the shuttle 0.6 m/s 

PT  Positioning Time 4 s 

FT Fork cycle time 10 s 

𝑡𝑎/𝑑   Duration accelleration/decelleration phase 6 s 

Table 4.3.3: Input data material handling equipment category in AS/RS. 
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Similar to the approach used for the traditional warehouse, the average time for a 

single command cycle (𝐴𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆) was required to calculate the energy consumption 

of the shuttles ( 4.3.2.8). This value is constituted by the fixed time single command 

cycle (𝐹𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆) and the variable time single command cycle (𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆). To 

calculate "𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆” it is necessary to know the coordinates of the points that the 

shuttle will have to visit to pick up and store the pallet load. For this reason, the 

coordinates of three spatial points are necessary to develop the model (equation ( 

4.3.2.1) to ( 4.3.2.3)): 

𝐼 𝑂⁄ = (0 ; (𝐼 𝑂⁄
𝑙𝑒𝑣𝑒𝑙 − 1) ∗ 𝑀ℎ 𝐴𝑆 𝑅𝑆⁄ ) 

( 4.3.2.1) 

𝑃1 = (
𝑆𝑇𝑙

5
 ;  

2 ∗  𝑆𝑇ℎ

3
+

𝐼 𝑂⁄
𝑦

3
) 

( 4.3.2.2) 

𝑃2 = (
2 ∗ 𝑆𝑇𝑙

3
 ;  

 𝑆𝑇ℎ

5
+

𝐼 𝑂⁄
𝑦

3
) 

( 4.3.2.3) 

Where “𝑃1” represents the position where the shuttle stores the pallet load and “𝑃2” 

identifies the position where it picks it up. 

With this two information it is possible to evaluate the time needed to perform the two 

activities (𝑡𝐼 𝑂⁄ 𝑡𝑜 𝑃1
and 𝑡 𝑃2 𝑡𝑜 𝐼 𝑂⁄ ) (equation ( 4.3.2.4) and ( 4.3.2.5)), and subsequently the 

“𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆” ( 4.3.2.6) and the “𝐹𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 " ( 4.3.2.7). 

𝑡𝐼 𝑂⁄ 𝑡𝑜 𝑃1
= 𝑚𝑎𝑥 (

𝑃1 𝑥 − 𝐼 𝑂⁄
𝑥

𝑣ℎ 𝑠ℎ𝑢𝑡𝑡𝑙𝑒
 ;  

𝑃1 𝑦 − 𝐼 𝑂⁄
𝑦

𝑣𝑣 𝑠ℎ𝑢𝑡𝑡𝑙𝑒
) 

( 4.3.2.4) 

𝑡 𝑃2 𝑡𝑜 𝐼 𝑂⁄ = 𝑚𝑎𝑥 (
𝑃2 𝑥 − 𝐼 𝑂⁄

𝑥

𝑣ℎ 𝑠ℎ𝑢𝑡𝑡𝑙𝑒
 ;  

𝑃2 𝑦 − 𝐼 𝑂⁄
𝑦

𝑣𝑣 𝑠ℎ𝑢𝑡𝑡𝑙𝑒
) 

( 4.3.2.5) 

𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 = 𝑡𝐼 𝑂⁄ 𝑡𝑜 𝑃1
+ 𝑡 𝑃2 𝑡𝑜 𝐼 𝑂⁄  

( 4.3.2.6) 

𝐹𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 = 2 ∗ (PT + FT + 𝑡𝑎/𝑑) 

( 4.3.2.7) 

𝐴𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 = 𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 + 𝐹𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 

( 4.3.2.8) 

It is necessary to understand how many shuttles are needed to guarantee the reserve 

area throughput capacity (𝑁𝑠ℎ𝑢𝑡𝑡𝑙𝑒) ( 4.3.2.11). To do this, the characteristic throughput 
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of a shuttle (𝑇𝐻𝑠ℎ𝑢𝑡𝑡𝑙𝑒) ( 4.3.2.9) and the daily hours required per day to perform these 

storage and retrieval activities (ℎ𝑟𝑒𝑞 𝐴𝑆/𝑅𝑆) ( 4.3.2.10) have been calculated. 

𝑇𝐻𝑠ℎ𝑢𝑡𝑡𝑙𝑒 =
3600

𝐴𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆
 

( 4.3.2.9) 

ℎ𝑟𝑒𝑞 𝐴𝑆/𝑅𝑆 =
𝑇𝐻𝑑

𝑇𝐻𝑠ℎ𝑢𝑡𝑡𝑙𝑒
 

( 4.3.2.10) 

𝑁𝑠ℎ𝑢𝑡𝑡𝑙𝑒 =
ℎ𝑟𝑒𝑞 𝐴𝑆/𝑅𝑆

shifts ∗ ℎ𝑠ℎ𝑖𝑓𝑡
 

( 4.3.2.11) 

Then the real throughput capacity of the system has been assed (𝑇𝐻𝐴𝑆/𝑅𝑆)( 4.3.2.12) and 

electrical ( 4.3.2.14) and environmental consumptions (𝐸𝑦 𝐴𝑆/𝑅𝑆 and 𝑌𝐶𝑂2 𝑒𝑞 𝐴𝑆/𝑅𝑆) ( 

4.3.2.15) have been identified. 

𝑇𝐻𝐴𝑆/𝑅𝑆 = 𝑁𝑠ℎ𝑢𝑡𝑡𝑙𝑒 ∗ 𝑇𝐻𝑠ℎ𝑢𝑡𝑡𝑙𝑒 

( 4.3.2.12) 

𝐴𝑇𝑆𝐶𝐶𝑦 𝐴𝑆/𝑅𝑆 =
𝑇𝐻𝑑

𝑇𝐻𝐴𝑆/𝑅𝑆
∗ 𝑊𝐷 

( 4.3.2.13) 

𝐸𝑦 𝐴𝑆/𝑅𝑆 = 𝐴𝑇𝑆𝐶𝐶𝑦 𝐴𝑆/𝑅𝑆 ∗ 𝑐𝑠ℎ𝑢𝑡𝑡𝑙𝑒 

( 4.3.2.14) 

𝑌𝐶𝑂2 𝑒𝑞 𝐴𝑆/𝑅𝑆 = 𝐸𝑦 𝐴𝑆/𝑅𝑆 ∗ 𝐶𝐹 

( 4.3.2.15) 

In addition to the energy and environmental analysis just described, an economic 

evaluation of the investment required for the installation of an AS/RS and the 

operating costs associated with the activities carried out by the shuttles was also 

carried out, which will be presented below. 

Thanks to the information collected by Autostore [60] it was possible to evaluate the 

economic investment for the installation of an AS/RS (𝐼𝐴𝑆/𝑅𝑆) ( 4.3.2.16). The input data 

is shown in Table 4.3.4. 
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INPUT DATA 

Variable Full Name Value Unit of Measure 

 𝑐𝑠𝑜𝑓𝑡𝑤𝑎𝑟𝑒 Software cost 60,000 euro 

 𝑐𝑠ℎ𝑢𝑡𝑡𝑙𝑒 Shuttle cost 20,000 euro/shuttle 

 𝑐𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 Structure cost 800 euro/m^2 

 𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 Installation cost 100 euro/m^2 

Table 4.3.4: Input data economic evaluation AS/RS. 

 

𝐼𝐴𝑆/𝑅𝑆 =  𝑐𝑠𝑜𝑓𝑡𝑤𝑎𝑟𝑒 +  𝑐𝑠ℎ𝑢𝑡𝑡𝑙𝑒 ∗ 𝑁𝑠ℎ𝑢𝑡𝑡𝑙𝑒 + (𝑐𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 + 𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛) ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐴𝑆/𝑅𝑆 

( 4.3.2.16) 

The operating costs associated with the activities performed by the shuttles (𝑂𝐶𝑠ℎ𝑢𝑡𝑡𝑙𝑒) 

were calculated ( 4.3.2.17). 

𝑂𝐶𝑠ℎ𝑢𝑡𝑡𝑙𝑒 = 𝐸𝑦 𝐴𝑆/𝑅𝑆 ∗ 𝑐𝐸𝐸 

( 4.3.2.17) 

4.4. Picking policies 

In this section of the model, the activities carried out in the picking area will be 

analysed and their actual consumption in terms of 𝐶𝑂2𝑒𝑞 will be quantified. The 

operators, equipped with electric order picking trucks, carry out the picking of 

products, through the most efficient picking tour possible, following a batch picking 

policy. For the purpose of this thesis, this part of the model evaluated the effects, in 

terms of emissions produced, associated with two different routing and product 

allocation policies. Following the literature’s studies, it was chosen to consider how 

these two management policies could influence the environmental impact, and in 

particular the transversal and return policy will be analysed, as regards the routing 

carried out by the pickers, in combination with a random or ABC product allocation 

policy [34], [48]. The different combinations of these strategies will be developed, and 

the results will be shown in the analysis. 

To develop this section of the model, some input data were hypothesized and 

summarized in Table 4.4.1: 
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INPUT DATA 

Variable Full Name Value 

Unit of 

Measure 

𝑐𝑎𝑤 Cross aisle width 4.5 m 

𝑤𝑎𝑤 Width of working aisle 3 m 

𝐷𝐼/𝑂 Distance from the first aisle to I/O point 6 m 

𝑁𝑙𝑖𝑛𝑒𝑠 Average number of order line per order 5 

order 

line/order 

𝑁𝑝𝑖𝑒𝑐𝑒𝑠 Average number of picks per line in a tour  3 

item/order 

line 

𝑁𝑜𝑟𝑑𝑒𝑟𝑠 Average number of orders in a tour 12 orders/tour 

FT Fixed time for reading an order line 5 sec/order line 

𝑃𝑇𝑝𝑖𝑒𝑐𝑒 Picking time for picking up a piece 2 sec/item 

SUT Startup Time in a tour 40 sec/tour 

𝑠ℎ Average horizontal speed of electric picking truck 2.56 m/sec 

𝐶𝑚 

Average Consumption of electric order picker truck (While 

moving) 2.95 kWh/h 

𝐶𝑠𝑏 

Average Consumption of electric order picker truck (While in 

Stand-By) 0.295 kWh/h 

Table 4.4.1: Input data picking policy category. 

 

Before actually studying the consumption related to the picking process, it is necessary 

to define how the picking area is configured. Several hypotheses have been formulated 

to define this functional area: 

- Transversal layout 

- One cross-aisle and two side working aisles 

- I/O position: centred 

- Inventory turnover ratio per day: 60% 

Once these hypotheses were set, the storage capacity of the picking area was 

calculated, with the aim of subsequently determining the daily throughput of this 

area (equation( 4.3.2.1) to ( 4.3.2.4)). 

𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 =
𝐿𝑃𝐴 − 2 ∗ 𝑤𝑎𝑤 − 𝑐𝑎𝑤

𝑀𝑙
 

( 4.3.2.1) 

𝑁𝑎𝑖𝑠𝑙𝑒𝑠 = 2 ∗
𝑊𝑃𝐴

𝑀𝑤
 

( 4.3.2.2) 

𝑆𝐶𝑃𝐴 = 𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠 ∗
𝑁𝑎𝑖𝑠𝑙𝑒𝑠

2
∗ 𝑁𝐿 ∗ 𝑁𝑃𝐿𝑀 ∗ 𝐷𝑆𝐶 
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( 4.3.2.3) 

𝑇𝐻𝑃𝐴 = 𝑆𝐶𝑃𝐴 ∗ 𝐼𝑇𝑅𝑃𝐴 

( 4.3.2.4) 

 

To calculate the number of columns (𝑁𝑐𝑜𝑙𝑢𝑚𝑛𝑠) and aisles (𝑁𝑎𝑖𝑠𝑙𝑒𝑠)  of this area, it was 

necessary to know the length of the picking area (𝐿𝑃𝐴), previously calculated in the 

“Layout” section of the model. Subsequently, the storage capacity of the picking area 

(𝑆𝐶𝑃𝐴)  was evaluated considering the number of pallets loads in a module (NPLM). 

Finally, the throughput capacity of the picking area (𝑇𝐻𝑃𝐴) was identified by 

multiplying the storage capacity by the inventory turnover ratio (𝐼𝑇𝑅𝑃𝐴). 

Another fundamental variable required to develop this part of the model is the number 

of picking tours carried out during the year (𝑃𝑦), obtained in the following way ( 

4.3.2.5): 

𝑃𝑦 =
𝑇𝐻𝑃𝐴 ∗ 𝑊𝐷

𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑝𝑖𝑒𝑐𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠
 

( 4.3.2.5) 

To quantify the consumption associated with picking operations, it is necessary to 

evaluate the yearly expected picking time (𝑃𝑇𝑦), which is composed of three main 

elements: the retrieval time (RT), the start up time of a tour (SUT) and the expected 

travel time (ETT). The retrieval time indicates the time needed for the operator to pick 

the products from the shelves, while the start up time represents the initial fixed time 

needed by the operator to prepare itself to begin the picking tour. These variables are 

independent by the type of routing and product allocation policies chosen. On the 

contrary, the expected travel time is strictly linked to the choice of the policies applied, 

since it indicates the time spent by the operator to make the movements in the picking 

area to pick the products. 

The startup time was defined in the initial hypotheses equal to 40s, while the 

procedure for evaluating the retrieval time will be now described. Subsequently, the 

different calculation methodologies used to evaluate the expected travel time will be 

deepen, based on the policies undertaken. The calculation of the retrieval time will be 

shown in ( 4.3.2.6): 

𝑅𝑇 = 𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠 ∗ (𝑃𝑇𝑝𝑖𝑒𝑐𝑒 ∗ 𝑁𝑝𝑖𝑒𝑐𝑒𝑠 + 𝐹𝑇) 

( 4.3.2.6) 

In order to calculate the expected travel time, two variables must be considered: the 

distance travelled within aisles (𝐿𝑖) (equation ( 4.3.2.7) to ( 4.3.2.10)) and the distance 

travelled across aisles (𝐿𝑒) (equation ( 4.3.2.11) to ( 4.3.2.12)). These variables vary 

depending on the routing and product allocation policies adopted and since two 
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alternatives were evaluated in the model for each policy, the four possible 

combinations will be described individually below. 

Routing policy: Return 

Product allocation policy: Random 

𝑣 = 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ (1 − (1 −
1

𝑁𝑎𝑖𝑠𝑙𝑒𝑠
)

𝑁𝑜𝑟𝑑𝑒𝑟𝑠 ∗ 𝑁𝑙𝑖𝑛𝑒𝑠

) 

( 4.3.2.7) 

𝑡 =
𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠

𝑣
 

( 4.3.2.8) 

𝑙𝑖 = 𝑐𝑎𝑤 + 2 ∗ 𝐿𝑃𝐴 ∗
𝑡

𝑡 + 1
 

( 4.3.2.9) 

𝐿𝑖 = 𝑙𝑖 ∗ 𝑣 

( 4.3.2.10) 

The expected number of aisles to be visited (v) was evaluated, using the relationship 

reported above. Subsequently, the probability of picking a product in an aisle (t) was 

calculated, which allowed to quantify the distance travelled in one aisle (𝑙𝑖). Finally, 

by multiplying the distance traveled in one aisle by the expected number of aisles 

visited in one tour, the distance travelled within aisles (𝐿𝑖) was calculated. 

The analysis continues with the calculation of the distance travelled across aisles: 

𝑓 =
𝑁𝑎𝑖𝑠𝑙𝑒𝑠

2
 

( 4.3.2.11) 

𝐿𝑒 = 2 ∗ (𝑓 − 1) ∗ 𝑀𝑤 + 2 ∗ 𝐷𝐼/𝑂 

( 4.3.2.12) 

Where “f” represents the farthest pair of aisles visited from I/O. Now it’s possible to 

quantify the distance travelled across aisles (𝐿𝑒). 

By adding these two distances travelled, the expected travelled time (ETT) was 

obtained ( 4.3.2.13): 

𝐸𝑇𝑇 =  𝐿𝑖 + 𝐿𝑒  

( 4.3.2.13) 

 

Routing policy: Transversal 

Product allocation policy: Random 
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𝑣 = 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ (1 − (1 −
1

𝑁𝑎𝑖𝑠𝑙𝑒𝑠
)

𝑁𝑜𝑟𝑑𝑒𝑟𝑠 ∗ 𝑁𝑙𝑖𝑛𝑒𝑠

) 

( 4.3.2.14) 

𝑡 =
𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠

𝑣
 

( 4.3.2.15) 

𝑙𝑖 =
𝐿𝑃𝐴 − 𝑤𝑎𝑤

2
 

( 4.3.2.16) 

𝐿𝑖 = 𝑙𝑖 ∗ 𝑣 

( 4.3.2.17) 

Unlike the previously adopted random routing policy, implementing a transversal 

routing policy alters the calculation of the distance travelled within an aisle (𝑙𝑖). In this 

approach, each time an aisle is entered to pick an item, it must be crossed entirely 

(equation ( 4.3.2.14) to ( 4.3.2.17)). 

The analysis continues with the calculation of the distance travelled across aisles 

(equation ( 4.3.2.18) and ( 4.3.2.19)): 

𝑓 =
𝑁𝑎𝑖𝑠𝑙𝑒𝑠

2
 

( 4.3.2.18) 

𝐿𝑒 = 2 ∗ (𝑓 − 1) ∗ 𝑀𝑤 + 2 ∗ 𝐷𝐼/𝑂 

( 4.3.2.19) 

This formulation remains unchanged, compared to the previously described 

combination, and the expected travelled time (ETT) is formulated in the same way ( 

4.3.2.20): 

𝐸𝑇𝑇 =  𝐿𝑖 + 𝐿𝑒  

( 4.3.2.20) 

 

Routing policy: Return 

Product allocation policy: ABC 

The ABC product allocation policy involves classifying products in the warehouse 

based on their order frequency and, consequently, their picking frequency from the 

picking area. The products classified as “A” are high rotating products, “B” are 

medium rotating products and “C” low rotating products. To minimize the distance 

traveled by operators during the picking phase, high-rotation products will be placed 
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near the aisle entrances under a return routing policy. Conversely, in the case of a 

transversal routing policy, these products will be positioned on the first shelves. 

The Table 4.4.2shows the percentage of products allocated for each class and for each 

of them the respective retrieval percentage in the picking area. 

 

Class name % of the overal space % of retrievals 

A 20% 56% 

B 31% 27% 

C 49% 17% 

Table 4.4.2: Features of each product allocation class. 

 

It is possible to calculate the number of aisles occupied by each class ( 4.3.2.21): 

# 𝑎𝑖𝑠𝑙𝑒𝑠𝑥 =  𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ 𝑝𝑥 

( 4.3.2.21) 

Where “x” refers to the three classes A, B and C while “𝑝𝑥” indicates the percentage of 

the overall space occupied by each class. 

Subsequently, the probability of picking a product belonging to each class (𝑝𝑝𝑥) was 

evaluated ( 4.3.2.22): 

𝑝𝑝𝑥 =
𝑟𝑥

# 𝑎𝑖𝑠𝑙𝑒𝑠𝑥
 

( 4.3.2.22) 

The expected travel time (ETT) can now be quantified when an ABC product allocation 

policy is implemented, accompanied by a return routing policy. 

