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Abstract. Achieving acceptable air quality levels in indoor
spaces by regulating the concentrations gfOHand CQ is
important for occupant health. Conventional techniques rely on
supplying dehumidified outdoor air to dilute these species to
within their healthy ranges. Typically, the outdoor air
dehumidification is conducted using vapor compression cooling
either as standalone systems or integrated with desiccant
dehumidifiers. These methods are known to be energy intensive,
especially in hot and humid climates. Ventilation systems using
indoor air with adsorption-based g@apture are thus proposed.

on low grade thermal energy such as solar energy instead
of electrical energyf]. Such systems suffer from large
footprint due to the need to treat large amounts of
outdoor air ¥].

Recent efforts are directed to reduce the reliance on
outdoor air and increase the fractions of recirculated
indoor air. This is especially beneficial since the indoor
air is characterized by lower temperature and humidity
levels than that of the outdoor air. This reduces the

These systems use adsorbent packed beds to dehumidify andSensible and latent cooling needs imposed on the

decarbonize the indoor air before it is sensibly cooled and
supplied to the space. For energy efficient operation of these

ventilation system g]. Nonetheless, this comes at the
expense of jeopardizing the air quality by increasing the

systems, heat recovery units are necessary. In this work, heat andindoor CQ levels beyond the recommended threshold of
mass balance models were developed and used to determine the1000 ppm set by ASHRAEI]. Accordingly, indoor air
optimal placement location of the heat recovery units. It was {regtment for carbon removal by adsorption has been

found that a heat exchanger preceding the decarbonization bed

increased the MOFs capacity, resulting in 33 % lower mass
requirements. This was accompanied by a reduction in the
thermal and electrical energy consumption by 43.5 % and 25 %,
respectively, with respect to the configuration where the heat
exchanger was placed after both air treatment systems.
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1. Introduction

Providing occupant in indoor spaces with acceptable air
quality is of crucial importance to protect their physical
and cognitive heath especially since they tend to spend
more than 90 % of their time in enclosed spad¢sjuch
breathable indoor quality (IAQ) is ensured by maintaining
the indoor generated species such g@,HCO;, and VOCs

to below their healthy threshold®]| Among these species,

a special attention must be given to the levels of indoor
humidity and CQ levels due to their high generation rates
from the occupants compared to the other species.
Moreover, these species have direct impact on the
occupants health 3[ 4]. Conventionally, ventilation
systems are used to pump dehumidified outdoor to dilute
these species, where the outdoor air is dried using vapor
compression cooling. However, this technique is energy
intensive, especially in hot and humid climat&$ [For

this reason, thermally driven dehumidification system are
proposed as an energy-efficient alternative since they rely
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suggested as a novel ventilation stratetfyj.[However,
most adsorbents suffer from reduced and even abolished
capacity for CQ in presence of D, especially at the
dilute levels [L1]. Accordingly, the indoor air requires
dehumidification prior to the carbon removal, which can
be achieved using the thermally driven desiccant
dehumidifiers. Such system has been proposed by many
researcherslp, 13]. Nonetheless, no one considered the
effect of the pre-dehumidification on the carbon capture
performance. This is especially critical since the
dehumidified air is characterized by an elevated
temperature that could hinder or reduce the,CO
adsorbent temperature. However, heat recovery units can
be used to benefit from the energy of the discharged cool
air to enhance the system performance.

Therefore, the objective of this work is to evaluate the
placement of the heat recovery unit to determine the
optimal location that minimized the system size and
energy consumption. For this reason, mathematical
models for the heat and mass transfers are developed and
applied for a case study of a typical high occupancy
classroom located in the hot and humid climate of Doha,
Qatar.

2. System description
The proposed system is implemented in a classroom

space located in a hot and humid climate. The proposed
system is operated to meet the students thermal comfort
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colnditiorr:s b)(’j maintainin% a temperature 3“ ZEC[: and a to the difference between the equilibrium uptafé
relative humidity ranging between 40 % and 601%4.[To —
provide the student with acceptable IAQ, the system (kg/kg) and the actual uptaigy (kg/kg).
should maintain C@ levels below 1000 ppm, O H,O capturebed [ ] €O, capture bed
concentration above 19.5 % and formaldehyde level below Mixing box Sensible heat exchanger
8 ppb [LO, 15-17. Formaldehyde is chosen as the a)
representative species of the VOCs family since it is )

