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Chapter 1. Introduction
In this thesis, the development of a refrigerated container to realize long-term
preservation transportation of agricultural products, together with the effective heat
utilization of the transportation system has been experimentally investigated. The storage
characteristics of agricultural products were examined; the effects of storage temperature
and humidity on fresh commodities quality were experimentally obtained. An optimized
storage condition to realize long-term preservation transportation of the container for
agricultural and marine products has been developed. Furthermore, to effectively utilize the
exhaust heat from the storage system, the performance of an activated carbon-ammonia
adsorption refrigeration system has been experimentally investigated. Finally, the evaluation
of performance of thermal and electrical hybrid adsorption chiller cycles with mechanical
booster pumps has also been analyzed.
In the following sections of this chapter, background information regarding world
energy and environmental issues, agricultural and marine products is briefly introduced.
The motivations for studying on the development of a refrigerated container to realize
long-term preservation transportation of agricultural and marine products are then
summarized. Finally, the objectives and outline of this thesis are presented.
1.1 Background
1.1.1 Energy and environmental issues
Coal, petroleum, natural gas, renewables, hydro, and nuclear are consisted as the basic
sources of energy in the world. With the rapid economic development and population
explosion of recent decades, the global primary energy demand has dramatically increased.
BP energy has summarized the global primary energy demand from 1970 to 2040, as
shown in Figure 1-1 (2018 BP Energy Outlook, BP Global [1]). The global primary energy
demand is predicted to grow from 13276 Mtoe in 2016 to 17983 Mtoe by 2040, an increase
of 35.5%, with annual increasing ratio of 1.3%. Coal, petroleum, and natural gas are still the
main energy sources all over the world, and account for more than half of the global energy
1

in 2040. Among them, oil, gas, and coal consumption amounts are predicting to change
from 97 Mtoe to 105 Mtoe, 342 Mtoe to 502 Mtoe, 3732 Mtoe to 3762 Mtoe from 2016 to
2040, with a change ratio of 11.7 %, 46.7 %, and 0.8 %, respectively.
Billion toe

Figure 1-1. Primary energy demand by fuel (from BP Global, 2018 BP Energy
Outlook [1])
Billion toe

Figure 1-2. Primary energy consumption by sector (from BP Global, 2018 BP Energy
2

Outlook [1], *Industry excludes non-combusted use of fuels)
The end-use sector of primary energy demand is shown in Figure 1-2 (from BP Global,
2018 BP Energy Outlook [1]). The sectors of transport, industry, non-combusted, and
buildings are predicted to show an increase ratio of 27.6%, 31.4%, 57.8%, and 42.3% in the
coming decades (from 2662 Mtoe, 5965 Mtoe, 809 Mtoe, and 3840 Mtoe at 2016 to 3398
Mtoe, 7843 Mtoe, 1277 Mtoe, and 5466 Mtoe at 2040, respectively). The energy
consumption by region from 1970 to 2040 is shown in Figure 1-3 (from BP Global, 2018
BP Energy Outlook [1]). It is evident from this figure that all of the growth in energy
demand is from fast-growing developing economies, driven by increasing prosperity. In the
next few decades, China, India and other emerging Asia will account for 2/3 of the growth
in energy consumption, because of the growing energy consumption in countries with high
rates of development in those regions.
Billion toe

Figure 1-3. Primary energy consumption by region (from BP Global, 2018 BP Energy
Outlook [1])
According to a survey by BP Global, published in the new Annual Energy Outlook of
2013 [1], based on the growth rates in 2013, the estimated global recoverable coal reserves
will be exhausted within about 113 years if no new reserves are found; the estimated
recoverable petroleum reserves can meet global demand for as long as 53.3 years; and the
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estimated recoverable natural gas reserves are sufficient for 55.1 years of further supply. If
new energy resources and technologies are not found, energy supply will become one of the
biggest obstacles for economic and societal development.
Pollutants such as CO2, CO, SO2, NOx, volatile organic compounds (VOCs),
particulate matter (PM), lead, and various toxic species, including benzene, formaldehyde,
acetaldehyde, and 1,3-butadiene, are released by the combustion of petroleum, coal, and
natural gas fuels. CO2 is the major contributor to global warming, SO2 causes acid rain,
NOx and VOCs damage the ozone layer, while PM, lead, and toxic species adversely affect
the human health, especially that of children and the elderly. Global warning and related
climatic change from energy consumption has become one of the main threats to human
society. Figure 1-4 shows global CO2 emissions from the consumption of different fuels
between 1990 and 2014; it is evident that total CO2 emissions in 2014 (33.8 × 109 ton) were
1.58 times those in 1990 (21.4 × 109 ton). CO2 emissions from liquid (mainly refer to
petroleum), solid (mainly refer to coal), and gaseous fuel (mainly refer to natural gas)
contribute to 35.6%, 44.6%, and 19.8% of fossil fuel emissions, respectively.

Figure 1-4. Global CO2 emissions from 1990 to 2014 by fuel (from Carbon Dioxide
Information Analysis Center [2])
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According to statistical review world energy by BP [1], the ten countries with the
highest CO2 emissions in 2017 are the USA (15.2%), China (27.6%), India (7.0%), Russia
(4.6%), Japan (3.5%), Germany (2.3%), South Korea (2.0%), Canada (1.7%), Iran (1.9%),
and the Saudi Arabia (1.8%), and they account for two-thirds of global CO2 emissions. The
developing countries such as China and India will be confronted with considerable
increases in CO2 emissions associated with their high rate of economic growth.
As shown in Figure 1-5, refrigeration sector accounts for approximately 17% of the
global electricity consumption. It demonstrates the significance of refrigeration sector that is
expected to play a growing role in the situation of global warming and the increasing
demand in various fields.

Figure 1-5. Comparison of the global refrigeration sector‟s electricity consumption
with that of other sectors [3]
Data of global greenhouse gas emissions by gas in 2015 are indicated Figure 1-6 [4].
The figures are expressed in CO2-equivalents and are rounded and hence do not add up to
100%. Overall, we can see that CO2 accounts for about 81.2% of total greenhouse gas
emissions. CH4 (primarily from agriculture) and N2O (mostly from industry and agriculture)
contribute around 10% and 5.5% to the global greenhouse gas emissions, respectively.
F-gases, as an abbreviation for fluorinated gases, are a family of HFCs, perfluorocarbons
(PFCs), unspecified mix of PFCs and HFCs, sulphur hexafluoride (SF6) and nitrogen
trifluoride (NF3). Although they only contribute 2.5% to global greenhouse gas emissions,
occupy nearly 20% of refrigeration systems' global warming impact [3].

5

Figure 1-6. Global greenhouse gas emissions by gas in 2015 [4]
In the recent years, the development of new technologies aiming to reduce problems
related to energy consumption, for application in both developed and developing countries,
has become urgent, because of the increasing strictness of governmental regulation of
energy and pollutant emissions. Such developments lead to the search for alternative fuels,
and the increasing importance of renewable energy sources.
1.1.2 Transportation and food storage
In 2017, approximately 821 million (about one out of every nine) people in the world
are estimated to affect by undernourishment. This situation is significantly worse in most
countries of Africa, whose economies are highly dependent on the agriculture activity, with
an increase number of undernourishments from 212.5 million in 2014 to a projected 256.5
million in 2017 [5]. IIR data [3] indicate that approximately 20% of world food supply are
wasted (on average 9% and 23% for developed countries and developing countries,
respectively) due to the poor cold train system include, such as shortage of appropriate
transport systems and lack of efficient refrigeration facilities. Global population is expected
to reach 9.1 billion by 2050, 2.3 billion more people than 2009, while at the same time an
increase by about 70% in global food production will be needed in order to feed this
enormous population growth [6]. Accordingly, establishing a reliable and quality food
transportation system, especially in the developing countries, is necessary to maintain the
quality of perishable commodities and reduce their loss.
There are three types of refrigerated transportation systems: road transport, marine
6

transport and air transport. According to the estimation from IIR [3], there are
approximately 4 million refrigerated vehicles (vans at 40%, trucks at 30% and semi-trailers
or trailers at 30%) and 1.2 million refrigerated containers in service around the world.
Moreover, until 2030 the road freight transport growth rate is expected to 2.5% per annual
globally. In comparison with the other two transport modes, air transport has the advantage
of drastically shortening delivery period. Hence, commodities with extremely short shelf
life such as strawberry or high value are often transported by air. However, Table 1-1 [7]
indicates that the energy consumptions and CO2 emissions of air transport are much higher
compared to other transport modes, especially by railroad and water, despite various factors
(such as the size or type of the vehicles, trade routes, power source and weather conditions)
would influence the accuracy of the figures.
Table 1-1. Energy and carbon intensity of different freight transport modes
International water container
International water Tanker
Inland water
Rail
Truck
Air

MJ per ton-km
0.2
0.1
0.3
0.3
2.7
10

g CO2e per ton-km
14
7
21
18
180
680

In 2012, air transport ($ 127 / kg) could be over110 times more expensive than ship
transport ($ 1.10 / kg) on the basis of weight [8]. For most customers, the freight costs are
the decisive factor influencing the selection of transport mode.
About 90% (by volume) of global trades are delivered by the international shipping [9],
and it accounts for about 31% [10] of the global fresh food transport, are a vital component
of the transportation system, aim at maintaining and supplying safe and high quality food.
Figure 1-7 illustrates the average percent share of emissions by ship class from 2013 to
2015. A largest proportion (about 23%) CO2 emissions can be ascribed to container ships,
followed by 19% and 13% for bulk carriers and oil tankers, respectively. These three classes
of ship together constituted 55% of the approximately 1 billion tons of CO2 emissions in the
period 2013 to 2015. Moreover, compared to other ship classes, they made up 84% of the
total traded goods, which accounts for their 55% total CO2 emissions.
7

Figure 1-7. Average percent CO2 emissions shared among ship class, 2013-2015 [11].
In light of the IMO's (Third International Maritime Organization) report in 2014 [12],
international shipping greenhouse gas emissions in 2012 contributed to about 2.2% and
2.1% of the world CO2 and CO2 equivalent basis emissions, respectively. While these
figures may appear as a considerably small proportion of global GHG emissions, if there is
no further effective mitigation action, relevant emissions are predicted to increase by 50% ~
250% by 2050 and could contribute to 17 % of the anthropogenic CO2 emissions in 2050
[13].
Diesel engines have been extensively applied in marine ships as their prime movers or
auxiliary systems. According to their operating cycle, diesel engines can be classified into
two-stroke engine and four-stroke engine. The two-stroke diesel engine, due to its simplicity,
cost less to manufacture, low friction and can run on cheaper heavy fuel oil compared to
other types, is the most commonly used marine propulsion. To improve the fuel energy
efficiency is the prime objective for marine transport, despite marine diesel engines can
achieve a relatively high efficiency of around 50%.
As illustrated in Figure 1-8 [14], jacket water, exhaust gas and air cooler are the three
principal waste heat sources from engine, accounts for about 5.2%, 25.5% and 16.5% of the
total engine fuel energy, respectively. The temperature ranges of these three kinds of waste
heat from a two-stroke diesel engine are about 70~120 ºC, 205~500 ºC and 130~150 ºC for
jacket water, exhaust gas and air cooler, respectively [15]. It's self-evident that the
8

importance of improving the food transportation system's energy efficiency.

Figure 1-8. Heat balance diagram of nominally rated 12K98ME/MC engine of the
standard engine version operating at ISO ambient reference conditions and at 100% SMCR
(specified maximum continuous rating). ISO ambient reference conditions: barometric
pressure: 1,000 mbar; turbocharger air intake temperature: 25 ºC; charge air coolant
temperature: 25 ºC; relative air humidity: 30%.
Further endeavors are necessary to develop and optimize low environmental impact
systems such as HFCs-free refrigerant. The HFCs have significant contributions to the
climate change not only through direct influence that quantities of refrigerants emitted into
environment (such as leakage), but also by indirect influence from the energy consumed to
operate the refrigeration system. Taking into consideration the regulations on
hydrofluorocarbons (HFCs) and the requirements of phase-out of high greenhouse gas
potential refrigerants, it is imperative to investigate and develop alternative refrigerants and
innovative systems that have low environmental impacts and high energetic performance.
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1.2 Motivation
1.2.1 Storage conditions and quality evaluation of fruits and vegetables
In view of the fasting growing market for food storage and transportation, especially in
developing countries, it is unavoidable to increase greenhouse gas emissions considerably
in the future if no relevant action is taken. In order to reduce unnecessary energy
consumption and CO2 emissions in food transportation system, it requires not only proper
regulation of storage conditions and efficient energy utilization, but also needs accurate and
convenient food quality evaluation method.
Vegetables and Fruits, such as spinach (Spinacia oleracea L.), komatsuna (Brassica
rapa var. perviridis) and strawberry (Fragaria × ananassa Duch.), provide essential
micronutrients and vitamins to the human diet. Spinach is cultivated globally, and is an
exceptional source of vitamins, notably high in vitamin K (270 μg/100g), vitamin B2 (200
μg/100g) and folate (210 μg/100g), as well as being a rich source of microelements, like
potassium (690 mg/100g), iron (2.0 mg/100g) and magnesium (69 mg/100g) [16]. These
phytonutrients are conducive to various physiological functions, like prevention of
hemophilia, hypertension, and bone fracture [17]. Komatsuna is a traditional green leafy
vegetable in Japan, which is sometimes called Japanese mustard spinach. As the term
suggests, komatsuna also contains many phytonutrients that have disease prevention and
health promotion effects as spinach, like vitamin K (210 μg/100g), potassium (500
mg/100g). Moreover komatsuna is an outstanding source of calcium (170 mg/100g) and
iron (2.8 mg/100g), which can help prevent osteoporosis and anemia respectively [16].
Strawberry (Fragaria × ananassa Duch.) is a popular and attractive fruit due to its adorable
appearance, delicious flavor and taste, potential sources of ascorbic acid (62 mg/100g),
potassium (170 mg/100g) and calcium (17 mg/100g) [17]. In addition, strawberry also
contains high contents of phenolic constituents such as phenolic acid, anthocyanins and
flavones [18, 19], which have been demonstrated to be effective in neutralizing harmful free
radicals and preventing thrombosis, tumorogenesis [20], lowering the risk of cardiovascular,
cancer and arthritis disease [21]. Due to the characteristics mentioned above and the
delicious flavor, they occupy an important position in the Japan's fruit markets. However,
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the highly perishable nature of these products results in a very short postharvest life that is a
big challenge for the production, transportation and marketing chain. Therefore, the
management and inspection of fresh commodities quality are of critical importance
throughout the whole chain.
Accurate food quality classification is critical for grading to meet the needs of
customers and setting prices. Visual quality rating, a conventional method of evaluating the
quality of vegetables and fruits, is widely used in the agricultural and food sector owing to
its ease of implementation. Nevertheless, this method is subjective and the results would
vary considerably among inspectors or even if by the same inspector over time [22]. There
are four main characteristics that typically affect the purchasing decisions of consumers to a
vegetable or fruit, and the color and appearance were thought to be the most important
characteristics [23]. Prior to the purchase, consumers actually often evaluate fresh produces
based mainly upon their color and appearance, for instance, discoloration of the leaves,
browning at the petioles or objectionable softening in strawberries are causes that result in
consumers refuse to purchase the produces.
The colors of vegetables and fruits are an indicator of their natural pigments and health.
There are two main categories of color pigments in the leaves of plant: chlorophylls (appear
green) and carotenoids (responsible for yellow, orange and red). The color of fresh green
leafy vegetables, such as spinach or komatsuna, only show the green color due to the bright
colors of carotenoids are concealed by chlorophylls [24]. In addition to being responsible
for leaf greenness, chlorophyll plays an important role in the process of photosynthesis and
can be an estimator of plant physiological or nutrient status. The conventional approaches to
investigate chlorophyll, such as leaf solvent extraction and spectrophotometric analysis [25]
[26] or high-performance liquid chromatography (HPLC) [27, 28], are widely used due to
their high accuracy, but nonetheless they are destructive, time-consuming, labor intensive,
and incapable of evaluating a large quantity of samples. In addition, these approaches
require destruction of evaluated samples, and can therefore not evaluate the changes in
chlorophylls over time for a single sample. Hyperspectral imaging, which was originally
developed for remote sensing [29], has been applied in the fields of food safety and quality
11

