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1. Introduction
In cold climates air humidification is essential to prevent low
relative humidity levels in building environments, in particular in
hospitals, museums, laboratories and storage buildings. Low
humidity can lead to occupants’ discomfort, such as dry nose,
throat, and eyes, headaches and skin irritation.
Conventional humidification devices are classified on the
process imposed to the moist air that flows through them: namely
adiabatic systems and isothermal systems [1]. In the adiabatic
systems, the moist air undergoes a near isenthalpic process with a
contemporary increase in humidity ratio and decrease in dry bulb
temperature. The moist air is put in contact with liquid water,
which evaporates in the air stream that directly supplies the energy
required for water phase transition. On the other hand, in the
isothermal system the moist air undergoes an increase in humidity
ratio at almost constant dry bulb temperature. This pro-cess is
achieved mixing the moist air with steam produced in appropriate
equipment.
Comparing the two systems, the adiabatic humidifier is particularly diffused because it is generally cheaper and more efficient (in
terms of primary energy consumption) than the isothermal
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one. However, in some applications the adiabatic humidifiers cannot be used due to risk of bacterial growth related to the entrainment transport of contaminated water droplets. This issue is solved
with an isothermal humidifier since both the steam molecules are
generally smaller than bacteria and the steam temperature is so
high that it kills the pathogens. In hospital HVAC systems, steam
humidifiers are strictly required [2] while adiabatic humidifiers are
not allowed.
In the present paper, an innovative air humidification system
based on a desiccant wheel is analyzed through a numerical and
experimental approach. The desiccant wheel is a device obtained
rolling up sheets of a supporting structure coated with a sorption
material, which is crossed in counter current arrangement by two
air flows [3]. Such a component is conventionally used to
dehumidify an air stream in desiccant evaporative cooling (DEC)
cycles or in industrial drying processes. Instead, in this work, it is
properly integrated in an air handling unit (AHU) in order to
humidify an air stream, by extracting water vapour from outdoor
environment. The proposed system, described in detail in Section 2,
is particularly suitable for hospital applications because it does not
incur in air contamination risks. In fact:

– There is not presence of water droplets.
– Water vapour is adsorbed from outside air, rather than from the
exhaust air stream leaving the building which can be
contaminated.
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desiccant wheel area (m2)
experimental tests
adiabatic humidifier
air handling unit
channel base (mm)
specific heat (kJ kg1 K1)
adsorption isotherm equation coefficient
desiccant evaporative cooling
desiccant wheel humidification
adsorption isotherm equation exponents
experimental
electric steam humidifier
mass per unit of length (kg m1)
gas side resistance
enthalpy (kJ kg1)
heat transfer coefficient (W m2 K1)
mass transfer coefficient (kg m2 s1)
pressure drop equation coefficient
Lewis number (–)
mass flow rate (kg s1)
revolution speed (rev h1)
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goal function (–)
channel length (m)
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In addition, it can be driven by low temperature heat, leading to
possible energy savings compared to steam humidifiers.
At present there is great interest in DEC cycles for air cooling and
dehumidification applications. Angrisani et al. [4] analyzed a microtrigeneration system based on a reciprocating engine and a desiccant
wheel AHU. They put in evidence that primary energy savings can be
achieved compared to conventional technologies. El-Agouz and
Kabeel [5] evaluated performance of a hybrid system integrating a
desiccant wheel, solar collectors and geothermal energy, showing the
effects of different climates. Elgendy et al.[6] discussed the effect of
different evaporative cooling arrangements in desiccant wheel based
AHU. Liu et al. [7] evaluated the integration of a desiccant wheel with
existing technologies and discussed the importance of operating
conditions on system performance. Ruivo et al. [8] recently
investigated the importance of
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desiccant wheel modeling in energy system simulations, highlighting that simplified approaches lead to questionable results.
Further studies deal with the use of desiccant wheels for drying
in food industry. De Antonellis et al. [9] investigated different system configurations and highlighted the optimal solutions as a function of sensible to latent heat ratio and ambient conditions. Dai et
al. [10] evaluated performance of a system coupling solar collectors and a desiccant wheel, showing it is suitable for grain drying in
regions with high solar irradiation. Wang et al. [11] showed that
desiccant wheel systems can be effectively used for air drying in
food industry packaging. Guan et al. [12] evaluated that energy
efficiency in steel plants is increased by using desiccant wheels to
dry and pre-heat air for blast furnace. It has been investigated that
COP of refrigerating chillers can be improved by the integra-tion
with a desiccant wheel in case of a trans-critical CO2 cycle

