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Abstract 

 

Reducing energy consumption is one of the growing concerns for a sustainable food supply 

chain to minimize the environmental impact of energy use and the cost involved. In this 

paper, we investigate the opportunity for food companies to reduce their energy consumption 

by choosing a location generating lower energy requirements. The trade-off is between 

transportation and energy consumption costs in order to deliver food products to consumers 

who are sensitive to both food quality and price changes. Our analysis reveals that even 

though rising energy costs reduce energy consumption, which is beneficial from an 

environmental point of view, it negatively impacts the quality of the food product delivered 

to the final consumers, thus yielding a net decline in consumer demand. 

 

Keywords: facility location, energy consumption, food quality, price policy, consumer 

preferences. 
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1. INTRODUCTION 

 

The food industry is among the biggest consumers of energy. This high energy consumption 

is related to the important energy needs of manufacturing processes and requirements in 

terms of quality and safety such as processing of wet products, drying, combustion, and cold 

chains (Zanoni and Zavanella, 2012). In Europe, the “off-farm" stages of the food life cycle 

(i.e., industrial processing, logistics, and packaging) account for almost half of the total 

energy consumption in the food system (Monforti-Ferrario and Pascua, 2015). In France, the 

food industry is the third most energy-intensive sector after the chemical and metallurgy 

industries, with a gross consumption of 5.2 million tons of oil equivalent (Mtoe) in 2017 

(INSEE, 2017). Consequently, reducing energy consumption becomes one of today’s main 

environmental challenge and a competitiveness issue for the food supply chain (FSC) 

(Garnett, 2011; Zhu et al., 2018). In particular, increases in the prices of energy resources and 

energy taxes weigh heavily in the energy bills of food companies (see the example of French 

food companies in the study by INSEE, 2017).  

Several food companies have taken measures to reduce their energy consumption, such as 

improving energy efficiency, recovering energy, and using cleaner fuels and renewable 

energies, as shown by a recent study by the OECD (OECD, 2017). New technologies are not 

the only way to increase energy performance. A cost-effective way to improve energy 

performance is to combine investments in energy-efficient technologies with good 

management practices (Garnett, 2011; Backlund et al., 2012). This is more specifically 

achieved through an upstream integration of energy consumption concerns when making 

strategic, tactical and operational decisions within the FSC (Li et al., 2014). 

In this paper, we examine the opportunity for food companies to reduce their energy 

consumption by choosing locations generating lower energy use. On the one hand, facility 

location decisions are an essential aspect to ensure the efficiency and sustainability of FSC. 

An inadequate location will result in excess costs that will affect the life of the facilities. 

Otherwise, an adequate location of processing plants makes it possible to preserve the 

freshness of the product by reducing as much as possible the transport and energy 

consumption among the involved stakeholders (Orjuela-Castro et al., 2017). On the other 

hand, energy plays an important role in the life cycle of a food product, and it is necessary to 

ensure the quality of the food product; thus, energy considerably influences the economic 

value of the product (Zanoni and Zavanella, 2012; Zhu et al., 2018). Therefore, the objective 
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of this paper is to investigate the relation between facility location decisions and energy 

consumption. 

 

This research has emerged following observations of the location strategies of some French 

agribusinesses. Notably, Brioche Pasquier has adopted a decentralized location strategy to get 

as close as possible to its main consumption zones to ensure the quality and freshness of its 

food products. In contrast, the Sodebo company has adopted a centralized location strategy, 

which implies an amplification of the use of refrigerated transport to ensure the quality and 

freshness of its food products.  

Despite economic difficulties, consumers are increasingly tempted to buy better quality food 

products (van der Vorst, 2000; Trienekens and Zuurbier, 2008; Blackburn and Scudder, 

2009). The freshness of a product becomes an essential argument in the marketing of food 

industries (Aurier and Sirieix, 2004). This argument is likely to seduce the customer while 

also playing a very sensitive practical role: when confronting a supermarket shelf, the 

customer always takes the product whose date of freshness is farthest in the future. Therefore, 

the prediction of the food quality through time becomes crucial (Akkerman et al., 2010; Zhu 

et al., 2018). Although much of the literature has assumed that goods maintain their value up 

to the expiry date, at which point they will be of no value (see, e.g., Myers and Alexander, 

1997; Lütke Entrup et al., 2005; Hiassat and Diabat, 2011), a more realistic scenario might be 

that products lose their value gradually across their lifetimes (Rong et al., 2011). Thus, in our 

research, we consider that the quality of food products varies according to distance (we 

associated time with the distance traveled by food products) and energy effort provided to 

maintain the food product’s quality. In fact, large transport distances may negatively 

influence the food product quality value, and the firm may invest energy effort to maintain it 

(Vanek and Sun, 2008). 

