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ABSTRACT

Controlling humidity in indoor plant environments is crucial to plant growth, but traditional
dehumidification methods can be energy intensive. In this study, we evaluate the energy efficiency
of a novel dehumidification concept that uses cold concentrated fertilizer solution as a liquid
desiccant agent. This closes the water cycle by recovering water vapor for plant fertigation, and
eliminates the need for energy-intensive desiccant regeneration. A theoretical transport model is
used to conduct a parametric analysis of the specific energy performance of the system in response
to desiccant temperature and other operating conditions. Specific energy of dehumidification is
defined here as the ratio of the cooling load to the water vapor removal. Minimum specific energy
results between 0.16-0.24 Wh/g are achieved at liquid desiccant temperatures between 7-14 °C.
These results compare very favorably with other dehumidification technologies on the market, and
satisfy new energy efficiency standards for indoor plant cultivation. The vapor flux associated with
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the minimum specific energy ranged from 1.2-1.6 g/m?*h. Controlling liquid desiccant temperature
is shown to be critical to achieving high dehumidification rates at optimal specific energies. These
encouraging results suggest that future research and development along this track can contribute

to energy efficient greenhouse cultivation for sustainable food production.
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1. Introduction

Controlled plant environments, such as indoor farms, greenhouses, and grow chambers, have
great potential to increase global food security. Such plant systems can dramatically increase crop
yields and nutritional quality, reduce risks of crop failure, mitigate environmental impacts, and
improve the efficiency of water, fertilizer, and energy inputs [1-3]. Much of the benefit of indoor

plant environments is achieved by careful control of the plant microclimate, including indoor
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humidity levels [4-5]. This is important because excessive humidity can lead to inadequate nutrient
uptake, disease, and poor flowering and fruiting, while insufficient humidity can lead to high

transpiration and wilting.

To maintain target humidity levels, it is necessary to remove water vapor at approximately the
same rate as plant evapotranspiration [6]. While this can sometimes be achieved with fresh air
ventilation, it is often preferable to operate indoor farms as closed systems, so as to reduce heating
and cooling costs, and eliminate vectors for pests and other contaminants. Forsuch closed plant
environments, dehumidification is usually handled by a conventional air conditioning condenser
for direct water removal [7, 8]. Alternatively, a variety of desiecant cycles have also been proposed
in recent years [9-15]. With all of these technologies, one of the primary challenges is to reduce

energy intensity, so as to reduce operating costs.

One measure of energy efficiency is to consider the amount of energy consumed per unit of
water vapor removed from the environment, a metric known as the specific energy of
dehumidification. Recent publications have reported specific energy results between 0.3-0.9 Wh/g
for a variety of lab-scale vapor compression and liquid desiccant cycles operating under optimized
conditions [16-18]. On the other hand, current state-of-the-art commercial packages typically
require closer to 1-2 Wh/g [19]. For comparison, recent indoor farming regulations require 0.37-
0.55Wh/g [20, 21]. This suggests that improvements are needed in the efficiency of current state-

of-the-art dehumidification technology.

In an effort to improve the energy efficiency of greenhouse dehumidification, we recently
introduced the novel concept of using concentrated fertilizer solution as a liquid desiccant agent

[22]. Figure 1 illustrates one embodiment of the concept in a membrane-based dehumidification
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process. As shown, fertilizer solution is circulated through a membrane module where the low
vapor pressure of the cool concentrated desiccant draws water vapor across the membrane, out of
the indoor air. A chiller is used to remove the heat of condensation released from the phase change
of water vapor that occurs on the desiccant surface, and thereby maintains a relatively cool
fertilizer desiccant with low vapor pressure. When fertilizer solution is sufficiently diluted, it is
replaced by a fresh batch of fertilizer, and then delivered directly to plants where it-provides
valuable nutrients in addition to closing the water cycle by recycling water vapor for irrigation.
The concept was experimentally validated in our previous work, and dehumidification was
confirmed across a range of typical greenhouse conditions using a variety of common fertilizers

[22].
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Figure 1.-Water vapor permeate can be drawn from a humid air stream across a selective polymer membrane by a
vapor pressure gradient established by a concentrated fertilizer-based liquid desiccant solution. This process can be
used to dehumidify indoor plant environments and recycle water vapor for plant fertigation. A water-cooled chiller

is used to maintain the fertilizer desiccant temperature.
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A more detailed process and psychrometric diagram is also provided in Figure 2. As show, the
principal advantage of the proposed dehumidification process is that it avoids the need for
overcooling air to the dewpoint and then re-heating as with conventional air conditioning, and it
avoids the need for thermal regeneration and then re-cooling of the liquid desiccant solution as
with typical liquid desiccant processes. Therefore, while important energy savings are theoretically
possible, no systematic analysis of the system’s specific energy of dehumidification has-yet been

published in the scientific literature.
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Figure 2. Process and psychrometric diagrams of fertilizer dehumidification system. (1)-(2): Humidity is absorbed
by cool fertilizer liquid desiecant solution, reducing air humidity and reducing temperature due to thermal diffusion.
(2)-(3): Air is'reheated to' ambient temperatures via a heat pump or from waste heat. (a)-(b): Fertilizer desiccant
solution is.diluted-as water vapor is absorbed, reducing its concentration and increasing its vapor pressure. (b)-(c):

Fertilizer solution at the new concentration is cooled to restore the target vapor pressure.
The purpose of this study is therefore to evaluate the theoretical specific energy of

dehumidification for fertilizer-based liquid desiccant dehumidification. This builds on our

previous work, which introduced the concept and provided evidence of successful
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dehumidification but which importantly did not include any evaluation of the concept’s energy
efficiency [22]. This is the gap that this study will address. For the first time, this important
performance metric will be studied here and provide insight into the potential for this technology
to compete with other dehumidification systems. Fundamental mass and heat transport dynamics
of the process are defined, and a numerical model is validated and then used to simulate energy

performance in response to a range of operating conditions and a selection of membrane properties.

