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Resumen 
Supervisar el almacenamiento, transporte y distribución de los productos 

agroalimentarios perecederos es fundamental para garantizar su calidad de cara al 

consumidor final. Estos productos, tales como frutas, verduras, carne o pescado, pueden 

sufrir daños y pérdida de calidad debido a descontroles durante su logística. Dentro de 

los distintos factores que afectan a la vida útil de los productos, la temperatura es el más 

importante de ellos. 

El propósito de esta tesis doctoral es mejorar el control y la supervisión durante la 

cadena de frio, a través del desarrollo de sistemas de monitorización. Para ello se han 

utilizado diversas tecnologías emergentes, de reciente aparición. 

Como primer paso, se hizo una revisión del estado del arte. En este proceso se tuvieron 

en cuenta revistas científicas, normas, patentes, webs, libros, artículos de divulgación y 

otras publicaciones de múltiples disciplinas relacionadas con el tema de la tesis. 

Después de la revisión se identificaron varias tecnologías clave para el desarrollo de 

sistemas de monitorización. Entre ellas destacan las redes inalámbricas de sensores 

(WSN) y los sistemas de identificación por radio frecuencia (RFID). 

El trabajo experimental sobre RFID se ha centrado en la aplicación de dispositivos 

semi-pasivos  que incorporan sensores de temperatura de tal manera que permiten 

supervisar transportes frigoríficos. Este estudio incluyó el análisis de de las 

desviaciones respecto de la temperatura de consigna, la detección de gradientes de 

temperatura y la estimación del número mínimo de sensores que son necesarios para 

una monitorización fiable en un camiones frigoríficos. Los dispositivos utilizados han 
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sido útiles en la mejora de la logística de la cadena de frio, detectando puntos débiles, 

mediante la identificación de áreas problemáticas donde es necesario realizar acciones 

correctivas. Como primer paso se realizo un estudio comparativo de tres sistemas RFID, 

esto permitió seleccionar el que tenia las mejores prestaciones, para a continuación 

instalar 48 de estos dispositivos en un pallet, para estudiar la distribución de 

temperaturas. Finalmente, se monitorizaron 15 camiones frigoríficos compartimentados, 

a diferentes temperaturas de consigna. 

Por otro lado, se exploró el potencial de las redes inalámbricas de sensores para 

monitorizar almacenes de frutas y condiciones de transporte. Los experimentos se 

centraron en la tecnología ZigBee, en concreto en las prestaciones de dos módulos. La 

mayor contribución en esta área fue el análisis de la duración de las baterías bajo 

condiciones frigoríficas y la evaluación de la fiabilidad de las comunicaciones y de las 

medidas. La aplicación del modelo psicrométrico de la ASABE permitió la detección 

inmediata de los cambios en contenido del agua del ambiente, estimar la condensación 

sobre la superficie del producto y las pérdidas de agua del mismo. 

Los apéndices de la tesis recogen una serie de estudios complementarios como son la 

sensórica de gases, las redes de control mediante buses de campo y los sistemas de 

trazabilidad. 

En el ámbito de la sensórica de gases se estudiaron espectrofotómetros de infrarrojos 

con filtros lineales variables (LVF-IR), específicos para la detección de etileno, etanol y 

CO2. Como técnicas de referencia se utilizó la cromatografía de gases y sensores 

comerciales de etileno y etanol. El resultado probó la especificidad de los sensores 

LVF-IR para la segregación entre etileno y etanol, en contraposición con los sensores 

comerciales. 

En el ámbito de las redes de control mediante buses de campo, en los últimos años una 

serie de sistemas se han constituido en los estándares de facto. Entre ellos, la tecnología 

CAN (redes de control de área), suponen la base de las líneas de comunicación en 

vehículos, mediante los protocolos SAE J1939 e ISO 11992, y para barcos, a través del 

protocolo NMEA 2000. El uso de los estándares CAN puede mejor la monitorización de 

los transportes, ya que permite la interoperabilidad del sistema en los distintos ámbitos 
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de transporte. La principal innovación es que el sistema debe manejar información 

multidistribuida como la temperatura, el flujo de aire, humedad, condensación y 

concentración de compuestos volátiles, permitiendo la intercomunicación con centros de 

supervisión remotos, que posibiliten el control a distancia de la unidad. 

Finalmente, se desarrollo un prototipo de software para el control de la trazabilidad, 

basado en la tecnología de servicios web. Dicho prototipo ha permitido integrar, en un 

mismo sistema de trazabilidad, la información procedente de la agricultura de precisión 

junto con la información registrada durante la supervisión del transporte y distribución. 

El sistema desarrollado permite la detección de anomalías, como por ejemplo la ruptura 

de la cadena de frio, detectando descontroles en la temperatura.  De esta manera, este 

sistema de trazabilidad representa una efectiva forma de incrementar la seguridad y la 

calidad, generando confianza para y por lo consumidores. 
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Chapter 1 

Abstract 

Perishable food products are at risk of suffering various damages along the cold chain. 

The parties involved should control and monitor the conditions of goods in order to 

ensure their quality for consumers and to comply with all legal requirements. Among 

environmental parameters during transport, temperature is the most important in 

prolonging the shelf life of the products.  

The aim of this PhD thesis is to improve the control during transport, storage and 

distribution through the development of monitoring applications. The integration of 

emerging information technologies can now provide real-time status updates. 

As a first approach, a deep review of the state of the art has been done. That includes 

scientific literature, websites, books, articles, etc. in different areas. After the revision 

various key technologies were identified: RFID, WSN, chemical sensing and fieldbus 

networks. 

The experimental work about RFID has been focused to the adaptation of miniaturized 

semi-passive temperature loggers for monitoring refrigerated shipments by truck. This 

study included an analysis of the amount of local deviations, the detection of 

temperature gradients, and the estimation of the minimum number of sensors that are 

necessary for reliable monitoring inside a truck or container. These devices are useful 

tools for improving the transport chain and detecting weaknesses by identifying specific 
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problem areas where corrective actions are needed. In a first step, the RFID tags were 

tested by studying the temperature distribution in a pallet. Then, 15 shipments from a 

wholesale company in Germany in compartmented trucks were monitored, covering 

different temperature range conditions.  

Also, the potential of wireless sensor technology for monitoring fruit storage and 

transport conditions has been explored, focusing on ZigBee technology with special 

regard to two different commercial modules. The main contributions in this area relate 

to the analysis of battery life under refrigerated conditions and the evaluation of the 

reliability of communications and measurements. Psychrometric equations were used 

for quick assessment of changes in the absolute water content of air, allowing 

estimation of future water loss, and detection of condensation on the product. 

In the development of chemical sensing technologies, Linear Variable Filter-Infrared 

spectrometers (LVF-IR) for the detection of ethylene, ethanol and CO2 were tested. 

Reference techniques such as Gas Chromatograph (GC) and commercial ethylene and 

ethanol sensors are used for comparison. The results prove that commercial available 

sensors are not able to distinguish between ethylene and ethanol, while LVF-IR is able 

to segregate between both. 

A few fieldbus systems have evolved into de facto standards. Of these, CAN (controller 

area network)-based systems are the basis for road vehicle systems (SAE J1939 and ISO 

11992) and for ships (NMEA 2000). The use of standardized CAN technology can 

improve monitoring transports, ensuring the inter-operability of the system. The 

specifications needed in a CANbus device compatible with SAEJ1939 for monitoring 

international fruit transport were defined. Main innovation is that the system has to 

manage multidistributed information like temperature, air flow, moisture, condensation 

and concentration of volatile compounds, allow intercommunication with further 

accessible stations, and perform intelligent control of the cooling system. 

Finally, the information from monitoring was used in the development of a software 

prototype based on web service technologies that offers new features in traceability 

management. Using web-based systems for data processing, storage and transfer offers 

a very flexible way of information access, networking and usability. The idea was to 
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integrate information from precision farming together with the information registered 

during the transport and delivery from intelligent transport systems into a single 

traceability system. The system enables detection of food safety risks, like for example 

breaks in the cold chain, triggering alerts about temperature abuse. Thus, this 

traceability system represents an effective way to increase food safety and quality, build 

confidence and commitment to and by consumers. 
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Chapter 2 

Introduction 

The European Union (EU) is the second largest exporter and the foremost importer of 

fruit and vegetables. Increasing demand for out-of-season products reinforces the need 

for long distance transportation; 44% of all goods in the EU are transported by road 

(Eurostat, 2006). Wholesalers prefer lorry transport because of its flexibility and the 

possibility of providing door-to-door service. However road transport produces air 

pollution, increases traffic congestion and the death toll. A solution might be the 

combined use of all means of transport: road, rail, inland waterways, and short-distance 

sea shipping (EC, 2001; Gustafsson, 2004). 

There are some 1 million refrigerated road vehicles and 400,000 container units 

worldwide, and the annual value of transported goods is around US$1200 billion 

(Billiard, 2002). Road, rail, air and water transport including maritime and inland 

waterway systems are modes used to transport freight.  In the refrigerated transport 

industry, the major challenge is to ensure a continuous ‘cold chain’ and high quality 

level from producer to consumer, in order to guarantee the prime condition of the goods 

received (Claridge et al., 2004). 

Although goods transport systems have improved in recent decades, they are not yet 

sufficiently integrated to meet today’s requirements in terms of quality and safety, due 
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to the lack of well structured and organized intermodal transport chains (Giannopoulos, 

2004).  

The growth in trade, changes in business practices, and safety concerns, have also 

underscored the need for government-industry partnerships to standardise information 

exchange and to implement best practices across the global supply chain network. 

Recently, safety issues have become a major concern. Major goals are therefore to 

provide support for risk and vulnerability assessments for all interested parties, and to 

determine ways of monitoring the movement of goods transported (ECMT, 2002; 

Wolfe, 2002).  

Emergent Information and Communication technologies have enormous potential to 

make supply chains smart and more efficient. The aim of this thesis is to explore this 

potential focusing in monitoring fruit logistics. In this framework, the creation of 

economic value is based on efficient processes that ensure quality both for suppliers and 

customers. 
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Chapter 3 

Problem statement 

This chapter explains the motivation of the current PhD Thesis, presenting the statement 

of the problem and why it should be solved. The central problems addressed in this 

thesis are the deterioration that food products can suffer during transportation and the 

development of proper monitoring systems. 

3.1. Perishable goods transportation 

Perishable food products such as vegetables, fruit, meat or fish require refrigerated 

transports. Cooling is essential to avoid deterioration and market loss. The quality of 

these products might change rapidly, because they are submitted to a variety of risks 

during transport and storage that are responsible for material quality losses. Metabolic 

activities generally increase as storing temperatures are elevated. Short interruptions in 

the control of the cold chain may result in immediate deterioration of product quality 

(Nunes et al., 2003). 

Parties involved need better quality assurance methods to satisfy customer demands and 

create a competitive advantage. 

Quality control and monitoring of goods transportation and delivery services is an 

increasing concern for producers, suppliers, transport decision makers and consumers. 

The supply chain management for fresh foods requires fast decisions; goods are 

forwarded within hours. The quality of fresh meat, fish or agricultural products might 

change rapidly. The internal biological and chemical processes of fresh products 

continue after harvesting. Temperature is the most important factor for extending shelf 
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life. It is essential to ensure that temperature inside the transport units is correct; local 

temperature deviations can be in almost any transport situation present. Reports from 

literature indicate gradients of 5°C or more, deviations of only a few degrees can lead to 

spoiled goods and thousands of dollars in damages (Tanner and Amos, 2003; 

Rodriguez-Bermejo et al., 2007; Nunes et al., 2006).  

Water loss is also one of the main causes of deterioration that reduces the marketability 

of fresh fruits and vegetables. Transpiration is the loss of moisture from living tissues. 

Most weight loss of stored fruit is caused by this process. The relative humidity (RH), 

the temperature (T) of the product and its surrounding atmosphere, and air velocity, all 

affect the amount of water lost from perishable food products. Free water or 

condensation is also a problem as it encourages microbial infection and growth, and it 

can also reduce the strength of carton packing (Shamaila, 2005). 

3.2. Monitoring systems 

The EU subscribes to all the international conventions on the carriage of perishable 

goods which may be applicable to frozen or chilled products. All member states of the 

EU and the European Commission (EC) are parties to the ATP agreement (an 

agreement on the international carriage of perishable foodstuff and on the special 

equipment to be used for such carriage). Discussion on and the amendment of the ATP 

agreement take place under the auspices of the United Nations Economic Commission 

for Europe. The provisions of this agreement are binding on the members of the 

Community (UNECE, 2003). Legislation EN 12830 (1999) demands class one 

temperature measurement for fruit and vegetable transport; measurement has to be 

feasible within the range -25ºC to +15ºC with an accuracy ±1ºC and a resolution 

≤0.5ºC. 

There exist commercial solutions for monitoring containers and trucks, but they do not 

bring complete information about the cargo, because they typically measure in a single 

point or very limited number of points. The cold chain, from harvest to the consumer’s 

plate, should be understood as a single entity. Improving one link in the cold chain is 

not enough to improve the entire system: an overall approach taking into account energy 

consumption and compliance with the temperatures required to preserve foods is 
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required. Much control, measurement and automation remains to be developed in this 

area (Coulomb, 2005). 

Appropriated monitoring requires an increasing number of measurements to be 

performed in food logistics. Specialized monitoring devices promise to revolutionize the 

shipping and handling of a wide range of perishable products giving suppliers and 

distributors continuous and accurate readings throughout the distribution process. 

Precise, frequent and automated readings, interpreted by software and coordinated with 

existing and planned product inventories, should translate into more intelligent goods 

management and fewer rejected shipments. They could be used to remedy the cause of 

the problem and for lowering the costs for these activities through automation. But even 

if a direct access to the means of transport is not possible, online notifications offer new 

opportunities for improving transport planning. 

Advantages of monitoring:  

• Reduce or eliminate product loss  

• Extend operating equipment lifecycles – provides predictive maintenance 

• Make better use of personnel - eliminates time wasted on manual logging 

• Unparalleled history records for Performance Improvement programs 

• Reports that conform to regulators' requirements 

• Superior alerting capability based on smart technology – no false alarms  

Transport is done by refrigerated road vehicles and containers equipped with embedded 

cooling systems. In such environments, temperatures rise very quickly if a refrigerated 

unit fails.  

Recent developments in Information and Communications Technology enable lowering 

the costs, creating smart devices and processes. Remote monitoring may induce 

appropriate action to maintain quality of the cargo through, for example, aeration or 

defrosting. 

The sensing devices need to have certain specifications such as robustness, low energy 

consumption, reliability, accuracy, low cost, and appropriate size and shape. 
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Chapter 4 

Literature review 

The aim of the present section is to review the technical and scientific state of the art of 

intelligent monitoring systems for freight transport, including the types of refrigerated 

containers available, traceability issues, vehicle location systems, the ICT technologies 

available such as communications (wired and wireless), and radio frequency 

identification. 

Global transport systems involve several transport modes, such air cargo, sea vessel, 

train or barge, transhipment hubs at air- and sea ports, and a diversity of organizations 

that are involved directly o indirectly in logistics. 

This revision has been published as an article in the Spanish Journal of Agriculture 

Research, Volume 5, Issue 2, June 2007. More specific revisions, related to the 

experimental work, can be found in the three sections of chapter 6. 

4.1. Intermodal freight transport 

Intermodal freight transport means the movement of goods in a cargo unit by successive 

modes of transport with no handling of the goods themselves during changes in 

transport modes (ECMT-UNECE, 1997). The term ‘intermodality’ should be 

distinguished from ‘multimodality’. Multimodality only means using different transport 

methods, while intermodality identifies the integration of shipments across modes of 
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transport but involving only a single administrative processes and shipment rate. It is 

characterised by the transferability of the transported items between modes and a unique 

system of administration and billing (Short, 2002). 

However, intermodal freight service only accounts for some 5-7% of the total tonnage 

transported; this highlights the difficulties that exist in encouraging shippers to make 

use of it. One of the major disincentives for using intermodal freight transport has been 

the low quality of service provided. If intermodal transport is to become a feasible 

alternative to road transport, it will have to be just as efficient (Giannopoulos, 2004; 

Gustafsson, 2004). Improving transport efficiency is possible through the development, 

deployment and use of intelligent transport systems based on advanced information and 

communications technologies (EC, 2001). 

To improve the interoperability and the compatibility of systems, the wide adoption of a 

common freight transport system architecture is needed. A common approach will 

enhance development of new applications. In addition, increasing standardisation in the 

intermodal chain optimises costs (Bontekoning et al., 2004; Giannopoulos, 2004). In 

this context, there is a need for data exchange standards. Intermodal process flow maps 

show at least 63 data hand-off points that still include paper, and while there are two 

widely used electronic data interchange standards, though they do not fully interoperate. 

Activities are underway, however, for the development of industry-based data standards 

which are coordinated by ISO. Some of these activities reflect the awareness of the need 

for safety and security-related data elements (Wolfe, 2002). 

4.2. Refrigerated containers. Reefers 

There are two basic types of refrigerated container (reefer): the porthole and integral 

type. Porthole refrigerated containers, also known as insulated or conair containers, do 

not have their own refrigeration unit and relay on an external supply of cold air. Integral 

refrigerated containers, however, have their own integrated refrigeration unit. This is 

generally electrically powered and involves a three-phase electric power supply. 

Integral refrigerated containers are most widely used for fruit transport according to ISO 

1496, and are thus the focus of the present study (ISO1496, 1991; GDV, 2005). 
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Refrigerated ISO containers are commonly named according to their length in feet: 20’, 

40', and 40’ high cube containers (ISO 668, 1988). Even a brief period of equipment 

malfunction may cause irreversible damage to the goods stored inside; thus, the 

container storage temperature must be strictly maintained. This requires continuous 

monitoring of the temperature and the functioning of the entire cooling system 

(Chutatape, 1989). 

4.3. Tracking, tracing and monitoring 

Traceability facilitates the following of foods and provides all operators of the supply 

chain with accurate information concerning the products involved. Tracking is defined 

as the gathering and management of information related to the current location of 

products or delivery items, whereas tracing refers to the retention of the manufacturing 

and distribution history of products and components. Monitoring refers to the ongoing 

assessment of the progress of transport by means of continuous or repeated 

measurement and evaluation (Van Hoek, 2002). 

New EU requirements in traceability (in force since 1 January 2005) cover all food and 

feed and affect all business operators, without prejudice to existing legislation on 

specific sectors such as beef, fish and genetically modified organisms, etc. Importers are 

required to identify the producer and the country of origin. Unless specific provisions 

for further traceability exist, the requirement for traceability is limited to ensuring that 

businesses are able to identify the immediate supplier of a product along with the 

immediate subsequent recipient (with the exemption of retailers to final consumers) 

(EC, 2002 and 2004). 

A food business operator must register and keep the information required by the EC 

(EC, 2004). Information technology provides tools for helping transport companies 

track and trace from the origin to the end of the supply chain; this is particularly 

important in the area of refrigerated fruit transport. The most effective way for a food 

company to see that a third-party transport company has done its job correctly is to 

monitor the transport of fruits in the vehicle – independently of the transport company 

(Maxwell and Williamson, 2002). 
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Information technology (IT), incorporating communications technology, could become 

a primary tool in ensuring the safe and efficient operation of freight transport systems 

(Giannopoulos, 2004). 

An electronic remote monitoring system for recording the temperature in refrigerated 

containers is now a standard requirement. ISO 10368 documents the two variants for 

power cable transmission (PCT) systems: narrowband and broadband transmissions. 

Narrowband operates at a fixed modulated frequency to send data via the power supply 

system. In broadband transmissions, data is transmitted over a frequency spectrum 

ranging from 140 to 400 kHz. Problems arise, however, when the controllers of 

refrigeration units and the data loggers in use have different ranges of functions and data 

formats. A third type of remote monitoring system for reefer containers involves a four 

wire cable used to record the status messages "Compressor running", "Defrost" and 

"Temperature in Range". Around 80-90% of all refrigerated containers have a socket to 

connect them to this type of monitoring system. It is expected that transmission will 

shift from cable-based to radiofrequency wireless data networks in the near future (ISO 

10368, 1992; GDV, 2005). 

The monitoring system has to operate independently of the refrigeration system since if 

the electronics of the latter fail; the monitoring system has to remain operational 

(Maxwell and Williamson, 2002). The use of standards in the digital communications 

between container electronic monitoring systems and the different intermodal platforms 

would allow the use of fewer wires and connections, improving system features and 

fault tolerance. Information provided by a variety of sensors could be used to improve 

overall monitoring (Ruiz-Garcia et al., 2005). 

4.4. Vehicle location systems 

Electronic monitoring of the location of vehicles during transport can be achieved by 

two methods: automatic vehicle identification and the Global Navigation Satellite 

Systems (GNSS). The former involves the detection of the conveyance at various 

critical waypoints along its normal route. This is rather inexpensive and involves a 

relatively small number of active systems reporting to a central data processing site. The 

time elapsed between waypoints can be monitored for compliance with regard to 
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expected travel times, though problems can arise if a vehicle has to change its normal 

route (Transcore, 2003). 

The most extended GNSS system is the NAVSTAR-GPS (navigation system with time 

and ranging-global positioning system), the so called GPS, system developed and 

maintained by the US Department of Defence and the US Department of 

Transportation. This transmits at two microwave frequencies, 1575.2 MHz (L1) and 

1227.70 MHz (L2). L1 is the standard position service, and a combination of L1 and L2 

allows the precise code for military or authorised users. NAVSTAR-GPS coexists with 

the Russian GLONASS (Globaluaya Navigatisionnaya Sputnikovaya Sistema) system; 

Europe is developing its own system known as “Galileo”, which is expected to be 

completely operative in 2010. However, for the location of containers, the accuracy, 

availability and integrity of these stand-alone systems is insufficient. To obtain the 

required performance, augmentation systems are used such as the EGNOS (European 

Geostationary Navigation Overlay Service) or LAAS (local area augmentation system) 

systems (Lechner and Baumann, 2000). 

GPS is currently integrated with the RFID (Radio Frequency Identification) system in 

order to locate the position of ships and the containers they carry. The system has 

drawbacks, however, including limited coverage in the more remote parts of the world, 

signal blockage when containers are stored, a dependence on batteries, reliance on 

human intervention, and the need for extensive maintenance. The limitation of remote 

area coverage is the main drawback preventing GPS from tracking individual container 

positions on land. However, its area of coverage is increasing and efforts are being 

made to promote the system’s flexibility (Balog et al., 2005). 

The loss of the GPS signal can be detected via a failure to report to the central data 

processing site as expected. Systems can be set to automatically alert operators of 

suspicious disappearances, as well as deviations from the expected route, unscheduled 

stops, and excessive travel times (Transcore, 2003).  

4.5. Fieldbus networks 

A fieldbus is a digital communications network designed to connect together all kinds 

of sensors, actuators, transducers, programmable controllers and data processing 
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equipment, within a coherent system. Each field device executes simple functions on its 

own, such as diagnostics, control, and maintenance functions, as well as providing bi-

directional communication capabilities based on a layered structure derived from the 

seven-layer open system interconnection (OSI) model (ISO 7498-1, 1994). 

 

Figure 4.1: CANbus topology, physical layer and message frame for standard format 

In comparison with the conventional centralised system, fieldbus technology has the 

advantages of flexibility, reduced cabling, support cable redundancy, a shorter 

download time, easy upgrade and on-line expansion, a guaranteed response time, multi-

vendor interoperability, and easier and faster design/installation (Hanzalek and Pacha, 

1998; Tovar, 1999). Field area networks are used in a variety of application domains: 

industrial and process automation, building automation, automotive and railway 

applications, aircraft control, and the control of electrical substations, etc. A few 

SOF 11 bit IDENTIFIER SRR IDE 18 bit IDENTIFIER RTR CONTROL FIELD 0-8 bytes DATA FIELD CRC ACK. F. EOF INT. Bus idle

SOF: Start of frame SRR: Substitute remote request IDE:  Identifier extension bit 

RTR: Remote transmission request CRC: Cyclic Redundancy Checks ACK F: Acknowledgement Field

EOF: End of frame Int: Interframe space
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fieldbus systems have evolved into de facto standards, the most important being AS-I, 

Ethernet, WorldFIP, Profibus, Interbus, P-Net and CANbus (Figure 4.1) (CENELEC, 

1996). Of these, CAN (controller area network)-based systems (Figure 4.2) are the basis 

for road vehicle systems (SAE 1939 and ISO 11992) and for ships (NMEA 2000). Only 

SAE J1939, ISO 11992 and NMEA 2000 are therefore reviewed in this chapter, 

together with the necessary gateways. 

 

Figure 4.2: Evolution of CANbus standards  

4.5.1. SAE J1939 

The SAE J1939 application profile defines CAN-based in-vehicle communications for 

trucks and buses. It was developed by the American Society of Automotive Engineers 

(SAE). A J1939 network connects electronic control units (ECU) with a truck or trailer 

system. SAE J1939 specifies, for example how to read and write data, but also how to 

calibrate certain subsystems. The maximum bus length of SAE J1939 is 40 m, with a 

CANbus
ISO 11898

SAE J1939

ISO 11992 ISO 11783

Trucks / Trailer Agricultural - Forestry

NMEA 2000

Ships
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maximum number of 30 nodes and a data rate of about 250 kbps, i.e., 1850 messages 

per second (SAE J1939, 2000; Johannsson et al., 2003). 

Other industries have adopted the general J1939 communication functions, in particular 

the J1939/21 and J1939/31 protocol definitions, which are required for any J1939 

compatible system. Figure 4.2 summarizes the international standards based on CAN 

and J1939 which are used within a variety of transportation domains, including marine 

applications and on- and off-road vehicles (agricultural vehicles) (SAE J1939, 2000; 

Johannsson et al., 2003; CIA, 2005). 

4.5.2. ISO 11992 

The ISO 11992 road vehicles standard (interchange of digital information on electrical 

connections between towing and towed vehicles) presently consists of four parts: 1) the 

physical layer and data link layer, 2) the application layer for brakes and running gear, 

3) the application layer for equipment other than brakes and running gear, and 4) 

diagnostics. This standard specifies a J1939-based application profile for the 

communication between truck and trailer. The ISO 11992 standard is also suitable for 

road trains with multiple trailers (up to five). The towing vehicle assigns addresses to 

the towed vehicles (ISO 11992, 2003). 