𝑣 = 𝑁𝑎𝑖𝑠𝑙𝑒𝑠 ∗ (1 − (1 −
1

𝑁𝑎𝑖𝑠𝑙𝑒𝑠
)

𝑁𝑜𝑟𝑑𝑒𝑟𝑠 ∗ 𝑁𝑙𝑖𝑛𝑒𝑠

) 

( 4.3.2.23) 

𝑡 =
𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠

𝑣
 

( 4.3.2.24) 

𝑙𝑖 = 𝑐𝑎𝑤 + 2 ∗ 𝑟𝑙 ∗ (
𝑝𝐴 ∗ 𝑟𝐴

2
+

(𝑝𝐴 + 𝑝𝐵) ∗ 𝑟𝐵

2
+

(𝑝𝐴 + 𝑝𝐵 + 𝑝𝐶) ∗ 𝑟𝐶

2
) 

( 4.3.2.25) 

𝐿𝑖 = 𝑙𝑖 ∗ 𝑣 

( 4.3.2.26) 
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The difference from the previous calculations lies in the formulation of “𝑙𝑖”, where the 

distance travelled in an aisle depends on the cross-aisle width (𝑐𝑎𝑤) and the rack length 

(𝑟𝑙), multiplied by the probability that the product being picked is located in a specific 

position on the rack (equation ( 4.3.2.23) to ( 4.3.2.26)). 

The analysis continues with the calculation of the distance travelled across aisles 

(equation ( 4.3.2.27) to ( 4.3.2.28)):  

𝑓 =
𝑁𝑎𝑖𝑠𝑙𝑒𝑠

2
 

( 4.3.2.27) 

𝐿𝑒 = 2 ∗ (𝑓 − 1) ∗ 𝑀𝑤 + 2 ∗ 𝐷𝐼/𝑂 

( 4.3.2.28) 

This formulation remains unchanged compared to the previously described 

combination and the expected travelled time (ETT) is formulated in the same way ( 

4.3.2.29). 

𝐸𝑇𝑇 =  𝐿𝑖 + 𝐿𝑒  

( 4.3.2.29) 

 

Routing policy: Transversal 

Product allocation policy: ABC 

In this last combination of policies, the calculation of “𝐿𝑖” occurs in the following way 

(equation ( 4.3.2.30) to ( 4.3.2.33)): 

𝑣 = # 𝑎𝑖𝑠𝑙𝑒𝑠𝐴 ∗ (1 − (1 − 𝑝𝑝𝐴)𝑁𝑙𝑖𝑛𝑒𝑠∗𝑁𝑝𝑖𝑒𝑐𝑒𝑠) + # 𝑎𝑖𝑠𝑙𝑒𝑠𝐵 ∗ (1 − (1 − 𝑝𝑝𝐵)𝑁𝑙𝑖𝑛𝑒𝑠∗𝑁𝑝𝑖𝑒𝑐𝑒𝑠) + # 𝑎𝑖𝑠𝑙𝑒𝑠𝐶

∗ (1 − (1 − 𝑝𝑝𝐶)𝑁𝑙𝑖𝑛𝑒𝑠∗𝑁𝑝𝑖𝑒𝑐𝑒𝑠) 

( 4.3.2.30) 

𝑡 =
𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑜𝑟𝑑𝑒𝑟𝑠

𝑣
 

( 4.3.2.31) 

𝑙𝑖 =
𝐿𝑃𝐴 − 𝑤𝑎𝑤

2
 

( 4.3.2.32) 

𝐿𝑖 = 𝑙𝑖 ∗ 𝑣 

( 4.3.2.33) 

The difference compared to the previous situation is the calculation of the expected 

number of aisles to be visited (v), since it takes into account that the highest rotating 

products will be placed in the initial shelves and consequently the probability of 

visiting several aisles is lower. 
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The analysis continues with the calculation of the distance travelled across aisles 

(equation ( 4.3.2.34) and ( 4.3.2.35)): 

𝑓 =
𝑁𝑎𝑖𝑠𝑙𝑒𝑠

2
 

( 4.3.2.34) 

𝐿𝑒 = 2 ∗ (𝑓 − 1) ∗ 𝑀𝑤 + 2 ∗ 𝐷𝐼/𝑂 

( 4.3.2.35) 

This formulation remains unchanged compared to the previously described 

combination and the expected travelled time (ETT) is formulated in the same ways ( 

4.3.2.36): 

𝐸𝑇𝑇 =  𝐿𝑖 + 𝐿𝑒  

( 4.3.2.36) 

Knowing “ETT” for each combination, it is possible to quantify the total energy 

consumed for picking (𝐸𝑦 𝑝𝑖𝑐𝑘𝑖𝑛𝑔) ( 4.3.2.41). It will be necessary to identify the yearly 

travel time (𝑇𝑇𝑦) ( 4.3.2.37) and the yearly stand-by time (𝑆𝑇𝑦) ( 4.3.2.38), which will be 

multiplied respectively by the consumption of the electric forklift. 

𝑇𝑇𝑦 = 𝐸𝑇𝑇 ∗ 𝑃𝑦 

( 4.3.2.37) 

𝑆𝑇𝑦 = (𝑅𝑇 + 𝑆𝑈𝑇) ∗ 𝑃𝑦 

( 4.3.2.38) 

𝐸𝑚 = 𝑇𝑇𝑦 ∗ 𝐶𝑚 

( 4.3.2.39) 

𝐸𝑠𝑏 = 𝑆𝑇𝑦 ∗ 𝐶𝑠𝑏 

( 4.3.2.40) 

𝐸𝑦 𝑝𝑖𝑐𝑘𝑖𝑛𝑔 = 𝐸𝑚 + 𝐸𝑠𝑏 

( 4.3.2.41) 

Where “𝐸𝑚”  indicates the electric energy consumed when the forklift is moving ( 

4.3.2.39), while “𝐸𝑠𝑏" defines the energy consumed when the forklift is in stand-by 

mode ( 4.3.2.40). 

Finally, to evaluate the environmental impact, this value was multiplied by the 

conversion coefficient in kg𝐶𝑂2𝑒𝑞 ( 4.3.2.42): 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑖𝑐𝑘𝑖𝑛𝑔 = 𝐸𝑦 𝑝𝑖𝑐𝑘𝑖𝑛𝑔 ∗ 𝐶𝐹 

( 4.3.2.42) 
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4.5. HVAC and refrigeration system 

In this section, consumption related to the operation of the HVAC and refrigeration 

system will be investigated, which is essential to ensure to keep controlled different 

temperatures in the warehouse areas. Furthermore, consumption related to the 

refrigeration system will also be explored, due to the necessity to maintain low 

temperatures in some areas of the warehouse to ensure the preservation of food 

products. 

The food warehouse analysed in this thesis has the possibility to regulate the 

temperature of the areas differently according to the required needs. Some 

assumptions have been formulated to define this section of the model: 

- The different temperatures maintained in the warehouse can be summarized 

into three typologies: ambient temperature area (18 °C), chilled area (2 °C) and 

frozen area (-18 °C). The portion of spaces characterized by these temperatures 

are reported in Table 4.5.1. 

 

Variable Full Name Reserve Storage Other Areas 

 𝐴𝑟𝑒𝑎𝑐𝑜𝑜𝑙𝑒𝑑 Ambient Temperature Area 25% 40% 

 𝐴𝑟𝑒𝑎𝑐ℎ𝑖𝑙𝑙𝑒𝑑 Chilled Area 55% 45% 

 𝐴𝑟𝑒𝑎𝑓𝑟𝑜𝑧𝑒𝑛 Frozen Area 20% 15% 

Table 4.5.1: Portion of surface at different temperatures inside the warehouse. 

 

- The base case, used to evaluate the modelled warehouse, was chosen based on 

the study carried out by Lewczuk, K. et al [42], in which the examined 

warehouse is 12 meters high, characterized by a “B” energy class and it is 

located in a climate zone with a temperate climate without dry season and 

with warm summer (Cfb). 

 

- The warehouse analysed in this thesis instead has a "B" energy class, it is 

located in Milan (Cfa) and it has a storage area height that varies depending 

on the variable chosen between 4.8 meters, 8 meters and 9.75 meters. The 

height of the other areas of the warehouse are assumed equal to 4.8 meters 

(𝐻𝑂𝐴). Each variable analyzed was associated with a correction coefficient (CC) 

with respect to the base case scenario. 

 

- The energy consumption required to maintain the temperatures specified 

above is summarized in Table 4.5.2, based on the study by Lewczuk, K. et al. 

[42]. 
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INPUT DATA 

Variable Full Name Value Unit of measure 

𝐸𝑠ℎ 𝑏𝑐 Space heating  104.55 kWh/(m^2*year) 

𝐸𝑐𝑜 𝑏𝑐 Cooling 10.764 kWh/(m^2*year) 

𝐸𝑣 𝑏𝑐 Ventilation  4.306 kWh/(m^2*year) 

𝐸𝑓 𝑏𝑐 Frozen 53.82 kWh/(m^2*year) 

𝐸𝑐ℎ 𝑏𝑐 Chilled 26.91 kWh/(m^2*year) 

Table 4.5.2: Energy consumption for each typology of climate area. 

 

The following analysis will initially focus on the evaluation of the consumption 

associated with the HVAC system and subsequently, the ecological impact related to 

the refrigeration system and the refrigerant used will be analysed. 

4.5.1. HVAC system consumptions 

In this section, the analytical part of the model that quantifies the environmental 

impact associated with the HVAC system will be analysed. Also in this case, a decision 

variable has been introduced to the model (Table 4.5.3). It concerns the type of HVAC 

system of the warehouse, in particular the possibility that the system can be equipped 

with sensors that would guarantee an optimization of consumption. In fact, the 

analysed literature has highlighted several studies regarding the implementation of an 

"intelligent HVAC system" in warehouses and the consequent benefits in terms of 

energy savings [29], [31]. In this study, an improvement in consumption of 65.5% was 

quantified compared to a system not equipped with sensors. This enhancement will 

serve as an improvement coefficient if the decision is made to install an intelligent 

HVAC system in the warehouse (𝐶𝐶𝐼𝐻𝑉𝐴𝐶). 

 

DECISION VARIABLE 

Intelligent HVAC? YES - NO 

Table 4.5.3: Decision variable for HVAC and refrigeration system. 

 

Once this decision variable has been defined, it is important to specify that the HVAC 

system is able to guarantee the ambient temperature in the warehouse area (split into 

“reserve storage” and the “other areas”), and three types of consumption are 

attributed to it: space heating, cooling and ventilation. 

To determine the consumption related to this system, the analytical model was 

developed as described from equation  ( 4.5.1.1) to ( 4.5.1.3): 
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𝐸𝑠ℎ 𝑟𝑐 = 𝐸𝑠ℎ 𝑏𝑐 ∗ 𝐶𝐶𝑐𝑧 ∗ 𝐶𝐶ℎ ∗ 𝐶𝐶𝐼𝐻𝑉𝐴𝐶 

( 4.5.1.1) 

𝐸𝑐𝑜 𝑟𝑐 = 𝐸𝑐𝑜 𝑏𝑐 ∗ 𝐶𝐶𝑐𝑧 ∗ 𝐶𝐶ℎ ∗ 𝐶𝐶𝐼𝐻𝑉𝐴𝐶 

( 4.5.1.2) 

𝐸𝑣 𝑟𝑐 = 𝐸𝑣 𝑏𝑐 ∗ 𝐶𝐶𝑐𝑧 ∗ 𝐶𝐶ℎ ∗ 𝐶𝐶𝐼𝐻𝑉𝐴𝐶 

( 4.5.1.3) 

The energy spent to ensure space heating (𝐸𝑠ℎ 𝑟𝑐), cooling (𝐸𝑐𝑜 𝑟𝑐) and ventilation (𝐸𝑣 𝑟𝑐)  

in the real case considered, have been calculated by multiplying the base case energy 

consumptions by the different correction coefficients. In the case in which the 

intelligent HVAC system is not installed, the value of “𝐶𝐶𝐼𝐻𝑉𝐴𝐶” is equal to 1, otherwise 

it is equal to 0.655. 

Subsequently, the area covered by the HVAC action has been calculated as illustrated 

by equation ( 4.5.1.4) to ( 4.5.1.5): 

𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶 = %𝐴𝑇𝑅𝑆 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 

( 4.5.1.4) 

𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶 = %𝐴𝑇𝑂𝐴 ∗ (𝐴𝑟𝑒𝑎𝑊𝐻 − 𝐴𝑟𝑒𝑎𝑅𝑆) 

( 4.5.1.5) 

Where “𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶" indicates the reserve storage area covered by the HVAC system 

and “%𝐴𝑇𝑅𝑆" represents the percentage of the reserve storage area at ambient 

temperature, while”𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶" indicates the other areas of the warehouse covered 

by the HVAC system based on the percentage of the areas kept at ambient temperature 

(%𝐴𝑇𝑂𝐴). 

With this data, it is now possible to quantify the annual electrical consumption of the 

system (𝐸𝑦 𝐻𝑉𝐴𝐶) and the 𝐶𝑂2 emissions generated (𝑌𝐶𝑂2 𝑒𝑞 𝐻𝑉𝐴𝐶) (from equation ( 

4.5.1.6) to ( 4.5.1.13)). 

𝑆𝐻𝑅𝑆 = 𝐸𝑠ℎ 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶  

( 4.5.1.6) 

𝑆𝐻𝑂𝐴 = 𝐸𝑠ℎ 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶 

( 4.5.1.7) 

𝐴𝐶𝑅𝑆 = 𝐸𝑐𝑜 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶 

( 4.5.1.8) 

𝐴𝐶𝑂𝐴 = 𝐸𝑐𝑜 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶 

( 4.5.1.9) 

𝑉𝑅𝑆 = 𝐸𝑣 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶 

( 4.5.1.10) 
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𝑉𝑂𝐴 = 𝐸𝑣 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶 

( 4.5.1.11) 

𝐸𝑦 𝐻𝑉𝐴𝐶 = 𝑆𝐻𝑅𝑆 + 𝑆𝐻𝑂𝐴 + 𝐴𝐶𝑅𝑆 + 𝐴𝐶𝑂𝐴 + 𝑉𝑅𝑆 + 𝑉𝑂𝐴 

( 4.5.1.12) 

𝑌𝐶𝑂2 𝑒𝑞 𝐻𝑉𝐴𝐶 = 𝐸𝑦 𝐻𝑉𝐴𝐶 ∗ 𝐶𝐹 

( 4.5.1.13) 

Where “SH”, “AC” and “V “ indicate respectively the energy needed to guarantee 

space heating based on the area covered by the system, the one related to cooling and 

finally for ventilation. Each of them is calculated based on the covered area, so the 

reserve storage or other areas of the warehouse. 

In addition to the environmental impact assessment of this system, an economic 

analysis was developed that took into account the initial investment (𝐼𝐻𝑉𝐴𝐶) ( 4.5.1.14) 

and the operating costs (𝑂𝐶𝐻𝑉𝐴𝐶) ( 4.5.1.15) related to the operation of a traditional 

HVAC and an intelligent HVAC. The initial investment data was quantified thanks to 

the information provided by the leading supplier of this system, Jonhson Controls, 

which allowed to estimate a price of 29 euros/m^2 (𝑐𝐻𝑉𝐴𝐶 𝑚2). 

𝐼𝐻𝑉𝐴𝐶 = 𝑐𝐻𝑉𝐴𝐶 𝑚2 ∗ 𝐴𝑟𝑒𝑎𝑊𝐻 

( 4.5.1.14) 

𝑂𝐶𝐻𝑉𝐴𝐶 = 𝐶𝑒𝑒 ∗ 𝐸𝑦 𝐻𝑉𝐴𝐶  

( 4.5.1.15) 

4.5.2. Refrigeration system consumptions 

The procedure followed to model the consumption related to the refrigeration system 

is similar to the one previously described for the HVAC system. In this case, the system 

is associated with two types of consumption related to the temperatures that it must 

guarantee: chilled ((𝐸𝑐 𝑏𝑐) and frozen (𝐸𝑓𝑟 𝑏𝑐). 

To determine the consumption related to this system, the analytical model was 

developed as described in the equations ( 4.5.2.1) and ( 4.5.2.2): 

𝐸𝑐 𝑟𝑐 =  𝐸𝑐 𝑏𝑐 ∗ 𝐶𝐶𝑐𝑧 ∗ 𝐶𝐶ℎ ∗ 𝐶𝐶𝐼𝐻𝑉𝐴𝐶 

( 4.5.2.1) 

𝐸𝑓𝑟 𝑟𝑐 = 𝐸𝑓𝑟 𝑏𝑐 ∗ 𝐶𝐶𝑐𝑧 ∗ 𝐶𝐶ℎ ∗ 𝐶𝐶𝐼𝐻𝑉𝐴𝐶 

( 4.5.2.2) 

Subsequently, the area covered by the action of the refrigeration system (𝐴𝑟𝑒𝑎𝑅𝑆 and 

𝐴𝑟𝑒𝑎𝑂𝐴 ) was calculated from equation ( 4.5.2.3) to ( 4.5.2.6): 

𝐴𝑟𝑒𝑎𝑅𝑆 𝐶 = %𝐶𝑅𝑆 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 

( 4.5.2.3) 
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𝐴𝑟𝑒𝑎𝑂𝐴 𝐶 = %𝐶𝑂𝐴 ∗ (𝐴𝑟𝑒𝑎𝑊𝐻 − 𝐴𝑟𝑒𝑎𝑅𝑆) 

( 4.5.2.4) 

𝐴𝑟𝑒𝑎𝑅𝑆 𝐹 = %𝐹𝑅𝑆 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 

( 4.5.2.5) 

𝐴𝑟𝑒𝑎𝑂𝐴 𝐹 = %𝐹𝑂𝐴 ∗ (𝐴𝑟𝑒𝑎𝑊𝐻 − 𝐴𝑟𝑒𝑎𝑅𝑆) 

( 4.5.2.6) 

Where “%C” and “%F” indicate the chilled and frozen areas covered by the 

refrigeration system both for reserve storage and other the zones. 

With this data it is now possible to quantify the annual electrical consumption of the 

system (𝐸𝑦 𝑟𝑓) ( 4.5.2.11) and the 𝐶𝑂2 emissions generated (𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑒𝑓) ( 4.5.2.12). 

𝐶𝑅𝑆 = 𝐸𝑐 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐶 

( 4.5.2.7) 

𝐶𝑂𝐴 = 𝐸𝑐 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑂𝐴 𝐶 

( 4.5.2.8) 

𝐹𝑅𝑆 = 𝐸𝑓𝑟 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑅𝑆 𝐹 

( 4.5.2.9) 

𝐹𝑂𝐴 = 𝐸𝑓𝑟 𝑟𝑐 ∗ 𝐴𝑟𝑒𝑎𝑂𝐴 𝐹 

( 4.5.2.10) 

𝐸𝑦 𝑟𝑒𝑓 = 𝐶𝑅𝑆 + 𝐶𝑂𝐴 + 𝐹𝑅𝑆 + 𝐹𝑂𝐴 

( 4.5.2.11) 

𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑓 = 𝐸𝑦 𝑟𝑒𝑓 ∗ 𝐶𝐹 

( 4.5.2.12) 

Where “C” and “F” indicate respectively the energy needed to guarantee the cooling 

temperature and the frozen temperature in the areas covered by the system (both 

reserve storage and other areas). 

4.6. Lighting system 

In this section, the electricity consumption and 𝐶𝑂2eq emissions generated by 

warehouse lighting will be identified. Different areas of the warehouse have different 

lighting needs based on the relative presence of operators. For this reason, correction 

coefficients have been introduced that identify the lighting need for each area (Table 

4.6.1). For example, areas such as offices, where people are constantly present and have 

a higher demand for lighting, have been assigned a higher correction coefficient 

accordingly. 
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Lighting coefficients 

Variable Areas Corr. Coefficient Consumption 

𝐶𝑆𝐴  Storage area 1 

 𝐶𝑇𝐴 Transit areas 1 

 𝐶𝑃 Packaging  1.2 

 𝐶𝑆𝑆 Shipping/Sorting 1.2 

 𝐶𝑂 Offices 1.3 

Table 4.6.1: Lighting coefficient by area. 

