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Abstract

The commercial food sector, including agriculture, food manufacture transport
and retailing is responsible for 22% of the UK’s total greenhgaseemissions. Food
distribution and retail accounts for approximately one third of thigh food
transport which includes motive power and refrigeration estimatee t@sponsible
for 1.8 % of total emissions [1].

Road transport refrigeration equipment are required to operasblyein
much harsher environments than stationary refrigeration equipment. Bhes wode
range of operating conditions and constraints imposed by avasipdbte and weight,
transport refrigeration equipment have lower efficiencies thamstay systems.
This, coupled to rapidly increasing use of refrigerated trangpsihg from the much
wider range of transported goods, home delivery and greater gexgbigtations, is
placing considerable pressures on the food industry to reduce the eoesgynption
of refrigerated transport.

This report provides a review of food transport refrigeration awent
research into the development and application of alternative tegwslto reduce
energy consumption and greenhouse gas emissions.

1. Temperature control and legislation requirements for refrigerated trpogt

EU and UK legislation covers temperature control requirements gdtiig storage
and transport of perishable foods. These regulations have been revesety iR006
and regulation EC No 852/2004 on the Hygiene of Foodstuffs requires manerfact
to have suitable temperature controlled handling and storage faciliteg can
maintain food at appropriate temperatures and enable these aamgerto be
monitored controlled and recorded. There are also specific tem@eraguirements
for certain categories of food. Examples of specific temperatequirements for
chilled and frozen food products are given in Table 1 [2]. The UK hss al
implemented specific chill temperature control requirements féadstuffs not
covered by EC No 853/2004. These requirements apply to food which ig tikkel
support the growth of pathogenic micro-organisms or the formation ofsto8uch
food must be kept below 8 °C unless the manufacturer recommends séhdyut
this must be based on well-founded scientific assessment offéig shthe food at
the specified temperature.



There are also very limited chill holding tolerance periods whesduct may
be above the minimum but this must be consistent with food safgiyrements, for
example during transfer from storage depot to transport vehicle [3].

The transport of perishable food products, other than fruit and vegetabigs,
the equipment used for the carriage of these products is goverreml dyreement
drawn by The Inland Transport Committee of the United Nations Edenom
Committee for Europe in 1970-1971 [4]. The aim is to facilitate intemmal traffic
by setting common internationally recognised standards. Theragne is known as
the ATP agreement and was adopted in the UK in 1980. It provides @omm
standards for temperature controlled transport vehicles such as toal@sjerailway
wagons and sea containers and sets down the tests to be done on guchredar
certification purposes.

Table 1. Transport temperature requirements of food products [2]

Chilled products Temperature
(*C)
Fresh fish (in ice), crustaceans and shellfish (excluding live ones) +2

Cooked dishes and prepared foods, pastry creams, fresh pastries,  +3
sweet dishes and egg products

Meat and cooked meats pre-packaged for consumer use +3
Offal +3
Poultry, rabbit and gane +4
Non-sterilized, untreated, unpasteurised or fermented milk, fresh +3

cream, cottage cheese and curd
Milk for industrial processing +6

Cooked meats other than those which have been salted, smoked, +6
dried or sterilized

Frozen Products Temperature

°C)

Ice and ice cream -25

Deep frozen foods -18

Fishery products -18

Butter and edible fats, including cream to be used for butter making -14

Egg products, offal, rabbit, poultry and game -12

Meat -10

The ATP classifies insulated vehicles and bodies as either dlgrimsulated
Equipment (IN, isotherme normal: K coefficiertjual or less than 0.7 W/AnK)) or
Heavily Insulated Equipment (IR, isotherme renforcé: K coefficequal or less than
0.4 W/(nf K). ATP bodies are classified as: motor vehicle/panel van, Hgidlorry,



semi-trailer, container or tanker. Overall coefficient of hemidfer can be calculated
from:

K=

in|C

W/(nPK)

where, U, is the heat flow through the insulated walls per degree of differe
between the air temperature inside and outside the body (W/K)Santhe mean

section of the body, which is the geometric mean of the insideceuafaa, | , and the
outside surface area O of the body. The mean section can be calculated from:

s=/or.

The ATP also classifies refrigeration and heating equipmenenmst of
temperature control at -20 °C, -10 °C, 0 °C and +12 °C. The most commBn AT
classification for equipment certifies it for all temperatalasses. This is identified
using the distinguishing mark FRC, which stands for Mechanicalfsigeeated and
with Heavy Insulation.

The refrigeration equipment installed on a refrigerated vehialst malso
possess a valid ATP capacity report. The agreement statesetwatefrigeration
equipment installed on a refrigerated vehicle must have a heattext capability at
the class limit temperature of at least 1.35 times the ragadfer through the walls in
a 30 °C ambient temperature and 1.75 times if the refrigeration asttested
separately outside the vehicle to determine its effective ngpatapacity at the
prescribed temperature. The ATP certificate ensures thanhsulated body and the
refrigeration unit have been tested by a third party and thatwbehave been
appropriately matched [5]. An ATP certified vehicle or body couldycar single
certificate that covers both the insulated body and the refrigeration unit.

