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A B S T R A C T   

This study investigates the application of a Semi-Indirect Evaporative Cooler (SIEC) to develop a 
Decarbonised Evaporative-Based Air Conditioning System (DEBACS). The research aims to show 
the benefit of using the SIEC in combination with a traditional Air Conditioning Unit to enhance 
the energy efficiency of an HVAC system. The SIEC, constructed from ceramic material, operates 
in both dry and wet modes. By spraying water on the inner side, it functions as an efficient air-to- 
air recuperator, with the ceramic material improving water distribution and device performance. 
The SIEC device has been experimentally tested. Tests were conducted in both dry and wet modes 
across three airflow rates and three temperature levels. Moreover, a simple model that describes 
the SIEC behaviour in general operative conditions has been derived. Results indicated that under 
optimal conditions (lowest supply airflow), the SIEC achieved an efficiency ratio between 50 % 
and 70 % in dry mode, and nearly 100 % in wet mode, with the wet mode improving efficiency 
ratio by 30–50 %. These findings underscore the potential of the ceramic SIEC device as an 
effective technology for air conditioning systems, promoting energy efficiency, compliance with 
EPBD standards, and significant decarbonisation in the HVAC sector.   

1. Introduction 

Heating-Ventilation-Air Conditioning (HVAC) systems are one of the most energy-intensive components in the building sector, 
accounting for up to 30 % of its electricity consumption [1–4]. Considering that residential building sector is responsible for 35 % of 
European emissions in 2021 [5] and bearing in mind the prescriptions of the Energy Performance of Buildings Directive (EPBD), which 
mandates that building stocks in Europe should be converted to reach zero emissions target by 2050 [6], it is clear that all the strategies 
to make HVAC equipment more efficient are necessary and valuable. Under the perspective to promote a less energy-intensive cooling 
sector, evaporative cooling is a well-known technology and represents an established alternative to traditional systems for generating 
cooling effect (such as Vapour Compression Refrigeration cycles). It is based on producing cooling power through the evaporation of 
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water, employing combined mechanisms of mass and sensible/latent transfers. Actually, there are two main types of evaporative 
cooling: direct (DEC) and indirect (IEC). In Direct Evaporative Cooling, water evaporates directly within the air stream to be cooled. 
Various types of devices can be used: wet pads, sprays, and ultrasonic humidifiers. As a result, the air stream exits the treatment at a 
lower temperature but with a higher humidity ratio, following an iso-enthalpic transformation (close to saturation conditions, near the 
wet-bulb point, depending on the control and efficiency of the treatment). In Indirect Evaporative Cooling, water evaporation happens 
within a secondary air stream (that flows in the wet channels of the device), which, in turn, removes heat from the primary air stream 
(that flows in the dry channels of the device) that is the useful product of the process. Unless under specific circumstances, the cooling 
of the primary air is at constant humidity ratio. The scientific literature investigates the topic of evaporative cooling by analysing 
various aspects of it: physical-mathematical modelling, geometry and materials of exchangers, experimental tests, practical 
applications. 