 

Also in this part of the model, two decision variables have been introduced that can be 

considered simultaneously. The first involves the integration of sensors into the 

lighting system, enabling intelligent control based on the real-time lighting 

requirements. It consequently refers to the creation of a smart lighting system that 

exploits IoT technology capable of reducing consumption by up to 24%, as reported in 

the literature study by Yanmin Wu and Xiang Cheng [20]. The second decision variable 

refers to the installation of a technology capable of optimally exploiting external 

natural light, thereby reducing the reliance on the lighting system. This technology is 

called a heliostat and according to the study by Luis Manuel Fernández-Ahumada et 

al. [22], its introduction in a warehouse could guarantee up to 36% electricity savings 

associated with lighting. In summary, the decision variables considered for this part 

of the model are those reported in Table 4.6.2. 

 

DECISION VARIABLES 

Smart illuminating system? YES - NO 

Heliostat system installed? YES - NO 

Table 4.6.2: Decision variables lighting system. 

 

Another factor that affects the lighting requirements of the warehouse areas is the 

height of the ceilings. Areas with higher ceilings will require more lighting than those 

with lower ceilings. For this reason, the last correction coefficient, which varies 

according to the different heights of the warehouse ceilings (𝐶𝐻), has been introduced 

to ensure greater reliability of the results obtained. 

Based on the study by Lewczuk, K. et al. [42], the average consumption per square 

meter (LGHT) in a warehouse is equivalent to 22.61 kWh/(m^2*year). Thanks to this 

starting data, through the various correction coefficients mentioned above, it is 

possible to calculate the energy consumption associated with lighting for each area of 

the warehouse (equation ( 4.5.2.1) to ( 4.5.2.5)): 

𝐿𝐺𝐻𝑇𝑆𝐴 = 𝐿𝐺𝐻𝑇 ∗ 𝐶𝑠𝑒𝑛𝑠𝑜𝑟𝑠 ∗ 𝐶ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡 ∗ 𝐶𝐻 ∗ (𝐴𝑟𝑒𝑎𝑅𝑆 + 𝐴𝑟𝑒𝑎𝑝𝑖𝑐𝑘𝑖𝑛𝑔) 
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( 4.5.2.1) 

𝐿𝐺𝐻𝑇𝑇𝐴 = 𝐿𝐺𝐻𝑇 ∗ 𝐶𝑆𝐴 ∗ 𝐶𝐻 ∗ 𝐴𝑟𝑒𝑎𝑇𝐴 

( 4.5.2.2) 

𝐿𝐺𝐻𝑇𝑃 = 𝐿𝐺𝐻𝑇 ∗ 𝐶𝑃 ∗ 𝐶𝐻 ∗ 𝐴𝑟𝑒𝑎𝑃 

( 4.5.2.3) 

𝐿𝐺𝐻𝑇𝑆𝑆 = 𝐿𝐺𝐻𝑇 ∗ 𝐶𝑆𝑆 ∗ 𝐶𝐻 ∗ 𝐴𝑟𝑒𝑎𝑆𝑆 

( 4.5.2.4) 

𝐿𝐺𝐻𝑇𝑂 = 𝐿𝐺𝐻𝑇 ∗ 𝐶𝑂 ∗ 𝐶𝐻 ∗ 𝐴𝑟𝑒𝑎𝑂 

( 4.5.2.5) 

Where 𝐶𝑠𝑒𝑛𝑠𝑜𝑟𝑠 e 𝐶ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡 are the coefficients related to the introduction of a smart 

system and the heliostat. Respectively, these variables take a value of 1 when the 

technologies in question are not implemented, while they assume values of 0.76 and 

0.64 when the technologies are installed. 

Finally, thanks to these results it is possible to quantify the energy consumed by the 

illumination system (𝐸𝑦 𝑙𝑖𝑔ℎ𝑡) ( 4.5.2.6) and the annual 𝐶𝑂2𝑒𝑞 emissions generated 

(𝑌𝐶𝑂2 𝑒𝑞 𝑙𝑖𝑔ℎ𝑡) ( 4.5.2.7). 

𝐸𝑦 𝑙𝑖𝑔ℎ𝑡 = 𝐿𝐺𝐻𝑇𝑆𝐴 + 𝐿𝐺𝐻𝑇𝑇𝐴 + 𝐿𝐺𝐻𝑇𝑃 + 𝐿𝐺𝐻𝑇𝑆𝑆 + 𝐿𝐺𝐻𝑇𝑂 

( 4.5.2.6) 

𝑌𝐶𝑂2 𝑒𝑞 𝑙𝑖𝑔ℎ𝑡 = 𝐸𝑙𝑖𝑔ℎ𝑡 ∗ 𝐶𝐹 

( 4.5.2.7) 

In addition to the environmental impact assessment of this system, an economic 

analysis was developed that took into account the initial investment (𝐼𝑙𝑖𝑔ℎ𝑡) ( 4.5.2.8) 

and the operating costs (𝑂𝐶𝑙𝑖𝑔ℎ𝑡) ( 4.5.2.11) related to the operation of a traditional 

lighting system, smart lighting system and the implementation of an heliostat system. 

The initial investment data of the traditional lighting system was quantified thanks to 

the information provided by the supplier “AEC Illuminazione”, which allowed to 

estimate a price of 10 euros/m^2 (𝑐𝑙𝑖𝑔ℎ𝑡 𝑚2). Furthermore, the company indicated that 

the cost of implementing a smart lighting system is 30% more than a traditional system 

(𝐼𝑠 𝑙𝑖𝑔ℎ𝑡) ( 4.5.2.9), the cost per square meter related to the heliostat system, equal to 75 

euro/m^2 (𝑐ℎ𝑒𝑙𝑖𝑜 𝑚2), was collected from an article by Rinnovabili, 2025( 4.5.2.10). 

𝐼𝑙𝑖𝑔ℎ𝑡 = 𝑐𝑙𝑖𝑔ℎ𝑡 𝑚2 ∗ 𝐴𝑟𝑒𝑎𝑊𝐻 

( 4.5.2.8) 

𝐼𝑠 𝑙𝑖𝑔ℎ𝑡 = 𝐼𝑙𝑖𝑔ℎ𝑡 ∗ (1 + 30%) 

( 4.5.2.9) 

𝐼ℎ𝑒𝑙𝑖𝑜 = 𝐼𝑙𝑖𝑔ℎ𝑡 + 𝑐ℎ𝑒𝑙𝑖𝑜 𝑚2 ∗ (𝐴𝑟𝑒𝑎𝑃𝑘 + 𝐴𝑟𝑒𝑎𝑀𝑂 + 𝐴𝑟𝑒𝑎𝑂𝐹) 
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( 4.5.2.10) 

𝑂𝐶𝑙𝑖𝑔ℎ𝑡 = 𝑐𝑒𝑒 ∗ 𝐸𝑦 𝑙𝑖𝑔ℎ𝑡 

( 4.5.2.11) 

4.7. Renewable energy 

This section will examine the impact of introducing a photovoltaic system in the 

warehouse, focusing on the reduction of electricity consumption and the resulting 

decrease in environmental impact. Considering the whole model, this section will be 

the only one to contribute positively to the final balance of annual 𝐶𝑂2𝑒𝑞 generated. In 

this analysis, an economic evaluation relating to the investment for this system has 

been developed, since it is necessary to provide to the reader the benefits in terms of 

emission reduction that it entails, compared with the economic impact that derives 

from it. 

The decision variables considered in this part of the model are two. The first concerns 

the decision whether to install a photovoltaic system to power your warehouse, while 

the second one concerns the characteristic surface extension of it [10], [11], [13]. It has 

been assumed that the system will be positioned on the roof of the warehouse and 

consequently the percentage of the roof covered by the system represents the second 

decision variable (Table 4.7.1). 

 

DECISION VARIABLES 

Photovoltaic system? YES - NO 

Surface of the roof covered 10% - 50% 

Table 4.7.1: Decision variables for renewable energy category. 

 

To develop this part of the model, the input data reported in Table 4.7.2. 

 

INPUT DATA 

Variable Variable explaination Value Unit of measure 

𝐴𝑟𝑒𝑎𝑝𝑛𝑙 Area panel 1.7 m^2 

𝑠𝑟𝑀𝐼 Daily solar radiation in Milan 4.995 KWh/day*m^2 

𝑛 Panel efficiency 20%   

𝑐𝑜𝑠𝑡𝑝𝑛𝑙  Unitary panel cost 200 €/m^2 

Table 4.7.2: input data for renewable energy category. 
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The value of daily solar radiation in Milan was calculated using data collected in the 

portal provided by the European Commission [61] which collects data relating to 

monthly solar radiation throughout the world. The geographical position in which the 

warehouse is located for this category of the model plays a fundamental role. Cities 

located in geographical areas characterized by a warm climate and exposed to the sun 

will benefit more from the installation of a photovoltaic system. 

First, the annual electrical energy generated by a single photovoltaic panel has been 

calculated ( 4.5.2.1): 

𝐸𝑝𝑛𝑙 = 𝐴𝑟𝑒𝑎𝑝𝑛𝑙 ∗ 𝑠𝑟𝑀𝐼 ∗ 𝑛 ∗ 𝑊𝐷 

( 4.5.2.1) 

Subsequently, based on the percentage of roof coverage chosen, the number of panels 

that will make up the system (𝑁𝑝𝑛𝑙) has been calculated ( 4.5.2.2). 

𝑁𝑝𝑛𝑙 =
𝐴𝑟𝑒𝑎𝑠𝑡 ∗ %𝑟𝑜𝑜𝑓 𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐴𝑟𝑒𝑎𝑝𝑛𝑙
 

( 4.5.2.2) 

It is possible to calculate the annual electrical energy produced (𝐸𝑝𝑛𝑙 𝑡𝑜𝑡) ( 4.5.2.3)and 

subsequently the savings in terms of eq associated with it (𝑌𝐶𝑂2 𝑒𝑞 𝑆𝑃) ( 4.5.2.4). 

𝐸𝑝𝑛𝑙 𝑡𝑜𝑡 = 𝐸𝑝𝑛𝑙 ∗ 𝑁𝑝𝑛𝑙 

( 4.5.2.3) 

𝑌𝐶𝑂2 𝑒𝑞 𝑆𝑃 = 𝐸𝑝𝑛𝑙 𝑡𝑜𝑡 ∗ 𝐶𝐹 

( 4.5.2.4) 

As regards the economic analysis related to this system, both the initial investment 

(𝐼𝑃𝑆) ( 4.5.2.5) and the savings (𝑆𝑃𝑆) ( 4.5.2.6), related to the electricity saved during the 

year, have been calculated. The cost of a solar panel has been considered equal to 200 

euro/panel (𝑐𝑝𝑛𝑙) [62]. 

𝐼𝑃𝑆 = 𝑐𝑝𝑛𝑙 ∗ 𝑁𝑝𝑛𝑙 

( 4.5.2.5) 

𝑆𝑃𝑆 = 𝑐𝑒𝑒 ∗ 𝐸𝑝𝑛𝑙 𝑡𝑜𝑡 

( 4.5.2.6) 

4.8. Packaging 

This section of the model delves into the environmental impact of the packaging used 

to consolidate the orders generated in the warehouse. In this analysis, it was decided 

to consider the environmental impact of the entire life cycle of the packaging, 

following a cradle-to-grave approach. To simplify the analysis, it was assumed that 

the only material that constitutes the packaging of the various orders is plastic. In order 
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to understand the effects in terms of environmental impact of different types of 

packaging, a decision variable was introduced in the analysis, which identifies 

different types of plastic packaging that could be used (Table 4.8.1). 

 

DECISION VARIABLES 

Packaging material CO2 emissions Unit of measure 

PET 6.97 kg𝐶𝑂2eq/kg 

30% Bio-based PET 6.11 kg𝐶𝑂2eq/kg 

100% Bio-based PET 5.53 kg𝐶𝑂2eq/kg 

Intelligent packaging 4.16 kg𝐶𝑂2eq/kg 

Table 4.8.1: decision variable for packaging category. 

 

As shown in the table, four types of materials were considered: PET, 30% Bio-based 

PET, 100% Bio-based PET and Intelligent packaging. Thanks to the study of the literature, 

it was possible to evaluate the 𝐶𝑂2 emissions associated with each material. In 

particular, Anuchan Panaksri et al. [23] performs an LCA analysis for the first three 

materials mentioned and quantifies the environmental emissions for each of them. 

These values resulting from the LCA analysis represent the environmental impact of 

the material linked to climate change in the long term. Finally, the emissions associated 

with the last category of packaging were studied in depth by Marina Stramarkou et al. 

[27], who also performs an LCA analysis but specializes in smart packaging, without 

considering the food waste savings achieved thanks to its implementation.  This 

analysis also considers the emissions associated with the impact of the material on 

climate change in the long term. 

To simplify the analysis, it has been assumed that the weight of the packaging used in 

each order is 0.015 kg/order (𝑃𝑊𝑜𝑟𝑑𝑒𝑟). Thanks to this assumption it is possible to 

evaluate the amount of plastic used in a year (𝑃𝑊𝑡𝑜𝑡) ( 4.5.2.1). 

𝑃𝑊𝑡𝑜𝑡 = 𝑃𝑊𝑜𝑟𝑑𝑒𝑟 ∗ 𝑇𝐻𝑃𝐴 ∗ 𝑊𝐷 

( 4.5.2.1) 

It is now possible to quantify the amount of 𝐶𝑂2 generated, based on the typology of 

the packaging used (𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔) ( 4.5.2.2). 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 = 𝑃𝑊𝑡𝑜𝑡 ∗ 𝐶𝑂2 𝑥,𝑦,𝑧,𝑖 

( 4.5.2.2) 

Where 𝐶𝑂2 𝑥,𝑦,𝑧,𝑖 indicates the emissions associated to PET,30% Bio-based PET, 100% 

Bio-based PET and Intelligent packaging respectively.  

In addition to the environmental impact assessment of the four different typologies of 

packaging, an economic analysis was developed that took into account the initial 
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investment (𝐼𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔) ( 4.5.2.3) related to each of them. The cost of each single unit of 

packaging (𝑐𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔) has been reported in Table 4.8.2 [26], [27] . 

 

 PET  30% Bio-based PET 100% Bio-based PET Intelligent packaging 

euro/item 0.06 0.078 0.12 0.23 

Table 4.8.2: single unit cost for different types of packaging. 

 

𝐼𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 = 𝑐𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 ∗ 𝑇𝐻𝑃𝐴 ∗ 𝑊𝐷 

( 4.5.2.3) 

4.9. Other consumptions 

This section of the model includes five different types of consumption that have been 

grouped together because they do not have great affinity with the developed 

taxonomy. They still represent a significant impact on the total consumption of the 

warehouse and consequently it was considered appropriate to analyse. The 

consumption related to the activities carried out in the sorting, moving, packaging and 

unpackaging area will be described. Finally, the environmental impact related to the 

water consumption of the warehouse will also be deepen and added to the analysis. 

4.9.1. Refrigerant consumptions 

The environmental impact generated by the operation of HVAC and refrigeration 

systems is not the only one that must be considered. In fact, the 𝐶𝑂2eq generated due 

to the loss of properties of the refrigerant liquid has been taken into consideration. For 

this reason, the liquid has to be topped up in the system to ensure correct operation. It 

has been hypothesized that the refrigerant used in the warehouse under consideration 

is the R410A fluid, which is a refrigerant widely used for its good properties and its 

relatively low environmental impact compared to others. The fluid loses its properties 

based on the temperature it must guarantee for the external environment. 

Consequently, the temperatures that have been hypothesized for the development of 

this model, based on the study carried out by Alkhatib, I. et al. [55] are: 

- Cooled Area: 18 °C (𝑇𝑐𝑜𝑜𝑙𝑒𝑑) 

- Chilled Area: 11 °C (𝑇𝑐ℎ𝑖𝑙𝑙𝑒𝑑) 

- Frozen Area: -18 °C (𝑇𝑓𝑟𝑜𝑧𝑒𝑛) 

According to National [63] the emissions associated with each kg of R410A topped up 

in the system are 2088 kg𝐶𝑂2𝑒𝑞/kg. To understand the total consumption associated 

with it, it is therefore necessary to evaluate the amount of fluid to be pumped into the 

system to cover the warehouse needs. To do this, a base case scenario deriving from 
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the study by Alkhatib, I. et al. [55] was considered, which was adapted to the situation 

under consideration by applying correction coefficients. The data underlying the 

development of this part of the model are presented in Table 4.9.1. 

 

INPUT DATA 

Variable Variable explaination Value Unit of measure 

𝐴𝑟𝑒𝑎𝑏𝑐 m^2 building 38,000  m^2 

%𝐴 Area to be refrigerated 44%   

𝐶𝑅410𝐴 𝑏𝑐 R410A consumption per year 150 kg/year 

𝐶𝐶𝑡𝑒𝑚𝑝 Coefficient of correction temperature-liquid consumption 15%   

Table 4.9.1: Input data refrigerant category. 

 

It is possible to calculate the average consumption of R410A per square meter in the 

chilled area of the base case (𝐶𝑅410𝐴 𝑏𝑐 𝑚^2) ( 4.9.1.1): 

𝐶𝑅410𝐴 𝑏𝑐 𝑚^2 =
𝐶𝑅410𝐴 𝑏𝑐

𝐴𝑟𝑒𝑎𝑏𝑐 ∗ %𝐴
 

( 4.9.1.1) 

Now it’s necessary to understand the kilograms of fluid needed to maintain the 

different temperatures of the three areas, which for simplicity we will call x,y,z for the 

cooled, chilled and frozen areas respectively. Following, the calculation of the average 

consumption per square meter of the real case scenario will be described ( 4.9.1.2). 

𝐶𝑥,𝑦,𝑧 =
𝐶𝑅410𝐴 𝑏𝑐 𝑚^2

|𝑇𝑦 − 𝑇𝑥,𝑧| ∗ 𝑇𝑦 ∗ 𝐶𝐶𝑡𝑒𝑚𝑝

 

( 4.9.1.2) 

It is possible to calculate the total emissions associated with the refrigerant (𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑒𝑓)  

by adding the emissions produced for each area (equation ( 4.9.1.3) to ( 4.9.1.6)). 

𝑌𝐶𝑂2 𝑒𝑞 𝑐𝑜𝑜𝑙𝑒𝑑 = 𝐴𝑟𝑒𝑎𝑐𝑜𝑜𝑙𝑒𝑑 ∗ 𝐸𝑅410𝐴 ∗ 𝐶𝑥 

( 4.9.1.3) 

𝑌𝐶𝑂2 𝑒𝑞 𝑐ℎ𝑖𝑙𝑙𝑒𝑑 = 𝐴𝑟𝑒𝑎𝑐ℎ𝑖𝑙𝑙𝑒𝑑 ∗ 𝐸𝑅410𝐴 ∗ 𝐶𝑦 

( 4.9.1.4) 

𝑌𝐶𝑂2 𝑒𝑞 𝑓𝑟𝑜𝑧𝑒𝑛 = 𝐴𝑟𝑒𝑎𝑓𝑟𝑜𝑧𝑒𝑛 ∗ 𝐸𝑅410𝐴 ∗ 𝐶𝑧 

( 4.9.1.5) 

𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑒𝑓 = 𝑌𝐶𝑂2 𝑒𝑞 𝑐𝑜𝑜𝑙𝑒𝑑 + 𝑌𝐶𝑂2 𝑒𝑞 𝑐ℎ𝑖𝑙𝑙𝑒𝑑 + 𝑌𝐶𝑂2 𝑒𝑞 𝑓𝑟𝑜𝑧𝑒𝑛 

( 4.9.1.6) 
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4.9.2. Sorting area consumptions 

The sorting area is a functional area where goods are sorted before being packaged 

and shipped to the final customers. Since it has been assumed that picking activities 

follow the batch policy, items picked in the same tour belonging to different customer 

orders must be sorted. The order percentage that has been assumed for this analysis is 

80%, this is because when the order is the entire pallet load there is no need for it to be 

sorted. To perform this operation, which is assumed to be automated, the warehouse 

is equipped with an automatic sorter positioned in the sorting area. In order to develop 

this section of the model, the input data in Table 4.9.2 are required. 