by Aprea et al. [13] and of a conventional cycle by Sheng et al. [14].
Finally Fong et al. [15] put in evidence that a system composed of a
desiccant wheel, an absorption chiller and solar collectors can lead
to energy savings compared to the reference technology in case of
subtropical climate.
Substantially there is lack of studies about the use of desiccant
wheels for air humidification. La et al. [16] and Zeng et al. [17]
investigated a solar heating and humidification system with a onerotor two-stage desiccant device. Outside air is provided to the
building environment while return air is used as moisture source.
The first work [16] mainly deals with the experimental and
theoretical analysis of the system while the second one [17] deals
with its numerical optimization. They highlighted the system can
improve occupants’ comfort due to the increase in relative
humidity, which is not strictly controlled, compared to an equivalent system without desiccant rotor. Anyway this configuration is
not suitable for applications where contamination between fresh
and exhaust air is not acceptable, such as in hospital buildings [18].
Referring to the aforementioned state of the art, the aim of this
work is:

1. To investigate the use of desiccant wheels to humidify an air
stream by extracting moist from outside air.
2. To experimentally analyze the performance of the proposed
system.
3. To evaluate the effects of boundary conditions on humidification capacity and to design the best system configuration
through a phenomenological desiccant wheel model based on
heat and mass transfer equations.

2. Description of the proposed air humidification system
The proposed air humidification system is shown in Fig. 1. It is
crossed by two air streams, namely the regeneration and the process one and consists of the following components:

–
–
–
–

A desiccant wheel.
Two heating coils.
Two fans.
Two filters.

According to the terminology conventionally adopted in DEC
cycle, the process air stream is heated and dehumidified across
the desiccant wheel while the regeneration air flow is cooled and
humidified. Despite of conventional DEC cycles, in this case the
useful effect is evaluated on the regeneration air stream side. A
scheme of the system and air treatments are respectively reported
in Figs. 1 and 2.
Both air streams entering the system are assumed to be at outside temperature and humidity conditions (E). The regeneration air
is first heated through a heating coil (E  1), then it is cooled and
humidified across the desiccant wheel (1–2) and finally it is heated

Fig. 1. Scheme of the proposed air humidification system.

Fig. 2. Representation of air transformations of the proposed humidification system
in the psychrometric chart.

to the desired temperature through the second coil (2  S), before
being supplied to the air conditioned building. The process air flow
is heated and dehumidified (E  3) and exhausted to the outside
environment.
3. Adopted methodologies
The analysis reported in this work has been performed through
the following approach:
1. A desiccant wheel has been tested in a laboratory facility. Measurements have been carried out in representative working
conditions of the proposed humidification system, which are
significantly different from the ones of conventional DEC cycles.
2. A detailed desiccant wheel model previously developed [3],
based on heat and mass transfer equations, has been calibrated
in order to properly match a subset of experimental data.
3. Results of the calibrated model have been compared to further
experimental data, which have not been used in the calibration
process, in order to verify the validity of the model.
4. Simulations are performed to evaluate the optimal system configuration, the effect of boundary conditions and off design
performance.
5. The power consumption, referred to the primary source of the
proposed humidification system, has been compared to the one
of reference technologies.
3.1. Test facility and investigated desiccant wheel
The test rig, which has been deeply described in previous works
[19,20], consists of two air handling units designed to properly
control temperature, humidity and mass flow rate of both air
streams (Fig. 3). Air conditions are controlled through heating coils,
cooling coils and evaporative coolers. In addition in the
regeneration air stream unit an electrical heater is installed, in order
to rise the flow temperature up to 100 ° C. Air flow rates are
controlled by variable speed fans and each one is measured through
two orifice plates, constructed according to technical standards [21]
and installed in two different parallel ducts. Pressure drop across
the orifices and across the desiccant wheel is measured by
piezoelectric transmitters. The maximum process air flow rate is
2000 m3 h1 and the maximum regenera-tion air flow rate is 1400
m3 h1.

Table 1
Sensors main data.
Abbreviation
b

T
RHb
p
a
b

Type of sensor

Accuracya

PT 100 Class A
Capacitive
Piezoelectric

±0.2 °C
±1% (between 0% and 90%)
±0.5% of reading ±1 Pa

At T = 20 °C.
Temperature and relative humidity probe.

