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Abstract— A personalized stationery air treatment unit is 
proposed in this work to provide acceptable breathable air 
quality and adequate thermal comfort in in poorly ventilated 
spaces. The system consists of a coaxial personalized 
ventilation system integrated with an antibacterial filter and 
a metal organic framework-coated thermoelectric cooling 
unit. Validated mathematical models were developed to 
minimize the system size while maintaining thermally 
comfortable conditions. The system was simulated to 
determine its operative conditions and its required energy 
consumption. The supplied air conditions at the user’s 
breathing zone were met by the system ensuring acceptable 
air quality and thermal comfort levels. The system needed a 
total of 60 g of Nb-OFFIVE-1-Ni adsorbent with 130 W of 
electrical energy to properly operate the cooling unit and the 
fans. 
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I. INTRODUCTION 
The indoor environment in occupied non-ventilated spaces 

suffers from high levels of CO2, humidity, and pathogenic 
germs as well as a thermally non-comfortable environment. 
Thus, for the well-being of occupants, outdoor air is usually 
treated by reducing the CO2 and H2O concentrations to 
acceptable levels, exempting it from contaminants, and 
cooling the resulting clean air before supplying it to the indoor 
space. It follows that providing clean and cool air to the entire 
indoor environment using the renowned total volume 
ventilation techniques intensifies the energy burden, as it 
requires the treatment of large air flowrates. Thus, there is 
a need for an easily-integrated compact ventilator supplying 
small treated airflow rates to provide acceptable air quality 
and comfort levels at reduced energy consumption. 

A growing interest in “occupant-focused” ventilation 
strategies has been mushrooming in the last decade. Such 
techniques target the microclimate of occupants, providing 
them with clean and cool air [1-5]. These systems – known as 
personalized ventilation (PV) systems – enable the treatment 
of small amount of air that would be supplied to the 
occupant’s breathing zone (BZ), while relaxing the 
macroclimate environment in terms of temperature and air 
quality. PV systems are usually served by their own air-
handling unit to provide cool air. However, for ease of 
retrofitting and practicality, light has been shed on ductless 
PV systems that extract the cool room air and supply it to the 
microenvironment of occupants [6]. However, such systems 
lack the potential to treat the PV-supplied air. On this matter, 
there are new techniques arising in the research field that rely 
on using desiccant material – such as metal organic 
frameworks (MOFs) [7], for dehumidification, 
decarbonization and disinfection of air. When implemented 
in PV system operating at low flowrates, such desiccant 
systems are expected to be compact in size. Consequently, 
implementing MOF-based desiccant techniques within 
ductless PV systems results in a clean, dehumidified and 
decarbonized air supplied to the PV user. The burden of 
cooling the PV-supplied air and the regeneration energy of the 
desiccant system requires a novel implementation of a cooling 
system which is the addition of thermoelectric cooling (TEC). 
When electric power is applied to a TEC module, heat is 
transferred from one side of the device to another through the 
Peltier effect, causing the cooling effect on one side and 
heating effect on the other [8]. The simultaneous 
cooling/heating merit fulfils the need for the localized PV air 
treatment. The treatment thus consists of dehumidification, 
carbon removal, disinfection as well as cooling, all combined 
within one compact portable unit. Furthermore, the 
regeneration of the desiccant is achieved by the heating effect 
of the TEC module. This renders the proposed system an 
inclusive strategy that consists of a holistic operation, 



resulting in comfortable and clean microenvironment at 
minimal energy cost since the macroenvironment (room air) 
conditions can be relaxed. However and in order to reduce the 
risk of entrainment of the relaxed macroenvironment air into 
the clean PV jet, a low-mixing coaxial nozzle can be used [9]. 
Such configuration consists of a primary nozzle supplying the 
clean cool air, surrounded by a coaxial secondary nozzle 
delivering recirculated room air at the same velocity [10]. By 
minimizing the shear stress at the boundary of the primary 
clean jet, this configuration ensures the effective clean air 
delivery to the BZ of the user at minimal flowrate of the 
treated air. This leads to the reduction in the overall system 
size (cost) and energy consumption [10]. 

Subsequently, the novelty of the work resides in the multi-
feature proposed system that decontaminates, dehumidifies, 
decarbonizes and cools the air to be supplied locally to the user 
via ductless coaxial PV system, providing enhanced air 
quality and thermal comfort levels at reduced system size and 
energy cost. Such system has not been proposed in previous 
literature work, which renders it worthy of investigation for 
feasible applicability. 