Part 1 defines the physical layer and the data link layer. The physical bus consists of 

unscreened twisted pair (CAN_H and CAN_L) for the transmission of the differential 

signals. These conductors may be part of a multi-core cable. For the physical layer the 

characteristic impedance has no significant influence. The total length of the bus cable 

is split into three parts. The signal voltage levels are different from ISO 11898-2. The 

voltage levels for a dominant bit are specified as 2/3-supply voltage for CAN_H and 

1/3-supply voltage for CAN_L. A recessive bit is represented by 1/3-supply voltage for 

CAN_H and 2/3-supply voltage for CAN_L. 

Part 2 specifies the parameters and messages for electronically controlled braking 

systems including ABS (Anti-lock braking systems) and for running gear equipment 

(i.e. systems for steering, suspension and tires). The analog parameters are specified by 

data length, resolution including engineering units and offset, data range and type 
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(measured or status). Part 3 specifies the parameters and messages for all other 

electronically controlled systems. 

 Part 4 of this standard defines the diagnostics services that are divided into basic and 

enhanced diagnostic applications. The purpose of the basic diagnostics is to provide 

vehicle independent identification and information. The enhanced services are truck-

specific (CiA, 2007). 

4.5.3. NMEA 2000  

This is an open standard based on CAN for serial-data networking of marine electronic 

devices. NMEA 2000 is harmonized with SAE J1939 and specifies how data is placed 

into CAN frames, independent of the processor type involved (NMEA, 2000). 

4.5.4. External interface for data recorder/monitor 

The ISO 16844 is an international standard defining the CAN-based tachograph 

specifications to be used in trucks and buses. 

It specifies the CAN interface for the interchange of digital information between a road 

vehicle's tachograph system and vehicle units, and within the tachograph system itself. 

It specifies parameters of, and requirements for, the physical and data link layers of the 

electrical connection used in the electronic systems (ISO 16844-4, 2005). 

Also this standard specifies the parameters and the secured interchange of digital 

information between a road vehicle's tachograph system and vehicle units, and within 

the tachograph system itself.  

4.5.5. CAN gateways 

Gateways are a type of unit for network interconnection and enable CAN-based 

networks to be linked together or linked to networks using other protocols; this feature 

can be used in the intermodal transport line. 

Many types of CAN gateways exist. A special interest group is working on the 

development and maintenance of a CANopen gateway profile for trucks. Thus a set of 

CANopen interface profiles has been developed, specifying gateways to J1939 in-

vehicle networks for trucks, buses, trailers and other commercial vehicles. Also 
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interface compliant to ISO 11992 (truck/trailer point-to-point network), SAE J1939-71 

(truck power-train network), or ISO 11783 has been established (CiA, 2007). It also 

defines the CANopen application profile for truck mounted refrigerators, connecting 

sensors, actuators and temperature controllers (CIA, 2005).  

There are both CAN-RS232 and CAN-TCP/IP gateways. The latter can provide remote 

access to a CAN through the internet, which allows worldwide monitoring and 

maintenance (Johannsson et al., 2003). 

4.6. Wireless communications 

There are several ways of achieving wireless communications for intermodal transport 

(see Figure 4.3) –wireless wide area network (WWAN), wireless local area networks 

(WLAN), and wireless sensor network (WSN) systems. Table 4.1 summarizes the most 

important standards for wireless networks. 

Table 4.2: The most important wireless networks solutions 

Name  Implementations 
WWAN 
(Wireless Wide Area 
Network) 

GSM (Global System for Mobile-Communication) 
CDMA (Code Division Multiple Access) 
GPRS (General Packet Radio Service) 
UMTS (3G) (Universal Mobile Telecommunications 
System) 

WLAN 
(Wireless Local Area 
Network) 

IEEE 802.11.x 
HyperLAN 
Home RF 

WSN 
(Wireless Sensor 
Networks) 

Bluetooth 
ZigBee 
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Figure 4.3: WWANs, WLANs and WSNs in intermodal transport 

4.6.1. Wireless wide area networks 

Wide area networks enable long-range communication between containers and central 

servers, and are facilitated by satellite and cellular systems. Satellite systems are quite 

expensive compared to cellular systems, but they provide virtually ubiquitous coverage, 

so they can relay status messages and GPS data from nearly anywhere in the world. 

Satellite messaging systems are used in developing regions that lack a cellular 

infrastructure (ABI Research, 2004). 

The use of satellites for monitoring refrigerated containers generally fails when the 

container antennas become shadowed, rendering data transmission impossible. The 

same applies when containers are stowed under a deck. In the future, however, it will 

definitely be possible to send data via satellite from ships to receiving stations on land, 

enabling online access to the refrigerated containers being transported. Cellular devices 

make use of surface antennas for transmission (GDV, 2005). 

Global System for Mobile-communication (GSM) and General Packet Radio Service 

(GPRS) modems are widely used in commercial vehicle tracking and fleet management. 

Recently 3G technologies have emerged. 3G is a wireless industry term for a collection 

of international standards and technologies aimed at improving the performance of 

mobile wireless networks. 3G wireless services offer data packaging enhancements such 

increased speeds and the capacity for combined voice and data services with high 
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quality service facilities. The two main 3G technologies are UMTS (Universal Mobile 

Telecommunications System) and CDMA2000 (Code Division Multiple Access 2000). 

UMTS is a good option for container tracking, as nearly ubiquitous coverage is 

available in Europe (Baghaei and Hunt, 2004). 

4.6.2. Wireless local area networks 

Local area networks provide intermediate range data transfer at ports, on marine vessels, 

and in container yards and terminals; Wi-Fi (wireless-fidelity) is the most important 

standard. 

Wi-Fi is a set of product compatibility standards for WLANs based on IEEE 802.11.x 

specifications (Wi-Fi, 2005). The 802.11 family currently handles six over-the-air 

modulation techniques. Those widely accepted techniques include the b, a, and g 

systems. The 802.11b and 802.11g standards use the 2.4 GHz band, and the 802.11a 

standard uses the 5 GHz band (IEEE, 1999, 1999b, 2003b).  

Wi-Fi already has a role in locating assets in industrial yards, such as heavy equipment 

and cranes. Wi-Fi enables RFID (radio frequency identification) readers, handheld or 

fixed, for data storage and verification (Wherenet, 2003). 

When wireless sensor units are installed in containers they communicate with the 

outside world. The network topology used for system deployment is critical. For 

example, if the ever-present star (hub and spoke) topology exemplified by most 802.11 

(Wi-Fi) networks is used, each wireless sensor node must be able to communicate 

directly with the base station. Radio link performance for each node is characterized by 

point-to-point radio communication between the nodes and base station. Classic 

communication theory (and reality) dictates that when the attenuation present in the 

node-base station channel increases due to distance or because of a cargo that absorbs 

some of the RF signal-system, performance will be reduced unless the transmission 

power is increased. However, this consumes more of the battery, thereby decreasing the 

system's lifetime (Fuhr and Lau, 2005). 
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4.6.3. Wireless sensor networks 

A WSN is a system comprised of radio frequency (RF) transceivers, sensors, 

microcontrollers and power sources (Wang et al., 2006). Recent advances in wireless 

sensor networking technology have led to the development of low cost, low power, 

multifunctional sensor nodes (as indicated in Figure 4.4). Sensor nodes enable 

environment sensing together with data processing. They are able to network with other 

sensors systems and exchange data with external users.  

 

Figure 4.4: Wireless sensing node 

Sensor networks are used for a variety of applications, including wireless data 

acquisition, machine/building monitoring and maintenance, in smart buildings and on 

highways, environmental monitoring, site security, automated on-site tracking of 

expensive materials, safety management, and in many other areas (Akyildiz et al., 

2002). 

A general WSN protocol consists of the application layer, transport layer, network 

layer, data link layer, physical layer, power management plane, mobility management 

plane, and the task management plane (Qingshan et al., 2004). 

Each sensor communicates with a gateway unit which can communicate with other 

computers via other networks (Wang et al., 2006), such as a LAN, WLAN, WSN, the 
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internet or a CAN. These devices could be the basis for multidistributed systems for 

monitoring refrigerated containers. 

A radio transmission medium, such as that provided by the industrial scientific and 

medical (ISM) bands, is increasingly used for WSNs. Table 4.2 summarizes the 

standards for wireless networks. The main advantages of using the ISM bands, such as 

the 2.4 GHz band, are that they are license-free, have a huge spectrum allocation, and 

are globally available (Akyildiz et al., 2002; Qingshan et al., 2004; Wang et al., 2006).  

Wireless sensor technology allows micro-electro-mechanical systems sensors (MEMS) 

to be integrated with signal conditioning and radio units to form “motes” – all for a low 

cost, a small size, and a low power requirement (see Figure 4.4). Available MEMS 

include inertial, pressure, temperature, humidity, strain-gage, and various piezo and 

capacitive transducers for proximity, position, velocity, acceleration and vibration 

monitoring. These sensors can be placed in vehicles in order to monitor the “on-the-go” 

environment (Wang et al., 2006).  

Multi-hop communication over the ISM band might well be possible in WSN since it 

consumes less power than traditional single hop communication (Akyildiz et al., 2002; 

Qingshan et al., 2004). The latest multi-hop communication technologies are Bluetooth 

and ZigBee.  

Bluetooth 

Bluetooth (IEEE 802.15.1) is a wireless protocol for short-range communication or 

wireless PANs (personal area networks); it is a cable replacement for mobile devices. It 

uses the 868 and 915 MHz and the 2.4 GHz radio bands to communicate at 1 Mb per 

second between up to eight devices (see Table 4.3). Bluetooth is mainly designed to 

maximize ad hoc networking functionality. Some of its common functions are passing 

and synchronizing data, e.g., between a PDA (personal digital assistant) and a computer, 

wireless access to LANs, and connection to the internet. It uses frequency-hopping 

spread-spectrum (FHSS) communication, which transmits data over different 

frequencies at different time intervals. Bluetooth uses a master-slave-based MAC 

(medium access control) protocol (IEEE, 2002; Dursch et al., 2004; Bluetooth, 2005). 
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Table 4.3: Comparison between Wi-Fi, Bluetooth and ZigBee 

 Wi-Fi Bluetooth ZigBee 

Standards IEEE 802.11.x IEEE 802.15.1 IEEE 802.15.4 

Data rate 11 to 54 Mb s-1 1 Mb s-1 10-115 kb s-1 

Latency (time to 
establish a new link) 

<3 s <10 s 30 ms 

Frequencies 2.4 and 5 GHz bands 2.4 GHz 2.4 GHz 

No. of nodes >100 8 65,000 

Range 100 m 8 m (Class II, III) to 
100 m (Class I) 

10-75 m 

Modulation DSSS 1 and OFDM 2 FHSS 3 DSSS 1 

Network topology Star-access point Ad hoc piconets Ad hoc, star, mesh  

Data type Video, audio, 
graphics, pictures, 

files 

Audio, graphics, 
pictures, files 

Small data packet 

Battery life Hours 1 week > 1 year 

Extendibility Roaming possible No Yes 

1DSSS: Direct Sequence Spread Spectrum. 2OFDM: Orthogonal Frequency Division 
Multiplexing. 3 FHSS: Frequency Hopped Spread Spectrum. 

Applications for accessing the internet have been investigated in experiments at indoor 

hot-spots (Kraemer and Schwander, 2002). An analysis of Bluetooth’s role in global 3G 

wireless communication is provided by Erasala and Yen (2002). Miorandi and Vitturi 

(2005) proposed implementing Bluetooth-based connections between industrial devices 

running the Profibus DP protocol. Cena et al., (2005) analysed Bluetooth as a possible 

solution for in-car digital communications. Murari and Lotto (2003) studied the use of 

Bluetooth in data transmission from vacuum chambers. 

ZigBee 

The IEEE 802.15.4 standard is a physical radio specification that provides low data rate 

connectivity among relatively simple devices that consume minimal power and which 

typically connect over short distances. It is ideal for monitoring, control, automation, 
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sensing and tracking applications for the home, medical and industrial environments 

(IEEE, 2003). 

ZigBee provides reliable, cost-effective, low-power, wirelessly-networked monitoring 

and control based on an open global standard (Adams, 2003). It targets home building 

control, automation, security, consumer electronics, personal computer peripherals, 

medical monitoring and toys. These applications require a technology that offers long 

battery life, reliability, automatic or semiautomatic installation, the ability to easily add 

or remove network nodes, signals that can pass through walls and ceilings, and a low 

system cost (Qingshan et al., 2004). 

Due to the relatively short time that has elapsed since the introduction of ZigBee, no 

published applications yet exist. However, ZigBee is going to play an important role in 

WSNs in the coming years (Callaway, 2004). 

Bluetooth vs. ZigBee 

Table 4.3 provides a comparison between ZigBee and Bluetooth. For applications where 

higher data rates are important, Bluetooth clearly has the advantage since it can support 

a wider range of traffic types than ZigBee (Baker, 2005). However, the power 

consumption in a sensor network is of primary importance - and it should be extremely 

low (Qingshan et al., 2004). Bluetooth is probably the closest peer to WSNs, but its 

power consumption has been of secondary importance in its design. Bluetooth is 

therefore not suitable for applications that require ultra-low power consumption; turning 

on and off consumes a great deal of energy (Shih et al., 2001). Cordeiro et al. (2005) 

have proposed a new design for reducing power consumption for Bluetooth WPANs. In 

contrast, the ZigBee protocol places primary importance on power management; it was 

developed for low power consumption and years of battery life. Thus, ZigBee is more 

suitable for WSNs (Qingshan et al., 2004). 

The application of this technology for monitoring is new, since the necessary hardware 

has only recently become available. However, few applications have been found for 

agriculture and the food industry: 
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Beckwith et al., (2004) demonstrated some of the value that a wireless sensor network 

might bring to an agricultural setting; describing ways in which the use of WSN can 

simplify the work on a farm and save money.  

Ipema et al., (2008) described the results of an experiment with a temperature sensor 

built into a bolus placed in the rumen of a cow. The main objective was to demonstrate 

that capsule-based wireless technology could work in cattle. The mote in the rumen 

transmitted data to the mote attached to the front leg of the cow; from there the signal 

was transmitted to the base station. 

Nadimi et al., (2008a and 2008b), addressed and solved the problem of on-line 

monitoring of cows in an extended area, using ZigBee based wireless sensor networks. 

An in-depth study of wireless sensor networks applied to the monitoring of animal 

behaviour in the field is described. The problem of online monitoring of cows’ presence 

and pasture time in an extended area covered by a strip of new grass using wireless 

sensor networks has been addressed. 

Morais et al., (2008) shown the feasibility of a ZigBee based remote sensing network, 

intended for precision viticulture. The network nodes were powered by batteries that are 

recharged with energy harvested from the environment. 

4.7. Radio frequency identification  

Radio frequency identification (RFID) is an emerging technology that makes use of 

wireless communication, and in recent years it has been increasingly used in logistics 

and supply chain management. RFID technology can identify, categorize, and manage 

the flow of goods and information along a supply chain and provides automatic vehicle 

and equipment identification. The system is made up of three components: a remote 

device called the tag, a reader and a host interface (Transcore, 2003; Finkenzeller, 

2004).  

RFID has the ability to allow energy to penetrate certain goods and to read a tag that is 

not visible. It can therefore identify goods without scanning a barcode. There are many 

distinct protocols used in the various RFID systems, some using the lower end of the 

spectrum (135 KHz) and others using the super high frequency (SHF) end (5.875 GHz). 
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Multimodal shipping containers use tags operating at 433 MHz or 2.45 GHz 

(Finkenzeller, 2004; Dobkin and Wandinger, 2005). 

Given the increasing demand for security and safety, complete documentation for food 

products from field to customer has become increasingly demanding (Thysen, 2000). 

RFID is recognised as able to provide well-structured traceability systems for data 

collection, and human, animal and product tracking (Sahin et al., 2002). It is projected 

that the RFID applications will grow rapidly over the next 10 years with a compounded 

annual revenue growth rate in the period 2003 to 2010 of 32.2% (Sangani, 2004).  

A promising application of RFID is in electronic seals for containers. The tags can have 

onboard memory that can be written by means of hand-held and/or roadside/rail-side 

readers. The container identification is the most common piece of data stored in such 

seals. Some seals also record the date and time of tamper and/or authorized entry and 

reseal events. Some also have external interfaces that can communicate with other on-

board sensors inside the container for greater security (Transcore, 2003). ISO 18185 

(Freight containers - Electronic seals) refers to passive tags and active tags (ISO, 2006).  

4.8. Recent IT applications for transport  

In recent years, much international research has focused on the development of an 

intelligent transport system. Most of these systems have involved human or freight 

transport. For the latter, a number of supply chain monitor and tracking tools have been 

developed, although most devices focus on non-intermodal transport (Gustafsson, 

2004). Table 4.4 summarizes recent IT applications for transport. 
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Table 4.4: Summary of recent ICT (Information and Communication Technology) 
applications in transport 

Category Subject References 

GPS, GSM Monitoring animals during transport Geers et al., 1998; 
Gebresenbet et al., 2003  

WSN, GPS Tracking and monitoring nuclear materials Schoeneman et al., 2000 

WorldFIP Remote monitoring of nuclear materials  Funk et al., 2000 

Bluetooth Link between truck and trailer Gunnarsson, 2001 

RFID Automatic identification in rail transport AAR, 2002; Transcore, 
2003  

GPS Intermodal movement status monitoring 
systems 

Doyle, 2003 

GPS, WLAN Container tracking systems Carson, 2003 

RFID Automatic container identification Transcore, 2003 

RFID Tracking containers Karkkainen, 2003 

RFID Electronic seals Jensen et al., 2003 

WWAN, GPS, 
GIS 

Tracking and monitoring containers 
worldwide 

Unnold, 2004 

GPS, WSN Securing and/or tracking cargo containers Ng and Wells, 2004 

ZigBee WSNs in refrigerated vehicles Qingshan et al., 2004 

WSN Tracking system for containers in ports Callaway, 2004 

WLAN, 
WWAN, RFID 

System and method for asset tracking and 
monitoring 

Brosius, 2005 

RFID RFID tags in container depots Ngai et al., 2005 

RFID, GPS, 
Sensors 

Integrated tracking, seal and sensor systems Balog et al., 2005 

WLAN, WSN Smart container monitoring systems Auerbach et al., 2005 

RFID Monitoring electronic container seals Kafry and Inbar, 2005 

ZigBee Mesh-network in cargo containers Fuhr and Lau, 2005 

RFID, WSN “Smart packing”, improve traceability Wang et al., 2006 

RFID, WSN Autonomous sensor systems in logistics Jedermann et al., 2006 and 
2007. 
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Doyle (2003) developed a system for tracking the movement of cargo trailers. A GPS 

unit provides the location and velocity of the trailer, and a wheel rotation sensor 

provides the wheel rotation status. Wireless radio communication equipment transmits 

the trailer movement and wheel information data to a central station. With this 

information a computer determines the intermodal movement status of the trailer. 

Brosius (2005) proposed a multi-mode asset tracking and monitoring system that 

combines a WLAN for monitoring crowded environments (such as on-board a ship) and 

a WWAN that provides coverage in more dispersed environments. Both networks report 

events from sensors and tags located in the container. 

Ng and Wells (2004) patented a method and apparatus for securing and/or tracking 

cargo containers. The security unit comprises a controller and a positioning receiver 

(this can be a GPS receiver). The controller can be wired or be wirelessly connected to a 

light sensor, pressure sensor, toxin sensor, vibration sensor, radioactivity sensor, and/or 

an intrusion sensor. 

Carson (2003) developed a computerized system for tracking the real-time locations of 

shipping containers. In this case a dispatcher workstation with a graphical user interface 

and a database is proposed. A mobile unit in the yard is attached to the container 

handling equipment and monitors the container lock-on mechanism. A radio link 

between the container handling equipment, the container, and the base enables 

transmission of the real-time position whenever a container is locked onto, moved, or 

released. 

Unnold (2004) developed a system for tracking and monitoring containers worldwide 

that uses solar cells, rechargeable batteries, two-way satellite communication, a central 

processing unit, a variety of sensors, GPS, and a geographic information system (GIS). 

The apparatus is permanently mounted on the cargo container. 

Auerbach et al. (2005) focused on the development of a “smart container monitoring 

system” comprising sensors mounted within the shipping container that wirelessly 

transmit information to an electronic seal mounted on the outside of the container. 

Moreover, this seal wirelessly transmits information on its status to a remote monitor. 
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Kafry and Inbar (2005) proposed a system for monitoring the electronic sealing of cargo 

containers during their transport along highways. This involves a wide network of 

readers mounted along highways, and electronic seal transponders installed in vehicles 

and containers. The readers and electronic seal transponders communicate by means of 

a standardized protocol. The transponders incorporate a unit that analyses and transmits 

their status to a control centre. 

WSNs have been used for the tracking and monitoring of nuclear materials as part of the 

authenticated tracking and monitor system (ATMS) (Schoeneman et al., 2000). The 

ATMS employs wireless sensors in shipping containers to monitor the state of their 

contents. The sensors transmit wirelessly to a mobile processing unit, connected to both 

a GPS and an International Maritime Satellite (INMARSAT) transceiver. 

Gunnarsson (2001) initiated the development of a wireless link between truck and 

trailer using Bluetooth. The truck uses a SAE J1939 CANbus while the trailer makes 

use of an ISO 11992 CANbus. 

Qingshan et al. (2004) undertook the development of an intelligent WSN for 

refrigerated vehicles. ZigBee was considered the most appropriate standard for a WSN 

within refrigerated vehicles in which artificial intelligence plays a key role. The sensors 

are enhanced with self-calibration, self-compensation and self-validation. 

Fuhr and Lau (2005) have shown that a radio frequency device can be placed in a metal 

cargo container and that it can still reliably communicate with the outside world. They 

developed a mesh-network in the 2.4 GHz region, using the 802.15.4 protocol (ZigBee). 

Callaway (2004) proposed a tracking system for shipping containers in large ports 

involving WSNs. Sensors on each container disclose their location. 

Funk et al. (2000) developed a remote monitoring system for nuclear material safety. 

Abnormal events are detected by smart sensors. Sensor interconnection is achieved by 

means of WorldFIP.  

Geers et al. (1998) and Gebresenbet et al. (2003) investigated the improvement of 

animal welfare during handling and transport. In this case, an on-road monitoring 

system was proposed. A GPS provides the location of the vehicle, while sensors 
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installed in the animal compartment identify the animals and monitor the air-quality, 

vibration and animal behaviour. A GSM allows on-line data transmission. 

When combined with wireless sensors, the RFID system also enables environmental 

monitoring as well as the monitoring of specific product quality/safety attributes along 

the supply chain (Wang et al., 2006). 

The US and Canadian rail industry make use of the S-918 standard of the Association of 

American Railroads for RFID in railcars. This standard allows “the automatic electronic 

identification of equipment used in rail transportation, such as railcars, locomotives, 

intermodal vehicles and end-of-train devices”. Over 5.2 million railcar tags and 12 

thousand reader sites are in use (AAR, 2002; Transcore, 2003). 

In the USA, Matson Intermodal uses the RFID standard for obtaining automatic 

container identification in all its operations. As domestic shippers, this enterprise 

operates within a closed system involving 20,000 containers using one passive 

transponder (battery assisted) per container (35$ each). Twenty four reader locations at 

the company’s facilities are used to read out information from the identifiers (Transcore, 

2003).  

Karkkainen (2003) discussed the potential of RFID technology in increasing the 

efficiency of the supply chain for short shelf life products. He concluded that when 

RFID is used in recyclable transport containers, investments can be quickly recovered 

and a range of operational benefits obtained. 

Ngai et al. (2005) developed a system prototype that gathers mobile RFID applications 

within container depots. RFID tags are attached to the containers, and readers are 

installed in the container depot. Besides the identification of containers, the RFID 

prototype system tracks the containers and assigns them a location. 

At the Northwest International Trade Corridor and Border Crossing (USA), RFID 

transponders have been used in freight management. Technologies include container 

seals to detect and identify the containers as well as a system that detects and 

electronically identifies previously registered vehicles (Jensen et al., 2003). 
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Balog et al. (2005) proposed a modular technology involving a GPS locater, RFID tags 

on pallets, and electronic seals and sensors. The sensors can detect intrusion, chemicals, 

radiation, vibrations, changes in light, temperature and humidity, thus ensuring that 

goods are not unknowingly tampered with during transport.  

Jedermann et al. (2006 and 2007) described an autonomous sensor system for intelligent 

containers combining WSNs and RFID. The proposal includes a miniaturized high-

resolution gas chromatography apparatus for measuring ethylene. 

4.9. Conclusions 

Intermodal transport may be a solution for the transportation of goods in the immediate 

future. Intermodal transport, however, needs to be efficient and easy to use. Certainly, 

the lack of standardization has delayed the adoption of electronic intermodal monitoring 

solutions for transport containers. A global position on the need for standardization of 

the entire process is essential. Electronic international freight data exchange standards 

need to be developed to streamline cargo transactions, improve mobility and security, 

and reduce costs. 

The combination of available information technologies such as CAN, GPS and wireless 

data communications can provide complete monitoring information about fruits and 

vegetables transported in reefer containers. They also allow compliance with the legal 

requirements of food traceability. 

The number of recent IT applications published shows that research into intelligent 

transport systems is an emerging field fuelled by advances in technologies and 

worldwide concerns about security and food safety, and the concept of the “smart 

transportation” is now coming to the fore. The technologies now available make the 

development of a standard monitoring system feasible. The system should comprise 

multiple types of sensor in various locations in the container or vehicle. Critical 

variables will be supervised by multiplexed communications systems. Authorized 

supply chain participants will track the shipment progress as it journeys from the 

loading to the unloading point. Logistics personnel will obtain this information from the 

information network and can use it for planning supply, processing and transport. 
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Chapter 5 

Prior knowledge and objectives 

The current PhD thesis represents the continuation of several research works made at 

our laboratory, most important of them are detailed in this chapter. Based in the 

previous background and the conclusions from the literature review, the objectives for 

this thesis have been defined.  