control, such as contaminant detection [30], quality inspection [31-33], fungal infection [34,
35], and disease analysis [36, 37]. Hyperspectral imaging technique integrates imaging and
spectroscopic techniques to capture both spatial and spectral information from sample
radiative behavior. From the information, the internal characteristics and the distribution or
change of pigment contents of sample can be derived.
Sun et al. [38] determined chlorophyll content in honey peaches by using
hyperspectral imaging for distinguishing diseased peaches. Three chlorophyll content
related optimal wavelengths were extracted from hyperspectral images through successive
projections algorithm. It demonstrated that three band ratios, which were achieved by
adopting the three optimal wavelengths, were applicable to discriminate the diseased
peaches with 98.75% accuracy and the spatial distribution of decayed parts can be shown
clearly. Schmilovitch et al. [39] used hyperspectral imaging technique to detect and map
quality attributes (total soluble solids, ascorbic content, total chlorophyll and carotenoid) in
three cultivars of bell pepper. Partial least squares regression model was applied to predicted
the four quality attributes and achieved high coefficients of determination, low root mean
squared errors of calibration and cross-validation. The results of this research indicated that
hyperspectral imaging technology has the possibility of detecting the changes in pepper
qualities during fruit maturation and being able to apply in online sorting systems for
quality determination of peppers. Feng et al. [40] used hyperspectral imaging method to
design an integrated image analysis pipeline that was capable of processing tremendous
number of hyperspectral data automatically. They accurately quantified four kinds of
pigments (chlorophyll a, chlorophyll b, total chlorophyll and carotenoid) in rice leaves by a
liner model and indicated that the highest correlation region with these pigments was
detected in the wavelength range of 700~760 nm. They also digitized the distribution of
chlorophyll with high resolution of 0.11 mm/pixel by associating the hyperspectral data
with the models developed. This research offers the potential to quantify the chlorophyll
content in other crops. Bergsträsser et al. [41] assessed Cercospora beticola disease and leaf
chlorophyll content of four different crops (barley, maize, rapeseed and tomato) by using an
innovative

imaging

technique,

which

was

named

hyperspectral

absorption-reflectance-transmittance imaging (HyperART) system. The HyperART system
12

can acquire the spatial and spectral information of reflected and transmitted light from the
whole leaf simultaneously in the range of 400 ~ 2500nm, and therefore, allowing the
computation of absorption spectra with one sensor. It demonstrated that the values
measured by HyperART system were comparable to those measured by a well-established
commercial spectroradiometer. It also indicted that as compared to identification by visual
inspection, the HyperART system produced a more accurate and reliable result in the
quantification of Cercospora beticola symptoms. Moreover, it shown that this system was
able to precisely estimate and monitor the variations of chlorophyll content in four different
species, and the estimation performance can be improved significantly by using the data of
non-absorbed radiation which was the sum of reflectance and transmittance. The
hyperspectral imaging technique has also been successfully employed in evaluating
strawberry quality attributes, such as ripeness [42], moisture content, acidity and total
soluble solids [43], firmness [44], bruise identification [45], fungal detection [46, 47].
In the light of aforementioned findings, hyperspectral imaging, which is considered as
a powerful and nondestructive method, can be potentially applied to detect the visual
quality change of fresh commodities in the whole production chain. Heretofore, there have
been few studies contributed to the development of hyperspectral imaging system for the
visual quality evaluation in fresh commodities. And to the best of our knowledge, no
research has yet been conducted to investigate the relationship between the strawberry calyx
and fruit quality by the application of hyperspectral imaging technique.
Properly operated food storage system will prolong the shelf life of produces by
providing suitable storage condition that can effectively lower their microbiological change,
retard ripening and slow physical processes. Temperature and relative humidity are two of
the most crucial determinants for maintaining food quality and extending their shelf life. A
stable temperature environment is indispensable during food transportation, as higher
temperature will accelerate the respiration and transpiration rates, and thereby lead to a
decrease in weight, wilting or spoilage; however, excessively low temperature will result in
chilling injury. Therefore, it is necessary to investigate the storage limitations of perishable
commodities under a range of storage conditions. Moreover, food quality monitoring during
13

transportation is also important for effective and safe transport during the storage period. On
the other hand, recovering the large amount of energy contained in the waste heat is an
attractive way to create a sustainable economic and environmentally friendly development
in transportation system. Due to the capability of maintaining at a certain sailing speed for a
long period, maritime transportation is easier to utilize more continuous and stable waste
heat from the engine when compared with road transportation. The contribution of food
transport refrigeration to the energy aspect of efficiency improvement could be
demonstrated through the vital role of thermally driven refrigeration technologies for
maintaining high food quality by optimization of storage conditions. The development of a
high-quality food storage system with low carbon transportation is necessary. Adsorption
technology appears to be an efficient and promising option for use in food refrigeration
system, mitigating CO2 emissions and reducing system fuel consumption.
1.2.2 Adsorption refrigeration systems for food transport
Adsorption refrigeration systems, as one of the promising effective energy
conservation techniques and environmentally friendly applications, have been widely
studied since the 1970s due to the oil crisis [48]. In comparison to vapor compression
refrigeration systems, adsorption refrigeration systems can be driven by low-grade thermal
energy sources, such as solar energy, geothermal energy, waste heat from
industries/automobiles/fuel cells/combined heat and power systems (CHP) etc., instead of
electricity consumed by a compressor, and therefore have large energy conservation
potential. Moreover, adsorption refrigeration systems mainly use natural working
refrigerants, like water, ammonia and methanol, have the advantage of zero global warming
potential and zero ozone depletion potential [49]. Such systems can be applied in a variety
of applications, such as air conditioning in buildings or automobiles, process cooling, ice
making, food storage, medicine protection, thermal lift and so on.
Figure 1-9 illustrates the schematic layout of a continuous operating single stage
two-bed adsorption refrigeration system, which is a closed system mainly consisting of an
evaporator, a condenser, and two adsorbers/desorbers containing the adsorption cores.
When one adsorber/desorber is in the adsorption and preheating process, the other one is in
14

desorption and precooling process. The condensed liquid refrigerant flows back to the
evaporator through an expansion valve that is used to control the pressure difference
between the evaporator and condenser.

Figure 1-9. Schematic layout of a single stage two-bed adsorption refrigeration system.
A single stage two-bed adsorption refrigeration system is driven by three different
temperatures, which are desorption temperature (TH), adsorption temperature or condensing
temperature (TM), and evaporating temperature (TL). The desorption temperature is the
temperature of heat source (such as waste heat from engines, residences, industries, fuel
cells or solar systems). The saturated refrigerant vapor pressure of each heat source
temperature (TL, TM, and TH) is PL, PM and PH, respectively. The relative pressures are
calculated by the following equations:

 ads 

PL
PM

(1-1)
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des 

PM
PH

(1-2)

The relative pressure of adsorption process ϕads increases with the increase of TL or the
decrease of TM, while with the increase of TM or the decrease of TH, ϕdes increases. Figure
1-10 shows the NH3 adsorption isotherm of AB14-02 activated carbon at 278 K, the amount
adsorbed in adsorption process qads at the relative pressure of ϕads and the amount adsorbed
in desorption process qdes at the relative pressure of ϕdes can be obtained from the adsorption
isotherm and desorption isotherm, respectively.

Figure 1-10. Adsorption isotherm of NH3 on activated carbon (AB14-02) at 278 K.
Therefore, the cooling effect of the system can be calculated as follows:

QC  Heva mq

(1-3)

where Δq (=qads-qdes) is the difference of adsorption capacity between adsorption process
and desorption process, ΔHeva is the heat of evaporation (kJ/kg-refrigerant). Due to the
adsorption isotherm is dependent on the characteristics of adsorbent and adsorbate, the
16

combination or selection of adsorbent/adsorbate pair is a critical factor for achieving a high
cooling effect.
The basic adsorption refrigeration cycle consists of four thermodynamic processes
which are preheating (①), desorption (②), precooling (③) and adsorption (④) as illustrates
in Figure 1-11 and Figure 1-12. The refrigerant is initially adsorbed by the adsorbent which
is packed inside the adsorption core at a temperature of T1 and a pressure of PL, and the
amount of adsorbed refrigerant is qads.
Preheating process (①): This process is also named as isosteric heating. The valve
between the adsorber/desorber and the condenser is closed. The adsorber/desorber is heated
by the waste heat, with a corresponding increase in its temperature from T1 to T2 and
pressure from PL to PM along the isosteric line ab. The mass of refrigerant in the
adsorber/desorber stays constant at qads. The amount of heat required in this process is
calculated as follows:

Qab   mq ads Cp ref  mCp ad  mhex Cp hex dT
T2

T1

(1-3)

where m is the mass of adsorbent (kg), mhex is the mass of heat exchanger (kg), qads is the
maximum amount adsorbed at adsorption process (kg-refrigerant/kg-adsorbent), Cpref is the specific
heat of liquid refrigerant at constant pressure (kJ/kg/K), Cpad is the specific heat of
adsorbent at constant pressure (kJ/kg/K), and Cphex is the specific heat of heat exchanger at
constant pressure (kJ/kg/K).
Desorption process (②): After the preheating process, the valve between the
adsorber/desorber and condenser is opened. Desorption process occurs, while the heating
process continues uninterrupted. During the desorption process, the adsorber/desorber
temperature increases from T2 to TH while the pressure remains constant (following the
isobaric line bc), hence known as isobaric heating. The desorbed refrigerant vapor flows
into the condenser and is condensed by releasing the condensation heat to the coolant.
When the adsorption core reaches the highest temperature TH, this process stops and the
amount of adsorbed refrigerant declines to minimum value qdes. The amount of heat needed
17

for desorption process can be evaluated applying the following equation:

Qbc  

TH

T2

mq ads Cp ref  mCp ad  mhex Cp hex dT  mHdes q ads  q des 

(1-4)

where qdes is the minimum amount adsorbed at desorption process (kg-refrigerant/kg-adsorbent),
ΔHdes is the heat of desorption (kJ/kg-refrigerant).
Precooling process (③): Similar to the preheating process, this process is also called
isosteric cooling process. The valve between the adsorber/desorber and condenser is closed.
The cooling water, which has a temperature of TM, flows into the adsorber/desorber, and
then extracts the sensible heat from the adsorber/desorber. During this process, the
temperature and pressure of the adsorber/desorber decrease from TH and PC to T3 and PL
along the isosteric line cd, respectively. The quantity of refrigerant in the adsorber/desorber
is maintained at a constant value of qdes. The following equation is used to determine the
amount of heat needs to be extracted from the adsorber/desorber during the precooling
process:

Qcd   mq des Cp ref  mCp ad  m hex Cp hex dT
T3

TH

(1-5)

Adsorption process (④): The whole adsorption refrigeration cycle is ended by
adsorption process, which is also named isobaric cooling. The valve between the
adsorber/desorber and evaporator is opened. The refrigerant in the evaporator is vaporized
by absorbing the heat from chilled water (with an initial temperature of TL), and thus the
cooling effect is generated. The refrigerant vapor flows into the adsorber/desorber and is
adsorbed by the adsorbent. During this process, the adsorption heat is extracted from the
adsorbent by the cooling water, and the temperature of adsorbent reduces from T3 to T1
along the isobaric line da. The adsorbent reaches its maximum refrigerant adsorbed amount
of qads at T1. The amount of heat rejected to the environment for this process is expressed by
equation (3-4):
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Qda   mq ads Cp ref  mCp ad  m hex Cp hex dT  mH ads q ads  q des 
T1

T3

(1-6)

where ΔHads is the heat of adsorption (kJ/kg-refrigerant).