 Moreover, as noted by Li and Wang (2017), most of the literature in operations management 

describes consumer demand as a price-dependent linear function. However, consumer 

awareness of food quality has increased significantly, as has already been mentioned. Thus, 

we describe, in our framework, the response of consumer demand for both food price and 

quality value changes by considering a price-quality dependent linear demand function.  

Given the relationships between location, energy consumption, food product quality and 

consumer preferences, we built a location model in which the firm needs to decide 

simultaneously the location of the site of processing, the energy requirements to maintain the 

quality of the food product and the price policy. Specifically, the firm chooses its location in 
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a unit line with respect to its supplier and the market for its output. The firm generates its 

revenue from the sale of the output at a market in which the demand level is endogenous. The 

firm incurs transportation and energy requirements costs. The objective of the firm is to 

maximize its profit. We study the structure under two scenarios: (i) the marginal 

transportation cost of food product is greater than or equal to that of raw materials, and (ii) 

the marginal transportation cost of raw materials is greater than that of the food product. 

Under each scenario, the mathematical model addresses the conditions that allow the firm to 

maximize its profit. Thereafter, we analyze the effect of rising energy cost (due to rising 

energy prices or taxes) on the model solutions and the global welfare. Our analysis reveals 

that even though rising energy costs are environmentally beneficial, low quality will be 

delivered to the final customer, thus yielding a net decline in consumer demand. 

The remainder of this paper is organized as follows. First, a literature review is presented in 

Section 2. Next, the model is described in Section 3. In Section 4, we solve the model and 

analyze the effect of rising energy costs on the model solutions. Section 5 concludes the 

paper. 

 

2. LITERATURE REVIEW 

 

The operations management literature, specifically, the literature that incorporates perishable 

food products and energy consumption concerns, is related to this research. The issue of 

product perishability in supply chain management has primarily been addressed at the tactical 

and operational levels and, more specifically, under inventory theory (Rong et al., 2011). This 

is due to the dynamic nature of food product deterioration, which can be incorporated more 

accurately and in detail over a short period of time (De Keizer et al., 2015). Inventory 

systems with deteriorating food products have been the subject of numerous studies, as 

reported in some review articles (see, e.g., Nahmias, 1982; Raafat, 1991; Goyal and Giri, 

2001; Bakker et al., 2012; Janssen et al., 2016). Meanwhile, food product perishability has 

also been incorporated in other types of decisions regarding the food network design and food 

production and distribution planning (see for a survey Ahumada and Villalobos, 2009; 

Akkerman et al., 2010; Amorim et al., 2013). 

Including food product quality, which is closely associated with perishability, in strategic 

decisions and especially in facility location represents an important part of the FSC. De 

Keizer et al. (2015) justified this by two reasons: (i) It may anticipate product quality 

degradation; and (ii) Optimum cost design that ignores the degradation of product quality can 
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result in waste and products delivered with too low quality to the end customers. In addition, 

the subject has attracted more attention in recent years because of consumer concerns about 

food freshness, healthfulness and sustainability as reported by Orjuela-Castro et al. (2017). 

Overviews of the literature on facility location models with perishable products are given by 

Sanabria Coronado et al. (2017) and Esteso et al. (2018). Within this literature, there are two 

main streams concerning facility location for fresh products: (i) the quantity decrease 

problem and (ii) the food quality degradation problem. 

The decrease in quantity represents the number of units of deteriorated product and their 

associated costs. For example, Di et al. (2011) have designed a 0-1 integer programming 

model for a location-inventory problem of distribution centers with perishable agricultural 

products. Quantity losses due to perishability during transport and storage phases are 

converted to costs, which are taken into account when choosing the location of the 

distribution centers. Hiassat et al. (2017) formulated a mixed integer program (MIP) for the 

integrated inventory-location– routing problem (ILRP) with perishable products that have 

fixed life (function of time only). The products can be kept in stock for a while, after which 

they must be discarded. The authors showed that significant savings are made compared to 

multistep optimization models. Orjuela-Castro et al. (2017) propose a mixed-integer linear 

programming (MILP) model for locating facilities within a topography of mountain ranges. 