2. Theory

2.1. Specific Energy of Dehumidification

In a membrane-based dehumidification system, a polymer core separates concentrated desiccant
solution from a humid air feed stream as shown in Figure 3. Water vapor from the air stream
migrates to the membrane's surface, diffuses through it, and then desorbs and condenses on the
liquid desiccant surface due to a differential vapor pressure between air stream and the liquid

desiccant solution.
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Figure 3. The water vapor pressure gradient difference between the liquid desiccant and the humid feed air drives
the vapor flux in a membrane-based liquid desiccant dehumidification process. The vapor pressure difference across
the membrane is determined by the non-linear temperature and concentration gradients.

Because the driving vapor pressure is strongly dependent on temperature, it is generally
necessary tomaintain cool liquid desiccant. This is especially important in the proposed fertilizer-
based liquid desiccant process, where temperature is used to maintain the target vapor pressure,
even as the batch of fertilizer solution is diluted. This thermal gradient across the membrane
improves the rate of water vapor transfer, but also leads to heat transfer, and the associated thermal
load must be managed by actively cooling the liquid desiccant. The result of these dynamics is a

tradeoff between the rate of water vapor mass transfer and the rate of thermal energy transfer,
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which are both proportional to desiccant temperature. The ratio of these two dynamics can be
expressed as the specific energy of dehumidification e, as defined in equation erl), and optimized

as a function of temperature, as illustrated in Figure 4.

_4e

e_Am

(1)

Where 4Q is the amount of heat transferred to the liquid desiccant, which is-the coeling load,
and 4m is the amount of water removed from the humid air, both of which are defined in equations
(2) and (10). Because many technologies can handle cooling loads. with coefficients of
performance greater than unity, it is also helpful to consider the specific energy normalized over

the coefficient of performance, i.e. e/ COP. Where COP is defined as the ratio of heat out relative

to work in (i.e. COP = AQ / AW).

Figure 4. Water vapor flux and thermal energy flux towards the liquid desiccant solution are both increased by cool
desiccant temperatures. The balance of these two-competing metrics can be expressed as the specific energy of

dehumidification e and optimized as a function of temperature.

2.2.Vapor Transfer Across the Membrane
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In a membrane-based dehumidification system, water vapor transfer from humid feed air
towards concentrated liquid desiccant is driven by diffusion along a vapor pressure gradient. When

normalized per unit membrane surface area, the rate of water vapor transfer can be expressed as

vapor flux J.
A
] = 7 = Myif fusion (2a)
Am
] = o = K Appzo (2b)

Where a is the membrane surface area, K is the mass transfer coefficient; and Apm2o is the vapor
pressure difference across the membrane and fluid boundary layers. The vapor pressure of the
humid feed air can be obtained as a fraction of atmospheric pressure as per Dalton’s law or as a
fraction of the saturation pressure, as described in equation (3). The vapor pressure of the liquid

desiccant solution can be obtained from the Kohler equation [23, 24], as described in equation (4).

PHzoF = XP =Thp, 3)

Vn
PH20,0 = Po €XP RT (p—m) 4)

Where x is the mole fraction of water vapor, p is pressure, rh is the relative humidity, and p, is
the equilibrium vapor pressure, R is the gas constant, V), is the molar volume of water, T is

temperature; and 7 is osmotic pressure.

While other models have also been proposed, the equilibrium vapor pressure p, and the osmotic

pressure 7, can be classically obtained from the Antoine equation and the Van’t Hoff equation.
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By
p, = 101 c,£7) 5)
n=iRTc ©)

Where A4,, B,, and C, are empirical constants, i is the number of ions, and ¢ is the ion

concentration.

In cases where a rough estimate of flux is satisfactory, the vapor pressures in‘equations (3) and
(4) can be calculated from the properties, temperatures, and concentrations of the bulk fluids.
However, in cases where a more accurate model of flux is desired, boundary layer dynamics should
be considered, to obtain vapor pressures as a result of temperatures, concentrations, and other fluid

properties at the membrane surfaces.

In this case, a lumped element approach is taken and vapor diffusion across the membrane and
also the fluid boundary layers is considered. This i1s'done by considering the water vapor pressure
difference Apu20 across each of their tespective mass transfer coefficients K. Where K, Kr, and
Kp are mass transfer coefficients for the membrane, the feed air boundary layer, and liquid

desiccant boundary layer, respectively, each of which are defined in equations (7)-(9).

Km = B/L (7
pT' D
KF = 0.0732 Re%® §¢%33 ??W (8)

The expression for the membrane mass transfer coefficient K, is obtained from the simple ratio
of membrane vapor permeability B and thickness L. The air feed mass transfer coefficient Kr is

given here by an empirical expression previously proposed for gas flow in hollow fiber membranes

10
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[25-27], where Re is the Reynolds number, Sc is the Schmidt number, D is the diffusivity of water
vapor, d is the hydraulic diameter, and p" and 7" are standard pressure and temperature. And the
mass transfer coefficient for the liquid desiccant is neglected Kp ~ 0, since the boundary layer

gradient of water concentration is minimal [28].

2.3.Heat Transfer Across the Membrane

In a membrane-based dehumidification system, thermal energy transfer torthe liquid desiccant
solution is driven primarily by diffusion along a temperature gradient between the warm feed air
and the cool liquid desiccant, as well as by vapor mass transfer that carries both latent and sensible
heat across the membrane. When normalized per unit membrane surface area, the rate of thermal

energy transfer can be expressed as heat flux q.

a0 _ |
1= a daif fusion T dsensibie T Qiatent (10a)
4Q.. AT

Where quifusion 1s the temperature-driven thermal diffusion through the membrane, Gsensinie 1 the
heat carried by the water vapor mass that permeates across the membrane, and Gazen: 1 the heat of
condensation that is released from the water permeate phase change (which is assumed to occur
only at.the liquid desiccant surface). Expressions for each of these three thermal energy transfer
mechanisms are provided in equation (10b), where AT is the temperature difference across the
membrane and fluid boundary layers with thermal resistance r, ¢, is the specific heat capacity, and

H. 1s the heat of condensation.

11
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As stated previously, in cases where only an estimate of heat flux is needed, the temperatures
and other fluid properties in equation (10) can be taken from the bulk fluids. However, to improve
modelling accuracy, it is necessary to consider the non-linear temperature gradient across the fluid

boundary layers, which will act to reduce heat flux (as well as mass flux).

