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ABSTRACT

A thermal driven air-conditioning system, worked out coupling two sorption cy-
cles, is presented. The goal is to develop a thermal driven primary air condition-
ing system, which is energy efficient, compact, reliable and without an auxiliary
heat rejection system. The motivation is to reduce the non renewable primary
energy consumption of the air-conditioning sector and to increase the share of
thermal driven system. The system integrates an absorption heat pump cycle
and a solid desiccant evaporative cooling open cycle (DEC). The system main
feature is the ability of the absorption heat pump to drive a DEC, creating a
double effect thermal driven cycle. After a compatibility analysis on the temper-
ature levels an ammonia/water absorption heat pump and a silica-gel desiccant
wheel have been selected. The solid DEC cycle is implemented in a double duct
air handling unit. In one duct the building supply air flows, while in the other
the exhaust air from the building flows. In cooling and dehumidification opera-
tion mode, the heat pump has two useful effects: it delivers the heating power
needed to the desiccant based dehumidification process and it provides cooling
power for the supply air flow. Moreover, the system is able to work also in
heating mode. The hydraulic connections between the DEC air handling unit
and the heat pump is inverted, and the latter is used to heat up the supply air,
recovering energy from the indoor exhaust air. In order to assess the energy
performance a numerical model of the system has been created. It has been
tuned with experimental results and completed with the definition and imple-
mentation of a control strategy.

The ratio between the net supply air energy exchange and the non-renewable primary
energy used by the system has been used as the main performance figure (PER). The
PER comparison with a conventional air-conditioning system (using an air source elec-
tric heat pump and a gas boiler) has shown a better energy performance of the pre-
sented system. It is particularly suitable in areas where the natural gas is cheap and/or
the electric energy generation and distribution system is weak.

Keywords: Air-conditioning; sorption; adsorption; absorption; DEC; desiccant wheel;
ammonia/water; GAX; modelling.

Introduction

The demand of buildings air-conditioning is tion sector trend is to design buildings with

growing, due to higher external temperature reduced energy requirements for space

and people thermo hygrometric comfort re- heating and cooling using thermal insulation

quirement. Moreover, the current construc- and passive design techniques (shadings,
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natural ventilation). At the same time there
is the need for an indoor air quality control,
through the use of heating ventilation air-
conditioning (HVAC) systems. Thus, the ratio
between the energy requirement for the
treatment of the fresh air and the total en-
ergy requirement is increasing, particularly
for end-users typologies such as: offices,
light commercial, libraries and conference
rooms. Furthermore, the cooling season for
non-residential buildings is generally longer,
due to higher internal heat gains (people
and appliances).

Today, most of the air-conditioning systems
are based on electric driven vapour com-
pression technology. The concern for the in-
creasing electricity peak demand due to air-
conditioning as well as the need to reduce
the cooling primary energy needs are push-
ing towards new technological solutions.

In the research project here presented a
double effect thermal driven air conditioning
system for primary air is defined. It aims to
increase the energy efficiency of the dehu-
midification process and to reduce drastically
the air-conditioning electric energy demand
switching to thermal energy. It is based on
the integration of two sorption cycles: an
absorption heat pump and a solid desiccant
evaporative cooling system (DEC). The ab-
sorption heat pump cycle is the first effect,
at the highest pressure and temperature
levels, which drives the second effect that is
a solid DEC cycle.

The research object is based on two main
technologies: desiccant evaporative cooling
open cycle and the absorption cycle. Hereaf-
ter, a brief technological background of
these two technologies is reported.

The so-called DEC (Desiccant Evaporative
Cooling) is an air-conditioning system based
on the use of a desiccant process combined
with an evaporative cooling process (Daou et
al., 2006)

A desiccant process consists in the absorp-
tion or adsorption of water vapour by a sub-
stance, which can be natural or synthetic.
The driving force is the water vapour pres-
sure difference between the surroundings
moist air and the desiccant surface. Desic-
cant materials are primarily classified accord-
ing to their states, liquid or solid, at operat-
ing condition.

