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Abstract: 4 

In the globalized cold chain network, the effective distribution of perishable food is of utmost 5 

importance when transporting multiple types of food with different handling requirements, such 6 

as temperature and humidity, for minimizing the food spoilage rate during transportation. 7 

Currently, mismanagement of premium fruit and vegetables leads to a huge amount of capital 8 

loss such that logistics service providers (LSPs) apply refrigerated trucks to deliver them for the 9 

sake of minimizing the food spoilage rate during transportation. Since different types of food 10 

have their own different handling requirements, traditional refrigerated distribution management 11 

at a fixed environmental condition is insufficient. Without considering such requirements, 12 

traditional route planning by merely minimizing the travelling distance is ineffective in 13 

maintaining food quality, resulting in an increased likelihood of food deterioration and food 14 

chilling injury. In addition, there is a lack of real-time product monitoring to control violations of 15 

the required handling requirements in order to prevent delivery of spoilt food to customers. In 16 

this paper, an internet of things (IoT)-based route planning system (IRPS) is proposed (i) to 17 

design a multi-temperature packaging model, (ii) to develop real-time product monitoring during 18 

transportation, and (iii) to optimize routing solutions. Under the IoT framework, the ambient 19 

environmental information can be collected automatically by building a wireless sensor network 20 

so as to develop total product monitoring during the distribution process. Experiments using the 21 

Taguchi method are conducted to examine the most effective packaging model for various 22 

products in terms of maximizing duration of optimal environment conditions in tertiary 23 

packaging. By integrating the above results and travelling constraints, the optimal delivery routes 24 

can be formulated by using genetic algorithms (GAs). With the aid of IRPS, the food spoilage 25 

rate during transportation and the time needed in route planning and in the delivery of 26 

deteriorated food can be reduced, while customer satisfaction is enhanced.  27 

Keywords: Multi-temperature food distribution, vehicle routing problem, Taguchi method, 28 

genetic algorithm, Internet of Things 29 

1. Introduction:30 

In recent years, multi-temperature food distribution in which the transported food has different 31 

recommended handling conditions has drawn significant attention in regard to issues of food 32 

quality and safety among the supply chain activities. Almost one-third of produced food is 33 

wasted or lost annually due to ineffective management in harvesting, storage and transportation 34 

throughout the entire supply chain (Food and Agriculture Organization, 2017). When importing 35 

premium fruit and vegetables with similar food spoilage situations, an extraordinary capital loss 36 

will be incurred so that the attention of effective food management in distribution should be paid. 37 

In order to eliminate the food loss and waste in different supply chain elements, there are several 38 

international standards for implementing quality assurance systems to ensure food quality and 39 
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safety throughout the supply chain process, such as good agricultural practice (GAP), good 40 

manufacturing practice (GMP), and hazard analysis of critical control points (HACCP) (Amoa-41 

Awua et al., 2007; González-Rodríguez et al., 2011; Baldera Zubeldia et al., 2016). These 42 

practices recommend using certain refrigeration systems in trucks and storage areas, while the 43 

shortest possible delivery routes should be taken in handling such temperature-sensitive food. 44 

However, logistics companies may face a challenge between cost effectiveness and performance 45 

in the adoption of certain refrigerated trucks and facilities, so as to ensure the products are 46 

handled within prescribed limits. This is because such refrigerated trucks are only available at a 47 

fixed set of environmental conditions, and it is difficult to satisfy all handling requirements, 48 

particularly in consolidated shipments. Consequently, the ontology of multi-temperature joint 49 

distribution (MTJD) has been proposed, while certain delivery advancements, including cold 50 

cabins and eutectic plates, are applied to reduce the operation cost, and to improve product 51 

quality and safety (Kuo and Chen, 2010). Therefore, the formulation of an appropriate cold chain 52 

packaging model is a critical point in food distribution, and affects the delivery routing. In 53 

general, there are three major types of cold chain packaging models, i.e. active, passive and 54 

hybrid systems (Ahvenainen, 2003; Kerry et al., 2006; Romero, 2013). An active system mainly 55 

applies to refrigeration systems and thermostatic control; A passive system mainly refers phase 56 

change materials; A hybrid system refers to phase change materials which are regulated by the 57 

refrigeration system. Table 1 shows the comparison of three cold chain packaging models. 58 

Table 1  Comparison of active, passive and hybrid cold chain packaging model 59 

Criteria 
Types of cold chain packaging model 

Active Passive Hybrid 

Pallet Size availability Standard Customized Standard 

Cost High Low Moderate 

Thermal flexibility Fixed Flexible Fixed 

Reliability High High (SOPa required) Moderate 

Ease of use Easy Difficult Moderate 
aSOP stands for standard operating procedures in cold chain packaging model. 

 

In the MTJD network, the passive cold chain packaging model is preferred in managing products 60 

with different recommended transport conditions due to its low cost and high flexibility for 61 

varying thermal conditions and shipment sizes. Fig. 1 shows a premium fresh food supply chain, 62 

and the existing problems in multi-temperature food distribution. The supply chain involves 63 

farmers, food processing units, distribution centers, retailers, and consumers. During the entire 64 

supply chain, temperature control is essential to ensure food quality and safety until the point of 65 

consumption. Traditionally, using passive data collection approaches, such as data loggers, is 66 

inefficient in sharing information among various supply chain parties. Thus, the real-time 67 

product monitoring under an IoT environment is deemed to be a feasible solution. On the other 68 

hand, the food will deteriorate if the ambient environmental conditions are continuously out of 69 

specification during transportation. The passive packaging model using phase change materials 70 

should be applied for handling multi-temperature food to slow down their own process of 71 

deterioration and ripening. However, there is a lack of the in-depth experimental analysis to 72 
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measure the rate of change of temperature and humidity in the passive packaging model, when 73 

selecting the optimal setting for the specific food. Furthermore, the cooling time window 74 

established by the optimal packaging settings should be considered in route planning, together 75 

with the customers’ locations, costs and service time window. 76 

This paper proposes an internet of things (IoT)-based route planning system (IRPS), which 77 

integrates Internet of Things, Taguchi experimental design, and genetic algorithms, to formulate 78 

the total product monitoring and optimal delivery route planning for multi-temperature food 79 

distribution. IoT enhances the information visibility and traceability, particular for the 80 

environmental conditions during the whole transportation. The enabling IoT technologies can 81 

also provide data for conducting experiments using the Taguchi method so as to determine the 82 

optimal number of eutectic plates and cabin volume for specific food, as well as the dominant 83 

factors in such a cold chain packaging model. Through integrating the above results, the GA is 84 

then adopted to search the optimal delivery routes by minimizing the travelling distance and food 85 

spoilage rate, and maximizing the order fulfillment rate. Through the adoption of IRPS, the 86 

transported food can be kept under the real-time monitoring and distributed in the desired 87 

environmental conditions and optimal settings.  88 

 89 

Fig. 1  Existing Challenges in multi-temperature food distribution 90 
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This paper is organized as follows. Section 1 is the introduction. In Section 2, the related work 91 

and literature in the aspects of cold chains, design of experiments, the IoT framework and 92 

developments, and optimization approaches in vehicle routing problem are studied. Section 3 93 

presents the system architecture of IRPS. A case study in implementing the proposed system is 94 

illustrated in Section 4. Section 5 gives the results and discussion related to the benefits and 95 

limitations of the proposed system. Conclusions are drawn in the Section 6.  96 

2. Literature Review 97 

In general, supply chain management, which involves various parties, including suppliers, 98 

manufacturers, distributors, retailers and customers, is developed to improve the coordination 99 

and collaboration among the supply chain parties (Monczka et al., 2015; Christopher, 2016). 100 