3.2. Model description and calibration

Fig. 3. Air handling units of the test rig.

The desiccant wheel is crossed in counter-current arrangement
by the two air streams (Fig. 4). Its casing is made of chipboards
insulated with polystyrene panels (30 mm thickness). Temperature
and relative humidity of each air stream are measured at the inlet
and outlet section of the casing with coupled RTD PT100 and
humidity capacitive sensors, as summarized in Table 1.
The tested desiccant wheel is made of synthesized metal silicate
on inorganic fibre substrate, whose adsorption isotherm shows a
Type IV trend [20] according to the IUPAC classification [22]. The
outer diameter of the commercial device is 60 cm and its axial
length is 20 cm. Channels have a sinusoidal cross sectional area
with height equal to 1.8 mm and base equal to 3.55 mm. The component is split in two equal sections without any purge sector.
For each test, experimental data are collected in steady state
conditions and in each session at least 300 samples of every physical quantity have been logged with a frequency of 1 Hz.
The experimental uncertainty uxi is estimated according to Moffat [23]:

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
uxi ¼  u2xi;inst þ t 95 rxi

ð1Þ

where uxi,inst is the instrument uncertainty of the generic measured
parameter, t95 is the student test multiplier at 95% confidence and
rxi is the standard deviation of the mean. The generic combined
uncertainty ue of calculated quantities e, is calculated as:
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X @ e
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@xi
@xi
i
i

ð2Þ

The present study has been carried out through a onedimensional gas side resistance (GSR) model, which has been
described in detail in a previous work [3]. Main assumptions of the
physical model are: (i) one-dimensional air flow; (ii) uniform air
conditions at each inlet face of the wheel; (iii) negligible heat and
mass transfer between adjacent channels and to the surround-ings;
(iv) negligible axial heat conduction and water vapour diffu-sion in
the air stream and in the desiccant material; (v) negligible air
leakages between the air streams. The following equations have
been applied to an infinitesimal element of the channel.
Energy and water mass conservation in the desiccant material
and adsorbed water:

ðf D cpD þ f D cad W D Þ

@T D
¼ ðcpv ðT a  T D Þ þ Q ads Þhm ðX  X w Þ P
@t
þ hT ðT a  T D ÞP

@W D hm ðX  X w Þ P
¼
fD
@t

ð3Þ
ð4Þ

Energy, water mass and dry air mass conservation in the air
stream:

@T a
@T a hT ðT a  T D Þ P hm ðX  X W ÞPcpv T a
¼ v 0


cpa qa A
@t
@z
cpa qa A

ð5Þ

@X
@X 0 P hm
v 
¼
ðX  X w Þ
@t
@z
qa A

ð6Þ

@ qa
@ðqa v 0 Þ
¼
@z
@t

ð7Þ

A detailed description of Eqs. (3)–(7), boundary and initial conditions and closure equations are reported in [3].
Main desiccant wheel data have been measured or collected
from the manufacturer while two parameters, namely cpD and fD,
have been fitted from experimental tests of the desiccant wheel, as
summarized in Table 2. A sample of the desiccant wheel sorp-tion
and substrate material has been collected in order to measure the
adsorption isotherm at 50 °C with a dynamic vapour sorption

Fig. 4. Desiccant wheel casing and scheme, with indication of installed sensors.

Table 2
Desiccant wheel parameters.
Parameter

Value

ac
bc
Nu

1.80
3.55
2.1
0.76
2.28
213.40
0.97
5.67
2.64
0.00040

r
c1
c2
e1
e2
cpDa
fD a
a

(mm)
(mm)
(–)
(–)
(–)
(–)
(–)
(–)
(kJ kg1 K1)
(kg m1)

Fitted according to goal function of Eq. (9).

analyzer [20]. The adsorption isotherm has been fitted through a
polynomial equation:
e2
/ ¼ c1 W e1
D þ c2 W D

where superscripts SIM and EXP refer respectively to the numeric
simulations and to the experimental tests and subscripts pro,in and
pro,out refer respectively to the process air inlet and outlet. Since
outlet temperature and humidity ratio should be properly estimated by the mathematical model, both of them have been
included in the proposed goal function. Process air conditions have
been selected to evaluate the goal function due to their lower
uncertainty compared to the regeneration ones. As a result of
the adopted approach, fD is equal to 4.0  104 kg m1 and cpD is
equal to 2.64 kJ kg1 K1.
In Table 3 experimental and numerical outlet air conditions are
reported. Relative error between predicted and measured values of
DXpro, DXreg, DTpro and DTreg across the desiccant wheel are always
within ±11%. More precisely, the relative error between simulated
and experimental values is within 56.3% in 5% of cases and within
10% in 84.4% of cases.

