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ABSTRACT: The higher relative humidity inside wet-markets results in the growth of pathogenic micro-organisms that
affect qualitative and nutritive attributes of the products prompting epidemic health problems to the occupants as well as
consumers. In this study, M-cycle evaporative cooler (MEC) coupled solid desiccant air conditioning system (DAC) was
investigated for wet market applications in Punjab, Pakistan. The model of Beccali was used for performance
investigation of the desiccant wheel while MEC and heat exchanger were evaluated by governing equations from
literature. The study area (i.e. Punjab) was divided into four zones i.e. Northern Punjab (Z1), Upper Punjab (Z2), Central
Punjab (Z3), and Lower Punjab (Z4) based on variations in environmental conditions. The results revealed that the
proposed DAC system can effectively achieve optimum temperature and relative humidity conditions in the summer season
in Z2, Z3, and Z4. However, the proposed system was not applicable in Z1 because of the lower temperature and humidity
conditions in this zone.
Keywords: Wet market, Human thermal comfort, Desiccant, Dehumidification, Air-conditioning
a temperature lower than its dew point temperature at
point 2. The condensed air is then reheated by passing
through a heating coil to achieve the desired temperature
at point 3.VAC system has certain drawbacks including
its
no
distinct
control
over
humidity,

1. INTRODUCTION
Human thermal comfort is a crucial subject in
commercial places. It becomes more critical in wet places
where the higher relative humidity of air creates allergic
conditions [1,2]. Wet markets are the places used
worldwide to sell fruits, vegetables, meat, seafood, and
poultry. It consumes a higher quantity of water to sustain
the freshness of vegetables, meat, and to keep poultry and
seafood alive. This water evaporates into air increasing
the latent heat load inside the market [3,4]. The higher
moisture level encourages the growth of viruses and other
pathogenic organisms [5]. The growth of these microorganisms directly affects human health as well as the
quality and nutritive contents of fruits and vegetables in
the market. Moreover, the recent incidence of airborne
viruses in many countries increases the importance of
environmental health as an element of the air
conditioning systems [6]. It shows that in the case of wet
markets, it’s not only temperature control that provides a
healthy environment but it is also important to remove
moisture and contaminants to sustain food quality.
However, efficient energy use in agricultural productions
also an important factor while considering food security
[7–10].
Vapor Compression Air-Conditioning (VAC) system is
traditionally used in air conditioning applications. It
removes humidity by the condensation of water vapors
without precise control over water removal. The ambient
air passes through a cooling coil whose surface
temperature is lower than the dew point temperature of
the inlet air and hence, condensation occurs [11–13]. This
over-cooled air is then sensibly heated to get the desired
temperature as shown in Fig. 1. The figure shows the
working principle of a conventional VAC system as well
as a psychrometric representation of the properties of air
while passing through different components of the
system. The ambient air enters the system at point 1
where it passes through a cooling coil and condensed to
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Fig. 1. System configuration and psychrometric
representation of properties of air in conventional VAC
system [14,15]
Chlorofluorocarbons (CFCs) emissions, higher energy
consumption, and operating costs [6]. On the other hand,
Desiccant Air-Conditioning (DAC) system has precise
control over the humidity level. It uses desiccant material
to remove water droplets from the air. Desiccant is a
hygroscopic material that attracts moisture due to a
difference in vapor pressure [15]. DAC combines the
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humidity were also represented on psychrometric chart
(Fig. 4) to check the suitability of the DAC system in the
studied
zones.
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2. METHODOLOGY
A MEC coupled DAC system was investigated in this
study for its potential application in wet markets in
Punjab, Pakistan. The components and configuration of
the proposed air conditioning system are shown in Fig. 2.
The figure depicts the DAC system consisted of four
components i.e. desiccant wheel, heat exchanger, Mcycle evaporative cooler (MEC), and a low-grade heat
source. The ambient air enters the desiccant wheel, where
its humidity level is decreased by removing moisture as
represented by the point (a-b). This is an isenthalpic
process in which the temperature of air increased without
changing enthalpy as represented on the psychrometric
chart (a-b). Silica-gel was used as the desiccant material
in desiccant wheel. After dehumidification, the dry and
hot air passes through a flat plate heat exchanger which
lowers its temperature by sensibly cooling it (b-c).
Finally, the air stream passes through a MEC system
which further lowers its temperature to get the desired
temperature. This air is supplied to the air conditioning
space. On the other side, the heated air is required to
regenerate the desiccant material. The ambient air is used
for this purpose, which passes through a heat exchanger
that increases its temperature by the heat provided by the
supply air. This temperature is not enough to regenerate
the material, so a heat source is added to further increase
air temperature. Finally, desiccant material is regenerated
by this hot air stream.
The mean monthly temperature and relative humidity
data was taken from Meteonorm 7.3. Monthly averages
of ten years meteorological data are shown in Fig. 3. The
figure depicts the monthly variations in temperature and
relative humidity in all the four studied zones. Human
thermal comfort [24] and viruses minimum activity zones
[5,25–27] were developed by cited literature shown in
Fig. 4. Punjab was divided into four zones based on
variations in climatic conditions. These zones were
named as Northern Punjab (Z1 that includes Murree),
Upper Punjab (Z2 that includes Islamabad, Rawalpindi,
Jhelum, Gujrat, and Sialkot), Central Punjab (Z3), and
Lower Punjab (Z4). Ambient air temperature and relative
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properties of desiccant material for latent heat load and
evaporative cooling for sensible heat load. It has certain
advantages over VAC i.e. use of low-grade thermal
energy, low operating costs, CFC’s free green technology,
and energy savings [15–17]. The humidity control ability
of DAC makes it an attractive alternative to the
traditional system in wet market applications.
Furthermore, the DAC system has a wide range of
applications including heating and ventilation in
commercial buildings, agricultural products storage, and
grain drying [18–23].
In this study, the acceptability of the DAC system was
investigated for wet market applications in Punjab,
Pakistan. The main aim of the study was to test the
potential of a DAC system to provide human thermal
comfort and environmental conditions that resist the
incubation of viruses inside wet markets. Experimental
models were used to evaluate the temperature and
humidity handling ability of a MEC coupled DAC system.
The performance was inspected based on system ability
to provide thermal comfort to occupants and optimum
thermal conditions to control viruses’ growth inside the
market.