 

INPUT DATA 

Variable Full Name Value Unit of Measure 

 %𝑠𝑜𝑟𝑡𝑒𝑑 % of order to be sorted 80%   

 𝑇𝐻𝑠𝑜𝑟𝑡𝑒𝑟 Average throughput Automatic Sorter 4,000 Item/h 

 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 Average Consumption of automatic sorter (Moving) 13.5 kWh/h 

 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 Average Consumption of automatic sorter (standby) 1.35 kWh/h 

Table 4.9.2: Input data for sorter consumptions. 

 

To start developing the model, it’s necessary to know the daily number of items that 

needed to be sorted (𝑖𝑡𝑒𝑚𝑠𝑜𝑟𝑡𝑒𝑑) ( 4.9.2.1). 

𝑖𝑡𝑒𝑚𝑠𝑜𝑟𝑡𝑒𝑑 = 𝑇𝐻𝑃𝐴 ∗ %𝑠𝑜𝑟𝑡𝑒𝑑 

( 4.9.2.1) 

It is possible to calculate the daily hours in which the sorter activity is required 

(𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑚) ( 4.9.2.2) and those in which it is in stand-by state (𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏) ( 4.9.2.3). 

𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 =
𝑖𝑡𝑒𝑚𝑠𝑜𝑟𝑡𝑒𝑑

𝑇𝐻𝑠𝑜𝑟𝑡𝑒𝑟
 

( 4.9.2.2) 

𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 = (𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡) − 𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 

( 4.9.2.3) 

Finally, the annual electrical consumption of the sorter was evaluated both during the 

active phase (𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑚) ( 4.9.2.4) and in the standby phase (𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏) ( 4.9.2.5) and 

then finally converted into annual equivalent CO2 emissions (𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑜𝑟𝑡𝑒𝑟) ( 4.9.2.7). 

𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 = 𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 ∗ 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 ∗ 𝑊𝐷 

( 4.9.2.4) 

𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 = 𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 ∗ 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 ∗ 𝑊𝐷 

( 4.9.2.5) 



4| Consumptions calculation 79 

 

 

𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 = 𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 + 𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 

( 4.9.2.6) 

𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑜𝑟𝑡𝑒𝑟 = 𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 ∗ 𝐶𝐹 

( 4.9.2.7) 

4.9.3. Packaging and unpackaging area consumptions 

In this section of the model, the consumption related to the activities carried out in the 

unpackaging and packaging areas will be explored in depth. In these two functional 

areas, the operations marking the beginning and end of the internal logistics activities 

performed in the warehouse take place. In particular, in the unpackaging area, the 

pallet loads coming from outside are received, unpacked and subsequently stored in 

the reserve area. The packaging area corresponds to the last functional area visited by 

the orders sorted in the sorting area before being shipped. In this area the consolidated 

orders are packaged, labelled and subsequently shipped. 

The first area modelled will be the unpackaging area. Several hypotheses have been 

formulated to allow the development of the model: 

- The unpackaged activities are performed by a depalletizing robot, so they are 

never carried out manually 

 

- The time needed to de-palletize a pallet load is always the same, no-matter the 

items of which is made of. 

 

- If the robot is not operating for more than 20 seconds, it goes in stand-by 

mode. 

Furthermore, in order to evaluate the consumption associated with the activities 

carried out in this area, some input data were introduced and presented in Table 4.9.3. 

 

INPUT DATA 

Variable Variable explaination Value Unit of measure 

𝑇𝐻𝑑   Throughput capacity 3,200 PLS/day 

%𝑑𝑑   % of orders directly delivered to final customers 20%   

 𝑡𝑑𝑒−𝑝𝑎 Average Time to de-palletize a pallet load 65 sec/PL 

 𝑐𝑑𝑒−𝑝𝑎 𝑤 Average consumption of De-Palletizing Robot when working 2.5 kWh/h 

 𝑐𝑑𝑒−𝑝𝑎 𝑠𝑏 Average consumption of De-Palletizing Robot when stand-by 0.22 kWh/h 

Table 4.9.3: Input data for depalletizing robot consumptions. 
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The first thing to understand is how many depalletizing robots are needed to process 

the warehouse throughput (𝑛𝑑𝑒−𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠) ( 4.9.3.2). To do this, the time required to 

unpackage all the incoming pallet loads (𝑡𝑑𝑒−𝑝𝑎 𝑤) ( 4.9.2.1)was calculated. 

𝑡𝑑𝑒−𝑝𝑎 𝑤 =
𝑇𝐻𝑑 ∗ 𝑡𝑑𝑒−𝑝𝑎

3600
 

( 4.9.3.1) 

𝑛𝑑𝑒−𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 =
𝑡𝑑𝑒−𝑝𝑎 𝑤

𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡
 

( 4.9.3.2) 

𝑡𝑑𝑒−𝑝𝑎 𝑠𝑏 = (𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡) − 𝑡𝑑𝑒−𝑝𝑎 𝑤 

( 4.9.3.3) 

 

Where “𝑡𝑑𝑒−𝑝𝑎 𝑠𝑏” ( 4.9.3.3) represents the time when the depalletizing robot is in stand-

by. 

Knowing the robot's active and stand-by times, it is now possible to quantify the 

annual electricity consumption it generates during the two states (𝐸𝑑𝑒−𝑝𝑎 𝑤 and  

𝐸𝑑𝑒−𝑝𝑎 𝑠𝑏) (equation ( 4.9.3.4) and ( 4.9.3.5)), and then convert it into annual 𝐶𝑂2eq 

emissions generated (𝑌𝐶𝑂2 𝑒𝑞 𝑑𝑒−𝑝𝑎) ( 4.9.3.6). 

𝐸𝑑𝑒−𝑝𝑎 𝑤 = 𝑡𝑑𝑒−𝑝𝑎 𝑤 ∗ 𝑛𝑑𝑒−𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 ∗ 𝑐𝑑𝑒−𝑝𝑎 𝑤 ∗ 𝑊𝐷 

( 4.9.3.4) 

𝐸𝑑𝑒−𝑝𝑎 𝑠𝑏 = 𝑡𝑑𝑒−𝑝𝑎 𝑠𝑏 ∗ 𝑛𝑑𝑒−𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 ∗ 𝑐𝑑𝑒−𝑝𝑎 𝑠𝑏 ∗ 𝑊𝐷 

( 4.9.3.5) 

𝑌𝐶𝑂2 𝑒𝑞 𝑑𝑒−𝑝𝑎 = (𝐸𝑑𝑒−𝑝𝑎 𝑤 + 𝐸𝑑𝑒−𝑝𝑎 𝑠𝑏) ∗ 𝐶𝐹 

( 4.9.3.6) 

Analysing now the consumption of the packaging area, also in this case some 

hypotheses have been formulated to allow the development of the model: 

- The packaged activities are performed by a packing robot, so they are never 

carried out manually 

 

- The time needed to pack a pallet load is always the same, no-matter the items 

of which is made of. 

 

- If the robot is not operating for more than 20 seconds, it goes in stand-by 

mode. 
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- There are two types of orders: order consisting of an entire PL (no batch 

picking activities required), order consisting of several items (batch picking 

activities required). 

Furthermore, to evaluate the consumption associated with the activities carried out in 

this area, some input data were introduced and presented in Table 4.9.4. 

 

INPUT DATA 

Variable Variable explaination Value Unit of measure 

𝑇𝐻𝑑 Throughput capacity 3,200 PLS/day 

%𝑑𝑑 % of orders directly delivered to final customers 20%   

𝑡𝑝𝑎 𝑃𝐿 Average Time to pack a pallet load 23 sec/PL 

𝑡𝑝𝑎 𝑜 Average Time to pack an order 15 sec/order 

 𝑐𝑝𝑎 𝑃𝐿 𝑤 Average consumption packaging machine for PLs (working) 0.2 kWh/PL 

 𝑐𝑝𝑎 𝑃𝐿 𝑠𝑏 Average consumption packaging machine for PLs (stand-by) 0.24 kWh/h 

 𝑐𝑝𝑎 𝑜 𝑤 Average consumption packaging machine for orders (working) 0.03 kWh/item 

 𝑐𝑝𝑎 𝑜 𝑠𝑏 Average consumption packaging machine for orders (stand-by) 0.1 kWh/h 

Table 4.9.4: Input data for palletizing robot consumptions.  

 

The first thing to understand is how many packaging robots are needed to process the 

number of orders issued daily (𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠) ( 4.9.3.10). To do this, the time required to 

pack the different orders ( 𝑡𝑝𝑎 𝑃𝐿 𝑤 and 𝑡𝑝𝑎 𝑜 𝑤 ) was calculated ( 4.9.3.7)( 4.9.3.9). 

𝑡𝑝𝑎 𝑃𝐿 𝑤 =
𝑇𝐻𝑑 ∗ %𝑑𝑑 ∗ 𝑡𝑝𝑎 𝑃𝐿

3600
 

( 4.9.3.7) 

𝑛𝑜𝑟𝑑𝑒𝑟𝑠 =
𝑇𝐻𝑃𝐴

𝑁𝑙𝑖𝑛𝑒𝑠 ∗ 𝑁𝑖𝑡𝑒𝑚𝑠
 

( 4.9.3.8) 

𝑡𝑝𝑎 𝑜 𝑤 =
𝑛𝑜𝑟𝑑𝑒𝑟𝑠 ∗ 𝑡𝑝𝑎 𝑜

3600
 

( 4.9.3.9) 

𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 =
𝑡𝑝𝑎 𝑃𝐿 𝑤 + 𝑡𝑝𝑎 𝑜 𝑤

𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡
 

( 4.9.3.10) 

𝑡𝑝𝑎 𝑃𝐿 𝑠𝑏 = (𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡) − 𝑡𝑝𝑎 𝑃𝐿 𝑤 

( 4.9.3.11) 

𝑡𝑝𝑎 𝑜 𝑠𝑏 = (𝑠ℎ𝑖𝑓𝑡𝑠 ∗ 𝐻𝑠ℎ𝑖𝑓𝑡) − 𝑡𝑝𝑎 𝑜 𝑤 
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( 4.9.3.12) 

Where  “𝑡𝑝𝑎 𝑃𝐿 𝑠𝑏” ( 4.2.1.11) and “𝑡𝑝𝑎 𝑜 𝑠𝑏” ( 4.9.3.12) represent the amount of time in 

which the packaging robot is in standby mode after having processed pallet loads and 

orders. 

Knowing the robot's working and stand-by times, it is now possible to quantify the 

annual electricity consumption it generates during the two states (𝐸𝑝𝑎 𝑤 and 𝐸𝑝𝑎 𝑠𝑏) ( 

4.9.3.13)( 4.9.3.14), and then convert it into annual 𝐶𝑂2𝑒𝑞 emissions generated 

((𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎) ( 4.9.3.15). 

𝐸𝑝𝑎 𝑤 = (𝑇𝐻𝑑 ∗ %𝑑𝑑 ∗ 𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 ∗ 𝑐𝑝𝑎 𝑃𝐿 𝑤 + 𝑛𝑜𝑟𝑑𝑒𝑟𝑠 ∗ 𝑐𝑝𝑎 𝑜 𝑤) ∗ 𝑊𝐷 

( 4.9.3.13) 

𝐸𝑝𝑎 𝑠𝑏 = (𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 ∗ 𝑡𝑝𝑎 𝑃𝐿 𝑠𝑏 ∗ 𝑐𝑝𝑎 𝑃𝐿 𝑠𝑏 + 𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 ∗ 𝑡𝑝𝑎 𝑜 𝑠𝑏 ∗ 𝑐𝑝𝑎 𝑜 𝑠𝑏) ∗ 𝑊𝐷 

( 4.9.3.14) 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎 = (𝐸𝑝𝑎 𝑤 + 𝐸𝑝𝑎 𝑠𝑏) ∗ 𝐶𝐹 

( 4.9.3.15) 

4.9.4. Moving area consumptions 

In this part of the model, the consumption and emissions generated by the movements 

of pallet loads throughout the warehouse that occur in the moving area will be 

quantified. The material handling equipment designated for this area includes forklifts 

and a roller conveyor, which supplies the sorter in the sorting area. Depending on the 

type of material handling system used in the warehouse, different emissions will be 

recorded accordingly. The movements that have been considered in the formulation 

of the model are: 

- Distance from I/O point to storage area (𝑑𝐼 𝑂 𝑡𝑜 𝑆𝐴⁄ ) 

- Distance from storage area to picking area (𝑑𝑆𝐴 𝑡𝑜 𝑃𝑖𝑐𝑘𝐴) 

- Distance from picking area to unpackaging area (𝑑𝑃𝑖𝑐𝑘𝐴 𝑡𝑜 𝑈𝐴) 

- Distance from unpackaging area to sorting conveyor (𝑑𝑈𝐴 𝑡𝑜 𝑆𝐶) 

- Distance from sorting conveyor to packaging area (𝑑𝑆𝐶 𝑡𝑜 𝑃𝐴) 

In order to evaluate the consumption associated with these activities, the input data in 

Table 4.9.5 were used. 
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INPUT DATA 

Variable Full Name Value Unit of Measure 

𝑣𝑟𝑐   Average speed of roller conveyors 1 m/s 

 𝑑𝑖𝑡𝑒𝑚𝑠 Average distance between 2 items 1.5 m 

 𝑇𝐻𝑟𝑐 Average throughput capacity of roller conveyors 2,400 items/h 

 𝑛𝑟𝑐 Number of roller conveyors 3 conveyors 

𝑐𝑟𝑐 Average consumption of a roller conveyor 1.25 kWh/h 

Table 4.9.5: Input data for moving area consumptions. 

 

First, the distances travelled by the forklifts, as described above, were calculated ( 

4.9.4.1). 

𝑑𝑥 𝑡𝑜 𝑦 =
𝐿𝑒𝑛𝑔ℎ𝑡𝑥 + 𝑊𝑖𝑑𝑡ℎ𝑥

2
+

𝐿𝑒𝑛𝑔ℎ𝑡𝑦 + 𝑊𝑖𝑑𝑡ℎ𝑦

2
 

( 4.9.4.1) 

Where “𝑑𝑥 𝑡𝑜 𝑦” indicates the distance between the functional area x and the functional 

area y, while “𝐿𝑒𝑛𝑔ℎ𝑡𝑥,𝑦” indicates the length of the two functional areas and  

𝑊𝑖𝑑𝑡ℎ𝑥,𝑦 is the width of the two functional areas. 

The daily time required to complete each movement was assessed based on the type 

of forklift used (𝑡𝑥 𝑡𝑜 𝑦) ( 4.9.4.2). Subsequently, the annual time spent transporting 

pallet loads throughout the warehouse (𝑡𝑦 𝑚𝑜𝑣) ( 4.9.4.3) was calculated. 

𝑡𝑥 𝑡𝑜 𝑦 =
𝑑𝑥 𝑡𝑜 𝑦

𝑣ℎ
 

( 4.9.4.2) 

𝑡𝑦 𝑚𝑜𝑣 =
∑ 𝑡𝑥 𝑡𝑜 𝑦 ∗ 𝑇𝐻𝑑 ∗ 𝑊𝐷

3600
 

( 4.9.4.3) 

This allows for the calculation of energy consumption associated with the forklifts 

(𝐸𝑦 𝑓𝑜𝑟𝑘) ( 4.9.4.4) and the roller conveyor (𝐸𝑦 𝑟𝑐) ( 4.9.4.5). From these values, the total 

energy expenditure in the moving area (𝐸𝑦 𝑚𝑜𝑣) ( 4.9.4.6) can be determined, along with 

the corresponding environmental impact (𝑌𝐶𝑂2 𝑒𝑞 𝑚𝑜𝑣) ( 4.9.4.7). 

𝐸𝑦 𝑓𝑜𝑟𝑘 = 𝑡𝑦 𝑚𝑜𝑣 ∗ 𝑁𝑚ℎ𝑒 ∗ 𝑎𝑐𝑚ℎ𝑒 

( 4.9.4.4) 

𝐸𝑦 𝑟𝑐 = 𝑐𝑟𝑐 ∗  𝑛𝑟𝑐 ∗ 𝑠ℎ𝑖𝑓𝑡 ∗ 𝑊𝐷 ∗  𝐻𝑠ℎ𝑖𝑓𝑡 

( 4.9.4.5) 

𝐸𝑦 𝑚𝑜𝑣 = 𝐸𝑦 𝑓𝑜𝑟𝑘 + 𝐸𝑦 𝑟𝑐 

( 4.9.4.6) 
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𝑌𝐶𝑂2 𝑒𝑞 𝑚𝑜𝑣 = 𝐸𝑦 𝑚𝑜𝑣 ∗ 𝐶𝐹 

( 4.9.4.7) 

4.9.5. Water consumption 

The environmental impact attributable to water consumption in the warehouse has 

been considered within this model. In particular, environmental footprint is mainly 

linked to two factors: water supply and water treatment. The first factor refers to the 

emissions generated by all the activities that are carried out to supply water to the 

warehouse while the second factor refers to the impact related to the treatment of 

wastewater that must be discharged. 

Different input data have been assumed for the development of this model and are 

summarized in Table 4.9.6. 

 

INPUT DATA 

Variable Variable explaination Value Unit of measure 

wcd Water consumption per day 50,000 l/day 

%WT % water treated on water supplied 95%   

WSC Water supply conversion factor 0.34 kgCO2e/m^3 

WTC Water treatment conversion factor 0.71 kgCO2e/m^3 

Table 4.9.6: Input data for water consumption. 

 

It has been assumed that 95% of the supplied water will then be treated through 

activities that guarantee its disposal. Furthermore, two conversion factors have been 

introduced referring to the water supply and water treatment activities that will allow 

to evaluate the 𝐶𝑂2𝑒𝑞 emissions associated with the quantity of water used by the 

warehouse. 

The modelling begins with the calculation of the annual amount of water consumed 

in the warehouse (wcy) ( 4.9.5.1). 

𝑤𝑐𝑦 = 𝑤𝑐𝑑 ∗ 𝑊𝐷 

( 4.9.5.1) 

Subsequently, the portion of water that will need to be treated was quantified ( 4.9.5.2). 

𝑤𝑐𝑦𝑡 = 𝑤𝑐𝑦 ∗ %𝑊𝑇 

( 4.9.5.2) 

Finally, the 𝐶𝑂2 emissions associated with both factors (𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 and 

𝑌𝐶𝑂2 𝑒𝑞 𝑡𝑟𝑒𝑎𝑡𝑒𝑑) ( 4.9.5.3)( 4.9.5.4) have been evaluated and then the annual emissions 

associated with the water consumption in the warehouse were evaluated 

(𝑌𝐶𝑂2 𝑒𝑞 𝑤𝑎𝑡𝑒𝑟) ( 4.9.5.5). 
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𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑤𝑐𝑦 ∗ WSC 

( 4.9.5.3) 

𝑌𝐶𝑂2 𝑒𝑞 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 = 𝑤𝑐𝑦 ∗ WTC 

( 4.9.5.4) 

𝑌𝐶𝑂2 𝑒𝑞 𝑤𝑎𝑡𝑒𝑟 = 𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 + 𝑌𝐶𝑂2 𝑒𝑞 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 

( 4.9.5.5) 
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5 Analysis of results and discussion 

5.1. Base case scenario description 

To analyse the environmental emissions generated by the solutions analysed in the 

model, it was necessary to introduce a base case warehouse configuration, as a 

benchmark to evaluate the introduction of the various solutions. The base case 

represents a possible configuration of a refrigerated food warehouse, defined by an 

assumed combination of decision variables. The Figure 5.1 shows the configuration of 

the base case warehouse and the related results in terms of energy consumption and 

equivalent 𝐶𝑂2 emissions. 