Regarding the food supply chain, supply chain integrity concerning food safety, food quality and 101 

origin fraud is essential such that verified evidence of the prescribed food quality is required to 102 

be provided to customers (Aung and Chung, 2014). Compared with traditional supply chain 103 

management, the food supply chain is required to pay attention to the impact on social, economic 104 

and environmental factors. Incidences of foodborne illness, which may incur additional medical 105 

expenses and losses, should be minimized by controlling the environmental factors, such as 106 

temperature and humidity, along the whole supply chain (Martin & Ronan, 2000; Logan 2012). 107 

Akkerman et al. (2010) also stated that food has limited shelf life, temperature-sensitive 108 

characteristics, and an interaction effect with other food, resulting in challenges in effective 109 

supply chain management. Due to diversified handling requirements, there are basically three 110 

types of the food supply chains, namely frozen (at or below -18°C), chilled (0-15°C), and 111 

ambient (22-25°C) (Smith and Sparks, 2007). Products should be handled in suitable 112 

environmental conditions for both storage and transportation. Although the desired storage 113 

conditions for specific products can be maintained easily, it is difficult to consolidate different 114 

types of food while satisfying all the product handling requirements in the single shipment. Since 115 

refrigerated trucks are unable to handle food with different handling environmental conditions 116 

due to the fixed temperature for each vehicle, MTJD is proposed to improve the flexibility and 117 

adaptability in distribution management (Kuo and Chen, 2010). Therefore, the cold chain 118 

packaging model has drawn considerable research attention on evaluation of the cooling rate and 119 

packaging materials in a cost-effective and resource-efficient manner (Defraeye et al., 2015; 120 

Tsironi et al., 2015). However, a standard method to formulate the packaging model is lacking. 121 

Design of experiment (DoE) is a feasible approach to investigate the optimal settings in 122 

packaging setting for maximizing the duration under optimal environmental conditions for 123 

increasing the flexibility in transportation management.  124 

DoE is a systematic process to discover the significant impact between inputs and process 125 

outputs through conducting certain experiments (Oehlert, 2010; Montgomery, 2017). 126 

Experiments consist of four major components: treatment, units, responses, and specific 127 

experimental design, without which the relationship and formula between inputs and outputs are 128 

difficult to establish. Since the relationship between responses and independent variables are 129 

uncertain, several analytical tools are used in investigating the tendencies and measurement 130 

errors, and even validating the results, such as signal-to-noise (S/N) ratios. DoE has been widely 131 
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applied in many areas, including manufacturing processes and pharmaceutical modeling (Gu and 132 

Burgess, 2015; Kanojia et al., 2016). Particularly for a packaging model, Mistriotis et al (2016) 133 

designed through experiments the poly-lactic acid based equilibrium modified atmosphere 134 

packaging system to build a one-dimensional simulation so as to prolong the product shelf life. 135 

Velasco et al. (2014) applied experimental design to explore the relationship between the taste 136 

and packaging characteristics, including shapes, typefaces, names, and sounds. However, the 137 

classical experimental design needs a huge amount of time, costs, and materials to conduct many 138 

experiments. The Taguchi method in DoE, which is robust design for product and production 139 

processes, is used to examine the optimal factors in the experiment settings with improved 140 

performance, quality and cost (Yang and Tarng, 1998; Aveiro, 2016). This high applicable 141 

method has also been widely applied in the logistics and supply chain aspect, including selection 142 

of third-party logistics service providers, evaluation of proposed Tabu search-based heuristic 143 

method in reverse logistics network, and determination of critical control factors in electronic 144 

packaging (Eskandarpour et al., 2014; Sharma and Kumar, 2015; Huang et al., 2016). However, 145 

there has been limited experimental research on the passive cold chain packaging model, and 146 

thus the formulation of an optimal packaging model would be valuable and beneficial to the 147 

vehicle routing for multi-temperature food distribution. 148 

The optimization and determination of delivery routes have always been studied in the area of 149 

the vehicle routing problem (VRP) so as to serve a group of customers through arranging a fleet 150 

of vehicles (Golden et al., 2008). In general, VRP can be solved by formulating exact and 151 

heuristic programming, such as dynamic programming, integer programming, sweep algorithm, 152 

and Tabu search algorithm (Laporte, 1992). In addition, modern research has focused on 153 

exploring some additional factors in VRP, including time windows and stochastic demand 154 

(Marinakis et al., 2013; Lin et al., 2014). In view of MTJD, the models of optimal delivery cycle, 155 

time-temperature dependence, shelf life estimation and facilities planning have been formulated 156 

(Hsu and Liu, 2011; Hsu et al., 2013; Gogou et al., 2015; Hsiao et al., 2017). The objectives of 157 

the above studies are to minimize the daily delivery costs, energy cost, inventory cost and 158 

penalty cost with respect to the delivery time window and time-dependent demand, so the food 159 

freshness can then be assured. However, consideration of the effects from the cold chain 160 

packaging model in multi-temperature joint distribution is neglected, so that there is a possibility 161 

that the food will deteriorate due to unexpected incidents, such as broken packaging or electricity 162 

failure. Therefore, the existing MTJD model can be further enhanced by considering the cooling 163 

time window to prevent food deterioration and ripening during transportation. In addition, for the 164 

sake of completely ensuring food quality and safety during the transportation, advanced sensing 165 

technologies should be applied to keep monitoring the food, such as IoT. 166 

Along with the rapid growth of IoT, a standard framework from the wireless sensor network to 167 

relevant system development was proposed, which is also beneficial in environmental condition 168 

monitoring (Gubbi et al., 2013; Kelly et al., 2013). Formulation of IoT applications consists of 169 

four major layers, namely device layer, gateway layer, service platform layer, and IoT core 170 

network (Rajput and Gour, 2016). Through using the standard protocols in IoT, the performance 171 

and security of the proposed applications can be maintained. Hsiao et al. (2016) presented the 172 

time-temperature transparency was insufficient as the willingness to share information from food 173 
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suppliers was low due to bargaining power, business strategy and quality uncertainty. Qi et al. 174 

(2014) designed an integrated cold chain shelf life decision support system with a wireless sensor 175 

network to support total monitoring, shelf-life visibility and stock management strategy. Xiao et 176 

al. (2016) developed a temperature monitoring system with compressed sensing to eliminate the 177 

heavy data traffic and achieve cold chain monitoring. There is a room to extend the concept of 178 

product monitoring under the IoT environment so as to develop a secure, economic, and 179 

applicable system for the logistics industry.  180 

From the above studies, it is summarized that multi-temperature food distribution requires 181 

special attention on various desired food handling requirements. The passive cold chain 182 

packaging model is deemed to be a feasible solution, particularly in handling consolidation 183 

shipments. In order to ensure the food quality and safety, this study explores the most 184 

appropriate packaging model for various food products, and the optimal delivery routing can 185 

then be formulated. In addition, IoT monitoring application should be deployed to improve the 186 

visibility of environmental conditions throughout the entire food chain. Therefore, an Internet of 187 