Human Thermal
Comfort
Dry bulb temprature [ᵒC]
Fig. 2. System configuration and psychrometric
representation of properties of air in the proposed DAC
system [11,28,29]
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Fig. 3. Monthly temperature and relative humidity
variation in the four studied zones of Punjab, Pakistan.
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The regeneration temperature was kept low at 60⁰C and
heat exchanger effectiveness was taken as 0.9 in
accordance with previous literature [18,30]. Beccali
model [32] (eq. 1-3) was used to evaluate the

performance of desiccant wheel while MEC performance
was investigated based on simplified correlation (eq. 4)
developed by M. Sultan et al [33]. Performance of heat

Minimum activity zone
for viruses [5, 26,27,31]

Human thermal comfort [24]

Fig. 4. Human thermal comfort [24] and viruses' minimum acticity zones [5,24,26,27,31] developed by literature.
Coloured symbols depicts the temperature and relative humidity conditions in developed four zones.
humidity
exchanger was examined by governing equation (eq. 5)
given below [18].
(1)
made DAC capable of achieving desired humidity
ℎ𝑏 = 0.1312ℎ𝑓 + 0.8688ℎ𝑎
conditions with low regeneration temperature (60 oC) for
desiccant material i.e Silica gel. The maximum
(2)
𝑅𝐻𝑏 = 0.9428𝑅𝐻𝑓 + 0.0572𝑅𝐻𝑎
dehumidification was done in the month of August in
0.053𝑇𝑏
which higher ambient relative humidity has to be tackled.
(3)
𝑅𝐻𝑏 𝑒
ℎ𝑏 − 1.006𝑇𝑏
=
This may lead to higher regeneration temperature to
18671
2501 − 1.805𝑇𝑏
achieve desired dehumidification rate. Thus, the amount
of water to be dehumidified depends on the ambient air
(4)
𝑇𝑑 = 6.7 + 0.2630(𝑇𝑐 ) + 0.5298(𝑋𝑐 )
conditions. Higher the ambient temperature lower will be
the dehumidification. For example, Z2 has a constant
𝑇𝑐 = 𝑇𝑏 − 𝜀𝑥 (𝑇𝑏 − 𝑇𝑎 )
(5)
relative humidity of 66% with temperatures of 30.3 ⁰C and
27.6⁰C in the months of July and September, respectively.
Where, ℎ𝑏 , ℎ𝑓 and ℎ𝑎 are enthalpies of air (kJ/kg) at
However, decrease in the relative humidity was higher
stages b, f and a respectively. 𝑅𝐻𝑏 , 𝑅𝐻𝑓 and 𝑅𝐻𝑎 are
(50%) in September than the decrease (48%) in July. In
relative humidity (%) at stages b, f and a respectively. 𝑇𝑏 ,
this regard, higher relative humidity of ambient air also
𝑇𝑑 , 𝑇𝑐 and 𝑇𝑎 are temperatures (⁰C) at stages b, d, c and a
supports greater dehumidification. Moreover, cooling
respectively. 𝑋𝑐 is absolute humidity (g/kg of dry air) at
capacity of the MEC also depends upon the relative
stage c while 𝜀𝑥 is effectiveness of heat exchanger.
humidity. Greater the humidity of ambient air lower will
be the decrease in temperature and vice versa.
Ambient conditions during these months of summer
3. RESULT AND DISCUSSIONS
don’t lie in viruses’ thermal survival zone. However, wet
The ambient temperatue and relative humidity condition
markets with higher relative humidity in this scenario
of the studied zones have great variations. Due to these
may lead to growth of these viruses. The proposed system
variations, all climatic zones have different response
can handle these wet conditions by ensuring human
towards DAC potential. The results show that the
thermal comfort as well as providing viruses free zone as
proposed DAC has no potential in Northern Punjab due
shown in Fig. 5. The figure reflects the performance
