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In the present study the desiccant air-conditioning system has been investigated for the on-farm 
storage of fruits and vegetables in Pakistan. In this regard, ideal storage zone for the studied 
agricultural products is established in order to ascertain the system applicability. The 
dehumidification performance of the silica-gel based desiccant wheel has been analysed with low 
regeneration temperature (50°C) by using the model of Beccali et. al. Three environmental 
conditions (A: highly humid, B: moderately humid & C: less humid) are considered for the analysis 
of desiccant air-conditioning system. The latent and sensible loads of air-conditioning are achieved 
by the silica-gel desiccant wheel dehumidification and Maisotsenko cycle evaporative cooling 
respectively. The results of the study envisaged that desiccant wheel performs higher 
dehumidification in climatic condition ‘A’ due to higher ambient air relative humidity as compared 
to the other climatic conditions. However, higher heat energy is required for its regeneration in the 
climatic condition ‘A’. This study concluded that the desiccant air-conditioning system can be 
efficiently used for on-farm storage of fruits and vegetables in Pakistan. Also, the renewable energy 
sources of the country like solar energy and bio-gas can be potentially harvested for the regeneration 
of desiccant wheel. The study further proposes the use of hybrid desiccant air-conditioning system 
where standalone DAC system cannot achieve the sensible load.  
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1.  Introduction 
1.1  Background of the storage 

The fruits and vegetables after harvesting act like living 
organisms and perform respiration, transpiration and 
ripening processes. Such agricultural products (fruits and 
vegetables) contain high moisture contents (60-95%)1,2) 
and may start spoiling within short time after the harvest 
which gives rise to the postharvest losses (PHL). The PHL 
are the losses of quality and quantity of the agricultural 
products throughout the postharvest chain. These losses 
may occur at any stage throughout the postharvest chain3). 
The main factors responsible for postharvest losses are 
mechanical damage, biological degradation, 
physiological deterioration, and attack of insects & pests. 

The reproduced schematic1) which highlighted the effects 
of postharvest factors on the quality of the agricultural 
products is shown in Fig. 1. However, the postharvest 
quality (color, firmness, shape, weight) can be maintained 
to the greater extent by minimizing the PHL. The PHL can 
be minimized by cooling and storing the agricultural 
products at the farm right after their harvest that ultimately 
will increase their shelf/storage life.  In this context, it has 
been reported that the storage/shelf life of the products can 
be enhanced by avoiding the postharvest cooling delays 
such as the shelf life of lettuce can be extended to 12 days 
by keeping it under optimal environmental conditions 
within one hour after the harvest4). Contrary, it has also 
been reported in the literature that the cooling delay of 3 
hours at 37°C or 6 hours at 24°C after harvesting lowers 
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the marketable quality and weight of the Japanese 
eggplants5). Likewise, the cooling delay of just 3 hours 
after the harvest reduces the shelf life of the broccoli 
because of floret openings which ultimately affect its 
visual appearance6) and cooling delay of 48 hours at 20°C 
shortened the storability of European plum due to 
increased internal breakdown7). 

Pakistan being an agricultural country produces 12 
million tonnes fresh fruits and vegetables annually8). 
However, a huge amount of these fruits and vegetables is 
lost due to postharvest losses (30-35%). The reason 
behind the higher PHL is mainly the severe lack of storage 
facilities at farm level and sometimes even away from 
farm. This necessitates the importance of farm level cold 
storage structure potentially equipped with 
environmentally friendly renewable energy operated 
cooling technologies.  
 
Nomenclature 
AC  air-conditioning  
DAC  desiccant air-conditioning 
DW  desiccant wheel 
PHL  postharvest losses 
IEC  indirect evaporative cooler 
RH  relative humidity [%] 
RA  regeneration air 
PA  process air 
Ɛ  effectiveness 
m  mass flow rate [kg/sec] 
X  humidity ratio [g/kgDA] 
T  dry bulb temperature [°C] 
h  enthalpy [kJ/kg] 
 
 
1.2  Motivation for DAC system  

The conventional vapor compression refrigeration 
and/or air-conditioning systems are being used for 
preservation/storage of agricultural products. The 
disadvantages of the conventional refrigeration system are 
well known in literature9) like environmental degradation 
and high energy requirements etc. Besides from these 
disadvantages, the conventional refrigerators cannot be 
used for on-farm storage of many tropical fruits and 
vegetables such as banana, tomatoes, oranges, 
mangoes, and other leafy vegetables because of chilling 
injury and discoloration10).  