Things (IoT)-based route planning system (IRPS) is proposed in this study.  188 

3. Design of an Internet of Things (IoT)-based Route Planning System (IRPS) 189 

This section presents an Internet of Things (IoT)-based route planning system (IRPS) to design a 190 

multi-temperature packaging model, develop real-time product monitoring, and optimize 191 

delivery routing for multi-temperature food distribution. Fig. 2 shows the system architecture of 192 

IRPS with three modules. Firstly, in the passive packaging modeling module, the optimal 193 

packaging setting and dominant factor are determined through the Taguchi method of 194 

experiments. Secondly, the cooling time window from the optimal packaging setting is 195 

considered in the vehicle routing problem which is then solved by genetic algorithm (GA) 196 

together with other factors, such as costs and travelling time. Thirdly, when transporting the food 197 

to customers, the ad-hoc product monitoring application is deployed in the IoT monitoring 198 

module for ensuring the prescribed environmental conditions.  199 

3.1 Passive packaging modeling module  200 

In this module, experiments are conducted to investigate the cooling rate of the passive 201 

packaging model by establishing L9 (3 × 3 × 3) orthogonal array using the Taguchi method. The 202 

materials in the experiments involve three different sizes of polyfoam boxes and three different 203 

sizes and numbers of eutectic plates as shown in Table 2. In total, three sets of experiment are 204 

conducted repeatedly, to enhance the reliability of results. The experimental set-up for 205 

investigating the rate of change of temperature and humidity in the passive packaging model is 206 

shown in Fig. 3. A data logger, i.e. Elitech RC-4HC, is used to collect the temperature and 207 

humidity for all the experiments, and thus a graph of rate of change of temperature and humidity 208 

over time can be plotted. The eutectic plates are set at the bottom of the box, while the food or 209 

products are designed to be put on top of the plates. In the Taguchi method of experiments, there 210 

are generally six steps to determine the optimal settings and dominant factor, namely objective 211 

formulation, factor identification, design of experiment, conducting experiment, data analysis, 212 

and validation. Since the food has its own recommended transport condition, the temperature and 213 
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humidity during the transportation should be maintained within the upper and lower 214 

specifications, i.e. [Templower, Tempupper] and [Humilower, Humiupper]. Let T(x) and H(x) be two 215 

functions for expressing change of temperature and change of humidity over time, and T-1(x) and 216 

H-1(x) be the corresponding inverse functions. The objective of this module is to maximize the 217 

overlapping data range (φi) between [T-1(Templower), T-1(Tempupper)] and [H-1(Humilower), H-218 
1(Humiupper)], as illustrated in Fig. 4. The required preparation time for a specific packaging 219 

model is defined as the time from the beginning to the minimum value in the overlapping data 220 

range, i.e. min{φi}. When considering multiple overlapping data ranges simultaneously, the 221 

maximum value among all data values is selected as the cooling duration in specific packaging 222 

settings, i.e. max {φi: i∈ ℕ}. Three factors in the experiments are identified in Table 2, where all 223 

of them have three corresponding levels. In the design of experiments, the full factorial design 224 

with the orthogonal array of the Taguchi method L9 (3 × 3 × 3) is established, as shown in Table 225 

3.  226 

 227 

 228 

Fig. 2  System architecture of IRPS 229 
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Fig. 3  Example of experimental setup for passive 

packaging modeling 

 
Fig. 4  Rate of change of temperature and humidity over time 

 

 230 

Table 2  Properties of polyfoam box and eutectic plate 231 

 Box internal dimension Eutectic plate volume Number of eutectic plate 

Level 1 53.5 × 39 × 24.5 cm (ESP - 0) 200 ml 1 

Level 2 45.5 × 45.5 × 28.5 cm (ESP - 1) 500 ml 2 

Level 3 43 × 33 × 23 cm (ESP - 2) 1000 ml 3 
 232 

Table 3  Full factorial design with orthogonal array of Taguchi L9 (33) 233 

Experiment No. 
Factor A Factor B Factor C 

Box internal dimension Eutectic plate volume Number of eutectic plate 

1 ESP - 2 200 1 

2 ESP - 2 500 2 

3 ESP - 2 1000 3 

4 ESP - 1 200 2 

5 ESP - 1 500 3 

6 ESP - 1 1000 1 

7 ESP - 0 200 3 

8 ESP - 0 500 1 

9 ESP - 0 1000 2 

 234 

After conducting a set of experiments, the results are then analyzed by a loss function to measure 235 

the deviation between the experimental values and the desired values. The loss function is 236 

converted into a signal-to-noise (S/N) ratio (η) with three generic quality characteristics, namely 237 

the lower-the-better, the higher-the-better, and the nominal-the-better (Gupta et al., 2011). Since 238 

the goal of this module is to maximize the time for suitable environmental conditions, the S/N 239 

ratio for the higher-the-better quality characteristics is selected, as shown in Equation (1): 240 

S

N
 ratio (𝜂) =  −10 ∙ log (

1

𝑛
∙ ∑

1

𝑦𝑖
2

𝑛

𝑖=1

) (1) 

where n is the number of observations, and yi is the observed data at the ith experiment. 241 

Consequently, the optimal level of the factors, including box dimensions, volume of the eutectic 242 
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plates, and number of eutectic plates, can be determined by mean of the S/N ratio and the mean 243 

of means of the overlapping data range so as to show the best setting in the passive packaging 244 

model for specific food. Eventually, the cooling rate of the packaging model for specific food 245 

can be converted into a cooling time window for use of optimizing route planning.  246 

3.2 Route planning module 247 

In this module, mathematical closed-loop transportation planning with only one depot is 248 

formulated by considering the constraints and factors related to capacity, number of vehicles, 249 

customer locations, service time window, recycling of eutectic plates, and cooling time window. 250 

Assuming that all vehicles are identical in regard to truck capacity, energy consumption and 251 

speed; the speed of all vehicles is constant; customer demands and the required products are 252 

known in advance. In addition, the use of trucks requires certain amount of fixed and variable 253 

costs, namely installation cost and fuel cost respectively.  254 

In the mathematical modeling, a fleet of vehicles start and finish delivery at the depot, and the 255 

requested pallets of food are delivered to the customers. It aims at minimizing the travelling time 256 

between various customer nodes conductive to formulate an efficient vehicle routing through 257 

using a fleet of vehicles. All the notations used in the model are shown in Table 4, and the 258 

objective function and relevant constraints are shown as follows: 259 

Table 4  Notation of route planning module 260 

Notation Definition 

Sets: 
D Set of all delivery locations 

D0 Set of all locations including delivery location and depot, D0 = 𝐷 ∪ {0} 

M Set of all products  

V Set of all trucks 

Parameters: 
Cf Fixed cost in using a truck for delivery 

Cv Variable cost for product delivery depended on travelling distance 

dj Amount of delivery products to customer j, where j ∈ D0 

Lij Travelling distance between location i and j, where i, j ∈ D0 and i ≠ j 
n Number of customer nodes, where n = |D0| 
pf Amount of pick-up from customer f, where f ∈ D0 

S Maximum service hour for the distribution services  

tij Travelling time between location i and j, where i, j ∈ D0 and i ≠ j 
Tb Maximum transportation duration for product b, where b ∈ M 