5.1. LPFTAG background on food logistics and postharvest 

Previous background on the study of food logistics has been gathered by the Physical 

Properties Laboratory-Advances Technologies in Agro-food (LPFTAG), and the 

Laboratory for Sensing Technologies at the Centro Nacional de Investigaciones 

Metalurgicas (CENIM), since 2001 within the framework of a research project entitled 

“SIMGAS”, funded by the Universidad Politécnica de Madrid, which was about the 

simulation of gas movement, diffusion and accumulation inside refrigerated chambers 

for fruits and vegetables, by means of cellular automata. In this project, the lattice 

Boltzman model was used as framework for mimicking the fluid flow in industrial 

chambers, giving rise to the publication of the following articles: 

• Barreiro, P., Bielza, C., Bielza, S., Ruiz-Altisent, M., (2001). Simulación de gases 

en cámaras de almacenamiento de fruta. AGROINGENIERÍA, Volume 1, Pages 

321-328. ISBN 84-482-2869-3 

• Barreiro, P., Fabero J. C., Cassasus P. L., Calles M., Bielza C., Correa, E. C., 

Alonso, R., Ruiz-Altisent, M., (2002). Lattice Gas and Lattice Boltzman for spatio-

temporal simulations of gases in fruit storage chambers. POSTHARVEST 

UNLIMITED. Leuven-Belgium 11-14 June P-029 
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• Barreiro, P., Robla J. I., Limas, L., Fabero, J. C., Ruiz-Altisent, M., (2003). 

Modelling and validation of forced air flows in stowed products by means of lattice 

Boltzmann models. AFOT 2003. International Workshop on Information 

Technologies and Computing Techniques for the Agro-Food Sector. Barcelona 27-

28 November 2003.  

Between 2003 and 2004, a new research program was carried out, known as 

“SENSOGASES” (Ref.: 07G/0015/2003-1). This one was funded by the Government of 

Madrid, and was focused in the development of sensors for the detection of gases during 

the postharvest evolution of different agricultural products. After the research the 

following articles were published as conference papers: 

• Barreiro, P., Robla, J.I., Limas, L.F., Fabero, J.C., Bielza, C., Ruiz-Altisent, M., 

(2003). Validación experimental de la predicción con un modelo de Boltzmann 

de corrientes de aire forzado en producto estibado. Universidad de Córdoba. II 

Congreso Nacional de Agroingeniería, Pages 455-456 (abstract), Córdoba 

(Spain), 2003. 

• Rodriguez-Bermejo, J., Robla J. I., Barreiro, P., Ruiz-Altisent, M., Ibáñez, P., 

2004. Experimental set-up to characterize turbulent air flows inside storage 

chambers. Paper no: 393.  AGENG 2004 Agricultural Engineering Conference. 

EurAgEng Society. Leuven, September 2004. 

Finally, from 2003 until 2006, a project entitled “Monitoring system of the post-harvest 

evolution of Fruits& Vegetables, using sensor matrices based on different detection 

principles”, the so called “SENSOFRIGO” (Ref.: AGL 2003-06073-C02-01). The 

project aimed at the development of a multipurpose system to monitor fruit & vegetable 

condition during transport, specially studying citrus fruits, tomato and stone and pomme 

fruit, and focusing to senescence and fermentations. This project gave rise to the 

publication of the following papers, conference proceedings and doctoral thesis: 

• Rodriguez-Bermejo, J., Robla, J., Barreiro, P., Ruiz-Altisent, M., Gomez, P. P., 

(2005). Distribution of temperature, relative humidity and flow rate within a 

scaled container using unforced and forced airflows. Acta Horticulturae. (ISHS) 

687, Pages 297-304. 

• Barreiro, P., Robla, J. I., Ferrandis, B., Rodríguez-Bermejo, J., Ruiz-García, L., 

(2005). Desarrollo de sistemas de supervisión postrecolección de frutas 
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mediante sensores de gases. III Congreso Internacional de Agroingeniería. 

Book of abstracts, Pages 543-544. León (España). 

• Correa, E. C., Ortiz, C., Ruiz-Altisent, M., Robla, J. I., Rodríguez-Bermejo, K., 

(2005). Establecimiento de las curvas de respuesta de una nariz electrónica 

QCM a distintas concentraciones de compuestos químicos reconocidos. III 

Congreso Internacional de Agroingeniería. Book of abstracts, Pages 573-574. 

León (España). 

• Rodríguez-Bermejo, J., Barreiro, P., Robla, J. I., Ruiz-Garcia, L., (2006). 

Thermal study of a transport container. Journal of Food Engineering, Volume 

80, Issue 2, Pages 517-527. 

• Rodriguez-Bermejo, J., (2007). Análisis térmico y ambiental de un contenedor 

refrigerado para transporte intermodal bajo diferentes condiciones de 

funcionamiento. Desarrollo de una metodología para la caracterización y 

optimización del equipo de frío asociado. PhD thesis. Universidad Politécnica 

de Madrid. Dpto. Ingeniería Rural 

Also the LPFTAG has a previous knowledge in postharvest which has been crucial in 

the development of this thesis. Since 1983, Professor Mrs. Margarita Ruiz Altisent and 

her team, has been working on engineering related to fruit and vegetable oriented 

mainly to harvest and postharvest operations. Most relevant projects in the last years 

are: 

• UE-DG XII-FAIR. Concerted Action, "Artificial Sensing Techniques for 

Evaluation of Quality - ASTEQ", Ref.: FAIR5-CT97-3516, 1998-2001.  

• "Evaluación no destructiva de la calidad de frutos mediante la integración de 

sensores electrónicos de aromas en diferentes tecnologías de 

frigoconservación", 1998-2002. Ref.: ALI98-0960-C02-01. National Spanish 

Project. 

• UE DG XII-FAIR - CRAFT, "Projet de recherche coopérative sur un système 

de triage automatique des fruits en fonction de leur maturité - MATURITÉ", 5th 

framework program. Ref.: QLK1- CT1999-70001, 2000-2002. 

•  “Advances Technologies in Agro-food -TAGRALIA-CM”, 2006-2009. Ref.: S-

0505/AGR-0187, funded by Comunidad de Madrid. 
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• “Increasing fruit consumption through a trans-disciplinary approach delivering 

high quality produces from environmentally friendly, sustainable production 

methods – ISAFRUIT”, 6th Framework Program. Contract number FP6-FOOD 

016279-2, 2006-2010. 

These projects gave rise to the publication of several scientific papers, conference 

proceedings and PhD thesis. 

In this framework, and based in the aforementioned background, this PhD thesis was 

developed, as part of the last SENSOFRIGO project, supported by the Ministry of 

Science and Innovation of Spain. 

5.2. Objectives 

The aim of this thesis is to improve the control of the cold chain, exploring the potential 

of emergent ICT focusing in monitoring perishable food logistics. With this purpose in 

mind, the doctoral work was divided into four main objectives: 

1. To analyze the transport chain and detect weaknesses by monitoring the refrigerated 

transport of perishable goods by means of RFID. Further goals include detecting the 

amount of local deviations and estimating the minimum number of sensors necessary 

for reliable temperature control inside, refrigerated chambers, trucks or containers.   

2. To study the performance of ZigBee motes for monitoring the refrigerated conditions 

in fruit chambers with low temperatures, high humidity and different cargo densities. 

Reliability of communications and measurements, together with battery life, are major 

issues in this work. Up to date there is no experimentation about fundamental factors in 

this field such as node location inside the cargo, battery life and reliability of 

instrumentation under cooling conditions. A first approach, doing experimentation in 

conventional refrigerated chambers can provide valuable information for the 

implementation in transport units.  

3. To detect and analyze transpiration and condensation of water during transport and 

distribution, by means of a wireless monitoring system. Studying the application of 

psychrometric data for modeling evaporation and condensation of water related with 

regard to product. 
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4. To develop a system and architecture to monitor the transportation of vegetables by 

refrigerated trucks, using multihop wireless sensor networks based in the ZigBee/IEEE 

802.15.4 protocol. Further goals are to analyze the communications reliability and the 

Psychrometry during the shipment. 
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Chapter 6 

Published works and studies 

The goal of the present PhD thesis work was to develop applications based on emergent 

sensing and communication technologies devoted to monitoring perishable food 

logistics. Approaching this objective has required overcoming different stages of 

knowledge. Some of them were planned at early stages of experimental design whereas 

others were driven by the results obtained with regard to the initial planning. 

After the revision of the state of the art and the recent literature published (see Chapter 

4), some technologies were identified as the most promising ones for the objective of 

monitoring perishable food products. These technologies are: WSN, RFID, chemical 

sensing and CAN. 

Thus, six research works are presented in this document, dealing on RFID, WSN, 

sensing, CAN and also on web services technologies (see Table 6.1). The most relevant 

are included in this chapter in sections 6.1, 6.2 and 6.3. The rest are included in three 

appendices of the document (Appendices 1 to 3), because, being relevant to the subject 

of this thesis, they do not form part of the established objectives. 

RFID 

Experimental work about RFID was done in Bremen (Germany), during a stage in the 

Institute for Microsensors, -actuators and –systems at the Universität Bremen.  This 

study is explained in section 6.1 titled “Spatial temperature profiling by semi-passive 

RFID loggers for perishable food transportation”.  
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Table 6.1: Summary of research works comprising the present document and their 

corresponding sections 

  Technologies 

 
 RFID WSN CANbus LVF-IR 

Web 
services 

A
pp

lie
d 

to
 

Refrigerated 
trucks 

6.1 6.3    

Wholesale 
refrigerated 
chamber 

 6.2    

Reefer 
containers 

  Appendix 1   

Gas Sensing    Appendix 2  

Traceability     Appendix 3 

This research, beside the Spanish project already mentioned, was supported by the 

German Research Foundation as part of the Collaborative Research Centre 637 

“Autonomous Cooperating Logistic Processes”. The collaboration was within the 

framework of the research project known as “The Intelligent Container”. Semi-passive 

loggers were chosen because of their easy installation, low cost and robustness. The first 

experiment was to compare different RFID loggers in order to find the most appropriate 

for monitoring cold chain logistics. Several tests were carried out in a climatic chamber. 

Field tests covered two different conditions: the temperature distribution inside a packed 

and sealed pallet and inside delivery trucks with partially-filled boxes. The 

measurements were performed in refrigerated trucks belonging to Rungis Express, a 

German company specialized in delicatessen food.  

 

 

WSN 
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Sections 6.2 and 6.3 relate the experimentation in WSN, using the ZigBee protocol 

according to the conclusions of the literature review about the state of the art. In this 

framework, the research about WSN took three logical experimental steps, in the 

development of a monitoring system. The first tests were performed in an experimental 

refrigerated chamber located in our department. Then, several tests were done in an 

industrial chamber at the wholesale market of Madrid, Mercamadrid SA. Finally, 

experimentation in a real transport was done; implementing a WSN network in a 

semitrailer for monitoring an international shipment. 

During the experiments that were carried out in the industrial chamber, two different 

types of motes were tested (Xbee and Xbow). This work is explained in section 6.2, 

titled “Performance of ZigBee-Based Wireless Sensor Nodes for Real-Time Monitoring 

of fruit Logistics”, showing the potential of this technology for monitoring refrigerated 

ambients. 

For testing a ZigBee based WSN in a commercial shipment, a refrigerated truck from 

Murcia (southeast of Spain) to Avignon (southeast of France) was monitored. The 

motes installed measured T, RH, pressure, light and two axes acceleration. The trip took 

36.25 hours, along 1051 km and 4 motes were installed together with the cargo. A 

complete explanation about this experimental work is in section 6.3, titled “ZigBee 

based Wireless Sensor Network for monitoring refrigerated fruit transportation”. 

Knowing temperature, RH and other variables, like pressure, light or acceleration, 

around the cargo is fundamental. But it is also important to process the data and to 

control the refrigeration equipment, in order to achieve optimal conditions. It is 

necessary to find a way to connect the different subsystems that can be present in a 

monitoring system, like the WSN, RFID, GPS, cooling equipment, or satellite 

communication devices. 

CANbus 

The firs appendix is about the application of CANbus in refrigerated transportation. 

According to the literature review the most suitable fieldbus standard for this purpose is 

the CANbus and its associated protocol family. The knowledge about the CAN protocol 

was acquired during a research stage along two months in the Katholieke Universiteit of 
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Leuven in the Laboratory of Agro-Machinery and Processing who belongs to the 

Department of Agro-Engineering and Economics. Learning about the different 

standards for Controller Area Networks used as CANbus, ISOBUS, SAEJ1939, also the 

software, hardware, how to program and other related topics. In the first appendix (A.1), 

the specifications needed in a CANbus device compatible with SAEJ1939 were 

established; facing the problem in the interconnection of the different subsystems. 

LVF-IR 

The second appendix (A.2) is about a new sensing technology for the detection of 

ethylene and ethanol, which are crucial volatile compounds in the transportation of fruit 

and vegetables. This new technology based in infrared with linear variable filter, allow 

distinguishing between those two gases. This work follows the line of SENSOGASES, 

a research project already mentioned in chapter five. 

Web Services 

The increasing pervasiveness of the Internet has seen a strong trend in food logistics as 

a primary way to control traceability. In the third appendix (A.3), the data collected 

during the monitoring of the shipments, was used for testing a web software prototype 

for this purpose. The software was developed during a research stage at the Technische 

Universität München. The motivation of this work was to integrate the information from 

the intelligent transport system together with the one obtained in the field using 

precision agriculture systems. Web service technology was used for the exchange of 

information between servers, using software tools and protocols that allow machine to 

machine communication. Information can be available on company websites and clients 

gain access to information with the use of a password.   
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6.1. Spatial temperature profiling by semi-passive RFID loggers for perishable 
food transportation 

This section was published in the journal of Computers and Electronics in Agriculture. 
Actually is in Press, Corrected Proof, Available online 7 October 2008. 

6.1.1. Introduction 

The internal biological and chemical processes of fresh produce continue after 

harvesting.  Produce is a living, breathing commodity, which emits heat and carbon 

dioxide. The risk of a failure in the cold chain could cause excessive ripening, weight 

loss, softening, color and texture changes, physical degradation and bruising, and attack 

by rot and molds. These factors affect freshness, desirability, and marketability. 

Therefore, temperature is the most important factor when prolonging the practical shelf 

life of produce. The aim of the freight owner is to ensure that the product is delivered to 

the end user in an excellent and fresh condition, enhancing the reputations of producers 

and suppliers as integral parts of the whole transaction. The main interest of the 

transport operator is in knowing whether the condition of a delivered item is satisfactory 

or needs additional examination because of an emergent risk of contamination or 

unwanted ripening. 

RFID is an emergent technology that is being used increasingly in many applications. 

RFID has been successfully applied to logistics and supply chain management processes 

because of its ability to identify, categorize, and manage the flow of goods and 

information throughout the supply chain (Jansen and Krabs, 1999; Jones et al., 2004; 

Angeles, 2005; Twist, 2005; Attaran, 2007; Ngai and Riggins, 2008). However, the 

supply chain management of fresh foods requires fast decisions because goods are 

forwarded within hours after arrival at the distribution center. The quality of fresh meat, 

fish, or agricultural products might change rapidly. Appropriate planning calls for more 

information than that which could be provided by standard RFID tracking and tracing.  

RFID semi-passive hardware outfitted with sensors can extend the range of application 

beyond the areas mentioned, because such hardware provides new features such as 

temperature and shock measurement.  This hardware represents a new type of wireless 

sensor that can be very useful for cold chain monitoring. Among environmental 

parameters during transport, temperature has the most significant influence on the 
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quality of food products. Strong coordination and cooperation of all involved parties are 

necessary. It is fundamental to minimize cold chain delays during harvest as well as at 

the packing center, carrier’s depot, container-packing depot, or container terminal. In 

addition, it is essential to ensure that temperatures inside the transport units are correct; 

local temperature deviations can occur in almost any transport situation. Reports from 

literature indicate that deviations of 5°C or more occur. There is broad variance in the 

rate of temperature changes, depending on the transport conditions (Tanner and Amos, 

2003a; Tanner and Amos, 2003b; Moureh et al., 2004; Wild, 2005; Punt et al., 2005; 

Rodriguez-Bermejo et al., 2007).  McMeekin (2006) used active sensors to record 

spatial temperature profiles. Gras (2006) used passive RFID loggers to test the 

probability to find a certain temperature in a transport, but did not go into spatial 

deviations.   

Studying and analyzing temperature gradients inside refrigeration rooms, containers, 

and trucks is a primary concern of the industry. Refrigeration inhibits the growth of 

decay-producing microorganisms and restricts enzymatic and respiratory activities 

during the postharvest period, decreases water loss by providing a humid environment, 

reduces ethylene production, and decreases the sensitivity of products to ethylene. 

Unfortunately, no unique scale exists to assess the effects of temperature abuse. Most 

companies perform only a minimum level of temperature control in order to comply 

with food regulations. These regulations mainly concern fixed temperature thresholds, 

but do not give any information about the effects of temperature deviations that are 

slightly below the threshold. For optimization of supply chain processes and increasing 

consumer acceptance, a more refined scale of quality assessment is necessary. In 

addition to a printed expiration date, a dynamic quality index should be recalculated if 

temperature conditions change.  

Improved cool chain management methods such as the ‘Quality oriented tracking and 

tracing systems’ (QTT) (Scheer, 2006) offer new features. An example of this approach 

is the ‘Safety Monitoring and Assurance System’ (SMAS) that was developed to reduce 

customers’ risk of consuming microbiologically contaminated meat (Koutsoumanis et 

al., 2005). The growth rate of pathogens was estimated based on temperature history. At 

a control point the package was either sent to the local or the export market. A case 
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study of cooked ham was carried out based on previous surveys of distribution chain 

conditions. Following the SMAS approach, the number of products with zero shelf life 

could be reduced from 12 % to 4% in the export store compared to normal FIFO (‘First 

in first out’) handling.  

Quality problems should be detected as quickly as possible, and alarms should be 

triggered when temperature gradients cross a threshold.  Even if direct access to the 

means of transport is not possible, online notifications offer new opportunities for 

improved transport planning. Emergent technologies such as Wireless Sensor Networks 

(WSN) and RFID are expected to play important roles (Wang et al., 2006). 

The use of wireless sensors in refrigerated vehicles was proposed by Qingshan et al., 

(2004). The vehicles could host a variety of sensors to detect, identify, log, and 

communicate what happens during the journey, monitoring the status of perishable 

products in transport.  Jedermann et al., (2006) and Behrens et al., (2006) presented a 

system for intelligent containers that combined wireless sensor networks and RFID. 

Ruiz-Garcia et al., (2007) studied and analyzed intermodal refrigerated fruit transport 

that integrated wireless sensor networks with multiplexed communications, fleet 

management systems, and mobile networks. Also the performance of ZigBee-based 

wireless sensor nodes for real-time monitoring of fruit logistics has been studied (Ruiz-

Garcia et al., 2008). 

The warehouse operator could then know not only the location of the goods, but also 

their current states. In an advanced solution, the operator would know how to handle the 

incoming freight before the truck or container arrived. In fact, there would be no real 

need to transmit full temperature charts of individual freight items. Automated quality 

assessment systems could free the transport operator from the task of manually 

analyzing temperature charts. If the system were implemented on a locally embedded 

platform close to the sensor itself, it could greatly reduce the amount of communication 

data and costs. Only alarm notifications or state flags would need to be transferred over 

mobile networks. These solutions are differentiated primarily by the location of 

temperature data processing. 

6.1.2. Objectives 
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The main objective of this paper is to study and identify the most suitable 

implementation for the monitoring of refrigerated transport of perishable goods by 

means of RFID, in order to analyze the transport chain and detect weaknesses. Further 

goals include detecting the amount of local deviations and estimating the minimum 

number of sensors necessary for reliable temperature control inside a truck or container.   

6.1.3. Materials and methods 

RFID semi-passive tags 

RFID systems are comprised of three main components: the tag or transponder, the 

reader or transceiver that reads and writes data to a transponder, and the computer 

containing database and information management software (Suhong Li et al., 2006). 

RFID tags can be active, passive, or semi-passive. Passive and semi-passive RFID send 

their data by reflection or modulation of the electromagnetic field that was emitted by 

the Reader. The typical reading range is between 10 cm and 3 m. The battery of semi-

passive RFID is only used to power the sensor and recording logic.  

The communication of active RFID is powered by his own battery. This enables higher 

signal strength and extended communication range of up to 100 meters. But the 

implementation of active communication requires larger batteries and more electronic 

components. The typical price of active sensors is between five or ten times the price of 

semi-passive RFID loggers. 

In this paper we focused on analyses of the performance of semi-passive RFID loggers 

in order to enable an economical solution for the spatial profiling of transports with a 

high number of loggers.  

A third miniaturized data logger with electrical interface was included in our research as 

reference (Angeles, 2005). 

Data loggers are standard tools for the supervision of cool chains. New developments in 

the recent years have provided miniaturized solutions for temperature monitoring. 

Interfaces for data readout have shifted from electrical types to those that employ 

infrared and wireless RFID communication. Three types of miniaturized data loggers 

were compared in laboratory experiments and field tests. The iButton loggers from 
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Dallas Semiconductor/Maxim (www.ibutton.com) have the size of a button cell and 

contain a 1-Wire® electrical interface.  These loggers offer a large storage capacity, 

capable of holding up to 8000 measurement points. The Variosens RFID chip from 

KSW Microtec (www.ksw-microtec.com), available since the middle of 2006, can 

measure and store 700 temperature points. The TurboTag data loggers (www.turbo-

tag.com) use the same chip, but undergo an extended calibration process. 

The major drawback of this technology is the limited reading range of about 20 cm, 

comparable to other 13.56 MHz passive RFID tags (ISO15693). Sensor tags with UHF 

interfaces are under research by some manufacturers such as the Italian Company 

CAEN S.p.A. These tags will extend the reading range to a few meters and allow for 

automated readout during the unloading of the transport, but their signals cannot 

penetrate metals or liquids. Accessing passive tags during transport in a packed 

container is far beyond technical feasibility.  

The accuracy of data loggers is a critical issue in cold chain management. This accuracy 

becomes even more important if the objective is early detection of temperature changes 

and gradients. Standards for food distribution allow deviations of ± 0.5ºC from the set 

point (BS EN 12830, 1999).  

Study design 

In a first step, different RFID loggers were compared in order to find the most 

appropriated one for monitoring cold chain logistics. Several tests were carried out in a 

climatic chamber. In separate experiments with 20 to 40 samples per logger type, the 

temperature in the chamber was increased stepwise. The sampling rate of the loggers 

was set to 5 minutes. Constant temperatures of -10 °C, 0 °C, 15 °C and 30 °C were 

maintained over a time span of at least of 30 minutes, giving a minimum of 7 valid 

samples per logger and temperature step.  

Field tests covered two different conditions. In the first setting, the temperature 

distribution inside a packed and sealed pallet was considered. For evaluation of the 

penetration depth of temperature changes, two test pallets were equipped with 50 or 70 

KSW Variosens data loggers. 
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The tags were placed in pre-cooled boxes of dairy products. 180 boxes were loaded in 5 

layers onto a pallet of 80 cm by 120 cm to a height of 95 cm. The tagged boxes were 

placed in the bottom, middle and top layers. After one day at the optimal temperature of 

6.5 °C the pallet was moved to a non-refrigerated storage space with a temperature of 

about 20 °C. Because of the lack of air ventilation, the surface of the pallet warmed up 

to only 16.5 °C. After 3 days the pallet was moved back to the refrigerated room. A 

German food manufacturer and distributor provided the data.  

In contrast to the first setting with an even distribution of thermal mass over space, in 

the second setting the spatial temperature distribution inside delivery trucks with 

partially-filled boxes were considered. The experiments were carried out at Rungis 

Express, Germany, a trading company dealing in luxury and exclusive foods.  

Rungis Express customer deliveries are transported by trucks, which are separated into 

three compartments with different temperatures zones for deep-frozen goods, fish and 

meat, and vegetables. Each compartment is equipped with separate ventilation/vaporizer 

units.  

The inner dimensions of the insulated box were 2.48 m width by 2.35 m height with a 

total length of 6.05 m. The length of the compartments could be adjusted by movable 

room dividers. In a typical delivery, the deep freezer zone at a set point of -29 °C on the 

side of the driver cabin had a length of 1 m. The length of the middle compartment with 

a set point of 0°C was adjusted to 2.9 m. The remaining length for the vegetable 

compartment on the door side was 1.9 m. A central Thermo King Spectrum 

refrigeration unit mounted above the driver cabin supplied the vaporizer units for the 

three compartments.  

The middle compartments of two different trucks were each equipped with 40 data 

loggers. The positions of the loggers are depicted in Figure 6.1. Two additional loggers 

were placed between the driver cabin and box of each truck in order to measure the 

ambient temperature. The experiment was repeated 8 times, resulting in 16 monitored 

shipments. 
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Figure 6.1: Positions of the data loggers and the refrigeration unit (green) 

Data analysis 

Several analyses of variance (ANOVA) were performed, selecting the data of each 

experiment in order to study the effect of some independent variables (factors) on one 

dependent variable (inside temperature) (Devore and Farnum, 2004).  The data obtained 

include five different factors affecting temperature measurements inside the transport: 

location of the RFID loggers (x-position, y-position and z-position), truck type, and 

ambient temperature (T-outside). For the statistical analyses a program was developed 

using dedicated Matlab code.  

Due to the significant variation of the conditions from one experiment to another, the 

analyses makes use of a normalized temperature difference (ΔTnij), which is computed 

with respect to the set point and to the outside temperatures (see equation 6.1). This 

value gives a normalized measure with respect to the varying ambient conditions of the 

experiments in order to judge the difference between them (Rodriguez-Bermejo et al., 

2007) 
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(6.1)  

 

ΔTnij =normalized temperature difference for experiment i and logger j (ºC) 

Tij = temperature for experiment i and logger j (ºC) 

Tsi = set point (ºC)  

 Tai= ambient temperature (ºC)  

One statistical parameter that provided interesting information is the variance of ΔTnij. 

If this value is more than one that means temperature has fluctuated more inside the 

transport than outside. 

Shelf life model 

Different physical properties can be subsumed in the concept of ‘keeping quality’ or 

‘remaining shelf life’. The shelf life indicates the number of remaining days until a 

product-specific threshold will be passed. This threshold could be color loss, bacterial 

limit, or consumer acceptance (Tijskens and Polderdijk, 1996; Jedermann et al., 2006).  

The remaining shelf life of a product is scaled to a given reference temperature. In 

general this value should equal the temperature in the retail store or the final destination 

of the product. The speed of chemical or enzymatic reactions, which lead to a decrease 

of quality, is calculated according to the law of Arrhenius (see equation 6.2) for reaction 

kinetics.  