In this case, a lumped element approach is taken and heat transfer across the membrane and the
fluid boundary layers is considered. This is done by considering the temperature difference AT
across each of their respective thermal resistances ». Where 7y, 7+, and rp are thermal resistances
for the membrane, the feed air boundary layer, and liquid desiccant boundary layer, respectively,

each of which are defined in equations (11)-(13).

= L/k (11)
k _1

rp=hp ' = (0.023 5 Re08 Pr°'3) (12)
k _1

rp = W = <0.36 7 Re055 Pr0'33) (13)

Where £ is the thermal conductivity of either the membrane or the boundary layer fluid, /4 is the
convection coefficient which is given here by empirical expressions previously proposed for shell

and tube configurations [29, 30], and Pr is the Prandtl number for respective fluids.

3. Materials:and Methods

3.1. Finite Element Analysis

A numerical approach was employed to evaluate the specific energy of dehumidification as a

result of water vapor flux and heat flux in the fertilizer-based liquid desiccant system. A theoretical

12
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model of mass and heat transport dynamics was developed using equations (1)-(14). The model
was applied using discrete element analysis in 2-dimensions, including the direction normal to the

membrane surface, and the direction axial to the membrane surface.

In the normal direction, concentration and temperature gradients develop due to different mass
and thermal diffusivity rates across the membrane and its boundary layers. The normal profilewas
discretized into lumped elements, and a steady-state mass and energy balance was defined at both
the air feed membrane surface and the liquid desiccant membrane surface. The governing
equations of this balance are provided in Table 1, where the subscript b'1s used to define pressure
and temperature of the bulk fluid, and subscript m is used to-specify properties at the membrane

surface.

Table 1. Steady state mass and energy balance at the membrane surfaces.

Mass balance Energy balance

Kg (PHzo,F,b < pHZO,F,m) he (TF'b B TF'm) ¢ Trp

Air feed k
membrane surface = K (pHZO,F,m - pHZO,D,m) =7 (TF’m — TD,m) +Jcy Tem
k
Ko Pr120, 7.m — pHZO,D,m) 7 (TF,m - TD,m) +J ¢y Tpm +J He
Liquid desiccant
membrane Sul‘face = KD (pHZO,D,m - pHZO,D,b) — hD (TDm — TD b) +] Cp TDm

In the axial direction, concentration and temperature gradients develop due to the accumulation
of water permeate and heat as the bulk liquid desiccant advances (and conversely the depletion of
water permeate and heat from the bulk air feed). The axial profile was discretized into finite

elements, and a steady-state mass and energy balance was defined for each element of bulk fluid

13
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flow along the membrane surface. The governing equations of this balance are provided in Table

2.

Table 2. Steady state mass and energy balance for bulk air feed and liquid desiccant flow axial to the membrane

surface.
Mass balance Energy balance
Air feed mF,out = mF,in — Am QF,out = QF,in - AQ
bulk fluid
Liquid desiccant Mp oue = Mp iy + AT Q'D’out N Q'D‘in + AQ
bulk fluid

3.2. Numerical Methods

The mass and thermal transport model was implemented in Matlab software (R2018a,
Mathworks, Natick, MA) and used to simulate. the proposed dehumidification process. A
numerical approach was employed to solve the system of equations. A complete logic of the model
is provided is Figure 5. As shown, an iterative guess and check process is needed to consider
polarization and solve for water vapor flux as a function of the membrane surface temperatures,
which themselves are-functions of vapor flux. In addition, an iterative loop is needed to march
through discrete elements of the membrane length and account for axial variations in
concentrations and temperatures by mass and energy balance. In the case where air feed is
circulated counter to the liquid desiccant flow, the feed outlet conditions would need to be guessed
and then iteratively corrected until the solution converges. However, this additional dynamic was
neglected because in this study the liquid desiccant temperature and water concentration undergo
only negligible axial variations along the length of the membrane, and therefore co-current

modelling provides very similar results and is computationally simple.

14
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Figure 5. Finite element model used to numerically solve heat and mass transfer across each finite membrane
element and determine the resulting energy and mass balance of each control volume throughout the liquid desiccant

and air feed boundary layers.
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3.3. Simulation Parameters

A number of different scenarios were simulated to evaluate performance, particularly the
specific energy of dehumidification, over a range of operating and environmental conditions. A
summary of the membrane characteristics and simulation input parameters is provided inTable 1.
Unless otherwise specified, all results refer to these baseline conditions. The baseline is defined so
as to be consistent with laboratory test conditions used in our previous study [22], and was
experimentally validated as described in Section 3.4.. A hollow fiber module with a dense

polydimethylsiloxane membrane was selected for the baseline scenario.

Table 3. Baseline simulation input parameters.

Membrane

Configuration hollow fiber

Material polydimethylsiloxane
Vapor permeability B 3.94 x 10% g m2 ¢! Pa’l

Thermal conductivity &

0.19 W m K-'[31]

Membrane area a 1 m?