The ATP certificate is valid for six years but can be extdrmeanother three
years on condition that an “in service” examination is carried[8utThere are
concerns, however, that in-service testing procedures are not strengamyh and
may lead to increased energy consumption [6,7]. In the UK the a&varagber of
ATP certificates issued in one year is approximately 1500. A&Rified bodies
frequently operate in service for 9 to 12 years depending on theotygeerational
service impacting on the body [3].

2. Technologies currently in use in food transport refrigeration
Vehicles

The majority of refrigerated road transportation (units = t.krepreducted with semi-
trailer insulated rigid boxes. In Europe the typical constructioredsions of a semi-
trailer rigid box are fixed for the external length and widththetexternal height and
internal dimensions can vary depending on the individual design type. These
dimensions are as follows [3]:

External dimensions: 13.56 m in length, 2.6 m in width and 2.75 m in height.
Internal dimensions: 13.35 m, 2.46 m, and 2.5 m.



Many factors are considered in the design of the enveloperefrigerated
transportation unit: extremes of exterior weather conditions, desméerior
conditions, insulation properties, infiltration of air and moisture, tréisldmetween
construction cost and operating cots and physical deterioration $hwoks and
vibrations.

A rigid semi-trailer box normally consists of expanded foam itsuia
sandwiched between two external skins. Each skin consists of aifwveters of
plywood covered with a glass reinforced polyester, steel or alumiskin. The most
popular insulation is expanded polyurethane (PU) foam with cyclopentatiee as
blowing agent. This construction achieves a thermal conductivithenregion of
0.022 W/(m K). In side walls where thickness is constrained bynthgimum
permissible insulated vehicle width of 2.60 m and europallet dimen@anspallet is
1.0 m deep by 1.20 m wide), this construction can accommodate 2 lirisopide by
side but insulation thickness is limited. Another popular insulation mabter
extruded polystyrene. The thermal conductivity of this insulationghlemi than PU
foam but in floor and roof construction where there are fewer @ntstrfor overall
thickness, body builders can offset thermal losses by using ttpekeis [3]. Roofs
and floors often have 100 mm or more insulation. In side walls, théramns mean
the insulation is rarely more than 45-50 mm thick.

The performance of insulation materials deteriorates witle tdue to the
inherent foam characteristics. Recent data show a typicabfdasulation value of
between 3% and 5% per year which can lead to considerable rides thermal
conductivity after a few years [6,8]. If a 5% yearly agesgssumed, a vehicle with
an initial K-coefficient of 0.4 W/(mK) will have a K-coefficient of 0.62 W/(frK)
after nine years of operation, resulting in a 50 % increase ngynensumption and
CO, emissions. If one considers the large number of refrigeratbitles and
containers in use worldwide the global impact of the reduction aiflatien
effectiveness is considerable.

2.2 Refrigeration units

The most common refrigeration system in use for refrigerated fransport
applications today is the vapour compression system. Mechanidgkrafion with
the vapour compression cycle offers a wide range of options for essgrdrive
methods. The choice may be based on duty required, weight, noise resugem
maintenance requirements, installation cost, environmental congdsrand fuel
taxation. The performance and power requirements of these syatenmormally
assessed at full load. In reality however, transport refrigeraystems operate over a
wide range of loads. To match the load the refrigeration systaynbe switched on
and off or its capacity modulated to maintain the set temperatiih a consequent
reduction in efficiency. Depending on the system design envelope ansktine
expected Coefficient of Performance (COP) is generally between 0.5 and 1.5.

The most common drive systems for refrigerated transport vapour
compression systems are [3,9]:

Vehicle alternator unit: with this method which is commonly used in small
delivery vans, the vehicle engine crankshaft drives an upgradete sing



alternator and a 70 Ah battery. The alternator charges the vdiatiery
which feeds a small refrigeration system with 12 V dc supply.siseem can
also be driven with a 230V mains electric supply during standby.

Direct belt drive with this system, which is used in the majority of van sized
vehicles, the compressor of the refrigeration unit is directlyedrfrom the
vehicle engine through a belt.

Auxiliary alternator unit: this system uses a dedicated large alternator driven
by a belt from the main traction engine, generating power to drivelectric
motor in the refrigeration unit. Fan motors for the heat excharagetsthe
control system are also fed from the alternator output. An alieena
arrangement for an alternator system is to use a diesetager system. Using
the ‘genset’ drive gives the option of using red tax free diesel to power the unit
unlike running an alternator from the vehicle.

Auxiliary Diesel Unit: This system uses an engine built into the refrigeration
unit which can be powered either by red diesel (cheaper) or wiesel
(lower environmental impact). An optional particle filter andabat in new
engine technologies can clean the exhaust emissions from ere eng on
white diesel, leading to over 90% reduction in emissions.