(6.2) 

 

k= quality reaction rate 

kref= quality reaction rate at reference temperature 

Ea= energy of activation (J/mol) 

T= temperature (K or ºC) 
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Tref= reference temperature (K or ºC) 

R= gas constant = 8.314 J/mol/K 

Two parameters must be estimated for the model: the initial quality or shelf life at 

standard temperature and the activation energy of the most crucial chemical process.  

 

(6.3)  

 

KQ= keeping quality (time) 

KQref=keeping quality at reference temperature (time) 

6.1.4. Results and discussion 

Comparison of RFID loggers 

For the test temperatures, the average and standard deviation δ (root mean square 

deviation) were calculated separately for the three logger types in Table 6.2. Part of the 

difference between the average temperature and the set point might have resulted from 

tolerances of the climatic chamber, which were specified by the manufacturer to be 0.1 

°C. The percentage of measurements with a difference to the average value less than the 

deviation ±δ was between 66% and 73%, which was very close to the expected value 

for a Gaussian distribution of 2/3. The iButtons produced the best results with a 

deviation of ±0.09 °C, followed by the TurboTags with ±0.19 °C, and the KSW tags 

with ±0.36 °C. 
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Table 6.2: Test of different logger types in climatic chamber 

 

Experiment 1: 
KSW (23 units) 

Mean and 
Standard deviation 

(ºC) 

Experiment 2:  
Turbo-Tag (36 

units) 
Experiment 3:  

IButton (20 units) 

Temperature 
(ºC) 

Mean and 
Standard 

deviation (ºC) 

Mean and Standard 
deviation (ºC) 

-10 -10.00±0.41  -9.81±0.25 -9.90±0.15 
0 0.13±0.32 0.16±0.18 0.12±0.06 
15 15.17±0.29 15.05±0.17 15.02±0.06 
30 30.23±0.42 30.05±0.18 29.99±0.09 

Temperature distribution 

The positions and temperatures of different measurement points inside the densely 

packed pallet of the first setting are displayed in Figure 6.2. Due to the large thermal 

mass of the goods, the effect of changes in the ambient temperature on the temperature 

of the pallet core was delayed for several days. After 60 hours the change in core 

temperature had only reached 50% of the change in ambient temperature.  

 

Figure 6.2: Temperature rise inside a sealed palette after 60 hours without 
refrigeration 
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In the next step, the time behavior of the temperature was investigated. Figure 6.3 

shows the output of three selected loggers with distances to the surface of 1 cm, 20 cm, 

and 40 cm, as well as the ambient temperature (shown as bold lines). Data analysis 

showed that the temperature of points close to the surface could be modeled by a first-

order time-delay element with the ambient temperature as input function (shown as fine 

lines in Figure 6.3). The delay elements were characterized by their time constants, 

which gave the amount of time that was passed until the internal temperature reached 

63.2 % of the changed input. The core temperature could be better approximated by a 

second-order delay. The first delay element described the transition from ambient 

temperature to the outer layer temperature, the second from the outer layer to the center 

of the pallet. Depending on the distance to surface, the time constant varied from 0.3 to 

3 days. The core temperature was modeled by a serial connection of two delays with a 

time constant of 1.8 days each. 

 

Figure 6.3:  Measured (fine) and modeled (bold) temperature for three selected points 
inside a packed palette 
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one case (experiment 6), the maximum temperature measured was almost 13ºC above 

the set point. This peak with duration of 10 minutes affected 2 neighboring loggers. 

Table 6.3: Summary of experiments in fish and meet mode 

Experiment Truck 
Setpoint 

(ºC) 

Mean 
and 

standard 
deviation 

(ºC) 

Maximum 
temperature 

(ºC) 

Minimum 
temperature 

(ºC) 

Mean 
Outside 

temperature 
(ºC) 

Mean 
Normalized 

Temperature 
(ºC) 

Mean 
Normalized 

Variance 
(ºC) 

1 
A 2  3.82±0.82 5.52 -1.76 8.75 0.26±0.10 0.32±0.29 
B 1 3.33±1.08 5.68 -4.26 7.15 0.38±0.11 0.31±0.29 

2 
A 0 1.12±1.02 4.00 -4.81 1.52 0.73±0.32 0.23±0.07 
B 0  0.87±1.07 3.51 -1.84 0.36 -0.47±0.50 0.74±0.21 

3 
A 0 3.53±1.02 6,58 -4,99 8.04 0.43±0.08 0.20±0.21 
B 0  2.44±0.76 4.10 -2.35 6.49 0.37±0.09 0.38±0.37 

4 
A 0  2.57±1.03 5.75 -3.24 4.89 0.56±0.13 0.20±0.10 
B 0  3.41±0.90 5.09 -1.26 5.60 0.60±0.09 0.29±0.25 

5 
A -1  4.09±2.71 9.79 -7.52 11.65 0.40±0.19 0.87±0.80 
B -1  2.36±1.29 5.71 -4.09 10.69 0.29±0.07 0.75±0.51 

6 A 0  3.54±2.17 12.88 -7.95 9.68 0.36±0.18 0.60±0.43 

7 
A 0  3.15±1.78 8.09 -8.88 6.99 0.45±0.17 0.75±0.64 
B 0  3.97±1.11 8.26 -0.42 7.71 0.51±0.08 0.13±0.03 

8 
A 0  3.44±1.52 6.98 -5.04 10.47 0.33±0.08 0.18±0.13 
B 0  3.41±1.80 7.77 -5.56 11.33 0.30±0.09 0.18±0.16 

 
Also in Table 6.3, the Mean Normalized Temperature values over zero indicate that the 

temperature inside the transport was higher than the set point, which is the case of 

majority. However, in the experiment 2 for truck two, we can see that temperature 

inside was under the set point. In the column of Mean Normalized Variance all values 

are under 1, which indicates that the fluctuations inside were less than outside. 

 

Figure 6.4: Temperature of reefer air, at walls and inside freight boxes over time 
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For the second setting, Figure 6.4 shows a typical time-temperature plot for some 

example sensor positions inside the delivery trucks. The high volume of free air and the 

permeability of the boxes provided good ventilation and fast reaction to temperature 

changes. Temperature oscillations caused by the on-off cycles of the reefer unit were 

found almost everywhere. The oscillations measured directly in the reefer air had 

amplitudes of up to 20°C. At the walls, amplitudes between 3°C and 6°C were 

measured. Inside the boxes, oscillations from 1°C to 3°C were observed. Thermal 

delays between the reefer air and the temperature at the walls or inside the permeable 

boxes were almost not measurable with a sampling rate of 10 minutes. All loggers 

reacted in less than one sampling period to changes in the air supply.  

The position of the ventilation unit was identified as a major factor of influence. The 

average temperature of all loggers at the ventilation unit side was colder than that of the 

opposite side with a difference between 1.8°C and 2.4°C for the measurements taken in 

September and October 2006. In two experiments taken in January 2007, the difference 

was reduced to 1.0°C due to a lower ambient temperature (8°C versus 16°C). 

Additional experiments carried out in “deep freezer” mode showed temperature 

deviations of more than 10°C. Figure 6.5 gives a 3-D view of the spatial temperature 

distribution one hour after loading frozen goods. The effects of the reefer position were 

overlapped by other influences, especially by differences in pre-loading temperature of 

the freight items.  
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Figure 6.5: Temperature profile one hour after changing to deep freezer mode  

(set point -29 ºC) 
The difference between minimum and maximum temperature measured at the walls of 

the truck is still present after 10 hours. The initial difference of 20°C (arrows in Figure 

6.5) was only reduced to 5°C.      

Influence of different factors in the temperatures changes  

Five-way ANOVAs were performed, taken factors one by one, and also with 

combinations of factors taken two by two. The results of the ANOVAs in all cases were 

very similar. Considerable temperature variability inside the truck was found. 

Depending on the location of the cargo, the products could support large differences in 

cooling.   

The sixth column of the typical output from a factor analysis of variance describes the 

p-values for the F statistics. For testing the hypothesis α=0.05 was set. If the values here 

were higher than 0.05, it is possible to conclude that this factor (or the interaction 

between these two factors) has no influence on the temperature variation. In all analyses 

taking factors one by one, we found that all of them were significant, because p values 

were always under 0.05. 
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However, the location of the logger in the x-axis gave the highest value for Fisher`s F 

(Table 6.4). Thus, in our experiments the variability in temperature depended on the 

location of the logger in the x-axis more than on the rest of the factors (y-position, z-

position, T-outside and truck). The X position is by far the factor that has more 

influence in the variability of temperatures. It has in all the ANOVAs the highest 

Fisher’s F (see Table 6.4).  This behavior was related to the location of the cooling 

equipment in the compartment (see Figure 6.1). In addition, the truck type played an 

important role in some of the experiments, like experiment one. In all analyses the mean 

square of the factors was larger than those of the errors, so the null hypothesis was 

rejected. The null hypothesis in our experiment was that the analysed factors would 

have no influence in the temperature. 

Table 6.4: ANOVA on spatial temperature data. Fishers’s F for the five factors 
considered in the experiments (confidence interval 95 %) 

Experiment X position Y position Z position T outside Truck 

1 3750.30 31.80 412.95 57.03 2138.40 

2 2288.0 113.40 145.11 525.23 80.74 

3 2917.67 106.55 693.17 39.41 462.41 

4 2134.60 621.65 90.00 100.37 303.32 

5 6005.10 420.46 715.61 16.10 314.67 

6 6053.40 335.41 845.69 17.12 - 

7 3309.70 464.15 674.19 121.53 0.50 

8 6243.7 998.91 565.66 37.28 29.47 

In the analysis of the interaction of factors, it was unclear which combination had more 

influence in the variability of the temperature measurements. For some of the 

experiments, few of the combinations were not significant. However, p-values for 

interaction terms related with the location (x-position*y-position, x-position*z-position 

and y-position*z-position) were much lower than a typical cut-off value of 0.05, 

indicating that these terms were significant. 

Number of required data loggers 

The ANOVAs showed the dependency of the measured temperature values to the xyz-

axis, where the x-axis has the highest impact on the temperature. But on the other hand, 
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it is not possible to predict the value of a logger by its xyz-coordinates. The temperature 

at the logger positions is overlapped with noise and other influence factors, which have 

not been measured. This could be for example the loading level / stack height. These 

unknown influence factors make it necessary to install a high number of loggers to 

detect all local temperature peaks. But some of the 40 loggers in our experiments might 

be left out, without losing crucial information. The recorded data were evaluated with 

the following method in order to estimate the minimal number of necessary loggers: 

Each logger was tested against his neighbors, which are between 2 and 4 loggers in 

either direct vertical or horizontal line. Loggers in the corner of the neighboring wall 

were also counted as horizontal neighbors. The bold lines in Figure 6.1 show the 

neighbors of logger 9 and 34 as example. The measurement in some position could be 

replaced by linear interpolation of the values of the neighbor sensors. But methods like 

inverse distance weighting or Kriging (Dutter, 1985) could not detect new local 

extrema. Approximation of a logger is only possible, if its temperature is within the 

interval of the minimum and maximum value of its neighbors. The allowed interval was 

extended by a tolerance level, which was set to the standard deviation of the TurboTags 

with δ = 0.2 °C. Loggers at the position (i) can be left out if the temperature (T) at time 

(t) is inside the following interval: 

min(Neighborsi(t)) – δ < Ti(t) < max(Neighborsi(t)) + δ 

In order to reduce disturbances by the reefer peaks and to simulate the delayed reaction 

of the freight towards temperature changes, the measured values were low pass filtered 

before testing for the above condition. The time constant of the first order delay element 

was set to 25 minutes. The data of the deep freezer transports were tested according to 

this approach. The analysis of the source data of Figure 6.5 gave the following results: 6 

out of 40 loggers were inside the interval for the full experiment duration. 5 of them 

were in the middle of a vertical column and 1in the middle of a horizontal row. These 

positions are marked with brackets in Figure 6.5. Six other loggers were less than 10% 

of the time outside the interval. One third of the loggers might be replaced by 

interpolation, if the location of the cold and hot spots is known in advance. An 

evaluation of two other experiments in deep freezer mode showed that the number of 

redundant loggers is similar, but their positions change. 
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Quality-oriented modeling 

Shelf life models are very useful tools for assessing the effects of temperature 

deviations on product quality. By taking the temperature-over-time curve as input, the 

model could predict the influence of short temperature peaks as well as the effect of a 

persistent offset from the recommended temperature. For example, an Arrhenius-type 

shelf life model with the parameters for lettuce (activation energy 91.58 kJ/mol, initial 

shelf life 5.56 days at 5°C) was applied to the temperature curves of the two boxes in 

Figure 6.1 with a difference of 1.42 °C between their average temperatures. After the 9 

hours of express delivery the model predicted only a small variation in shelf life of 0.07 

days. However, if the temperature conditions had stayed constant, the warmer box 

would pass the zero shelf life threshold 1.23 days earlier than the box with proper 

cooling (Table 6.4). 

Table 6.5: Application of the shelf life model on recorded data with parameters for 
lettuce 

Box Average 
temperature 

Shelf life after 9 
hours Zero shelf  life 

Coldest 3.73 °C 5.24 days 6.67 days 
Warmest 5.15 °C 5.18 days 5.44 days 

 

 Proposal of RFID implementation 

An important issue is how RFID loggers could be implemented in a normal cold chain 

environment. 

The amount of data that can be transferred over an RFID interface during the unloading 

procedure is limited by two factors. First, the channel bandwidth per reader is restricted 

to 200 kHz under European law to allow simultaneous operation of multiple readers in 

one location. Second, the time window for reads is typically no longer than one second, 

according to the amount of time a forklift needs to pass an RFID gate. These restrictions 

make it almost impossible to read out the full temperature history of hundreds of tags 

during the transshipment process.  
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When scanning incoming goods, the first interest is determining whether the quality 

state of the goods is ‘ok’ or whether the goods need additional examination. As 

proposed by Emond and Nicometo (2006), this could be indicated by a light connected 

to a door reader at the loading platform.  In their study, ‘green’ denoted no quality 

problems; the operator should put the goods to normal stock.  ‘Red’ signified that a 

temperature-time threshold was overstepped, and that the operator should manually 

check the quality of a shipment. An intelligent RFID data logger had to process the 

temperature information internally and evaluate the effects on product quality. 

Following an inventory request by the door reader, the RFID logger answered with its 

identification number and a green/red state flag. Only by special request was a full 

temperature chart transmitted. The pre-processing of temperature data could be as 

simple as checking temperature threshold in order to comply with food regulations. For 

higher accuracy, data should include shelf life prediction and an estimation of the time-

delayed core temperature by surface measurements. Passive RFID tags with the 

requisite embedded processing facilities are not currently available. 

6.1.5. Conclusions 

Semi-passive loggers allow monitoring ambient conditions inside refrigerated trucks. 

These devices have enough accuracy for the detection of temperature deviations. Their 

weakness is the short reading range (20 cm) and the requirement of manual handling. 

This is a limitation factor for automatic transmission and on-line monitoring. 

Big temperature oscillations were found in all the shipments, with amplitudes up to 

20ºC. Most of time, temperature was over the set point, the mean was always out of the 

industry recommendations. Also, spatial temperature distribution was not homogeneous 

during shipment. 

By performing ANOVA on-line, inside the transport unit, it is possible to estimate the 

temperature variability in the cargo and reduce the number of necessary instances of the 

shelf life model by grouping items with equal temperature behaviors in batches. This 

feature can be implemented in an intelligent container. 

The application of a shelf life model gave a prediction of the remaining shelf life of the 

products. Thus, different batches or pallets can be dispatched depending on this 
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attribute, according to the FEFO (Firs Expired First Out) strategy. This is a very 

interesting feature for a monitoring system, which should be implemented.  

Ambient temperature is measured properly with the semi-passive RFID loggers, but 

other variables such as relative humidity, pressure, light or vibration, should be 

measured in order to have a complete vision of the transportation process. 
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6.2. Performance of ZigBee-Based Wireless Sensor Nodes for Real-Time 

Monitoring of fruit Logistics 

This section has been published as an article in the Journal of Food Engineering, 

Volume 87, Issue 3, pages 405-415. 

6.2.1. Introduction 

Wireless Sensors Networks (WSN) is a very promising technology in the field of 

logistics monitoring. A wireless sensor network is a system comprised of radio 

frequency (RF) transceivers, sensors, microcontrollers and power sources (Wang et al., 

2006). Instrumented with a variety of sensors, such as temperature, humidity and 

volatile compound detection, WSN allow transport monitoring of perishable food 

products to be accomplished in a distributed way (Callaway, 2004). 

The use of wireless intelligent sensors inside refrigerated vehicles was proposed in 2004 

by Qingshan et al., (2004). Subsequently, Furh and Lau, (2005) tested a RF device in a 

metal cargo container and demonstrated that it is possible to communicate with the 

outside world. Craddock and Stansfield, (2005) proposed sensor fusion for the 

development of smart containers in order to improve security, gathering data from 

several sources in order to trigger the alarms. Containers may incorporate a variety of 

sensors to detect, identify, log and communicate what happens during their journeys 

around the world. Jedermann et al., (2006 and 2007a) presented a system for intelligent 

containers combining wireless sensor networks and RFID (Radio Frequency 

Identification). Ruiz-Garcia et al., (2007) analyzed monitoring intermodal refrigerated 

fruit transport, facing the integration of wireless sensor networks with multiplexed 

communications and fleet management systems. Such devices can be placed in transport 

vehicles in order to monitor the on-the-go environment and can be the basis for 

distributed systems, enabling environment sensing together with data processing. 

Behrens et al., (2007) studied the relation of battery lifetime and temperature in WSN, 

controlling the topology of the network in order to optimize energy-efficiency. 

To date there has been no experimentation regarding fundamental factors in this field, 

such as node location inside the cargo, battery life and reliability of instrumentation 
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under cooling conditions. Thus, experimentation in conventional refrigerated chambers 

could provide valuable information for near-future implementation in transports.  

WSN can operate in a wide range of environments and provide advantages in cost, size, 

power, flexibility and distributed intelligence compared to wired ones. Wireless sensor 

networks offer permanent online access to the condition of freight. In a network, if a 

node cannot directly contact the base station, the message may be forwarded over 

multiple hops. By auto configuration set up, the network could continue to operate as 

nodes are moved, introduced or removed.  Monitoring applications have been developed 

in medicine, agriculture, environment, military, machine/building, toys, motion tracking 

and many other fields (Akyildiz et al, 2002; Baronti et al., 2006; Jedermann et al., 2006 

and 2007). Architectures for sensor networks have been changing greatly over the last 

50 years, from the analogue 4-20 mA designs to the bus and network topology of today. 

Bus architectures reduce wiring and required communication bandwidth. Wireless 

sensors further decrease wiring needs, providing new opportunities for distributed-

intelligence architectures (Maxwell and Williamson, 2002; Wang et al., 2006). 

For fieldbus architecture, the risk of cutting the bus that connects all the sensors 

persists. WSN eliminates all the problems arising from wires in the system. This is the 

most important advantage of using such technology for monitoring. 

New miniaturized sensors and actuators based on microelectromechanical systems 

(MEMS) are in the development stage. Available MEMS include inertial, pressure, 

temperature, humidity, strain-gage, and various piezo and capacitive transducers for 

proximity, position, velocity, acceleration and vibration measurements (Wang et al., 

2006). According to several research works, connecting wires to these devices can be 

more problematic than doing it by means of wireless designs (Jackson et al., 2007; 

Wise, 2007).  

Another advantage for wireless sensor devices is the feasibility of installation in places 

where cabling is impossible, such as large concrete structures (Norris et al., 2007) or 

embedded within the cargo, which brings their readings closer to the true in situ 

properties of perishable products. 
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Wired networks are very reliable and stable communication systems for instruments and 

controls. However, wireless technology promises lower installation costs than wired 

devices, because required cabling engineering is very costly (Maxwell and Williamson, 

2002; Wang et al., 2006). 

At the current stage there are two available standard technologies for WSN: ZigBee and 

Bluetooth. Both are within the Industrial Scientific and Medical (ISM) band of 2.4 GHz, 

which provides license-free operations, huge spectrum allocation and worldwide 

compatibility. ZigBee is more suitable for WSN, mainly because of its low power 

consumption derived from its multi-hop communication. The power consumption in a 

sensor network is of primary importance and it should be extremely low. The ZigBee 

protocol places primary importance on power management. It has been developed to 

allow low power consumption and years of battery life. The suitability of this standard 

for monitoring has been proposed by various authors (Qingshan et al, 2004; Baker, 

2005; Wang et al., 2006; Jedermann et al. 2006; Ruiz-Garcia et al., 2007). 

Bluetooth works better in applications where large data rates are important, though it 

requires more energy (Shih et al., 2001). Bluetooth devices have lower battery life 

compared to ZigBee as a result of the processing and protocol management overhead 

which is required for ad hoc networking. 

ZigBee provides higher network flexibility than Bluetooth, allowing different 

topologies such as star, cluster tree or mesh networks. ZigBee allows a larger number of 

nodes – more than 65,000 – according to specification. Transmission range is also 

longer (1-100 m) for ZigBee than for Bluetooth (1-10 m) (Baronti et al., 2007). 

The main objective of this paper is to study the performance of ZigBee motes for 

monitoring the refrigerated conditions in fruit chambers with low temperatures, high 

humidity and different cargo densities. Reliability of communications and 

measurements, together with battery life, are major issues in this work. 

6.2.2. Materials and Methods 

The standard ZigBee and 802.15.4 characteristics 
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The ZigBee standard is built on top of the IEEE 802.15.4 standard. The IEEE 802.15.4 

standard defines the physical and MAC (Medium Access Control) layers for low-rate 

wireless personal area networks (IEEE, 2003). The physical layer supports three 

frequency bands with different gross data rates: 2450 MHz (250 kbps), a 915 MHz (40 

kbps) and 868 MHz (20 kbps). It also supports functionalities for channel selection, link 

quality estimation, energy measurement and clear channel assessment. ZigBee 

standardizes both the network and the application layer. The network layer is in charge 

of organizing and providing routing over a multi-hop network, specifying different 

network topologies: star, tree, peer-to-peer and mesh. The Application Layer provides a 

framework for distributed application development and communication.  

Commercial ZigBee motes 

Two different types of ZigBee motes have been used: Crossbow (Xbow) and Xbee-PRO 

(Xbee). In both systems, one sensor node (transmitter), and one base station (receiver), 

has been tested. 

The Xbow motes are integrated by a microcontroller board (Micaz) together with an 

independent transducer board (MTS420) attached by means of a 52 pin connector 

(Figure 6.6). The Micaz mote hosts an Atmel ATMEGA103/128L CPU running the 

Tiny Operating System (TinyOS) that enables it to execute programs developed using 

the nesC language. TinyOS was specifically developed for programming small devices 

with embedded microcontrollers. Micaz has a radio device Chipcon CC2420 2.4 GHz 

250 Kbps IEEE 802.15.4. The RF power in the Micaz can be set from -24 dBm to 0 

dBm. Power is supplied by two AA alkaline batteries. For some of the experiments, two 

D type batteries were substituted. 
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Figure 6.6: Xbow mote 

The MTS420 board hosts a variety of sensors that can be easy removed: temperature 

and relative humidity (Sensirion SHT), light intensity (TAOS TSL2550D), barometric 

pressure (Intersema MS5534B), two-axis accelerometer (ADXL202JE) and GPS 

(Leadtek GPS-9546) that can be easy removed. A laptop computer is used as the 

receiver, and communicates with the nodes through a Micaz mounted on the MIB520 

ZigBee/USB gateway board; this device also provides a USB programming interface. 

For this paper, only Sensirion SHT sensors were used 

The XBee-PRO RF module is a ZigBee/IEEE 802.15.4 compliant solution for WSNs. 

Advanced configurations can be implemented using simple AT commands (Hayes 

command set). According to the manufacturer, it uses 60 mW (18 dBm), 100 mW EIRP 

(Equivalent isotropically radiated power) power output (up to 1.6 km range) 

Based on the Xbee-PRO development kit, we developed a prototype for monitoring. It 

includes an Xbee-PRO board, together with a development kit from a Sensirion SHT 

sensor; power for both came from a 12V 7Ah battery. This sensor measures temperature 

and humidity, using CMOS (Complementary Metal Oxide Semiconductor) technology, 

and is the same sensor installed on the Xbow motes.  

The SHT is a single-chip relative humidity and temperature multi-sensor module that 

delivers a calibrated digital output. The device includes a capacitive polymer sensing 

element for relative humidity and a bandgap temperature sensor. Both are seamlessly 



PhD Thesis 
Luis Ruiz Garcia          Published works and studies    

  71

coupled to a 14-bit analog-to-digital converter and a serial interface circuit on the same 

chip. Each SHT is individually calibrated in a precision humidity chamber. The 

calibration coefficients are programmed into the OTP (One Time Programmable) 

memory. These coefficients are used internally during measurements to calibrate the 

signals from the sensors. 

For temperatures significantly different from 25°C, and according to the manufacturer it 

is necessary to perform humidity compensation; the temperature coefficient of the RH 

sensor should be considered, following equations 6.4 and 6.5.  

  RHlinear= (-4)+0.0405*SORH +(-2.8*10-6) *SORH 2   (6.4)   

SORH= Sensor Output Relative Humidity 

  RHtrue=(TºC-25)*(0.01+ 0.00008 *SORH)+RHlinear   (6.5)     

Our Xbee-PRO based prototype represents an autonomous solution for wireless 

monitoring of temperature and humidity (Figure 6.7). 

 
Figure 6.7: Xbee based prototype  

Experiments 

Two different types of experiments were conducted in order to verify the performance 

and reliability of ZigBee wireless nodes (see Table 6.6). Some were carried out in an 
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experimental refrigerated chamber (ERC); the remainders were conducted in a 

commercial store (CWC) in the wholesale fruit and vegetable market in Madrid. 

For both experiments, the main parameters considered were the ratio of measurement 

losses (%), battery life (minimum), and the influence of node location and on/off 

operation of the cooling system. The reliability of measurements in relation to battery 

status was also considered. 

The ERC has a capacity of 5.98 m3, and is made of metallic panels, with two engines. 

The WSN motes have been tested at the ERC with two battery types, two cargo levels, 

three different set points and at several locations inside the chamber (see Table 6.6).  