ð8Þ

Based on the channel dimensions reported in Table 2, the aspect
ratio ac/bc is equal to 0.51 and therefore the Nusselt number in fully
developed laminar flow condition and at constant wall temperature is Nu  2.1.
The isosteric heat of adsorption has been assumed equal to the
latent heat of water. No information about the specific heat and the
amount of support and sorption material was available. According
to the detailed analysis reported by Aprile and Motta [24], a Greybox approach has been adopted to evaluate unknown values of
desiccant wheel properties. Two sets of tests, A1 and B1 (Table 3),
have been used to evaluate appropriate values of cp and fD. The pair
of values that minimize the following goal function has been
adopted in the model:
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3.3. Experimental and numerical results
After the model calibration performed through data A1 and B1,
simulation results have been compared with additional
experimental tests A2 and B2 (Table 4). Outlet air conditions of
both process and regeneration air streams are reported as a
function of regeneration temperature and revolution speed,
respectively in Figs. 5 and 6 and in Figs. 7 and 8. Numerical results
and experimental data are plotted both for tests adopted in the
calibration process (A1 and B1) and for the additional ones (A2 and
B2). Boundary conditions of all tests are representative of the ones
that can be reached in the proposed humidification system. In tests
A2 process air flow rate has been increased by 50% compared to
tests A1. Instead, in tests B2 process air flow rate and both inlet
humidity ratio have been reduced compared to tests B1. It is
highlighted that experiments at lower inlet humidity ratio (2–3 g
kg1) and process air temperature (<10 ° C) have not been
performed due to technical limitations of the test rig. As shown in
Figs. 5–8, the model is able to properly predict the trend of
experimental data in a wide range of operating conditions.

Table 3
Experimental data used to calibrate the desiccant wheel model.
Test
(–)

A1
A1
A1
A1
A1
B1
B1
B1
a

Inlet

Numerical outleta

Experimental outlet

Tpro,in
(°C)

Xpro,in
(g kg1)

vpro,in

(m s1)

Treg,in
(°C)

Xreg,in
(g kg1)

vreg,in

(m s1)

N
(rev h1)

Tpro,out
(°C)

Xpro,out
(g kg1)

Treg,out
(°C)

Xreg,out
(g kg1)

Tpro,out
(°C)

Xpro,out
(g kg1)

Treg,out
(°C)

Xreg,out
(g kg1)

11.9
12.0
12.7
12.4
12.9
11.9
11.6
11.5

4.5
4.5
4.6
4.5
4.5
4.4
4.2
4.2

1.90
1.90
1.90
1.89
1.89
2.32
2.33
2.32

35.1
42.5
48.6
55.0
66.0
39.7
40.7
39.8

4.6
4.7
4.8
4.8
4.8
4.6
4.5
4.5

1.87
1.85
1.87
1.89
1.94
1.86
1.85
1.85

15.5
15.5
15.5
15.5
15.5
6.0
10.5
15.5

22.1
25.1
27.7
30.3
35.0
20.5
20.8
22.3

2.2
1.7
1.3
0.9
0.6
1.6
1.4
1.7

24.6
28.3
31.4
35.8
42.6
28.2
27.9
26.0

7.3
7.9
8.5
8.6
8.8
8.1
7.9
7.7

21.8
24.5
27.3
29.3
33.3
20.0
21.2
21.8

2.3
1.9
1.6
1.3
1.0
1.9
1.7
1.9

24.3
28.3
32.0
35.7
42.6
28.8
27.6
25.7

7.0
7.7
8.2
8.5
8.9
8.0
8.0
7.6

Numerical outlet conditions are calculated through the calibrated model (parameters reported in Table 2).