In the air-conditioning sector the most
2

common use of solid desiccant materials is
as coating of rotating wheel, usually called
desiccant wheel. The desiccant wheel rotates
slowly (order of magnitude 10 RPH) in a
special containment structure which is divid-
ed, at least, into two areas. The first area is
used to adsorb the water vapour of process
air, and the other it is used to ensure a con-
tinuously operating cycle regenerating the
rotor by removing the water uptake through
an auxiliary hotter air flow (regeneration
air).

In the last few years many research works
have dealt with solid DEC cycle for air-
conditioning (Daou et al., 2006; Henning,
2007; Beccali et al.,, 2009; Frein et al.,
2015). The reason is that a DEC cycle could
be activated by low temperature heat like
solar heat, heat from heat pump and waste
heat. Under this condition a DEC cycle could
become competitive and cost effective.
About absorption cycles, they are heat-
activated thermodynamic cycles which can
be used for refrigeration, air conditioning or
heat pumping. The main advantages in
comparison to other cycles are: no vapour
compression, ho mechanical compressor and
low temperature sources can be used. Ab-
sorption machine useful power range from
small units with an order of magnitude of 10
kW to huge units of few MW.

Among several available refriger-
ant/absorbent pairs the most used are wa-
ter/ lithium bromide and ammonia/water
which offer the best compromises of ther-
modynamic performance and have zero GWP
(Global Warming Potential).

1. System description

The proposed air-conditioning system is
mainly composed by a desiccant wheel
based DEC and a gas fired absorption heat
pump cycles (GAHP) (Figure 1). The result is
a double effect thermal driven air-
conditioning system. The absorption heat
pump cycle is the first effect, at the highest
pressure and temperature levels, which
drives the second effect that is the solid
DEC.

The key aspect of this system is that, when
air dehumidification is needed, both the side
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Figure 1 - System scheme.

of the heat pump are useful effect. Indeed,
the heat pump provides both, the heating
power needed by the dehumidification pro-
cess (points 11-12, Figure 1), and the sensi-
ble cooling power needed to post-cool the
supply air stream (points 4-5) at the exit of
the DEC process.

For the choice of the thermal driven heat

pump technologies among the available

ones, the following constraints have been
taken into account:

- deliver, at the same time, hot water at a
temperature >65 °C (for DW regenera-
tion) and cold water at a temperature of
around 10 °C (for supply air post-
cooling);

- needless of an auxiliary rejection heat at
the previous point condition;

- output thermal power suitable for a light
commercial application (around 35 kW);

- available on the market, in order to be
able to perform experimental tests in a
short time horizon.

Thus, one of the most spread thermal driven
heating system in the world has been select-
ed. It is a gas driven absorption heat pump,
implementing a absorber generator heat ex-
change cycle (GAX) and using ammonia-
water has working pair. It is optimized for
traditional space heating and cooling applica-
tions. It has a minimum outlet temperature
of -5 °C at the evaporator and a maximum
outlet temperature of 65 °C at the conden-
ser/absorber.

Starting from the working temperature range
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circuits inversion system

and power capacity of the selected absorp-
tion heat pump, a general layout of the sys-
tem has been defined (Figure 1) taking into
account several requirements like: useful
cooling and heating power, technological
feasibility, energy efficiency, initial cost, reli-
ability, number of components minimization,
low electric energy demand.

As the maximum available regeneration
temperature is around 60 °C we have decid-
ed to use a silica gel based desiccant wheel
which is able to work with relatively low re-
generation temperatures.