 

 

Figure 5.1: Base case scenario configuration and results. 

 

The base case warehouse has a “traditional reserve area” that is “4.8 meters high”, 

arranged according to a “Longitudinal layout”, with an input/output point in a “central” 

position on one of the sides. The bay can contain a maximum of “two” pallets and the 

material handling systems used for internal warehouse movements are “counterbalance 

LPG forklifts”. Picking takes place according to a “transversal routing policy”, the 

products are covered with “PET” packaging and are allocated “randomly” within the 

picking area. A “traditional HVAC system” is installed in the plant to ensure that the 

appropriate temperatures are maintained in the different areas of the warehouse. The 

lighting system is “traditional”, based on the installation of “low-consumption LEDs” to 
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illuminate the different areas homogeneously. Finally, there is “no” photovoltaic 

system capable of generating renewable energy. 

The base case configuration identifies a refrigerated food warehouse that extends over 

an area of 36,263 m^2. As can be seen in Figure 5.1, the different consumption 

categories, previously studied in the model, are reported in the rows of the table and 

for each of them the electricity consumption (if present) and the 𝐶𝑂2 emissions, 

associated with them, were measured. The annual electricity consumption associated 

with this warehouse corresponds to 2,992,701 kWh/year while the quantity of 

𝐶𝑂2 emissions generated in a year corresponds to 1,528,766 Kg𝐶𝑂2eq/year.  

The various categories were then grouped into two classes: one encompassing solution 

related to operational activities carried out within the warehouse and the other 

addressing solutions associated with long-term assets. The consumption and 

emissions associated with the second class are significantly more impactful on the total 

results, compared to the operational solutions. Specifically, the long-term assets cause 

81.19% of the electricity consumption and 89.9% of the environmental emissions of the 

warehouse. 

Observing these results allows to highlight which consumption categories contribute 

most to the warehouse carbon footprint and to subsequently understand the effects of 

introducing a different solution for each category. 

5.2. Analysis of the analytical model 

This paragraph analyses the effects, in terms of environmental emissions, of the 

application in the base case warehouse of the different practices found in literature, 

grouped within the previously mentioned taxonomy. For each category, the different 

solutions will be introduced one at time in the base case warehouse, replacing the 

current practice implemented, and the absolute and percentage variation of 𝐶𝑂2 

emissions will be evaluated. Furthermore, it will be possible to assess the portion that 

each category contributes to the total emissions of the warehouse, allowing for the 

identification of the most urgent and relevant ones to address. 

The chapter is divided into the seven categories that comprise the taxonomy, 

evaluating the emissions generated by each solution within them. The objective is to 

determine which solutions offer the greatest environmental savings while also 

clarifying the associated cost requirements. 

5.2.1. Layout impacts 

The first category of the taxonomy in which the results will be analysed is the "Layout" 

of the reserve storage area. It is important to underline that the reserve and the picking 

area of the refrigerated food warehouse that has been modelled, given the nature of 
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the products that they store, are characterized by three areas regulated at different 

temperatures to guarantee the correct conservation of the food products. 

The layout of the reserve area is a key decision variable in determining warehouse 

emissions, as the arrangement of the racks influences the space occupied by this zone 

and, consequently, the total area of the warehouse. In this thesis work, three possible 

layout configurations for the reserve area have been considered: longitudinal, 

transversal and the choice of introducing automation in the warehouse, through the 

installation of an automated storage and retrieve system (AS/RS).  

The choice of this variable is responsible for the variation of the emissions generated 

by other categories of the taxonomy, such as: material handling equipment, HVAC 

systems, lighting and picking policies. Given the widespread influence of this variable 

on the other categories considered, it was decided to consider three scenarios for the 

following analyses for each solution. So, for each scenario, the environmental impact 

related to the solutions of the category analysed will be studied, considering 

respectively a longitudinal, transversal and AS/RS layout of the reserve area. 

This paragraph will assess how the layout of the reserve area influences the variation 

in total warehouse area and the overall 𝐶𝑂2eq emissions generated, while keeping all 

other variables in the model consistent with the configuration defined in the base case 

scenario. The Table 5.2.1 presents the changes in surface area and emissions associated 

with different layout configurations. 

 

 

Base case 
Total Area 

[m^2] 

Co2eq emissions 

[kg CO2eq/year] 

Delta % 

emissions 

Longitudinal X 36,263 1,528,766 - 

Transversal   37,035 1,555,627 2% 

AS/RS   21,669 1,364,026 -11% 

Table 5.2.1: Areas and consumptions of the warehouse according to different layouts. 

 

The layout that characterizes the chosen base case configuration is the longitudinal 

one. It can be observed that, considering only the variation of this solution, the total 

area of the warehouse is slightly larger in the case of a configuration with transversal 

layout. Consequently, the relative 𝐶𝑂2eq emissions generated due to this change also 

increase by 2% compared to the base case configuration. Analysing now the 

implementation of an AS/RS, it can be observed that the warehouse surface area is 

reduced by approximately 40% compared to the initial configuration. This is primarily 

attributed to the structure of an automated warehouse, which mainly expands 

vertically, minimizing the occupied surface area. The benefit of implementing this 

solution in terms of 𝐶𝑂2eq emissions is also positive, as they are 11% lower than the 

base case. However, an evaluation that must be taken into account is the investment 
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associated with the implementation of these three solutions. The first two 

configurations analysed have an initial investment that is very similar to each other, 

while in the case of the implementation of AS/RS, this investment is significantly 

higher. This analysis of the implementation costs of the various solutions will be 

further explored in the “Economic analysis” and “Priority Formulation” sections. 

Drawing conclusions on this first category considered, it is possible to state that the 

variation of the reserve area layout from longitudinal to transversal does not guarantee 

significant differences, indeed it tends to slightly increase the environmental impact of 

the warehouse. The choice of implementing an AS/RS instead guarantees an excellent 

improvement in the emissions generated, but at the same time it is also necessary to 

consider the increase in terms of initial investment sustained for this warehouse. 

Finally, it is important to underline that given the widespread influence of this 

decision variable on the categories that will be analysed later, the variation of the 

results attributed only to the choice of this decision variable is not exhaustive to 

understand the impact that it generates on the warehouse. The analysis of the 

simultaneous combination of multiple decision variables, including the layout, which 

will be evaluated later, will give greater relevance to this category on the total 

environmental impact of the warehouse, underlining a clearer difference also between 

longitudinal and transversal layout. 

5.2.2. Material handling equipment impacts 

In this section, the results in terms of 𝐶𝑂2eq emissions associated with the type of 

material handling equipment used in the warehouse will be analysed. Four types of 

vehicles have been analysed, differing based on their power source: “counterbalance 

LPG forklift”, “counterbalance lead acid battery forklift (LAB)”, “counterbalance lithium-ion 

battery forklift (LIB)” and “counterbalance hydrogen powered fuel cell forklift”. The 

consumption associated with this category derives from the movements of pallet loads 

carried out in the moving area and in the reserve area. It follows that the sizing of the 

latter represents a key parameter to evaluate the environmental impact of this 

category, since the number of material handling equipment varies in the three 

scenarios based on the sizing of the reserve area. The Figure 5.2 shows the results of 

environmental emissions generated by the different material handling equipment, 

highlighting the three layout scenarios of the reserve area previously described. 
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Figure 5.2: Environmental impact of material handling equipment solutions. 

 

For each scenario, the counterbalance LPG forklifts chosen for the base case 

configuration is highlighted, and in the AS/RS scenario the shuttles that allow the 

movement of pallet loads within the reserve area are also included. Subsequently, the 

emissions generated by the various solutions, expressed in kg𝐶𝑂2eq/year, are 

presented, along with the percentage variation of these results compared to the base 

case configuration and the share of total warehouse environmental impact attributed 

to this category. 

It can be observed that in all three scenarios, LPG forklift represents the worst solution 

in terms of atmospheric emissions. The consumption caused by it compared to the total 

environmental impact of the warehouse turns out to cover approximately 8% in each 

case, but it is significantly reduced when the solution chosen is different. The 

consumption generated by the various solutions in the longitudinal and transversal 

layout scenarios turns out to be very similar, and between the two configurations the 

one that is slightly more convenient in terms of environmental impact is the 

longitudinal layout. In the scenario with AS/RS, the consumption of the various 

forklifts is evaluated considering only the movements they make in the moving area, 

since the consumption associated with the movements in the reserve area are 

attributed to the shuttles. 

For each scenario analysed, the two solutions that guarantee the greatest savings in 

terms of 𝐶𝑂2 emissions are the counterbalance hydrogen powered fuel cell forklift (-

71% compared to the base case configuration with a longitudinal layout) and the 

counterbalance LIB forklift (-70% compared to the base case configuration with a 
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longitudinal layout), ensuring a reduction in this category's share of emissions to 

approximately 2% (compared to 7.35% of the initial configuration with longitudinal 

layout). To understand which of these two solutions is the most convenient to 

implement, it will be necessary to also consider the economic impact associated with 

each of them, which will be taken into account in the “Economic analysis” and 

“Priority Formulation” paragraphs.  

5.2.3. Picking policies impacts 

This paragraph analyses the emissions resulting from pallet load movements in the 

picking area, considering the impact of different routing strategies and product 

allocation policies. As reported in the taxonomy, two solutions have been considered 

in the model for both policies: transversal and return for the routing policy, random and 

ABC for the product allocation policy. 

In the base case configuration, the combination of transversal and random policies was 

chosen. To facilitate clearer communication of the results, the opposite combination of 

policies was selected for presentation, allowing for a comparison with the initial 

configuration to evaluate the differences. Similarly, the results have been presented 

across three scenarios, each representing a different layout of the reserve area, as the 

calculation of the various functional areas of the warehouse depends on this factor. 

The Figure 5.3 shows the results of environmental emissions generated by the different 

picking policies, highlighting the three layout scenarios of the reserve area previously 

described. 

 

 

Figure 5.3: Environmental impact of picking policies solutions. 
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The portion of 𝐶𝑂2eq emissions related to picking policies compared to total 

warehouse emissions is approximately 0.20% for the three scenarios considered. 

Consequently, this category has a relatively minor environmental impact compared to 

others. However, it remains a variable that can be optimized to further reduce the 

warehouse's overall carbon footprint. Compared to the initial configuration, a return 

policy associated with an ABC product allocation policy guarantees a 34% reduction 

in emissions generated in the longitudinal layout scenario of the reserve area. The 

results of all the different policy combinations were evaluated in the model, but the 

one described above represents the best in terms of environmental impact. The 

combination that guarantees the worst carbon footprint is a return and random policy, 

causing an increase in consumption of 49.8% compared to the base case configuration. 

Instead, using a transversal and ABC allocation policy allows a slight saving of 8.9% 

compared to the base case. 

In conclusion, it is possible to state that the most convenient picking policies in terms 

of sustainability are the return and ABC product allocation policies which, however, 

represent only 0.12% of the overall emissions generated by the warehouse. 

5.2.4. HVAC and refrigeration system impacts 

In this section, the results relating to the environmental impact generated by the 

HVAC and refrigeration system will be analysed. In the studied model, two types of 

systems were considered: traditional HVAC system and intelligent HVAC system. The 

second differs from the traditional solution, applied in the base case configuration, for 

the presence of IoT technologies, which allow to regulate the temperatures of the 

various areas according to their needs, decreasing electrical consumption and 

consequently environmental consumption. In the analysis of the results, three 

scenarios are analysed, which identify the different layouts of the reserve area. The 

sizing of the reserve area represents a fundamental variable to take into account for 

the evaluation of the consumption associated with this system, since 55% of the surface 

must be kept at a temperature of 2 °C, while 20% at a temperature of -18 °C, to 

guarantee the conservation of frozen products. The Figure 5.4 shows the results of 

environmental emissions generated by the different HVAC and refrigeration system, 

highlighting the three layout scenarios of the reserve area previously described. 
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Figure 5.4: Environmental impact of HVAC and refrigeration system solutions. 

 

It can be observed in each of the scenarios presented that the intelligent HVAC system 

brings benefits in terms of reduction of environmental impact for the warehouse, but 

it is important also to evaluate the costs increase related to its implementation, which 

will be explored in more detail later. The environmental impact of a traditional HVAC 

system is significantly high compared to the total warehouse consumption, reaching 

33% in the case of a longitudinal and transversal layout and 44% in an AS/RS 

configuration. This category is the largest contributor to the total impact, making it a 

crucial factor to address when aiming to reduce the warehouse's carbon footprint. 

With the implementation of an intelligent HVAC system, significant savings can be 

achieved in terms of emissions. The results for the longitudinal and transversal layout 

scenarios are highly similar, both achieving a 21% reduction in emissions. However, 

the longitudinal layout performs slightly better in terms of absolute reduction. It is 

interesting to note that in the AS/RS scenario, the traditional HVAC system records 

the highest emissions. This difference is due to the different shape of the reserve area. 

Unlike the traditional reserve area, an AS/RS occupies a smaller surface area but 

extends significantly in height, necessitating the maintenance of low temperatures 

even at higher altitudes. It is interesting to note that the implementation of an 

intelligent system guarantees the greatest savings compared to the initial case, 

reducing emissions by 31%. 

5.2.5. Lighting system impacts 

In this paragraph, the results related to the emissions generated by the warehouse 

lighting system will be studied. In the studied model, three solutions were considered: 

traditional lighting system, smart lighting system, lighting system supported by a heliostat 

system. In the traditional system, the main lighting source is low-consumption LEDs, 

and it identifies the lighting system of the base case scenario. The smart lighting system 
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differs from the conventional one due to the presence of sensors that enable both the 

modulation of light intensity and the automatic switching on and off of the system 

based on actual needs. Finally, the last system consists of LED lighting combined with 

the optimization of natural light through the presence of a heliostat system installed 

externally to the warehouse. For this category, the three layout scenarios described 

above were evaluated, since the warehouse surface is a variable that affects these 

consumptions and consequently the environmental impact. The Figure 5.5 shows the 

results of the three scenarios mentioned above. 

 

 

Figure 5.5: Environmental impact of lighting system solutions. 

 

This category accounts for a substantial share of the warehouse's total impact, 

approximately 11% in the longitudinal and transversal scenario, and 14.6% in an 

AS/RS configuration. Consequently, it is important to evaluate possible solutions that 

can generate an improvement in terms of environmental impact. The first two 

scenarios share similar results, with a slight improvement in terms of emissions in case 

of a longitudinal layout. The solution that potentially guarantees the greatest energy 

savings is the lighting system supported by the heliostat system, with a reduction of 

22% compared to the base case configuration. However, an economic analysis 

comparing the implementation of the various solutions will be essential to have a 

clearer indication on which one to prefer. 

Considering an AS/RS, the different configuration of the reserve area, which extends 

primarily in height, results in absolute 𝐶𝑂2 emissions for this category being 18% 

higher than in the two previous scenarios. The result of the implementation of the 

solutions in this scenario of a heliostat system can result in a 24% reduction in 

emissions, while the installation of a smart lighting system can achieve a 16% decrease. 
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5.2.6. Packaging impacts 

In this section, the results related to the environmental impact generated by food 

packaging will be analysed. For this consumption category, the resulting 

environmental impact considers the entire life cycle of the packaging, from its 

production to recycling or disposal. In the model of refrigerated food warehouse 

developed, four packaging solutions were considered: PET, 30% bio-based PET, 100% 

bio-based PET and intelligent packaging. For this category, only the base case 

configuration scenario was analysed, in which the reserve area is arranged according 

to a longitudinal layout, since its sizing does not represent a relevant parameter for the 

evaluation of the environmental impact of this category. The Figure 5.6 shows the 

results in terms of 𝐶𝑂2 emissions generated by food packaging. 

 

 

Figure 5.6: Environmental impact of packaging solutions. 

 

In the base scenario, the food packaging chosen is made of PET. It accounts for the 

second-largest share of the total emissions produced by the warehouse, approximately 

18.3%. For this reason, the packaging choice represents a crucial factor to take into 

consideration to reduce the warehouse carbon footprint. 

Based on the results obtained, it is noticeable that increasing the organic content of 

packaging leads to a greater reduction in environmental emissions. Using the 100% 

bio-based PET, it is possible to obtain a 21% reduction in emissions, while applying 

30% bio-based PET achieves a saving of approximately 12%. Finally, intelligent 

packaging achieves a 20% reduction in environmental impact compared to PET, 

excluding the additional emission reductions potentially linked to decreased food 

waste associated with this packaging type. In fact, due to its composition, it can 

intuitively indicate the preservation state of the food it contains, enabling better stock 

rotation management in the warehouse and consequently reducing food waste. 

Marina Stramarkou et al. [27], conducts an LCA analysis on the environmental impact 

generated by this type of innovative packaging. It estimates that the environmental 

impact related to long-term climate change, which considers both the entire life cycle 

of the packaging and the reduction of food waste generated thanks to its 

implementation, is equal to 4.16 kg𝐶𝑂2eq/kg. Consequently, its introduction in the 

refrigerated food warehouse, also considering the reduction of food waste, would 
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generate 165,586 kg𝐶𝑂2 eq/year, determining an overall reduction from the base case 

configuration of approximately 40%. 

The decision regarding the solution to be implemented must however take into 

account the respective economic impact of each material. This analysis will be 

considered later in the paragraph “Economic analysis” and “Formulation priority”. 

5.2.7. Renewable energy impacts 

In this section, the results related to the last category of the developed taxonomy, 

namely “renewable energy”, will be analysed. In the considered model, the feasibility 

of harnessing solar energy as a renewable power source for the warehouse was 

assessed. For this reason, the impact of installing photovoltaic systems of different 

sizes was evaluated, aiming to support a portion of the warehouse's energy demand. 

This category is the only one that positively contributes to the overall atmospheric 

emissions balance, as it reduces the environmental impact associated with the 

warehouse's energy demand by providing a sustainable energy source. For this 

category, the results in terms of 𝐶𝑂2 emissions saved were evaluated for the three types 

of layouts previously described. In fact, to allow a better comparison of the results, it 

was decided to quantify the area of the photovoltaic system as a percentage of the total 

area of the warehouse roof, and since it varies according to the type of layout of the 

reserve area, it was necessary to present the three scenarios. The Figure 5.7 shows the 

results of the three scenarios mentioned above. 

 

 

Figure 5.7: Environmental impact of renewable energy solutions. 
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For this category, both the electricity consumption and the environmental savings 

achieved thanks to the introduction of the photovoltaic system were reported. 

Furthermore, the percentage reduction in the warehouse's carbon footprint was 

quantified. 

The larger the area of the photovoltaic system, the greater the amount of electrical 

energy produced, leading to a corresponding reduction in 𝐶𝑂2 emissions. The results 

obtained for the layouts that identify a traditional reserve area are very similar, since 

the difference in the warehouse surfaces of the two scenarios is very small. It was 

decided to consider up to an extension of 25% of the total warehouse area because this 

guarantees the production of electrical energy that would almost entirely satisfy the 

requirement, in terms of kWh/year, of the base case configuration (2,992,701 

kWh/year). 

Analysing instead the scenario with an AS/RS, the total surface of the warehouse is 

smaller than the previous ones, and consequently also the energy production, 

considering the same portion of area covered, will be lower. For this reason, an 

additional surface extension option equal to 30% of the total area has been introduced 

in this scenario. However, the electricity generated in this case is not sufficient to fully 

meet the energy needs of the warehouse. 

In conclusion, the assessment of the solution to be implemented for this category 

should take into account both the reduction in 𝐶𝑂2 emissions achieved, and the 

investment required for each option. 

5.3. Economic analysis 

The analysis undertaken so far has assessed the results in terms of 𝐶𝑂2 emissions of 

the various solutions described in the taxonomy. What has not yet been addressed is 

the economic evaluation that quantifies both the investment, and the operating costs 

related to each of them. This analysis, together with the previously described 

environmental assessment, enable a more comprehensive evaluation of potential 

solution choices, offering the reader insight into which solutions should be prioritized 

for implementation. 