Table 4
Experimental data and numerical input adopted in Figs. 5–8.
Test
(–)

A1
B1
A2
B2

Experimental inlet

Numerical inlet

Tpro,in (°C)

Xpro,in
(g kg1)

vpro,in

(m s1)

Treg,in
(°C)

Xreg,in
(g kg1)

vreg,in

(m s1)

N
(rev h1)

Tpro,in
(°C)

Xpro,in
(g kg1)

vpro,in

(m s1)

Treg,in
(°C)

Xreg,in
(g kg1)

vreg,in

(m s1)

N
(rev h1)

11.9–12.9
11.5–11.9
11.5–14.9
12.8–13.6

4.5–4.6
4.2–4.4
3.9–4.2
3.5

1.89–1.90
2.32–2.33
2.71–2.72
2.11

35.1–66.0
39.7–40.7
31.9–53.2
37.6–39.7

4.6–4.8
4.5–4.6
4.1–4.5
3.6–3.7

1.85–1.94
1.85–1.86
1.85–1.92
1.85

15.5
6–15.5
15.5
6–15.5

12.0
11.8
12.0
13.0

4.5
4.3
4.1
3.5

1.90
2.30
2.70
2.10

34.0–66.0
40.0
30.0–54.0
39.0

4.8
4.5
4.3
3.6

1.90
1.90
1.90
1.85

15.5
5–19
15.5
5–19

Fig. 5. Experimental and numerical outlet process and regeneration air humidity
ratio in tests A1 and A2.

Fig. 6. Experimental and numerical outlet process and regeneration air temperature in tests A1 and A2.

4. Design and analysis of the proposed humidification system
4.1. Reference conditions
The analysis of the humidification system provided in this work
is based on the following assumptions:

Fig. 7. Experimental and numerical outlet process and regeneration air humidity
ratio in tests B1 and B2.

Fig. 8. Experimental and numerical outlet process and regeneration air temperature in tests B1 and B2.

2 m s1 and increased up to 3 m s1, as explained in detail in
Section 4.2.
The aforementioned working conditions (vreg,in = 2 m s1, Xe =
Xpro,in = Xreg,in = 3.4 g kg1) have been adopted in all the figures
reported in this section (Figs. 9–14).
4.2. Sensitivity analysis

– The outside air temperature and humidity ratio in winter peak
conditions are respectively Te = 0 °C and Xe = 3.4 g kg1. These
values can be representative of climate conditions of Southern
Europe, and in particular of the centre of Italy. Further considerations about the variation of outside air temperature and
humidity are reported in Section 5.
– The humidification system provides outdoor air to a hospital,
whose ambient conditions are Tamb = 22 °C and Xamb = 6.6 g kg1
(according to technical guidelines UNI 10339 [25]).
– The humidity ratio of the supplied air stream is Xs = Xreg,out =
6.6 g kg1 (assuming negligible latent load in the building).
Different values of Xreg,out are discussed in Section 6.
– The reference value of the regeneration air face velocity on the
desiccant wheel is vreg,in 2 m s1, which is a typical value
adopted in this technology. Instead vpro,in has been set to

In Fig. 9, Xreg,out and Treg,out are plotted as a function of Treg,in and

vpro,in when the outside air temperature is Te = 0

°C and the humidity ratio is Xe = 3.4 g kg1. Quite obviously, at a given face velocity
an increase in Xreg,in leads to an increase in the outlet regeneration
air humidity ratio. The process air stream ideally can be dehumidified down to the minimum value Xpro,out = 0 g kg1, and therefore
also a maximum value Xreg,out,max exists, which can be calculated in
this form:

X reg;out;max ¼ X reg;in þ

_ pro X pro;in
m
_ reg
m

ð10Þ

The aforementioned issue can be overcome by increasing the
_ pro , which allows to reach a higher Xreg,out
process air flow rate m
at constant inlet regeneration air temperature. Generally, as long

Fig. 9. Xreg,out and Treg,out as a function of Treg,in and
N = 8 rev h1.

Fig. 10. Xreg,out and Treg,out as a function of Treg,in and
N = 8 rev h1.