Fiber thickness L 55 x 10%m
Fiber diameter d 300 x 10°m
Number of fibers 12,600

Shell channel'diameter 6 x 102 m
Liquid Desiccant

Flow direction counter

Mass flow m 2 lpm
Fertilizer solute Ca(NO3), 4H,O

Concentration ¢

Temperature T’

945 g/l (75 % solubility)

15°C


https://doi.org/10.1016/j.applthermaleng.2023.121849

S. Moussaddy, S. Aryal, and J. Maisonneuve, "Specific energy analysis of using fertilizer-based
liquid desiccants to dehumidify indoor plant environments," Applied Thermal Engineering (in
press). https://doi.org/10.1016/j.applthermaleng.2023.121849

Coefficient of 5
performance COP

Air Feed Supply

Mass flow m 5 slpm
Humidity »A 70 %
Temperature T’ 25°C

3.4. Experimental Validation

Experimental validation of the mass and heat transport model was completed for baseline
conditions using a laboratory test bench as shown in Figure 6. At the heart of the system is a
commercial polydimethylsiloxane hollow fiber membrane module (PDMSXA-1.0, PermSelect,

Ann Arbor MI).

Feed is circulated through the membrane fibers from a compressed air source. Air feed is heated
and humidified to the target test conditions via an inline electric heater with a variable dc power
source, and via bubbling through columns-of deionized water. A mass and energy balance of the
air feed is considered by measuring mass flow rate (GH-32907-69 mass flow controller,
Masterflex, Radnor, PA), temperature in and out (MT-6340-30 thermal resistance sensors,
TWTADE, Suzhou, China), and relative humidity in and out (AM2315 capacitive humidity

sensors, Aosong Flectronics, Guangzhou, China).

Liquid desiccant is pumped through the shell side of the membrane module from a reservoir of
fertilizer solution prepared from deionized water and calcium nitrate tetrahydrate (98 % pure,
Fisher-Scientific, Pittsburgh, PA). Liquid desiccant is cooled to the target temperature via

circulation through a thermostatically controlled bath (TC550-SD, Brookfield, Middleboro, MA).

17
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A mass and energy balance of the liquid desiccant is considered by measuring temperature in and

out (800-32/140-1188 thermal resistance sensors, Noshok, Berea, OH).

Figure 6. Liquid desiccant dehumidification test bench at Oakland University laboratory, used to experimentally

validate the base case scenario defined in Table 3.

Figure 7 shows the water vapor and heat flux-that are predicted by the transport model as well
as the experimental observation of these from the experimental mass and energy balance. A
significant level of consistency is‘observed between the results. Some degree of discrepancy is
evident, but this may aris¢ fromwinherent limitations within the chosen transport model
correlations, as well as uncertainties inherent in the accuracy of the collected data. For reference,
a complete data set 1s provided in Supplementary Notes 1 and 2, showing raw data, analysis, and

propagation of uncertainty.
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Figure 7. Water vapor flux and heat flux-as predicted by the transport model and as observed by laboratory testing

under base case conditions defined-in Table 3.

4. Results
4.1. Specific Energy of Dehumidification

Figure 8 shows the specific energy results for fertilizer-based dehumidification given the base
case conditions previously specified in Table 3. As shown, water vapor flux increases significantly
as liquid desiccant solution is cooled, and simultaneously, a significant increase in heat flux is
observed. For example, vapor flux increases from 0.2 to 1.3 g/m?/h as desiccant temperature is

halved from 20 to 10 °C, but heat flux also increases from 0.55 to 1.65 W/m?. The balance of these
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two competing dynamics is observed in the specific energy of dehumidification, where a minimum
of 0.24 Wh/g is achieved at 13 °C, assuming the cooling load can be handled with a coefficient of
performance COP = 5. The effect of higher or lower COP is also shown. These specific energy
results compare favorably against both the thermodynamic limit of dehumidification which is 0.14
Wh/g for this case, and the new California greenhouse standards which range from-0.37 to 0.55

Wh/g.
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Figure 8. Water vapor and heat flux received by a fertilizer-based liquid desiccant solution across a range of
desiccant temperatures. Specific energy of dehumidification is obtained from the ratio of heat flux to vapor flux, and
normalized over the assumed coefficient of performance of the cooling technology (i.e. e / COP). The
thermodynamic limit of dehumidification, and new energy efficiency standards are provided for reference. Unless

otherwise specified, default simulation parameters are specified in Table 3.
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As shown, total heat flux is linearly proportional to the liquid desiccant temperature. A linear
profile like this is characteristic of a heat transfer process that is approaching thermal equilibrium.
In this case, the air feed has low thermal capacity (relative to that of the liquid desiccant), and the
membrane is somewhat oversized (relative to the feed flow rate) providing ample surface area for
heat transfer. Under these conditions, air feed leaves the membrane module at temperatures
approximately equal to the liquid desiccant inlet. This is confirmed by reviewing the raw data,
such as provided in Supplementary Notes 1 and 2, which shows that Tr,out — Tp,in» The total heat
flux curve is therefore only a representation of the thermal equilibrium limit, which is a linear
function of the liquid desiccant temperature. Figure 8 also shows the relative contribution of
different heat transfer mechanisms to the total flux. These mechanisms include (1) diffusion of
heat across the membrane (dotted line), (2) latent heat released from condensation of vapor
permeate (hatched line), and (3) sensible heat carried by the vapor mass transfer (double line). The
third mechanism of sensible heat transfer is shown to be negligible, and therefore it is not included
in further analysis. The second mechanism of latent heat transfer by condensation is of course
proportional to the rate of vapor mass transfer, and as shown the latent heat flux curve follows the
vapor flux curve. Interestingly, any change in latent heat flux is countered by an opposite change
in thermal diffusion which establishes thermal equilibrium and generates the linear plot for total

flux that is'explained above.

4.2.Liquid Desiccant Dilution

One of the primary features of fertilizer-based liquid desiccant is that, unlike conventional

desiccant, its concentration is not maintained via an energy intensive heating and cooling
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regeneration cycle. Instead, a batch of fertilizer desiccant is recirculated through the membrane
dehumidification system, recovering water vapor from the indoor plant environment, until the
solution is sufficiently diluted for delivery to the plants. However, as the concentration of desiccant
drops, so does its dehumidification potential. The transient nature of this process has an important
effect on its energy efficiency, as well as on its ability to match plant evapotranspiration rates,

which are also highly dynamic.