The economic analysis performed focuses on the estimation of the initial investment 

incurred to implement the various technologies, the operating costs associated with 

the electrical consumption of the solution, the difference between the total costs 

incurred for the implementation of the new technology and those related to the 

configuration of the base scenario and finally the payback period of the investment. It 

refers to the period needed for the positive cash flows to offset the initial expenses 

incurred. The payback period (PBP) was evaluated with the equation ( 5.2.7.1). 

𝑃𝐵𝑃 =
𝐼𝑛𝑠 − 𝐼𝑠 𝐵𝐶

𝑂𝐶𝑠 − 𝑂𝐶𝑠 𝐵𝐶
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( 5.2.7.1) 

Where “𝐼𝑛𝑠” e “𝐼𝑠 𝐵𝐶” indicate respectively the investment incurred to implement the 

new solution and the investment incurred to implement the solution of the base case 

configuration, while “𝑂𝐶𝑠” e “𝑂𝐶𝑠 𝐵𝐶” identify the operating costs of the new solution 

and the one chosen in the base case scenario.  

In this analysis, the economic results associated with two scenarios will be presented: 

longitudinal layout and AS/RS. Considering a traditional reserve area, the longitudinal 

and transversal layout scenarios are characterized by very similar results, for this 

reason it was decided to present the economic impact associated with the base case 

layout scenario. Since the investment for an AS/RS is decidedly relevant and the costs 

of some technologies studied depend on the size of the warehouse, it was necessary to 

also present the scenario that identifies this type of configuration. The Table 5.3.1 

shows the results related to the economic analysis conducted. 

 

 

 

Table 5.3.1: economic analysis of the solutions in longitudinal layout scenarios and AS/RS 

scenarios. 
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The first category for which the economic impact will be assessed is the “material 

handling system”. The initial investment for this category considers the number of 

forklifts needed to satisfy the warehouse throughput. It can be noted that the 

technologies considered require very different investments, particularly the 

counterbalance hydrogen powered fuel cell forklift has a cost of around 50,000 euros 

per vehicle. The operating costs instead vary based on the electrical consumption 

associated with each solution, consequently they follow the same trend as the 

environmental emissions generated by them. The solution that turns out to be the most 

economically advantageous is the counterbalance LIB forklift, which after two years 

of implementation can generate a profit, while the hydrogen technology is highly 

discouraged from an economic point of view, where the operational savings would 

take 23 years, in a traditional warehouse, and 26 years in an AS/RS to recover the initial 

investment. Furthermore, it should be noted that the investment relating to the 

installation of an AS/RS that guarantees the required throughput amounts to 1,305,000 

euros, including the costs for the structure, software, installation and shuttles that 

carry out the pallet handling activities. 

The second category analysed is the “lighting system”. The investment required for 

the installation of a smart lighting system is 25% more expensive than a traditional 

LED system, but it would guarantee an economic gain for the warehouse starting from 

the fourth year of implementation. The installation of a heliostat system is very 

expensive. The difference with a traditional system is approximately 840,000 euros. 

The annual operating costs thanks to the introduction of this technology are reduced 

by 22% compared to the base case, but this involves a significantly high payback 

period, equal to 47 years in a traditional warehouse and 37 in an AS/RS. The operating 

costs of the two scenarios differ significantly due to the substantial variation in the 

surface areas occupied by the two types of warehouses. 

Analysing now the costs associated for the “HVAC and refrigeration system”, it is 

observed that the implementation of a smart system would involve an initial 

investment of about 30% higher than that of a traditional system. In the longitudinal 

warehouse scenario, however, the operating costs would be reduced by 21%, allowing 

to recover the investment in six years. Due to a different warehouse configuration, in 

an AS/RS, the difference in total cost relating to the introduction of the smart system 

compared to the traditional one is much lower than in the first scenario. This 

guarantees the possibility of generating positive cash flows starting from the third year 

of implementation. 

The costs associated with the “food packaging” used were then assessed. The cost of 

packaging rises as the proportion of its biological component increases. Additionally, 

Marina Stramarkou et al. [27] estimate that the price of intelligent packaging is 

approximately 84% higher than that of PET packaging. 
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Finally, the investments and savings in terms of operating costs associated with the 

installation of a “photovoltaic system” were evaluated. The larger the system's 

coverage area, the higher the investment costs; however, this also results in greater 

savings in operating costs. For both solutions, the payback period of this investment is 

equal to 5 years. 

5.4. Priority formulation 

This section integrates the insights gained from analysing the environmental and 

economic results of the various solutions, aiming to establish an implementation 

priority across different categories. To accomplish this, a matrix was developed to 

categorize the different practices into four priority areas, based on their associated 

costs and environmental impact (Figure 5.8). 

 

 

Figure 5.8: Priority matrix based on environmental and economic impacts. 

 

As shown by the matrix in Figure 5.8, four groups of solutions have been identified: 

- Core solution: they are the solutions that have the highest priority for 

implementation since they guarantee good reductions in 𝐶𝑂2 emissions and at 

the same time do not have a high economic impact compared to the practices 

implemented in the base case scenario. The LIB forklift, despite causing a 

slightly higher environmental impact than the hydrogen forklift, is 

significantly less expensive and consequently makes its implementation much 
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more convenient. Similar reasoning was carried out to compare 30% bio-based 

PET with intelligent packaging. The latter, in terms of sustainability, also 

considering the high probability of reducing food waste, is the packaging that 

guarantees the lowest ecological impact. However, it is characterised by a 

price that is three times higher than 30% bio-based PET, making the latter 

consequently the first choice for the “Packaging” category. 

 

- Strategic enhancement: this area contains all the solutions that have significant 

positive effects in terms of 𝐶𝑂2 reduction but at the same time are very 

expensive. Consequently, they are considered as strategic assets that 

guarantee excellent reductions in consumption in the immediate future, but 

which require several years to be able to return on their investment. The 

installation of an AS/RS guarantees, as the results show, great improvements 

in the warehouse's carbon footprint. However, it represents a very expensive 

investment, around 1.350.000 euros, which makes it a solution whose 

implementation must be carefully evaluated based on the company's plans. 

The heliostat system also falls into this class, as it brings significant 

environmental benefits but is at the same time characterized by a high cost. 

Finally, the photovoltaic system (20%) and (25%) have also been classified as 

strategic enhancements. It can be observed that the difference in emissions 

generated by the larger system compared to the smaller one is around 150,000 

kg𝐶𝑂2𝑒𝑞/year, but the economic difference amounts to around 280,000 euros. 

Based on the objective set for the warehouse, the solution with the greatest 

savings will be chosen in line with it. 

 

- Optimized improvement: the most economically convenient solutions but which 

cause a high production of 𝐶𝑂2 are contained in this class. These solutions are 

the ones implemented in the base case scenario, with the exception of the 

photovoltaic system (10%). If the objective set for the warehouse is to 

approach an environmental solution that reduces a good part of the emissions, 

without requiring a significant economic outlay, the the installation of a 

photovoltaic system of this type is certainly a valid option and should be 

taken into consideration. 

 

- Future innovation: this class identifies solutions that do not generate a 

significant improvement in terms of 𝐶𝑂2 emissions and at the same time are 

expensive to implement. The only solution belonging to this class is the LAB 

forklift, since compared to other solutions of its category, it is more expensive 

that the base case solution, and at the same time does not have a so relevant 



5| Analysis of results and discussion 103 

 

 

ecological impact as the LIB and the hydrogen forklift do. It follows that this 

solution is highly discouraged to introduce compared to the other three 

proposals. 

In conclusion, the four identified classes serve as a guide for the reader in selecting 

which solutions to implement in their warehouse, considering both their financial 

resources and the environmental goals they aim to achieve. 

5.5. Simulation and optimal warehouse configuration 

Thanks to the information obtained from the analysis of the economic and 

environmental results, a new warehouse configuration characterized by a lower 

carbon footprint was formulated. Various simulations were carried out, modifying the 

decision variables and introducing the different solutions of each category. It is 

possible to understand the variables chosen for this configuration and the 

environmental results obtained in Figure 5.9. 

 

 

Figure 5.9: Suggested warehouse configuration and environmental results. 

 

Compared to the base case configuration, all solutions within the "core solution" class 

have been implemented in this warehouse. These solutions offer excellent results in 

reducing environmental impact while requiring a relatively low economic investment. 

Among them it is possible to mention counterbalance LIB forklift, HVAC and refrigeration 

intelligent system, smart lighting system and 30% bio-based PET packaging. 

Subsequently, the picking policies were changed with respect to the base case scenario, 

selecting the combination that emerged as the most ecologically convenient in the 

analysis of the environmental results, namely return policy and ABC product allocation 

policy. As regards the “renewable energy” category, it was decided to introduce into 



104 5| Analysis of results and discussion 

 

 

the configuration the photovoltaic system with an extension equal to 10% of the warehouse 

surface to also evaluate its benefits. 

Similarly to the base case configuration, a traditional reserve area arranged according 

to a longitudinal layout was initially considered, since the results demonstrated a better 

performance of the latter, in terms of environmental impact, compared to a transversal 

layout. Finally, it was possible to modify various decision variables related to the 

reserve area configuration in order to obtain a better environmental result. In the 

proposed configuration each bay can accommodate four pallets, taking advantage of its 

double width. Furthermore, the height of the reserve area is 8 meters, and the position of 

the I/O point is in the corner of one side. 

The warehouse area with this configuration is 19.680 meters, approximately 47% 

smaller than the base case configuration, while the result in terms of 𝐶𝑂2 emissions 

generated amounts to approximately 692.668 kgCO2eq/year. The 92.7% of these 

emissions are caused by long-term physical assets and the remaining 7.3% by 

operational activities. The proposed configuration guarantees a saving of 

approximately 55% of emissions generated compared to the base case configuration. 

Finally, the result obtained from the same configuration but considering the 

installation of an AS/RS was evaluated. The Figure 5.10 shows the results related to 

this new scenario. 

 

 

Figure 5.10: AS/RS warehouse configuration and environmental results. 

 

It is possible to observe how the total warehouse surface is reduced by 38% compared 

to the previously studied scenario and this is mainly due to the considerable height 

extension of the reserve area. This introduction in the warehouse generates a further 

improvement in the environmental impact of 8% compared to the previous 
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configuration, however it is necessary in this case to appropriately evaluate the 

relationship between this improvement and the increase in total costs incurred. 
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6 Summary of the results 

6.1. First research question 

The first research question asks what are the main categories of solutions that 

determine the environmental impact of a refrigerated food warehouse. The narrative 

literature review, strengthened by the introduction of a systematic query to define the 

study perimeter, deepened with a backward reference snowball sampling, allowed to 

answer the first question. This analysis revealed twenty solutions that determine an 

environmental impact in a refrigerated food warehouse, classified into seven 

consumption categories: “Layout”, “Packaging”, “Picking Policies”, “Material 

handling Systems”, “Lighting”, “Renewable Energy” and “HVAC”. Within the 

“Picking policies” category, it was decided to make a further subdivision, considering 

the “Routing policy” and “Product allocation policy”. They have been summarized in 

the taxonomy presented in Figure 6.1. 
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Figure 6.1: Taxonomy of the solutions. 
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The seven categories have been grouped into two macro-areas: "Building Solutions” 

(packaging, material handling system, lighting, renewable energy, HVAC), which 

includes physical technologies used in a food warehouse, and "Stock-Management 

Solutions" (layout, picking policies), which covers strategic internal management 

practices aimed at minimizing economic and environmental impact.  

Analysing the “Building Solutions”, the “Packaging” category identifies possible 

materials used as food packaging and in particular the impacts of three different 

solutions were studied: PET packaging, biological packaging, intelligent packaging. 

Subsequently, the “Material handling system” category includes different types of 

technologies used to power forklifts, used to move pallet loads inside the warehouse. 

Four solutions were analysed in this thesis work: counterbalance LPG forklift, 

counterbalance lead acid battery forklift, counterbalance lithium-ion battery forklift, 

counterbalance hydrogen powered cell forklift. The third category belonging to this group 

is “Lighting”, related to the type of lighting system used in the warehouse. Three 

solutions were analysed for this category: LED illumination, heliostat system, illumination 

sensors. Additionally, the "Renewable Energy" category is included within the building 

solutions and identifies potential solutions that generate renewable energy, which can 

be utilized within a warehouse. For this category, the effect of installing a photovoltaic 

system of different sizes was studied. Finally, the “HVAC” category includes solutions 

related to the HVAC and refrigeration system and is made up of two alternatives: 

traditional HVAC system, intelligent HVAC system. 

The “Stock Management Solutions” instead include the “Layout” and “Picking 

policies” categories. The first refers to different alternatives of arrangement and 

conformation of the reserve area. In particular, the solutions analysed are three: 

longitudinal layout, transversal layout and AS/RS. The second category is further divided 

into "Routing Policy" and "Product Allocation Policy." These respectively define the 

strategies for operator movement and product placement within the picking area. 

Regarding routing policies, the return policy and the transversal policy were analysed, 

while the product allocation policy includes the random policy and the ABC policy. 

6.2. Second research question 

The second research question investigates which categories have the highest 

contribution to the total emissions of a refrigerated food warehouse and identifies the 

most effective solution within each category for minimizing the warehouse's 

environmental impact. To answer this question, an analytical model of the warehouse 

was created, characterized by interactive decision variables that identify the different 

solutions to be analysed. A warehouse base case configuration was initially defined, 

used as a benchmark to evaluate the impacts of the different solutions. The Figure 6.2 

illustrates the percentage contribution of each category to the total emissions of the 
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warehouse in the base case configuration, providing a clear comparison of their 

environmental impacts. 

 

 

Figure 6.2: Impact of each consumption category in the base case configuration. 

 

As can be seen, the three categories that contribute most to the warehouse carbon 

footprint are “HVAC and refrigeration system”, “Packaging” and “Lighting system”. 

After establishing the consumption associated with the base case scenario, simulations 

were conducted by varying the solutions used for each category individually. This 

approach allowed for the collection of results and the identification of the most 

effective solution in each category in terms of minimizing environmental impact, as 

well as an assessment of its overall contribution to reducing the warehouse’s total 

emissions. 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. 

The Figure 6.3 shows the 𝐶𝑂2 emissions saved thanks to the implementation of the 

most sustainable solutions of each category for the three scenarios. 
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Figure 6.3: Environmental impact reduction due to the implementation of the lowest 

consumption solutions for each category in three layout scenarios. 

 

Looking at the results of the three scenarios, in each of them the solutions that 

guarantee the lowest environmental impact for each category are the same. 

Specifically: intelligent HVAC, 100% bio-based PET packaging, heliostat system, Hydrogen 

forklift, return and ABC policy. The impact of the photovoltaic system has not been 

reported in the graphs since it is the only one that contributes positively to the total 

emissions of the warehouse, reducing them. The larger the area of the system, the 

greater the savings in terms of electricity and environmental consumption related to 

it. 

Comparing the three scenarios, the results obtained in the configuration with 

longitudinal layout and transversal layout are very similar to each other, highlighting 

a slight reduction in 𝐶𝑂2 emissions in absolute terms by opting for a longitudinal 

layout. In the AS/RS scenario, consumption differs compared to the two previously 

mentioned, and the result of emissions generated, considering only the categories 

analysed, is higher than the other two scenarios. It should be noted, however, that the 

overall emissions associated with this last scenario are lower than those produced in 

the other two configurations. This is due to the fact that the “other consumption” 

category of the warehouse, which were not considered in the taxonomy, contribute 

positively to the total result, ensuring a reduction. 
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Finally, in each scenario, the intelligent HVAC system emerges as the solution that 

provides the most significant absolute reduction in emissions, achieving a 21% 

decrease in a traditional warehouse and 31% in an AS/RS compared to a conventional 

HVAC system. On the other hand, the hydrogen forklift stands out as the solution that 

delivers the highest percentage reduction within its category, lowering its contribution 

to total emissions by 71% in a traditional warehouse and 69% in an AS/RS. 

6.3. Third research question 

The third research question investigates the prioritization of implementing the various 

proposed solutions in a refrigerated food warehouse, with the goal of minimizing its 

environmental impact. Being aware uniquely of the annual 𝐶𝑂2 emissions generated 

by the different solutions studied does not univocally identify the most convenient 

solution to implement. Indeed, the choice of implementation is usually based on at 

least two factors: the environmental impact and the costs associated with it. Among 

the solutions studied, those that have been identified as the most convenient from an 

ecological point of view, since they are able to significantly reduce the environmental 

impact of the warehouse, are also the most expensive from an economic point of view 

and therefore not easily accessible. 

To address this research question, an economic analysis of the solutions was 

conducted, taking into account both the initial investment and the associated operating 

costs. This analysis complements the previously developed environmental impact 

assessment, providing a more comprehensive evaluation. To compare these two 

analyses, a matrix was developed capable of classifying the solutions into four groups 

that differ on the basis of the associated implementation priority. The aim is to 

determine which solution guaranteed good results in terms of environmental savings 

but at the same time was not excessively expensive and therefore could be 

implemented as soon as possible, to immediately guarantee good environmental 

savings. 

The four groups have been named as follows: “Core solution”, “Strategic enhancement”, 

“Optimized improvement” and “Future innovation”. The first category includes solutions 

that offer a significant reduction in environmental impact while maintaining 

reasonable costs. These solutions are prioritized for immediate implementation due to 

their balanced benefits in terms of sustainability and affordability. Among these: LIB 

forklift, smart lighting system, 30% bio-based PET packaging, intelligent HVAC. 

Depending on the environmental goals established by the reader for their warehouse 

and the available budget, a decision can be made between the solutions in the 

"Strategic enhancement" and "Optimized improvement" groups. In fact, to 

significantly reduce the carbon footprint of the warehouse without worrying about 

costs, the solutions contained in the “Strategic enhancement” group are the most 

recommended. Among them: AS/RS, hydrogen forklift, LED lighting system with heliostat, 
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100% bio-based PET packaging, intelligent packaging, photovoltaic system with a surface 

area of 20% or 25% compared to the total surface area of the warehouse. If the goal is 

to ensure an initial reduction in environmental consumption without incurring high 

costs, the recommended solutions are those contained in “Optimized improvement”. 

It includes LPG forklift, LED lighting system, HVAC system, PET packaging, photovoltaic 

system with a surface area of 10% of the total warehouse surface area.  

Finally, the “Future innovation” group contains solutions that do not guarantee 

significant reductions in terms of environmental impact and that at the same time are 

expensive to implement. The only solution contained in this category is the LAB 

forklift, which therefore, compared to the others presented in its category, is the most 

discouraged for implementation. 

6.4. Fourth research question 

The last research question asks which warehouse configuration can guarantee a 

significant reduction in environmental impact compared to the one presented as the 

base case configuration. Thanks to the iterative analytical model developed, it was 

possible to perform simulations to observe how the environmental impact of the 

warehouse changed based on the introduction of several different solutions at the 

same time, also studying their combined effects. The choice of the configuration was 

made based on the analysis of the implementation priorities previously described. In 

fact, the solutions belonging to the “Core solution” group and the decision variables 

inherent to the reserve area configuration, that guarantee the best ecological impact, 

were introduced. The results obtained with this configuration are shown in Figure 6.4 

. 

 

 

Figure 6.4: Environmental impact comparison between base case configuration and 

suggested configuration. 
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The annual emissions generated by the new configuration guarantee a reduction of 

approximately 55% compared to those emitted with the base case configuration. It is 

observed that the category that has most positively influenced the final result in 

absolute terms is the HVAC and refrigeration system, also supported by a large 

contribution from the introduction of a photovoltaic system covering 10% of the total 

surface area. 