Table 6.6: Summary of experiments 

Experiment Description Mote 
type  

Battery 
type 

Sample 
rate/ 
sensors 

Set 
point 

ERC Empty chamber, three 
positions sampled 

Xbow alcaline 
2*AA 
 
alcaline 
2*D 

11s 
T, RH, 
GPS 
 
11s 
T, RH, 
GPS 

0º C, 
8ºC, 
20ºC 

0º C, 
8ºC, 
20ºC 

 Chamber loaded with  
720 l of water, sampled 
inside and outside 
pallets 

Xbow alcaline 
 
2*AA 

11s 
T, RH, 
with and 
without 
GPS 

 
0ºC 

CWC Chamber loaded with 13 
pallets of  chard, three 
positions sampled 

Xbow alcaline 
2*D 

11s 
T, RH, 
GPS 

 
3ºC 

Xbee Lead  
12V 6Ah 

10s 
T, RH 

Since temperature (T) and relative humidity (RH) conditions for fresh fruit during 

transport ranges from -0.5ºC to 12.2ºC and from 75 to 90%RH (see Table 6.7), in this 

study three different conditions within this range were selected: ambient conditions 

(20ºC approx.), 8ºC with 65% RH and 0ºC with 90% RH (see Table 6.6). This third 

situation corresponds to the optimal conditions for transporting many species such 

peaches or strawberries (see Table 6.7) (GDV, 2005). 
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Table 6.7: Optimal temperature and relative humidity conditions for some fresh fruits 
during transport (GDV, 2005) 

Type of cargo Transport temperature in ºC 
Relative humidity 

in % 

Pineapple, Bananas, 
Mangoes, Melons, Lemons 

10.0 - 12.0 85 – 90 

Oranges 4.5 85 – 90 

Apples, Apricots, Pears, 
Strawberries, Cherries, 

Peaches, Grapes 
-0.5 - 1.5 85 - 90 

 

The influence of cargo density on communications reliability was evaluated at the ERC, 

comparing transmission through empty chamber with regard to nodes located 

inside/outside a pallet full of water bottles (720 l). 

Experiments performed at CWC (1848 m3) make use of a chamber that provides on/off 

glycol cooling and which is insulated with polyurethane foam sandwiched between two 

layers of corrugated plate (total wall thickness is 0.16 m). The set point for this chamber 

was fixed at 3ºC by user restrictions. Tests were also conducted to measure the effect of 

different cargo densities, and to compare several ZigBee systems (Xbow and Xbee) 

under three different conditions: free space, 13 pallets full of boxes between the emitter 

and receiver, and emitter inside the sixth pallet in a line of 13. The second and the third 

situations simulate the implementation of wireless nodes inside refrigerated trailers, 

where the normal cargo situation is two lines of 13 Pallet EUR 2 (1 x 1.2 m) or three 

lines of 11 Pallet EUR (0.8 x 1.20 m) (ISO, 2003). During the experiments at the CWC, 

there was approximately one meter between the pallets and the walls. 

The program installed in the motes collects data from all the sensors at a fixed sample 

rate (11 s for Xbow; 10 seconds for Xbee), with each transmission referred to as a 

“packet.” Sample rate (SR) was fixed to provide very limiting conditions for battery 

life, a major issue in this study. In all the experiments, the RF power in the Xbow motes 

was set to 0 dBm (1mW). 

Data analysis 
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A specialized MATLAB program has been developed for assessing the percentage of 

lost packets (%) in transmission, by means of computing the number of multiple 

sending failures. A multiple failure of m messages occurs whenever the elapsed time 

between two messages lies between 1.5 x m x SR and 2.5 x m x SR. For example, with 

a sample rate of 11 s, a single failure (m=1) occurs whenever the time period between 

consecutives packets is longer than 16.5 s (1.5x1x11) and shorter than 27.5 s 

(2.5x1x11). The total number of lost packets is computed based on the frequency of 

each failure type. Accordingly, the total percentage of lost packets is calculated as the 

ratio between the total number of lost packets and the number of sent packets.  

The standard error (SE) associated to the ratio of lost packets is computed based on a 

binomial distribution as expressed in equation 6.6, where n is the total number of 

packets sent, and p is the ratio of lost packets in the experiment.  

n
ppSE )1( −

=      (6.6)  

Analysis of variance 

Analysis of variance (ANOVA) has been performed in order to evaluate the effect of 

temperature on battery life. ANOVA allows partitioning of the observed variance into 

components due to different explanatory variables. The software STATISTICA 

(StatSoft, Inc.) was used for this purpose (Devore and Farnum, 2004).  

Psychrometric data 

The ASAE D271.2, defined in April 1979 and reviewed in 2005, is used for computing 

the psychrometric properties of air at CWC experiments (ASABE, 2006). Equations 6.7, 

6.8, 6.9, 6.10 and Table 6.8 enable the calculation of all psychrometric data of air 

whenever two independent psychrometric properties of an air-water vapour mixture are 

known in addition to the atmospheric pressure.  

   
T

TePs
ln*46057.03605.62709602.31 −−

=            (6.7)  

-255.38 K ≤ T ≤ 273.16 K 
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2

432

TGTF
TETDTCTBA

eRPs ∗−∗
∗+∗+∗+∗+

∗=            (6.8)  

273.16 K ≤ T ≤ 533.16 K 

 T=Temperature (K), Ps= Saturation vapour pressure (Pa) (ASABE, 2006). 

100
RHPsPv =       (6.9) 

Pv= Vapor pressure (Pa) (ASABE, 2006). 

     PvPatm
PvH

−
∗

=
6219.0

     
(6.10) 

H=Absolute humidity (g/kg dry air), Patm= Atmospheric pressure (Pa) (ASABE, 2006). 

Table 6.8: Coefficients used to compute the psychometric data, according to equation 

6.8 (ASABE, 2006). 

R=22,105,649.25 D=0.12558x10-3 

A=-27,405.526 E=-0.48502x10-7 

B=97.5413 F=4.34903 

C=-0.146244 G=0.39381x10-2 

 

6.2.3. Results 

Tables 6.9 and 6.10 summarize the main results for the ERC and CWC experiments 

respectively. Results have been categorized into battery life assessment and 

communication and data reliability and will be presented accordingly in the text. 

Battery life 

Figure 6.8 shows that battery life is clearly affected by temperature. Fisher´s F (F=19.9) 

shows that temperature has a significance in battery life. Thus for AA batteries the 

duration decreases from 610±83 minutes at 20ºC to 407±58 at 8ºC and to 297±44 

minutes at 0ºC. Life for D-type is on average 70% greater than for AA batteries, also 
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with duration decreasing according to temperature from 655±145 minutes at 8ºC to 

379±136 minutes at 0ºC (Figure 6.9). 

It is important to note that battery life for Xbow motes without GPS is extended up to 

4500 min at 0ºC with 2AA batteries, while it falls below 300 minutes when a GPS 

device is mounted. Such heavy power consumption will be further discussed in relation 

to heat dissipation. 

 
Figure 6.8: Average battery life for different set-points during the experiments in ERC 

for 2AA batteries at 11s sample rate 
 
 
 
 
 
 
 
 
 
 
 

F=19.9 (1% significance level) 
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Figure 6.9: Average battery life for different set-points during the experiments in CWC 

with 2D batteries at 11 s sample rate 

Communication reliability 

In the experiments carried out at ERC, the percentage of lost packets was always higher 

at 8ºC (2.15%-15.73%) than at 0ºC (below 1%) or 20ºC (below 0.27% Table 6.9). This 

fact seems to be related with the number of on/off operations of the cooling system: 

none for 20ºC, 1 for 0ºC and between 15 and 19 for 8ºC.  

 

 

 

 

 

 

F=7.2 (5% significance level) 
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Table 6.9: Average percentage of packet looses for Xbow motes in ERC and 
corresponding standard error 

 
 
 
 

*Number of measurements. ** Number of on/off control cooling. 

Table 6.10 shows the results obtained for the experiments conducted at CWC. Xbee 

motes performed better than Xbow in terms of reliability of communications; a lower 

ratio of lost packets was found at all locations for Xbee compared to Xbow. In both 

cases (Xbow and Xbee), no restrictions were found for signal propagation along 13 

pallets, even though the rate of lost packets was higher in this situation compared to an 

empty room. The highest ratio of lost packets was found when the mote was located 

inside the cargo (emitter inside pallet 6), reaching as high as 4.74% for Xbow motes. 

Note that this value is lower than the 15% found for ERC; the greater amount of free 

space at CWC compared to ERC could be the basis of such a difference. 

 

 

 

 

 

 Cooling system 
 OFF ON 

Transmitter location 20ºC 8ºC 65%RH 0ºC 90%RH 

Lower corner 

0.27%±0.06
% 

(7256)* 
0** 

15.73%±0.52
% 

(4849)* 
18** 

0.50%±0.12
% 

(3735) * 
1** 

60 cm. over the 
opposite corner 

0.00%±0.00
% 

(5482) * 
0** 

4.63%±0.31
% 

(4515) * 
19** 

1.00%±0.18
% 

(2876) * 
1** 

60 cm over the corner 
bottom 

0.00%±0.00
% 

 (7180) * 
0** 

2.15%±0.23
% 

(3848) * 
15** 

0.00% ± 
0.0% (3149) 

* 
1** 
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Table 6.10: Average percent of packet looses and corresponding standard error for 
Xbow and Xbee motes at CWC. Number of measurements is included in brackets 

Transmitter location Xbow Xbee 

Empty room 
1.38%±0.06 

(34160) 

0.00±0.00 

(16906) 

Trough  13 pallets 
1.92%±0.07 

(39225) 

0.02±0.01 

(18325) 

Inside the boxes (pallet 6) 
4.74%±0.15 

(36614) 

0.26±0.06 

(15103) 

The ratio and manner in which data packets were lost was not the same for the two 

systems (Xbow and Xbee). In our experiments, Xbee motes always lost fewer packets 

than Xbow motes. In the Xbee motes, lost packets were distributed regularly whenever 

the emitter is inside the cargo (feature which is also congruent with the Xbow motes). 

However, in Xbow motes, a high accumulation of packets were found at certain periods 

(a, b, c in Figure 6.10) which may be related to the movement of objects or persons 

inside the chamber. This was not found for Xbee motes, even though the receiver was 

connected in both cases to the same PC. 
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Figure 6.10: RH (%), T (ºC) number of data lost packets for Xbow (left column) and 
Xbee (right column) in CWC; a, b and c stands for periods of accumulation of lost 

packets 

Data reliability 

Data reliability is a critical issue for ensuring interest in future implementations of this 

technology within transportation. 
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Figure 6.10 compares the time evolution of T (ºC) and RH (%) for Xbow and Xbee 

motes at CWC experiments. Generally RH varies inversely to T; only for door openings 

were there a simultaneous increase in T and RH due to hot air entering from outside. A 

major difference between Xbow and Xbee concerns the order of magnitude in T and RH 

which stayed around 8ºC and 60% RH for Xbow while being around 3.5ºC and 85% for 

Xbee (set-point of the chamber was 3ºC). This is a puzzling question since both sensors 

are the same and came calibrated from the manufacturer. This issue seems to be related 

to the position of the T and RH sensor. In the case of Xbow, the sensor is located just 

under the GPS electronics (Figure 6.6) which has been shown to be highly battery-

consuming and, accordingly, a significant heat source. In contrast, the Xbee the sensor 

is isolated at the end of a cable (see Figure 6.7). 

At high T, RH decreases and that would explain the lower order of magnitude for RH at 

Xbow compared to Xbee. 

The high energy consumption of the GPS could be the cause of heat dissipation and the 

T increase for the Xbow mote. 

Figure 6.10 shows that for the Xbow motes, T (ºC) and RH (%) measurements become 

erroneous at low battery voltage. This happened around 2160 mV for all experiments. T 

(ºC) rises enormously and both RH (%) and T (ºC) increase in variability. First and 

second derivatives of T (ºC) and RH (%) allow addressing abnormal fluctuations of 

measurements as an indication of initial failure (Figure 6.11). 
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Figure 6.11: First and second derivative for Xbow temperature data in CWC. The large 

increase in oscillation indicates that battery level is getting to low. 

Table 6.10 indicates the battery voltage threshold at which T and RH measurements lost 

their reliability (between 2159-2167 mV). Table 7 compares the average and standard 

deviation of T and RH for both Xbow and Xbee motes.  
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Table 6.11: Battery conditions for abnormal T, HR measurements with Xbow motes in 
CWC 

 Parameters at initial failure 
Parameters at failure 

stabilization 

 
Battery  

life (h) 

Voltage 

(mV) 

Battery  

life (h) 

Voltage 

(mV) 

Empty room 51.2 2163.0 - - 

Trough  13 
pallets 

49.9 2166.7 57.5 2094.2 

Inside pallet 6 46.6 2159.2 54 2070 

 

Table 6.12: Comparison of average RH (%) and T (ºC) between Xbow and Xbee motes 

 Mean RH (%) Mean T (ºC) 

 Xbow Xbee Xbow Xbee 

Empty room 62.6±3.8 84.3±1.7 8.40±1.1 3.60±0.3 

Trough  13 

pallets 
62.1±0.7 84.1±2.1 8.86±0.5 3.71±0.4 

Inside pallet 6 67.6±2.1 86.0±3.3 9.06±0.3 3.68±0.5 

 

Psychrometry 

For the data registered in the CWC with Xbow and Xbee motes, the absolute humidity 

of air was calculated based on the ASAE standard D271.2 (1979), (ASABE, 2006). 

Psychrometric charts are included in Figures 6.12 and 6.13, which illustrate the 

evolution of air absolute humidity (H, kg of water/ kg of dry air) related to the T (ºC) 

for empty room, 13 pallet and emitter-inside-cargo experiments. Door opening created a 

great increment in T (ºC) and absolute humidity, which then returns to normal again 

once the door is shut. During the rest of the time, it is also possible to detect the 

interaction between air properties and the product; with the cycles of cooling, variations 
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in the absolute humidity can be estimated: condensation over the products (as loss of 

absolute humidity), or water evaporation (as an increase in absolute air humidity). The 

lines refer to the absolute water content for several values of RH (100%-45%). It can be 

seen in Figure 6.12 that temperature varies more with the empty chamber because of 

higher thermal inertia.  

 

Figure 6.12: Psychrometric chart (T -ºC-, absolute humidity - kg/kg dry air-) for Xbow 
motes in CWC. Color lines indicate relative humidity 

The psychrometric data for Xbow motes (Figure 6.12) shows a clear segregation 

between the three positions inside the chamber. Black dots represent air conditions with 

empty-chamber, blue motes refer to data from a cool loaded-room and red data 

represent ambient data inside the pallet. Air absolute humidity inside the pallet is 

always higher than air outside cargo, which indicates water loss from the product. 

With empty-chamber, air temperature inertia seems to be lower than for loaded-room 

and thus temperature variability is much higher; for this same situation, absolute 

humidity has lower variation. 
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The psychrometric chart for Xbee motes (Figure 6.13) shows empty-chamber data to be 

indistinguishable from loaded-room data. This fact may be due to the location where the 

sensor was situated, at the end of the cable and touching the floor of the room. As 

before, air absolute humidity inside the cargo is higher than for other situations, due to 

water loss in the product. In these types of motes - where the sensor is located far from 

the electronics - a clear pattern in temperature and air humidity is found which 

corresponds to door opening of the chamber (simultaneous increase of temperature and 

absolute humidity). This pattern is different for Xbow motes due to the location of the 

sensor (beneath the GPS device) and thus very much affected by the heat dissipating 

from the electronics. 

 

Figure 6.13: Psychrometric chart (T -ºC-, absolute humidity - kg/kg dry air-) for Xbee 
motes in CWC. Color lines indicate relative humidity 

Distributed information of T, RH and absolute humidity may be used to address water 

loss or condensation along the cargo providing valuable information to improve the 

control algorithms of the cooling and ventilation system. 

 



PhD Thesis 
Luis Ruiz Garcia          Published works and studies    

  86

6.2.4. Conclusions 

In this section, the feasibility of using two types of wireless nodes (Xbee and Xbow) for 

monitoring storage and transport was experimentally assessed.  

Battery life decreases under cooling conditions. For 2xAA batteries in a GPS Xbow 

mote, life at 0ºC (297±44 min) is half than that at 20ºC (610±83 min), increasing to 

379±136 min for 2xD batteries at 0ºC. When the GPS device is removed from the mote, 

battery life is extended by a factor of ten. 

Measurements for Xbow sensors become erroneous when the battery voltage is less 

than 2160 mV regarding to 3000 mV corresponding to full charge. This situation should 

be taken into account in a commercial monitoring system, in order to avoid false alarms. 

Xbee motes could be a good solution for wireless monitoring in refrigerated industrial 

environments, because the rate of lost packets inside the cargo (0.26%) is always lower 

than that of Xbow (4.74%). For the latter, a large quantity of lost packets is found at 

selected moments, which never occur for Xbee motes. Wireless transmission could be 

affected by the interference induced by motors of the cooling equipment. This 

interference is higher for Xbow compared to Xbee motes, but further tests are required 

to evaluate the effect of this factor. The better reliability of the Xbee motes corresponds 

with their higher RF power. However, the Xbee based prototype is still under 

development and in this preliminary stage holds a large battery size, which makes the 

system much bigger than the Xbow motes.  

With the Xbow the performance of the system can be improved by the implementation 

of advanced network topologies, such as point-to-multipoint, peer-to-peer and mesh, 

improving the reliability and robustness of the system.  

There is a need for testing the behaviour of the motes in real transports. The robustness 

and reliability of the system should be tested in a refrigerate semi-trailer or container. 

For Xbow motes, automated detection of erroneous measurements is addressed on the 

basis of abnormal oscillations of measurement. A large effect of the GPS device on 

dissipation and temperature measurements is found whenever the T and RH sensor is 

not properly located in the mote. 
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The use of psychrometric equations has been implemented for quick assessment of 

changes in the absolute water content of air.  
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6.3. ZigBee based Wireless Sensor Network for monitoring refrigerated fruit 

transportation 

6.3.1. Introduction 

Food industry is nowadays facing critical changes in response to consumer needs, which 

in addition to health and safety awareness, demand an ever larger diversity of food 

products with high quality standards. 

Perishable food products such as vegetables, fruit, meat or fish require refrigerated 

transports. The quality of these products might change rapidly, because they are 

submitted to a variety of risks during transport and storage that are responsible for 

material quality losses.  

Parties involved need better quality assurance methods to satisfy customer demands and 

to create a competitive point of difference. Successful transport in food logistics calls 

for automated and efficient monitoring and control of the shipments. The monitoring 

should allow establishing a better knowledge of cold chain, detecting weakness, and 

optimizing the whole process, all things that potentially would have a significant impact 

on the supply chain (Vervest et al., 2005). 

Quality control and monitoring of goods transportation and delivery services is an 

increasing concern for producers, suppliers, transport decision makers and consumers. It 

is of particular interest for the refrigerated transport industry, where the major challenge 

is to ensure a continuous ‘cold chain’ from producer to consumer in order to guaranty 

prime condition of goods (Ruiz-Garcia et al., 2007). The supply chain management for 

fresh foods requires fast decisions; goods are forwarded within hours. The quality of 

fresh meat, fish or agricultural products might change rapidly. The internal biological 

and chemical processes of fresh products continue after harvesting. Temperature is the 

most important factor for extending shelf life. It is essential to ensure that temperature 

inside the transport units is correct; local temperature deviations can be in almost any 

transport situation present. Reports from literature indicate gradients of 5°C or more, 

deviations of only a few degrees can lead to spoiled goods and thousands of dollars in 

damages (Tanner and Amos, 2003a; Nunes et al., 2006; Rodriguez-Bermejo et al., 

2007).  
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Transport is done by refrigerated road vehicles and containers equipped with embedded 

cooling systems. In such environments, temperatures rise very quickly if a reefer unit 

fails. There is available in the market commercial solutions for monitoring containers 

and trucks, but they do not bring complete information about the cargo, because they 

typically measure in a single or very limited number of points (Ruiz-Garcia et al., 

2007).  

Timm et al., (1998) and Bollen et al., (2000) studied the apple damage in bulks during 

transport, finding a range of 15.0 to 47.5% for bruise damaged fruit. While Roy et al., 

(2006) analyzed the supply of fresh tomato in Japan. They quantified in 5% the loss of 

product during transportation and distribution.  

Tanner and Amos (2003a and 2003b) studied the thermal variations during long 

distance journeys in the transportation of fruits from New Zealand to Europe. The 

results showed that there was a significant variability both spatially across the width of 

the container and as well as all along the trip. In those experiments monitoring was 

achieved by means of the installation of hundreds of wired sensors in a single container, 

which makes this system architecture commercially unfeasible. 

Appropriated monitoring requires an increasing number of measurements to be 

performed in food logistics. Specialized WSN monitoring devices promise to 

revolutionize the shipping and handling of a wide range of perishable products giving 

suppliers and distributors continuous and accurate readings throughout the distribution 

process. Precise, frequent and automated readings, interpreted by software and 

coordinated with existing and planned product inventories, should translate into more 

intelligent goods management and fewer rejected shipments. They could be used to 

remedy the cause of the problem. But even if a direct access to the means of transport is 

not possible, online notifications offer new opportunities for improve transport 

planning: If fixed delivery commitments require ordering of a replacement, the time of 

information is very crucial.  

Ruiz-Garcia et al., (2008a and 2008b) validated the ZigBee motes for their use under 

cooling conditions in warehouses, studying the behavior of the motes in fruit chambers. 

Battery life was clearly affected under cooling conditions, being the duration at 0ºC half 
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than that at 20ºC. During experiments data transmission was achieved through two lines 

of fourteen pallets and putting the emitter inside the boxes, emulating normal conditions 

during shipment. It was concluded that the communication and data reliability of the 

motes was enough for monitoring refrigerated transports in containers or in trucks.  

Jedermann et al., (2007) did a temperature tracking in several refrigerated food 

transports by means of RFID semi-passive tags. Amador et al., (2008) showed the use 

of RFID for temperature tracking in a commercial shipment of pineapples from Costa 

Rica to the USA. These kinds of devices can register temperatures during transportation 

but the transmission range is less than one meter and they are not able to develop 

advanced network topologies like the ZigBee devices can do.  

Apart from temperature, also water loss is one of the main causes of deterioration that 

reduces the marketability of fresh fruits and vegetables. Transpiration is the loss of 

moisture from living tissues. Most weight loss of stored fruit is caused by this process. 

Relative humidity (RH), the temperature (T) of the product and its surrounding 

atmosphere, and air velocity all affect the amount of water lost from perishable food 

products. Free water or condensation is also a problem as it encourages microbial 

infection and growth, and it can also reduce the strength of carton packing (Shamaila, 

2005).  

The Psychrometry studies the thermodynamic properties of moist air and the use of 

these properties to analyze conditions and processes involving moist air. Psychrometric 

charts give a graphical representation of the relationship between temperature, RH and 

water vapor pressure in moist air (ASABE, 2006).  

Psychrometric data models have been successfully implemented for the detection of 

water loss and condensation over the product in refrigerated chambers monitored by 

wireless sensors (Ruiz-Garcia et al., 2008a). 
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6.3.2. Objectives 

The main objective is to monitor a real transportation of vegetables by truck, using a 

multihop wireless sensor network based in the ZigBee/IEEE 802.15.4 protocol. Also to 

analyze the communications reliability and the psychrometry during the shipment. 

6.3.3. Materials and Methods 

ZigBee Motes 

Four ZigBee/ IEEE 802.15.4 motes (transmitters) and one base station (receiver) were 

used. All of them were Crossbow (Xbow). 

Xbow motes have been described before, in section 6.2.2. Instead of using a sensor 

board MTS420, for this experimental work a MTS400 (without GPS) was used. 

The MTS400 board hosts a variety of sensors: temperature and relative humidity 

(Sensirion SHT), barometric pressure (Intersema MS5534B), light intensity (TAOS 

TSL2550D) and a two-axis accelerometer (ADXL202JE). A laptop computer is used as 

the receiver, in the same way that in the experiments at the wholesale chamber. 

The Sensirion SHT sensor measures temperature and humidity (already described in 

section 6.2.2). 

The MS5534B is a SMD-hybrid device including a piezoresistive pressure sensor and 

an ADC-Interface IC. It provides a 16 Bit data word from a pressure and temperature (-

40 to +125°C) dependent voltage. Additionally the module contains 6 readable 

coefficients for a highly accurate software calibration of the sensor. MS5534B is a low 

power, low voltage device with automatic power down (ON/OFF) switching. A 3-wire 

interface is used for all communications with a microcontroller. Sensor packaging 

options are plastic or metal cap. 

The TSL2550 is a digital-output light sensor with a two-wire, SMBus serial interface. It 

combines two photodiodes and an analog-to digital converter (ADC) on a single CMOS 

integrated circuit to provide light measurements over an effective 12-bit dynamic range 

with a response similar to that of the human eye. 
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The TSL2550 is designed for use with broad wavelength light sources. One of the 

photodiodes (channel 0) is sensitive to visible and infrared light, while the second 

photodiode (channel 1) is sensitive primarily to infrared light. An integrating ADC 

converts the photodiode currents to channel 0 and channel 1 digital outputs. Channel 1 

digital output is used to compensate for the effect of the infrared component of ambient 

light on channel 0 digital output. The ADC digital outputs of the two channels are used 

to obtain a value that approximates the human eye response in the commonly used unit 

of Lux. 

The ADXL202E is a low-cost, low-power, complete 2-axis accelerometer with a digital 

output, all on a single monolithic IC. It is an improved version of the 

ADXL202AQC/JQC. The ADXL202E will measure accelerations with a full-scale 

range of ±2 g. The ADXL202E can measure both dynamic acceleration (e.g., vibration) 

and static acceleration (e.g., gravity). 

Network topology 

Four main types of network topologies are considered in ZigBee/IEEE 802.15.4, 

namely star, peer-to-peer, tree and mesh topology.  

For this study a mesh network topology using multihop communication was used (see 

Figure 6.14). In this topology, the communication is established peer to peer and also 

between the nodes and a single central controller, called the coordinator. The 

coordinator may be mains powered while the devices will most likely be battery 

powered. The nodes transmit current ambient data continuously to coordinator, which is 

connected thought the ZigBee –USB gateway to the computer. The mesh network 

topology is more complex to handle but is more robust and resilient to faults (Baronti et 

al, 2007). 
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Figure 6.14: An example of Mesh network topology  

Experimental set up  

The experiment was conducted in a refrigerated truck traveling from Murcia (Spain) to 

Avignon (France), during 36.25 hours, along 1051 kilometers. The truck transported 

14000 kg aprox. of lettuce var. Little Gem in 28 pallets of 1000x1200 mm.  