Figure 9 shows water vapor flux and the resulting specific energy of dehumidification, as
fertilizer concentration is diluted from near the solubility limit down to 10 % and then 0.1 %
solubility. Such low concentrations are on the order of what s typically desired for safe delivery
of fertilizers to plants. For example, in the case of Ca(NO3)> which is selected for this study, it is

typically delivered to plants at concentrations of ~ 1 g/I, equivalent to ~ 0.1 % of solubility [32].

As expected, vapor flux drops as<solution is diluted, and the resulting specific energy of
dehumidification increases. In addition, we observe that the minimum specific energy point shifts
to lower temperatures at low concentrations. This suggests the need to progressively cool the
fertilizer solution, as the batch process advances and the solution is diluted. To illustrate, consider
the case where fertilizer solution is maintained at a constant 13 °C as it is diluted. In this case,
water vapor flux would drop from 1.12 to 0.86 g/m?*h, and as a result the specific energy would
increase from 0.23 to 0.30 Wh/g. If however, the fertilizer temperature is progressively reduced
from 13 to 10 °C as the solution is diluted, vapor transfer would be maintained at a nearly constant

rate, and the specific energy would only increase from 0.23 to 0.27 Wh/g.

Interestingly, total heat flux remains constant across all the different concentrations. This may

appear to be somewhat counter intuitive since latent heat transfer by condensation is proportional
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to the rate of vapor mass transfer, which drops as desiccant concentration is reduced. However, we
observe here that any drop in the latent heat of condensation is followed by an equal and opposite
increase in thermal diffusion, such that total flux will remain constant. This is because the process
is operating near its thermal equilibrium limit, as explained in Section 4.1. Under these conditions,
thermal diffusion can be quite significant. This is well illustrated in Figure 9 at temperatures of
around 20 °C, where even in the absence of condensation, when mass transfer s reduced to zero
due to low concentration desiccant, thermal equilibrium is established by diffusion alone and total

flux remains constant.
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Figure 9. Water vapor and heat flux received by a fertilizer-based liquid desiccant solution across a range of
fertilizer solution concentrations. Specific energy of dehumidification is obtained from the ratio of heat flux to vapor
flux, and normalized over the coefficient of performance of the cooling technology (i.e. e / COP). The
thermodynamic limit of dehumidification, and new energy efficiency standards are provided for reference. Unless

otherwise specified, default simulation parameters are specified in Table 3.
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4.3.Liquid Desiccant and Air Feed Circulation Rates

Performance of the proposed fertilizer-based dehumidification system can be optimized by
careful control of operating conditions, including the circulation rates of liquid desiccant and air
feed. For example, axial gradients of temperature and concentration can be mitigated by reducing
the residence time of fluids in the membrane system. In addition, boundary layers and their
associated transport resistances can be reduced by maintaining high velocities'and high Reynolds

numbers.

Figure 10 shows the effect that different circulation rates have on dehumidification
performance. As shown, a small improvement in vapor flux is noeted from higher liquid desiccant
circulation rates. This is driven by a reduction-in concentration polarization due to improved
mixing that occurs at higher Reynolds numbers. There is no observed effect on heat flux, because
again the circulating air reaches thermal equilibrium with the liquid desiccant temperature, and

any difference in heat of condensation is only offset by more or less diffusion.

A more important change ‘in performance is observed in response to different air circulation
rates. Performance is much more sensitive to air circulation because air temperatures vary over the
surface of the membrane before converging towards the liquid desiccant temperature at thermal
equilibrium:” Greater circulation rates for the air feed allow it to maintain relatively stable
temperatures over a greater portion of the membrane surface, thereby improving flux, but
conversely this also means that a greater mass of air is cooled to the liquid desiccant equilibrium
temperature, which represents more thermal energy transfer. For example, an increase in air
circulation rates from 1 to 10 Ipm is shown to cause an increase in vapor and heat flux from 0.34

to 1.31 g/ m*h and 0.25 to 2.55 W/m?, respectively (at liquid desiccant temperatures of 13 °C).
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This particular tradeoff is unfavorable, and from among the cases considered, the lowest specific

energy results are obtained at low air flow rates of 1 Ipm, in which case very impressive results as

low as 0.15 Wh/g are predicted.

Liquid Desiccant Temperature 7, (°C)
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Figure 10. Water vapor and heat flux received by a fertilizer-based liquid desiccant solution across a range of
circulation rates for both the liquid desiccant and the air feed. Specific energy of dehumidification is obtained from
the ratio of heat flux to vapor flux, and normalized over the coefficient of performance of the cooling technology
(i.e. e/ COP). The thermodynamic limit of dehumidification, and new energy efficiency standards are provided for

reference. Unless otherwise specified, default simulation parameters are specified in Table 3.

These results indicate the need to optimize operating parameters including theair feed and liquid
desiccant circulation rates. Low circulation rates were favored here, but the conditions for
minimum specific energy will be highly case specific and scaled proportionate to the membrane
surface area and channel geometry. Importantly, we do not consider here the effect of friction
losses, which would impose an energy penalty for high circulation rates. This would need to be

considered in further optimization.

4.4.High Performance Membranes

Fertilizer-based liquid desiccants can be applied in a number of desiccant systems (such as spray
dehumidification and evaporative coolers) but in this study a membrane dehumidification system
is featured [33,34]. As a result, membrane selection will be a significant factor in the performance
of the dehumidification system. Ideally, a membrane will exhibit very high water vapor
permeability to/encourage dehumidification mass transfer, but very low thermal conductivity so

as to minimize the desiccant cooling load by mitigating thermal diffusion [35].