Wmax Maximum truck capacity 

Decision variables: 
𝑊𝑘

′ Initial truck load of truck k at the depot, where k ∈ V 

Wj Truck load after having served customer j, where j ∈ D 

𝑥𝑖𝑗
𝑘  Binary variable to decide the truck k travelling location i to j, where k ∈

V and i, j ∈ D0 

ω𝑏𝑗 Binary intermediate variable to show the product b received by customer j, 

where b ∈ M and j ∈ D 

𝛿𝑗 Intermediate variable to prevent the sub-tours  
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Minimize: ∑ ∑ ∑[𝑡𝑖𝑗 + (𝐶𝑣𝐿𝑖𝑗 + 𝐶𝑓)]𝑥𝑖𝑗
𝑘

𝑘∈𝑉𝑗∈𝐷0𝑖∈𝐷𝑜

 (2) 

 261 

Subject to: 262 

∑ ∑ 𝑥𝑖𝑗
𝑘

𝑘∈𝑉

= 1, ∀𝑗 ∈ 𝐷

𝑖∈𝐷0

 (3) 

∑ 𝑥𝑖𝑓
𝑘 =

𝑖∈𝐷0

∑ 𝑥𝑓𝑗
𝑘

𝑗∈𝐷0

, ∀𝑓 ∈ 𝐷 and ∀𝑘 ∈ 𝑉 (4) 

( ∑ ∑ 𝑡𝑖𝑗𝑥𝑖𝑗
𝑘

𝑘∈𝑉

)

𝑖∈𝐷0

∙ 𝜔𝑏𝑗 ≤ 𝑇𝑏 , ∀𝑏 ∈ 𝑀 and ∀𝑗 ∈ 𝐷 (5) 

𝑊𝑘
′ = ∑ ∑ 𝑑𝑗𝑥𝑖𝑗

𝑘

𝑗∈𝐷0

, ∀𝑘 ∈ 𝑉

𝑖∈𝐷0

 (6) 

W𝑓 ≥ 𝑊𝑘
′ − ∑ 𝑦𝑏𝑓

𝑏∈𝑀

+ 𝑝𝑓 − 𝑀(1 − 𝑥0𝑓
𝑘 ), ∀𝑓 ∈ 𝐷 and ∀𝑘 ∈ 𝑉 (7) 

W𝑗 ≥ W𝑖 − ∑ 𝑦𝑏𝑗

𝑏∈𝑀

+ 𝑝𝑗 − 𝑀 (1 − ∑ 𝑥𝑖𝑗
𝑘

𝑘∈𝑉

) , ∀𝑖 ∈ 𝐷, ∀𝑗 ∈ 𝐷 and 𝑖 ≠ 𝑗 (8) 

𝑊𝑘
′ , W𝑓 , W𝑗  ≤ 𝑊𝑚𝑎𝑥, ∀𝑘 ∈ 𝑉 and ∀𝑗, 𝑓 ∈ 𝐷 (9) 

∑ ∑ 𝑡𝑖𝑗𝑥𝑖𝑗
𝑘

𝑗∈𝐷0

≤ 𝑆, ∀

𝑖∈𝐷𝑜

𝑘 ∈ 𝑉 (10) 

δ𝑗 ≥ δ𝑖 + 1 − 𝑛 (1 − ∑ 𝑥𝑖𝑗
𝑘

𝑘∈𝑉

) , ∀𝑖 ∈ 𝐷, ∀𝑗 ∈ 𝐷 and 𝑖 ≠ 𝑗 (11) 

δ𝑖 ≥ 0, ∀𝑖 ∈ 𝐷 (12) 

𝑥𝑖𝑗
𝑘 , 𝑦𝑏𝑗 ∈ {0, 1}, ∀i, ∀j ∈ 𝐷0 and ∀𝑘 ∈ 𝑉 (13) 

 263 

The objective function is to minimize the travelling time and relevant costs stated in equation (2). 264 

Ensuring that each customer location is visited exactly once by the same truck through 265 

constraints (3) and (4). Constraint (5) shows that the travelling time of each product is strictly 266 

limited to the specific cooling duration by the packaging model. Constraint (6) defines the initial 267 

truck load by the summating delivery amount. Constraint (7) demonstrates the change of truck 268 

load after visiting the first customer, which involves the product delivery and pick-up of the used 269 

sensing devices. This change can be extended to the entire routing model in constraint (8). 270 

Constraint (9) ensures that the truck load should be less than the maximum truck capacity. 271 

Constraint (10) ensures that the total travelling time of each trip does not exceed the service 272 

hours defined by the logistics company. Constraints (11) and (12) prevent sub-tours in the 273 

routing model formulation and define the non-negativity for the intermediate variable. Constraint 274 

(13) shows that binary characteristics of the decision variables.  275 

In order to solve the above mathematical model in an efficient manner, the genetic algorithm 276 

(GA) approach is applied to search for the optimal vehicle routing for multi-temperature food 277 



11 

 

distribution, with four major steps, namely (i) chromosome encoding, (ii) population 278 

initialization, (iii) fitness function evaluation, and (iv) genetic operations.   279 

(i) Chromosome encoding 280 

In the chromosome encoding, the chromosome is defined as a sequence of all the customer nodes 281 

and a binary chromosome section, as shown in Fig. 5. According to the defined objective 282 

function, the decision variable 𝑥𝑖𝑗
𝑘  implies the arc from node i to node j with using truck k. 283 

Therefore, the chromosome can be encoded as follows. The first part shows the selected nodes in 284 

this routing model according to the defined constraints, while the second part indicates the 285 

starting and ending nodes by using the binary number 1.  286 

 287 

Fig. 5  Example of the encoded chromosome 288 

(ii) Population initialization 289 

The initialization of the proposed model requires population size, crossover rate, mutation rate 290 

and maximum number of generations. The population size is used to control the number of 291 

chromosomes in the iterations with the random generation of the initial solutions. Moreover, the 292 

crossover and mutation rates are user-defined to filter inapplicable chromosomes in the genetic 293 

operations.  294 

(iii) Fitness function evaluation 295 

Given the above criteria in the GA, fitness values for all chromosomes can be evaluated to 296 

investigate the travelling time and relevant costs in the distribution process. The fitness function 297 

in the GA can be referred to the objective function in the above mathematical modelling. It is 298 

also required to check any violations of the defined constraints in the model. Once a constraint is 299 

violated in the whole chromosome population, the fitness value is then replaced by another 300 

extraordinary large value, zv, which affects the weight calculation of each chromosome, by using 301 

roulette wheel selection. By doing so, chromosomes with large zv will not be able to continue to 302 

the next iteration. The chromosome with the minimal fitness value is the final output searched by 303 

the GA.  304 

 305 

 306 



12 

 