The length of the semi-trailer is 15 meters with a Carrier Vector 1800 refrigeration unit 

mounted to the front of the semi-trailer. For this shipment the set point was 0ºC. 

The truck was outfitted with the wireless system. Together with the cargo 4 motes were 

mounted (see Figure 6.15): mote 1 was at the bottom of the pallets in the front side of 

the semi-trailer, mote 2 was in the middle of the semi-trailer, mote 3 was at the top of 

the pallet inside a box surrounded by the product, and mote 4 was at the top of the 

pallets. The program installed in the motes collects data from all the sensors at a fixed 

sample rate (1 second), with each transmission referred to as a “packet”. The RF power 

in the Xbow motes can be configured between -24 dBm y 0 dBm. During the 

experiment, the RF power was set to the maximum, 0 dBm (1mW approximately).  
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Figure 6.15: Experimental set-up 

Data analysis 

The main parameter considered was the ratio of data losses (%) during transmission. An 

updated version of the MATLAB program used in section 6.2 was used for analyzing 

the data. 

Analysis of variance 

Analysis of variance (ANOVA) was performed in order to evaluate the effect of the 

type of sensor in the registered measurements, including T (by means of Sensirion and 

Intersema), RH, pressure, light and acceleration.  

Psychrometric data 

In the same way that the experimentation at wholesale chamber, detailed in section 6.2, 

the ASAE D271.2 standard was used for computing the psychrometric properties of air 

during the shipment (ASABE, 2006).  

6.3.4. Results and discussion 

Reliability of transmission 

During the experiment, only motes 3 and 4 (2 out of 4) were able to transmit to the 

coordinator. And only the 4 transmitted during the whole shipment. From mote number 

1, in the bottom of the first pallet, and number 2, in the middle of the pallet, no signals 

were received. Mote 3 was closer to the coordinator than mote 4, but mote 3 was 
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surrounded by lettuce which blocks the RF signal. However between mote 4 and the 

coordinator there was free space for transmission. 

Table 6.13: Percentage of packet losses for the Motes during the shipment and 

corresponding standard error 

 Mote 1 Mote 2 Mote 3 Mote 4 

Valid data 
packets received 

0 0 915 11310 

% of data lost 
packets 

100% 100% 98.84%±0.08% 32.48%±0.36%

Table 6.13 shows the percentage of packet losses for the four motes during the shipment 

and corresponding standard error. For motes 1 and 2 there were no transmission during 

the whole trip. Compared with the results from the experiments in the wholesale 

chambers the percentage of data lost packets was much higher. At that time the 

maximum percentage of losses was 4.74% (Ruiz-Garcia et al., 2008b). 
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Figure 6.16: Temperature comparison between motes and sensors. Blue represents 

mote 3 and red represents mote 4. Circles represent Sensirion measurements and stars 

Intersema ones.  

Figure 6.16 shows the temperature fluctuations registered during the shipment, 4 

different markers are used corresponding to two T sensors per mote. Note that there are 

large differences between T for the same mote depending on the sensor used even 

thought they use individual calibration curves. When comparing data in Figure 6.16 

with other studies, large difference can be found. Tanner and Amos (2003a) observed 

that their container was within the industrial recommended interval for approximately 

58% of the delivery time. Rodriguez-Bermejo et al., (2006) compared two different 

cooling modes in a 20’ reefer container. For modulated cooling the percentage of time 

within the recommendation ranged between 44% and 52%, and for off/on control 

cooling between 9.6% and 0%. In those experiments, lower percentages of time within 

industry recommendations are found for high temperature set points. 
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Figure 6.17: Relative humidity comparison between motes. Blue represents mote 3 and 

red represents mote 4 

Inside the semi-trailer RH ranged from 55 to 95% (see Figure 6.17); being the optimal 

RH for lettuce 95%. Humidity is always higher in mote 4 (at the top middle of the semi-

trailer) than in mote 3 (located on the rear). For mote 4 average RH is 74.90% and for 

mote 3, 62.10%. 
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Figure 6.18: Air pressure comparison between motes. Blue represents mote 3 and red 

represents mote 4 

As it was expected the pressure oscillations in mote 3 are shorter than in mote 4 (Figure 

6.18), this situation also correlates with a shorter temperature variations (Figure 6.16). 

The temperature increase at the end of the transportation (Figure 6.16) does not 

correspond with an increase in pressure (Figure 6.18) because this situation was during 

unloading, and the cargo was out of the truck. 

If the air speed is higher the pressure is lower. For this reason the pressure registered by 

the mote 4, which is closer to the reefer equipment, is lower than in mote 3. Pressure 

drops corresponds with a higher intensity of cooling. 
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Figure 6.19: Light detection during the shipment. Blue represents mote 3 and red 

represents mote 4 

Figure 6.19 shows intensity of light registered with the ambient light sensor.  This 

sensor provides information about events the cargo such as loading and unloading, both 

characterized by door opening). In this way, an unauthorized opening of the doors could 

be detected. 
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Table 6.14: ANOVA on spatial temperature data. Fishers’s F for two factors (type of 

sensor and node) and their interaction (confidence interval 95 %) 

 Mote Type of Sensor Type of Sensor*Mote 

Fishers’s F 76.57 4.34 19.98 

The analysis of variance of the temperature data (Table 6.14) shows that the variability 

in temperature depended both in the type of sensor and on the node used. Also the 

interaction between these two factors has an impact in the temperature measurements. 

The mote location is the factor that has more influence in the variability of the 

measurements; this fact seems to be due to the location of the node. Mote 4 is closer to 

the cooling equipment which makes the temperature measurements to be lower. 

Table 6.15: ANOVA on RH, pressure, light and acceleration data. Fishers’s F 

considering node location as a factor (confidence interval 95 %) 

Factor RH Pressure Light Acceleration 

Node 188.48 50.59 83.23 72.68 

The node is a very significant factor in the measurements registered. In the case of RH, 

pressure, light and acceleration, the node has great influence in the data variability 

(table 6.15).  With more impact in the RH measured than in the other variables. 

Transport conditions 

For the analysis of transport conditions, the average temperature for the two sensors per 

mote is considered. Along transportation the set-point was 0ºC, but the average 

temperature registered during the shipment was 5.33ºC, with a maximum of 8.52ºC and 

a minimum of -3.0ºC. Most of the time, the temperature was out of the industry 

recommendation (set-point±0.5ºC), see table 6.16. 
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Table 6.16: Percentage of time out of the industry recommendations (set-point ±0.5ºC) 

Mote 3 Mote 4 

98.07% 100% 

 

Table 6.17: Battery voltage during the shipment for motes 3 and 4 

 Average voltage (V) Minimum voltage (V) 

Mote 3 2.94±0.02 2.89 

Mote 4 2.93±0.02 2.85 

Ruiz-Garcia et al., 2008b found that for the Xbow motes, T (ºC) and RH (%) 

measurements become erroneous at low battery voltage. Between 2159-2167 mV, T and 

RH measurements lost their reliability, T (ºC) rises enormously and both RH (%) and T 

(ºC) increase in variability. Table 6.17 shows that the batteries charge was always over 

that threshold so there were no reliability problems in the measurements. 

At this point it seems to be clear that WSN using this configuration were not able to 

fully monitor the cargo. Therefore further studies have to be performed to address the 

feasibility of improving transmission by changing the topology, routing strategies or by 

means of the integration of WSN and RFID. In this case, the measurement of core 

temperature, which is the crucial factor for quality changes, is performed by RFID data 

loggers, although these devices could not be accessed during transport. 

Under such configuration a raw estimation of shelf life can be computed calculated by 

online measurements of ambient or wall temperature. This prediction is corrected when 

the history of the core temperature becomes available on reading the RFID loggers at 

unloading. During this process the system could also learn to predict the core 

temperature better on the basis of ambient measurements. This solution combines the 

ability for ‘online’-access together with the lower price of data loggers. For automated 

read out of the data loggers UHF technology is necessary. RFID loggers with extended 
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reading range are assumed to be market available within the next years (Jedermann et 

al., 2007). 

Psychrometry 

For the data registered, the absolute humidity of air was calculated based on the ASAE 

standard D271.2 (1979), (ASABE, 2006). 

Psychrometric charts for the two motes (3 and 4) are included in Figure 6.21, which 

illustrate the evolution of air absolute humidity (H, kg of water/ kg of dry air) related to 

the T (ºC) inside the semi-trailer. Door opening, at rear of the truck, created an 

increment in T (ºC) and H, which then returns to normal again once the door is closed. 

During the rest of the time, it is also possible to detect the interaction between air 

properties and the product; with the cycles of cooling, variations in the absolute 

humidity can be estimated: condensation over the products (as loss of absolute 

humidity), or water evaporation (as an increase in absolute air humidity). Once more 

large differences are found between motes. 

 

Figure 6.21: Psychrometric chart (color lines indicate relative humidity; red dots 

represent mote 4 and blue dots mote 3) 
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6.3.5. Conclusions 

A commercial transport, between Murcia (Spain) and Avignon (France), was monitored 

along 37 hours. 

Four motes and one gateway, with mesh network topology and with a RF power of 

1mW, were not able to fully monitor ambient conditions in a shipment of lettuce var. 

Little Gem. However the information provided for two of the motes was valuable and 

useful for the three companies involved: Spanish wholesaler, carrier and French 

distributor. 

During the shipment, there were T deviations compared to the optimal conditions for 

the product transported. The set-point was 0ºC, but the average temperature registered 

during the shipment was 5.33ºC, and both motes registered temperatures different 

limited from the threshold of set-point during more than 98% of the time. However it is 

a biased viewpoint because some of the nodes were not available.  

RH was always below the industry recommendations and sometimes more than 40% 

less than the optimal. We found significant differences between the RH around the 

product (measured by mote 3) and ambient at the middle top of the semi-trailer (mote 

4), which was always higher. 

Pressure sensors showed significant fluctuations according to operation of the cooling 

equipment. According to section 6.2.3, barometric pressure, together with T and RH, 

allowed to calculate psychrometric charts, which gave information about condensation 

and evaporation of water inside the transport.   

Door openings, which are both a quality and a security issue, were clearly detected by 

the light sensor. Vibrations and truck stops were detected by the accelerometer. 
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Chapter 7 

Discussion 

In this chapter, a joint presentation of most relevant results is carried out together with a 

discussion with regard to international state of the art, about the role of RFID in cold 

chain monitoring (Section 7.1), the ZigBee based motes and WSN (7.2) and the 

integration of RFID and WSN (Section 7.3). 

7.1. The role of RFID in cold chain monitoring 

RFID is a wireless technology that has a significant element in mobile computing and 

automatic data collection systems. This thesis has showed how miniaturize RFID 

temperature loggers can analyze the transport chain and detect weaknesses. Thus, with 

the actual and future features, it is clear that RFID is going to play a significant role 

controlling and supervising the cold chain, together with the supply chain management.  

From 2004 to 2008 the evolution of RFID technology has been very fast, adding new 

features to traditional automatic identification and data capture applications. However, a 

significant proportion of RFID deployments remain exploratory. Experimental work 

done in the framework of this doctorate can be useful in for next future application. 

RFID data loggers are available in high quantities, but they require manual handling 

because of their low reading range. Another disadvantage is that temperature loggers are 

only available for the 13.56 MHz HF-Range. Jedermann and Lang (2007) explained the 

major drawback of 13.56 MHz RFID technology is the limited reading range of about 

20 cm. If a gate reader scans items automatically upon arrival at the warehouse, the 
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reading range has to cover several meters. Also these tags take five seconds to transfer 

700 recorded temperature values over the RFID interface. A high data rate is required 

according to a normal flow of goods in a warehouse. Sensor loggers with an UHF 

interface are under research by different manufactures.  

Environmental temperature inside the one of the truck compartments along the route has 

been measured, detecting temperature deviations and gradients. Mean temperature was 

always above the set point and in all cases deviation was more than 0.5ºC above the 

recommended value. But environmental temperature can differs from each other 

depending in the location of the logger, packing material, or heat dissipation of the 

product (Moureh et al., 2002; Raab et al., 2008). Semi-passive loggers can be also used 

to measure, not just the walls of the vehicle, but also inside the boxes (Amador et al., 

2008) 

A shelf life model for lettuce has been implemented, using temperature data collecting 

in two different boxes. Showing how small variations in temperature affect directly to 

shelf life, giving a 22.61% time more to the cooler than the warmer box.  Thus, the 

determination of remaining shelf life during shipment allows companies to optimize 

their supply chain management and to minimize losses. But, the development of 

advanced predictive models requires an improved knowledge about the influence of the 

different factors involved, including the behavior of all microorganisms that responsible 

for spoilage (Whiting et al., 1993). To improve model accuracy, additional factors such 

as humidity and harvest conditions must be considered. 

7.2. ZigBee based motes and WSN 

In the case of WSN, the ZigBee was developed as a very promising protocol due to its 

low energy consumption and advanced network capabilities. His potential for 

monitoring had been proposed for several authors but there were no real 

experimentation, only theoretical approaches (Qinshang et al., 2004; Wang et al., 2006; 

Jedermann et al., 2006 and 2007). For this reason, in this thesis real experimentation 

was a priority, with the aim of exploring the limits of this technology. 

The WSN potential for cold chain monitoring was confirmed by means of 

experimentation in real refrigerated chambers for fruit storage. Most relevant results in 
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this area came from the study of the node performance nodes under cooling conditions, 

studying the behavior performed by us. Refrigerated conditions reduce battery life 

(duration at 0ºC was half than at 20ºC) and affects the reliability of measurements when 

the battery charge is low. The section 6.2 shows how this situation affects the reliability 

of Xbow motes. Between 2159-2167 mV T (ºC) rises enormously and both RH (%) and 

T (ºC) increase in variability. 

This experimental study gives a complementary vision of the theoretical study of 

Behrens et al., (2007), about the influence or temperature in battery life, but without 

controlling the topology of the network in order to optimize energy-efficiency. 

However, this behavior has not been documented by other studies in different fields that 

use Xbow motes like Nadimi et al., (2008a) and Ipema et al., (2008). Thus the possible 

influence of other factors like the algorithm installed should be taking into account and 

studied in further experiments. 

The maximum experimentation time with the motes was 119.85 hours in WSC and 

36.25 hours in the truck, which is enough for the detection of some patterns mentioned 

previously. But a long time field test would be very useful to test the robustness of the 

motes. An interesting situation would be a transoceanic shipment that would allow 

comparing the results with data from the study of Tanner and Amos (2003a and 2003b). 

Results from experimentation at the experimental chamber and at the wholesale store 

showed low ratio of data lost packets. Being the maximums detected: 15.73% at the 

laboratory and 4.74% at the wholesale store. In opposition with the ratio founded in the 

semi-trailer, with a maximum of 100% for two of the motes and a minimum 32.48%. 

In the case of Ipema et al., (2008), that monitored cows with Xbow motes, the base 

station directly received less than 50% of temperature measurements stored in the mote 

buffer. Nadimi et al. (2008), that also monitored cows with Xbow motes, showed packet 

loss rates of about 25% for wireless sensor data from cows in a pasture when the 

distance to the receiver (gateway) was less than 12.5 m. 

Changing the motes location, for example the one on the bottom of the pallets (mote 1, 

at the front of the semitrailer) or the one in the middle of the compartment (mote 2) 

might have resulted in better data reception rates but would be loss spatial information 
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about the bottom and middle height. Thus, the solution, if the same motes are used, 

must be to put intermediates motes that allow peer to peer communication to the base 

station. Another solution could be to do more experiments testing other frequencies like 

868 and 916 MHz, which are used for other commercial motes available. Or to develop 

motes with more RF power, that can achieve longer radio ranges. Also the transmission 

could be improved by means of optimizing antenna orientation, shape and configuration 

(Mayer et al., 2004). 

Sample rates configured in the motes, for the experiments in 6.2 and 6.3, were very 

short in order to get the maximum amount of data about the ambient conditions. In 

practice, a reduction in the sampling frequency of recording and transmission should be 

configured in order to extend battery life. According to Thiemjarus and Yang, (2006), 

this also includes possibilities for data reduction on the mote level. It is expected that 

future wireless sensor motes will have on-board features to analyze recorded data and 

detect certain deviations. The level of a deviation determines whether the recording or 

transmitting frequency should be adapted  

One important feature in the motes came from the miniaturized sensors mounted on the 

motes that allow, in a small space (2.5 x 5 x 5 cm), to provide data not just about 

temperature, but also RH, acceleration and light, according to the proposal of Wang et 

al., (2006). Those variables were measured and analyzed in this thesis.  

In the case of fruit transport, also volatile compounds like ethanol and ethylene are also 

very important to detect and quantify (Barreiro et al., 2005). Resistive sensors such as 

Metal Oxide Sensors (MOS) for volatile evaluation have been developed into 

commercial MEMS by means of the development of Ultra Low Consumption Hot plates 

which allow the reduction of the size of the sensor and thus the power required for 

proper operation. Micro Hot Plate temperature is controlled from ambient to 500°C with 

a thermal efficiency of 8ºC/mW and thermal response time of 0.6 ms. The fabrication 

methodology allows integration of an array of gas sensors of various films with separate 

temperature control for each element in the array, and circuits for a low-cost MOS-

based gas sensor system. But this technology has it main drawback in the lack of 

specificity of sensor (Wise, 2007)  
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In the proposal of Craddock and Stansfield, (2005), for a smart container, several 

sensors for security issues were included. Some of them were: door opening sensors, 

volume intrusion alarms, microwave radar, ultra wide band radar, and sound or 

explosives sensors.  But this topic is out of the scope of this thesis and should be treated 

as an independent system that could be installed not just in refrigerated transports, but in 

all kind of them or perhaps only in a few of sensitive ones. 

Thus, the main advantages of WSN for cold chain monitoring, are the longer reading 

range than RFID, the flexibility and different network topologies that can be configured, 

the variety of sensors that are already implemented and their low power consumption. 

Reliability of measurements and performance in real environments are critical issues 

that have been faced in this thesis. 

7.3. Integration of RFID and WSN 

After the studies about WSN, major conclusion is that with appropriated routing and 

network topology WSN can be a good solution for monitoring. But also, the potential of 

RFID should be take into account. From paragraph 7.1 and 7.2 it can be confirmed that 

both technologies (WSN and RFID) are interesting and complementary, because they 

were originally designed with rather different objectives (RFID for identification while 

WSN for sensing).  

 An integration of WSN and RFID allow synergies, WSN uses a variety of sensors like 

the ones that were mentioned previously, but they cannot identify objects individually 

while RFID allow the identification of items like container, pallet, boxes or bottles. For 

this reason, integration of WSN and RFID provides a significant improvement on 

monitoring and has been faced by recent research. 

A possible solution for the integration of RFID, WSN and software agents, in 

intermodal containers, has been proposed by Jedermann et al., (2006 and 2007). The 

system is called “intelligent container”. 

Currently, RFID loggers are 10 times cheaper than wireless sensor nodes (10€ versus 

100 €). Both prices will drop; the price of sensor nodes will decrease a bit quicker when 

their mass production starts, but will always be a multiple of the costs of RFID loggers. 
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Zhang and Wang, (2006) describe a deep analysis of RFID and WSN, three forms of 

new system architecture that combines the two technologies. The first one, mix RFID 

tags and sensor nodes in the same environment. A station gather information from tags 

and sensor nodes then transmit it to local host computer or remote server.  

The second architecture in Zhang and Wang, (2006) propose a new smart node, which 

makes use of kinds of sensors, to detect interested physical scenario, reading RFID tags, 

and radio transceiver which transporting sensed data.  

The last one proposed in Zhang and Wang, (2006) is to replace the RFID active and 

semi-active tags by Xbow motes. The active tag is similar to the Xbow mote, but they 

are not exactly sensor network nodes because they communicate in centralized mode 

and can’t cooperate with each other through formed ad-hoc network. Nevertheless, 

replace all active RFID tags to sensor nodes can be expensive in a large amount of 

vehicles.  

Pereira et al., 2008 expose two sceneries. In these sceneries a common sensor node with 

RFID reader is proposed. The special node in the long range architecture read active 

RFID tag, while the other one passive RFID tag. 

We strongly agree with the need of integrating both technologies for multi-distributed 

monitoring transports and supply chain operations. Our works as unique wide 

experimental data available provide in field demonstration of this issue which was more 

presented on a theoretical point of view by mentioned authors and studies. 
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Chapter 8 

Conclusions 

Chapter eight summarises the main conclusions of this thesis and draws out their 

implications for effective monitoring and logistic strategy under conditions prevailing in 

the cold chain. It thereby aims to enrich our knowledge about RFID and WSN while 

demonstrating the value of the empirical approach. 

8.1. On the RFID systems for temperature monitoring 

Semi-passive tags can be used to monitor environmental variables such as the 

temperature of chilled food refrigerated goods, to identify problem areas, and to raise 

alarms. RFID loggers are good tools that are available in high quantities and are cost-

effective for the characterization of refrigerated transport units such as trucks or 

containers. However, they require manual handling because of their low reading range. 

One problem might be that these monitoring systems create huge volumes of data that 

are difficult to manage, causing a huge increase in the daily volume of data in a 

corporate IT system. This increase impacts the hardware cost required implementing 

monitoring systems. Neither manual evaluation nor transmission over mobile networks 

is feasible due to limited bandwidth and expensive usage rates. The solution lies in 

implementing a decentralized data management system. Temperature data must be pre-

processed close to their point of origin by intelligent systems, which could be sited at 

the level of RFID, sensors, or the transport unit. 

The required density of the measurement network depends on the setting. For a setting 

with an even distribution of thermal mass and airflow, the amount of sensors might be 
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reduced to cover the core and each surface side. But in settings like delivery trucks, one 

sensor per meter could be necessary for reliable detection of local temperature peaks. 

The first test with an unknown temperature and airflow condition should be carried out 

with a high number of loggers. The approach that was presented can be applied to 

decide whether a part of the loggers can be left out for further experiments.  

Implementing a combination of RFID loggers with wireless sensor nodes further 

reductions in total system costs are possible. RFID data loggers can replace part of the 

sensor nodes. A reduced number of wireless sensors are mounted on the walls to capture 

the ambient temperature. These sensors are always accessible. In general, since the air 

or surface temperature differs from the core temperature, ambient sensors can only 

provide a raw estimation of shelf life, but this information will be sufficient to trigger 

online alarms during transport.  

To improve model accuracy, additional factors such as humidity and harvest conditions 

must be considered. In a more complex scenario, trucks could be redirected on the basis 

of differences in shelf life predictions.  

8.2. On the performance of ZigBee motes under cooling conditions 

Both ZigBee motes perform adequately under typical T and RH conditions in the cold 

supply chain. The suitability of this technology for monitoring refrigerated chambers as 

well as the implementation under transport conditions has been demonstrated. This kind 

of system can be used in a warehouse, container or vehicle for remotely monitoring and 

tracking environmental characteristics, geographical locations of assets such as a 

shipping container and content and for communication with gateway of a network e.g. 

Internet, cellular network, satellite network. These sensors can be placed in locations 

usually not accessible for other systems. 

Further research is necessary, for programming algorithms in order to save energy and 

to extend battery life. Wireless communications can be affected by the interference 

induced by motors of the cooling equipment, but further tests are required to evaluate 

the effect of this factor. Advanced network topologies are necessary in a monitoring 

system. These topologies may include point-to-multipoint, peer-to-peer and mesh, 

improving the reliability and robustness of the system.  
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Other issues such as signal processing, powering, communication, location, orientation 

data storage and computation capabilities also need to be addressed, and are currently 

being investigated by the authors. 

Another important topic is fault detection and isolation. The detection of failures in a 

wireless network is fundamental. The on-board identification of erroneous 

measurements is basic for commercial purposes and has been outlined in this thesis. 

A multi-distributed system that implements this type of sensors can estimate water loss 

from the products using the psychrometric model, and also to detect condensation on 

the commodities. 

8.3. On the WSN in refrigerated transport 

The benefit of the system is the visibility that it can give along the supply chain. 

Measurements obtained are consistent and provide valuable information on the 

conditions encountered during the shipment. It is possible to address, at regular time 

increments, what is happening with the product, whether it is temperature, humidity or 

acceleration. 

Another advantage is not only avoiding loss of product on trucks, but also providing 

effective support in legal situations as well as safety inspections. Security issues are also 

considered, because door openings or intrusions can be detected with the light sensor. 

The RF power used by the motes is not enough for going through the pallets. The 

solution would be to use motes with high power, which means higher energy 

consumption, increase the number of nodes, or to improve the multi-hop 

communication, implementing advanced routing strategies combined with scavenging 

energy technologies. 

There is the need for testing the long-term behaviour of the systems in for example 

transoceanic fruit transports. 

As the experiment has showed, environmental conditions can vary widely within a truck 

or other enclosed area. With the integration of WSN and RFID, pallet-level monitoring 

could be achieved in a near future. 
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The integration of WSN and RFID seems to be a good approach while solving WSN 

communication. Instead of reject an entire shipment goods can be considered on a 

pallet-by-pallet basis. 
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Chapter 9 

Suggestions for future research 

In the view of the results and conclusions, following proposals for further works are 

expounded: 

1. Improvement of the performance of the motes inside the transport by the 

implementation of advanced network topologies, routing capabilities depending on 

different factors such as remaining battery. Increase the number of nodes and test with 

different products and cargo configuration, trying to find the optimal network 

implementation. 

2. Test the long-term behaviour of the systems in transoceanic shipments. Implementing 

WSN in reefer containers linked to a fleet management system with satellite 

transmission and GNSS location. 

3. Fault detection and isolation. In remote monitoring it essential to detect if there is a 

failure for example in the control of temperature or the failure is in the monitoring. 

Wrong information provided by the monitoring system should be identified and 

skipped. Also the implementation of artificial intelligence in the core of the system can 

block the transmission of erroneous data. 

4. Optimize the power consumption of the motes by the improvement of every 

component (sensors, microcontrollers and radiofrequency devices) to consume as little 

power as possible while still meeting the requirements of the application in terms of 

data throughput, latency and reliability. 
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5. Integration of WSN and RFID. WSN can be used in combination with RFID and 

actuators to monitor, store and relay information about a wide variety of physical 

conditions along with asset identification and location. The integration of WSN and 

RFID can allow to evaluated batches with more precision. For example, instead of reject 

an entire shipment goods can be considered on a pallet-by-pallet basis. Also by a 

combination of RFID loggers with wireless sensors further reductions of total systems 

costs are possible. 