From the thermodynamic point of view, in
the standard solid DEC cycle a significantly
low humidity by mass at the desiccant wheel
process side outlet is the precondition for
the use of direct evaporative cooling stage.
In the system under analysis, the limited de-
humidification capacity, due to the limited
regeneration temperature, it does not allow
the use of a direct evaporative cooling stage.
However, the latter is replaced by a cooling
coil fed by the cooling power made available
by the heat pump, thus the limited dehumid-
ification capacity of the wheel can be used
only for covering the latent load.

Another peculiarity of the system is the
availability of a mixing section for the ex-
haust air with external air (points 7 and 8,
Figure 1). This is due to solve the problem
linked to the imbalance between the supply
and the exhaust air flow rate, which is need-
ed for keep the indoor pressure higher than
the outdoor, limiting air infiltration. Otherwi-
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Figure 2 - System thermodynamic processes on psychrometric chart for cooling and

dehumidification operation mode.

se, this imbalance in the air flow rate limits the
maximum thermal power exchangeable by the
energy recovery wheel, limiting the indirect
evaporative cooling potential. This aspect does
not affect the performance of the system in
heating mode thanks to the contribution of the
heat pump, so the mixing section is not used.
On the other hand, when dehumidification is
required, this limitation on the indirect evapora-
tive cooling stage is quantitatively important
and could not be compensated only with the
heat pump operation. Therefore, in dehumidifi-
cation mode, the process air flow rate is in-
creased up to the regeneration air flow, adding
an external air flow rate.

Moreover, the system is able to work also when
the supply air has to be heated and humidified.
For this reason, there is an adiabatic humidifier
at the end of the process side air duct (points
4-5), which is used only in this case. In this op-
eration mode, the heat pump is used to heat up
the supply air, recovering energy from the in-
door exhaust air. Practically, it is implemented
inverting the hydraulic connections between the
DEC's coils and the heat pump evaporator and
condenser/absorber inlets and outlets (circuits
inversion system, Figure 1).

Figure 2 shows, in a psychrometric chart, the
complete sequence of the supply and return air
thermodynamic processes which occur inside
the DEC air handling unit when cooling and de-
humidification are needed.

It follows, a brief description of the supply air
process (point 1 to 4, Figure 2) and of the re-

turn air (point 7 to 13) for a cooling and dehu-

midification case (the humidifier at the supply

side is off):

- the process 1-2 is linked to the process 12-
13. They are the consequence of the air de-
humidification by adsorption (Ruthven,
1984). Between point 1 and 2 the supply air
is heated up by the exothermic water vapour
adsorption process. The goal is to guarantee
the supply air humidity by mass set-point;

- the process 2-3 is linked to the process 10-
11. They are due to the heat exchange
through the rotary heat exchanger between
the supply air and the return air;

- the process 3-4 is due to sensible cooling
through the cooling coil on the supply air
flow (HX1). The cooling coil is driven by the
evaporator side of the heat pump. The goal
is to increase the cooling effect of the DEC
cycle;

- the process 9-10 on the return side is an ad-
iabatic evaporative cooling through a wetted
media humidifier. It is part of the indirect
evaporative cooling process, which is com-
pleted with the process 2-3;

- the process 11-12 is a sensible heating of
the return air for the regeneration of the
desiccant wheel. The heating coil (HX2) is
linked to the condenser/absorber side of the
heat pump.

- the process 12-13 is the regeneration of the
desiccant wheel. The water content of the
desiccant wheel is desorbed and released to
the return air flow.
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Table 1- Active components for each operation mode.