(iv) Genetic operations 307 

Before reaching the maximum generation in the GA, the chromosomes then continue to the 308 

genetic operations, including mating pool formulation, crossover and mutation processes. The 309 

mating pool is formulated by randomly selecting the chromosomes from the parent pool of the 310 

chromosome population. In the mating pool, a random number between 0 and 1 is assigned to 311 

each mated chromosome such that the chromosomes are selected according to the defined 312 

crossover rate. The crossover operations are as follows. The specific range of elements is 313 

exchanged between the selected chromosomes so as to create a number of offspring 314 

chromosomes. In the mutation process, a set of random numbers between 0 and 1 is assigned to 315 

the elements of each offspring chromosome, and the elements will be changed when satisfying 316 

the mutation criteria. Therefore, a new set of chromosomes is established, while the fitness 317 

function is again evaluated to determine a better fitness value in the model. A number of 318 

chromosomes with the worst fitness values in the parent pool are then replaced by the better 319 

chromosomes in the mating pool. When repeating the above procedures up to maximum number 320 

of generations, the optimal solution in the model can be determined. Thus, the vehicle routing 321 

planning can be formulated effectively for multi-temperature food distribution.  322 

3.3 IoT monitoring module 323 

During the transportation, environmental conditions, including temperature and humidity, are 324 

monitored for each box of food under the IoT environment. In general, the IoT framework 325 

consists of three layers: perception layer, network layer, and application layer (Sethi and Sarangi, 326 

2017). Fig. 6 shows the IoT framework for the proposed IRPS. In the perception layer, the 327 

sensing technology, i.e. SensorTag CC3200 from Texas Instruments, is applied to gather 328 

environmental information, and to identify the cooling box and food. The product specification 329 

of the sensor node used in the proposed IoT monitoring application is shown in Table 5. The 330 

sensor node is attached to each cooling box along with certain eutectic plates when transporting 331 

the food to customers. Under a wireless local area network (WLAN) operating at 2.4GHz, 332 

information on the temperature, humidity and product identity can be gathered in the gateway. 333 

With the known cloud configuration, such as Message Queuing Telemetry Transport (MQTT) 334 

and IBM IoTF registered devices, the information can be transmitted to the Platform as a Service 335 

(PaaS) development platform under the 3G/4G/LTE network. In the network layer, the 336 

transmitted information can be managed in the cloud database, such as MySQL and Cloudant, 337 

and structured in standard data format, such as JSON and XML. Thus, the information can be 338 

used in the web and mobile applications through web development programming, such as HTML, 339 

CSS and PHP. In the application layer, the proposed system, i.e. IRPS, can be developed on 340 

various devices for customers and workers. The functionalities of IRPS include product 341 

monitoring, incident management, reporting, and vehicle routing planning. On the one hand, 342 

customers are able to check the environmental conditions for the specific food during the entire 343 

transportation process, preventing the customers from receiving the deteriorated products, which 344 

strengthens their confidence in food quality and logistics services. On the other hand, workers 345 

have clear instructions on food packaging for transportation, aiming at prolonging suitable 346 
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handling conditions, and can be assigned an optimal delivery schedule so as to minimize the 347 

travelling distance and corresponding costs.  348 

 349 

Fig. 6  IoT framework for IRPS 350 

Table 5  Product specification of SensorTag CC3200 351 

Parameter Value/description 

Figure of Sensor node  

 
Operating frequency WLAN 2.4Ghz for channel 1 to 11 

Reed relay 350MΩ 

Sensing devices 3-axis gyroscope, 3-aixs accelerometer, 3-axis 

magnetometer, thermopile sensor, pressure 

sensor, humidity sensor, light sensor  

Use of battery Two AAA battery 

Serial flash memory 1 MB (on-board) 

Accuracy of temperature readings  ±1°C (0°C to +60°C) and 

±1.5°C (-40°C to +125°C) 

Accuracy of humidity readings ±3% 

 352 

4. Case Study  353 

For the sake of validating the performance of the proposed system, a pilot study was conducted 354 

in a third-party logistics service provider in Hong Kong. The company was founded in 2002, and 355 

has 18-storey warehousing facilities with a capacity of 28,000 metric tons. It generally is a 356 

distributor for managing customers’ inventory in cold storage facilities, arranging daily 357 
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transportation services to numerous customer locations, from the diversified warehouses. One of 358 

the core businesses in the company is to handle various kinds of food, such as frozen meat, 359 

seafood, fruit and vegetables. Currently, the company relies on refrigerated trucks to deliver the 360 

fresh and perishable products to its customers, but it faces the problem of food chilling and 361 

freezing injuries as the products are held at the temperature below their recommended conditions, 362 

dependent on the product types. Consequently, there is a certain level of food deterioration rate 363 

even though the company provides refrigerated trucks. Particularly for importing premium fruit 364 

and vegetables, the deterioration rate not only generates huge cost and food wastage, but also 365 

influences customers’ satisfaction. Besides, the company relies on data loggers to collect 366 

information on the temperature and humidity in the transportation process. The truckers can only 367 

notice the food deterioration when unloading the products to customers, resulting in a waste of 368 

time and transportation costs. Therefore, the effective transportation management of premium 369 

fruit and vegetables should pay attention to maintaining product quality and monitoring the 370 

environmental conditions in real-time during transportation. The proposed system, IRPS, is 371 

therefore implemented in the company to develop effective multi-temperature food distribution 372 

and real-time food monitoring for minimizing the food deterioration rate and enhance customer 373 

satisfaction.  374 

As shown in Fig. 7, the entire implementation of IRPS is divided into four phases. The 375 

experiments on passive packaging modeling have to be conducted as the first priority for 376 

determining the optimal packaging settings and maximize the recommended transport duration, 377 

depending on the particular type of food.  Along with the above information, the vehicle routing 378 

for multi-temperature food distribution is then solved by using the GA. When packing the food 379 

in the chilling facilities, a low-power sensor is attached to each cooling box for monitoring the 380 

ambient environmental conditions during the whole delivery process. Under the IoT environment, 381 

the web/mobile application is then established for integrating the routing planning and product 382 

monitoring, for both customers and company staff.  383 

 384 

Figure 7  Implementation roadmap for IRPS 385 
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4.1 Phase 1: Experiments on passive packaging modeling 386 

In this pilot study, five types of food, namely apples, grapefruit, mango, melons and tomatoes, 387 

were selected their own optimal packaging setting and were examined by conducting a set of 388 

experiments according to the full factorial design of the Taguchi method (L9). Each type of food 389 

has its own recommended transport conditions in term of temperature (°C) and relative humidity 390 

(%). Table 6 shows the specific recommended transport conditions and the corresponding 391 

experiment results. In the experiments, each run was conducted for 4 hours to see the rate of 392 

change of temperature and humidity, and this experimental duration was matched to a typical 393 

delivery schedule of the transportation team in the company. Following the method in the 394 

passive packaging modeling module, the cooling durations in minutes are then collected through 395 

the experiments, as shown in Table 6. Since there is no guarantee that the internal environmental 396 

conditions must fit all the recommended temperature and humidity, the value “zero” in cooling 397 

duration will be given to imply that the packaging settings do not fit to the products’ handling 398 

requirements. However, when applying the higher-the-better approach of S/N ratio in the 399 

Taguchi method, the reciprocal value of the square of the cooling durations (
1

𝑦𝑖
2 ) stated in 400 

equation (1) should exist, and therefore a significantly small numerical value, i.e. 0.001, is used 401 

to replace the zero in the cooling duration to maintain the feasibility of the model.  402 

Since the fruits in this study have different recommended transport environmental conditions, the 403 

optimal packaging setting by using the eutectic plates and polyfoam boxes can be diversified. Fig. 404 