The majority of medium to large vehicles use self-containedgestion
units which include a self-contained diesel engine. At -20°C and ruratirfgll
capacity, the fuel consumption of the auxiliary diesel enginendrthe compressor
can be between 1 and 5 litres per hour depending on the size of thEhesg. units
are usually nose-mounted, or less commonly under-slung (below thatatsbody).
The disadvantage of under-slung units is that the condenser is in a poor locatiton to ge
clean air [3].

Table 2 lists the most common drive methods and uses general iapisuakdata for
refrigeration capacity and weight.

Table 2. Approximate Drive Ranges (-20°C/+30°C)

Body Volume Refrigeration Equipment
(m°) Duty (W) Weight
(kg)
Vehicle Alternator Unit <3 <400 <80
Direct Drive Unit 5-30 250 - 2,500 50 - 150
Auxiliary Alternator Unit 30 - 90+ 2,000 - 14,000 100 - 500
Auxiliary Diesel Unit 30 - 90+ 2,500 - 10,000 350 — 9001

* Includes electric standby.

2.3 Air Delivery Systems

A typical arrangement of the refrigeration system and aitridution in a
refrigerated semi-trailer is shown in Figure 1. In theshiales, top air delivery is
predominately used. Refrigeration unit fans cause temperature-cedtrait to
circulate around the inside of the vehicle roof, walls, floor, and doaesriove heat
which is conducted and infiltrated from the outside, returning to dbéng coil via



the floor or space under pallets as shown in Figure 2. For chillgdesahorizontal
channels are required between rows of cartons to allow good rétilm dahrough
the load, Some of the air should also flow through and between the pargoularly
when carrying fruit and vegetables, where heat of respiratiay be a significant
proportion of the heat load. To facilitate air return to the evapocatihyrsome trailers
are fitted with a false bulkhead wall with metal grill or é®lin the lower part for
return air passage.

The placement of air delivery and return on the same side oéfifigerated
box for reasons of compactness and simplicity, makes the achievvemeniform
temperature distribution in the cargo difficult. In recent yearssiclerable effort has
been devoted to the optimisation of air flow and temperature distnbuti
refrigerated cargoes using a variety of modelling techniquésding computational
fluid dynamics [10,11].
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Figure 1. Refrigeration system with false bulkhead
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Figure 2. Air circulation in a semi-trailer
2.4 Multi-compartment vehicles

In multi-compartment vehicles the refrigerated space is subdivide a humber of
compartments with individual temperature set-points to provide logjifigxibility
for many business operations. It is common practice for supegtraréins to deliver
produce inside multi-compartment semi trailers.

The different temperatures in each compartment are achigvesiry
distributed evaporator coils fed from a single condensing ungeheral practice the
coldest compartment is located at the front and the warmedttise rear but any
temperature configuration is possible. The design and contrefrajeration systems
for multi-compartment vehicles is much more challenging than fiatsingle
compartment vehicles. Factors specific to the design of cwipartment
refrigeration systems are the heat transfer between thgacoments, product loading
patterns and door openings and method of temperature control [12].
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Figure 3. Schematic diagram of a multi-compartment semi-trailer (soure:
Thermoking)

2.5 Other road transport refrigeration technologies



2.5.1 Eutectic systems

Eutectic systems: Eutectic systems consist of hollow tubesysheaplates filled with
an eutectic solution (phase change material) to store energy @shgcera cooling
effect whenever necessary to maintain the correct temperatuttee refrigerated
container. The Eutectic concept is different to conventional reftliga systems in
that a cold source (heat absorption) is provided by phase changeahratéer than
direct expansion of refrigerant gas. The plates or beams thaircdiné eutectic are
charged (frozen down) at night on mains power. Once the beanfsoaea they
operate silently and provide reliable, rapid cooling for a specific duration of time.

Systems for food transport applications can be based solely on eutectid therma
energy storage or can be a combination of eutectic and vapour compasiam.
Such systems which may be suitable for small deliveries wherbeat loss through
frequently opening doors can be a major problem. They can offergsavy using a
small refrigeration system running relatively efficiently dr coupled with a
mechanical refrigeration device can offer efficiency savimgseducing the number
of on/off control cycles

There are fixed sizes of plates or beams available andtisalenvolves
calculations based on the prescribed delivery rounds, the journet,lengbber of
door openings, time period etc. table 3 gives an example Eutect& gakection
guidelines.

Table 3. Eutectic Plate Selection Guidelines for 12 hour operation at —20°C

Box internal Drops per Approximate Holdover Approximate
Volume hours Capacity (@-33°C) Mass*
4m° 4 drops/hr 6 kWh 80 to 100kg
20nT 4 drops/hr 25 kWh 450 to 500kg

*Excludes the mass of a nose or undermount conagnsiit.



Figure 4. Example Frigoblock Eutectic Beams (source:Frigoblock)

Some manufacturers have now developed static refrigeration unir¢heapable of
charging eutectic systems when linked up via a connector. Thievesnthe
requirement for each refrigerated vehicle to have its own condensiit and
therefore decreases costs.