They considered perishability as a function of temperature and relative humidity in order to 

assess losses of perishable goods. Wu et al. (2015) studied a multi-period location problem 

with transportation economies-of-scale and perishable inventory replenishment. They 

formulate the problem as a mixed integer nonlinear programming model. Through a 

computational study, they examine how the economies-of-scale transportation and the 

inventory deterioration concerns affect strategic network design. Dai et al. (2018) consider a 

location-inventory for perishable product with fuzzy capacity and carbon emission constraints 

using nonlinear mixed integer programming. 

The second literature stream has examined deterioration in food quality (loss in product 

value) and its associated cost. For example, De Keizer et al. (2015) present an MILP model 

and a hybrid optimization-simulation approach to identify an optimal location of facilities 

with an allocation of flows and processes in compliance with product quality requirements 

for the cut flower sector. They include the degradation of product quality as a function of 

time and temperature. The results, for various network structures with different degrees of 

dynamics and 
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uncertainty, show that if optimization does not take into account quality degradation, poor 

quality products will be delivered to the end customer, resulting in insufficient level of 

service and excessive waste. de Keizer et al. (2017) integrate the degradation of product 

quality as a function of time and temperature as well as the heterogeneity product in a 

network design model using an MILP. They demonstrate that the network design must take 

heterogeneous product quality degradation into account, as it has a significant impact on 

network design structure and profitability. 

 

Although papers in both of these streams have incorporated either the cost of quantity or 

quality losses, the link between facility location, perishability, and energy effort is rarely 

studied. One exceptional work in that regard is Meneghetti and Monti (2015), who propose 

an optimization model for a sustainable design that minimizes total annual cost by explicitly 

introducing energy requirements for refrigeration and picking operations. However, the 

proposed model is limited to the design of the automated storage facilities. Some 

contributions in the literature have proposed the integration of energy consumption at the 

tactical or operational level (see for a survey Marchi and Zanoni, 2017). In particular, Vanek 

and Sun (2008) analyze the life cycle energy consumption of perishable food products 

moving through a supply chain from the point of production to markets according to different 

scenarios of transportation modes. They showed that intermodal freight transport solutions 

more efficiently reduce energy consumption compared to the case in which all shipments of a 

final product are performed by trucks alone. Zanoni and Zavanella (2012) study optimal 

replenishment quantities for fruit and vegetables in order to meet market demand by 

considering the energy effort at the production plant. Hu et al. (2017) integrated the energy 

consumption cost of refrigerator cars into a distribution problem for fresh product, which 

aims to reduce the operation costs of third-party transportation providers. 

Following this review, we can underline three gaps. First, few works exist on the loss of 

quality; instead, much of the literature assumes that goods maintain their values up to the date 

of expiry. Second, there is a lack of studies that integrate energy consumption. Finally, we are 

not aware of any published modeling studies that take into account consumer preferences 

regarding food quality. Hence, in our research, we integrated both food quality degradation 

and consumer preferences into decision-making on facility location, energy consumption and 

price policy. Our proposed modeling tries to capture the link between facility location 

decision and energy effort by taking into account the perishable nature of the food product 

and the consumer preferences. 
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3. MATHEMATICAL MODEL 

 

In this section, we first formulate the facility location problem including energy effort and the 

main assumptions in Subsections 3.1 and 3.2. Then, we describe the consumers’ utility and 

the price-quality dependent linear demand of consumers in Subsection 3.3. In Subsection 3.4 

we built the quality food function. The profit function, including energy consumption cost, is 

given in Subsection 3.5. 

 

3.1.Problem description 

 

Consider a single production facility of a company noted   that uses a single product as input 

to a production process. The production facility orders the input of quality    from a supplier 

noted as  . Let    be the per unit of distance cost of transporting the input from its source 

location to the processing plant location incurred by the firm. The company delivers its 

processed food product from the point of production to a single final market noted  , with a 

quality noted as    once available at  . Let    be the per unit of distance cost to transport 

the output from the processing plant location to its market incurred by the firm. 