8 and Fig. 9 present the results of the Taguchi-based experiments in the aspects of the S/N ratios 405 

and the means of cooling duration for various packaging settings associated with the five types 406 

of fruits. The specific optimal packaging settings are determined through the maximum values of 407 

the S/N ratios which are the-higher-the-better type. The highest cooling durations in the 408 

packaging model are critical to maintain the desired product quality for transportation. Therefore, 409 

the best packaging setting for apples are specified as ESP-0 in box internal dimension (η = -25.86; 410 

means = 44.56), 1000ml for eutectic plate volume (η = -25.28; means = 48.45), and three eutectic 411 

plates (η = -25.28; means = 47.89), so as to maximize the cooling duration for multi-temperature 412 

food distribution. Similar to all other fruits, the best packaging setting for grapefruit is referred to 413 

ESP-2 (η = 35.41; means = 138.89), 1000ml of eutectic plate volume (η = 26.61; means = 89.22), 414 

and two eutectic plates (η = 35.02; means = 128.33); the best packaging setting for mango is 415 

referred to ESP-2 (η = 39.01; means = 123.78), 500ml of eutectic plate volume (η = 38.96; means 416 

= 124.89), and two eutectic plates (η = 40.88; means = 128.44); the best packaging setting for 417 

melons is referred to ESP-1 (η = 32.09; means = 63.78), 1000ml of eutectic plate volume (η = 418 

28.04; means = 68.67), and two eutectic plates (η = 36.06; means = 91.00); the best packaging 419 

setting for tomatoes is referred to ESP-1 (η = 44.78; means = 184.44), 500ml of eutectic plate (η 420 

= 44.71; means = 182.44), and two eutectic plates (η = 44.96; means = 182.11). The main effects 421 

for S/N ratio and mean value for apples are different to the other fruit as most packaging settings 422 

in the experiments do not satisfy the handling requirements of apples in term of temperature and 423 

humidity. The negative signal-to-noise ratio, which imply that the noise power is greater than the 424 

signal power, is not preferable in the Taguchi method. However, due to limited resources and 425 
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given environment, the generated packaging setting by using ESP-0, three 1000ml eutectic plates, 426 

for the apples is claimed to be optimal. 427 

 428 

Table 6  Experiment results for five selected food types 429 

 Apples Grapefruits Mango Melons Tomatoes 

Temperature -1 to +4 °C +10 to +15 °C +9 to +14 °C +9 to +12 °C +7 to +15 °C 

Humidity ≤ 95% ≤ 90% ≤ 95% ≤ 95% ≤ 90% 

Shelf life 2-7 months 1-2 months 2-3 weeks 2-3 weeks 1-4 weeks 

      

No.   Run Cooling duration (in mins) 

1 (i) 0 0 0 0 0 

 (ii) 0 68 5 0 68 

 (iii) 0 45 0 0 45 

2 (i) 0 97 132 132 181 

 (ii) 0 150 165 120 195 

 (iii) 0 143 170 134 200 

3 (i) 131 13 4 2 6 

 (ii) 120 8 3 3 4 

 (iii) 150 10 4 4 5 

4 (i) 0 200 139 24 200 

 (ii) 0 168 92 20 170 

 (iii) 0 150 75 20 150 

5 (i) 0 0 90 90 150 

 (ii) 0 105 150 150 210 

 (iii) 30 0 30 30 120 

6 (i) 0 270 120 45 270 

 (ii) 0 75 120 120 165 

 (iii) 0 180 225 75 225 

7 (i) 0 120 60 30 120 

 (ii) 0 225 210 120 225 

 (iii) 0 144 74 0 144 

8 (i) 0 136 72 0 136 

 (ii) 0 225 90 30 225 

 (iii) 0 153 225 80 225 

9 (i) 35 5 64 64 140 

 (ii) 0 142 184 170 229 

 (iii) 0 100 135 135 174 

 430 
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 431 

Fig. 8  Main effect plot for S/N ratios for packaging model 432 

 433 

Fig. 9  Main effect plot for means of cooling duration for packaging model 434 

Table 7 summarizes the above optimal packaging settings for the five selected fruits, average 435 

cooling duration and required preparation time for the packaging environment. The average 436 

cooling duration and required preparation time, which is defined as the shortest time to reach the 437 

overlapping data range, are collected in the experiments according to the optimal packaging 438 

settings. According to the above results, the cooling durations become the constraint of cooling 439 

time window in the route planning model to ensure that the food can be delivered to the 440 

customers within the duration of cooling time window. In addition, the insulated box should be 441 

prepared in advance according to the required preparation time before the food is picked and 442 

packed from the storage section. Therefore, the food is prepared for delivering to the customers, 443 

and the effective delivery routes should be constructed for the transportation team.  444 

4.2 Construction of routing model solved by GA 445 

According to the delivery routing model built in the route planning module, the routing results 446 

are simulated by using MATLAB®  programming to minimize the objective function together 447 

with the number of defined constraints. In the case company, the transportation operations are 448 

split into morning and afternoon sessions, with 4 hours in each session. Since the company 449 

mainly manages the local delivery of premium fruit and vegetables, five 5.5-ton trucks, in which 450 
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the capacity of each truck is approximately 6-7 pallet spaces, are used to complete the orders. In 451 

order to develop the optimal delivery route, 50 customer locations are selected from the customer 452 

pool and scattered on a Euclidean plane of 500x500 km2. For applying the GA in vehicle routing 453 

planning, the system parameters are set as follows: number of iterations = 5000; population size 454 

= 150; crossover rate = 0.8; mutation rate = 0.05. The termination criteria of this module are 455 

either to reach the maximum number of iterations or to have less than 0.01% improvement in the 456 

fitness function value in the last 500 iterations. Fig. 10 and Fig. 11 show the results and 457 

optimization from the route planning module implemented in the MATLAB®  environment. The 458 

optimal delivery route is generated at 2764 iteration with 8798.1844km of total distance. Since 459 

the speed of the trucks are assumed to be fixed in this study, the conversion between travelling 460 

distance and travelling time can be formulated, i.e. speed (v) × travelling time (t) = travelling 461 

distance (s). Five trucks are fully utilized in transportation activities, considering the constraints 462 

of the service time window, cooling time window, and vehicle capacity.  463 

Table 7  Optimal packaging settings for five types of fruit 464 

Food type 

Optimal Packaging Setting Cooling 

duration 

(min) 