Therefore, this research proposes a novel portable PV 
system consisting of a ductless coaxial PV extracting room air, 
treating it using MOF-based system with TEC, and supplying 
it to the microenvironment of the occupant. Implementing 
these air treatment techniques with ductless coaxial PV 
systems using low airflow supply is a win-win strategy where 
the air treatment system within the primary PV jet allows the 
supply of cool decontaminated air at low CO2/H2O levels at 
reduced energy consumption and system size. An integrated 
mathematical model depicting the proposed system is 
developed and validated with experimentally published data. 
The model is then used to adequately size and operate the 
system for typical relaxed room air conditions. 

II. SYSTEM DESCRIPTION

The proposed personalized ventilation system, shown in 
Fig. 1, consists of a stationery coaxial PV system that extracts 
the room air, disinfects it from bacterial agents, treats it for 
water vapor and CO2 removal using MOFs while 
simultaneously cooling using TEC unit, and supplying it to the 
occupant’ BZ. Two important advantages of TEC encourage 

its use in this application: it provides simultaneously the 
cooling and heating loads required for the air 
dehumidification/cooling and regeneration of the MOFs. 
Furthermore, it can easily switch between cooling/heating 
modes simply by alternating the supplied current direction 
[11]. Such system is easily integrated within poorly ventilated 
spaces suffering from contaminated room air. 

For air disinfection, Mortada et al. [12] developed new 
antimicrobial agent systems based on metal organic 
frameworks (MOFs). Highly stable MOFs structures were 
used as platforms for the post-metalation with silver cation 
employed as antimicrobial agents. Thus, a cellulose filter 
loaded with such MOFs is used for the disinfection of both PV 
primary and secondary airflow jets. Note that the disinfection 
of the total PV-supplied air is crucial, as the air supplied to the 
BZ of the user from both primary and secondary jets should 
be exempt from contaminants for protection. The disinfected 
room air is, then divided into two airstreams: the primary 
stream passes over the cold TEC side to be cooled while the 
water vapor and CO2 are simultaneously adsorbed by the 
MOFs coated on the fins of the TEC unit (Fig. 1). The 
resulting treated air is supplied from the PV primary jet to the 
occupant at breathing level, while the secondary air stream 
consisting of disinfected room air is supplied via the coaxial 
PV nozzle (Fig. 1). To regenerate the MOFs, another 
airstream, extracted from the room, passes over the hot TEC 
side, desorbing thereby the species (CO2, H2O) that are purged 
into the airstream (Fig. 1). This regeneration exhaust air is 
then discharged upwards away from the occupant. 

Having the PV coaxial configuration consisting of small 
primary and higher secondary PV jets ensures a reduced 
system size as only the primary jet is to be dehumidified, 
decarbonized and cooled. This results in a low MOFs mass, 
reducing thus the system overall size and cost. Moreover, the 
MOFs-coated TEC unit ensures a continuous operation by 
rotating the finned plate and simultaneously switching the 
electric current direction, to constantly provide cooling, 
dehumidification and decarbonization for the primary PV jet. 
Note that the different fans needed for the system operation, 
as well as the TEC can be run using a power supply source 
(batteries and/or plug-in socket).

Fig. 1. Schematic of the localized air-conditioning system for the coaxial PV supply outlets using the TEC compact unit. 



III. METHODOLOGY

The performance of the PV treatment unit is evaluated 
through its ability in generating clean cool air at minimal 
investment and operation costs. The latter consists of the 
needed electrical energy to operate the PV fans and the TEC 
unit. This is achieved using validated numerical models of 
the heat and mass balances of the adsorption process using 
MOFs and the Peltier effect of the TEC unit. These models 
are used to size the air treatment unit and determine its 
energy consumption to provide the supply air conditions. 