2.5.2 Cryogenic Cooling Systems

As an alternative to mechanical refrigeration, total loss systesing liquid nitrogen
or carbon dioxide injection may be used. Advantages are rapid pull-down of
temperature and relative silence. For longer journeys, #ystems are expensive to
operate; so cryo-mechanical systems exist which combineafhée pulldown of a
total loss refrigerant with the more economical steady running ofiechanical
system.

The BOC Polarstream in-transit refrigeration system mayntegrated into
road vehicles or freight containers. This system is shown scicathain Figure 5. It
uses liquid nitrogen in the cooling process, which vaporises aselessed into the
container reducing the temperature uniformly. The liquid nitrogetored in tanks
connected to a spray bar that runs the length of the vehigleedmatically powered
temperature controller responds to sensors located throughout the vemaetain
the required temperature.



Figure 5. BOC ‘Polarstream’ Liquid Nitrogen Cooling System

3. Energy Consumption for refrigerated road transport

Approximately 650000 refrigerated road vehicles are currently imitbéen the EU..
These vehicles can be grouped into three main types:
small converted vans (up to 3.5 tonnes, for example for caterilog @aream
distribution),
rigid vehicles (trucks, up to 32 tonnes) and
articulated vehicles (up to 44 tonnes), which are used for the mgagdrit
refrigerated road transportation operations. Articulated vehioler 33
tonnes, account for around 80% of the total tonne-km goods movement in the
UK [13].

Table 3 below shows guideline figures for fuel (gas oil) consumptites @f self
contained mechanical road refrigeration equipment charged with HFC404a
refrigerant. The data is generalised from a number of modelguypment and based

on ATP test conditions for maximum continuous output, operating in +30°C ambient.

Table 4. Refrigeration duties and fuel consumption of self cdained mechanical
transport food refrigeration units
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Body Minimum Fuel consumption | Associated refrigeration
Length/Volume/Type | refrigeration duty (I/hr) Duty (W)

(W) for ATP based

on 0.4 W/ni K

-20°C 0°C -20°C 0°C -20°C 0°C
6 m/ 30 ni/ Rigid Lorry | 2380 1428 15 2.0 3000 5000
<9 m/ 30 n¥/ Rigid 3850 2310 25 3.0 6000 9000
Lorry
13.6 m/90 mMYRigid 5250 3150 3.0 4.0 7500 13500
Semi Trailer
13.6 m/>90 m3/Rigid - - 4.5 5 9500 17500
Semi Trailer

There is less information available for in-field fuel consumptiates where
equipment cycles on/off to meet the specific refrigeration degyirement. Table 5
summarises some data for infield fuel consumption rates for acoaabartment
13.6m semi trailer in 30°C ambient [3].

Table 5. In-field Fuel Consumption Rates for a Multi-compartnent Semi Trailer
refrigeration units (+30°C)

Set Point Trailer Arrangement Fuel Consumption (I/hr
+3°C Single compartment 0.5to 1.0
-25°C Single compartment 2510 3.0

-25°C, +3°C Dual equal compartments 20t02.5

Optimal infield fuel consumption is dependent on aspects such as pbeoty
operation, solar load, fuel density, control software setup e.g. contimuadislation
or on/off, cycle termination temperatures.

The total distance travelled by road freight transport worldwid2005 was
estimated to be 16,000 mio t.km. European road freight makes up 1,800 mantlkm
about a third is refrigerated, resulting in approximately 600 tkim. The United
Kingdom represents about 8% of the European road refrigerated freight [3].

The fuel consumption of various types of vehicles involved in freighsprart
in the UK and the distance run in 2004 is given in Table 6. Thiscuetumption
excludes the energy consumed by the refrigeration equipment.

Table 6. Diesel consumption of various types of vehicles involved inifyat transport
[13]

Fuel Fuel Kilometers run Eséiirgsa;:ad
Vehicle tvpe consumption consumption in 2004 in Great consumotion in
yp (miles per (liters per 100 | Britain (million 2004 (rFr)ﬂIIion
gallon) km) km) liters)
Rigids 3.5t-7.5t 12.3 23 4410 1000
Rigids 7.5-14t ) ) )
Rigids 14t-17t 9.1-10.5 26.9-31 2072 560-640
Rigids 17t-25t 7.4 38.2 2310 880
Rigids over 25t 6.4 44.1 2652 1200
Articulated 3.5-33t 7.8 36.2 1351 490
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Articulated over 33t 7.1 39.8 9495 3800

Total 22290 7900-8000

From Table 5 it can be seen that the in-service fuel consumpticen of
refrigeration unit will be around 2.0 I/hr. If it is assumed tlaat articulated vehicle
will cover 60 km per hour, from Table 6 its fuel consumption can bmatd to be
24 l/hr. This shows that the fuel consumption of the refrigeration uiit be
approximately 8% of the total fuel consumption of the refrigerated vehicle.

If one assumes that 1.8% of the total greenhouse gas emissites WK is
for food transport, and one third of this is refrigerated with #fiegeration systems
being responsible of 8% of the energy consumption of the vehicle, they eough
estimate will be that refrigerated equipment in food tranggmetations in the UK are
responsible for 0.05% of total greenhouse gas emissions.