Required 

preparation time 

(min) 
Box internal 

dimension 

Eutectic plate 

volume 

Number of 

eutectic plates 

Apples ESP-2 1000ml 3 143 18 

Grapefruit ESP-0 1000ml 2 183 20 

Mango ESP-0 500ml 2 176 23 

Melons ESP-1 1000ml 2 232 20 

Tomatoes ESP-1 500ml 2 216 26 

 465 

 
Fig. 10  Generated delivery route for IRPS 

 
Fig. 11  Optimization progress over 5000 iterations 

Since the GA is a heuristic algorithm in searching for the optimal solution, multiple trials using 466 

the same data set and parameter settings are needed to validate the optimality and reliability of 467 

the generated delivery results. Table 8 shows the results of the total distance and iteration in five 468 

different trials for the route planning module. The average total distance for the delivery route 469 

and iteration for obtaining the results are 8518 km and 3532 respectively. The difference 470 

between the maximum and minimum distance value is around 0.06% so that the routing result 471 
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from the GA is reliable. However, the average iteration for obtaining the optimal result in the 472 

route planning is lower than the original number of iterations by almost 30%. In other words, 473 

there is a room to reduce the number of iterations so as to shorten the computational time and 474 

computer resources.  475 

Table 8  Trials for GA-based route planning module 476 

Number of trials Total distance (km) Iterations for obtaining the results 

1 8798 2764 

2 8540 2880 

3 8321 3932 

4 8567 3673 

5 8364 4411 

Average 8518 3532 

 477 

4.3 Development of IoT monitoring application 478 

In this section, an IoT monitoring application is developed to collect and show the temperature 479 

and humidity during the whole transportation process. Fig. 12 shows the entire setup of the IoT 480 

application, from the installation of the sensor nodes to the system development. As mentioned 481 

above, the SensorTag CC3200 is installed inside the insulated box as the sensor node so as to 482 

formulate a low-power wireless sensor network. Through the Wi-Fi network, the sensor nodes 483 

are configured in IBM Watson IoT Platform by the setup information, including device type, 484 

device ID, organization ID and authentication token. These credentials are required to configure 485 

into the sensor nodes for connecting to the IoT development platform, namely IBM Bluemix, in 486 

this study. In furtherance of issuing the customized HTTP POST commands, bash script is used 487 

to transfer all the credentials together with the specific IP address to the SensorTag CC3200. 488 

Consequently, the sensing information can be smoothly and securely transmitted to the Bluemix 489 

platform. In the Bluemix platform, it has a great flexibility for developing the application, for 490 

example in compatibility with various databases, i.e. SQL, cloudant, mongodb, dashDB, as well 491 

as support of different kinds of programming languages for web and mobile development, such 492 

as HTML, PHP, JavaScript and Python. On the one hand, the real-time environmental data from 493 

the sensor nodes are transferred to the front-end web application by using WebSocket and 494 

JavaScript. Through setting the functions of onmessage, onopen and onclose, the values of 495 

temperature and humidity can be updated in real-time in the web and mobile applications. On the 496 

other hand, the data can be simply stored into Cloudant which is a managed NoSQL JSON 497 

database service. By querying the cloud database, the IoT application can support the functions 498 

of reporting and incident management. In other words, a report on environmental conditions 499 

during transportation can be generated in the format of Excel or CSV according to the specific 500 

time duration. In addition, the ad-hoc logic can be customized in the Bluemix platform to detect 501 

any violations of temperature and humidity before reaching the customers. This automatic data 502 

acquisition should be integrated with the packaging setting and routing solutions to establish 503 

effective multi-temperature food distribution.  504 
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 505 

Fig. 12  Setup of IoT monitoring application 506 

4.4 Establishment of multi-temperature food distribution 507 

The proposed system, i.e. IRPS, is mainly designed and developed for transportation staff and 508 

customers to enhance the distribution efficiency and effectiveness, as well as customer 509 

satisfaction. In the front-end development, these two groups of users are classified in the page of 510 

user configuration so as to direct them to the relevant pages in the proposed system. Fig.13 and 511 

Fig. 14 show the user interface of IRPS for aiding the transportation process and in product 512 

monitoring. After configuring the user information, the users can view a real-time graphical 513 

display for temperature, humidity and lighting intensity of the specific cooling box. This real-514 

time data transmission is completed from the sensor nodes, the PaaS-IoT development platform, 515 

cloud database, and Web/APP programming. If there are any unexpected incidents, such as 516 

violation of handling requirements over a long period of time, the Twilio SMS service will be 517 

triggered to inform the corresponding parties. Finally, a report of the environmental information 518 

during the whole distribution process can be exported through specifying the time intervals.   519 

 520 

For the transportation team, the delivery notes and schedule are shown under “Distribution 521 

Management”. The information for truckers and customers are pre-processed and loaded into the 522 

cloud database and PaaS-IoT development platform for the route planning module. After 523 

optimizing the vehicle routing solutions, the locations and routes will be shown on the map. It is 524 

user-friendly for the staff to check the delivery route and product information at any time. By 525 

making use of Google Maps API, the shortest path and traffic situation between the customers’ 526 

locations can be visualized. It is convenient for the truckers to understand the driving routes and 527 

real-time traffic situations. Therefore, for both customers and transportation staff, the proposed 528 

system can support the daily operations and enhance food traceability and monitoring.  529 
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 530 

Fig. 13  Prototype of the proposed system in environmental monitoring 531 

 532 

 533 

Fig. 14  Prototype of the proposed system in distribution management 534 

 535 

 536 
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5. Results and discussion 537 

Concerning to verify the proposed system, i.e. IRPS, the prototype of the proposed system has 538 

been developed for the case company for aiding its distribution management of multi-539 

temperature food. It took one month in system implementation to measure the performance and 540 

impact. The functions of IRPS integrate (i) optimization of packaging settings with given 541 

packaging materials and resources, (ii) optimization of vehicle routing for order delivery, and (iii) 542 

real-time product monitoring under IoT environment. Therefore, it is beneficial for both staff in 543 

transportation team as well as the customers through the systematic operational procedures and 544 

high visibility of the whole distribution process.  545 

5.1 Advantages of IRPS 546 

With the aid of IRPS, it is found that the food spoilage rate during transportation is reduced, and 547 

customer satisfaction and operational efficiency are enhanced.  548 

(i) Reduction of food spoilage 549 

Since the optimal packaging model and delivery routing are established under given resources 550 

and constraints, the product quality for multi-temperature food should be maintained in the 551 

distribution. Therefore, the food spoilage and deterioration rates should be reduced after 552 

implementing the proposed system. The implementation of IRPS took one month to investigate 553 

its impact and effect, and the key performance indicator is the food spoilage rate which is 554 

calculated by the amount of spoilage food divided by the total number of orders from customers. 555 

The records in the case company show that the food spoilage rate which is presented as the 556 

percentage value out of monthly total orders is decreased from 22.6% to 7.9%, a reduction of 557 

65%. Traditionally, the original food spoilage rate is still acceptable for the normal fresh fruits 558 

and vegetables whose costs and selling prices are economical. However, when handling the 559 

premium fruits and vegetables, such as imported food from Japan, such a high food spoilage rate 560 

will accumulate a huge loss in monetary values for the logistics companies. In addition, the 561 

proposed system makes use of the existing resources to maximize the cooling duration in the 562 

insulated box during transportation, rather than investing on packaging materials and equipment. 563 

Consequently, the implementation of proposed system is cost-effective and user-friendly in most 564 

logistics companies.  565 

(ii) Enhancement of customer satisfaction and operational efficiency 566 

The adoption of IRPS has positive influences on customer satisfaction and operation efficiency. 567 

Table 9 shows the numerical improvements in customer satisfaction and operational efficiency 568 

after implementing the proposed system. Since the IRPS provides efficient delivery routes and 569 

appropriate packaging settings for the products, customer complaints recorded a greatly 570 

reduction from 8 to 3 times, a decrease of 62.5%. In addition, the overall customer satisfaction is 571 

increased from 6.5 to 8.3 points, a 27.7% increase. Therefore, the overall delivery service after 572 

applying the IRPS can further satisfy the customers’ needs and expectations. For the operational 573 

efficiency, the on-time performance on the fulfillment of orders increased from 56.8% to 86.1%, 574 

an increase of 51.6%. The transportation team benefits from the generated optimal delivery 575 
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routes as well as the functions in Google map. Furthermore, the average time for picking and 576 

packing operations and the average number of return deliveries are changed from 8min to 10min, 577 

and 11 to 4 orders respectively. Since the proposed system provides detailed instructions on the 578 

packaging settings, the workers are required to spend additional time on the packing process. 579 