msup ?Q
mra

commonly found in occupied spacek/]. The proposed
system consists of two packed beds in series that handle
the dehumidification and decarbonization of the indoor air,
an air-to-air heat exchanger that acts as a heat recovery

unit from the discharged indoor air and a cooling coil of a m@
vapor compression cooling systems to provide the space Il Mgy
with the necessary supply temperature. Two configurations Cooling coil

of this system are proposed in this work where the

placement of the heat recovery unit is varied with respect _

to the decarbonization bed as shown in Fig. 1. <

In the first configuration (Fig. 1(a)), the heat exchanger is ® g

placed before the decarbonization bed. The indoor air at g

state (2) is extracted from the classroom at a flowrgte @ 2

and divided into airstreams. One airstream at flowrate ® ® %

is first dehumidified to state (3) before it is cooled in the ® &

heat recovery unit to state (4). The air is then decarbonized @

to state (5) before it is mixed with the recirculated indoor Temperature (°C)

air ri,, and outdoor air at flowrate:,, and state (1). The
resulting air at state (6) is sensibly cooled to state (7)
before it is resupplied back to the space. The
corresponding states of the ventilation air are shown on the
psychrometric chart (Fig. 1(a)).

In the second configuration (Fig. 1(b)), the heat recovery 4@
unit is placed after the decarbonization bed. In this case, m -
the indoor air at state (2) is dehumidified to state (3), # Msup
decarbonized to state (4) before it is sensibly cooled in the — ooling coil
heat recovery unit to state (5). The remainder of the

process is as in the previous configuration.
3. Methodology 0]
®: !
Mathematical models are developed for the heat and mass ®
@

E
€
1

%3'
Q

Q

transfers in the packed adsorption beds as well as inside

the classroom space. These models are used to size anc @ 06

operate the packed beds for the two different Temperature (°C)

configurations of the proposed system to determine the

optimal placement of the heat exchanger with respect to  Fig. 1. Schematic of the proposed system with the two

the decarbonization bed. considered placement of the heat recovery unit a) before
and b) after the decarbonization bed.

Specific humidity (g/kg)

A. Packed bed model

The adsorbent for both,B and CQ are loosely packed in - The equilibrium uptake is calculated at the adsorbent
fixed beds to selectively capture the targeted species. In temperature and the species concentration in the air using
addition, heat is also exchanged between the adsorbent andihe jsotherm model of the adsorbent. The species mass
the air due to the exo- and endothermic nature of the pajance on the air side is thus given by
adsorption/desorption  processes18][ Accordingly,
coupled heat and mass transfers are needed to accuratelys, a
model the packed bed operation and accurately determine U
the outlet air conditionslp]. For this reason, a transient
one-dimensional model is adopted with axially dispersed whereC; (kg/m’) is the concentration of specig$ ‘(H,O
flow and constant velocity along the airflow directi@d]f or CQ,) in the air,u (m/s) is the flow velocityps (kg/nt)
Moreover, the adsorption rate (mass exchange) between and p, (kg/nT) are the adsorbent and air density,
the adsorbent and air is modelled using the linear driving respectively.s (-) is the bed porosity, and,; (m?/s) is
force assumption, where the mass exchange is proportional the axial diffusion coefficients; (s?) is the linear driving
force assumption time constant. The detailed model is
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presented by Harrouz et aRl] and not reported here for
conciseness.

B. Space model

mass depends on the cycle time, inlet air conditions of
temperature and species concentration and regeneration
temperature and flowrate. A fixed cycle time operation
mode is chosen due to its simple control, and for the
current work, a cycle time of 1800 s is adopted with

To determine the air conditions of temperature and species 70:30 ratio of adsorption to regeneration durati@€.

concentrations in terms of the supplied air conditions, heat

The inlet conditions consist of the indoor air conditions

and mass balances were developed for the inside of the as presented in section 2. However, the outlet air

classroom space. The model of Yassine et al2@ [

conditions are determined to ensure that the supplied

adopted, where the balances are carried out for a control treated air can offset the species generation. Moreover,

volume consisting of the whole classroom air, which is
assumed to be well mixed (homogeneous). The lumped
transient heat and mass balances are thus given by

iTen .
PeVerCoa d:H = gy, Oy E{TSHF - Tfﬁ} + Q. +Q;(2)

dy i . "
anCR };;R = -nlsup [y!-_.siljj - yCR,i) i Yi (3)

where p, (kg/nT) andC, , (J/kgK) are the air density and
specific heat capacity of the indoor classroom space of
volume Ver (M%), temperatureTer (K), and species
concentrationycg,. fitsup (K9/S), Tsupp (K) andy; s, are the
supply air flowrate, temperature and species concentration,
respectivelyQ. (W) andQ; (W) are the heat gains into the

space from the envelope and internal sources, respectively,

andY; is the species generation rate.