Figure 1-11. Principle of adsorption refrigeration system.
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Figure 1-12. Thermodynamic cycle of a basic adsorption refrigeration system.
Adsorption refrigeration systems have great potential to tackle the barriers of the
places where the electricity supply is difficult (such as the rural areas of developing
countries) by using solar energy or the refrigerated transport via the utilization of the waste
heat of the engine.
Combining a thermally driven refrigeration system with a CHP system, which is
defined as combined cooling, heating, and power (CCHP) system, can produce not only
power and heating but also cooling simultaneously, with an overall efficiency may reach up
to 90% compared to about 35% for the conventional coal-fired power station. Thus CCHP
system, exhibits outstanding energy efficiency, economic feasibility and ecological
advantage, is a promising integration for application in various sectors.
Absorption refrigeration systems are the most successful practical applications of
CCHP and studies have been concentrated in lithium bromide-water [50-52] and
water-ammonia [53, 54] absorption refrigeration systems. However, despite the above
mentioned advantages and some new small-capacity products are market available in recent
years (such as 2.5kW ENC, 10kW STJU, 10kW Mitsubishi Plastics, 13kW SorTecheZea
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10IPS, 4-14kW Invensor LTC 10e, etc.), there are only a few real application of adsorption
refrigeration systems installed in CCHP systems compared with absorption refrigeration
systems [55-57].
The major challenges that we face are: (1) low coefficient of performance (COP) and
(2) low specific cooling power (SCP) or volumetric cooling power (VCP) that make them
large volume and weight, due to the low thermal conductivity and low adsorption capacity
of adsorbents, and the poor heat and mass transfer performance of the adsorbent beds.
1.3 Objectives
The focus of this research is summarized in the following key objectives:
1) To better develop and optimize an objective, fast and efficient hyperspectral imaging
system, the evaluation of agricultural products at various storage temperatures, relative
humidity and storage periods are investigated, the laboratory-based hyperspectral
imaging system for investigation of the chlorophyll distribution in three species of
agricultural products for evaluating visual quality was established. The effects of
storage temperature, humidity, and storage periods on the visual quality rating, water
content, and total soluble solid of agricultural products have been investigated.
2) To effectively utilize the exhaust heat from the food storage system, an activated
carbon-NH3 adsorption refrigeration system with high ability and long durability is
proposed. The performance of NH3 refrigeration system at various evaporating
temperatures and cycle times were experimentally investigated.
3) To effectively utilize the exhaust heat from the food storage system, a thermal and
electrical hybrid adsorption chiller cycles with and without mechanical booster pump
(MBP) was analyzed, the effect of MBP on the adsorption and desorption process was
investigated.
1.4 Outline
This thesis includes four chapters. The literature review and background information
on the high-quality food storage system are summarized in Chapter 1, as aforementioned.
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Chapter 2 reports the experimental investigation of an objective, fast and efficient
hyperspectral imaging system for agricultural products storage. The effects of storage
temperature, humidity, and storage periods on the visual quality rating, water content, and
total soluble solid of agricultural products have been investigated. A quality evaluation
method for agricultural products storage with hyperspectral imaging technology was
developed.
In Chapter 3, an activated carbon-NH3 adsorption refrigeration system with high
ability and long durability is proposed to effectively utilize the exhaust heat from the food
storage system. The specific surface area, pore size distribution and morphological structure
of the activated carbons have been characterized by N2 adsorption, SEM, and XRD. The
adsorption capacities of four kinds of activated carbons were compared based on adsorption
isotherms at 30 ℃. The performance of NH3 refrigeration system at various evaporating
temperatures and cycle times were experimentally investigated.
In Chapter 4, a lab-scale FAM-Z05/H2O type adsorption chiller cycle with and without
mechanical booster pump (MBP) was analyzed, the effect of MBP on the adsorption and
desorption process was summarized.
Chapter 5 summaries the conclusions of this study and suggestions in the future work
about the high-quality food system for low carbon transportation system.
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Chapter 2. Study on storage conditions and
quality evaluation of agricultural products
Storage temperature and relative humidity are dramatically influence the storage
period of fruits and vegetables. Optimal storage conditions can extend the storage life by
decelerating the development of physiological changes, inhibiting the growth of spoilage
microorganisms and slowing the activity of pathogens. In food safety and quality evaluation
of fruits and vegetables, the measurement and observation of chlorophyll contents and
distributions in leaves are extensively applied for providing invaluable information about
plant physiological activity such as leaf senescence and plant nutrient. Water is one of the
most essential ingredients of fresh fruits and vegetables, which may exceed 90% of the
weight. Moisture loss is a critical physiological process that is mainly attributed to
transpiration. Moisture loss of fresh commodities will result in quality issues such as weight
reduction, wilting, shriveling, discoloration, nutrient loss, which will render economic
consequences. In general, most fresh commodities become unsalable when a reduction of
moisture is more than 3 ~ 10% by weight [1]. For example, a moisture loss of 3% and 6%
at spinach and strawberry respectively, may lead to the entire commodity unacceptable for
sale [2]. Therefore, the analysis of moisture content during storage period can contribute to
better apprehend the phenomenon of transpiration in fresh commodities and storage
conditions, and thus reduce the quality loss. Total soluble solid (TSS), a crucial index with
respect to fruits and vegetables quality, refers to the total amount of soluble constituents in a
fruit or vegetable, will also be analyzed.
2.1 Storage container
The experiments were conducted inside a cold storage container has exterior
dimensions of 3.6 m (length) × 1.8 m (width) × 2.5 m (height). The container wall was
made of a layer of polyurethane foam panel (43 mm) between two layers of plywood (5
mm). The cold storage container was equipped with a refrigeration system (ERA- RP15B,
Mitsubishi Electric Corporation, Japan), whose evaporator unit was located on the ceiling
with refrigerating capacity of 3.71 ~ 4.39 kW and air volume of 50 ~ 55 m3/min. The
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evaporator fans circulated the air throughout the container to remove the heat which was
generated by the samples or infiltrated and conducted from the environment. To achieve
uniform distribution cool air inside the container, a metal grill was located just under the
refrigeration unit. The air velocity was adjustable a wide range corresponded to the speed of
evaporator fan which could be changed by the frequency control panel located outside the
container.
The relative humidity inside the container was monitored and controlled by a humidity
controller (RHC-C11, H.IKEUCHI & Co., Ltd., Japan) nearby the returning air grille of the
evaporator, with a measurement accuracy of ±3%. An AE-4 (03C) atomizer
(AKIMist®“E”, H.IKEUCHI & Co., Ltd., Japan) with a spray volume of 9.6 L/h at air
pressure of 0.3 MPa, installed at the top of container, was controlled by the humidity
controller. When the relative humidity monitored was lower than the setting value, the
atomizer was switched on to increase the relative humidity until it reached the setting value.
The atomizer was connected to the pressurized air and water branches. Pressurized air,
which was supplied by an air compressor (SP-5S, Hitachi, Ltd., Japan, capacity: 22 ~ 27
L/min) located outside of the container, was injected to the atomizer as atomizing medium
to disintegrate the water into fine spray droplets with mean diameter of 7.5 µm. The water
that produced the droplets was pumped into the atomizer from a 120 L water tank
(TXS-100, Tohkemy Corporation, Japan) by using an electromagnetic pump (MPA-200,
Tohkemy Corporation, Japan). The water flow rate through the atomizer was adjusted by a
frequency converter and had a maximal flow rate of 200 mL/min at proof pressure of
0.2MPa. Temperature and relative humidity were monitored by using a TA652 sensor
(Toplas Engineering Co., Ltd., Japan) has an applicable range of -25 ~ 100 ℃ and 0 ~
100% RH for temperature and relative humidity, respectively. This sensor was connected to
a data acquisition system (NR-600, Keyence) to record temperature and relative humidity
every 2 seconds. In order to reduce the ethylene, carbon dioxide or undesirable odors
produced by the samples, the container was equipped with a ventilator capable of refreshing
the air.
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Figure 2-1. The sketch of storage container: (a) External view (source from ), (b)
perspective drawing.
2.2 Materials and storage conditions
All samples used in this research, spinach (5 packages), komatsuna (5 packages), and
two strawberry cultivars (1 punnet Benihopp and 1 punnet Yumenoka) were purchased on
the same day from a supermarket located in Nagoya, Japan. 10 fresh unblemished spinach
and komatsuna leaves, which free of decay, bruises and incurve, were selected respectively
for hyperspectral imaging analysis and were placed on the transparent polypropylene boxes
(331 mm × 260 mm × 48 mm). The remaining samples of spinach and komatusna were
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used for visual quality evaluation and were divided into several unsealed polyethylene bags
which were placed in a plastic vegetable crate (595 mm by 400 mm, 210 mm in height)
having ventilation slots on the sides and bottom for rapid cooling. Fruits with symptoms of
damage of strawberries were discarded.
Table 2-1 Samples and storage conditions
Sample

Storage temperature [℃]

Spinach,

0

Storage relative humidity %
80
90

Komatsuna,
5

90

10

90

Strawberry

The measurements of hyperspectral images and visual quality ratings were conducted
8 times throughout the storage period: at day 1 (the day of purchase, data not shown), 2, 4, 6,
8, 10, 12 and 14.
2.3 Quality evaluation method
2.3.1 Hyperspectral imaging
The reflectance spectra of the samples were acquired through a lab-scale hyperspectral
imaging system mainly consisting of a camera (Cosmos Eye HSC1702, Hokkaido Satellite
Co., Ltd., Japan), a light source, and a computer. Figure 2-2 indicates the illustration of
hyperspectral imaging system. The camera creates a spectrum from 350 to 1050 nm with a
spectral resolution under 10 nm and a sampling interval of 5 nm, the chematic diagram of
the hyperspectral camera is shown in Figure 2-3. The distance of the sample from the
camera lens was 60 cm and the angle between the lens axis and the sample was 50˚. One
incandescent lamp (PS60, 110 V, 60 W, Toyo Trading Ltd., Japan) was used as light source,
fixed at an angle of 75˚ to illuminate the sample stage. The hyperspectral images were
acquired through a computer (Dynabook Satellite B552/F, Toshiba Corporation, Japan)
equipped with scanner software HSCamSharp (Hokkaido Satellite Co., Ltd., Japan).
HSDAnalyzer (Hokkaido Satellite Co., Ltd., Japan) was used to analyze the hyperspectral
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images by extracting an interested region (approximately 10000 data points) from each
image of sample and the average value of the reflectance spectra was computed. As leaves
do not discolor in a homogeneous way, appropriate selection of interested regions are
extremely important and would largely influence the prediction performance of models.
According to the results obtained from the hyperspectral images (Figure 2-3), the distal
portion of a leaf blade (as illustrates in Figure 2-14) is selected as the location of interested
region due to this portion is most susceptible to changes caused by different conditions.
However, it is difficult to select the distal portion of calyx in strawberry as its small surface
area; the whole part of calyx was chosen as interested region. In addition, the selection of
interested regions was based on the hypothesis that the change of reflectance spectra can be
neglected when the regions selected do not match completely.

① Light source ② Sample ③ Hyperspectral camera ④ Computer
Figure 2-2. The sketch of hyperspectral imaging system

Figure 2-3. Schematic diagram of the hyperspectral camera
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2.3.2 Visual quality rating
Samples were evaluated subjectively by an observer on a 1 ~ 5 scoring system
considering the severity of external symptoms (color, shape, gloss, mechanical damage,
wilting and decay). The scoring system was modified from Ref. [3], where
5: excellent, (the initial attributes with no surface deterioration or discoloration);
4.5: symptoms between 4 and 5;
4: good (up to 5% surface deterioration or discoloration/yellowish-green color, slight
loss of turgidity but no adjustment or only a slight adjustment is needed for sale);
3.5: symptoms between 3 and 4;
3: fair/acceptable (5 to 20% surface deterioration or discoloration, can be
commercialized by adjustment);
2.5: symptoms between 2 and 3;
2: poor (20–50% surface deterioration or discoloration, unavailable for sale in spite of
the fact that some parts of samples are still good in appearance);
1.5: symptoms between 1 and 2;
1: extremely poor/extremely deteriorated (>50% surface deterioration or discoloration,
unavailable for sale completely).
Moreover, the assessment of deterioration concerns damaged or rotten spots and mold
growth. The lower limit of shelf life (acceptability for sale) was fixed at 3. Digital images
were collected from the samples with an iPhone 7 Plus (Apple Inc.) to illustrate the visual
appearance change over the storage period.
2.3.3 Water content measurement
A thermogravimetric moisture analyzer (ML-50, A&D Co., Ltd., Japan), with a
weighing resolution of 0.005 g and a minimum scale value of 0.1%, was used to measure
the moisture loss. The analyzer used a 400W halogen lamp as heating source and had a
heating temperature range of 50 ~ 200 ℃ (1 ℃ increment). Samples were placed onto a
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stainless-steel pan before being put on the built-in balance of analyzer that was connected to
a computer by serial interface cable and the results were monitoring and recording using
"WinCT" software. Moisture content was calculated based on wet sample weight as
follows:
(2-1)

where, Ww is wet sample weight and Wd is dried sample weight.
In this study, moisture content was analyzed in samples of spinach and komatsuna.
Each analysis 3 ~ 4 leaves depending on the size of the leaf were plucked arbitrarily from
the samples which were packaged in the polyethylene bags. All the leaves plucked were
divided into two parts: blade and petiole that was analyzed separately due to the different
moisture contents lead to different drying times. Three replicates per analysis, and the mean
values were calculated.
2.3.4 Total soluble solid measurement
Brix% is an indicator of total soluble solid and is widely applied in the agriculture and
food industries. The value detected from a Brix% instrument is used to define the number
of grams of sucrose contained in 100 g of pure water. In this study, the total soluble solid of
all samples was analyzed by applying a digital automatic temperature compensating
refractometer (PAL-1, Atago Co., Ltd., Japan), which was expressed as Brix% with a range
of 0~53% in 0.1% graduations.
As indicated in Figure 2-4, the juice was extracted from sample (four or five leave
samples were randomly taken from the packages of spinach or komatsuna, and the selection
of two to four fruit samples from each strawberry cultivar was also randomized) with a
hand squeezer and was placed on the prism of the refractometer. The readings were
recorded in Brix%, and the sum total of all readings for each sample was averaged to obtain
a mean value.