Thus, the average time for picking and packing operations is slightly increased. Thanks to such 580 

appropriate packaging settings, the number of return deliveries due to food spoilage and cargo 581 

discrepancy was greatly reduced by 63.6%.  582 

Table 9  Improvement in customer satisfaction and operational efficiency 583 

Area Before After (with IRPS) Percentage change 

Customer related:  

-Customer complaint 8.0 3.0 -62.5% 

-Customer satisfaction 6.5 8.3 27.7% 

Operation related: 

-On-time performance on fulfillment orders 56.8% 86.1% 51.6% 

-Average time for picking and packing 

operations 

8 min 10 min 25.0% 

-Average number of return deliveries 11.0 4.0 -63.6% 

 584 

5.2 Discussion on the system investment 585 

Since logistics companies use refrigerated trucks for distributing the multi-temperature food, a 586 

certain level of food loss and capital loss can be estimated by their experience and practices. The 587 

companies will have less motivation if the system investment of the proposed system cannot 588 

cover the loss and create more business opportunities. As mentioned above, the original 589 

percentage of average food loss is about one-fifth in the total transactions. For handling premium 590 

imported food, the capital loss caused by the food spoilage and contamination is estimated to be 591 

huge such that the motivation for implementing the IRPS should be increased. For investigating 592 

the motivation, a cost analysis was carried out to examine the cost-effectiveness of the proposed 593 

system. At the beginning, the implementation cost of IRPS includes the set-up and equipment 594 

costs, which refers to the purchasing of sensor nodes and 4G/LET mobile routers, as well as 595 

system installation. The performance of the system implementation is then measured by the 596 

average capital loss for food spoilage, average penalty, and annual compensation to customers. 597 

Table 10 shows the costs associated with the system deployment, and cost performance 598 

indicators before and after the implementation. Based on the above information, the total cost 599 

saved per year is: 600 

HK${[( average capital loss for food spoilage per month before implementation – 601 

average capital loss for food spoilage per month after implementation) + (average 602 

penalty per month before implementation – average penalty per month after 603 

implementation)] × 12 + (annual compensation spent to customers before implementation 604 

– annual compensation spent to customers after implementation) – annual system 605 

maintenance cost } 606 

= HK${[(75,000 – 35,000) + (10,000 – 5,500)] × 12 + (63,000 – 28,000) – 15,000}  607 
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= HK$554,000 608 

Therefore, the expected break-even point can be calculated as follows: 609 

System investment ÷ total cost saved  610 

= 380,000 ÷ 554,000 = 0.69 years = 8.2 months 611 

From the above analysis, the company is expected to invest HK$380,000 at the beginning for 612 

system development and installation. Since the performance of IRPS in maintaining the food 613 

quality and optimizing the vehicle routing during transportation has been verified, a continuous 614 

improvement in cost saving related to food spoilage and transportation penalty can also be 615 

expected. In addition, the company only requires 8.2 months to get back the money invested. 616 

This break-even duration is acceptable for the case company, striking a balance between the 617 

costs and benefits in maintaining the prescribed food quality and in efficient route planning.  618 

Table 10  Cost analysis of the IRPS 619 

 Implementation 

cost  

(in HK$) 

Before 

implementation 

(in HK$) 

After 

implementation 

(in HK$) 

System set-up cost 80,000 / / 

IoT equipment including sensor nodes, routers 

and system development 

300,000 / / 

Annual system maintenance cost / / 15,000 

Average capital loss for food spoilage per month / 75,000 35,000 

Average penalty per montha / 10,000 5,500 

Annual compensation spent to customers / 63,000 28,000 
aPenalty incurred by late delivery and waste of transportation costs 

 620 

6. Conclusions 621 

The business of selling premium fruit and vegetables has become popular in recent years due to 622 

the change of life style, growth of e-Commerce platforms, and the expansion of international 623 

freight networks. Traditional distribution management, which uses either general or refrigerated 624 

trucks, is ineffective and inefficient in maintaining the desired quality for multi-temperature food 625 

and in monitoring real-time environmental conditions. Consequently, the MTJD ontology has 626 

been developed for the multi-temperature products for satisfying all the handling requirements in 627 

the distribution. Without such an approach, the food ripening and contamination processes may 628 

be hastened, resulting in a huge amount of food loss. Most distributors and 3PLs are facing 629 

challenges in improving the existing packaging methods, optimizing the delivery schedule, and 630 

monitoring the food during the distribution. This paper proposes a IoT-based route planning 631 

system (IRPS) which integrates Internet of Things (IoT) technologies, the Taguchi method for 632 

packaging settings, and vehicle routing problem in order to establish the comprehensive packing 633 

instructions, automated delivery schedules, and real-time product tracking for the transportation 634 

team and end customers. Based on the existing packaging resources in companies, the packaging 635 

model is optimized by the handling requirements of multi-temperature food, and the maximum 636 
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cooling time window is then generated. By defining the cooling time window constraint, the 637 

route planning is applicable for multi-temperature food distribution, optimized by using the GA. 638 

During the distribution, the real-time product and environmental information are collected and 639 

processed by IoT sensors, i.e. SensorTag CC3200, so that the staff and customers can track and 640 

trace the status of the products, including product information, temperature and humidity, in real-641 

time. By conducting a case study, the proposed system was validated in reducing the food 642 

spoilage rate, and improving customer satisfaction, as well as operational efficiency. The 643 

proposed system is limited to the use of existing packaging materials, and reactive incident 644 

management through IoT technologies. Future work may be conducted in regard to two aspects: 645 

(i) The packaging model should not only focus on eutectic plates, but also other kinds of 646 

phase change materials (PCMs), such as dry ice and contact icing. Other types of unit 647 

load device (ULD) in the food industry can also be applied to the proposed model, 648 

catering for different distribution purposes. In addition, the application of the proposed 649 

system can spread to other environmentally-sensitive products, such as pharmaceuticals 650 

and agricultural products;  651 

(ii) Integrating more data mining and artificial techniques, such as fuzzy logic and decision 652 

tree analysis, will enable dynamic flexibility in the vehicle routing problem when 653 

formulating a proactive approach for incident management. The decision-making 654 

processes in the multi-temperature food distribution can be therefore supported.  655 
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Appendix: 672 

Appendix A  Term glossary of this article 673 

Full Name Acronyms 

Application Programming Interface API 

Design of Experiment DoE 

eXtensible Markup Language XML 

Genetic algorithm GA 

Good agricultural practice GAP 

Good manufacturing practice GMP 

Hazard analysis of critical control points HACCP 

Internet of Things IoT 

Internet of things (IoT)-based route planning system IRPS 

JavaScript Object Notation JSON 

Logistics service providers LSPs 

Message Queuing Telemetry Transport MQTT 

multi-temperature joint distribution MTJD 

phase change materials  PCMs 

Platform As a Service PaaS 

Signal-to-noise ratio S/N 

Standard operating procedures SOP 

Unit load device ULD 

Wireless local area network WLAN 
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