4. Possible alternative technologies for transport refrigeration

Diesel engines used to drive transport refrigeration equipmentatiypihave a
thermal efficiency of 40%. Assuming a heating value for dliecd3.2 MJ/kg and a
density of 820 kg/ff) the amount of energy rejected in the form of hot exhaust gases
and thermal energy dissipated by the radiator for eaclofifieel that is used is 21.25
MJ/l or, 5.9 kWh/l. Recovering only a small portion of this “free”steal energy to
operate a thermally driven refrigeration system, would be moreghaugh to cover
the refrigeration requirements of a semi-trailer.

In thermally driven refrigeration technologies, absorption and/or ptisoy
the conventional mechanical compressor of the common vapour compregsers
replaced by a ‘thermal compressor’ and a sorbent. The sorbent edthdresolid in
the case of adsorption systems or liquid for absorption systems. Weorbent is
heated, it desorbs the refrigerant vapour at the condenser pr@$guk@apour is then
liquefied in the condenser, flows through an expansion valve and enters the
evaporator. When the sorbent is cooled, it reabsorbs vapour and thus mamntains
pressure in the evaporator. The liquefied refrigerant in the eat@paabsorbs heat
from the refrigerated space and vaporises, producing the cooling effect.

4.1 Absorption systems for food transport refrigeration

Koehler et al. [14] designed, built and tested a prototype of a esstate
ammonia/water absorption system for truck refrigeration powbsedhe exhaust
gases of the tractor. A schematic diagram of this prototypleo#n in Figure 6. The
prototype was tested for interior temperatures between -20°C andr@P@xterior
temperatures in the range 20°C to 30°C. Test results are showguire Fi. With
temperatures of the exhaust gases in the range 440°C to 490°C waengetite
generator and 180°C when leaving it and an exhaust flow rate ofg@60dooling
capacities in the range 6-10 kW and COPs between 0.23 and 0.3 were obtained.
This capacity is sufficient to satisfy the refrigeratiequirements of a typical
refrigerated semi-trailer, even when applying a safetyofadf 1.75 to the
theoretically calculated load. For a vehicle with an inside teatper T, of -20°C, an
outside temperaturef, of 30°C, a K-value of 0.4 W/(fK) and a mean section
S=150 m, the required refrigeration capacity at the indoor temperatur@QsCC
taking into account a safety factor of 1.75 is 5.25 kW. Furthermore,daicgdo the

12



investigators, the COP of the single-stage ammonia/water alosogyistem could
have been significantly improved by optimising the cycle [14].

Figure 7 shows some of the performance characteristics of/thee Some of
the results they obtained are provided by the following graphs:

Figure 6. Schematic of absorption refrigeration system prototype for dransp
refrigeration [14]

Figure 7. Variation of cooling capacity and COP with refrigerated box $paqgeerature [14]

The authors also analysed through simulation the performance ofdieensy
by calculating the effective available energy in the exhgases for a range of road
conditions. In the analysis the temperature of the gases ledwengenerator was
assumed to be constant at 200 °C for a range of driving cycles. Seuekagéngines
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with power from 250 hp to 420 hp were also analysed to calculate hla@stxmass
flow rate.

The results indicated that such a system will be suitable éomulevel roads
where it will be able to cover more than 80% of the refrigemateeds. For mountain
roads and city conditions there will not be enough heat available thét system
sometimes generating insufficient cooling and at other timesess cooling. To
address this problem, an auxiliary heat source will be to comgefmathe times
when the available heat is insufficient. Alternatively a gjerdevice such as eutectic
system can be used in conjunction with the absorption system. rSiesldts have
been found by Horuz [15], who used the exhaust gases of a 6-litre tuskebahgine
to drive a 10 kW commercial aqua-ammonia vapour absorption refrigergtanms
The refrigeration unit was powered successfully up to itsdratgpacity but a
significant reduction of the cooling capacity (down to 1 kW) wazodesl when the
engine was run at low speeds. The effect on the performanteeoéngine of
introducing the generator in the exhaust system was found to be auitevith a
maximum decrease in efficiency of 2 %.

Another issue to be addressed with respect to the use of sorptigeretion
systems is the mounting of the refrigeration system on theaulated vehicle. This
point has been investigated by Christy and Toossi [16] for an adsogystem ans is
discussed in section 4.2

4.2 Adsorption systems for food transport refrigeration

Christy and Toossi [16] designed, modelled, built and tested ar traile
refrigeration and bus air-conditioning ambient-air cooled adsorptiorersysthe
design employed four activated carbon sorbent beds and ammonia (R747) a
refrigerant. The sorption system was then theoreticallyackenized (size, weight,
heat input, operational modes and layout configurations) for the pugbdseing
capable of maintaining temperatures in the range -18°C to 4.5°C fopdrans
refrigeration. The diesel engine available heat rates foemetween 225 hp and
525 hp were identified to be in the range 40 kW to 60 kW for the coolanitcand
40 kW-140 kW for the exhaust gases.