6. Implementation of “better” models for shelf life prediction. Together with a tracing 

system, the use of better model for shelf life prediction can be helpful to the operators 

Thus, during transportation the shelf life of the goods can be calculated with more 

accuracy.  

7. Development of MEMs for gas chemical sensing. At present time, there are 

commercial MEMs available in the market for measuring T, RH, light or acceleration, 

like the ones that were used in the experiments of this thesis. But there is a lack of 

efficient and specific MEMs for the detection of volatile compounds like ethylene or 

ethanol, which are fundamental gases in postharvest.  

8. WSN simulation. The simulation of WSN can provide a way to study system design 

alternatives in a controlled environment, like a container or a refrigerated truck, explore 

system configurations that are expensive and take more time to physically develop, and 

observe interactions that are difficult to capture in a live system.  
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Appendices 
The following appendices describe three complementary studies in that were carried out 

during the thesis period by the author. First one is about fieldbus networks for 

monitoring; second one is about the application of new sensing technology that can 

detect and distinguish between ethylene and ethanol; and the third one is about a 

traceability system by means of web service technology. 

References related with this section are included in chapter 10, together with the rest. 

A.1. Specifications of a CANbus system for monitoring fruit transports 

This section was presented at the World Congress: Agricultural engineering for a better 

world organized by the European Society of Agricultural Engineers (EurAgEng) and the 

Commission Internationale du Genie Rural (CIGR), in Bonn, September 2006. 

A.1.1 Introduction 

At current stage, fruit in Europe is mainly transported by truck (44%), though the 

demand for freight transport is estimated to increase in 38% for the next 10 years, due to 

traffic saturation and environmental concerns.  The combination of the various modes of 

transport, known as intermodal transport, is one of the solutions proposed. This paper 

presents a future concept of intelligent transport for refrigerated vehicles based on 

Controller Area Network communications. It proposes the system specifications that are 

needed to monitor intermodal fruit transport gathering different sensors and electronic 

modules. 
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Tracking and tracing the transport of fruits in reefer containers during the supply chain 

is fundamental in order to guarantee their quality for consumers (Tanner and Amos, 

2003). The integration of emergent information technologies can provide real-time 

status updates.  

The SAE J1939 application profile defines a CAN-based in-vehicle communication for 

trucks and buses developed by the American Society of Automotive Engineers (SAE), 

which networks the electronic control units (ECU) within a truck towards the trailer 

system. SAE J1939 specifies the physical layer as well as the procedure to read and 

write data, and even to calibrate certain subsystems (SAE J1939, 2000; Johannsson, 

2003). On the other hand, ISO 11992 Road vehicles –Interchange of digital information 

on electrical connections between towing and towed vehicles – specifies a J1939- based 

application profile for the communication between truck and trailer. (ISO 11992, 2003) 

defining other layers that are necessary for communications between towing and towed 

vehicles. 

The use of standardized CAN technology (ISO 11898-1/2) can improve monitoring 

transports, ensuring the inter-operability of the system. A variety of sensors and 

actuators can be integrated in the CAN. Information provided by sensors has to be 

processed in order to check the adequate status of settings. In case of anomaly data, 

alarms should be triggered. Actuators connected in the CANbus system will be 

responsible for controlling forced air flow, cold generation and defrosting. 

But not only sensors and actuators can be part of the CAN. Also actual devices for fleet 

management, such as global positioning systems (GPS), tachograph and satellite 

communications, can be a part of whole system. And in near future, more emergent 

technologies like Wireless Sensor Networks (WSN) or Radio-Frequency Identification 

(RFID) will be ready to implement in the on-line monitoring of perishable goods. 

The challenge is the interconnection of the different subsystems, with different 

interfaces and profiles, being the CAN the backbone of the system (Figure A.1). 

Thus, the concept of “Smart Container” is emerging. The system should comprise 

multiple types of sensors, with distributed measures depending on location. Authorized 

supply chain participants will track a container’s progress as it journeys from the point 
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of stuffing to the point of unloading. Logistics personnel will obtain this information for 

their shipments from the information network and can use it for supply, factory and 

route planning (Ruiz-Garcia et al., 2007). 

A.1.2. Objectives 

The aim of this paper is to establish the specifications needed in a CANbus device 

compatible with SAEJ1939 in order to monitor international fruit transport. Main 

innovation is that the system has to manage multidistributed information like 

temperature, air flow, moisture, condensation and concentration of volatile compounds, 

allow intercommunication with further accessible stations, and perform intelligent 

control of the cooling system. 

A.1.3. Definitions of required specifications 

Desirable general features can be summarized in terms of low cost, modularity an user 

friendly environment. More specific characteristics are: 

• The container unit becomes the target for monitoring instead of the tractor. Thus 

monitoring system is located in the container though optimized to reach as much 

information as possible from external sources in order to rationalize the amount 

of sensing units to be installed. 

• The requirement of low power consumption. The system should be able to 

monitor globally the exact location and condition of assets without no accessing 

a power source or wherever the power source is inconsistent. Thus a key 

requirement is a low power consumption in order to ensure long battery life. 

Today, 10 years is often quoted as the typical lifetime of an instrument in reefer 

containers (Maxwell, 2002). 

• The need for inter-operability. The use of standardized, open network is 

essential for ensuring the inter-operability of the system. The system will have to 

manage multidistributed information from the network. The advantage of having 

a standard is considerable, since it enables independent development of 

individual networked components, also allowing manufacturers to use 

components from different suppliers. Cost-effectiveness is guaranted by the bus 
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topology since only one cable set within nodes. Standardization and openness 

are also cost-reduction factors, because they ensure market competitiveness. 

In order to know the status of fruits and vegetables, it is necessary to set the critical 

magnitudes and the type of sensors. A technical review of commercial sensors available 

in the market has been made (see table A.1). The idea is to define microclusters of 

sensors, operating wired or under wireless conditions depending on the specific need 

from each microcluster. 

Actually, inside the container commercial solutions do not bring complete information 

about the cargo because they typically measure in a single or very limited number of 

points.  

Information provided by sensors clusters has to be processed in order to check the 

adequate status of settings. In case of anomaly data, alarms should be triggered. A 

variety of sensors and actuators can be integrated in the CAN. Actuators connected in 

the CANbus line will be responsible for controlling forced air flow, cold generation and 

defrosting. 

 

Figure A.1: Container Controller Area Network in the intermodal flow 

The objective is that intelligent transport systems will be compatible with the SAEJ1939 

and ISO 11992 standards. The central control unit will work as a gateway between the 

different protocols. The trouble-free exchange of information between individual sub-

systems is one of the prerequisites for a rational design and operation of the total 
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system. In the commercial vehicle industry, the integration of add-on equipment and 

trailers is of particular interest (Fellmeth, 2002). 

It is possible to add a gateway that changes wired CAN signals to wireless ZigBee 

signals. The gateway must convert CAN packets to wireless packets, and viceversa. The 

development of this interface was faced by Byrnes et al., (2006), using a small canbus 

network with two CAN development boards and two wireless transceivers. 

The RFID readers can be connected to a CAN converter, enabling the use of large 

quantity of RFID readers. We can find in the market devices that allow the integration 

of RFID in CAN. These devices are able to read and write to transponders according to 

ISO 14443 (50 mm) and ISO 15693 (90 mm). 

The CiA has released the CiA 445 CANopen device profile for RFID readers/writers. 

The objective of the profile is to enable easy system integration of RFID readers into 

CAN networks. The device profile will make CiA 445-compliant RFID readers from 

different manufacturers interchangeable with a minimum of time and configuration 

effort (CiA, 2005). 

In the field of interconnection of the different protocols and interfaces, a lot of work 

remains to be done. A European or world-wide harmonization of different interfaces is 

necessary. The communication between these heterogeneous systems is a challenge that 

should be faced. 

The central ECU in the container will play a main role as transmitter and receptor. The 

system proposed should allow connection between different subnetworks, as well as 

filtering and processing messages from sensors. Data can be sent and received from the 

cab of the truck, thus driver can know in real time the status of the cargo and of the 

towing unit. Data will also be transmitted at selected rate by means of a UMTS modem 

towards a remote server. Anytime in the intermodal chain: vessel, port, truck,... could 

receive information and send orders to the actuators. The system should permit remote 

activation of the refrigerator equipment for pre-cooling and adjustments during 

transportation. 
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Table A.1: Magnitudes to be measured and proposed location (critical points) 

Magnitude Location Type of sensor 

Temperature 
freight and internal air 

circulation pipes 

Termocouple K,T 
Termistor 
PT-100 

Moisture content 
 

freight and internal air 
circulation pipes 

Resistive hygrometer 
Capacitive hygrometer 

Pressure 
freight and internal air 

circulation pipes 
Piezoresistive 

Air speed internal air circulation pipes 
Hot wire 

Pitot, piezoresistive sensor 
Combination of termistors 

Condensation freight Capacitive 
CO2 freight Infrared 

Ethylene freight 
Electrochemical 

Pyroelectric 

Ethanol freight 
Electrochemical 

Pyroelectric 

NH3 reefer equipment 
Electrochemical 

Pyroelectric 

Content of volatiles freight 

MOS (Metal Oxide 
Semiconductors) 

CP (Conducting polymers) 
FET (Field effect transistor) 

QCM (Quartz crystal 
microbalance) 

SAW (Surface acoustic wave) 
(Barreiro et al., 2005; Correa et al, 2005) 

A main issue is to establish signal pre-processing in order minimize the amount of 

information to be transmitted. A trouble-free exchange of information between 
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individual sub-systems is one of the prerequisites for rational design and operation of 

the total system.  

A.1.4. Conclusions 

The combination of available information technologies such as CAN, GPS and wireless 

data communications are able to provide complete monitoring information about fruits 

and vegetables transported in reefers containers. And carry out with the legal 

requirements in food traceability (European Commission, 2002 and 2004). 

The number of recent IT applications probes that research in intelligent transport system 

is an emerging field fuelled by new advances in technologies and worldwide concerns 

about security and food safety. 

The concept of “Smart Container” is emerging. The next generation of reefer containers 

are required to have higher performance than the current ones. The innovations in 

wireless and digital electronics enable applications which will become very common in 

future transport vehicles. 

Available technologies in the market make feasible the development of a monitoring 

system for reefer containers. Authorized supply chain participants will track a 

container’s progress as it journeys from the point of stuffing to the point of unloading. 

Logistics personnel will obtain this information for their shipments from the 

information network and can use it for supply, factory and transportation planning. 
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A.2. Application of LVF-IR specific sensors for volatile assessment in bananas and 

other fruits 

This section was also presented at the World Congress: Agricultural engineering for a 

better world organized by EurAgEng and CIGR, in Bonn, September 2006. 

A.2.1. Introduction 

Gas monitoring plays a fundamental role on preserving and developing ripening 

technologies for horticultural products. Some relevant volatiles for the supervision of 

both processes are ethylene, ethanol, acetaldehyde and CO2 (Pesis, 2005).  

Ethylene gas (C2H4) is a natural plant hormone produced by many horticultural 

commodities. It is an odorless, colorless gas, not easily detectable, which exists where 

produce is stored. For banana and other climacteric and non-climacteric fruits, the role 

of ethylene is to trigger and induce ripening. Ethylene gas is also used in ripening rooms 

to color up fruit, which is then moved to a regular cold storage or modified atmosphere 

room. Some fruits treated with ethylene are citrus, bananas, tomatoes and avocados. 

Because a sudden increase in the concentration of ethylene threatens the conservation of 

fruit, monitoring ethylene level inside treating and store chambers would extend the life 

cycle of fruit, increase quality and minimize losses (Kader, 2005; Ivanov et al., 2005). 

Ethanol (C2H6O) is a consequence of alcoholic fermentation which is always 

undesirable. Its presence should be monitored at a ppm range, so it would be possible to 

operate near the inversion point where aerobic respiration rate reaches a reduced value 

and no relevant anaerobic activity takes place. High CO2 concentrations promote 

anaerobic respiration. At present the market offers unsatisfactory solutions for 

monitoring the mentioned volatiles which are either too expensive or inaccurate due to 

the lack of specificity. 

Many methods for monitoring fruit ripeness have already been proposed, like gas-

chromatography, IR-VIS spectroscopy and fluorescence analysis. The main 

disadvantage of most of these methods is that they are not useful for measurement 

inside packinghouses. Thus, continuous monitoring of ethylene, ethanol and CO2 during 

fruit conservation will help storage / distribution centers to market fruit under optimal 
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quality and safety conditions. In fact, it is also as important to monitor the long distance 

transportation of fruits, especially concerning recent intermodal reefer containers 

guidelines (Ruiz-Garcia et al., 2006). Therefore, in fruit and vegetables preservation-

ripening environments, it is very important to develop accurate and reliable on-line gas 

sensing units (Giberti, 2004).  

Recent review literature is available on the use of artificial olfactory sensing techniques 

(Sarig, 2000; Giberti et al., 2004). One of the most cost effective technique for ethylene 

sensing are metal oxide semiconductor (MOS), yet highly unspecific with regard to 

ethanol. Such unspecific behavior is critical for preservation and ripening monitoring. 

A.2.2. Objectives 

Prime objective is to increase control efficiency of the emission of gases during fruit 

and vegetable ripening and storage. The aim of this work was to test linear variable 

filter infrared (LVF-IR) sensors for the specific detection of ethylene, ethanol and CO2 

in fruit chambers, with regard to reference techniques such as Gas Chromatograph (GC) 

and commercial ethylene and ethanol sensors (International System Technologies, IST 

Ltd.). 

A2.3. Materials and Methods  

Two standardized linear variable filter sensors within the infrared range (LVF-IR) were 

used in the spectral range of 2.9-4.8 μm (3448-2083 cm-1) for CO2 and CO, while 9.0-

11.0 μm (1111-909 cm-1) is employed for ethylene, ethanol and ammonia 

(MICROSYSTEMS ®µray64. The detector unit consists of a pyroelectric thin film 

array detector 1x64 pixels, highly sensitive to temperature changes. A special 

absorption layer ensures that incident chopped infrared radiation is transformed into 

measurable temperature changes. The pixels then generate an electrical charge which is 

measured by a 16-channel readout application-specific integrated circuit (ASIC). The 

1x64 array detector uses 4 ASIC’s to read out the signals. The LVF represents the 

dispersive optical component and is glued directly into the metal cap above the detector. 

The printed circuit board (Figure A.2) works like a IR-spectrometry sub-system. 

Resolution for LVF-IR ranges from 1.5 % to 0.75% of the passing wave-lengths. 
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Integration time was 1000 seconds. Such long period should not be considered a 

handicap since closed chambers are the target of the study. 

 

Figure A.2: Printed circuit board 

A LVF spectrometer needs a relatively intense light-source because it only allows a 

certain wave-length to pass at a certain position. Therefore, a broadband pulsed infrared 

light has been used. Therefore, a broadband pulsed infrared light manufactured by Ion 

Optics has been used. Relevant characteristics are:  

• Rated temperature: 850 ºC 

• Minimum resistance: 2.8 Ohms 

• Maximum resistance: 4.5 Ohms 

• Maximum input voltage: 2.8 VDC 

• Output Radiation pattern: 30 degrees 

The infrared light is connected to a drive card which produces a flat-topped current 

pulse of adjustable amplitude, length and frequency that runs with pre-programmed 

settings, or is connected to a PC for user control via WindowsTM. For this study, the IR 

source is pulsed a 1Hz and it runs at duty cycles of 28.4%. 

Two commercial sensors corresponding to ethylene and ethanol (Model 4-20 IQ, 

International Sensor Technology Ltd.) were used. The model 4-20 IQ is a 

microprocessor based intelligent sensor transmitter. It is equipped with a digital display 

which provides a local reading of the gas concentration. It operates at 14-24 VDC 
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power, providing a linear 4-20 mA output which is proportional to the gas 

concentration. The sensors are housed in an explosion-proof casing. The 4-20 IQ is 

approved for operation as a stand-alone instrument or either combined within a control 

unit to provide control room readings and alarm relays. 

The IST 4-20 IQ uses solid-state sensor technology for the detection of ethylene and 

ethanol. A solid-state sensor technology consists of one or more metal oxide transducers 

from transition metals, such as tin, aluminum, etc. In the presence of gas, the metal 

oxide causes the gas to dissociate into charged ions or complexes which results in the 

transfer of electrons. A pair of biased electrodes is imbedded into the metal oxide to 

measure its conductivity change. The changes in the conductivity of the sensor resulting 

from the interaction with the gas molecules are measured. Typically a solid-state 

produces a very strong signal, especially at high gas concentrations. 

Gas Chromatography analysis was performed using a Varian CP 4900 micro GC with a 

Pora Plot Q column installed. The analysis procedure can be summarized as: Column 

temperature 110 ºC, pressure of the column 110 kPa and injector temperature 50 ºC. 

Finally a Minolta CM-508i VIS spectrometer is used providing visible spectra with 20 

nm resolution. CIELAB color coordinates L*, a* and b* are used to provide a 3D color 

representation. L* stands for lightness (0 black, 100 white), while a* refers to green-red 

transit (<0 & >0 respectively) and b* indicates blue yellow direction (<0 & >0 

respectively). An increase in a* indicates a green loss in color white; an increase in b* 

gives an increase in yellowness. 

Two bunches of bananas variety Cavendish were monitored during postharvest 

evolution. Bananas can be damaged if the surrounded atmosphere has less than 2% of 

oxygen or more than 5% of carbon dioxide at 13-15 ºC. Higher carbon dioxide levels 

can result in fruit with green skin and soft flesh. Ethylene exposure is also very 

detrimental causing premature ripening. Elevated CO2 help to inhibit banana ripening 

and increase resistance to chilling injury (Kader, 2005).  

Daily color evolution was measured with mentioned portable VIS spectrometer in order 

to characterize the evolution of fruit samples. The spectrometer was calibrated with 

standard white calibration tiles provided with the instrument. Each bunch of bananas 
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was settled into a respiration jar (RJ) of 14 dm3 (Figures A.3 and A.4) connected to 

different gas measurements systems: GC, LVF-IR and IST sensors. The RJ was also 

connected to a dry air cylinder UN1002x5S. This device provides a dry air flow in order 

to clean the atmosphere of the RJ or to obtain measurements under dynamic flow of dry 

air at 0.5 bar. 

The reference variables considered are the chromatograph values and the output values 

of the IST of ethylene and ethanol at fixed incubation time. Head space evaluation has 

been performed under dynamic and static conditions, as shown in Figure A.3 and A.4. 

The first bunch of fruit was essayed along 8 days. Five tests were made with long 

incubations times for 1, 2, 3, 4 and 8 days of evolution of the bananas. The IST for 

ethylene was used in this experiment. The second bunch was tested along 11 days. 5 

tests have incubation times for 2, 3, 7, 8, 11 days of evolution. IST for ethanol was used 

this second time. 

Figure A.3: Static measurement 
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Figure A.4: Dynamic measurement 

The statistical software STATISTICA (version 6.1, Statsoft, Inc.) was used for Analysis 

of Variance (ANOVA) and to calculate the correlations between the measurements from 

GC, LVF-IR and IST. 

A.2.4. Results 

This paragraph shows the characterization of samples according to his spectra and 

colour measurements, followed by GC data analysis as reference measurement for 

volatiles. At a second step IST results and LVF-IR are analyzed and compared to GC 

data. 

Characterization of samples 

Skin color is a good indicator of banana ripeness. During banana ripening, the peel 

color changes, the pulp softens, the flavor develops, and moisture is lost. Thus most 

visible sign of ripening is color change from green to yellow with further darkening. (Li 

et al., 1997) Figures A.5 and A.6 show evolution of visible spectra for both bunches of 

bananas tested (set 1 and set 2 respectively).  In both cases a clear absorption band at 

675 nm is found for early stages of shelf life (up to 4 days) while a clear decrease in 

overall reflectance together with a decrease in the chlorophyll absorption band is found 

between 8 and 13 days of shelf life. 
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Figure A.7 shows a 3D representation of CIE L* a* b* colour coordinates for both 

bunches of bananas with varying shelf life conditions. As shown for the visible spectra, 

both bunches show parallel evolution which is undistinguishable.  

Figure A.5: Visible spectra of bananas set 1 

Figure A.6: Visible spectra of bananas set 2 
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Figure A.9: CIELAB b* evolution for set 1 and set 2 under shelf life conditions. 

Vertical bars denote 0.95 confidence intervals 

Figure A.8 and A.9 show respectively the evolution of a* and b* colour coordinates 

during shelf life. As expected bananas change from green-yellow (a*< 0 and b*>0) to 

yellow (a*=0 and b* > 0) and finally to dark grey (a*=0 and b*≈0). 

Table A.2: ANOVA for CIELAB a*, b* parameters corresponding to values for Fisher 

statistic are shown 

 a* b* 

Set 1 62.87** 145.52** 

Set 2 72.39** 98.90** 

** Confidence interval 95 % 

Spectrometric data from set 1 and set 2 were analyzed by one-way ANOVA according 

to shelf life evolution in order to asset the ripeness of the samples during the period of 

experimentation (see Table A.2). For both sets, significant evolution of coordinates a* 

& b* are found: a* (62.87 and 72.39) and b* (145.52 and 98.90).  
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Analysis of GC data 

Table A.3 shows the peak areas corresponding to several volatiles (CO2, C2H6O and 

C2H4). A main feature is that ethylene is only addressed at the end of shelf life while 

ethanol is present from the beginning. ANOVA analysis (see table A.4) shows that there 

is a major effect of the type of sampling (static versus dynamic) on CO2 (F=1346.2) but 

less on C2H6O or C2H4 (F=3.8 & 1.09 respectively). There is a very significant cross 

interaction between sampling type and shelf life for C2H4. This is due to the fact that 

C2H4 is undetectable under dynamic conditions for any of the shelf life periods, while 

present at the end of shelf life under static conditions. 

Table A.3: Average values of GC and corresponding standard deviation. Shadowed 

lines correspond to CG spectra shown in figures A.10, A.11, A.12 and A.13 

   Chromatograph area 
 Measurement Day CO2 (Mu) C2H6O (Ku) C2H4 

Set 1 

Static 1 112.61 ± 0.63 407.33 ± 187.59 0 
 2 121.67 ± 2.57 115.24 ± 44.59 0 
 3 124.89 ± 3.52 120.67 ± 34.75 0 
 4 118.39 ± 2.77 150.18 ± 63.09 0 
 8 105.61 ± 0.93 306.84 ± 4.18 3568 ± 15 

Dynamic 1 0.76 497.85 0 
 2 1.39 91.84 0 
 3 1.29 134.25 0 
 4 2.35 176.76 0 
 8 0.67 129.57 0 

Set 2 

Static 2 140.91 ± 1.32 83.75 ± 2.88 0 
 3 122.70 ± 4.06 220.59 ± 2.64 0 
 7 115.05 ± 0.42 350.66 ± 3.52 0 
 8 108.66 ± 2.01 450.92 ± 5.85 2,832 ± 39 

  11 115.33 ± 0.76 302.02 ± 1.16 48,444 ± 782 

Dynamic 2 1.12 25.36 0 
  3 1.02 78.32 0 
  7 0.75 106.98 0 
  8 6.06 136.30 0 
  11 0.62 89.28 0 
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Data obtained from GC were analyzed by one-way analysis of variance (ANOVA). 

P<0.05 was the critical criterion for statistical significance. 

Table A.4: ANOVA on Gas Chromatography data. Values for Fisher statistic are shown 

 CO2 C2H6O C2H4 

Set 0.00 NS 0.25 NS 0.99** 

Static/Dynamic 1250.20** 3.31NS 1.08 NS 

Static * Days 0.00 NS 2.48 NS 0,99 NS 

** Confidence interval 95 %; NS: no significant 

Table A.5: IST values under static conditions for C2H4 and C2H6O. The star (*) for set 2 
day 11 indicates that IST C2H6O saturation 

 Day IST C2H4 (ppm)  Day IST C2H6O (ppm) 

Set 1 

1 68  2 87 

2 0  3 112 

3 8.4 Set 2 7 109 

4 10.4  8 161 

8 24  11 200* 

Table A.5 shows the average values given by the IST ethylene and ethanol sensors. 

Note that both show significant measurements for all shelf life periods which is 

radically inconsistent with regard to the chromatograms. 

A major result from table A.5 refers to the fact that the type of sampling does not affect 

equally all the volatiles. This result is confirmed by the chromatogram fingerprint (see 

figures 9 to 12). Note that the peak area for CO2 is strongly affected by the type of 

sampling, as well as the peak arc for ethylene. 
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Figure A.10: Static GC spectrum for Set 1 Day 8 

 

Figure A.11: Dynamic GC measurements for Set 1 Day 8 
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Figure A.12: Static GC measurements for Set 2 Day 11 

Figure A.13: Dynamic GC measurements for Set 2 Day 11 

Comparison of reference volatiles 

The results obtained with the chromatograph were correlated with those measured by 

IST sensors. Table A.6 and A.7 shows the correlation coefficient between 
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measurements on set 1 for CO2 and corresponding LVF-IR sensors. Data included in the 

both tables confirms that both techniques do not provide the same information. 

Table A.6: Correlation coefficient between IST ethylene and GC for set 1 

STATIC GC ethylene GC ethanol GC ethanol + ethylene 

IST C2H4 0.0014 0.8795 0.8723 

Table A.7:  Correlation coefficient between IST ethanol and GC for set 2 

STATIC GC ethylene GC ethanol GC ethanol + ethylene 

IST  C2H6O 0.6664 0.3413 0.7550 

Correlation coefficient between ethylene for GC measurement of ethylene and IST 

ethylene is 0.0014 under static and 0.0000 under dynamic (data not shown). However, 

there is a strong correlation between each one of the IST sensors and the sum of 

measurements of GC for ethylene and ethanol under static, correlations 0.87 and 0.75 

confirms the lack of specificity on the IST sensors. 