36

Figure 2-4. Schematic for total soluble solid measurement
2.4 Visual quality rating of samples
Substantial differences in the visual appearances were observed in the spinaches and
komatsuna stored at different temperatures are shown in Figure 2-5 and Figure 2-6. During
the first 2 days of storage, both samples maintained the same visual appearance scores as
the initial day at all storage temperature conditions. From the third day of storage, however,
samples stored at 10 ℃ and 5 ℃ exhibited rapid appearance deterioration and dropped
below the acceptable value after 8 days and less than 9 days for spinach and after 10 days
and 12 days for komatsuna, respectively. The inferior visual appearances of spinaches
exposed to 10 ℃ and 5 ℃ were primarily due to discoloration (yellowing of the leaves),
tissue softening, and loss of gloss and turgidity, which were considerably more pronounced
for samples stored at 10 ℃ than at 5 ℃, as can be seen from Figure 2-5. Similar trends
were detected for appearance changes of komatsuna exposed to high storage temperatures,
but the deteriorations were mainly reflected in the yellowing of the leaves and slight
abscission of the leaves. The rapid and continuous changes in discoloration at higher
storage temperature manifested the substantial decline in chlorophyll during the storage
period. From Figure 2-5 and 2-6, it can be demonstrated that the visual appearances were
sustained at a relative high level of 4 over the 14 days storage period when samples stored
at 0 ℃. These were also reflected in Figure 4-9 to 4-12, from which can be known that no
visible discoloration, browning development or rotten spots were identified.
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(a)

(b)

(c)
Figure 2-5. Visual quality changes of spinaches with various storage periods at various
storage temperature: (a) 0 ℃; (b) 5 ℃; (c) 10 ℃
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(a)

(b)

(c)
Figure 2-6. Visual quality changes of komatsuna with various storage periods at
various storage temperature: (a) 0 ℃; (b) 5 ℃; (c) 10 ℃
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Substantial differences in the visual appearances were observed in the two types of
strawberry (Yumenoka and Benihoppe ) stored at different temperatures are shown in
Figure 2-7 and Figure 2-8. As shown in Figure 2-7 and 2-8, there was no difference
between Yumenoka and Benihoppe in shelf life stored at 0 ℃. Both of them maintained a
good visual quality during the storage period, consequently, had relative high scores of 4
after 14 days of storage. However, the difference in shelf life between these two strawberry
cultivars was significant when they were stored at 5 ℃. As storage proceeded, Yumenoka
at 5 ℃ decreased significantly in visual quality and exceeded the unacceptable limit on day
8, while Benihoppe declined gradually and maintained an acceptable quality for sale during
the two-week storage. After 9 days of storage, Yumenoka fruits appeared slight fungal
growth and then increased rapidly. The fruits were thoroughly permeated with fuzzy gray
mycelium after 12 days of storage. Benihoppe stored at 10 ℃ had a similar change of visual
quality as Yumenoka at 5 ℃, showing a rapid decrease in visual quality from the initial day
and the occurrence of fungal growth was discovered on day 7 and became more evident and
severe until most of the fruits were completely covered with gray velvety spores. It is
noteworthy that a small part of the Benihoppe became mushy and oozing out juice on day 6
before fungi were observed.
(a)

(b)

Figure 2-7. Visual quality changes of Yumenoka with various storage periods at
various storage temperature: (a) 0 ℃; (b) 5 ℃
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(a)

(b)

(c)

Figure 2-8. Visual quality changes of Benihoppe with various storage periods at
various storage temperature: (a) 0 ℃; (b) 5 ℃; (c)10 ℃
Gray fungal, caused by Botrytis cinerea, is the most prevailing pathogen of strawberry
and can infect fruits at any time. On average, the incidence of gray fungal found at
strawberry is 10 ~ 15%, according to the study of Kim et al. [4]. Strawberries stored at 0 ℃
did not show fungal decay during the whole storage period, indicating that low storage
temperature can effectively retard the fungal decay in strawberries. In addition, browning of
the calyxes and overripe appearance (color changed from light red to dark red) were
detected for Yumenoka at 5 ℃ and Benihoppe at 10 ℃ during storage time.
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2.5 Hyperspectral images investigation
The hyperspectral images together with the related digital images that obtained from
spinach, komatsuna, Yumenoka, and Benihoppe at three different storage temperatures
were illustrated in Figure 4-9 to Figure 4-12, respectively. The hyperspectral images
presented in this study were a combination of spectral images at two wavelength regions:
the red (630 ~ 690 nm) and the near infrared (740 ~745 nm) regions.
(a)

(b)

(c)

Figure 2-9. Hyperspectral images together with the related digital images of spinach
over the storage period at various temperatures: (a) 0 °C; (b) 5 °C; (c) 10 °C
(a)
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(b)

(c)

Figure 2-10. Hyperspectral images together with the related digital images of
komatsuna over the storage period at various temperatures: (a) 0 °C; (b) 5 °C; (c) 10 °C
(a)

(b)

Figure 2-11. Hyperspectral images together with the related digital images of
Yumenoka over the storage period at various temperatures: (a) 0 °C; (b) 5 °C
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(a)

(b)

(c)

Figure 2-12. Hyperspectral images together with the related digital images of
Benihoppe over the storage period at various temperatures: (a) 0 °C; (b) 5 °C; (c) 10 °C
As illustrated in Figure 9 and Figure 12, variations in color were detected among the
different areas of a leaf/calyx sample, demonstrating that the chemical components in
leaves/calyxes are unevenly distributed. Consequently, the spectral characteristics of a
leaf/calyx sample are not uniform. Inter-individual differences of chlorophyll distribution in
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samples were also found in the hypersperal images, which may be caused by the various
underlying factors such as the different degrees of change in the cell structures of the leaves
or the difference in light conditions at the growing stage.
The color intensity of the hyperspectral images became weaker across the storage
period, and this phenomenon became even more apparent when the samples stored at the
higher temperatures (as shown in Figure 2-9(c), Figure 2-10(c), and Figure 2-12(c)). The
color change in hyperspectal images can be ascribed to the chlorophyll degradation in
leaves/calyxes, as confirmed by the digital images, where discoloration of leaves/calyxes
can be observed over time, especially at 10 ℃. In addition to the discoloration of calyxes in
Benihoppe, fungal growth was discovered at 10 ℃. The influence of fungal growth on fruit
quality can also be reflected in the discoloration of hyperspectral images, as shown in
Figure 2-12(c). In order to better identify the feasibility of using hyperspetral imaging for
chlorophyll evaluation, we conducted a control experiment that samples of spinach and
komatsuna were exposed 14 days to a 30 ℃ ambient temperature. As can be seen from
Figure 2-13, remarkable discolorations were detected in both samples and, especially in
komatsuna, the hyperspectral images turned dark which means there were no chlorophyll
pigments in the leaves. Thus, we can infer that the distribution of chlorophyll could be
identified in situ in sample leaves or calyxes non-destructively by hyperspetral imaging.
Moreover, due to the distal portion of the leaf exhibited a much more rapid appearance
deterioration and noticeable color change than the other parts of leaf, this portion was
defined as the interested region.

(a)
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(b)
Figure 2-13. Hyperspectral images of (a) spinach, (b) komatsuna exposed at 30 ℃
ambient temperature
2.6 Normalized reflectance spectrum
As shown in Figure 2-14 and 2-15, the red rectangle part of a sample was selected as
the interested region and its average normalized spectral reflectance (is calculated as the
ratio of spectral reflectance at each wavelength to the maximum spectral reflectance which
often appears at 740 nm) are illustrated in the same figure.
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Figure 2-14. The change of spectral reflectance in spinach over the storage period at
various temperatures: (a) 0 °C; (b) 5 °C; (c) 10 °C.
(b)

(a)

(c)

Figure 2-15. The change of spectral reflectance in Benihoppe over the storage period
at various temperatures: (a) 0 °C; (b) 5 °C; (c) 10 °C.
As illustrated in Figure 2-14 and Figure 2-15 (except for Figure 2-15(c)), the spectral
reflectance in the wavelength region from 350 nm to 500 nm and near 675 nm was low. In
the range between 350 nm and 480 nm, where the absorption by carotenoids and
chlorophylls take place [4], the reflectance remained basically unchanged and with
minimum values less than 0.2. There were two remarkable changes observed in the range of
500 nm to 550 nm which is called the green edge, and in the range of 690 nm to 730 nm
which is called the red edge. The maximum value of reflectance was observed at around
740 nm which was irrelevant to the storage period due to the spectral normalization. Then a
marked decline towards longer reflectance was measured. The reflectance in the green
region increased and the green edge shifted towards shorter wavelengths over the storage
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period. The similar spectral character was identified in the red edge region where the
reflectance moved towards shorter wavelengths over the storage period.
Higher storage temperatures would accelerate leaf senescence, facilitate plant
transpiration and induce thermal stress those contribute to a considerable decrease in the
chlorophyll content. The phenomenon of red edge shift was largely influenced by the
storage temperatures, as can be seen from the spectral results. Thus, spectra extracted from
the red and red edge regions by hyperspectral imaging may provide effective information to
evaluate the visual quality change. Leaf senescence or under stress conditions that occur in
plants during storage period, accounts for continuous decrease in the concentration of
pigments. Thus, spectra extracted from the red edge region by hyperspectral imaging may
provide effective information to evaluate the visual quality change.
2.7 Normalized Difference Vegetation Index and visual quality rating
After the analysis of hyperspectral imaging, average spectral values obtained from the
interested region of the sample were used to develop the visual quality prediction model.
Normalized Difference Vegetation Index (NDVI) is extensively used to assess the
chlorophyll content of vegetation [6, 7]. As shown in Equation 1, NDVI is calculated as the
difference between the reflectance values in the near infrared (RNIR) and red (RRED) spectral
regions, divided by the sum of these two reflectance values.

NDVI  R NIR  R RED  /R NIR  R RED 

(2-2)

where R denotes reflectance, and the subscript denotes the corresponding waveband.
The correlation between NDVI and chlorophyll content has been studied by many
researchers both at canopy and leaf levels. Many studies [8-10] demonstrated that NDVI
was competent to estimate chlorophyll content in plants at low level of chlorophyll. One of
the potential reasons for the challenge is the decrease in reflectance-sensitivity to
chlorophyll variations in the red region when the chlorophyll content exceeds a threshold
value, as mentioned above. The reflectance around 675 nm has been found to be highly
associated with the variations in low chlorophyll contents (< 5 μg/cm2), however, has been
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proven to be insensitive to the variations in medium to high chlorophyll contents
(yellowish-green to dark green leaves) due to the saturation of light absorption [8,11].

Figure 2-16. NDVI670 of spinach over the storage period at various temperatures: (a)
0 °C; (b) 5 °C; (c) 10 °C.
To overcome this obstacle, it requires a waveband that is sensitive to the chlorophyll
variations in a wider range of chlorophyll content. The red edge (in the range of 680 ~ 740
nm) is a spectral characteristic of green vegetation, resulting from the combined effect of
the strong absorption by chlorophyll in the red region of visible spectrum and the scattering
inside the leaf by virtue of leaf internal structure in the near-infrared region [12]. A number
of studies [13-15] suggested that the correlation between NDVI and chlorophyll content can
be improved by replacing the red wavelength with a wavelength in the red edge region. In
contrast to the high light absorption by chlorophyll in red region, the lower one in the red
edge can reduce the saturation effect of absorption and remain highly sensitive to
49

chlorophyll content (up to 44.8 nmol/cm2) [16]. Moreover, its relationships with the
changes of biophysical factors, for instance, leaf orientation, status of the soil, optical
properties and solar angle are comparatively poorer [17,18].
Consequently, we investigated and compared two types of NDVI indexes: the first one
(NDVI670), a conventional index, was computed using spectral reflectance from near
infrared (R740) and red (R670) regions; the second one (NDVI705) was calculated by
substituting the red edge reflectance (R705) for the red reflectance (R670), and the equation is
given as follow.
NDVI 670  R 740  R 670  /R 740  R 670 

(2-3)

NDVI 705  R 740  R 705  /R 740  R 705 

(2-4)
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Figure 2-17. NDVI705 of spinach over the storage period at various temperatures: (a)
0 °C; (b) 5 °C; (c) 10 °C.
In contrast to NDVI670, NDVI705 has shown a steady decrease over the storage period.
This is consistent with the results of previous studies that the reflectance at 705 nm is
sensitive to the change of chlorophyll content but less sensitive to biophysical factors, for
instance, leaf orientation, status of the soil, optical properties and solar angle are
comparatively poorer.

Figure 2-18. Visual quality rating of spinaches and komatsuna during storage periods
at various storage temperatures
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Figure 2-19. Visual quality rating of Benihoppe and Yumenoka during storage periods
at various storage temperatures
To obtain an alternative method for the visual quality evaluation of fresh products, the
correlations of visual quality and NDVI is investigated. Visual quality rating of spinach,
komatsuna, and Yumenoka at various storage temperatures are shown in Figure 2-18 and
2-19. However, the visual quality rating is subjective, and the results would vary
considerably among inspectors or even if by the same inspector over time [19]. Correlations
between visual quality and NDVI changed significantly. One linear regression model could
not satisfy all samples studied. Different species or cultivars, and even the same species or
cultivars at different storage temperatures have different optimal linear regression models,
as shown in Figures 2-20 to 2-23, models with different slopes and intercepts.

Figure 2-20. Correlations between visual quality rating and NDVI670 and NDVI705 of
spinach at various storage temperatures.
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Figure 2-21. Correlations between visual quality rating and NDVI670 and NDVI705 of
komatsuna at various storage temperatures.