The cooling requirements of large refrigerated semi-trailerg wonsidered to
be equal to the cooling capacities of the units usually installélese vehicles, that
is to say about 15 kW. It should be noted that those units are usu@llp 300 %
oversized. Practical COP values used for system design nvidre range 0.6 to 1 and
specific cooling power rates (measure of the evaporator coolinhdea mass of
sorbent material) were considered to be around 614 W per kilogramartmén for
ammonia refrigerant and and 198 W per kilogram of carbon for R134kyaefat.
Following these assumptions, a feasibility analysis of refaigmm systems using
either R717 or R134A with cooling capacities of 9 kW, 19 kW and 35 kW (bus a
conditioning) was carried out.

Another very interesting aspect of the study was the investigatf the
layout of such a system to identify the best way of installingni a conventional
articulated vehicle. First, the weight of adsorption systems usithgr R717 or
R134A as a refrigerant was estimated for different coolingatips and compared to
a vapour compression. As shown in Figure 7, adsorption systems were fooad to
potentially lighter than a conventional system when a diesekdun&l of around 300
kg weight was considered for the conventional system.
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Figure 7. Comparison of weight of conventional vapour compression and adsorption
refrigeration systems [16]

The most attractive location for the adsorption system was found to be the tractor,
transferring the cooling effect to the trailer with a secondary fluid.

15



4.3 Thermoelectric cooling.

4.3.1 Introduction

Thermoelectric devices can convert electrical energy inton@érature gradient. This
effect was discovered by Peltier in 1834 but its use remainedimah till the
development of semiconductor materials. It was first used fageeation and air-
conditioning purposes in the 1950s.

Thermoelectric devices are solid-state devices showing sex@mnalderable
advantages: they are reliable, noise-free, maintenance-fregitaation-free since
they do not contain mechanical moving parts, they have been found to havdifelong
of more than 100000 hr, they are environmentally friendly since theyotdmeed
chlorofluorocarbons or any other refrigerant, they are small & §ght in weight,
they can allow a very precise temperature control (0.1°C) and treeyfully
reversible, so they can for example heat a cargo if necessaead of cooling it to
protect it against frost damage [17]. Nevertheless, they havaja drawback that
has prevented them from being used in large scale refrigerapiplications such as
foodstuff transportation and storage so far: their COP is much Ithaer that of
conventional mechanically-driven compressor vapour cycle units unddyical
conditions required for those applications.

The application of Peltier coolers and their modelling are still an actidedie
research. Chatterjee and Pandey [17] designed, built and testetbélectric cold-
chain chests with capacities up to 2.5 | suitable for storing atvdf@porting medical
materials at temperatures down to —17 °C. The COP of thesersmglerators has
been found to be in the range 0.12-0.26. Astrain et al. [18] have developed
computational model to simulate thermal and electric performahtgermoelectric
refrigerators and have designed and tested a thermoelectrigerafor to test
their model, which has shown very good agreement with test results EDReen
0.15 and 0.65 were obtained.

4.3.2 Principles of thermoelectric cooling

Theoretical descriptions of the Peltier effect are given inyr@apers dealing with
this field of research, e.g. [19] and [20], or are also providaddoyfacturers such as
Melcor [21,22].

The thermoelectric cooling effect is produced when a dirececurs passed
through at least one pair of n and p-type semiconductor matersalally bismuth
telluride BpTes. As shown opposite, when a direct current is circulating throgh t
device, electrons pass from a low energy level in the p-typeriato a higher
energy level in the n-type material and as a result allsabfrom the environment.
The heat is liberated at the other end of the device when theoakotturn to a low
energy level in the p-type material [19].
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Figure 8. Schematic of a thermoelectric module [19]

These two sides of the device are called the “cold end” and “hot end”
respectively and the corresponding temperatures are identifidd asd .. The
useful heat absorbed by a thermoelectric cooler at its colaceuf®@) is composed of
three components: the Peltier heat pumping (A), which is reducdtebgonduction
across the semiconductor elements (B) and the resistive heatimig the elements
(Joule heat, C). (Js expressed as follows:

Q=N (2, a,)T.- K(T,- T.)- ZRI?
N v J o\ J \2 J
A B C

where N is the number of thermocouple (pairs of n and p-type semiconduct
materials) inside the cooler, and , (V/K) the Seebeck coefficient of the n and p-
type semiconductor materials respectively, 1, the current aiingl through the
device, K the thermal conductivity of one pair of semiconductor mistexrad R the
electrical resistance of one pair of semiconductor materials [20].