On the other hand, the standalone evaporative coolers 
also cannot be used in tropical climatic conditions because 
of higher relative humidity. However, the desiccant air 
conditioning (DAC) system has ability to deal with 
sensible and latent load of air conditioning distinctly. This 
distinction of DAC system gives opportunity to use this 
system for storage of agricultural products efficiently 
because both temperature and relative humidity are 
important for their optimal storage. In this regard, the 
temperature is most important factor to maintain the 

quality of the products because the physiological and 
biological reactions in the products are directly dependant 
on it. While, the relative humidity is also crucial in 
controlling the loss of moisture contents from the products 
in order to keep them in good physical and biological 
appearance11). A reproduced schematic of typical 
postharvest chain1,12) indicated the importance of storage 
throughout the postharvest chain is shown in Fig. 2.  

 

 
 
Fig. 1 Major factors affecting the product quality, 

reproduced from ref. Mishra et. al1). 
 
 

 
Fig. 2 Postharvest chain of agricultural products, 

reproduced from ref. Mishra et. al and Kader et. 
al1,12). 
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In short, shelf/storage life of agricultural products can 
be increased by avoiding the cooling delays after their 
harvest. Therefore, a particular DAC system is proposed 
in this study for on-farm storage of agricultural products 
in order to retard the physiological, biological and 
chemical changes in them by providing controlled 
temperature and relative humidity conditions. 

In the purview of discussions made in sub sec. 1.1 and 
1.2, the objective of this study is to find the applicability 
of DAC system for on-farm storage of agricultural 
products (fruits and vegetables) under climatic conditions 
of Pakistan. The Fig. 3 elaborates the methodology 
adopted in this study to achieve the said objective and 
subsequent advantages. Therefore, firstly, the ideal zone 
for storage of tomatoes, sweet-potatoes, watermelons and 
pears is established for their safe storage life (details in 
sub sec. 2.1). Secondly, the silica gel DW 
dehumidification analysis is performed under low 
regeneration temperature using the model of Beccali et al. 
The low regeneration temperature is selected in order to 
harness the potential of renewable energy resources (solar 
energy and biogas) of the country for the purpose. (The 
detail about these renewable sources is discussed in sub 
sec 2.3) Finally, a particular DAC system is proposed to 
achieve the latent and sensible load to meet the developed 
storage zone conditions (temperature and relative 
humidity). 
 
Table 1 climatic condition for DAC system analysis of 

proposed DAC system 

 
2.  Materials and Methods 
2.1  Development of ideal storage zone 

The ideal temperature and relative humidity zone for 
preservation of tomatoes (mature green), sweet potatoes, 
watermelons and pears (for ripening) is developed on 
psychometric chart as shown in Fig. 4. All these products 
belong to same compatible temperature and relative 
humidity group. However, watermelons and sweet- 
potatoes are recommended to place separately from 
tomatoes and pears due to ethylene sensitivity. The 
temperature and relative humidity for safe storage of 
tomatoes (mature green), sweet potatoes, watermelons 
and pears (for ripening) is 18-21°C and 85-90% (i.e. 
humidity ratio about 10.95-14.0 g/kgDA) respectively13). 
The approximate transit and storage life of tomatoes 
(mature green), sweet potatoes and watermelons in weeks 
is 1-3, 16-28 and 2-3 respectively13). Whereas, the 

European and Asian pears lasts for 6-12 and 3-6 months 
respectively by keeping them under optimal temperature 
and relative humidity conditions 9,13). 

Fig. 3 Pictorial representation of the study objective and   
methodology  

 
2.2  Analysis of desiccant wheel performance 

The silica-gel desiccant wheel (DW) based DAC 
system is proposed in this study. The detail about 
proposed DAC system is discussed in forthcoming section 
2.3. The performance analysis of silica gel based DW was 
carried out under different climatic conditions (Table 1) 
using the model of Beccali et al.14).  

It is important to mention that this model has already 
been tested/validated (R2 ≥ 0.9) against the wide range of 
field data for silica gel DW14,15). Therefore, it can be used 
for analysis of DW performance in the present study. The 
following Eqs. 1-4 describe the model. 
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The above model equations have advantage of their 
simplicity and usage. This simple model can be used for 
the analysis of different kind of desiccant rotors (e.g. solid 
LiCl and silica gel) accurately under wide range of field 
data14). 