LVF – IR sensor for ethylene and ethanol 

Figure 13 shows LVF-IR (9.0-11.0 μm) response for bunch. The absorption bands for 

ethylene and ethanol according to sensor manufacturer are highlighted. It is interesting 

to remark that only for day 8 a significant absorption in the band of ethylene is found, 

which is clearly in accordance with GC measurements. This fact demonstrates the 

specificity of LVF-IR sensors with regard to ethylene and ethanol. 
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LVF - IR sensor for CO2 

Figure 14 shows LVF-IR (2.9-4.8 μm) response for bunch 2. The absorption bands for 

CO2 according to sensor manufacturer are highlighted. This fact demonstrates the 

specificity of LVF-IR sensors with regard to CO2. 

A.2.5. Conclusions 

This study is important from the agricultural and commercial point of views allowing 

better control for fruits production, storage and transport. Contributing this way to 

improve quality and reduce losses. It also provides interesting prospective for this 

emerging gas sensing technology.  

An assessment and testing of LVF-IR sensors was presented. LVF-IR sensors detect 

CO2 and ethanol concentrations in ppm. More over LVF-IR are able to differentiate 

between ethylene and ethanol.  

A clear effect of sampling (dynamic and static) has been detected in GC 

chromatographs.  

Current commercial resistive gas sensors are not able to distinguish between Ethylene 

and Ethanol. Thus, it is necessary to develop specific sensors for ripening gases. IR 

sensors are suitable for ethanol and CO2 monitoring in the range of interest for many 

agro-food cases. 
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A.3. A model and prototype implementation for tracking and tracing agricultural 

batch products along the processing chain 

A.3.1. Introduction 

The importance of traceability 

Traceability is a main requirement in agrofood and has become an important issue. 

Traceability facilitates the withdrawal of foods and enables for all the operators of the 

supply chain to be provided with targeted and accurate information concerning 

implicated products (Sarig, 2003; Beulens et al., 2005). 

Achieving traceability through the end-to-end supply chain is complex; several players 

are involved, which all need have access to a reliable data trace. Producers, retailers, 

authorities and consumers need to be able to trace back and to authenticate food 

products and raw materials used for food production to comply with legislation and to 

meet the food safety and food quality requirements. Tracing all components of food 

offered from “farm to fork”, including accurate real time data, allows minimizing food 

safety risks, achieving a fast and effective response to incidents and increasing 

confidence in food products (Clapp, 2002; Bechini et al., 2007; Regattieri et al., 2007).  

Codex Alimentarius Commission (1999) defined traceability as the “ability to trace the 

history, application or location of an entity by means of recorded identifications”. 

Regulation EC (European Commission) No 178/2002, defines traceability as the: 

“ability to trace and follow a food, feed, food-producing animal or substance intended 

to be, or expected to be incorporated into a food or feed, through all stages of 

production, processing and distribution” (European Commission, 2002). Traceability 

involves managing the successive links between batches and logistic units throughout 

the entire supply chain. 

Policy requirements 

Global food safety policies have been stipulated by Governmental authorities and a new 

series of regulations were created and adopted all over the World, with particular 

incidence in the EU (European Union) and the United States of America (USA), as a 

consequence of several food incidents and scandals. 
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According to the actual regulation in the European Union (applicable since 2005), 

traceability is required in all stages of the supply chain, covering all food and feed as 

well as business operators without prejudice to existing legislation on specific sectors 

such as beef, fish, GMOs (genetically modified organisms), etc. A food business 

operator must register and keep information such as: 1) Name, address of supplier, 

nature of products which were supplied from him, also, 2) Name, address of customer, 

nature of products that were delivered to that customer and 3) Date of transaction / 

delivery. Also, there is additional information which is highly recommended to be kept: 

volume or quantity, batch number and a more detailed description of the product. 

Unless specific provisions for further traceability exist, the requirement for traceability 

is limited to ensuring that businesses are at least able to identify the immediate supplier 

of a product as well as immediate subsequent recipient, with the exemption of retailers 

to final consumers (European Commission, 2002 and 2004). 

As in the same way than the aforementioned EU regulation, in the USA, the 

Bioterrorism Act 2002 calls for one-up/one-down traceability for each link in the supply 

chain. This regulation requires that each company in the supply chain keeps information 

about the company that they received the products from, the company who delivered the 

product to them, the company who took it away, and the company they gave the 

products to. 

ISO (International Standards Organization) ISO/DIS 22005, focus on the same approach 

to traceability (“one-step-up/one-step-down”, giving the principles and specifies the 

basic requirements for the design and implementation of a feed and food traceability 

system (ISO 22005, 2007) 

Thus, the need for a common language of information; a standardization of data that 

will simplify not only tracking and tracing but inventory control, shipping and 

receiving, and all of the business operations along the supply chain. 

Development of traceability systems 

A trustable traceability system is based in procedures that ensure all requested 

information is registered, and all the registered information is an accurate and clear 

reflection of the productive process, being a useful tool in any food company. 
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Traceability and Food Safety Management systems can work properly based on pen and 

paper versions but they are time and resource consuming which makes them difficult to 

implement in small and medium companies where the resources are scarce (Wang and 

Li, 2006). 

For true whole-chain traceability, products must be uniquely identified and recorded at 

each stage of its possession or transformation and these identifiers must be linked if 

they are to be of value in both traceability and day-to-day operations. Effective 

traceability requires standardizing the information that needs to be recorded through 

each step of the food production and distribution chain. In order to achieve traceability 

across the supply chain, all trading partners must achieve internal and external 

traceability. If one of the partners in the chain fails to manage these links in either an 

upstream or downstream sense, the resulting situation is known as a rupture in (or loss 

of) traceability (Regattieri et al., 2007). 

Recent developments in technology offer new features now achievable. These include: 

advanced data handling systems based on RFID (Radio Frequency Identification), 

precise and informed crop management, operational and recording systems arising from 

the concept of ‘Precision Agriculture’ (Auernhammer, 2002), the availability of 

transport information management and decision support systems (Regattieri et al., 

2007). 

Each event in the chain, like production of transportation, packing, distribution or 

processing results in a different product which can have its own information associated 

within the tracing system. From the raw material to the sale of goods, more and more 

information needs to be gathered and made available. Statutory requirements are 

growing stricter.  

Documentation of production 

The increasing use of precision farming technologies results in the challenge of 

accomplishing the documentation for variable rate technology tasks and potentials for 

data acquisition using the new technologies (Steinberger et al., 2006). 
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Nowadays we have more precise and informed crop and animal production 

management, operational and recording systems. Transparency is gained for the purpose 

of quality assurance, knowing for example which fertilizer was spread and when, and 

which pesticides or insecticides were used. In this context, automated process data 

acquisition systems have been developed on the basis of the ISO11783 standard 

(ISOBUS) in mobile farm equipment (Auernhammer et al., 2000). Managing the huge 

amount of process data and processing useful information from it is a challenge that has 

been answered by developing and using a server based data management system 

controlled by web based user interfaces (Rothmund et al., 2004). In a next step the 

process data base has been embedded in a web service environment following OGC 

standards, see Figure A.16. This “Agricultural Process Data Service” can deliver the 

information basis of raw material production (Steinberger et al., 2006). 

 

Figure A.16: Agricultural Process Data Service (Steinberger et al., 2006) 

Intelligent transport systems 

The chain, from harvest to the consumer’s plate, forms a single entity. Improving one 

link in the cold chain is not enough; this is of particular interest for the refrigerated 

transport industry, where the major challenge is to ensure a continuous cold chain from 

producer to consumer in order to guaranty prime conditions of goods (Coulomb, 2005; 

Ruiz-Garcia et al., 2007). 
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Recent developments in food logistics allow monitoring transport of food products by 

means of sensor networks, wired or wireless, and GNSS (Global Navigation Satellite 

Systems) based tracking devices. The most effective way for the food company for 

proving that a third-party transport has done its job correctly is to monitor the shipment 

independently from the transport company. Jedermann et al., 2006, Ruiz-Garcia et al., 

2007 and Ruiz-Garcia et al., 2008 have studied monitoring transport systems by means 

of wireless sensor network. These systems automatically and continually collects data 

such temperature, humidity, location, status of cooling equipment, light, etc.  

Ruiz-Garcia et al., 2008 implement a psychometric data for quick assessment of 

changes in the absolute water content of air. Thus the monitoring system can estimate 

water loss from the products using the psychrometric model, and also to detect 

condensation on the commodities. 

The opportunity to connect traceability with the whole documentation and monitoring 

transport system represents an effective way to improve operation efficiencies, boosting 

the consumer’s perception of a food’s safety and quality. 

Thus, people are demanding traceability for food products, involving an information 

trail all the way back to the farm producing it. The application of Information 

Technologies should prove effective here. But the use of these technologies for 

supporting and facilitate the practical implementation of these complex systems is very 

recent and, until now, it can be found only in larger food production units. 

A.3.2. Objectives 

The main objective is to integrate all the information during the crop production and 

also during the shelf life of the product, developing an architecture that allows a rebuilt 

of the full information arising along the production chain, though every player is only 

responsible for its own processing steps and the information who are the supplier and 

the retailer. This can be seen as the technical architecture parallel to the European 

Commission Regulation 178/2002. This system would enable to crosslink the different 

sources of process information like the Agricultural Process Data Service or intelligent 

transport systems through a navigable tree of the trace of a product. The possibilities of 
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a realization should be proved by an implementation of a prototype for two of the 

players in the chain (production and transport). 

The goal is a single, open, business led, integrated system of information transfer 

technology that enable advanced traceability management in any company of the food 

sector.  

A.3.3. Materials and Methods 

A common language and standardized enabling technologies are required in order to 

ensure integrative proceeding. Using web-based systems for data processing, storage 

and transfer offers a very flexible way of information access, networking and usability. 

And Web services allow linking different data sources and functionality (Curbera et al., 

2004).  

Table A.8: Software components of the prototype system 

Software / technology Application 

PostgreSQL + PostGIS Database with supplement for spatial data, storing the 

information of the different services 

Geoserver Web Feature Service, referring to the Specification of Open 

Geospatial Consortium (OGC), coupled to database to deliver 

the data with a standard XML (GML) output 

Python Programming language: used for implementation of the web 

service client for query of data according to the batch trace 

Zope Python aware web server: implementation of a web based 

graphical user interface for the client 

In this framework, the development of the prototype involved the integration of several 

information technologies and protocols. 

Service Oriented Architecture and Web Services 
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The traceability system presented in this paper is based in a Service Oriented 

Architecture (SOA). With this method the applications make use of services available in 

a network, making the software components as independent as possible. It is essentially 

a collection of services which communicates each other, separating functions into 

distinct units. The communication can involve either simple data passing or it could 

involve two or more services coordinating some activity. In other words, it is a way of 

sharing functions in a widespread and flexible way (Ort, 2005; Bell, 2008).  

Web services are the most prevalent approach for implementing SOA. “A Web service is 

a software system designed to support interoperable machine-to-machine interaction 

over a network” (W3C, 2004). It describes a collection of operations that communicates 

with software clients through standardized XML (Extensible Markup Language) 

messaging. These XML specifications provide open XML-based mechanisms for 

application interoperability, service description, and service discovery (Leymann et al., 

2002; Curbera, 2003). 

Data processing and exchange 

The Open Geospatial Consortium (OGC), previously known as Open GIS consortium, 

has established a set of structured set of standards for geospatial content and services, 

GIS data processing and exchange. The OGC is connected with ISO/TC211 (Technical 

Committee for Geographic Information and Geomatics). This committee is responsible 

for the ISO geographic information series of standards (OGC, 2008). 

The most important OGC specifications are: OGC Reference Model, which represents a 

complete set of reference models, Web Map Service (WMS), Web Feature Service 

(WFS), WCS (Web Coverage Service), Web Catalog Service (CAT), Simple Features - 

SQL (SFS) and Geography Markup Language (GML) (OGC, 2008). 

The WFS provides web-based access to vector geo-data that is delivered as GML 2.1.1 

conformant XML documents to clients, which can further process this data (for example 

in desktop GIS). WCS gives web-based access to raster geo-data, which can be 

delivered in several image formats and processed (OGC, 2008). 
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The software client in our prototype was written in the Python programming language, 

with a strong emphasis on supporting the public standards developed by the OGC, and 

with a special focus on the WFS. In the implementation, the graphical user interface was 

made with Zope. It is an open source object-oriented web application server that 

supports relational database connections and can be used with different web servers 

(Latteier et al., 2001). Zope is used in both commercial and scientific applications such 

as Shimomura, (2005) or Díaz and Aedo, (2007). 

PostgreSQL was used as relational database system because it is open source, runs on 

all major operating systems, including Linux, UNIX, and Windows (PostgreSQL, 

2008). PostgreSQL also has a special extension called PostGIS that ads support for 

geographic objects, allowing it to be used as a backend spatial database for geographic 

information systems (GIS). PostGIS follows the OGC standards and is released under 

the GNU General Public License (Refractions Research, 2008). For connecting the 

PostGIS database with the client GeoServer was chosen. It is an open source server that 

allows publishing and editing data using OGC open standards, and it supports WFS and 

WMS, connecting databases such as PostGIS to many diverse clients.  

Data 

Real data from production and transport were used for testing the prototype. The data 

from the field was recorded ploughing a field in Querenhorst (Germany), in the 

framework of the Preagro research project (Preagro, 2008). Experimental data about 

transportation was recorded monitoring a refrigerated truck from Murcia (Spain) to 

Avignon (France), in the framework of the Sensofrigo research project. This project 

aimed the development of a multipurpose system to monitor fruit and vegetable 

condition during transport, specially studying citrus fruits, tomato and stone and pomme 

fruit, and focusing to senescence and fermentations (LPFTAG, 2006). 

A.3.4. Modeling  

Modeling Data 

A traceability management system involves the association of a flow of information 

with the physical flow of goods. The system should address at least one step forward 
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and one step backward for each organization in the chain following the regulations in 

the EU, USA and ISO recommendations. 

It must be stable and capable of retrieving the information required rapidly and reliably, 

without errors. Before starting the modeling of such a system, some minimal 

requirements should be stated: 

• Every actor in the value chain should only be responsible for the implementation 

of his special issue.  

• Every single element in the supply chain can be the starting point of the 

information query. 

• Data should be deliverable along the value chain back to the origin of the 

product. 

• The process information of every single chain element should be accessible. 

Especially the postulation of the responsibility of the single chain members for only 

their part seems to bring up problems for a traceability system. This problem can be 

solved by describing rules and standardized interfaces that every supply chain member 

has to refer to.  

Overall reliability is determined by the tools, procedures and information used. The 

system must have the ability to transfer and maintain accurate data throughout supply 

chain operations. Allowing to take actions within hours of a recall. Rapid retrieval of 

traceability records are the key to help meeting guidelines and preventing any harm. The 

ability to narrow down the scope of the recall will be critical to identifying exactly 

which products are at issue. A good traceability solution reduces product identification 

times. 

A simple method would be to make a standardized file traveling with the good and to 

add the information of each treatment step by step. In case of a problem all information 

would be available directly on the product. But this file would contain a lot of sensitive 

information one does not want to give away and a standardization of all possible 

processes seems to be impossible. Additionally it is difficult to fix a data carrier to 

contain the file on every batch that can handle the amount of data at the end of the chain 

and joining or splitting the files if batches come from or go to different ways.  
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Figure A.17: Activity in a cascading web service architecture 

A technology that would enable to store the needed information of the full chain, and to 

integrate an authentication mechanism for sensitive information is a cascading web 

service architecture (Figure A.17). Using a common language with clearly understood 

and unique key identifiers is absolutely essential for the information flow associated to 

any flow of trade items. Every actor is only responsible for his own data. Sticking to 

some rules and the defined interfaces, similar systems could be built up by every actor 

that can be connected to a whole system meeting all the above defined requirements. 

The definition for the single actor means nothing more than a technical specification of 

the in EC 2002 and 2004 defined responsibility of the identification of the immediate 

supplier of a product as well as immediate subsequent recipient. 

To ensure the continuity of the information flow, each partner should pass on the traced 

batch or logistic unit identifiers to the next partner in the chain, enabling the latter to 

apply basic traceability principles in turn. 

Every single actor is aware of the immediate supplier and the subsequent recipient. This 

relation must be mapped to a data model. Therefore it is necessary to have a closer look 

on a single element of the chain (Figure A.18). 
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Figure A.18: Characteristics of a single actor in value chain 

The central element of the chain is the batch, which is represented by an ellipse in 

Figure A.18. A batch unites trade items that have undergone the same transformation 

processes. It can be identified by a batch identification (BID) that is set by the company 

responsible for this step. The company can be identified by a CID (company 

identification) and every treatment of one or more batches can be seen as a process, 

marked by a process identification (PID). About this process normally there is some 

information like the used fertilizers and machines, responsible persons and the site for 

agricultural production or the transportation route and conditions for the shipping 

processes. In addition every player knows the company (prevCID) and the batches 

(prevBID) from the previous supplier of the batches that were used for process. They 

also know the recipient (nextCID) of their batch. To keep this information available is 

engaged by law anyway. 

If today someone needs to know the trace of a product e.g. in case of a problem, he has 

to find out the company of the product and ask for information about the process or the 

trace backwards via e.g. the postal address. The company will be able to deliver the 

information one step backwards and one forwards and according to this information the 

client can ask the next company for the information. This information query has to be 

repeated until the trace is complete.  

Modeling the Architecture 

The idea is now, to use these steps as guideline for modeling an IT infrastructure for the 

same task. The postal address of the company can be replaced by the internet address of 

a web service delivering the required information about a batch. Since this information 

contains the CID and the BID of the previous and the CID of the following batch, new 

queries can be started. With this structure, the whole trace can be built up from every 

starting point on. A mechanism can be integrated to specify the level of detail for the 

needed information coupled to a gradual authentication mechanism. Every company has 

to base their traceability service on the standardized interface with the information of 

figure A.18, but there is enough flexibility for the single player that allows the software 

components responsible for the data interchange for traceability to be easily coupled to 
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existing software systems of a company. This means, that the services necessary for the 

traceability system are just further services in an enterprise SOA (Figure A.19).  

 

Figure A.19: Traceability services just as further services in an enterprise SOA 

In this way, an information system with high complexity in the background can be 

formed fulfilling the requirements of different specific tasks (e.g. traceability of 

production, processing, shipping and storage with specific information providing for 

farmers, processors, shipping companies, distributors, retailers and consumers) without 

being complex for the different user groups. 

A.3.5. Implementation 

To prove the suitability of the proposed approach, a prototype system was implemented. 

It fulfills the rebuilt of the trace of batches, for agricultural production and fruit 

transports. Also the services to deliver process information have been implemented. 

Table A.8 shows the used software components.  

The modeling allows two different ways of implementation. The main difference is the 

location of the intelligence to rebuild the batch trace. The first possibility is that every 

web service is able to query itself for the information of the batches one step forward 

and backward. Using this pattern, a cascading web service architecture would be 

constructed. The inquiring client gets all information by one query and the intelligence 

is shared between the different services. The second – and here implemented - method 

is to put all intelligence into the client, which is asking for the information about one 
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batch and starts with the supplied information repeated queries to the different services 

to rebuild the trace. An idea of the whole system is given by Figure A.20.  

 

Figure A.20: Architecture of the traceability system 

Every company must have two different services, one for traceability (horizontal) and 

one for process information (vertical). The traceability services have to implement a 

standardized interface with the information of Figure A.16. The standard GML 

(Geographic Markup Language) output of Geoserver was used here. The process 

information service should be implemented with an interface considering the differences 

of various processes like transport, agricultural production or storage. Both services of 

each company must be registered at worldwide unique "Company Address Service" 

with their URL (Uniform Resource Locator) to enable the client to query for 

information. The single operations to rebuild the trace can be seen from Figure A.21. 

Only the steps to get information about the batch of interest and the batch forward are 

pictured (step 1 to 9). The steps can be repeated until the full trace with some additional 

information is presented to the user (step n). 
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Figure A.21: Operations to rebuilt the trace of a batch 

With the PID (process ID), that comes along with every batch the user can query for 

process information of each batch. Therefore the system opens two possibilities of 

information querying: First in a horizontal direction as a navigable tree of the batch's 

trace and second in a vertical direction as services for process information (Figure 

A.22). 
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Figure A.22: Information query in horizontal and vertical direction 

One of these process information services is a service for information from the 

agricultural production, which can be obtained by automated data acquisition systems 

and manual data input. For transport there is another web service, which provides the 

automatically and manually obtained information from shipping (Intelligent Transport 

System). Thus detailed information is available to the distributor or retailer, even if 

typically only the identification codes of produced batches and transported batches are 

forwarded to the next player. In case of a need of information in any step, batches can 

be traced back and the process data information of production and/or shipping process 

can be requested.  

A.3.6. Results 

For testing, the implemented prototype has been filled with simulated data of the 

complete way of a product from the farmer to the retailer. The different opportunities of 

batch treatment were covered with the data: Combinations of different batches to one 

batch including a conversion process, division of a batch in two or more different 

batches, handling of a continuing batch through the hands of different actors. For the 

processes of which no data were available, process information was left blank, but for 

farming and transport, the process information was filled with real data of Sensofrigo 

and Preagro project.  

The client for rebuilding the trace of a batch was written in Python. The graphical user 

interface was a dynamic web site (Figure A.23) designed with Zope, where the client 

has been integrated. The query starts with the input of a “BID” and a “CID” on the start 

site. Then query mechanism as described in chapter 5. The result is shown in a 

hierarchical structure, where the batch the query was for is always on top (Figure A.23). 

On the left hand side, the trace is built backwards. If a batch has incorporated parts of 

more batches, all previous batches are displayed with their full trace back to the origin. 

If the queried batch was divided, all next batches are shown in the same way.  
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Figure A.23: Representation of the trace of a batch (queried batch on top) 

A single batch is represented by a small table with information and three buttons 

(Figure A.24). Using the button “center” means to make this batch the center of tracing 

information. This starts the query mechanism again and on the next site this batch will 

be on top. This way of visual presentation and information query allows exactly the type 

of information retrieval which is necessary if a problem with a batch occurs: By putting 

the information of the batch of interest in the starting formulary, the first batches tree is 

built. Then on the previous batches the buttons for process and company information 

can be used to identify the location of the problem. If the problematic batch is known, 

an information retrieval with this batch on center of interest is necessary and can be 

done by clicking on “center”. Doing so, the full trace forwards is built and the 

distribution of the different parts of the batch can be recognized, what is essentially for a 

fast response to any problems.  
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Figure A.24: Representation of a single batch on the web site 

The information for identification of problems which is directly included in the system 

is the information about the company and processes. If there is no process information, 

the contact data of the responsible person of the company can directly be seen. For 

farming and transports process data were directly included at different levels of 

information. E.g. for farming data of single treatments can be seen, like the day, 

responsible person and the used machines. The system makes it even possible to 

retrieve the single spatial information points of automated process data acquisition, as it 

is shown in figure A.25. 

 

Figure A.25: Prototype. Location query 
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A prototype was tested with the field data and the shipment data, integrating both in a 

single traceability system. The prototype documented georreferenced data on cross 

flows of goods along the food supply chain. It not only locates a product but also allows 

temperature measurements, or any other information, to be transmitted along the whole 

chain in real time and thus products of known and documented history to be marked. 

The prototype shows, that it is possible to get full traceability with such a system. The 

full trace of a batch can be recombined backwards and forwards. For simple traces a 

first possibility for visualization was presented and is integrated in the graphical user 

interface of the client based on the web site. The seamless integration of real process 

data gives an idea of the opportunities of integrating existing operational data of 

enterprises in a comprehensive traceability system.  

The system enables detection of food safety risks that can result, for example, from 

breaks in the cold chain, temperature deviations human contamination during packing 

or processing, or bioterrorism during transport. 

The prototype maintains that data at these two steps and interfaces with client systems 

in a manner that does not lose necessary tracing data. 

One advantage is that data is automatic registered. For gathering data from the system, 

individual participants can log into the system on line via a web browser in accordance 

with their permissions. Since information in the system is georreferenced, a user could 

look at satellite images on the Internet, using a normal browser, and see where the batch 

came from (Figures 8.23 and 8.25). 

A.3.7. Discussions, conclusions and future work  

This prototype represents a first step in the integration of all information along the food 

and feed chain during the shelf life of products into a standardized traceability system, 

beginning from the basic agricultural production up to the consumers. It replaces 

manual collection and its potential for redundancy and human error. This represents an 

effective way to increase food safety and quality, build confidence and commitment to 

and by consumers. 
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It enables full traceability, via a horizontal and also vertical information query, and it 

complies with all existing traceability standards. With this tool we can have a complete 

knowledge of the history of the product in two steps of the supply chain. The data from 

the field: plough, type of seed or plant used, pesticides, machinery, location and the data 

from the transport: temperature, humidity, ripeness and tracking. It can provide detailed 

information for retailers and consumers, about hoe the product is collected and 

processed, orienting the information to consumers needs. True traceability should be 

more than one step up/one step down. It should be possible to have quick access to any 

and all product modification details. 

If these systems can be coupled to real time data acquisition and management systems 

in the future, this information can be used for processing improvements in food logistics 

like packing, product movement and cold chain management. Also improving 

operations by providing early warning of equipment failure and a predictive 

maintenance tool, improving energy management, providing automatic record-keeping 

for regulatory compliance, eliminating personnel training costs or reducing insurance 

costs. 

To be effective each user’s equipment and his systems must be appropriated. Other 

essential factors are the ease of access and use of information. To protect data of 

unjustified access there are methods in IT but in addition an agreement has to be found, 

that opens the possibility of a fast and detailed rebuilt of the trace of a product without 

giving sensitive information to the public or competitors. Responsibilities between 

partners must be addressed. Participants will retain control over their data, which is 

stored in protected areas. Whenever required, however, they can make this information 

accessible or, indeed, usable for everyone. All connections and data transfer can be 

encrypted. 

An open web service, based in OCG standards, could be a good tool for traceability. 

Adapting OGC web service standard does not only insure interoperability between but 

catalyzes collaboration with any organization that adopts OGC recommendations. The 

architecture has been discussed from several points of view and it has shown to be 

robust, flexible and featured by high security. The system is founded on open standards 

that, when followed, ensure globally unique and discrete transfer of information of 
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batches. It also includes standard ways of transfer identification items as well as 

relevant data to these numbers. Following the architectures showed in this paper it 

would be possible two share data registered in all steps. 

A lot of work remains to be done on overall approaches involving measurements, data 

base management and software clients, but this can be a first proposal for a useful 

standardization. Standards especially for the traceability services have to be found. For 

different types of processes there are already some standardized data formats (e.g. 

agroXML for agriculture). 
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