It appears that when the current is increased, the Peltiemgoeffect
increases and so do the conducted heat (because the temperatweetidiffer=Tj-
T. increases) and the Joule heat (proportional to the square of theaturre
Equilibrium is reached at some point over which an additional cuwintesult in
less net cooling. Thermoelectric coolers are usually chaisedeby this maximum
current referred to asdx and by the corresponding valueg.y(voltage) and Tmax
The maximum amount of heat that can be absorbed at the coldeianed Qay IS
reached at I=lax, V= Vmax and T=0 and is also a characteristic value [21].
Conventional thermoelectric devices have various specificationssponding to
their large range of applications; their dimensions are irrahge 3-60 mm square
with a typical thickness of 4 mm and they include up to 127 thermocd@srhe
maximum heat-pumping rate varies usually from 200mW to 200W. Petiders are
available in the market at typical prices of about 0.5$/W (£0.3 ped&gending on
the required specifications [21]. The maximurm that can be reached between the
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two sides of a Peltier cooler is 70°C but cascade mountings g$tagk) enable aT
as high as 130°C and temperatures of -100°C to be achieved [19].

Figure 9. A thermoelectric cooler [21]

The COP of a thermoelectric cooler is defined by analogh wiat of a
mechanically driven vapour compression cycle. It is the ratih@frate of the heat
removed from the environment by the cold side of the device tde¢h&ieal power
input that is required to do so. It can be expressed as:

Q

G

COP=

where Q is the net heat absorbed at the cold end anid e applied electric power.

Current Peltier refrigerators have COPs typically below 0.5Bietschank
and Johnson [19] have calculated the theoretical COP of these dawdesave
shown that they can be significantly higher than 1 when usin@ kess than 30°C
and a current between 10 and 30%.f.IThe two graphs below reproduce some of
the results they obtained:

Figure 10. Theoretical maximum Figure 11. COP as a function of current [20]
COP vs. T [20]
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New technologies for thermoelectric coolers are being investiga-or
example, Hi-Z Technology, Inc (USA) has been developing quantuntegétology
over the past six years, with very promising results. A 11uigiG& on 25um
Kapton cooling module sized 4.9cmx4.9cmx0.25cm has been built and tested,
showing a cooling capacity of 102 W and a COP of 2.85 undé&raf 30°C [23].

Figure 12. COP vs.T for quantum well thermoelectric [23]

Current thermoelectric coolers are suitable for many apmitaitrequiring
low cooling capacities and where low COPs is not an apparent diawba
Nevertheless, they do not seem appropriate for being the coolingf ansemi-trailer
because both the cooling requirements and thare too high to obtain reasonable
COP. Consequently, the power consumption of such a unit would be much higher
than that of conventional equipment. However, it is obvious that new techemlog
such as the quantum well thermoelectric cooler presented prevemusty eventually
make it possible to use these devices in refrigerated transpothidwechnology is
still under development and will probably need many years to niakeay to the
market.

4.3.3 Thermoelectric power generation

When a temperature differential is established between theitlee of the
semiconductor material, a voltage is generated. This voltagesitlgiproportional to
the temperature differential and the constant of proportionalitgfesred to as the
Seebeck coefficient. A thermoelectric device can therefore edsivert thermal
energy into electric energy: this is the inverse effechefReltier effect, called the
Seebeck effect, which was discovered in 1821. Like thermoelectriders,
thermoelectric generators have no moving parts, are silent in opeeatd reliable.
Their efficiency is typically low: around 5%. That is why thHegve been confined to
several very specialised areas for a long time but theyp@seattracting increased
attention because of their interesting environmental potentialfi@gible source of
energy to meet a wide range of power requirements [19]. Theydesrefound to be
easily modelled as Thevenin generators such as typicalieatsnce their internal
resistance does not depend on the heat power. However, their inteistainoesis
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quite high and consequently their voltage decreases quickly as theretkloterent
increases [24].

These devices can be used both for low power generation, for example using
the heat of the human body to power a watch, and for relatively higlkerpow
generation using solar concentrators or converting waste heatisatul electricity
[18]. Such systems have been designed, built and tested by diffesearch teams
worldwide to recover some of the exhaust heat of cars and trucksratese
showing a nominal power in the range 10-1000 W have been tested wigld mix
results [25,26].

Figure 13. 1.0 kW generator for diesel truck [26]

The maximum electric power generated in thermoelectricenasat recovery
systems for cars has been in the range 43-193 W so far. Fcs, teuprototype rated
at 1.0 kW showed a maximum output of 1068 W when mounted as a part of the
exhaust pipe of a 300hp engine. These thermoelectric generatorbdeavéund to
be inefficient at idling engine speed because the temperatnge rof the exhaust
gases was too low under these working conditions [25].

The 1.0 kW generator designed to be installed on a truck was buit-By
Technology, Inc (Canada) using 72 modules of 14W each. Usingfrdetathis
manufacturer [27], we can estimate the price of such a genévaber about 9000%
(E5000, only the thermoelectric modules are taken into account). Considering
operation at nominal power 25% of the time on a daily basis, suehaagor could
provide during one year more than 2000kWh of useful energy, that is &s saych
as a horizontal, roof-mounted 3kWp PV solar array (in the UK). Tha advantage
is that a thermoelectric generator would keep the same giedny time of the year
whereas a PV generator’s output is greatly reduced in theemwiAlthough Hi-Z
Technology has been developing this kind of product since the early 1990s, no
example of commercially available turnkey generator has been foump dbis
literature review.