Figure 11 shows dehumidification for a selection of three different membrane materials.
Performance of the default polydimethylsiloxane (PDMS) membrane is compared against a high
permeability polyether block amide (PEBAX) membrane, and a low permeability polyether

sulfone (PES) membrane. As shown, the membrane’s vapor permeability has a significant impact
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on performance. This is clear from the large difference in vapor flux that is observed for the
different membranes. To illustrate, consider operation at 15 °C where vapor flux increases from
0.85 g/m*/h for PDMS to 1.30 g/m*h for PEBAX, and as a result the specific energy reduces from
0.25 to 0.16 Wh/g. This approaches the thermodynamic limit of dehumidification. Moreover, the
specific energy profile of PEBAX appears to be relatively stable over a range of liquid-desiccant
temperatures ranging from approximately 5 to 15 °C. This can provide some advantages and
operational flexibility for controlling a future dehumidification prototype that will need to balance

dehumidification efficiency and dehumidification rate.
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Figure 11. Water vapor and heat flux received by a fertilizer-based liquid desiccant solution across a selection of
different membranes. Polyether block amide (PEBAX) has vapor permeability B = 5.48 x 10 gm? s! Pa’! [36].
Polydimethylsiloxane (PDMS) has vapor permeability B = 3.94 x 10° g m? s”! Pa! [31]. Polyether sulfone (PES)
has vapor permeability B = 0.49 x 10 g m? 57! Pa’' [37-38]. All other default simulation parameters are specified in

Table 3.
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5. Conclusions

This study evaluates the performance and energy efficiency of using fertilizer-based liquid
desiccants for dehumidification of indoor plant environments. The novel fertilizer concept is
applied here to a membrane-based dehumidification process that has been modeled and
experimentally validated. Performance is simulated across a range of operating conditions, with
particular consideration for the liquid desiccant temperature. Other variables include the liquid
desiccant concentration, the liquid desiccant and air feed circulation rates, and the membrane
material. Mass and heat transfer are accounted for and energy efficiency is evaluated in terms of
the specific energy of dehumidification, which is the ratio of the water vapor removed from the air
versus the heat that is transferred to the cool liquid desiceant (which must then be rejected from

the system via a cooling unit with some coefficient of performance).

Specific energy was found to be highly dependent on liquid desiccant temperature. At lower
desiccant temperatures, desiccant vapor pressure is reduced and hence additional vapor transfer is
promoted. However, cooling the liquid desiccant also drives additional heat transfer from the warm
feed air. This tradeoff is clearly illustrated throughout the results, and there is shown to be an
optimal liquid desiccant temperature that will maximize the ratio of vapor removal to heat transfer,
thereby minimizing the specific energy of dehumidification. Minimum specific energy between
0.16-0.24 Wh/g was achieved across the various cases studied. This compares very favorably with
the thermodynamic limit of enthalpy of condensation of 0.14 Wh/g. It also compares favorably
with other dehumidification technologies available on the market [19], and satisfies new energy

efficiency standards for indoor plant cultivation which require between 0.37-0.55 Wh/g [20, 21].

31


https://doi.org/10.1016/j.applthermaleng.2023.121849

S. Moussaddy, S. Aryal, and J. Maisonneuve, "Specific energy analysis of using fertilizer-based
liquid desiccants to dehumidify indoor plant environments," Applied Thermal Engineering (in
press). https://doi.org/10.1016/j.applthermaleng.2023.121849

Across the range of parameters considered, the liquid desiccant temperature for the minimum
specific energy appeared between 7-14 °C, but it is highly case specific. For example, at different
fertilizer concentrations, the minimum specific energy was achieved at different liquid desiccant
temperatures. In general, lower fertilizer concentration leads to decreased vapor flux and increased
specific energy use, and the minimum specific energy point is shifted to a lower desiccant
temperature. This suggests that liquid desiccant temperature should be actively controlled
throughout a fertilizer dehumidification batch process, because as water vapor.is.removed from
the air and accumulated by the liquid desiccant, the fertilizer concentration'will reduce in real time.
Active control of liquid desiccant temperature could be done to (1) ensure efficient operation at the
minimum specific energy point, and (ii) ensure vapor removal rates are sufficient to maintain target
greenhouse conditions. Such dynamic control would need to account for not only changes in the
liquid desiccant concentration (which is diluted over time), but also for changes in the
environmental conditions (as the rates of plant evapotranspiration are expected to vary throughout
the day and throughout the plant lifecycle)."Such active control strategies should be considered in

future work.

Vapor flux associated with-operation at the minimum specific energy points ranged from 1.2-
1.6 g/m*h. These vapor temoval rates are relatively modest and other membrane-based desiccant
studies have reported much higher flux [39,40]. However, lower vapor flux is somewhat to be
expected in this study because membrane surface area is somewhat oversized relative to the air
feed circulation rates. Other studies that used similar amounts of membrane area relative to feed
circulation, have obtained similar vapor flux as reported here [41]. This dynamic is clearly
illustrated in the analysis of the air feed circulation rates, which showed much better vapor flux

when air feed flow rates were increased. Vapor flux is an important metric because it provides an
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indicator of the amount of membrane area, and hence capital, that would be required to scale up

the system and achieve a certain target dehumidification capacity as required by the greenhouse.

Other variables considered in this study included the liquid desiccant circulation rate and the
membrane material. Changes in the liquid desiccant circulation rates had only a minot effect on
performance. This suggests that the liquid desiccant circulation rates are excessive and should be
optimized in proportion to the membrane surface area and geometry. For the membrane material,
PEBAX outperformed PDMS and PES in terms of both vapor flux and specific energy. These
findings established that materials with higher vapor permeability enabled greater water vapor

transfer, consequently reducing the specific energy required for dehumidification.