Fig. 11. Xreg,out as a function of Treg,in,

vpro,in

at Te = Tpro,in, = 0 °C and

vpro,in at Te = Tpro,in, = 10 °C and

vpro,in and N at Te = Tpro,in, = 0 °C.

as Xreg,out < Xreg,out,max, the desired value of outlet regeneration air
humidity ratio can be achieved either by the variation of vpro,in or
Treg,in. It is highlighted that the higher the inlet regeneration

Fig. 12. Xreg,out as a function of Treg,in,

Fig. 13. Q_ p as a function of Treg,in and

Fig. 14. Q_ p as a function of Treg,in and

vpro,in and N at Te = Tpro,in, = 10 °C.

vpro,in at Te = Tpro,in, = 0 °C and N = 8 rev h1.

vpro,in at Te = Tpro,in, = 10 °C and N = 8 rev h1.

temperature, the higher the outlet regeneration temperature: this
effect is discussed in detail in Section 4.3.
In Fig. 10 the trend of Xreg,out and Treg,out are shown when Te
= Tpro,in, = 10 °C. At constant Xpro,in, the higher Tpro,in the lower

upro,in. As a result, the desiccant wheel dehumidification capacity
decreases [3] and therefore Xpro,out and Xreg,out respectively increases
and reduces. According to the aforementioned considerations, if Te

= 10 ° C (Fig. 10) at a given vpro,in the target Xreg,out = 6.6 g kg is
reached at a higher inlet regeneration temperature, compared to the
case at Te = 0 °C (Fig. 9). Therefore, in the design of the proposed
humidification system, it should be carefully considered that the
most critical working condition is not at the lowest outside
temperature and humidity ratio, but it occurs when the temperature
rises at low humidity ratio.
In Figs. 11 and 12, it is shown the relationship between the revolution speed and the target Xreg,out = 6.6 g kg1: the optimal values
are N = 6 rev h1 when Te = 0 ° C and N = 8 rev h1 when Te = 10 °C.
In the second case, the target Xreg,out = 6.6 g kg1 is reached at
higher regeneration temperature compared to the previous one.
According to Intini et al. [26], the increase in N can be explained
considering that the higher the regeneration temperature, the
higher the optimal revolution speed.

Pressure drop across the desiccant wheel are calculated according to the correlation provided by De Antonellis et al. [20] for the
same desiccant wheel:

1

v a þ k2 qa v 2a

ð14Þ

6

With k1 = 3.77  10 and k2 = 6.5493.
Simulation results are reported in Figs. 13 and 14 respectively at
Te = 0 ° C and Te = 10 °C. In the second condition values of Q_ p
are lower due to the higher outside temperature and, therefore,
the lower heating load. In case of low values of vpro,in, (2 m s1), the
tar-get humidity ratio Xreg,out = 6.6 g kg1 is achieved with high
Treg,in (>40 °C if Te = 10 °C), which leads to high Treg,out. Such a
tempera-ture can be easily higher than 30 ° C, which has been
selected as maximum condition in this analysis in order to prevent
discomfort in the building. In Figs. 13 and 14, the values of Q_ p in
case of Treg,out is higher than 30 °C have not been represented. Note
that values of Treg,out have already been shown in Figs. 9 and 10.
On the other side, an increase in vpro,in leads to a slight increase

in Q_ p. In conclusion, there are many pairs Treg,in and vpro,in that
allow to reach the target Xreg,out = 6.6 g kg1 and a trade-off

4.3. Optimal configuration
According to the considerations reported in Sections 4.1 and 4.2,
the proposed desiccant wheel humidification system (DWH) is
designed in order to humidify the regeneration air stream up to
Xreg,out = 6.6 g kg1 with Te = 10 °C, Xe = 3.4 g kg1, vreg,in = 2 m s1 and
N = 8 rev h1. It is put in evidence that different values of Te could be
assumed, considering that the higher Te, the higher the regeneration
temperature. Therefore the analysis of the local climate data, which
is not the aim of the present work, should be carefully performed
before the design of the system.
In order to make all the investigated configurations directly
comparable, a constant supply air temperature Ts = 30 °C has been
chosen. A higher temperature has not been selected to avoid discomfort conditions in the building [27].
The best pair Treg,in and vpro,in is selected in order to minimize the
power consumption referred to primary source in separated
power production. Q_ p;DWH is calculated in this form:

Q_ th;DWH Q_ el;DWH
þ
Q_ p;DWH ¼

gth

DPDW ¼ k1 la

ð11Þ

gel

where referring to Fig. 1:

 


_ reg cpa T reg;in  T e þ T s  T reg;out
Q_ th;DWH ¼ m

ð12Þ

between high Treg,out or high Q_ p should be found. A possible
satisfactory configuration, which is adopted in the following of this
study, is reached through the pair vpro,in = 2.6 m s1 and Treg,in = 40 °
C when Te = 10 °C and Xe = 3.4 g kg1 (Fig. 14).