The firm reaches to satisfy consumers’ demand noted  , that is sensitive to changes in food 

product quality    and price. The firm selling with a price   is a monopoly. Processing goods 

and moving them from the processor to their final target market involve energy effort. Let   

be the energy effort provided by the firm to preserve the quality of the product which belongs 

to the interval [0,1] and    be the unit cost of energy consumption. It may correspond to the 

price of electricity, natural gas, or other fuels consumed in the food industries.  

Supplier   and final market   have fixed locations in linear space. The two points thereupon 

define a line segment and a coordinate system (0, Z). Without loss of generality, 0 is the 

location of the supplier   , and Z is the location of the market  . To simplify, Z is normalized 

to 1. The firm seeks to define its “best” location, noted as      [0; 1] to process input into a 

food product, the unit product price noted   charged to consumers, and the energy efforts   to 

preserve the quality degradation of the food. 

 

3.2.Main assumptions 
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For the convenience of model construction, we assume that: 

- The quality of raw material    at the processing plant is exogenous. 

- The food product is assumed to require energy effort to maintain its quality during the 

processing and transportation phases. 

- Large transport distances negatively influence product quality. 

- The quality of the food product at final market depends on the distance over which the 

product is transported or made available for sale (firm location) and the energy effort during 

the processing and transport phases. 

- Consumers demand is endogenous and depends on food product price and its quality. 

 

3.3.Consumer preferences and demand 

 

In order to measure the consumer perception of the quality of the food product sold by the 

firm, we used the economic concept of utility. In economics, the utility is the satisfaction 

resulting from the consumption of a good or service (Varian, 2014). Economic theories based 

on rational choice generally assume that consumers will seek to maximize their utility. An 

utility function measures the preferences against a set of goods and services. In our case, it is 

important to determine the utility function of the food product because it directly affects the 

demand of consumers, and therefore the price and quality of that food product. Thus, we 

consider a representative consumer that consumes two goods: the food product supplied by 

the monopoly and a composite good. In economics, a composite good is an abstraction that 

represents all goods other than the supplied good that an individual might want to consume 

(Varian, 2014). 

We posit a quasilinear utility function for the two products noted  and given by: 

                                                            
 

where   ,   ,   , are the parameters of the utility function,    and    are the quantity and 

quality purchased, respectively, and   is the composite good. 

The utility   function measures the welfare or the satisfaction achieved by the consumer. It is 

concave regarding y, which reflects the fact that the consumer wants the food product, but 

less and less intensely as he consumes it in a larger quantities. 

Let   be the income of the consumer given by: 



13
ème

 Rencontres Internationales de la Recherche en Logistique et en Supply Chain Management, Le 

Havre, France.                                                                                       
where   is the price of the food product. The price of the composite good   is normalized to 

1. 

Maximizing the consumers’ utility (1) subject to the budget constraint (2) leads to the 

following individual demand                                                                      
 

where        ,       and,       . 
The demand function (3) expresses the quantity requested by the representative consumer 

(i.e., all the consumers of the market are identical in their tastes) depending on the price of 

the food product and its quality; and   defines the market share of the producer when   =    ;    and     are parameters of demand sensitivity to price and quality changes, 

respectively. 

 

3.4.Modeling food quality degradation 

 

One of the most difficult tasks of the current food industry is to predict the level of product 

quality throughout the food supply chain. In our modeling approach, we consider that food 

quality degradation depends on two factors: (i) distance which is closely associated with time 

and (ii) energy effort provided by the firm to maintain food quality. Specifically, food 

product quality    has a high quality noted    at the processing plant gate such as    =    

where    is the quality offered by the supplier. The high quality    is deteriorating over long 

distances. Let    be the lowest quality under which consumers will not buy the final product 

such as 0 <        . The processor can involve an energy effort to offset losses across food 

product quality. However, we assume that the marginal gain in quality decreases as the firm 

gets closer to the market (less important for the last mile). Such assumptions may be well-fit 

by a square-root function in which the food product quality increases with respect to distance 

(as we consider a linear network typology when the distance increases, the firm gets closer to 

the final market) and energy effort, but the marginal gain in quality decreases as the firm is 

closer to the final market (see Figure 1). 
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Figure 1: Illustration of quality function regarding to distance/energy effort. 

 

 

The food quality    is then given by : 

                                                                          
 

where 

-           is defined as the difference between the higher and the lower food quality. 

-                       is between 0 and 1 such as 0     1  and  0     1   are 

technical parameters. 