Figure 2-22. Correlations between visual quality rating and NDVI670 and NDVI705 in
Benihoppe at various storage temperatures.
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Figure 2-23. Correlations between visual quality rating and NDVI670 and NDVI705 of
Yumenoka at various storage temperatures.
The ranges of visual quality and NDVI had been broadly expanded at higher storage
temperatures, mainly due to the higher temperature stress. The coefficients of determination,
R2, between visual quality and NDVI in spinach and komatsuna were higher at 705 nm than
at 670 nm are summarized in Table 2-2. However, in contrast to spinach and komatusna,
the R2 values of strawberries stored at 0 ℃ were higher at 670 nm than at 705 nm. This
may be because the visual quality rating of strawberry does not only include the calyx but
also the pericarp of the fruit, while the reflectance used to calculate NDVI was measured
from the calyx only. At 0 ℃, strawberries were maintained at a relatively fresh level and the
visual changes of calyx and pericarp were small. Strawberries deteriorated rapidly when
stored at higher temperatures, especially in pericarp that generally appeared to deteriorate
faster than calyx. In other words, with the increase in storage temperature, the deterioration
of pericarp would account for a larger proportion of visual quality rating. On the other hand,
NDVI scarcely subjected to the influence from the deterioration of pericarp.
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Table 2-2. Coefficients of determination (R2) of spinach, komatsuna, benihoppe, and
yumenoka at various storage temperatures
0℃

5℃

10 ℃

670 nm

705 nm

670 nm

705 nm

670 nm

705 nm

Spinach

0.8671

0.9345

0.6171

0.9413

0.9534

0.9789

Komatsuna

0.9019

0.9439

0.861

0.9696

0.7154

0.9387

Benihoppe

0.8566

0.831

0.9055

0.9687

0.8794

0.9

Yumenoka

0.9214

0.8674

0.9093

0.9431

The differences between NDVI and visual quality rating may be explained by the fact
that NDVI is analyzed on a continuous scale which involves the visible red wavelength and
invisible near infrared wavelength; while visual quality rating is assessed on the basis of
rating criteria by human eye can only discern the visible wavelengths. Factors such as
surface or internal structure, thickness, chlorophyll content and orientation of the samples
and their leaves are responsible for the reflectance spectrum received by hyperspectral
camera. Therefore, factors that are invisible to human eye are contributing to NDVI and
may confound the correlation between NDVI and visual quality rating. The results indicate
that reflectance at 705 nm could be applied to evaluate the visual quality of fresh
commodities. This indicates that reflectance at 705 nm had a stronger response to visual
quality rating than at 670 nm. As an evaluation of simple correlation, coefficient of
determination was computed. It is reasonable to assume that visual quality rating is closely
connected to the reflectance of red region due to its visibility.
The experiment-to-experiment variability between the same species that stored at the
same condition in visual quality rating may result from the inconsistency of rating scores
assigned by evaluator. For example, the evaluator assigned a score of 5 to experiment 2 that
would have been rated a 4 on the experiment 1 at the same level of visual quality. Generally
speaking, the correlations of NDVI705 were higher than the corresponding correlations of
NDVI670 with visual quality rating, is sensitive to the change of chlorophyll content but less
sensitive to biophysical factors, for instance, leaf orientation, status of the soil, optical
properties and solar angle are comparatively poorer. The instable prediction performance of
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indexes for visual quality evaluation is not only dependent on the selection of interested
region and the choice of spectral region but also the species of samples.
2.8 Water content

Figure 2-24. Water content change over storage time of spinach at various storage
temperatures.
As shown in Figure 2-24 and 2-25, moisture content in petiole was higher than that in
the blade regardless the type of vegetable analyzed. Differences could be noted on initial
moisture contents not only between spinach and komatusna, but also between the same
sample (same cultivar) that purchased at different times. Compared to storage at 0 °C and
5 °C spinach stored at 10 °C indicated a rapid decrease in moisture content. After 2 weeks
storage, spinach stored at 10 °C reached a moisture loss of about 1.6 % and 2.1 % in petiole
and blade respectively, while spinach held at 5 °C and 0 °C, the moisture loss was
maintained at a constant level for the whole storage period. On the other hand, however, the
moisture contents in komatsuna changed very little in all conditions during storage period.
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Spinach was more susceptible to storage temperature than komatsuna with respect to
moisture content.

Figure 2-25. Water content change over storage time of komatsuna at various storage
temperatures.
2.9 Total soluble solid
Figure 2-27 shows the effect of storage temperatures on total soluble solids in
strawberries. Through the whole storage period, there were some fluctuations in the Birx
values, but the final values were at a similar level to the first day when stored at 0 °C for
both cultivars and at 5 °C for Yumenoka cultivar. However, it was observed that Birx value
was decreasing in Benihoppe cultivar stored at 5 °C could be demonstrated by a higher
respiratory rate than that at 0 °C. On the basis of above, besides storage temperature and
storage period, cultivar is also a critical factor in affecting the shelf-life and post-harvest
quality of strawberries.
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(a)

Figure 2-26. Total soluble solid change over storage time of spinach and komatsuna at
storage temperature of: (a) 0 ℃; (b) 5 °C.
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Figure 2-27. Total soluble solid change over storage time of spinach and komatsuna at
storage temperature of: (a) 0 °C; (b) 5 °C.
According to the research of Kader, in order to satisfy flavor quality of strawberry a
minimum Brix value of 7% is recommended [20]. Therefore, the two strawberries cultivars
studied were adequate to achieve this market standard. During the storage period, no
differences in Brix value among storage temperatures were observed in spinach and
komatsuna, as shown in Figure 2-26.
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2.10 Summary
The laboratory-based hyperspectral imaging system was established to investigate the
chlorophyll distribution in three species of plants for evaluating visual quality. The major
conclusions can be summarized as follows.
(1) The hyperspectral imaging is capable of identifying and mapping chlorophyll
pigments and their changes in samples non-destructively.
(2) From the hyperspectral images we can acquire the spatially detailed information of
chlorophyll distribution in different parts of the samples. After the acquisition of
hyperspectral images and data processing, average spectral reflectance extracted from the
interested region of sample leaves and calyxes were applied to develop prediction model.
(3) NDVIs as a function of the spectral reflectance at the regions of red (670 nm) and
red edge (705 nm) were used to evaluate the visual quality change in samples studied. The
changes of sample visual quality at different storage conditions were reasonably well
evaluated by both the two indices. In contrast, there was a stronger correlation between
NDVI705 and visual quality rating than that between NDVI670 and visual quality rating,
indicating the superiority of spectral reflectance in red edge region for visual quality
evaluation.
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Chapter 3. Application of NH3 adsorption for low
carbon refrigerated transport system
The natural refrigerants like water, ammonia, methanol, and ethanol are commonly
used in adsorption refrigeration systems. Due to its high latent heat of evaporation (2258
kJ/kg), water is the most frequently employed refrigerant and often used with silica-gel or
zeolite. However, its low vapor pressure and freezing point are the dominant constraints on
the application, such as ice making or food storage. Although the latent heat of evaporations
of methanol, ethanol, and ammonia (1100 kJ/kg, 838 kJ/kg and 1368 kJ/kg, respectively)
are inferior to water, they can be applied to produce sub-zero temperatures on account of
their low melting points. Methanol will have decomposition problems when the driving
temperatures are higher than 120 ˚C [1], while ammonia can remain stable at least 200˚C.
This makes it applicable to a wider range of driving temperature, such as the waste heat
from the gas turbine of a CHP system or the diesel engine of a fishing boat. Despite
ammonia is toxic and its corrosivity prohibits the use of copper, the distinctive pungent odor
will make it possible to be detected immediately if leakage happened. Unlike the other three
refrigerants that operate at subatmospheric pressure, the high working pressure of ammonia
leads to a good mass transfer performance.
Due to the high ability of mass transfer and stable adsorption capacity, activated
carbon (AC) is the most commonly used physical adsorbent for ammonia [2-5]. However,
the large internal surface area results in poor thermal conductivity. On the other hand,
alkaline-earth metal chlorides, such as CaCl2 [6], SrCl2 [7], BaCl2 [8], are often used as
chemical adsorbents for ammonia owing to they have higher adsorption capacity than
physical adsorbents, but the swelling and agglomeration behaviors also make them poor
heat and mass transfer performance, and the higher driving temperatures are needed in
comparison with physical adsorbents. With the purpose of solving the above problems,
numerous investigations related to composite adsorbents have been conducted recently. Up
to now, the most common type of chemical adsorbent that used to synthesize composite
adsorbents is CaCl2, combined with a porous matrix such as alumina [9], vermiculite [9],
activated carbon [10, 11], activated carbon fibre [12], expanded graphite [13], CaSO4 [14].
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Results of these researches shown that higher system performances could be achieved by
the use of composite adsorbents as the enhancement of heat and mass transfer. The
composite adsorbent can also be composed of a physical adsorbent and a porous matrix.
Wang et al. [15] presented a composite consolidated adsorbent that consisted of a granular
activated carbon and an expanded natural graphite which was treated with sulfuric acid.
They obtained a maximum effective thermal conductivity of 34.2 Wm−1 K−1 which was 150
times larger than that of granular AC. Moreover, the equilibrium adsorption capacity of
composite adsorbent didn‟t change with the addition of porous matrix and had a better
desorption performance in comparison with the granular AC.
In order to effectively utilize the exhaust heat from the food storage system, an
activated carbon-NH3 adsorption refrigeration system with high ability and long durability
is proposed. The specific surface area, pore size distribution and morphological structure of
the activated carbons have been characterized by N2 adsorption, SEM, and XRD. The
adsorption capacities of four kinds of activated carbons were compared based on adsorption
isotherms at 30 ℃. The performance of NH3 refrigeration system at various evaporating
temperatures and cycle times were experimentally investigated.
3.1 Activated carbon-ammonia adsorption refrigeration system
3.1.1 Characterization of adsorbent
The selection of appropriate adsorbent is indispensable for an adsorption refrigeration
system, and the following factors must be taken into account while selecting adsorbent:
high adsorption/desorption capacity, low specific heat, excellent thermal conductivity,
compatible with refrigerant, noncorrosive and cost effective, etc. [16].
The commonly used physical adsorbents for adsorption refrigeration are silica gel,
zeolite, and activated carbon. Compare to silica gel and zeolite, activated carbon has high
pore volume and large surface area available for adsorption, and is available in many forms,
such as powders, granular, carbon-foam, molecular sieves or fiber, etc. Several activated
carbons, as furnished in Table 3-1, have been applied in this research. The specific surface
area and pore size distribution of adsorbents have been studied. SEM and XRD have also
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been employed for an accurate description of the microstructure and morphological
structure of the adsorbents.
Table 3-1. Details of activated carbons
Carbon name

Manufacturer

Starting material

Physical
form

BA

Ajinomoto Fine-Techno Co., Inc.

wood-based materials

Powder

GA-H

Cataler Corporation

Organic wastes

Granule

PG-H

Cataler Corporation

N/A

Pellet

MSC-30

KansaiCoke and Chemicals Co., Ltd

Petroleum coke

Powder

BAC

Kureha Corporation

Phyllostachys

Granule

heterocycla
CNTs

GIEC, China

N/A

Powder

3.1.2 BET and PSD
The specific surface areas and pore size distributions were measured by N2 adsorption
at 77K, using an automatic adsorption system (ASIQMO002-2, Quantachrome). The
samples were degassed at 150 ℃ for 24 hours to remove surface impurities before the
measurements of N2 adsorption isotherms in the relative pressure range between 10-3 and
0.2.
The pore size distributions were calculated by non-local density functional theory
model. As indicated in Figure 3-1 and Table 3-2, sample ②~⑤ were mainly microporous,
particularly, sample ⑤ contained more than 95% micropores, with the average pore
diameter of 0.52~1.48 nm. However, there were almost no micropores in sample ⑥, which
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was found to be the most mesoporous, with the mean pore diameter of 36 nm and exhibited
the lowest BET surface area of among the samples.
Sample ① had a BET surface area of 3037 m2/g, was much higher than the other
samples, and a large porous volume of 1.49 ml/g, showing the possibility of high adsorption
of ammonia. Moreover, sample ① displayed a broad pore size distribution in the range of
0.5~4 nm, which indicated the existence of micropores and narrow mesopores (2~4 nm),
but the micropore volume was only 56.4% due to the presence of massive narrow
mesopores.
Table 3-2. Specification of activated carbons.
BET surface

Porous

Micropore

Mesopore

Average Pore

Volume

Volume

Volume

Diameter

2

[ml/g]

(%)

(%)

[nm]

①MSC30

3037

1.49

56.4

43.6

2.31

②BAC

1231

0.53

88.7

11.3

0.55

③BA

768

0.31

91.2

8.8

0.52

④GA-H

848

0.33

95.1

4.9

0.55

⑤PG-H

630

0.30

74.9

25.1

1.48

⑥CNTs

202

1.47

0.8

99.2

36.00

Sample

area
[m /g]
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Figure 3-1. Pore size distributions of activated carbons
3.1.3 SEM of materials
Field Emission Scanning Electron Microscope (JSM-6335F, JEOL Ltd.), giving a
resolution of 1.5 mm at 15 kv and 5 nm at 1kv, was used to characterize the morphological
structures of the samples. Observations were carried out at ×35 and ×1000 magnifications.
SEM images of activated carbons are shown in Figure 3-2.
BACs were highly spherical particles, ranged from 50 ~ 250 µm in size, with a few
cracks or visible pore developments appear on the surface, as shown in Figure 3-2 (a). In
contrast, the SEM images of the other samples were characterized by heterogeneous
structures, demonstrating the presence of irregularly shaped particles with different sizes.
The average particle size of BA, GA-H, PG-H, and MSC was about 200, 400, 300, and 90
µm, respectively. Small size particles agglomerations dispersed on large particles can be
found in some regions of BA, GA-H, and PG-H.
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From the high magnification SEM images, it can be seen clearly that some voids of
different sizes were distributed randomly at the surface of MSC30, indicating relatively
high specific surface area and a better diffusion of adsorbates than the other samples. This is
consistent with the observation from BET.

Figure 3-2. SEM images of activated carbons.
3.1.4 XRD of materials
XRD was performed for structural identification of the AC on an ESCALAB-210
spectrometer (VG Scientific Ltd.), using AlKα radiation source at 40 kV and 40 mA. The
scan speed was 2°/min with a process size of 0.02 across a range of 20° to 80°. As shown in
Figure 3-3, the activated carbons except for MSC30 exhibited two peaks around 2θ value
26° and 44°, which correspond to the diffraction of (002) and (100)/(101) plane of the
graphitic structure, respectively. The broad asymmetric peak at 26° indicated that the ACs
were amorphous and had a disordered graphitic structure in common. The disappearance of
the peak at 26° in MSC30, implying that a more disordered graphitic structure than the
others and this was greatly related to the substantial increase in the specific surface area
according to [17].
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Figure 3-3. XRD patterns of activated carbons.
3.1.5 Experimental apparatus of adsorption isotherm
A schematic diagram of volumetric gas adsorption apparatus is shown in Figure 3-4.
The apparatus is mainly composed of three parts: Gas supply system, adsorption system,
and gas scrubber system. NH3 with a purity of 99.9998% (Taiyo Nippon Sanso, the Gas
Professionals Co. Lt.) and N2 gas with a purity of 99.9998% (Taiyo Nippon Sanso the Gas
Professionals Co. Lt.) are supplied by the compressed gas tank. The flows of the two gases
are regulated and controlled by commercial mass flow controllers. N2 gas is used to
calibrate the system volume and remove the residual ammonia gas in the system. Gas
supply system, adsorption system, and gas scrubber system are connected by 316 L
stainless tube as shown in Figure 3-4.
The adsorption system mainly includes sample cell, reference cell, a set of actuated
valves (Swagelok DP series), filter and a pressure transducer. The sample cell has an inner
volume of 58 ml. A filter（Swagelok SS-4F-2, element nominal pore size: 0.5 µm）is
installed right above the sample cell to prevent activated carbon particles from flying out of
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the sample cell while executing adsorption/desorption and vacuum processes. The volume
enclosed by V3, V4, V5, V6, pressure transducer (Swagelok PTU-S series, 6 MPa max,
accuracy: ≤ 0.5 % of span) and thermometer (Asone TPT-16150L), is defined as reference
volume with a size of 197 ml.