The subscript in Eqs. (1-4) describes the different states 
of air of DAC cycle as shown in Fig. 4. The Eq. 1 was 
used to calculate the enthalpy at the outlet of desiccant 
wheel on the basis of enthalpy of process and regeneration 
air. Similarly, Eq. 2 was used to calculate the desiccant 
wheel outlet relative humidity in consideration of process 
and regeneration air relative humidity. However, the 
temperature of the dehumidified air was determined by 
performing iterations of Eq. 3. Finally, the humidity ratio 
of dehumidified air was calculated through Eq. 4. 

Therefore, the dehumidification of silica-gel desiccant 
wheel under given environmental conditions was 
performed by varying regeneration temperature from 50 
to 80°C in order to check the efficacy of DAC system for 
agricultural product on-farm storage. The effect of 
regeneration temperature on the silica-gel desiccant wheel 
dehumidification is shown in Fig. 6. The low regeneration 
temperature (50°C) was employed to simulate the use of 
low grade waste heat, solar energy and bio-gas for the 
cyclic operation of the system. The ideal DAC cycle is 
shown in Fig. 4. 
 
2.3  Proposed DAC system  

A typical desiccant wheel based DAC system shown in 
Fig. 5 is proposed for the on-farm storage of fruits and 
vegetables particularly  for tomatoes, sweet-potatoes, 
watermelons and pears. In the proposed system, the 
dehumidification performance of silica gel desiccant 
wheel was analysed by the above mentioned model 
equations (Eq. 1-4) under three representative climatic 
conditions (A, B, C) of the Pakistan with low regeneration 
temperature (50°C). The representative values of 
temperature and relative humidity of the climatic 
condition (A, B, C) are given in Table 1. The rest of 
system analysis was performed by the basic governing 
equations (Eqs. 5-8).  

 
�� � �� � ������� � ���������������������������������������������������������� 
�� � �� � ������������ � ������������������������������������������������ 

�� � �� � � �� � ����� ���� ��������������������������������������������������������� 
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In this study flat plate heat exchanger with wet bulb 

effectiveness of 0.9 is used to recover the heat of 
adsorption. The Eq. 5 is used to calculate the process air 
temperature after the heat exchanger. It is important to 
mention that the Maisotsenko cycle evaporative cooler 

(effectiveness 0.6) is used to provide the conditioned 
supply air for the storage of agricultural products. 
Therefore, final supply temperature air was calculated by 
Eq. 6.  

The heat input to the DW for its regeneration is 
calculated using Eq. 8. The regeneration temperature ���� 
was varied from 50-80°C to calculate the varying heat 
input as shown in Fig. 5. Whereas, the mass flow rates of 
regeneration and process air are assumed as 1 kg/sec. The 
specific heat capacity of air is taken as 1.006 kJ/kg K.  
 
 
Table 2 Potential livestock sector strength of Pakistan for 

bio-gas generation 

 
 

 
Fig. 4 The ideal storage zone and DAC cycle 
 
 
 

 
 
Fig. 5 The schematic of proposed DAC system 
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As far regeneration of the desiccant wheel is concerned, 
Pakistan has huge potential of renewable energy sources 
like solar energy and bio-gas. In case of solar energy, the 
provinces (Baluchistan, Sindh and Punjab) of the country 
have abundant solar energy potential16). The recorded 
daily sunshine hours are about 7-8 that means 2300-2700 
hours annually17). The daily average global insolation is 
about 5-7 kWh/m2/day with persistence factor of 85 
percent. Such insolation is available on 95% areas of the 
country and has potential of solar energy about 18-25 
MJ/m2/day18). A recent research reported that Pakistan due 
to its geographical location and environmental conditions 
has solar energy potential of about 2900 GWh17). On the 
other hand, the sources of bio-gas generation include 
livestock, bagasse and agriculture. Pakistan is rich in all 
these sources. The livestock sector strength as per 
Pakistan Economic Survey (2009-10) is shown in Table 2. 
The poultry waste also has huge potential for bio-gas 
generation as poultry head count is about 530 million19). 
The livestock and poultry sector are expanding and their 
growth rate was 2.88 % in 2013-2014. As per estimates 
about 16.3 million m3 biogas can be produced daily by 
50 % feces of farm cattle & buffaloes only20).  The one 
cubic meter of biogas can generate 1.5 to 2.5 kWh of 
electricity and 2.5 to 4.0 kWh of thermal energy 
depending upon the methane percentage14). The bagasse 
production from country’s sugar mills is also high as 5654 
million tonnes per hour. Such amount of bagasse can 
produce energy about 1304 MW/h; however, the current 
energy production is 478 MW/h only17). Therefore, in 
purview of above discussion, the solar and bio-gas energy 
resources of the country have potential to be utilized for 
the purpose.   
 