C. Numerical solution

The different models of heat and mass balances are solved

using the finite volume approach with implicit scheme for
the time derivative (transient term) and the first order
upwind scheme for the first order spatial derivative
(convection term) while the second order spatial derivative
(diffusion term) was solved using the central difference

the outlet humidity from the dehumidification should
ensure that the indoor air is dry enough to eliminate the
competitive selectivity of KD over CQ. Such dryness
level depends on the selected adsorbent for carbon
capture. For the C{butlet concentration, a 20-ppm level
was adopted for practical reasons as adopted by Cheng et
al. [27]. Finally, to determine the packed bed diameter,
an airflow velocity between 1 — 3 m/s is consider2g| [
29).

For the proper operation of the proposed system, the
adsorbing material should be adequately chosen. For
indoor air dehumidification, the conventional silica gel is
selected due to its commercial availability at low prices,
moderate regeneration temperature (<80 °C). Silica gel is
also characterized by a moderat®Hapacity reaching a
maximum of 0.3 kg/kg at 25 °C temperatudg][ For the
carbon capture, the selected adsorbent should present
high capacity at dilute levels of GOmoderate selectivity

of H,O over CQ, low regeneration temperature,
hygrothermal and cycling stability. For this reason,
MOF-74-Mg is selected since it exhibits a L€apacity

of 6.3 g/kg at outdoor CQevels [L1] and a regeneration
temperature of 60 °C3[]. Moreover, for the selected
adsorbent MOF-74-Mg, an inlet humidity must not
exceed 4 g/kg32].

scheme. A time step independence test yielded a time step ) )

of 10% s that is adopted to ensure accurate results with 5. Resultsand discussion

acceptable computational time. The convergence reached

when the difference in the calculated parameters between The developed mathematical models were validated for

two consecutive iterations is smaller tharf10

4. Casestudy

The developed models are applied for a case study of
typical high occupancy classroom of dimensions (5<m
10 m x 3.5 m) with 33 students, located in Doha on the
coastal region of Qatar facing the Persian Gulf. The
prevailing climate conditions in this region is characterized
by extreme hot and humid conditions, where peak outdoor
air conditions of dry bulb and dew point temperatures
reach 44.3 °C and 30.2 °C, respectivedd][ The space
envelop is selected to abide by the Qatar Construction

Standard 2014 and the detailed properties are presented byS

Harrouz et al. 24]. The students are assumed to be
conducting a sedentary activity at rest with a metabolic
rate of 1.2 met resulting each in a £€missions rate of
10.8 mg/s, a KD emission rate of 11.57 mg/s and a
consumption rate of 9of 9.92 mg/s 25]. In addition, the
classroom is characterized by an emission rate of
formaldehyde of 10.2 mg/h. the sizing of the different beds
depends on the amount of the water vapor and t6®e
removed from the treated indoor air flowratg,. This
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the adsorption of both water vapor on silica gel ang CO
on MOF-74-Mg with published data in literature. It was
found that the maximum discrepancy on the calculated
outlet air temperature and species concentration from the

a Packed bed model were less than 9.2%. [

Using the classroom space model, it was found that the
supply, treated and outdoor air flowrates needed at the
peak humidity conditions were found to be 1.02 kg/s,
0.26 kg/s, and 0.078, respectiveR4]. These flowrates
were required to offset the different species
generation/consumption rates and ensure acceptable 1AQ
in the classroom and meet the required indoor air
temperature that provided thermal comfort for the
tudents.

The validated packed bed model was then used to
properly size the packed beds for dehumidification and
decarbonization following the approach presented in the
previous section for both system configurations. Since
the heat exchanger location was varies with respect to the
decarbonization bed only, the size of the
dehumidification bed remained the same. It was found
that 15 kg of silica gel were needed in each bed to handle
the peak latent load of the indoor air that ensure an
airstream that is dry enough before entering the, CO
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capture bed. On the other hand, the size of decarbonization with 43.5 % and 25 % lower thermal and electrical
bed was drastically changed as can be seen in Table 1. Forenergy consumption.

the first configuration, the heat exchanger was placed

before the carbon capture bed. This resulted in pre-cooling Acknowledgment
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