to heating requirement in this zone. Other three zones
ability of DAC as well as MEC system. Both the systems
have almost same response towards DAC potential.
perform well under hot and humid ambient conditions to
There were four months of summer (i.e. June, July,
provide optimum conditions. Although, MEC is
August, and September) in which cooling, and
restricted to only some month where there is only the
dehumidification were required. Lower Punjab has other
need of sensible cooling. While DAC can perform better
two months (i.e. April and May) having cooling
with the conditions with higher relative humidity and
potential, but it can be achieved by MEC alone to provide
temperatures. However, it is not suitable in some
human thermal comfort. The proposed DAC system can
scenarios (e.g. May and April in lower Punjab) where
effectively achieve human thermal comfort in summer
there is no need of dehumidification as represented in
environmental conditions as shown in Fig. 5. Moreover,
Fig. 5. A comparison between ambient climatic
the viruses’ thermal minimum activity zone was also
conditions and controlled by the proposed DAC system
achieved during this season. The distinct control over
is shown in Fig. 6. The figure depicts highest ambient
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temperature in Z4 durring the months of summer while
lowest was found in Z2. On the other hand, highest
relative humidity was found in Z3 and lowest was found
in Z2. It is clear from these results that temperature
control is important in Z4 while humidity control is
important in Z3. Moreover, there is higher risk of viruses
incubation Z3 than any other zone. Thus,
dehumidification is more crucial in Z4 than any other
studied climatic zone. It is important to note that

April

dehumidification quantity depentds on both of the
temperature and relative humidity. Lower degrees of
temperature and higher percentages of relative humidity
enhances the dehumidification while higher temperature
and lower relative humidity decreases the
dehumidification rate. Finally, the proposed DAC is the
best alternative to conventional air conditioning system
for wet markets applications in the studied region.
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Fig. 5. Results of experimental models for temperature and humidity control by the proposed DAC and MEC
systems.
CONCLUSIONS
In this study, a desiccant based dehumidification air
conditioning (DAC) system was investigated for wet
market applicability. The proposed system can
effectively achieve optimum human thermal comfort as
per ASHRAE standards with lower regeneration
temperature of 60 ⁰C with low grade waste heat which can
be generated using biogas, solar concentrator, solar
collectors, etc. Applicability of the proposed DAC
system was checked for the general thermal and humidity
conditions of wet markets. DAC was able to solve the
stated problem (viruses incubation environment in wet
markets) by effectively controlling the moisture level in
thermal minimum activity zones of viruses. Based on the
key findings of the present study, DAC was found to be
more economical, green, and alternative approach for
proper ventilation and humidity control of wet markets to
provide good environmental health.
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