3.  Results and Discussion 

The proposed DAC system was analyzed for given 
environmental conditions. According to environmental 
condition ‘A’ the inlet air at relative humidity 90% and 
temperature 23°C passes through the desiccant wheel. The 
desiccant wheel dehumidifies the air to 11 g/kgDA by 
which the air temperature increases about 40.3°C due to 
heat of adsorption under regeneration temperature of 50°C. 
The dehumidified air is then entered to the heat exchanger 
for sensible cooling. Finally, the air is passed through M-
Cycle evaporative cooler to supply the sensibly cooled 
conditioned supply air to the agricultural products. The 
system operates in similar fashion for other climatic 
conditions (B, C). Therefore, only one DAC cycle is 
represented in Fig. 4 to avoid the misunderstanding. 

The results of this study further envisaged that the 
desiccant dehumidification capacity increases with 
increasing regeneration temperature. It is evident from the 
Fig. 6 that the comparative dehumidification trend under 
climatic conditions ‘A’ and ‘B’ decreases with increasing 
regeneration temperature. This leads towards the 
promising use of DAC system with low regeneration 
temperature under such climatic conditions. Also, the 
desiccant wheel under climatic condition ‘A’ performs 

higher dehumidification than other climatic conditions. It 
is because of higher relative humidity of process air in 
case of climatic condition ‘A’. On the other hand, higher 
heat energy is required to regenerate the desiccant wheel 
under climatic condition ‘A’ because of higher 
dehumidification than the other studied conditions as 
shown in Fig. 7. However, it is important to mention that 
DAC system does not achieve sensible load under all 
considered climatic condition. Thus in such cases hybrid 
DAC system is recommended to achieve the sensible load. 
 

 
Fig. 6 Effect of regeneration temperature on desiccant 

wheel dehumidification  
 

 
Fig. 7 Energy required for regeneration of desiccant 

wheel under different climatic conditions 
 
4.  Conclusion 

In the present study the applicability of DAC system for 
the storage of agricultural products in Pakistan has been 
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regeneration temperature (50-80°C) were considered for 
the system analysis. The silica-gel DW dehumidified the 
process air to the humidity ratio of 11-12.70 g/kgDA 
under all the climatic conditions (A,B,C) at regeneration 
temperature of 50°C. This humidity ratio (11-12.70 
g/kgDA) of the dehumidified air is well within the 
required humidity ratio (10.95-14.0 g/kgDA) of the 
storage zone. Though, the increase in regeneration 
temperature (60-80°C) results in higher dehumidification 
but such lower value of humidity ratio is not needed in this 
study becuase it crosses the lower limit of required 
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humidity ratio (10.95 g/kgDA) of the storage zone. 
Therefore, the dehumidfied air at lower regeneration 
temperature (50°C) is then pass through the flat plate heat 
exchanger to recover the heat of adsoption. Subsequently, 
the Maisotsenko cycle evaporative cooler (IEC) was 
employed to achieve the sensible load of the air-
conditioing in order to supply conditioned air required for 
safe storage of agricultural products. This envisaged that 
system can be potentially used with low regeneration 
temerature. However, in some cases the Maisotsenko 
cycle evaporative cooler does not achieve the sensible 
load, therefore, hybrid DAC system is being proposed in 
that situation.   

The study concludes that DAC system can achieve the 
thermal conditions (latent and sensible load) required for 
on-farm storage of fruits and vegetables in general. The 
study, in particular, unveiled the potential applicability of 
DAC system for storage of agricultural products in most 
of the climatic conditions of Pakistan, with great potential 
of renewable energy (solar energy, bio-gas) resources to 
be used for cyclic operation of the system.  
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