In conclusion, this work contributes to the literature by providing the first ever specific energy
analysis of using fertilizer-based liquid -desiccants for dehumidification. The results are
encouraging and justify further research and development of the concept. In particular, we
recommend future work to prototype the technology and integrate the proposed real-time control

of liquid desiccant temperature.
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Nomenclature
a membrane surface area (m?)
B vapor permeability (g m™? s Pa’l)
c concentration (mol 1)
copr coefficient of performance
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Cp specific heat (J K!' g 1)
D diffusivity (m? s™)
d diameter (m)
e specific energy (kWh/kg)
H. heat of condensation (J g )
h heat transfer coefficient (W m? K!)
i number of ions
J vapor flux (gm?s!)
K mass transfer coefficient (g m? s Pa™!)
k thermal conductivity (W m™' K1)
L membrane thickness (m)
m mass (g)
Pr Prandtl number
p pressure (Pa)
0 heat transfer rate (W)

heat flux (W m™)

gas constant (J mol! K1)
Re Reynolds number
r thermal resistance (K m?> W)
rh relative humidity (%)
Sc Schmidt.number
T temperature (K)
Vin molar volume (m® mol™!)
w work (J)
X mole fraction
Greek symbols:
T osmotic pressure (Pa)

Subscripts and Superscripts:
b bulk fluid
D liquid desiccant
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F air feed

H20 water / vapor

in membrane module inlet

m membrane surface

0 reference or standard conditions

out membrane module outlet
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SUPPLEMENTARY INFORMATION

Supplementary Note 1: Sample Test Data, Analytical Methods, and Uncertainty Analysis for

Validation of the Vapor Transport Model

The proposed mass transport model was validated using a series of tests performed on the
Oakland University laboratory bench. Figure S1 shows raw data collected for a sample test trial,
and Table S1 provides a detailed outline of how data is analyzed, including how experimental
uncertainty is propagated throughout the analysis. Vapor flux was evaluated by-.considering a mass

balance of the air feed.

(a) Air feed flow rate as measured by mass flow controller (GH-32907-69, Masterflex, Radnor, PA).

—_
(]

Air Feed Flow Rate (slpm)
[87]

60 120
Time (min)

o

o

(b) Air feed relative humidity (at specified temperature) at the inlet and outlet as measured by temperature and

humidity sensors (AM2315 i2C, Aosong, Guangzhou, China).
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(c) Liquid desiccant temperature at the inlet and outlet as measured by temperature transmitter (800-32/140-

11880256, Noshok, Berea, OH).
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(d) Pressure of the air feed and liquid desiccant as measured by pressure transducer (GC557F0142CD, Ashcroft,

Stratford, CT).
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Figure S1. Raw test data.

Table S1. Raw test data and analysis.

Parameter Value Measurement or Analysis

Test preparation

Liquid desiccant water mass
mp,w

980.4+0.1 g Balance (AX8201, Ohaus, Parsippany, NJ), 8000 £0.1 g

Liquid desiccant salt mass

m 951.2£0.1 ¢ Balance (AX8201, Ohaus, Parsippany, NJ), 8000+ 0.1 g
D,s

o= 2
Liquid desiccant 0.97 £0.00014

. 2 2

concentration cp glg 8cp (GmD S) (GmD W)

b _ s) 4 )

Cp Mps Mp

Average trial vesults

Mass flow controller (GH-32907-69, Masterflex, Radnor,

Air feed flow rate Ve 4.99%0.05 slpm PA), 5 slpm = (0.8 % reading + 0.2 % full scale)

Air feed temperature at inlet 25541 °C Thermistor temperature sensor (AM2315, Aosong,
TrE,in ’ Guangzhou, China), 125+ 1 °C
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Air feed temperature at
outlet Tr,out

21.1+1°C

Thermistor temperature sensor (AM2315, Aosong,
Guangzhou, China), 125 £ 1 °C

Air feed humidity at inlet
th,in

71.3 £2 %rh

Capacitive humidity sensor (AM2315, Aosong, Guangzhou,
China), 100 + 2 %rh

Air feed humidity at outlet
th,out

80.3 + 2 %rh

Capacitive humidity sensor (AM2315, Aosong, Guangzhou,
China), 100 + 2 %rh

Air feed pressure pr

17.66 = 0.38 psi

Pressure transducer (GC557F0142CD, Ashcroft, Stratford,
CT), 75 £0.38 psi

Liquid desiccant flow rate
Vp

2.08 £ 0.19 slpm

Flowmeter (8051K107, McMaster-Carr, Elmhurst, IL), 1.6 +
0.05 gpm

Liquid desiccant temperature

Thermal resistance sensor, (800-32/140-1188, Noshok, Berea,

. 7+£03°
at inlet T 3.7£03°C o) 60403 °C
Liquid desiccant temperature 142403 °C Thermal resistance sensor, (800-32/140-1188, Noshok, Berea,
at outlet Tp out ) ' OH), 60 £ 0.3 °C
Liquid desiccant pressure pp  19.30 £ 0.38 psi qu?)s 51712e fglgss ;csfr (GC357F0142CD, Ashcroft, Stratford,
Mass balance analysis
Xl-IZO,in = rhin Psatin
PF
] 0.015 A-(%)
Water vapor content of air molio/mol where pgypin = 10 \“*TFin
feed at inlet XH20,in
o % 8x srhin\2  (8pp)> 8T 2
H20,in rhj PF F,in
) — 1n et 5 B l 1 —,)
XH20,in (rhin) + (pF) + ( n(10) (C+Tgin)”
. . in M
enzoi = e () e

Watervapor mass flow of 3.75 g/lh '
air feed at inlet mMr H20,in +3.76 % SEHz0im (smF)Z N (BXHZOJ“ 1 >z

MEH20in mg XH20,in  1+XH20,in

00116 Xii20,0ut = Thoge L2200UE
Water vapor content of air moliao/mol Pr
feed at outlet Xm0 out . A_( B )
+333% where pg,tour = 10 C+T.out
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Sxiz00ut _ (Srhout)"' N (Sﬂ)z +(B In(10) —>Teout 2>2
XH20,0ut rhout PF (C+TF,out)

: _— XH20,0ut _\ MHz0
Mg H20,0ut = MF (7> ~

1-XH20,0ut/ Mair
Water vapor mass flow of 2.88 g/
air feed at inlet Mg 120 0ut +3.53 % STiE 20,00t _ (SmJ )2 N (SXHZO'OM L )2
ME H20,0ut mp XH20,0ut 1+XH20,0ut
__ MEH20,in~MFH20,0ut
] - a
0.872 g/m*h h N
Water vapor flux J wherea=1m
+31.6 %

2
8] = \/(SmF,HZO,in)Z + (8 z00ut)
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Supplementary Note 2: Sample Test Data, Analytical Methods, and Uncertainty Analysis for

Validation of the Heat Transport Model

The proposed heat transport model was validated using a series of tests performed on the
Oakland University laboratory bench. Figure S2 shows raw data collected for a sample test trial,
and Table S2 provides a detailed outline of how data is analyzed, including how: experimental
uncertainty is propagated throughout the analysis. Heat flux were evaluated by considering a mass

and thermal energy balance of the air feed.