 

3.5.Profit function 

 

The expected monopoly profit          is given by: 

                                  
 

where     is the sale revenue;              =    +     is the total transport cost with         ; and      is the total energy requirement cost. Then the profit function can be 

written 
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with the demand function         is given by (3) and the food quality function         is 

given by (4). 

 

Notice that we assume that upstream and downstream transportation costs contain a fixed part 

and a variable part. The fixed transportation cost is independent from the quantity transported  . However, it depends on the distance traveled, which is considered in the profit function 

(5). Otherwise, the variable transportation cost depends on the quantity transported  , but 

does no longer appear explicitly in the profit function (5) as it is deducted from the selling 

price  . 

 

 

 

 

4. ANALYSIS 

 

In this section, we solve the profit-maximizing problem; then, we examine how an increase in 

energy consumption costs due to rising energy prices or energy taxes, affects the model. The 

analysis of the optimization conditions show that there are two possible scenarios: (i) 

Scenario   , in which the marginal raw materials transport cost is less than or equal to the 

marginal processed product transport cost, and (ii) Scenario   , in which the marginal raw 

materials transport cost is strictly greater than the marginal processed product transport cost. 

The proof is given in Appendix proof of the two possible scenarios. In what follows, we 

solve these two scenarios separately, and we derive conditions underlying each. 

 

4.1 Profit-maximization with Scenario    

 

As defined for Scenario   , the marginal raw materials transport cost is less than or equal to 

the marginal food product transport cost (i.e.,    0) . Proposition 1. determines the optimal 

variable decisions and their conditions within this first Scenario (proof: see Appendix profit-

maximization with Scenario    ). 

 

Proposition 1. 
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When         and           , then maximizing          with respect to location, energy 

effort and price gives:                           
               

where                                       
                          

                   
 

 

As the trade-off in the model is between the total transportation energy consumption costs, it 

is quite intuitive that in Scenario   , a higher transport cost for food products is favorable to 

the final market   location (corner solution). However, this solution would be raised only if 

the parameter of demand sensitivity to price exceeded the threshold      . The latter 

condition is counterintuitive because the parameter of demand sensitivity to price negatively 

impacts the demand function and the existence of a minimum threshold for it will then affect 

negatively the magnitude of the firm’s benefit. Moreover, we note that although the optimal 

firm location is at the market level but an energy effort is made to improve the quality of the 

food product perceived by consumers which explains the appearance of the parameter of 

demand sensitivity to quality in the optimal energy effort   . 
 

Using the results of Proposition 1, the food product quality and the consumer demand 

functions can be estimated. Then, we derive how an increase in energy consumption cost 

impacts the model’s solutions. All the results are summarized in the next lemma (proof: see 

Appendix profit-maximization with Scenario    ). 

 

Lemma 1. 
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When       , the following monotonicity results hold for the model’s solutions. 

(a)   is decreasing in   , 

(b)    is decreasing in   , 

(c)     is decreasing in   , 

(d)   is decreasing in   . 

 

This implies that rising energy consumption costs can result in food products delivered with 

too low quality to customers because the firm involves less energy effort. To compensate for 

losses in demand due to the lowering of quality, the firm decreases its prices. However, the 

net result decreases total demand. This runs against the trend observed over the last year in 

which the prices of both food and fuel have risen and fallen more or less in tandem (Al-

Maadid et al., 2017). Nevertheless, empirical studies on the comovements between oil and 

food prices remain inconclusive (Mitchel, 2008; Reboredo, 2012). From a purely 

environmental perspective, the drop in energy consumption found in Lemma 1 is beneficial 

as it converges towards a system of lower energy consumption (see Appendix profit-

maximization with Scenario    ). 

We now analyze the impact of rising energy consumption costs on general welfare. This 

latter measures the benefits that consumers and producers derive from their market 

participation and establishes whether the market mechanism maximizes these benefits. In our 

case, the objective is to analyze the efficiency of public policies aimed at raising energy 

taxes. In this case, the market is efficient when it maximizes the aggregate welfare. This latter 

is the sum of the producer and consumer surplus. 

 

Producer surplus 

The surplus of the producer in our case is its profit. The standard calculation shows that                           . 

Thus, the firm profit shrinks with a higher energy taxes. 

 

Consumer surplus 

Consumer surplus measures the benefit that consumers derive from their market participation. 