Finally, the impact of replacing a traditional reserve area with an AS/RS was analysed 

to understand how this change affected the results of the warehouse’s emissions. The 

results for this implementation are shown in Figure 6.5. 

 

Figure 6.5: Environmental impact comparison between suggested configuration and AS/RS 

configuration. 

 

The installation of an AS/RS results in an 8% reduction in emissions compared to the 

configuration with a traditional reserve area. The HVAC and refrigeration system is 

the category that most determines this positive result, together with the category 

“Other consumptions”, where the emissions associated with the refrigerant used are 

lower due to the smaller surface area of the warehouse to cover. Finally, it is observed 

that the photovoltaic system has a lower impact on savings than the traditional 

warehouse scenario. This is due to the fact that considering the same percentage of 

occupied area (10% of the total warehouse area), the second solution is characterized 

by a smaller one and so also the system is smaller and generates less electricity. 

 





 117 

 

 

7 Conclusions and future developments 

The aim of this thesis work is to identify the main categories of 𝐶𝑂2 emissions of a 

refrigerated food warehouse, evaluating for each of them the effects in terms of 

environmental and economic impact associated with the introduction of one or more 

technological and strategic solutions in a base case configuration. Unlike previous 

studies in the literature, this work goes beyond analysing a single solution. Instead, it 

evaluates multiple solutions both individually and in combination, examining their 

adoption within the warehouse and highlighting the interactions between them. 

Finally, by evaluating the environmental and economic impact of each of them, a 

matrix will be defined that classifies the different solutions in terms of implementation 

priority. 

The objective was formulated according to four research questions: 

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 a warehouse's environmental impact, 

and which solutions, within these classes, offer the greatest potential for 𝐶𝑂2 

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?  

To address these questions, a narrative literature review was conducted, 

complemented by a systematic query to define the study's perimeter and enhanced 

through a backward reference snowball sampling approach. Subsequently, an 

analytical model was developed to represent the sources of consumption and 𝐶𝑂2 

emissions related to a refrigerated food warehouse located in the city of Milan. The 

software used to create this model is Microsoft Excel, due to its user-friendly interface 

and intuitive visualization of the results. To evaluate the environmental impact of the 

different consumption categories, a carbon footprint analysis was adopted, measuring 

the greenhouse gas (GHG) emissions of the various processes. Electricity consumption 
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was converted into greenhouse gas emissions using the Italy’s energy mix factor, equal 

to 0.2736 kg𝐶𝑂2/kWh. Finally, several simulations were performed, modifying the 

decision variables of the analytical model, to evaluate the effects in terms of 

environmental impact of the introduction of the various solutions with respect to a 

base case scenario. 

In this thesis work, the environmental and economic impacts of twenty technological 

and strategic solutions, belonging to seven consumption categories related to a 

refrigerated food warehouse, were identified and summarized in a taxonomy. 

Subsequently, the environmental impact of a warehouse implementing a set of 

solutions, identified as base case scenarios, was quantified, amounting to 1,528,766 

kg𝐶𝑂2eq/year. The consumption categories that contribute most to the total emissions 

of the warehouse are “HVAC and refrigeration system” (32.7%), “Packaging” (18.2%) 

and “Lighting system” (10.8%). By analysing the individual implementation of each 

solution, it was found that the intelligent HVAC and refrigeration system provides the 

greatest environmental savings for the warehouse in absolute terms, achieving a 21% 

reduction in emissions compared to a traditional HVAC and refrigeration system. 

Moreover, an additional reduction in 𝐶𝑂2 emissions of 21% and 24% is achieved by 

implementing 100% bio-based PET packaging and a heliostat lighting system, 

respectively. However, the economic analysis revealed that the solutions characterized 

by the lowest 𝐶𝑂2 emissions generated, are the most expensive to implement. By 

comparing the results of the two analyses, a matrix was defined. The “Core Solution” 

group contains the most convenient solutions to implement, since they are 

characterized by good results in terms of environmental impact and convenient costs. 

Among them, the following stand out: LIB forklift, smart lighting system, 30% bio-

based PET packaging, intelligent HVAC system. Finally, the environmental impact for 

a new warehouse configuration was assessed, introducing the aforementioned 

solutions, along with a longitudinal reserve area, return and ABC product allocation 

policies and a photovoltaic system covering 10% of the total surface area. The results 

indicate a 47% difference in warehouse surface area and a 55% reduction in 𝐶𝑂2 

emissions, primarily driven by decreased energy consumption from the intelligent 

HVAC and refrigeration system, the refrigerant, and the implementation of the 

photovoltaic system. This solution was compared to an identical configuration, 

differing only in the type of reserve area, implementing an AS/RS to assess its potential 

benefits. he implementation of an AS/RS results in an 8% reduction in emissions 

compared to the previous configuration but leads to an additional cost of 1,350,000 

euro. 

The thesis offers a contribution both in the academic and managerial fields. The work 

is useful for the academic community because the analysis focuses on aspects that are 

not well explored in the literature, enriching it with a study that will allow the 

development of future research that will guarantee greater knowledge of the topic and 
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consequently a further improvement of the environmental practices applied for a 

refrigerated food warehouse. The contributions for a reader coming from a managerial 

field are multiple. The thesis offers a clear and comprehensive vision of the 

consumption categories related to a refrigerated food warehouse and develops an 

environmental and economic impact analysis related to the implementation of the 

most widespread solutions for each category. This approach provides insight about 

the main areas of intervention to reduce the warehouse’s carbon footprint, and offers 

recommendations on the most suitable solution based on environmental goals and 

economic feasibility. Finally, the analytical model provided allows to quantify the 

environmental impact of an existing warehouse, modifying the decision variables, and 

at the same time to be aware about the impact associated to the introduction of a new 

solution inside that specific situation. 

The study presents some limitations that reduce the complexity of the analysis but at 

the same time without undermining the coherence and validity of the results. One of 

them regards the selection of the solutions analysed. In this thesis work, the solutions 

most discussed in the literature studies were analysed. However, some practices have 

been neglected, so it would be interesting to include in the model in the future. 

Furthermore, several assumptions were made regarding the economic analysis of the 

different solutions. In particular, the investment costs related to the category of 

"HVAC and refrigeration system" and "lighting system" derive from an average of 

investment costs of real cases provided by companies in the sector, which therefore do 

not accurately quantify this value. Considering the investment costs for the "material 

handling equipment" category, the evaluation was limited to the purchase price of the 

different types of forklifts, excluding the costs associated with the charging 

infrastructure, both electric and hydrogen. Finally, it was assumed that the energy mix 

factor of the country (Italy) would be used as the conversion coefficient for electricity 

consumption into 𝐶𝑂2eq emissions across the various categories, rather than using the 

factor related to the warehouse's energy supplier, which may differ from the national 

one. 

Considering these limitations, future research could explore the aspects omitted in this 

thesis to enhance the analysis. Among them, it would be possible to deepen the 

environmental and economic impact associated with the introduction of a geothermal 

system inside the warehouse and different types of refrigerants, due to their relevant 

environmental impact. A subsequent suggestion for future research concerns the 

performance of a more in-depth economic analysis, with the aim of considering 

specific costs for the various solutions. Furthermore, it is suggested to expand this type 

of analysis to the activities that constitute outbound logistics, evaluating the different 

solutions that can guarantee a reduction of the environmental impact related to the 

product transportation from a point of origin to a point of destination. Finally, it would 
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be possible to evaluate how much the geographical position of the warehouse 

influences its carbon footprint. 

 



 121 

 

 

8 References 

[1] European Parliament, “Ridurre le emissioni di anidride carbonica: obiettivi e 

politiche dell’UE.” [Online]. Available: 

https://www.europarl.europa.eu/topics/it/article/20180305STO99003/ridurre-le-

emissioni-di-anidride-carbonica-obiettivi-e-azioni-dell-ue#obiettivi-dellue-in-

materia-di-cambiamenti-climatici-e-green-deal-europeo-3 

[2] European Commission, “Climate report shows the largest annual drop in EU 

greenhouse gas emissions for decades.” [Online]. Available: 

https://commission.europa.eu/news/climate-report-shows-largest-annual-drop-

eu-greenhouse-gas-emissions-decades-2024-11-05_en# 

[3] European Parliament, “Greenhouse gas emissions by country and sector,” 2024. 

[Online]. Available: 

https://www.europarl.europa.eu/pdfs/news/expert/2018/3/story/20180301STO9

8928/20180301STO98928_en.pdf 

[4] Eurostat, “Greenhouse gas emissions by source sector.” [Online]. Available: 

https://ec.europa.eu/eurostat/databrowser/view/env_air_gge__custom_1479017

8/default/table?lang=en 

[5] S. Doherty and Seb Hoyle, “Supply Chain Decarbonisation: The Role of Logistics 

and Transport in Reducing Supply Chain Carbon Emissions,” 2009. 

[6] B. N. Green and C. D. Johnson et al., “Writing narrative literature reviews for 

peer-reviewed journals: secrets of the trade,” 2006. 

[7] M. Bearman and C. D. Smith et al., “Systematic review methodology in higher 

education,” Dec. 2012. doi: 10.1080/07294360.2012.702735. 

[8] J. Lecy and K. Beatty, “Structured Literature Reviews Using Constrained 

Snowball Sampling and Citation Network Analysis,” 2012. 

[9] E. Garfield, “From Computational Linguistics to Algorithmic Historiography,” 

2001. 

[10] A. Meneghetti and F. Dal Magro et al., “Fostering renewables into the cold chain: 

How photovoltaics affect design and performance of refrigerated 

automatedwarehouses,” Energies (Basel), vol. 11, no. 5, 2018, doi: 

10.3390/en11051029. 



122 8| References 

 

 

[11] T. S. Le and T. N. Nguyen et al., “Optimal sizing of renewable energy storage: A 

techno-economic analysis of hydrogen, battery and hybrid systems considering 

degradation and seasonal storage,” Appl Energy, vol. 336, Apr. 2023, doi: 

10.1016/j.apenergy.2023.120817. 

[12] S. Wang and E. Tonge et al., “On the State-of-the-Art of Solar, Wind, and Other 

Green Energy Resources and Their Respective Storage Systems,” Mar. 01, 2023, 

Multidisciplinary Digital Publishing Institute (MDPI). doi: 10.3390/eng4010052. 

[13] K. Fikiin and B. Stankov et al., “Refrigerated warehouses as intelligent hubs to 

integrate renewable energy in industrial food refrigeration and to enhance 

power grid sustainability,” Feb. 01, 2017, Elsevier Ltd. doi: 

10.1016/j.tifs.2016.11.011. 

[14] Z. You and L. Wang et al., “System design and energy management for a fuel 

cell/battery hybrid forklift,” Energies (Basel), vol. 11, no. 12, Dec. 2018, doi: 

10.3390/en11123440. 

[15] B. Martin and J. Gerfried et al., “Hydrogen powered fuel cell forklifts - 

Demonstration of green warehouse logistics,” in 2013 World Electric Vehicle 

Symposium and Exhibition, EVS 2014, Institute of Electrical and Electronics 

Engineers Inc., Oct. 2014. doi: 10.1109/EVS.2013.6914853. 

[16] F. Boenzi and S. Digiesi et al., “Greening activities in warehouses: Amodel for 

identifying sustainable strategies in material handling,” in Annals of DAAAM 

and Proceedings of the International DAAAM Symposium, Danube Adria 

Association for Automation and Manufacturing, DAAAM, 2015, pp. 980–988. 

doi: 10.2507/26th.daaam.proceedings.138. 

[17] G. Mummolo and G. Mossa et al., “Minimizing the carbon footprint of material 

handling equipment: Comparison of electric and LPG forklifts,” Journal of 

Industrial Engineering and Management, vol. 9, no. 5, pp. 1035–1046, 2016, doi: 

10.3926/jiem.2082. 

[18] F. Facchini and G. Mossa et al., “Sustainable Warehouse Logistics: a NIP Model 

for non-road vehicles and storage configuration selection,” 2015. [Online]. 

Available: https://www.researchgate.net/publication/281934800 

[19] F. Facchini and G. De Pascale et al., “Pallet picking strategy in food collecting 

Center,” Applied Sciences (Switzerland), vol. 8, no. 9, Sep. 2018, doi: 

10.3390/app8091503. 

[20] Y. Wu and X. Cheng, “Design of Indoor Lighting Control System for Human 

Body Signal Acquisition Based on Internet of Things,” Sci Program, vol. 2022, 

2022, doi: 10.1155/2022/3426539. 

[21] P. Cook and A. Sproul, “Towards low-energy retail warehouse building,” Archit 

Sci Rev, vol. 54, no. 3, pp. 206–214, 2011, doi: 10.1080/00038628.2011.590055. 



8| References 123 

 

 

[22] L. M. Fernández-Ahumada and M. Osuna-Mérida et al., “Use of Polar Heliostats 

to Improve Levels of Natural Lighting inside Buildings with Little Access to 

Sunlight,” Sensors, vol. 22, no. 16, Aug. 2022, doi: 10.3390/s22165996. 

[23] A. Panaksri and N. Sathirapongsasuti et al., “Life Cycle Comparative 

Assessment of Polyethylene Terephthalate (PET) Plastic Bottles: A Case Study 

of Drinking Bottled Water in Ramathibodi Hospital, Thailand,” Applied 

Environmental Research, vol. 46, no. 3, Jul. 2024, doi: 10.35762/AER.2024041. 

[24] L. S. Dilkes-Hoffman and J. L. Lane et al., “Environmental impact of 

biodegradable food packaging when considering food waste,” J Clean Prod, vol. 

180, pp. 325–334, Apr. 2018, doi: 10.1016/j.jclepro.2018.01.169. 

[25] M. Hasan and A. Utami et al., “Development of Environmentally Friendly and 

Intelligent Food Packaging Bio-Nanocomposite Films,” Ecological Engineering 

and Environmental Technology, vol. 25, no. 3, pp. 155–164, 2024, doi: 

10.12912/27197050/178388. 

[26] I. Chiu and T. Yang, “Biopolymer-based intelligent packaging integrated with 

natural colourimetric sensors for food safety and sustainability,” Jun. 01, 2024, 

John Wiley and Sons Inc. doi: 10.1002/ansa.202300065. 

[27] M. Stramarkou and C. Boukouvalas et al., “Life Cycle Assessment and 

Preliminary Cost Evaluation of a Smart Packaging System,” Sustainability 

(Switzerland), vol. 14, no. 12, Jun. 2022, doi: 10.3390/su14127080. 

[28] X. Wu, “Application of Intelligent Reverse Regulation in Uniform Heating of 

Buildings,” Informatica (Slovenia), vol. 48, no. 12, pp. 153–170, Sep. 2024, doi: 

10.31449/inf.v48i12.6211. 

[29] A. Oswiecinska and J. Hibbs et al., “Towards energy efficient operation of 

Heating, Ventilation and Air Conditioning systems via advanced supervisory 

control design,” in Journal of Physics: Conference Series, Institute of Physics 

Publishing, Nov. 2015. doi: 10.1088/1742-6596/659/1/012030. 

[30] D. Pamungkas and M. Pipattanasomporn et al., “Impacts of Solar PV, Battery 

Storage and HVAC Set Point Adjustments on Energy Savings and Peak Demand 

Reduction Potentials in Buildings; Impacts of Solar PV, Battery Storage and 

HVAC Set Point Adjustments on Energy Savings and Peak Demand Reduction 

Potentials in Buildings,” 2018. 

[31] F. Dadras Javan and I. A. Campodonico Avendano et al., “Machine-Learning-

Based Prediction of HVAC-Driven Load Flexibility in Warehouses,” Energies 

(Basel), vol. 16, no. 14, Jul. 2023, doi: 10.3390/en16145407. 

[32] N. Boysen and D. Briskorn et al., “Parts-to-picker based order processing in a 

rack-moving mobile robots environment,” Eur J Oper Res, vol. 262, no. 2, pp. 550–

562, Oct. 2017, doi: 10.1016/j.ejor.2017.03.053. 



124 8| References 

 

 

[33] M. F. Benaglia and M. H. Chen et al., “Improving the picking efficiency of a cold 

warehouse to avoid temperature abuse,” International Journal of Logistics 

Management, vol. 35, no. 5, pp. 1434–1464, Aug. 2024, doi: 10.1108/IJLM-01-2023-

0044. 

[34] F. Bindi and R. Manzini et al., “Similarity-based storage allocation rules in an 

order picking system: An application to the food service industry,” International 

Journal of Logistics Research and Applications, vol. 12, no. 4, pp. 233–247, 2009, doi: 

10.1080/13675560903075943. 

[35] S. Ene and İ. Küçükoğlu et al., “A genetic algorithm for minimizing energy 

consumption in warehouses,” Energy, vol. 114, pp. 973–980, Nov. 2016, doi: 

10.1016/j.energy.2016.08.045. 

[36] R. Carli and M. Dotoli et al., “Sustainable scheduling of material handling 

activities in labor-intensive warehouses: A decision and control model,” 

Sustainability (Switzerland), vol. 12, no. 8, Apr. 2020, doi: 10.3390/SU12083111. 

[37] G. Dukic, O. Tihomir, and U. Zagrebu, “Order-picking Methods and 

Technologies for Greener Warehousing”, [Online]. Available: 

https://www.researchgate.net/publication/286952752 

[38] J. Gu and M. Goetschalckx et al., “Research on warehouse design and 

performance evaluation: A comprehensive review,” Jun. 16, 2010. doi: 

10.1016/j.ejor.2009.07.031. 

[39] K. R. Gue and R. D. Meller, “Aisle Configurations for Unit-Load Warehouses,” 

2008. 

[40] F. Facchini and G. De Pascale et al., “Pallet picking strategy in food collecting 

Center,” Applied Sciences (Switzerland), vol. 8, no. 9, Sep. 2018, doi: 

10.3390/app8091503. 

[41] A. Alshaebi and H. Dauod et al., “Evaluation of Different Forklift Battery 

Systems Using Statistical Analysis and Discrete Event Simulation,” 2017. 

[Online]. Available: https://www.researchgate.net/publication/317357134 

[42] K. Lewczuk and M. Kłodawski et al., “Energy consumption in a distributional 

warehouse: A practical case study for different warehouse technologies,” 

Energies (Basel), vol. 14, no. 9, May 2021, doi: 10.3390/en14092709. 

[43] K. Liczmańska-Kopcewicz and A. Wiśniewska et al., “Willingness to implement 

innovative solutions for creating information-based added value in food value 

chains,” J Clean Prod, vol. 446, Mar. 2024, doi: 10.1016/j.jclepro.2024.141284. 

[44] L. Sokka and M. Välimäki et al., “Life cycle assessment of a new smart label for 

intelligent packaging,” Flexible and Printed Electronics, vol. 9, no. 1, Mar. 2024, 

doi: 10.1088/2058-8585/ad2279. 



8| References 125 

 

 

[45] R. Weinrich and E. Mielinger et al., “Decision-making processes on sustainable 

packaging options in the European food sector,” J Clean Prod, vol. 434, Jan. 2024, 

doi: 10.1016/j.jclepro.2023.139918. 

[46] K. Nemes and M. Konczos-Szombathelyi, “Capacity Expansion for Sustainable 

Development in Family Businesses – Recyclable Packaging Materials in Food 

Industry,” Chem Eng Trans, vol. 107, pp. 181–186, 2023, doi: 

10.3303/CET23107031. 

[47] R. K. S. Khalil and D. S. Abdelrahim et al., “Sustainable utilization of valorized 

agro-wastes for active and intelligent packaging of processed meats,” Food 

Hydrocoll, vol. 150, May 2024, doi: 10.1016/j.foodhyd.2023.109660. 

[48] Y. Y. Hui, K. L. Choy, G. T. S. Ho, K. H. Leung, and H. Y. Lam, “A cloud-based 

location a system for packaged food allocation in e-fulfillment warehouse,” 

International Journal of Engineering Business Management, vol. 8, pp. 1–15, 2016, 

doi: 10.1177/1847979016684832. 