A. Adsorption model 

In this system, the MOFs adsorbent is coated on the fins 
of the TEC unit to enhance the heat transfer on both hot and 
cold sides. Such configuration offers higher heat and mass 
transfer area compared to packed beds as well as lower 
pressure drop on the airflow. Since there is interest in 
predicting the H2O and CO2 concentrations in the air at the 
outlet of the PV unit, a lumped transient adsorption model 
is adopted in this study [13]. The model considers coupled 
heat and mass transfers in the adsorbent assumed at uniform 
conditions throughout the unit. This is possible due to the 
small coating thickness, small unit size and fast sorption 
kinetics of the MOFs. Moreover, the model uses the linear 
driving force (LDF) assumption to simulate the solid side 
diffusion of water vapor and CO2. In this assumption, the 
adsorption rate of species “i" is proportional to the 
difference between its equilibrium concentration 𝑞∗ (kg/kg) 
and the volume-averaged adsorbed concentration 𝑞  
(kg/kg): The proportionality constant, kLDF (s-1), of this 
model combines all three mass transfer resistances taking 
place in the adsorbent: i) the external mass transfer in the 
fluid film, ii) the intraparticle diffusion in the mesopores, 
and iii) the interparticle diffusion micropores [14-17]. Based 
on the above, the macroscale mass conservation of each 
species is given by: 

𝑉 𝐶 , 𝐶 , 𝑀
𝜕𝑞
𝜕𝑡

0 (1) 

where (1) indicates that the change between inlet and outlet 
of the PV airflow’s species concentration is equivalent to 
the amount adsorbed by the MOFs. 𝑉  (m3) is the flowrate 

of the primary air jet,  (kg/kg∙s) is the average adsorption 
rate of species i in the gas phases with inlet and outlet 
concentrations of 𝐶 ,  (kg/m3) and 𝐶 ,  (kg/m3), 
respectively. 𝑀  (kg) is the coated adsorbent mass. The 

adsorption rate ( ) is given by the LDF assumption as 
follows: 

𝜕𝑞
𝜕𝑡

𝑘 , 𝑞∗ 𝑞  (2) 

The LDF constant and equilibrium uptake of the 
adsorbent depend on the air and solid temperatures, hence 
energy balances are needed for both phases. 

For the air side, the energy balance considers the change 
in the PV airflow caused by the heat transfer with the MOFs-
coated fins of the TEC unit as given by: 

𝜌 𝐶 , 𝑉 𝑇 , 𝑇 , ℎ 𝐴 𝑇 𝑇  (3) 
where 𝜌  (kg/m3), 𝐶 .  (J/kg∙K) and 𝑇  (K) are the density, 
specific heat capacity and average temperature of the air in 
the PV airflow, 𝑇 ,  (K) and 𝑇 ,  (K) are the air inlet and 
outlet temperatures to the unit. 𝑇  (K) is the adsorbent 

temperature. ℎ  (W/m2∙K) is the convective heat transfer 
coefficient and 𝐴 (m2) is the total heat exchange area. 

To solve these equations, the adsorbent temperature (𝑇 ) 
should be known. Hence, an equivalent RC- circuit is used 
as shown in Fig. 2. It should be noted that the heat of 
adsorption (𝑃 ) is considered as a heat input to the thermal 
RC- circuit, which is added to the interface between the 
solid and the fins (Fig. 2). Such analysis has been adopted 
from the experimentally validated model of Li et al. [13]. 

To simulate the above model, the following inputs are 
needed: i) Thermos-physical parameters and isotherms of 
the adsorbent; ii) Inlet air conditions of temperature, species 
(H2O, CO2) concentrations and flowrate; and iii) Heat fluxes 
from the TEC unit. 

Fig. 2. Equivalent RC-circuit of the TEC unit and its heat sink.. 

B. Thermoelectric cooling model 

In the analysis of the RC-circuit previously mentioned, 
it is required to determine the heat fluxes provided by the 
TEC unit: when the electrical current is passed in the semi-
conductor, a Peltier effect is observed where the heat fluxes 
on both cold (𝑃 , ) and hot (𝑃 , ) sides are given by 
[18]: 

𝑃 , / 𝛼𝐼 𝑇 /  (4) 
where 𝛼 (V/K) is the Seebeck coefficient of TEC unit, 𝑇 /  
(K) is the temperature of the cold or hot side. Due to the 
internal resistance of the unit, heating by Joule effect is also 
present and considered, whereas the Thomson effect is 
neglected in comparison with the Peltier and Joule effects. 
To solve the model, the supplied electrical current and 
thermos-physical properties of the TEC unit are needed. 