It is given by a willingness to pay less than what it actually pays to acquire the good. 

Previously in Subsection 3.3, we defined the utility of consumers based on the quantities of 
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goods consumed. So, we can also define it according to revenue and prices (indirect utility), 

which is given by: 

                                                                  
 

where            ; then, 

                                                                                       
 

where   represents the consumer surplus and expressed as 

                                                         
 

Standard calculation shows that                                  . 

 

Thus, the consumer surplus also shrinks with a higher energy taxes.  

Consequently, as both consumer and producer surplus are decreasing with a higher energy 

taxes, the market is not efficient within the Scenario   . 

 

4.2 Profit-maximization with Scenario    

 

In this second scenario, we assume that   > 0. This implies that the unit transport cost of the 

raw materials is higher than that of the finished products. Proposition 2  determines the 

optimal variable decisions and their conditions (proof: see Appendix profit-maximization 

with Scenario    ). 

Proposition 2. 

When        and           , then maximizing          with respect to location, energy 

effort and price gives:                  
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where                                                                                           
                                                     
In Scenario   , taking into account the higher transport costs of raw materials, an 

intermediate location emerges between the input source and the final market. However, as in 

previous case, this solution would be raised only if the parameter of demand sensitivity to 

price is higher than the threshold      . Moreover, it is surprising that optimal firm location 

never hold at the input source location even though the marginal transport cost of the raw 

materials is very high. 

 

Using the results of Proposition 2., the food product quality and the consumer demand 

functions can be estimated. Then, we derive how an increase in the energy consumption cost 

impacts the model’s solutions. All the results are summarized in the next lemma (proof: see 

Appendix profit-maximization with Scenario    ). 

 

Lemma 2. 

When         the following monotonicity results hold for the model’s solutions. 

(a)   is decreasing in   , 

(b)    is decreasing in   , 

(c)     is decreasing in   , 

(d)   is decreasing in   . 
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These findings are similar to what was observed within the Scenario   . Moreover, the 

intermediate solution is more likely to converge towards the input source location. However, 

as shown in Appendix profit-maximization with Scenario   , even though the energy 

prices increases, the optimal firm location remains at an intermediate location but closer to 

the supplier’s location. We now analyze the impact of rising energy prices on general welfare 

which is the sum of the producer and consumer surplus. 

 

Producer surplus 

The surplus of the producer is given by its profit. Standard calculation shows that 

                         . 

Thus, the firm profit shrinks with a higher energy taxes. 

 

Consumer surplus 

Indirect utility is given by: 

                                                                  
 

where            ; then, 

                                                                                       
 

where  

                                                         
 

Standard calculation shows that                                . 

 

Thus, the consumer surplus also shrinks with a higher energy taxes.  
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Consequently, as both consumer and producer surplus are decreasing with a higher energy 

taxes, the market is not efficient within the Scenario   . 

 

From the analyses of the collective welfare in Scenarios    and   , we can derive the next 

proposition. 

 

Proposition 3. 

 

Rising energy prices are more likely to lead to declines in not only the consumer surplus but 

also the collective surplus and, thus, global welfare. 

 

5. CONCLUSION AND FURTHER RESEARCH 

 

This paper presents a location problem with energy consumption considerations where the 

firm has to decide simultaneously the location of the site of processing, the energy 

requirements to maintain the quality of food product and the price policy. We used a 

simplified version of the problem (line network typology, one supplier and one final market) 

to gain analytical insights into factors driving the solutions for a more general and complex 

version. A trade-off arises between the marginal transportation costs of raw materials and 

food products for the determination of optimal firm location. Moreover, the influence of the 

parameter of demand sensitivity extends to the selling price. Our results clearly show that 

even though rising energy prices are beneficial from an environmental standpoint, as they 

reduce energy consumption, they negatively impact the consumer and producer surplus and, 

thus, the collective welfare. 

We distinguish three contributions of our work. First, we formulate a facility location model 

that analyzes the trade-off between the costs of transportation and energy consumption. 

Second, we provide a function to model the degradation of food quality. Finally, we study the 

effects of the increase in energy cost on location, energy consumption, product quality and 

price, and global welfare. 