(a) Air feed flow rate as measured by mass flow controller (GH-32907-69, Masterflex; Radnor, PA).

10
= _
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(b) Air feed relative humidity (at specified temperature) at the inlet and outlet as measured by temperature and

humidity sensors (AM2315 12C, Aosong, Guangzhou, China).
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(c) Air feed temperatures at the inlet and outlet of membrane as measured by temperature sensors (MT-6340-30,

TWTADE, Suzhou, China)

30
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15
10

Air Feed Temperature (°C)

Time (min)

(d) Liquid desiccant temperature at the inlet and outlet as measured by temperature transmitter (800-32/140-

11880256, Noshok, Berea, OH).
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(e) Pressure of the air feed and liquid desiccant as measured by pressure transducer(GC557F0142CD, Ashcroft,

Stratford, CT).
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Figure S2. Raw test data.

Table S2. Raw test data and analysis.

Parameter Value Measurement or Analysis

Test preparation

Eq“‘d desiccant water mass 980.4+0.1g  Balance (AX8201, Ohaus, Parsippany, NJ), 8000 = 0.1 g
D,w
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Liquid desiccant salt mass mp s

13+0.1 g

Balance (AX8201, Ohaus, Parsippany, NJ), 8000+ 0.1 g

Liquid desiccant concentration
Cp

0.001 + 0.00014
g/e

Average trial results

Air feed flow rate Vr

4.99 £+ 0.05 slpm

Mass flow controller (GH-32907-69, Masterflex, Radnor,
PA), 5 slpm = (0.8 % reading+ 0.2 % full scale)

Air feed temperature at inlet Tr i

20.82+ 0.5 °C

Thermal resistance sensor (MT=6340-30, TWTADE,
Suzhou, China), 200.°C £ 0.5 °C

Air feed temperature at outlet
TF,out

9.60+0.5°C

Thermal resistance sensor (MT-6340-30, TWTADE,
Suzhou, China), 200 °C + 0.5 °C

Air feed humidity at inlet rhr jn @

71.2 £2 %rh

Capacitive humidity sensor (AM2315, Aosong, Guangzhou,

Trhin @C 25.25+0.1 " China), 100 + 2 %rh

77.2 £ 2 %rh
Air feed humidity at outlet Capacitive humidity sensor (AM2315, Aosong, Guangzhou,
thr,ou@ Trhout C% 1981+ 0.1 China), 100 + 2 %rh

Air feed pressure pr

17.9+0.38 psi

Pressure transducer (GC557F0142CD, Ashcroft, Stratford,
CT), 75 +0.38 psi

Liquid desiccant flow rate:Vp

2.08 £0.19 slpm

Flowmeter (8051K 107, McMaster-Carr, Elmhurst, IL), 1.6
+0.05 gpm

Liquid desiccant temperature at
inlet Tojin

8.02+0.3°C

Thermal resistance sensor, (800-32/140-1188, Noshok,
Berea, OH), 60 = 0.3 °C

Liquid desiccant temperature at
outlet Tp out

845+0.3°C

Thermal resistance sensor, (800-32/140-1188, Noshok,
Berea, OH), 60 = 0.3 °C

Liquid desiccant pressure pp

18.9 + 0.38 psi

Pressure transducer (GC557F0142CD, Ashcroft, Stratford,
CT), 75 £ 0.38 psi
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Mass balance analysis

XH20,in = rhy, Zostin
PF
) 0.0177 A_<L)
Wgter vapor content of air feed molpo/mol where pgaein = 10 C+Tg,in
at inlet Xm20,in
£3:52% 5 sthin)\2 | (6pF)2 8T 2
ho . :
o _ (00 (006)" (1) 2o,
XH20,in rhin PF (C+Tgjin)
. . in \M
MEH20,in = MF <—fH20'm_ )—H?O ,
. 1-XH20,in/ Mair
Water vapor mass flow of air 4.22 g/h
feed at inlet mr 120, +3.74 % e 20 _ (m)z N (SXHzo,m b )2
ME H20,in hp XH20,in. 1+XH20,in
_ psat,out
XH20,0ut = rhout
) 0.013 A_( B )
Water vapor content of air feed molio/mol where pgacgue =10 \C*TFout
at outlet Xm0, out
+2.84 % 2
8XHzO,0ut _ (Srhgut)z + (SPJ)Z + (B In(10) —TEout 2)
XH20,0ut rhout PF (C+TEout)
. . XH20,0ut | MHz0
ME,H20,0ut = MF (—1_X2 - ) —Mz_
. H20,out air
Water vapor mass flow of air 327 gh
feed at outlet mg 1120, 0ut +3.05% Stps120,0ut _ (S‘ﬂ)z N (SXHZO’OM 1 >2
ME,H20,0ut mg XH20,0ut 1+XH20,0ut
__ MEH20,in—MFH20,0ut
] - a
0.95 g/m*/h h e
Water vapor flux J wherea = 1m
+19.7% .
. 2 .
8] = \/(GmF,HZO,in) + (811 p120,0ut)
Energy balance analysis
1.84 W/m? . Mgy (TF,in - TF,out) + (mF,HZO,in - mF,HZO,out) Hc
Heat flux q - a
+8.7%

Where H = 2501 J/g
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