[49] J. et al. Banks, “Discrete-Event System Simulation,” 2010. 

[50] C. Ticozzi, “A MODEL TO ASSESS THE GREENHOUSE GASES FOOTPRINT 

OF MULTICHANNEL PURCHASING PROCESSES IN THE CLOTHING 

INDUSTRY,” 2013. 

[51] McKinsey & Company, “Achieving profitable online grocery order fulfillment.” 

[Online]. Available: https://www.mckinsey.com/industries/retail/our-

insights/achieving-profitable-online-grocery-order-fulfillment 

[52] Mary Ann Curran, Life Cycle Assessment: AnInternational Experience. 2000. 

[53] Chloé Boucher, “LCA and carbon footprint: what are the differences?,” 2024. 

[Online]. Available: https://www.sami.eco/en/blog/differences-lca-carbon-

footprint 

[54] D. A. Matthew John Franchetti, Carbon Footprint Analysis: Concepts, Methods, 

Implementation, and Case Studies. 2012. 

[55] I. I. I. Alkhatib and C. G. Albà et al., “Delicate balance between energy, exergy, 

cost and environmental impact in Finding sustainable cooling systems: 

Alternative refrigerants and advanced cycles,” Appl Therm Eng, vol. 262, Mar. 

2025, doi: 10.1016/j.applthermaleng.2024.125316. 

[56] G. Pernigotto and A. Gasparella, “Purdue e-Pubs Classification of European 

Climates for Building Energy Simulation Analyses Classification of European 

Climates for Building Energy Simulation Analyses.” [Online]. Available: 

https://docs.lib.purdue.edu/ihpbc/300 

[57] Christoph H. Glock & Simon Hochrein, Purchasing Organization and Design: A 

Literature Review. 2014. 



126 8| References 

 

 

[58] J. , C. J. et al. Banks, Discrete-Event System Simulation. 2009. 

[59] Facile, “Prezzo energia elettrica al kWh.” [Online]. Available: 

https://www.facile.it/energia-luce-gas/tag/costo-kwh.html 

[60] “Autostore.” [Online]. Available: 

https://www.autostoresystem.com/it/faq/general 

[61] European Commission, “PHOTOVOLTAIC GEOGRAPHICAL 

INFORMATION SYSTEM,” 2024, [Online]. Available: 

https://re.jrc.ec.europa.eu/pvg_tools/en/#MR 

[62] Matteo Stoppa, “I costi dei pannelli fotovoltaici.” [Online]. Available: 

https://www.kts.solar/it/blog/costi-dei-pannelli-fotovoltaici 

[63] “National Refrigerants.” [Online]. Available: 

https://nationalref.com/products/r410a/ 

 



 127 

 

 

List of Figures 

Figure 2.1: Classification of articles analyzed during the literature review. ................ 15 

Figure 3.1: Warehouse functional areas. ............................................................................ 34 

Figure 4.1: Model structure. ................................................................................................. 43 

Figure 5.1: Base case scenario configuration and results. ................................................ 87 

Figure 5.2: Environmental impact of material handling equipment solutions. ........... 91 

Figure 5.3: Environmental impact of picking policies solutions. ................................... 92 

Figure 5.4: Environmental impact of HVAC and refrigeration system solutions. ...... 94 

Figure 5.5: Environmental impact of lighting system solutions. .................................... 95 

Figure 5.6: Environmental impact of packaging solutions. ............................................. 96 

Figure 5.7: Environmental impact of renewable energy solutions. ............................... 97 

Figure 5.8: Priority matrix based on environmental and economic impacts. ............. 101 

Figure 5.9: Suggested warehouse configuration and environmental results. ............ 103 

Figure 5.10: AS/RS warehouse configuration and environmental results. ................. 104 

Figure 6.1: Taxonomy of the solutions. ............................................................................ 108 

Figure 6.2: Impact of each consumption category in the base case configuration. .... 110 

Figure 6.3: Environmental impact reduction due to the implementation of the lowest 

consumption solutions for each category in three layout scenarios. ........................... 112 

Figure 6.4: Environmental impact comparison between base case configuration and 

suggested configuration. .................................................................................................... 114 

Figure 6.5: Environmental impact comparison between suggested configuration and 

AS/RS configuration. ........................................................................................................... 115 

 

 



128 | List if Tables 

 

 

List if Tables 

Table 2.2.1: Classification of articles by consumption category. .................................... 18 

Table 3.2.1: Climatic zone definition for European cities. ............................................... 39 

Table 3.2.2: Climatic zone conversion coefficient. ............................................................ 40 

Table 3.2.3: Energy mix factor by countries ....................................................................... 41 

Table 4.2.1: Space occupied by each functional area. ....................................................... 45 

Table 4.2.2: Decision variables for reserve area configuration. ...................................... 46 

Table 4.2.3: Input data for layout calculations. ................................................................. 47 

Table 4.3.1: Different material handling equipment features. ........................................ 52 

Table 4.3.2: Input data for material handling equipment category. .............................. 53 

Table 4.3.3: Input data material handling equipment category in AS/RS. .................... 55 

Table 4.3.4: Input data economic evaluation AS/RS. ........................................................ 58 

Table 4.4.1: Input data picking policy category. ............................................................... 59 

Table 4.4.2: Features of each product allocation class. ..................................................... 63 

Table 4.5.1: Portion of surface at different temperatures inside the warehouse. ......... 66 

Table 4.5.2: Energy consumption for each typology of climate area. ............................ 67 

Table 4.5.3: Decision variable for HVAC and refrigeration system. .............................. 67 

Table 4.6.1: Lighting coefficient by area. ............................................................................ 71 

Table 4.6.2: Decision variables lighting system. ................................................................ 71 

Table 4.7.1: Decision variables for renewable energy category. ..................................... 73 

Table 4.7.2: input data for renewable energy category. ................................................... 73 

Table 4.8.1: decision variable for packaging category...................................................... 75 

Table 4.8.2: single unit cost for different types of packaging. ......................................... 76 

Table 4.5.4: Input data refrigerant category. ..................................................................... 77 

Table 4.9.1: Input data for sorter consumptions. .............................................................. 78 

Table 4.9.2: Input data for depalletizing robot consumptions. ....................................... 79 

Table 4.9.3: Input data for palletizing robot consumptions. ........................................... 81 

Table 4.9.4: Input data for moving area consumptions. .................................................. 83 

Table 4.9.5: Input data for water consumption. ................................................................ 84 



| List if Tables 129 

 

 

Table 5.2.1: Areas and consumptions of the warehouse according to different layouts.

 .................................................................................................................................................. 89 

Table 5.3.1: economic analysis of the solutions in longitudinal layout scenarios and 

AS/RS scenarios. .................................................................................................................... 99 

 

 

 

 





 131 

 

 

List of symbols 

Variable Description SI unit 

𝑇𝐻𝑑 

Daily throughput capacity 

required PL/Day 

DSC 
Average days of stock 

coverage Day 

𝑃𝐿𝑤 Pallet Width m 

𝑃𝐿𝑙 Pallet Length m 

𝑃𝐿ℎ Pallet Heigth m 

𝐴𝑤 Aisle Width m 

a Beams Height m 

𝐵𝑎𝑦𝑙 Length of the bay m 

 c Upright Width m 

𝑑𝑖𝑠𝑡𝑙 Lateral Distance m 

𝐻𝑚𝑎𝑥 Forklift Max Height m 

𝑑𝑃𝐿 Distance two facing PL m 

𝐿𝑟𝑎𝑐𝑘 𝑚𝑎𝑥 Max lenght of the rack m 
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 𝑆𝑇ℎ Stroke height m 

 𝑆𝑇𝑙 Stroke length m 

 𝐼/𝑂𝑙𝑒𝑣𝑒𝑙 I/O location level 
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 𝑣𝑣 𝑠ℎ𝑢𝑡𝑡𝑙𝑒 Vertical speed of the shuttle m/s 

PT  Positioning Time sec 

FT Fork cycle time sec 

𝑡𝑎/𝑑   

Duration 

acceleration/deceleration 

phase sec 

𝐴𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 
Average time single command 

cycle in AS/RS sec 

𝐹𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 
Fixed time single command 

cycle in AS/RS sec 

𝑉𝑇𝑆𝐶𝐶𝐴𝑆/𝑅𝑆 
Variable time single command 

cycle in AS/RS sec 

𝑇𝐻𝑠ℎ𝑢𝑡𝑡𝑙𝑒 Throughput of the shuttle PL/sec 

𝑁𝑠ℎ𝑢𝑡𝑡𝑙𝑒 Number of shuttles required shuttles 

𝑇𝐻𝐴𝑆/𝑅𝑆 Throughput AS/RS PL/sec 

𝐸𝑦 𝐴𝑆/𝑅𝑆 

Electrical consumption 

material handling equipment 

in AS/RS kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝐴𝑆/𝑅𝑆 
Yearly material handling 

equipment emissions in AS/RS kg𝐶𝑂2𝑒𝑞/year 

𝐼𝐴𝑆/𝑅𝑆 AS/RS investment € 

 𝑐𝑠𝑜𝑓𝑡𝑤𝑎𝑟𝑒 Software cost € 

 𝑐𝑠ℎ𝑢𝑡𝑡𝑙𝑒  Shuttle cost €/shuttle 

 𝑐𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒  Structure cost €/m^2 

 𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 Installation cost €/m^2 

𝑂𝐶𝑠ℎ𝑢𝑡𝑡𝑙𝑒) Shuttles operative costs € 

𝑐𝑎𝑤 Cross aisle width m 

𝑤𝑎𝑤 Width of working aisle m 

𝐷𝐼/𝑂 
Distance from the first aisle to 

I/O point m 

𝑁𝑙𝑖𝑛𝑒𝑠 

Average number of order line 

per order order line/order 

𝑁𝑝𝑖𝑒𝑐𝑒𝑠 
Average number of picks per 

line in a tour  item/order line 
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𝑁𝑜𝑟𝑑𝑒𝑟𝑠 

Average number of orders in a 

tour orders/tour 

FT 
Fixed time for reading an 

order line sec/order line 

𝑃𝑇𝑝𝑖𝑒𝑐𝑒 
Picking time for picking up a 

piece sec/item 

SUT Start up Time in a tour sec/tour 

𝑠ℎ  
Average horizontal speed of 

electric picking truck m/sec 

𝐶𝑚 

Average Consumption of 

electric order picker truck 

(While moving) kWh/h 

𝐶𝑠𝑏 

Average Consumption of 

electric order picker truck 

(While in Stand-By) kWh/h 

𝑆𝐶𝑃𝐴 Storage capacity picking area PL 

𝑇𝐻𝑃𝐴 

Throughput capacity picking 

area PL/sec 

𝑃𝑦 
Number of yearly picking 

tours tours 

RT Retrieval time sec 

SUT Setup time sec 

ETT Expected travel time sec 

𝐿𝑖 Distance travelled within aisles M 

𝐿𝑒 Distance travelled across aisles m 

v 
Expected number of aisles 

visited aisles 

t 
Probability of picking an item 

in a certain aisle % 

𝑇𝑇𝑦 Yearly travel time h 

𝑆𝑇𝑦 Yearly standby time h 

𝐸𝑦 𝑝𝑖𝑐𝑘𝑖𝑛𝑔 
Yearly electric consumption 

picking activities kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑖𝑐𝑘𝑖𝑛𝑔 
Yearly picking activities 

emissions kg𝐶𝑂2𝑒𝑞/year 

CC 
Correction coefficient HVAC 

system - 

𝐸𝑠ℎ 𝑟𝑐 

Energy spent to ensure space 

heating kWh/(m^2*year) 

𝐸𝑐𝑜 𝑟𝑐 

Energy spent to ensure space 

cooling kWh/(m^2*year) 

𝐸𝑣 𝑟𝑐 

Energy spent to ensure space 

ventilation kWh/(m^2*year) 



| List of symbols 135 

 

 

𝐴𝑟𝑒𝑎𝑂𝐴 𝐻𝑉𝐴𝐶 

Other areas covered by HVAC 

system m^2 

𝐴𝑟𝑒𝑎𝑅𝑆 𝐻𝑉𝐴𝐶 

Reserve area covered by 

HVAC system m^2 

𝐸𝑦 𝐻𝑉𝐴𝐶 
Yearly electric consumption 

HVAC system kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝐻𝑉𝐴𝐶  
Yearly HVAC system 

emissions kg𝐶𝑂2𝑒𝑞/year 

𝐸𝑐 𝑟𝑐 

Energy spent to ensure space 

chilled kWh/(m^2*year) 

𝐸𝑓𝑟 𝑟𝑐 
Energy spent to ensure space 

frozen kWh/(m^2*year) 

𝐸𝑦 𝑟𝑓 
Yearly electric consumption 

refrigeration system kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑒𝑓 
Yearly refrigeration system 

emissions kg𝐶𝑂2𝑒𝑞/year 

𝐴𝑟𝑒𝑎𝑏𝑐 m^2 building m^2 

%𝐴 Area to be refrigerated %  

𝐶𝑅410𝐴 𝑏𝑐 R410A consumption per year kg/year 

𝐶𝐶𝑡𝑒𝑚𝑝 

Coefficient of correction 

temperature-liquid 

consumption  - 

𝑌𝐶𝑂2 𝑒𝑞 𝑟𝑒𝑓 Yearly refrigerant emissions kg𝐶𝑂2𝑒𝑞/year 

𝐿𝐺𝐻𝑇 

Average electric consumption 

per square meter lighting 

system kWh/(m^2*year) 

𝐸𝑦 𝑙𝑖𝑔ℎ𝑡 
Yearly electric consumption 

lighting system kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑙𝑖𝑔ℎ𝑡 
Yearly lighting system 

emissions kg𝐶𝑂2𝑒𝑞/year 

𝐼𝑙𝑖𝑔ℎ𝑡 
Investment for traditional 

lighting system € 

𝐼𝑠 𝑙𝑖𝑔ℎ𝑡 
Investment for traditional 

lighting system € 

𝐼ℎ𝑒𝑙𝑖𝑜 

Investment for traditional 

lighting system with heliostat € 

𝑂𝐶𝑙𝑖𝑔ℎ𝑡 
Lighting system operative 

costs € 

𝐴𝑟𝑒𝑎𝑝𝑛𝑙 Area panel m^2 

𝑠𝑟𝑀𝐼 Daily solar radiation in Milan KWh/day*m^2 

𝑛 Panel efficiency  % 

𝑐𝑜𝑠𝑡𝑝𝑛𝑙 Unitary panel cost €/m^2 

𝐸𝑝𝑛𝑙 
Yearly energy generated by a 

solar panel kWh/year 
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𝑁𝑝𝑛𝑙 Number of panels required panels 

𝐸𝑝𝑛𝑙 𝑡𝑜𝑡 
Yearly electric generation from 

photovoltaic system kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑆𝑃 
Yearly emissions savings 

thanks to photovoltaic system kg𝐶𝑂2𝑒𝑞/year 

𝐼𝑃𝑆 

Investment for photovoltaic 

system € 

𝑆𝑃𝑆 

Economic saving related to 

photovoltaic system € 

𝑃𝑊𝑡𝑜𝑡 Yearly plastic consumption kg/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 Yearly packaging emissions kg𝐶𝑂2𝑒𝑞/year 

𝐼𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 Investent for packaging € 

𝑐𝑝𝑎𝑐𝑘𝑎𝑔𝑖𝑛𝑔 Single-unit cost packaging € 

 %𝑠𝑜𝑟𝑡𝑒𝑑 % of order to be sorted   

 𝑇𝐻𝑠𝑜𝑟𝑡𝑒𝑟 
Average throughput 

Automatic Sorter Item/h 

 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 
Average Consumption of 

automatic sorter (Moving) kWh/h 

 𝐶𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏  
Average Consumption of 

automatic sorter (standby) kWh/h 

𝑖𝑡𝑒𝑚𝑠𝑜𝑟𝑡𝑒𝑑 
Daily number of items to be 

sorted items 

𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑚 Daily sorter working hours hour/day 

𝐻𝑠𝑜𝑟𝑡𝑒𝑟 𝑠𝑏 Daily sorter standby hours hour/day 

𝐸𝑦 𝑠𝑜𝑟𝑡𝑒𝑟 
Yearly sorter electric 

consumption  kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑠𝑜𝑟𝑡𝑒𝑟 Yearly sorter emissions kg𝐶𝑂2𝑒𝑞/year 

%𝑑𝑑   
% of orders directly delivered 

to final customers PLS/day 

 𝑡𝑑𝑒−𝑝𝑎 
Average Time to de-palletize a 

pallet load  - 

 𝑐𝑑𝑒−𝑝𝑎 𝑤 

Average consumption of De-

Palletizing Robot when 

working sec/PL 

 𝑐𝑑𝑒−𝑝𝑎 𝑠𝑏 

Average consumption of De-

Palletizing Robot when stand-

by kWh/h 

𝑛𝑑𝑒−𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 
Number of depalletizing 

robots required kWh/h 

𝑡𝑑𝑒−𝑝𝑎 𝑤 
Time required to unpackage 

pallet loads sec 

𝑌𝐶𝑂2 𝑒𝑞 𝑑𝑒−𝑝𝑎 
Yearly depalletizing robot 

emissions kg𝐶𝑂2𝑒𝑞/year 
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%𝑑𝑑 

% of orders directly delivered 

to final customers  % 

𝑡𝑝𝑎 𝑃𝐿 
Average Time to pack a pallet 

load sec/PL 

𝑡𝑝𝑎 𝑜 Average Time to pack an order sec/order 

 𝑐𝑝𝑎 𝑃𝐿 𝑤 

Average consumption 

packaging machine for PLs 

(working) kWh/PL 

 𝑐𝑝𝑎 𝑃𝐿 𝑠𝑏  

Average consumption 

packaging machine for PLs 

(stand-by) kWh/h 

 𝑐𝑝𝑎 𝑜 𝑤 

Average consumption 

packaging machine for orders 

(working) kWh/item 

 𝑐𝑝𝑎 𝑜 𝑠𝑏  

Average consumption 

packaging machine for orders 

(stand-by) kWh/h 

𝑛𝑝𝑎 𝑟𝑜𝑏𝑜𝑡𝑠 
Number of palletizing robots 

required - 

𝐸𝑝𝑎 𝑤 

Electric consumption of 

palletizing robot while 

working kWh/year 

𝐸𝑝𝑎 𝑠𝑏 

Electric consumption of 

palletizing robot while 

standby kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑝𝑎 
Yearly palletizing robot 

emissions kg𝐶𝑂2𝑒𝑞/year 

𝑣𝑟𝑐   
Average speed of roller 

conveyors m/s 

 𝑑𝑖𝑡𝑒𝑚𝑠 
Average distance between 2 

items m 

 𝑇𝐻𝑟𝑐 
Average throughput capacity 

of roller conveyors items/h 

 𝑛𝑟𝑐  Number of roller conveyors conveyors 

𝑐𝑟𝑐 
Average consumption of a 

roller conveyor kWh/h 

𝐸𝑦 𝑚𝑜𝑣 
Electric consumption related to 

moving area kWh/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑚𝑜𝑣 Yearly moving area emissions kg𝐶𝑂2𝑒𝑞/year 

wcd Water consumption per day l/day 

%WT 
% water treated on water 

supplied  % 

WSC 

Water supply conversion 

factor kgCO2e/m^3 
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WTC 

Water treatment conversion 

factor kgCO2e/m^3 

wcy 

Yearly amount of water 

consumed l/year 

𝑌𝐶𝑂2 𝑒𝑞 𝑤𝑎𝑡𝑒𝑟 Yearly water emissions kg𝐶𝑂2𝑒𝑞/year 

𝑃𝐵𝑃 Payback period year 
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