This study has some limitations that suggest some fruitful directions for future research. For 

instance, further research could focus on generalization of the model and the development of 

more detailed food industry-specific constraints. In addition, the inclusion of more advanced 

quality degradation modeling, which analyzes in more detail the impact of temperature 
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fluctuations, for example, is another possible extension of this work. Furthermore, in this 

paper, we considered a single food product. Further work could therefore include a multi-

food product case. This would, however, have to include quality degradation modeling for 

each of those food products. Also, the interaction between the different products might also 

be taken into account, as in the case of fruits and vegetables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix proof of the two possible scenarios 

 

The condition of the first order with respect to x is given by: 

                          . 

 

It indicates that there are two different sets: 

1. When            0  then 
     > 0. 

Hence, when the marginal raw materials transport cost is less than or equal to the 

marginal processed product transport cost, then the optimal solution is at the corner. 

The best strategy for the firm is to locate in the final market. 

2. When            0   then the sign of 
      varies. 
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Hence, when the marginal raw materials transport cost is higher than the marginal 

processed product transport cost, then interior solutions may exist. 

 

Appendix profit-maximization with Scenario     

 

Proof of proposition 1 

 

Sufficient condition of optimality 

The analysis of sufficient conditions of optimality of order 1 and 2 for maximizing profit 

function   leads to only one sufficient condition: the processed product price should be 

sufficiently high. More precisely: 

                                                
where       represents the minimum price that the processed product should be charged to 

consumers. We will verify if the optimal price    determined in subsection 4.1 satisfies the 

sufficient condition (10). That is: 

             

Standard calculations show that                      

Necessary condition of optimality 

The conditions of existence are necessary propositions for the optimal variables so that they 

produce significant results. 

 

For optimal price 

The necessary condition for the optimal price    determined in subsection 4.1 is that it is 

strictly positive (   > 0) that is    > 0. To achieve this, the coefficient of the price in the 

demand function must be high enough. More precisely:                                                 
 

For optimal quality function 
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The quality function        is between 0 and 1. We will verify if the optimal effort    and 

location   = 1 determined in subsection 4.1 satisfy that necessary condition, that is: 

                             
 

For optimal demand function 

The necessary condition for the optimal demand function is that it is strictly positive (   > 0). 

Standard calculations show that: 

                    
since the parameter    > 0 under the optimal price condition (11). 

 

Proof of Lemma 1 

Standard calculations show that 

                                . 

                                . 

                               . 

                                . 

 

 

Convergence towards less energy consumption 

 

When        then maximizing        with respect to location and price gives: 

                     
 

Standard calculations show that 
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Appendix profit-maximization with Scenario     

 

Proof of proposition 2 

 

Sufficient condition of optimality 

The analysis of sufficient conditions of optimality of order 1, 2 and 3 for maximizing profit 

function   leads to only one sufficient condition: the processed product price should be 

sufficiently high. More precisely: 

                                                          
where       represents the minimum price. The latter can be rewritten: 

                    
 

The minimum price is proportional to the difference between the quality offered on the 

market and the minimum quality. We will verify if the optimal price    previously 

determined in subsection 4.2 satisfies the sufficient condition (12). That is: 

             

Standard calculations show that                           

Necessary condition of optimality 

The conditions of existence are necessary propositions for the optimal variables so that they 

produce significant results. 
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For optimal price 

The necessary condition for the optimal price    determined in subsection 4.2 is that it is 

strictly positive (   > 0) that is    > 0. To achieve this, the coefficient of the price in the 

demand function must be high enough. More precisely:                                                           
 

For optimal location 

We normalized the firm location on the segment between 0 and 1. Then 0     1. 

                    
 

because all the parameters are positive. The conditions for which       0 are              or        , where                      
                        
 

If we want that the condition (12) on the optimal price to always be verified, it is enough to 

consider that          

 

For optimal quality function 

The quality function        is between 0 and 1. We will verify if the optimal effort    and 

location    determined in subsection 4.2 satisfy that necessary condition, that is: 

                          
 

For optimal demand function 
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The necessary condition for the optimal demand function is that it is strictly positive (   > 0). 

Standard calculations show that: 

                         
since the parameter    > 0 under the optimal price condition (13). 

 

Proof of Lemma 2 

Standard calculations show that 

                                  . 

                                             . 

                                     . 

                                 . 

                                  . 

 

Convergence towards less energy consumption 

 

When       and and            then maximizing        with respect to location and 

price gives: 

                 
                   

where                                                                     
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Standard calculations show that                
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