C. Numerical solution 

The heat and mass transfer equations are solved using 
the finite volume method with implicit scheme along with 
Kirchhoff’s law and Laplace transformation for the RC-
circuit analysis. A time-step independence test is performed 
to determine the time-step that yields accurate results at 
acceptable computational time. The convergence of the 
different mass and energy balances is reached when the 
residuals of the calculated parameters are less than 10-6. 
These numerical models are integrated among each other 
through the RC-circuit analysis [13]. 

D. Sizing appraoch 

It is necessary to determine the adsorbent mass needed 
for effective capture of the water vapor and CO2 from the 
primary PV airflow jet. This mass is determined to capture 
either water vapor or CO2 separately, and the largest amount 
is used for the unit design. The captured amount of each 



adsorbate depends on the PV flowrate to be treated, the 
specific humidity and CO2 level of the air at the inlet and 
outlet of the PV unit as well as the regeneration temperature 
and cycle time. The flowrate and supply air conditions 
(temperature, H2O, and CO2 concentration) adopted for the 
sizing must ensure the provision of needed air quality and 
thermal comfort for the user. The regeneration temperature 
of the adsorbent is fixed at the minimum desorption 
temperature that ensures the complete regeneration of the 
adsorbent using the macroclimate air.  

For the cycle time (flipping frequency of the TEC unit), 
it is fixed to simplify the control and operation of the 
proposed system. For large flipping frequencies (short cycle 
period), the needed adsorbent mass decreases, which 
reduces the system size. However, frequent flipping 
increases the fluctuations in the supply air temperature to 
the user, compromising thus their local thermal comfort at 
the BZ level. Hence, the optimal cycle time should be 
determined to reduce the adsorbent mass while ensuring 
thermal comfort for the user. Such optimization problem 
involves complex physics that combines both the adsorption 
mechanism in the system and the thermoregulation of the 
human body. For this reason, genetic algorithm is chosen 
due to its robustness in finding near optimal solutions for 
non-linear problems by searching the solution domain. An 
objective function is set for the minimization of the 
adsorbent mass. The function is subjected to constraints of 
meeting the user’s thermal comfort requirements. This 
constraint is integrated into the objective function as 
presented by Zangwill [19] as follows: 

𝐽 𝑀 𝛿 4 𝐶𝐿  (5) 
where 𝐽 (kg) is the objective function and 𝐶𝐿 (-) is the 
comfort level of the user at the face, which is determined 
from the comfort model developed by Zhang et al. [20]. This 
model evaluates the comfort level based on a 9-points scale 
ranging from −4 (very uncomfortable) to +4 (very 
comfortable). The model requires the facial skin 
temperature of the user, its transient change rate as well as 
the core temperature change rate. To determine these 
different parameters, bioheat model developed by Karaki et 
al. [21] is used. 𝛿  (kg) is a virtual conversion factor for 
the penalty term of the constraint, which enables the penalty 
to have similar contribution to the overall objective 
function. The population size of variable to be optimized 
(𝑀 ) is set to 20 with a maximum generation number of 50. 
The crossover fraction, mutation factor and function 
tolerance were set to 0.8, 0.1 and 10-14, respectively [22]. 
For the obtained optimal mass, the required number of TEC 
modules is determined to ensure that the regeneration air 
heating and primary PV air cooling needs are met at the 
needed desorption and supply temperatures. 

IV. SYSTEM SPECIFICATIONS AND PERFORMANCE
The performance of the proposed PV air treatment unit 

is assessed in providing the user with acceptable air 
conditions at their BZ at minimal energy consumption. 
Typical relaxed macroenvironment conditions are adopted: 
a temperature of 26 °C, a relative humidity of 65 %, CO2 
concentration of 1500 ppm [23], and a concentration of 105 
CFU/m3 of airborne bacteria (E. coli) [24]. Acceptable air 
quality and thermal comfort are ensured when the PV 
treatment unit supplies clean cool air at a typical primary air 
flowrate of 2.5 L/s [10], with the following conditions: 23 
°C, 55 % relative humidity (i.e., 9.67 g/kg specific 

humidity), 400 ppm CO2 concentration (ambient CO2 level) 
and exempted from bacterial agents [3]. Note that a 
secondary air flowrate of 8 L/s for the coaxial PV is adopted. 