Figure 3-4. Schematic diagram of the adsorption isotherm apparatus.
In order to keep this system at the desired temperature, the sample cell and reference
cell are located in a thermostatic chamber, and temperature is controlled via the thermostatic
water bath (Eyela NCC-2100, with ±0.1 °C~0.2 °C accuracy of the set point) and is
monitored with a platinum resistance thermometer (Asone TPT-16150L) placed at the
center of the chamber. The vacuum pump (Asada, Y93539, ultimate pressure 2.0 Pa [abs])
is connected to the system by a flexible stainless steel hose to V7. All the pressure and
temperature devices are connected to the data logger (Keysight 34970A) to monitor and
record the results continuously. Due to the corrosivity and toxicity of ammonia, a gas
scrubber is used to prevent ammonia leakage accident by providing immediate removal of
leaking ammonia.
3.1.6 Experimental procedures of adsorption isotherm
All samples were placed in an electric furnace (V) at 120 °C for 24 hours to dry before
the experiments of adsorption measuring procedure. Electronic balance (Mettler Toledo
AG204, with a minimum display of 0.1 mg) is used to gauge the mass of samples. 0.5 g of
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dried sample was transferred to the sample cell and then the temperature of the thermostatic
chamber was set at 80 °C by using hot water circulation. The whole system was evacuated
by the vacuum pump at 80 °C for 5 hours to remove the residual gases from the samples
wholly. To minimize the risk of sample particles flying out of the sample cell, the pressure
of the sample cell was decreased from atmospheric pressure to 1 Pa step by step, with an
interval of about 10 kPa.
After finishing the vacuum process, V7 was closed to isolate the vacuum pump and
the temperature of the thermostatic chamber was set at 30 °C. As the system temperature
reached 30 °C, all the opened valves were closed. Adjusted the NH3 pressure through the
gas cylinder pressure regulator and then opened V1, V3 to allow the NH3 gas flow into the
reference cell. Closed V3 and wait until the temperature of the NH3 in reference cell
reached the adsorption temperature 30 °C, monitored by thermometer T1. The initial
pressure in the reference cell was recorded as P0. V4 was opened slightly allowing NH3 gas
in the reference cell to flow into the sample cell, and then the NH3 gas began to adsorb on
the surface of the samples partly. The adsorption process was run for 2 hours until it
reached the thermodynamic equilibrium state. The equilibrium pressure P1 recorded by data
logger was used as a basis to calculate the adsorption capacity. Closed V4 and then repeated
the above operations at different initial pressures and equilibrium pressures to achieve an
adsorption isotherm at 30 °C. To ensure reliable and repeatable experimental results, each
sample was tested at least twice with a fresh batch of the sample.
3.1.7 Experimental apparatus of system performance
The experiments to investigate the cooling performance of the MSC30-NH3 pair at
different evaporating temperatures and cycle times were conducted in the experimental
apparatus is illustrated in Figure 3-5. This system mainly comprised of an
evaporator/condenser (plate type heat exchanger) and an adsorber/desorber (with a finned
tubes heat exchanger), both of them were thermally insulated by glass wool to minimize
heat dissipation. The temperatures of these instruments were regulated and controlled by
thermostatic water baths. And the inlet and outlet temperatures of evaporator/condenser and
adsorber/desorber were measured by the platinum resistance thermometers. The system
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pressures were measured through pressure transducers (Swagelok S Model, with an
accuracy of ≤ 0.5 % LPC). The flow sensors (Keyence FD-SS2A, ±1% of F.S) and needle
valves were applied to measure and adjust the flow rate of the heat transfer fluid,
respectively. The influence of evaporating temperature and cycle time on the system
performances were investigated, while the temperature of condenser and desorber were
fixed at 30℃and 80℃, respectively. The adsorber has a dimension of 347 mm (length) ×
142 mm (width) × 34 mm (height), with a volume of 1.68 L.

Figure 3-5. Schematic diagram of the system cooling performance apparatus.
3.1.8 Experimental procedures of cooling performance
The adsorber was packed with 66 g MSC30, which had been desiccating in the electric
furnace at 120 °C for 24 hours. The adsorbent was overlaid with a stainless steel mesh to
avoid adsorbent powders frying out of the adsorbent bed.
For leak detection, opened V2, V4, V5 and V7, adjusted NV3 to control the flow of N2
into the system until the system pressure up to 1.5 MPa, then closed V2 and monitored the
system pressure by data logger for one day. After the leak detection, V9 was opened to
remove N2 from the system. When the system decreased to atmospheric pressure, opened
all valves except V9, the whole system was evacuated by operating the vacuum pump for
24 hours and the adsorber was simultaneously heated by the thermostatic water bath 2 at
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80 °C. Closed V8 to isolate the system from the vacuum pump and waited 12 hours to
make sure that no leak occurred. Meanwhile, set the thermostatic water bath 2 to 30 °C to
cool down the adsorbent bed. Opened V1 and V3 while the other valves were closed,
charged a certain amount of NH3 into the evaporator whose temperature was controlled by
the thermostatic water bath 1 at 5 °C. Closed V1, V3 and opened V5 to allow NH3 vapor to
transfer from evaporator to adsorber. Liquid NH3 started to evaporate in the evaporator by
absorbing heat from the circulating chilled water, and thus cooling effect was achieved.
NH3 vapor was adsorbed in adsorber, and the heat of adsorption was extracted by 30 °C
cooling water which was circulated through thermostatic water bath 2.
After the adsorption process had continued for a particular time (cycle time), V5 was
closed, and the temperature of evaporator and adsorber were adjusted to 30 °C and 80 °C
respectively. Six different cycle times were investigated in this study. When both of the
condenser and desorber pressure reached to the condensing pressure, opened V5 for the
desorption process. The desorbed NH3 gas flowed into the condenser and then was
condensed. The cycle time of desorption process was the same as adsorption process. Once
the desorption process finished, closed V5 and set the temperature of condenser and
desorber to 5 °C and 30 °C respectively. The sensible heat of the adsorber was removed by
the cooling water. The experimental conditions are summarized in Table 3-3.
Table 3-3. Experimental Conditions
5℃, 10℃,15℃

Evaporating temperature (T )
L

Adsorption/Condensing temperature (T )

30℃

Desorption temperature (T )

80℃

M

H

Flow rate in the evaporator/condenser

1.5L/min

Flow rate in the adsorber/desorber

0.6L/min
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Adsorption/Desorption cycle time

300s, 360s, 420s, 480s, 540s, 600s

Cycle preparation time

150s

After the pressure of evaporator and adsorber reduced to the evaporating pressure,
adsorption process was conducted by opening V5 and repeated the operation as mentioned
above for the next condition. The COP, SCP, and VCP were calculated by the following
equations:
COP 

Qc
Qs  Qdes


q
SCP  

 cycle   pre


q
VCP  

 cycle   pre

 W

 V



ΔH eva




ΔH eva


(3-1)

(3-2)

(3-3)

where Qc is the cooling heat (kJ), Qs is the sensible heat (kJ), Qdes is the desorption heat (kJ),
Δq is the amount adsorbed (kg-adsorbate/kg-adsorbent), τcycle is the cycle time (s), τpre is the
preparation time (s), m is the mass of adsorbent (kg), V is the volume of heat exchanger
(m3).
3.1.9 Adsorption isothermal of activated-carbon
Four kinds of activated-carbon (MSC30, BAC, BA, and CNST) were applied to
measure the NH3 adsorption isotherms at 30 ℃, and the results are shown in Figure 3-6.
The adsorption of the NH3 on the activated carbons increases with the relative pressure as a
consequence of the existence of the more NH3 molecules, or in another word, the NH3 gas
diffusion rate is enhanced by increasing the pressure. The isotherm shape of MSC30, BAC
and BA are similar in general, concave to the relative pressure axis. MSC30 shows a steep
uptake up to the relative pressure of about 0.5, revealing that the presence of a broader pore
size distribution which including wider micropores and narrow mesopores [18]. Howbeit
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CNST illustrates a convex curve to the relative pressure axis, which is attributed to its
non-microporous property. The adsorption capacity of these four kinds of activated carbons
is MSC30 > BAC > BA > CNST at the relative pressure of 0.7, which is strongly related to
the specific surface area and the pore volume as summarized in Table 3-2. Moreover, it is
evident that the hysteresis of MSC30 isotherm is minimal.

Figure 3-6. Adsorption isotherms of NH3 on the various activate carbons (30°C).

Figure 3-7. Adsorption isotherms of NH3 on MSC30 at different temperatures.
76

Due to the excellent adsorption/desorption capacity of NH3, MSC30 is selected for
further studies in this paper. The experimental results of NH3 adsorption on MSC30 at the
temperature of 20, 30 and 40 °C are presented in Figure 3-7. It shows that the amount
adsorbed is higher at lower temperatures under the same equilibrium pressure because the
NH3 vapor molecules have much higher internal energy at high temperatures.
3.1.10 Adsorption isotherm model of activated-carbon
The analysis of experimental isotherm results is necessary to establish equation which
can describe the results precisely. There are several empirical adsorption isotherms models
defined to characterize the experimental data. The most frequently employed models are
Langmuir [19-21], Freundlich [19, 20], BET [22], Dubinin-Raduskevich [21, 23], and
Dubinin-Astakhov [23, 24].
In this work, the modified Dubinin-Astakhov equation was adopted to evaluate the
experimental results. The modified Dubinin-Astakhov equation is given as [25]:
n
  T
 
q  q 0 exp  k
 1 
  Tsat  

(3-4)

where q represents the amount adsorbed (kg/kg), qo is the maximum amount adsorbed
(kg/kg), T is the adsorption temperature (K), Tsat is the saturation temperature of refrigerant
(K), n and k are coefficients. Equation x can be linearly rewritten in the following form with
a logarithmic operation.
  q 
 T

ln ln 0   ln k  n ln
 1
 Tsat

  q 

(3-5)

The coefficients of the equation were obtained by the intercept and slope of the linear
plot of ln[ln(q0/q)] against ln(T/Tsat-1). Besides, the coefficient of determination (R2) and the
standard error of estimate (SEE) were applied to assess the agreement between the
predicted values and experimental results. R2 demonstrates the proportion of variation in y
(dependent variable) that is interpreted by x (independent variable), and can be expressed
by the following equation [26]:
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n
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where yi is the ith experimental value, yi is the predicted value, y is the mean value of y,
the numerator represents the regression sum of squares, and the denominator refers to the
total sum of squares. The standard error of estimate (SEE) is an indicator of the accuracy of
predicted values, given as:
n

SEE 

 y
i 1

i

 2
 yi 

n2

(3-7)

where n-2 represents the degrees of freedom, is calculated by subtracting the number of
parameters in the equation with the number of experimental result points.

Figure 3-8. Comparisons between the experimental isotherms and the isotherms
calculated by the modified Dubinin-Astakhov equation.
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Figure 3-8 exhibits the fitting results of the modified Dubinin-Astakhov equation for
MSC30-NH3 at adsorption temperatures of 293K, 303K, and 313K. It is clear that the
calculated values have good agreement with the experimental values. Table 3-4 includes the
parameters achieved by equation (4) and the values of R2 and SEE for MSC30-NH3 at
different adsorption temperatures.
Table 3-4. Characteristic parameter values of Equation (4)
Adsorption temperature
20 ℃

30 ℃

40 ℃

q0 [kg/kg]

0.874

0.887

0.845

k

31.31

16.01

17.32

n

2.07

1.63

1.72

R2

0.9874

0.9937

0.9910

SEE

0.0376

0.0179

0.0217

The constant n gives an estimation of the heterogeneous degree of the adsorbent
surface and can be used as an empirical indicator of pore size distribution of adsorbent. It is
observed that, in general, for adsorbents with narrow micropore size distribution, such as
molecular sieve carbons, n is around 3; for adsorbents whose micropore size distributions
are broad, like activated carbons, n is smaller than 3 (varies from 1.2 ~ 1.8 for strongly
activated carbon with heterogeneous micropores); for adsorbents having exceptionally
narrow micropore size distribution, like zeolites, n lies between 3 ~6 [27]. The n values
obtained in this work were 1.63 ~ 2.07, indicating that MSC30 has a broad micropore size
distribution and is regarded as a heterogeneous adsorbent. These conclusions are in accord
with the findings obtained in material characterization. According to the R2 and SEE, it can
be inferred that the modified Dubinin-Astakhov equation can describe the adsorption
behavior of MSC30-NH3 pair accurately.
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3.2 Isosteric heat of MSC30 NH3 adsorption
Isosteric heat of adsorption (ΔHads), as one of the critical kinetic study parameters, is an
indicator of the interaction strength between the adsorbate and the adsorbent. The
Clausius-Clapeyron equation is commonly employed to calculate the ΔHads, and can be
written as:
p 
H ads  1 1 
  
ln 1   
R  T1 T2 
 p2 

(3-8)

where R is the universal gas constant; P1 and P2 are the equilibrium adsorption pressures
corresponding to the adsorption temperatures of T1 and T2 at the same amount adsorbed,
respectively. The ΔHads was computed from the experimentally obtained isotherms at 20 ℃
and 30 ℃, and the result is shown in Figure 3-9.