FAN; FAN, ronx BPronx HUM; HUM, DW BPpw GAHP
+aux
DEC+AHP X X X X X X X
IEC+AHP X X X X X X X
IEC X X X X X X
VENT X X X X
HR X X X X X
HR+AHP X X X X X X
HUM+AHP X X X X X X X

2. Control strategy and operation
modes

The air handling unit has to guarantee the sup-
ply air set-point conditions set by the end-user
adapting the operation mode according to the
indoor and outdoor conditions. The system can
work in seven operation modes (Errore. L'ori-
gine riferimento non é stata trovata.):
- cooling and dehumidification (DEC+AHP);
- indirect evaporative cooling and absorption
chiller (IEC+AHP);
- indirect evaporative cooling (IEC);
- ventilation (VENT);
- heat recovery (HR);
- heat recovery and absorption heat pump
(HR+AHP);
- heating and humidification (HUM+AHP).
Most of the operation modes are characterized
by proportional signals that must be assigned.
The most tricky operation modes are the ones
using the heat pump, because it creates anoth-
er link between the supply and return side of
the AHU in addition to the links made by the ro-
tary heat exchange and the desiccant wheel.
Indeed, the heating power delivered to one
side of the AHU is function of the cooling power
delivered on the other side of the AHU. For
these reasons, for example, for specific condi-
tions is needed to reduce the effect of the heat
recovery unit to ensure that the exhaust air
temperature is compatible with the power
which the GAHP needs on its cold side (evapo-
rator).
Generally, air handling unit controllers use se-
quencing logic in order to maintain the set-
point conditions in the most economical way.
One drawback of this approach is the risk of in-
stability when several components are con-
trolled at the same time (Seem et al., 1999).
This problem can be partly addressed in the
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tuning phase of the control parameters. Se-
quencing logic applied to DEC systems may re-
sult in a complex tuning exercise due to the
number of components involved. Therefore, al-
ternative approaches have been investigated in
which a subset of components are operated
steadily according to some rules and only a lim-
ited number of components use feedback con-
trol simultaneously. The particular operating
condition is associated to a well-defined opera-
tion mode (e.g., ventilation, indirect evapora-
tive cooling, cooling and dehumidification). The
transition from one operation mode to another
one is managed by a selector which is based on
simple rules. Actuators use can be reduced by
adopting a finite state machine approach (Vitte
et al.,, 2008), i.e. delaying the transition until
the current operation mode has reached satura-
tion for a predefined time interval. In the fol-
lowing, the adopted control logic is described.
The simplest operation mode is the ventilation
mode (VENT). Only the supply and return fans
are on. The return air flow rates is equal to the
exhaust air from the building, i.e. it is not in-
creased through the mixing with external air.
The air by-pass around the desiccant wheel and
the rotary heat exchanger are open (Figure 1).
If the external air is too warm, the indirect
evaporative cooling mode is activated (IEC).
The return air adiabatically cooled by the hu-
midifier, thus capable to provide cooling to the
supply air thanks to the rotary heat exchanger
(RoHX). The RoHX air by-pass is proportionally
controlled according to the supply air set-point
temperature.

If the IEC cooling power is not enough, the sys-
tem switches to the indirect evaporative cooling
and absorption chiller mode (IEC+AHP). The
absorption heat pump is turned on in cooling
mode, along with the associated water pumps.
The natural gas input to the heat pump is pro-
portionally controlled in order to follow the
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supply air temperature set-point.

When the outdoor air humidity by mass is high-
er than the maximum allowed, the system
switches to the cooling and dehumidification
mode (DEC+AHP). The desiccant wheel air by-
pass is closed. The return air flow rate is in-
creased up to the supply air flow rate through a
mixing with external air. The natural gas input
to the heat pump is proportionally controlled in
order to primary follow the supply air humidity
by mass set-point.

On the other hand, when the external tempera-
ture is lower than the set-point, the first mode
to be activated is the heat recovery mode (HR).
Thus, the rotary heat exchanger air by-pass is
proportionally controlled in order to follow the
supply air temperature set-point.

If the heat recovery mode heating capacity is
not enough the heat pump is turned on
(HR+AHP). The three-way valves system ad-
dresses the hot water to the air-water heat ex-
changer on the supply side (HX1). The air by-
pass around the rotary heat exchanger is pro-
portionally controlled in order to avoid ice for-
mation at the air-water heat exchanger on the
return side (HX2). Indeed, without this heat
transfer limitation it could happen that the inlet
water at (HX2) falls below zero in order to sat-
isfy the heat pump evaporator energy demand.
The natural gas input to the heat pump is pro-
portionally controlled in order to follow the
supply air temperature set-point.