5. Off design performance analysis
In this section the effect of the variation of Xe and Te on the performance of the proposed humidification system are investigated.
As reported in Fig. 15, if Xe reduces at constant Te, the desiccant
wheel regeneration temperature should be increased in order to
reach a desired Xreg,out. As expected, it is possible that a target Xreg,out
cannot even be reached: for example if Xe = 2.4 g kg1 and Te = 0 °C,
the maximum achievable Xreg,out,max is lower than 6.6 g kg1.
Therefore in this case the adopted configuration is not still
satisfactory and a new one, with higher process air flow rate,
should be chosen. On the opposite, if Xe increases at constant Te, the
target Xreg,out is reached with a lower regeneration temperature and,
consequently, with a lower Treg,out (Fig. 16).
It is possible to state that peak conditions used to design the
system should be carefully selected, in order to avoid working condition that cannot be satisfied by the humidification system.


 v reg;in Areg
Q_ el;DWH ¼ DPfil þ DPDW;reg þ 2DPHC


þ DPfil þ DPDW;pro

 v pro;in Apro

gfan

gfan

ð13Þ

_ reg ¼ vreg;in Areg qreg and the
The regeneration air mass flow rate ism
values used in Eqs. (11)–(13) are summarized in Table 5.
Note that Apro and Areg refer to the actual dimensions of the
tested desiccant wheels.

Table 5
Parameters used in the calculation of power consumption of the proposed humidification system.
Parameter

Value

Apro (m2)
Areg (m2)
DPfil (Pa)
DPHC (Pa)
gfan (–)
gth (–)
gel (–)

0.132
0.132
150
50
0.7
0.9
0.525

Fig. 15. Xreg,out as a function of Treg,in for different Te and Xe (vreg,in = 2 m s1,
vpro,in = 2.6 m s1, N = 8 rev h1).

Electric steam humidifier:

Q_ th;ESH Q_ el;ESH
þ
Q_ p;ESH ¼

gel

ð18Þ

_ a ðhs  hE Þ  m
_ a ðX s  X E Þ hv ;100
Q_ th;ESH ¼ m

ð19Þ

gth


 m
_a
Q_ el;ESH ¼ DPfil þ DPhum þ DP HC

qa gfan



_ a ðX s  X E Þ hv ;100  hl;15
þm

ð20Þ

_ a (Xs  XE) hv,100 is the heat provided to the air
where the term m
_ a (Xs  XE) (hv,100  hl,15) is
stream by the steam and the term m
the power consumption required to generate the steam from liquid
water.
Steam to steam humidifier:
Fig. 16. Treg,out as a function of Treg,in for different Te and Xe (vreg,in = 2 m s1,
vpro,in = 2.6 m s1, N = 8 rev h1).

6. Comparison with reference humidification technologies
In this section, the proposed desiccant wheel humidification
(DWH) system is compared to conventional technologies in terms
of power consumption referred to the primary source (separated
power production). Four reference technologies are analyzed:
– An adiabatic humidifier (AH).
– An electric steam humidifier (ESH).
– Two steam to steam humidifiers (SSH 1 and SSH 2).
In the conventional adiabatic humidifier water evaporation
occurs: in this case Q_ p is calculated only as a benchmark because
such as system cannot be compared to the investigated technology
due to contamination issues, as described in detail in Section 1. In
ESH water vapour is generated through electrodes or thermal resistances while in SSH water vapour is generated through steam produced in a specific boiler. In this last case, two different boiler
efficiencies, defined including also overall piping heat losses, have
been considered in the analysis (SSH 1 and SSH 2).
The terms Q_ p, Q_ th and Q_ el of the proposed humidification sys-tem
based on desiccant wheel are calculated through Eqs. (11)–(13). Instead,
power consumption of the reference humidification technologies is
determined with Eqs. (15)–(24), as reported in the following.

Adiabatic humidifier:

Q_ p;AH ¼

Q_ th;AH

gth

þ

Q_ el;AH

ð15Þ

gel

where Q_ p is the power consumption referred to the primary source,
Q_ th is the thermal power consumption and Q_ el is the electric power
consumption. gel and gth are the reference efficiency values for the
separated generation of electricity and heat.