Figure 3-9. Dependence of the isosteric heat of adsorption on the amount adsorbed.
It is apparent that the isosteric heat of adsorption declined rapidly at the initial stage of
adsorption (< 0.25 g/g) followed by a gentle change (0.25 g/g ~ 0.7g/g) with increasing the
amount adsorbed, indicating that the surface of MSC30 is energetically heterogeneous by
reason of the existence of different energetic adsorption sites. Higher ΔHads values at the
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low amount adsorbed demonstrated stronger interactions of NH3 with some high energetic
adsorption sites existed on the surface of MSC30. However, there was a marked increase in
the high amount adsorbed region (0.83 g/g ~0.85 g/g), which may be attributed to the
presence of strong lateral interactions between the adsorbed NH3 molecules [28, 29]. The
ΔHads obtained in this study was in the range from 1552 to 2317 kJ/kg, with an average
value of 1922 kJ/kg which was a little smaller than those reported in [30] (2000 ~ 2700
kJ/kg.).
3.3 Cooling performance of MSC30-NH3 adsorption system
Figure 3-10 presents the influence of cycle time on COP at various evaporating
temperatures. It is observed that the COP apparently profited from high evaporating
temperature. The maximum COP obtained at 5, 10 and 15 ℃ were 0.24, 0.31, and 0.35
respectively. However, as the cycle time increased, the growth of COP at low evaporating
temperature was more conspicuous than that at high evaporating temperature. This is
because the adsorption rate decreased with the increase of adsorption ratio, which is the
ratio of the amount adsorbed to the equilibrium adsorption capacity (can also be regarded as
the degree of adsorbent saturation), as illustrated in Figure 3-11. The decline of adsorption
rate resulted in the decreased in the cooling effect.
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Figure 3-10. The influence of cycle time on COP at various evaporating temperatures.

Figure 3-11. The adsorption ratio against cycle time at different evaporating
temperatures.

Figure 3-12. The variation in VCP and SCP versus cycle time at different evaporating
temperatures.
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Figure 3-12 shows the variation in VCP and SCP versus cycle time at different
evaporating temperatures. The two measurements of VCP and SCP were directly
proportional to one another and increased with increasing evaporating temperature. The
VCP increased from 23.6 to126.9 W/L-heat exchanger, approximately 5.4 times
enhancement, when evaporating temperature increased from 5 ℃ to 15 ℃ at the cycle time
of 300 s; whereas, SCP rose from 112.1 to 602.3 W/kg-absorbent. However, with the
increase in cycle time, the influence of evaporating temperature on the VCP and SCP
decreased. As can be seen from Figure 3-12, the VCP and SCP increased with the cycle
time when the evaporating temperature at 5 and 10 ℃, while decreased at 15 ℃. This can
also be explained by the adsorption ratio. The high evaporating temperature displayed
higher adsorption ratio in the same cycle time, albeit the increase in adsorption ratio was
more pronounced for low evaporating temperature with increasing the cycle time. The
higher the evaporating temperature, the larger the amount adsorbed that means a greater
adsorption heat generated. The heat exchanger could not remove the adsorption heat
immediately at 15 ℃ resulted in the rose in adsorbent temperature which impeded the
adsorption kinetics, that's why the VCP and SCP decreased with increasing the cycle time.
Due to the thickness and the void fraction of the packed bed were only about 10 mm
and 0.53 respectively, and the high vapor diffusion of ammonia, the mass transfer
performance was not the primary limiting factor of VCP and SCP. The heat transfer
performance of the adsorbent bed and heat exchanger are the key limiting factors to
maximum VCP and SCP. We will endeavor to resolve these problems for further study.
3.4 Durability of MSC30-NH3 adsorption system
The durability of adsorbent is an essential factor concerning the development of
sustainable and economic adsorption system. In order to analyze the durability of the
MSC30 during the NH3 adsorption/desorption process, the effect of cycle number on
adsorption performance of MSC30-NH3 adsorption system was experimentally investigated.
80 consecutive adsorption/desorption cycles with a cycle time of 2000 s were performed by
using the apparatus illustrated in Figure 3-13.
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Figure 3-13. The effect of cycle number on adsorption performance.
The evaporating, adsorption/condensing and desorption temperature process were
performed at10, 30 and 80 ℃, respectively. The flow rate of adsorber heat exchanger was
set at 600 mL/min, and the inlet and outlet temperatures were measured to calculate
volumetric heat generation (W/L-heat exchanger) and amount of heat generation (kJ) of the
adsorber. The results of the 1st, 40th, and 80th cycle are shown in Figure 3-13. As can be
seen from Figure 3-13, no noticeable reduction in volumetric heat generation and the
amount of heat generation was observed after 80 consecutive adsorption-desorption cycles.
MSC30 behaves excellent reversibility of NH3 adsorption under the tested conditions.
Therefore, this performance could make MSC30 an attractive and promising candidate as
the adsorbent for NH3 adsorption refrigeration in the practical application.
3.5 Summary
An activated carbon-NH3 adsorption refrigeration system with high ability and long
durability is proposed. The performance of NH3 refrigeration system at various evaporating
temperatures and cycle times were experimentally investigated. The major conclusions can
be summarized as follows.
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(1) MSC30 had an excellent adsorption capacity of NH3 due to it possessed both
higher specific surface area and higher pore volume than the other tested activated carbons.
(2) The adsorption isotherms of NH3 on MSC30 at 5, 10, and 15 ℃ could be described
by the modified Dubinin-Astakhov equation successfully. The n values obtained were 1.63
~ 2.07, indicating the existence of a broad micropore size distribution and heterogeneous
structure in MSC30.
(3) Isosteric heat of adsorption of MSC30-NH3 was evaluated by using the Clausius–
Clapeyron equation and was found in the range of 1552 to 2317 kJ/kg (with an average
value of 1922 kJ/kg) depending on the amount adsorbed.
(4) The cooling performances varied with different evaporating temperatures and cycle
times. The COP, VCP, and SCP increased as the evaporating temperature decreased.
However, it is hard to satisfy both COP and VCP/SCP at the same cycle time. The COP,
VCP, and SCP obtained were 0.35, 109 W/L-heat

exchanger,

and 520 W/kg-absorbent,

respectively, at the condition of 15 ℃ and 600s. Results indicated that the system needs
improvement on the heat transfer performance in the adsorbent packed bed and the heat
exchanger.
(5) A long-term operation without degradation for MSC30-NH3 adsorption/desorption
process was experimentally demonstrated from the repetition operations, showing the
MSC30-NH3 is a promising pair for adsorption refrigeration system on the heat transfer
performance in the adsorbent packed bed and the heat exchanger.
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Chapter 4. Mechanical booster pump - assisted
adsorption chiller cycle
Since the Industrial Revolution, energy consumption has increased. This has led to an
increase in the amount of industrial waste heat as well. Cogeneration systems have attracted
increasing attention over the past two decades due to the high energy efficiency (e.g. 80%
when a gas turbine with waste heat boiler is used). The energy efficiency of cogeneration
system can also be improved with the use of a heat energy conversion apparatus.
Adsorption chiller, as one of the heat energy conversion apparatus, can use low-temperature
heat source of 60 °C ~ 100 °C to generate the desired cooling effect for reducing
air-conditioning loads. The refrigeration cycle generates the cooling effect by means of
adsorption, absorption, and chemical reaction phenomena [1-3]. In particular, the adsorption
chiller cycle has recently been receiving a lot of attention. The adsorption chiller cycle can
be used to store waste heat and supply cold energy at low temperatures. Water-zeolite [4],
Water-silica gel and Ammonia-activated carbon pairs [5] are some of the most common
refrigerant-adsorbent pairs used in adsorption chillers. An adsorption chiller cycle using
H2O or NH3 refrigerant is considered to be an environment-friendly product. In a previous
study, Kakiuchi et al. [6] introduced a new Functional Adsorbent Materi-al-Zeolite 01
(FAM-Z01), which is an AFI-type structure Ferroaluminophoshate Ze-olite (FAPO-5) with
iron content of 2 ~ 8 mol% [6]. It was suggested that the adsorption capacity of FAM-Z01
was four times than that of silica gel at a desorption temperature of 60 °C. However, the
adsorption chiller cycle still has a few problems in practical use; by reason of the cooling
power per unit volume of the adsorber and the COP are smaller than that of absorption
chiller or vapor compression chiller.
4. 1 Proposal of hybrid adsorption chiller with mechanical booster pumps
To solve the problems associated with the adsorption chiller cycle, we proposed a
hybrid adsorption chiller which contained a mechanical booster pump (MBP) in the
adsorption process or desorption process. Figure 4-1 shows the schematic diagram of the
hybrid adsorption chiller cycle. It consists of an evaporator, a condenser, an MBP and an
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adsorber. All the units are connected under reduced pressure. The MBP is set either
between the evaporator and the adsorber or between the adsorber and the condenser. The
adsorption core which is installed in the adsorber consists of a heat exchanger filled with
adsorbents. The heat associated with the adsorption or desorption phenomenon is removed
or supplied by heat exchanger. The adsorption chiller cycle consists of an adsorption
process and a desorption process. In the adsorption process, the refrigerant vapor moves
from the evaporator to the adsorber, and then be adsorbed. In the desorption process, the
desorption heat is supplied to the adsorber, and the desorbed refrigerant vapor moves to the
condenser. In the hybrid cycle, MBP, which runs on electricity, pumps the refrigerant vapor
from the evaporator to the adsorber to increase the adsorber pressure of vapor in adsorption
cycle or pumps the refrigerant vapor from the adsorber to the condenser to decrease the
adsorber pressure of vapor in desorption cycle. The change of pressure improves the
adsorption capacity of the adsorbent.
Figure 4-2 shows the adsorption isotherms of water on FAM-Z05. From Figure 4-2
①, it can be seen that FAM-Z05 can generate 15 °C cold heat at the desorption temperature
of 55 °C. However, it cannot generate 10 °C cold heat when it desorbs at 50 °C or less (②).
On the other hand, in the hybrid adsorption cycle, for example when the evaporator
temperature is 10 °C, the refrigerant vapor from the evaporator at the saturation pressure of
1.2kPa can be compressed by the MBP, when the adsorber pressure rises to 1.7kPa, the
amount of adsorption is increased and has the same value as the condition that the
evaporator temperature is 15 °C without MBP. In the hybrid desorption cycle, desorption
can take place when the vapor pressure of the adsorber is depressurized to 1kPa at 50 °C by
MBP. The amount of desorption is equal to that of desorption under the condition of
desorption temperature is 55 °C without MBP. In this way, we can use MBP to expand the
amount of adsorption or desorption by increasing or decreasing the vapor pressure of the
adsorber. Therefore, the hybrid chiller cycle can be used at a large range of operation
temperatures.
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Figure 4-1. Schematic diagram of hybrid adsorption chiller cycle with MBP.
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Figure 4-2. Adsorption isotherms of water on FAM-Z05.
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In this study, we investigated the laboratory scale hybrid chiller cycle which consists
mainly of an MBP and an adsorber with the FAM-Z05 adsorption core. We evaluated the
cooling output and desorption heat input of the hybrid chiller cycle and researched the effect
of the input electrical power of the MBP on the performances of hybrid cycle.
4.2 Experimental procedure of hybrid adsorption chiller with mechanical booster pumps
Figure 4-3 shows the schematic diagram of the experimental apparatus. Falling liquid
film heat exchangers were used in the evaporator and the condenser, which had high heat
transfer performance. Figure 4-4 shows the adsorption cores in the adsorber. Three pairs of
adsorption cores were connected in series in the adsorber, and each pair was composed of
two flat webbed tube and corrugated fin heat exchangers in parallel and FAM-Z05, had an
average particle diameter of 5 μm, was coated around the tubes and fins of heat exchangers
by epoxy binder. The coating thickness of adsorbent was 100 μm. MBP (MBS-052 type,
ULVAC Inc.) was connected with stainless tubes and the rotating speed was controlled by
Lab View (National Instrument Inc.). When MBP was driven, we measured the electrical
power consumption of it.

Figure 4-3. Schematic diagram of hybrid adsorption chiller cycle with MBP.
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Figure 4-4. Photo of adsorption cores in the adsorber
Table 4-1. Experimental conditions of hybrid adsorption chiller cycle with MBP
process

Adsorption process

Desorption process

Evaporator

10,15 °C

15 °C

Adsorption temperature

30 °C

30 °C

Desorption temperature

60 °C

60,55,50,45 °C

Condenser

30 °C

30 °C

MBP power

20,60,100 W

50,60,100 W

The experimental conditions are summarized in Table 4-1. The condenser temperature
was maintained at 30 °C by thermostat bath. The evaporator temperature was set at 10 °C
and 15 °C. The desorption temperature was set at 45 °C, 50 °C, 55 °C and 60 °C. The flow
rate of the heat transfer fluid of all the units was set at a constant value of 4.5 L/min. The
temperature of the fluid flow was measured by a Platinum resistance temperature sensor.
This was followed by the calculation of cooling heat output Weva (W), desorption heat input
Wdes (W), amount of cooling heat Qeva (J), amount of desorption heat Qdes (J), COP based
on electricity input COPelectricity, COP based on heat input COPheat, and COP based on total
energy input (the sum of electricity and heat) COPtotal using the following equations:
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Weva  Cp fluid  fluid  Ffluid  Teva ,average
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where Cpfluid is the specific heat of heat exchange fluid at constant pressure (kJ/kg/K), ρfluid
is the density of heat exchange fluid (kg/m3), Ffluid is the volume flow rate of heat exchange
fluid (L/min), ΔTeva,average is the average temperature difference between heat exchange fluid
at the inlet and outlet of evaporator (K), ΔTdes,average is the average temperature difference
between heat exchange fluid at the inlet and outlet of desorber (K), and Qs is the sensible
heat evaluating by the following equation:

Qs  

TH

TM

mq

ads



Cp water , l  mCp ad  mhex Cp hex dT

(4-15)

where qadsis the amount adsorbed (kg-adsorbate/kg-adsorbent ), m is the mass of adsorbent (kg),
mhexis the mass of heat exchanger (m3), Cpwater,l is the specific heat of liquid water at
constant pressure (kJ/kg/K), Cpad is the specific heat of adsorbent at constant pressure
(kJ/kg/K) and Cpc is the specific heat of heat exchanger at constant pressure (kJ/kg/K).
4.3 Effects of MBP on adsorption process
Figure 4-5 shows the cooling heat output change over time at evaporator temperature
of 15 °C and 10 °C, respectively. Figure 4-6 shows the variation of adsorber pressure with
time at 15 °C. The valve 1 and 3 were opened and MBP was switched on at 0 s. In Figure
4-5, the cooling heat output without MBP is also indicated. The maximum cooling heat
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output obtained without MBP was 250 W. On the other hand, the maximum cooling heat
output with MBP at the input electrical power of 120 W was 380 W. The obtained cooling
heat output increased with increasing the input electrical power of MBP. The refrigerant
vapor from the evaporator was compressed by MBP, and then was adsorbed by FAM-Z05.
The adsorber pressure increased quickly by using MBP resulted in a faster adsorption rate
and a higher cooling heat output. However, when the input electrical power of MBP was 20
W, the cooling heat output was lower than that of without MBP. In Figure 4-6, the adsorber
pressure of 1.7 kPa is the saturation pressure at 15 °C. The adsorber pressure was higher
than the evaporator pressure when the MBP power was high. Time taken to reach the
evaporator pressure was 2300 s at 20 W. The vapor transport between the evaporator and
the adsorber was hampered by MBP, due to the rotational speed of MBP was extremely
low at 20 W. It resulted in a very slow vapor transport rate, which was slower than that of
without MBP and the adsorption rate. Figure 4-7 shows the amount of cooling heat in the
adsorption process. As can be seen from the results, the amount of cooling heat obtained
with MBP was more than twice as much as that of without MBP at 15 °C. Furthermore, it
was possible to obtain cooling heat at the evaporator temperature of 10 °C, which cannot be
acquired without MBP. Therefore, the hybrid cycle with MBP can improve the cooling heat
at low evaporator temperature was confirmed. Figure 4-8 shows the effect of input electrical
power of MBP on COPelectricity which is the ratio of the cooling heat to the input electrical
power of MBP. As can be seen from the results, the COPelectricity decreased with increasing
the input electrical power of MBP. When the evaporator temperature was 15 °C, the
COPelectricity for the input electrical power of 20 W, 60 W, and 120 W was 7.0, 5.0 and 3.0,
respectively. In addition, the COPelectricity at the evaporator temperature of 10 °C exhibited
the same tendency as the results of 15 °C. When the input electrical power of MBP was
high, the COPelectricity of the hybrid cycle was less than or equal to that of mechanical chiller
cycle. Due to the saturation pressure of water is lower than the conventional refrigerants,
such as HFC and ammonia, which are commonly used in the mechanical chiller.
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Figure 4-5. Time variation of cooling heat output for different MBP powers at 15 °C
(a) and 10 °C (b)
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Figure 4-6. Effect of MBP power on the adsorber pressure in adsorption process.
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Figure 4-7. Time variation of cooling heat for different MBP powers at 15 °C (a) and
10 °C (b)
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Figure 4-8. Effect of MBP power on the COPelectricity at the evaporator temperature of
15 °C (a) and 10 °C (b).
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Figure 4-9. Effect of MBP power on the cooling heat output and the COPelectricity at
15 °C.
Figure 4-9 shows the effect of the input electrical power of MBP on the maximum
cooling heat output and COPelectricity at the evaporator temperature of 15 °C. As shown in
Figure 4-9, the cooling heat output increased as the input electrical power of MBP increased,
whereas the COPelectricity displayed the opposite trend. The tradeoff between cooling heat
output and COPelectricity was thus confirmed.
Figure 4-10 and Figure 4-11 illustrate the effect of input electrical power of MBP on
COPheat and COPtotal, respectively. As shown in Figure 4-10, COPheat increased with the
increase of input electrical power and obtained COPheat values of 0.69 and 0.68 at 1500 s
that is 1.2 times and 1.1 times higher than that of without MBP (0.62) at 15 ℃ when the
input electrical power was 60 W and 120 W, respectively. At 10 ℃, COPheat of about 0.67,
0.66, and 0.55 could be obtained at 1500s when the input electrical power was 20 W, 80 W
and 120 W, respectively. The COPheat values obtained at higher input electrical power (60
W and 120 W for 15 ℃, 80 W and 120 W for 10 ℃) were almost the same, indicating that
the input electrical power of 60 W was sufficient at both cases. This could also be
confirmed from Figure 4-11 that COPtotal decreased with the increase of operation time
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when the input electrical power at 60 W and 120 W due to the adsorption capacity of
adsorbent nearly reached the saturation state. Consequently, there is an optimum input
electrical power for acquiring a maximum cooling power and COPtotal at different
conditions.

Figure 4-10. Effect of MBP power on the COPheat at the evaporator temperature of
15 °C (a) and 10 °C (b).
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Figure 4-11. Effect of MBP power on the COPtotal at the evaporator temperature of
15 °C (a) and 10 °C (b).
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4.4 Effects of MBP on desorption process
We also studied the desorption process without and with MBP. The experimental
apparatus was the same as that of the adsorption process. The desorption process was
carried out after the adsorption process which had been conducted under the evaporator
temperature of 15 °C without MBP. Closed the valve 1 and 3, and then increased the
adsorber temperature from the adsorption temperature to the desorption temperature. When
the adsorber pressure became equal to or higher than the condenser pressure, valve 3 and 4
were opened so that the refrigerant vapor can transport into the condenser spontaneously.
On the other hand, when the MBP was running and the valve 2 and 4 were opened instead
of valve 3 and 4, the refrigerant vapor was compressed into the condenser by MBP. The
desorption temperature was set at 50 °C and 60 °C for the cycle without MBP, 55 °C, 50 °C
and 45 °C for the cycle with MBP.
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Figure 4-12. Time variation of desorption heat input for different MBP powers.
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Figure 4-13. Effect of MBP power on the adsorber pressure in the desorption process.
Figure 4-12 shows the variation of desorption heat input with time. 0 s of the
horizontal axis corresponds to the timing of valve opening and MBP running. The results
show that the desorption of refrigerant could proceed without MBP at 60 °C, reaching a
maximum desorption heat input of approximately 600 W. However, no desorption heat
input can be obtained at 50 °C without MBP, due to the poor adsorption capacity at this
desorption temperature as can be seen from Figure 4-2. On the other hand, high desorption
heat input was obtained with MBP at the desorption temperature of 50 °C and 55 °C. When
the input electrical power of MBP was 50 W, the maximum desorption input power of
about 1150 W was obtained at 50 °C, which was higher than that of at 60 °C without MBP.
The higher the input electrical power of MBP the lower the desorprion temperature can be
used. Figure 4-13 shows the adsorber pressure change during desorption process. In the
desorption process, the vapor transport rate is proportional to the pressure difference
between the absorber and condenser. As can be seen from Figure 4-13, when valve 3 and 4
were opened, the adsorber pressure decreased to the condenser pressure immediately at
60 °C without MBP and the desorption heat input was obtained. However, due to the
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adsorber pressure at 50 °C was lower than the condenser pressure, when valve 3 and 4 were
opened, the refrigerant vapor transported from condenser to adsorber, the opposite transport
direction to 60 °C, resulted in the desorption of refrigerant could not proceed and no heat
input was obtained. It would have been the same situation as at 50 °C if MBP had not been
used in the desorption process at 45 °C. When MBP was operating at 100 W, the vapor
from adsorber was compressed into condenser by MBP, and therefore the desorption heat
input was acquired at 45 °C.
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Figure 4-14. Time variation of amount of desorption heat for different MBP powers.
Figure 4-14 shows the amount of desorption heat. From Figure 4-14, it can be seen
that the desorption heat could be obtained in less time by operating the MBP with an input
electrical power of 100 W, at the low desorption temperature of 45 °C. Thus, we confirmed
that in comparison with the cycle without MBP, hybrid cycle could obtain cooling heat at
lower desorption temperature.
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4.5 Summary
A lab-scale FAM-Z05/H2O type adsorption chiller cycle with and without MBP was
analyzed. The major conclusions can be summarized as follows.
(1) The cooling heat output and the amount of cooling heat were improved and
increased with the input electrical power of MBP. Moreover, the adsorption chiller could be
operated at a lower evaporator temperature lever. On the other hand, COP electricity
decreased with increasing the input electrical power of MBP and was less than or equal to
mechanical chiller cycle at the high input electrical power.
(2) The desorption heat input and the amount of heat input were improved and
increased with the input electrical power of MBP. Desorption cycle could be effectively
driven by a relatively low desorption temperature such as 45 °C, in comparison with the
cycle without MBP.
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Chapter 5. Conclusions and future works
5.1 Conclusions
In this study, the development of a high-quality food storage system with low carbon
transportation have been experimentally investigated. The main conclusions in this study
are shown as follows.
In chapter 2, The laboratory-based hyperspectral imaging system was established to
investigate the chlorophyll distribution in three species of plants for evaluating visual
quality. The hyperspectral imaging is capable of identifying and mapping chlorophyll
pigments and their changes in samples non-destructively. From the hyperspectral images we
can acquire the spatially detailed information of chlorophyll distribution in different parts of
the samples. After the acquisition of hyperspectral images and data processing, average
spectral reflectance extracted from the interested region of sample leaves and calyxes were
applied to develop prediction model. NDVIs as a function of the spectral reflectance at the
regions of red (670 nm) and red edge (705 nm) were used to evaluate the visual quality
change in samples studied. The changes of sample visual quality at different storage
conditions were reasonably well evaluated by both the two indices. In contrast, there was a
stronger correlation between NDVI705 and visual quality rating than that between NDVI670
and visual quality rating, indicating the superiority of spectral reflectance in red edge region
for visual quality evaluation.
In Chapter 3, an activated carbon-NH3 adsorption refrigeration system with high
ability and long durability is proposed. The performance of NH3 refrigeration system at
various evaporating temperatures and cycle times were experimentally investigated.
MSC30 had an excellent adsorption capacity of NH3 due to it possessed both higher
specific surface area and higher pore volume than the other tested activated carbons. The
adsorption isotherms of NH3 on MSC30 at 5, 10, and 15 ℃ could be described by the
modified Dubinin-Astakhov equation successfully. The n values obtained were 1.63 ~ 2.07,
indicating the existence of a broad micropore size distribution and heterogeneous structure
in MSC30. Isosteric heat of adsorption of MSC30-NH3 was evaluated by using the
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Clausius–Clapeyron equation and was found in the range of 1552 to 2317 kJ/kg (with an
average value of 1922 kJ/kg) depending on the amount adsorbed. The cooling
performances varied with different evaporating temperatures and cycle times. The COP,
VCP, and SCP increased as the evaporating temperature decreased. However, it is hard to
satisfy both COP and VCP/SCP at the same cycle time. The COP, VCP, and SCP obtained
were 0.35, 109 W/L-heat exchanger, and 520 W/kg-absorbent, respectively, at the condition
of 15 ℃ and 600s. Results indicated that the system needs improvement on the heat transfer
performance in the adsorbent packed bed and the heat exchanger. A long-term operation
without degradation for MSC30-NH3 adsorption/desorption process was experimentally
demonstrated from the repetition operations, showing the MSC30-NH3 is a promising pair
for adsorption refrigeration systement on the heat transfer performance in the adsorbent
packed bed and the heat exchanger.
In Chapter 4, a lab-scale FAM-Z05/H2O type adsorption chiller cycle with and without
MBP was analyzed. The cooling heat output and the amount of cooling heat were improved
and increased with the input electrical power of MBP. Moreover, the adsorption chiller
could be operated at a lower evaporator temperature lever. On the other hand, COP
electricity decreased with increasing the input electrical power of MBP and was less than or
equal to mechanical chiller cycle at the high input electrical power. The desorption heat
input and the amount of heat input were improved and increased with the input electrical
power of MBP. Desorption cycle could be effectively driven by a relatively low desorption
temperature such as 45°C, in comparison with the cycle without MBP.
5.2 Future works
In order to achieve high-quality food storage system with low carbon transportation,
following works and suggestions should be done in the future.
1) There is still much work needs to be done for further analysis and statistical
assessment of measuring data. For example, enlarge the sample size or increase
the number of visual quality inspectors. Moreover, further study should be
conducted to explore factors that may contribute to the correlation between NDVI
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and visual quality;
2)

The COP of the MSC30-NH3 adsorption/desorption process for effectively
utilize the exhaust heat from the food storage system still need to be enhanced
compared with vapor-compression refrigeration system. Furthermore, in order to
increase the utilization time for the transportation process, the durability of
MSC30-NH3 adsorption system should be furtherly confirmed.
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Nomenclatures

NDVI ＝ normalized difference vegetation index

[-]

R

＝ reflectance

[-]

R2

＝ coefficient of determination

[-]

T

＝ temperature

[K]

TL

＝ Evaporating temperature

[K]

TM

＝ Adsorption/Condensing temperature

[K]

TH

＝ Desorption temperature

[K]

P

＝ pressure

[Pa]

PL

＝ saturated pressure at TL

[Pa]

PM

＝ saturated pressure at TM

[Pa]

PH

＝ saturated pressure at TH

[Pa]

q

＝ amount adsorbed

[kg-adsorbate/kg-adsorbent]

qads

＝ equilibrium amount adsorbed in adsorption process

[kg-adsorbate/kg-adsorbent]

qdes

＝ equilibrium amount adsorbed in desorption process

[kg-adsorbate/kg-adsorbent]

q

＝ difference of adsorption amount

[kg-adsorbate/kg-adsorbent]

ϕads

＝ relative pressure of adsorption process

[-]

ϕdes

＝ relative pressure of desorption process

[-]

ɛ

＝ porosity

[-]

Qc

＝ cooling heat

[kJ]

Qs

＝ sensible heat

[kJ]

Qdes

＝ desorption heat

[kJ]

Qc

＝ cooling heat

[kJ]

τcycle

＝ cycle time

τpre

＝ preparation time

[s]
[s]
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m

＝ mass

[kg]

V

= volume

[m3]



＝ density

Cp

＝ specific heat

[kg/m3]
[kJ/kg/K]

∆Heva ＝ heat of evaporation

[kJ/kg]

∆Hads ＝ heat of adsorption

[kJ/kg]

∆Hdes ＝ heat of desorption

[kJ/kg]

COP ＝ coefficient of performance

[-]

＝ specific heat power

[W/kg]

VCP ＝ volumetric cooling power

[W/L]

SCP

<Subscript>
NIR

＝ near infrared region

RED ＝ red spectral region
ads

＝ adsorption

des

＝ desorption

eva

＝ evaporation

con

＝ condensation

L

＝ low

M

＝ middle

H

＝ high

ad

＝ adsorbent

hex

＝ heat exchanger

ref

＝ refrigerant
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