When both the outdoor air humidity by mass
and temperature are lower than the set-point,
the system switches to the heating and humidi-
fication mode (HUM+AHP). The water feed to
the supply side humidifier is turned on. The
desiccant wheel air by-pass is opened. The nat-
ural gas input to the heat pump and the water
feed to the humidifier are controlled in order to
primary follow the supply air humidity by mass
set-point.

3. Modeling

In order to assess the performance of the sys-
tem using computer simulation, a numerical
model has been developed and implemented in
a Matlab code. The model is a steady-state
model based on a node structure. Each node
represents a sub-component of the whole sys-
tem (e.g. fan, rotary air-air heat exchanger)
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and it is characterized by specific inputs, out-
puts and parameters.

The model is based on the use of e-NTU corre-
lations for the finned-tube heat exchanger and
the rotary heat exchanger. The input parame-
ters UA have been assessed through a tuning
with the experimental results from a system
prototype. The wetted media humidifiers have
been modelled with constant adiabatic humidifi-
cation efficiency. The desiccant wheel has been
modelled using the model developed by Aprile
and Motta (2013) and it has been tuned with
the experimental data. Lastly, the gas absorp-
tion heat pump performance has been derived
from the manufacturer's data (ROBUR compa-

ny).

4. The reference system

The reference system used for comparative
analysis (Figure 3) is composed of: two fans, a
cross-flow heat recovery, a cooling coil (for
sensible cooling and dehumidification), a heat-
ing coil, a wetted media humidifier. The cooling
coil is fed by an electric air-source heat pump,
while the heating coil is fed by a natural gas
boiler.

The performance of this reference system has
been assessed through a numerical model de-
veloped and implemented in a Matlab code. As
for the presented system model, it is a steady-
state model based on a node structure. The
fans, humidifier, the air heat recovery device
and the air-water finned tubular heat exchang-
ers have been modelled like the presented sys-
tem. The cross-flow heat exchanger € has been
fixed at 0,6. The gas natural boiler has been
modelled considering an overall constant ther-
mal efficiency of 0,9 respect to the natural gas
gross calorific value and a fixed electric con-
sumption (150 W). Lastly, the electric air-
source heat pump has been modelled as a
black-box mathematical model, starting from
the performance data provided by a manufac-
turer. The inputs are the forward tempera-
ture of the working fluid to the AHU cooling coil
and the temperature of the external air (Tey).
The forward temperature of the working fluid to
the AHU cooling coil has been assessed starting
from the cooling coil apparatus dew point
(Tapp), linked to the set-point humidity by mass
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(¢,

pass factor, which has been fixed at 0,15. The temperature (To) and external air temperature
main output of air-source heat pump model is (Tex) Shown in Figure 4.

the energy efficiency ratio EER (Figure 4), 5. Results and discussion

which is predicted using a polynomial equation.

The model is valid only for the water outlet In this section the simulation results consider-
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ing stationary boundary conditions and a supply
volumetric flow rate of 5000 m’/h are pre-
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Figure 5 - DEC+AHP operation mode - supply
air humidity by mass Xz, [G,/kGu].

consumption (DEC+AHP and HUM+AHP opera-
tion mode) are presented hereafter.

Cooling and dehumidification operation
mode

It follows the analysis of the cooling and dehu-
midification operation mode changing the ex-
ternal conditions.

The return air from the indoor space has been
set at 26 ° C / 50%, while, for the supply air,
only the humidity by mass set-point has been
set; specifically at 8,8 g./kgd. equal to a rela-
tive humidity of 41,2 % at 26 °C.