For the dehumidification and CO2 capture, Nb-OFFIVE-
1-Ni, developed by Bhatt et al. [25] is selected as it exhibits 
exceptional carbon capture capacities from dilute and humid 
airstreams with capacities reaching 2.1 mmol/g at ambient 
CO2 levels. Additionally, it showed good water vapor 
uptake capacities of 7 mmol/g and a regeneration 
temperature of 75 °C, which makes it a great candidate for 
this application. For the bacteria removal, conventional 
glass fiber medium filter of 0.3  0.05 mm thickness is used. 
The filter is doped with 3 % of the media weight with 
Ag/MIL-101(Cr)/IMI. Such filter proved to have a filtration 
efficiency > 99.99 % and a bacteria deactivation efficiency 
of 100 % (completely inactivate retained bioaerosols) [26]. 
The number and power of the TEC model to be used should 
cover both cooling and regeneration needs of the PV 
treatment unit. A proper design of the heat sink (fins) is 
necessary to provide the required heat dissipation rate on the 
TEC hot side and ensure proper operation at the desired 
temperature levels. For this reason, the fins’ number, 
thickness, length and width are determined to ensure the 
minimum thermal resistance (𝑅 ) capable of releasing the 
heat on the TEC hot side. 

V. RESULTS AND DISCUSSION 
The integrated model had been simulated with the 

optimization algorithm to determine the optimal switching 
time able to provide the adequate local comfort at minimal 
system size. A switching time of 10 min ensured the highest 
comfort level close to 0.9 (comfortable) as presented in Fig. 
3. For this switching time, the needed mass of the adsorbent
was 60 g to remove the needed amounts of CO2 and H2O to 
meet the supply air conditions in species concentrations. 
Note that this mass was mainly dictated by the H2O capture 
requirements. The adsorbent regeneration temperature was 
provided by the TEC module along with the needed cooling 
power for the primary PV airflow. For the current 
application, two TEC units with cooling power of 30 W 
each were used, which also provide a temperature difference 
of 55 °C [27]. For effective heat dissipation at the hot side 
of the TEC, the units were equipped with a heat dissipation 
sink formed of 19 extruded fins with the following 
dimensions (110 mm  50 mm  1 m) and 3 mm spacing. 
The needed 60 g of MOFs were coated with a thickness of 
0.15 mm. 

Fig. 3. The obtained comfort level at different switching times. 

The system operation was simulated using the 
developed model and the resulting air conditions at the PV 
and regeneration air jets outlet are shown in Fig. 4. A cyclic 



steady state was clearly reached in terms of outlet air 
conditions at both air jet of the proposed unit. For the PV air 
temperature, it increased at the beginning of the cycle to 
27.2 °C due to the heated fins from the previous cycle (Fig. 
4.a). However, the air temperature decreased and was 
maintained at 23 °C for the majority of the cycle time, which 
highlights the validity of the selected optimal time. For the 
supply air species, both water vapor and CO2 witnessed a 
high concentration at the beginning of each cycle caused by 
the high temperature of the adsorbent, which reduced its 
capture capacity. However, as the adsorbent was cooled by 
the TEC, its capacity was restored, and the target supply 
concentration was maintained throughout most of the cycle 
time (> 8.5 min). Note that the supply CO2 level was around 
250 ppm, lower than the design value of 400 ppm. This is 
due to adopting the greater MOFs mass needed for water 
vapor adsorption. 

 

 
Fig. 4. The variation of  a) temperature, b) specific humidity, and c) 

CO2 level at the outlet of the PV and regeneration air jets. 

The operation of this system required electrical energy 
to operate the TEC and the fans. The TEC units necessitated 
19 V with a current of 6.1 A, resulting in 116 W energy 
consumption. The fans were used to drive the PV primary 
and secondary airflows through the filters as well as to drive 
the primary and regeneration airflows over the TEC unit. 
These fans required thus 14 W, resulting in a total of 130 W 
for the overall system operation. 

VI. CONCLUSION 
This work proposed a personalized stationery air 

treatment unit consisting of a coaxial PV system integrated 
with an antibacterial filter and a MOFs-coated TEC unit. 
This system is used to provide the user with acceptable 
breathable air quality and adequate thermal comfort in 
poorly ventilated space. Experimentally validated 
mathematical models were adopted to minimize the system 
size while maintaining thermally comfortable conditions. 
The models were also used to simulate the system operation 
and determine its energy consumption. It was found that the 
system required a total of 60 g of adsorbent with 130 W of 
electrical energy to properly operate. Future work is 
necessary to assess the impact of implementing this system 
on the energy consumption of the background room air 
conditioning system. 
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