_ a ðhs  hE Þ
Q_ th;AH ¼ m

ð16Þ

_a
m
Q_ el;AH ¼ ðDPfil þ DPhum þ 2DP HC Þ

qa gfan

ð17Þ

_ a is the mass flow rate of the air stream supplied to the
where m
building and hs and hE are respectively the wet air enthalpy at supply and outdoor conditions. In addition DPfil, DPhum and DPHC are
the pressure drop across the filter, the humidifier and the heating
coils (pre and post heating) and gfan is the fan efficiency.

Q_ th;SSH Q_ th;v ;SSH Q_ el;SSH
þ
þ
Q_ p;SSH ¼

ð21Þ

_ a ½hs  hE  hv ;100 ðX s  X E Þ
Q_ th;SSH ¼ m

ð22Þ

_ a ðX s  X E Þðhv ;100  hl;15 Þ
Q_ th;v ;SSH ¼ m

ð23Þ


 m
_a
Q_ el;SSH ¼ DPfil þ DPhum þ DP HC

ð24Þ

gth

gth;v

gel

qa gfan

where Q_ th;v is thermal power required to generate the primary steam
flow that is used to produce the water vapour stream used in the
humidification process. Note that hv,100 and hl,15 are the enthalpy
respectively of saturated steam at 100 °C and of liquid water at 15 °
_ a is the mass flow rate of air stream sup-plied to the
C. Instead m
_ reg . In Eqs. (20) and (23) it has been
_ a ¼m
building, assumed m
assumed the steam production is obtained with unitary efficiency.
Data used in Eqs. (15)–(24) are summarized in Table 6.
Simulation results are reported in Fig. 17 for two working condition: Te = 0 °C and Te = 10 °C with Xe = 3.4 g kg1. Primary power
consumption of DWH is always lower than ESH (respectively 0.47
kW and 0.26 kW at Te = 0 °C and Te = 10 °C) and higher than SSH
configuration. More precisely, if gth,v = 0.8 the additional primary
power consumption of DWH is 1.19 and 1.34 kW and if gth,v = 0.6 it
is 0.11 and 0.30 kW. In order to properly understand these results,
it is highlighted that the calculated Q_ p includes also the term
required to heat the air stream from Te to Ts. This contri-bution ð¼
_ acpaðTs  TeÞ=gthÞ is equal to 10.3 kW when Te = 0 °C and to 6.6 kW
m
when Te = 10 °C, that is a significant fraction of the
calculated Q_ p.
Although the proposed humidification system does not reach
power savings (referred to the primary source) compared to steam
to steam humidifiers, it is pointed out that DWH can be easily driven by waste heat or low grade heat from cogenerators. Instead
such an option is not achievable with SSH, which requires high
temperature heat to generate steam. Therefore the proposed

Table 6
Parameters used in the calculation of power consumption of reference technologies.
Parameter

AH

ESH

SSH 1

SSH 2

DPfil (Pa)
DPHC (Pa)
DPhum (Pa)
gfan (–)
gth (–)
gel (–)
gth,v (–)

150
50
50
0.7
0.9
0.525
–

150
50
30
0.7
0.9
0.525
–

150
50
30
0.7
0.9
0.525
0.8

150
50
30
0.7
0.9
0.525
0.6

Fig. 17. Q_ p of analyzed humidification systems in two different working conditions
(vreg,in = 2 m s1, vpro,in = 2.6 m s1, Xreg,out = 0.0066 kg kg1, N = 8 rev h1).

technology can be efficiently integrated in low temperature energy
systems.
7. Conclusions
In this work a humidification system based on a desiccant
wheel is proposed and it is investigated through a numerical and
experimental approach. It is shown the system can properly provide an air stream at satisfactory humidity ratio through an appropriate arrangement of the desiccant wheel. The process air flow
rate should be higher than the regeneration one: in most investi_ reg > 1:3, the desired outlet humidity
_ pro =m
gated cases, when m
can be achieved. In addition the lower the outdoor air temperature,
the higher the process air flow rate. A critical issue is the outlet
regeneration temperature, which can be too high (>30 °C) in particular working conditions and consequently can determine occupants’ discomfort.
It has been highlighted that primary power consumption of the
proposed system is lower than the one of electric steam humidifiers (up to 3%) and higher than the one of steam to steam humidifiers (up to +12%). Anyway, the humidification system based on
desiccant wheel can be driven by low grade heat and it is appropriate to be integrated in innovative and efficient low temperature
energy systems.
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