Figure 5 shows that the system is able to guar-
antee the humidity by mass set-point if the ex-
ternal air is in the range 25-40 °C and 10-12
gw/kgga- For higher external humidity by mass
the set-point is still guaranteed if the external
temperature decreases, up to the limit 25 °C /
14 gw/kges. This is due to a better performance
of the desiccant wheel for higher relative hu-
midity of the external air. Outside this range,
due to the constraint on the maximum desic-
cant wheel regeneration temperature (due to
the heat pump), the system cannot exceed a
dehumidification rate of around 5 gu/kgga-
Figure 6 shows what happen to the supply air
temperature. As all the air by-pass are closed, it
shows the minimum achievable supply air tem-
perature, which could be reduced limiting the
indirect evaporative cooling effect.

Figure 7 and Figure 8 show the Primary Energy
Ratio (PER) achieved by the system and the
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sented. Among the seven operation mode only

the two mode with the higher energy
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Figure 6 - DEC+AHP operation mode - supply
air temperature T, [°C].

reference system. The PER is the ratio between
the net supply air energy exchange and the
non-renewable primary energy used by the sys-
tem (Eq. 1).

useful effect

PER = - =
non renewable primary energy

(1)
|(h(Tsa' xsa) - h(Textr xext))msa|

Z PelePEFele + ans,GCV PEFf

The system PER (Figure 7) is higher than 1 for
most of the conditions. The maximum value is
at the maximum external temperature (40 °C)
and minimum external humidity by mass (10
gw/Kgaa), achieving a PER of roughly 1,8. The
minimum value is 0,8 at Tex 25°C, Xexr 13,5
gw/kgda-

Going in more detail, Figure 9 and Figure 10
show the numerator and the denominator of
the PER ratio. The PER equation numerator is
the useful cooling effect, which get the maxi-
mum value of around 37 kW at the highest ex-
ternal temperature and humidity by mass.

On the other hand, Figure 10 shows the PER
denominator, which is the primary energy con-
sumption of the system (PEcons). The PEcons
maximum value is at Tex 25 °C, Wext 14 gu/KQga,
this is due to the highest energy demand at the
regeneration coil (HX2) plus the minimum air
inlet temperature at the cooling coil (HX1), i.e.
the maximum heat pump heating demand at
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the minimum GUEh. The highest energy de-
mand at HX2 is due to the minimum heat re-
covery through the rotary heat exchanger at
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Figure 7 - DEC+AHP operation mode PER [-] -
presented system.
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Figure 9 - DEC+AHP operation mode - Supply
air total cooling power [kW].

Heating and humidification mode

The set-point condition for the supply air has
been fixed at a temperature of 20 °C and a rel-
ative humidity of 37,5% (5,5 gu/kgda), while for
the return air from the indoor space at 20 °C
and 50%.

For the heating and humidification operation
mode the desiccant wheel is not needed, thus
only the heat pump absorption cycle is on, us-
ing the exhaust air as evaporator energy
source.

According to the minimum water temperature
at the cooling coil linked to the heat pump

9

the maximum achievable dehumidification rate
(Figure 11).
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Figure 10 - DEC+AHP operation mode - Primary
energy consumption [kWpe].

evaporator, a constraint on the outlet tempera-
ture of the rotary heat exchanger supply side
has been set, in order to guarantee the heat
pump evaporator energy demand.

Figure 12 shows that the system is able to
guarantee the supply air humidity by mass set-
point for most the case, except when the ex-
ternal air is colder than 2 °C, since the heating
capacity of the selected heat pump is not
enough.

Figure 13 and Figure 14 show the comparison
between the PER (Eqg.1) achieved by the pre-
sented system and the reference system for the
heating and humidification mode.
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The maximum PER value is at the highest ex-
ternal humidity by mass (3,5 [gw/kgda]) and an
external temperature of 7 °C, achieving a PER
of 1,7.
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Figure 11 - Indirect evaporative cooling for

DEC+AHP operation mode.
3.5
1.6
3
-
> 1.4
& 25
E
3 1.2
2
1
1.5
0 5 10 15
Text[ C]

Figure 13 - HUM+AHP operation mode Primary
Energy Ratio PER [-] - presented system.

for the heat pump cold side at temperature
higher than 0 °C.