Research prospects seem promising since Hi-Z Technology &waaged to
reach efficiencies up to 32.5% with thermoelectric generditased on the quantum
well technology [26]. With such devices, they expect to increase ettexgy
conversion efficiency to more than 25% from the present 5%, whiclaNal for the
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low cost conversion of waste heat into electricity. Their go&b iproduce a basic low
cost 10-20 watt module that can be used to build up any size gerserchaas a 5-10
kW waste heat recovery generators for trucks [27]. This technalogyld become
available within a few years.

4.4 Air Cycle Refrigeration

Transport refrigeration has been identified as a potential afiplicarea for air cycle
systems [28,29,30] on the grounds of weight, robustness, leakage, tgliabdi
maintenance. Air cycle systems are also less sensitive to part-loatiaopera

Spence et al [31 reported on the design, construction and testing of an air cycle
demonstrator plant for refrigerated road transport. The projeectolgs were to
accommodate the air cycle system within the physical enveliope existing R404A
vapour compression refrigeration trailer unit (Thermo King mod&l08) and to
achieve an equivalent refrigeration capacity to the SL200 (spkeifiel2 kW at 0°C
trailer temperature and 7.2 kW at -20°C trailer temperature, h@b°&€ ambient).
Due to project resource limitations production of custom componentsn@taan
option. The demonstrator unit was constructed, where possible, utilizing
commercially available or existing parts, including the diesgine prime mover and
air circulation fans from the SL200 unit. Standard exhaust turbocheoggvonents
were selected for the two compressor stages and the turbinegttire requiring
modification to suit the significantly different conditions of theaycle. The choice
of heat exchangers was also compromised by cost consideratioe as packaging
constraints imposed by the restricted layout inside the SL200 syaetope. A
schematic of the air cycle demonstrator plant, taken fromea paiper by Spence et.
al. [32], is shown in Figure 14.. On the basis of their design andi§s]s they
decided not to provide intercooling between the compressor stagescbuotgensate
by fitting a larger aftercooler with a reduction in presdass and an improvement in
effectiveness. It was predicted that the overall system CQiRdvbe around 0.41 at a
system pressure ratio of 2.14 with an air mass flow rate of 0.278 kg/s.

Figure 14. Air cycle demonstrator plant for refrigerated transport [32]

Performance of the air cycle demonstrator plant depicted ind-ifiwas measured
on a Thermo King calorimeter test facility at two operatompditions, 0°C and -
20°C, to allow comparison with the rated refrigeration capacitiéseo$L200 vapour
compression unit. The demonstrator achieved a full-load capacity &dW at -20°C
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(8% higher than the SL200 unit), but at 0°C the cooling capacity was/d.821%
less than the SL200 unit). However, the fuel consumption of the de plant was
approximately 200 % higher than for the vapour compression unit at bothiaosdit
At a part load test condition of 3.4 kW refrigeration capacity (44%heffull load
capacity), at -20°C, the air cycle plant fuel consumption reducegdpxdmately the
same percentage, indicating that the overall plant COP remalimest constant for
this load change. In contrast, at an equivalent part load conditiorn_ 2@ Sapour
compression unit would require 73 % of its full load fuel consumption.|tvisl that
the air cycle plant used only 80 % more fuel than the vapour compressioat the
part load condition, compared to approximately 200% more at full load.

5. Conclusions

Today food transport refrigeration systems are predominantly loasee: vapour
compression refrigeration cycle.

To meet the requirements of the ATP agreement and satisfyethigeration
demands over a wide range of operating conditions transport refiogesgstems
are oversized by up to 1.75 times the calculated load.

The COP of transport refrigeration systems is quite low, ngnfgir around 0.5 at
—20 °C space temperature to 1.5~1.75 at°€ 3pace temperature and 3D
ambient temperature.

Articulate vehicles over 33t are responsible for over 80% of reftgerfood
transportation in the UK.

Refrigeration systems in these vehicles are invariably dibyeauxiliary diesel
engines.

Average fuel consumption of articulated vehicles (excluding thegestion
auxiliary diesel engine) is 24 I/hr. Fuel consumption of auxildiegel engine is
approximately 2 I/hr (8% of vehicle main engine consumption).

Capacity and size of vapour compression refrigeration systems cesedibeed
through the use of thermal energy storage (eutectics). For gmafleys the
vapour compression system can be eliminated completely.

Sufficient reject heat is available from the engine otaldted vehicles to drive
sorption refrigeration systems at normal out of town driving conditioms
insufficient heat will be available in town driving. This shortcomicen be
overcome through the use of an auxiliary heat source or euéeeigy storage.
Other issues to be addressed is the size and mounting of the sapigeration
system.

The air cycle technology is quite promising for food transport agpbics. Main
disadvantages at present is the low COP compared to that ovapuwur
compression system, particularly for chilled food distribution apipicg, and the
unavailability of off the shelf components.

Direct power generation from the heat in the exhaust of theneertg power
refrigeration systems may be a promising technology for therefutOther
technologies that need further investigation and consideration idiegStycle
powered systems, magnetic refrigeration and solar energy driven systems
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