6. Conclusions

A thermal driven air-conditioning system,
worked out coupling two sorption cycles, has
been presented.

The system integrates an absorption heat pump
cycle and a solid desiccant evaporative cooling
open cycle (DEC).
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The highest PER values are around Te: = 7 °C
because it is the range where is maximum the
use of the heat recovery from the exhaust air
without compromise the availability of energy
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Figure 12 - HUM+AHP operation mode.
Supply air humidity by mass Xe, [G./kGus].
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Figure 14- HUM+AHP operation mode Primary
Energy Ratio PER [-] - reference system.

Its main feature is the ability of the absorption
heat pump cycle to drive the desiccant evapora-
tive cooling cycle, creating a double effect cy-
cle.

After a compatibility analysis on the tempera-
ture levels a ammonia/water absorption heat
pump and a silica-gel desiccant wheel have
been selected.

The solid DEC cycle is implemented in a double
duct air handling unit. In one duct the building
supply air flows, while in the other the exhaust
air from the building flows.



Scoccia and Motta: A double effect thermal driven air conditioning system using ammonia/water absorption and desiccant evaporative

cooling

The system is able to work in seven operation
modes according to the supply air set-point and
the boundary conditions. The main operation
modes are the cooling and dehumidification
mode and the heating and humidification mode.
In cooling and dehumidification mode, the heat
pump has two useful effects: it delivers the
heating power needed to the desiccant based
dehumidification process and it provides cooling
power for the supply air flow.

In heating and humidification mode the hydrau-
lic connections between the DEC air handling
unit and the heat pump is inverted, and the lat-
ter is used to heat up the supply air, recovering
energy from the indoor exhaust air.

The ratio between the net supply air energy ex-
change and the non-renewable primary energy
used by the system (PER) has been assessed as
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the main performance figure.

As reference system for PER comparison an air-
conditioning system composed by an air source
electric heat pump, a gas boiler and a cross-
flow air heat recovery has been considered.
Thus, the PER comparison between the pre-
sented system model and the reference system
has shown a better energy performance of the
presented system for both the heating humidifi-
cation mode and the cooling dehumidification
mode, but it cannot handle dehumidification
rate higher than around 5 gu/kgga.

The presented thermal driven air conditioning
system is particularly suitable in areas where
the natural gas is cheap and/or the electric en-
ergy generation and distribution system is
weak.

The reported research has been supported by the Italian Ministry of Education, Universities and
Research (MIUR) and the Regional Government of Lombardy.

Symbols

h moist air specific enthalpy (kJ/kgga)
m mass flow rate (kg/s)

P power (kW)

Q thermal power (kW)

RH relative humidity [-]

T temperature (°C)

X humidity by mass (gw/kgda)

€ effectiveness (-)

Subscript

C cold temperature or cooling mode
DW  Desiccant wheel

da dry air

ext  outdoor

fw forward

h hot temperature or heating mode
hum  humidifier

in inlet

int indoor

lat latent

ma moist air

oa outdoor air

out  outlet
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reg  regeneration side

ret return side

sa supply air

sens sensible

supply supply side

w water

ACRONYMS

ADP  Apparatus Dew Point
AHU  Air Handling Unit

BP air By-Pass

COP  COefficient of Performance [-]

CC Cooling Caoll

DEC Desiccant Evaporative Cooling

EER electric heat pump Energy Efficiency Ra-
tio [-]

GAHP Gas Absorption Heat Pump

GAX  Generator Absorber heat eXchange
GCV  Gross Calorific Value

HC Heating Coil

HX heat exchanger

RoHX Rotary Heat eXchanger
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