Xiao et al. focused on the efficiency parameters of evaporative coolers and made a huge list of experimental tests conducted on 
different kinds of evaporative coolers [7]. Zhu et al. dealt in-depth with possible materials useable in these devices and with the most 
common methods to model and analyse evaporative technologies [8,9]. Here it is underlined that water distribution in wet channels is 
a crucial factor to achieve good efficiency of IEC systems. Mohammed et al. proposed a review of the main patents registered over the 
years on heat exchangers based on the evaporative cooling mechanism. Additionally, they focused on a series of technical standards 
that regulate the evaluation of the efficiency of these devices [10]. Yang H. et al. analysed the feasibility of evaporative cooling in 
humid climates and underlined that, under specific conditions and employing particular strategies, it is possible to act also the 
dehumidification of primary air in IEC devices [11]. In this sense, this work is very important because it well explained that, in hot and 
humid climates, it is possible to remove humidity from the primary air (indeed, in the work, the condensation states of an IEC devices are 
introduced, with their specific equations). Sajjad et al. reported exhaustively a list of materials useful in evaporative cooling appli
cations [12–14]. The work of Cui et al. is particularly interesting because they proposed a 3E methodology (Energy, Economic, 
Environmental) analysis of evaporative coolers, pointed out and compared the CO2 emissions of different devices and applications 
[15]. Yang Y. et al. evaluated the effectiveness of advanced solutions obtained by the simultaneous utilisation of evaporative coolers 
with other technologies (desiccants, membranes, …) to favour a widespread diffusion of evaporative technology in the HVAC sector 
[16]. Cuce et al. focused on exergy-based evaluation of evaporative coolers, and in particular they reviewed their possible applications 
for buildings [17]. In most review papers, significant attention is given to the materials used in evaporative coolers. Referring to IEC 
devices, the type of material, combined with the type of exchanger (finned tubes, plates, channels …) and the airflow arrangement for 
primary and secondary air (concurrent, counter current, crossflow), indeed plays a significant role in the performance of the 
exchanger. An in-depth review of possible materials has been done by Zhao et al. [18]. Traditional IEC devices are made of metal foil or 
polymer. Among metals, aluminium is the most used due to its high thermal conductivity and ease of realisation. Polymeric materials, 
despite having a much lower thermal conductivity, offer advantages such as durability and corrosion resistance. However, both types 
of materials present a challenge in terms of low hydrophilicity. This fact implies that the mass transfer in the wet channels is not so 
enhanced, resulting in scarce humidification of secondary stream and consequently in a low cooling effect of the primary air. 
Moreover, to obtain favourable conditions in the wet channels, it is often necessary to spray continuously water, leading to a large 
quantity of circulating water and non-negligible expenditure for pumps. A possible solution to these problems is represented by the 
utilisation of porous materials. Moreover, these materials could allow moisture transfer inside the porous matrix (this could be useful if 
a moisture addition in the primary airflow is necessary). Over the years, ceramic materials have emerged as a promising option, as 
recently pointed out in the review work of Alam et al. about IEC technology [19], due to their high porosity, small volume density, 
important specific surface and high thermal conductivity [20]. Thanks to their porosity and capillary behaviour, ceramic materials are 
characterised by high hydrophilicity (thus enhancing heat and mass transfer in the wet channels) and can also act as water storage, 
avoiding the continuous operation of spraying water. For these reasons, porous materials have gained attraction also for DEC appli
cation, as recently highlighted for example in the experimental study of Dogramci [21–23]. Lv and al. made extensive research work on 
the utilisation of porous materials for indirect evaporative cooling [24]. They highlighted that choosing a wetting material with good 
surface hydrophilicity and rapid moisture transfer is fundamental to improving the cooling effect of IEC. In this sense, porous materials 
are the perfect candidate. In this study, they focused on structural and characteristic parameters of different porous materials and also 
proposed physical models to select the most suitable materials for different applications. Sun et al. proposed a theoretical and 
experimental study of an IEC device in which the wet channels are made in porous ceramic materials (mostly α-aluminium oxide 
crystals) [25]. The primary air flows inside the ceramic tubes, while the secondary air flows outside the tubes where there is a water 
film obtained by intermittent spraying. The mass transfer between dry and wet channels is not permitted due to an impermeable layer 
inside the channels. The Authors focused on the optimisation of geometric parameters and on the primary/secondary air ratio. Alharbi 
et al. have modelled and experimentally tested an IEC exchanger made by finned tubes and ceramic cuboids [26]. The proposed 
solution can provide a wet-bulb efficiency of 1.05 and a dew-point efficiency of 0.73. Boukhanouf et al. and Kanzari et al. made a 
computer model and an experimental setup of an IEC device with ceramic flat shells in the wet channels, while the dry channels are 
sealed with an impermeable thin layer [27–30]. The reported wet-bulb and dew-point efficiencies are 1.23 and 0.78 respectively. Shi 
et al. have proposed a plate heat exchanger with the secondary channels sintered with porous materials to enhance water retention 
[31]. Shi et al. and Ma et al. [32–35], more in-depth, have pointed out how fundamental is the topic of proper water spraying and 
surface wettability in ceramic IEC. Moreover, between the advantages of using porous materials, in particular ceramic ones, it is worth 
noting that, due to their structure, they are able to prevent the passage in the primary air flow, which will be the supply air stream in 
HVAC applications, of harmful pathogens that could potentially grow in the secondary air flow because the presence of water (such as 
legionella). This is an important concept underlined by Rey Martinez et al., that proposed for the first time a new concept of evap
orative cooling with porous materials: the Semi-Indirect Evaporative Cooling (SIEC) [36]. The concept of SIEC is the following: in 
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porous ceramic material tubes the secondary air flows in contact with a layer of water, the primary air flows outside the tubes, there is 
the possibility of mass transfer between the two sides. Indeed, the porous material lets water molecules pass through it, but it blocks the 
passage of harmful agents. This concept of evaporative cooling has been in-depth studied by the Research Group that has worked on 
the experimental prototype of SIEC placed in the University of Valladolid. Velasco Gomez et al. carefully described the prototype and 
investigated the first preliminary results, pointing out that SIEC can work in summer also in dehumidification mode and it can be used 
in winter as a humidifier [37]. Herrero Martin et al. conducted a study based on the Fanger approach for thermal comfort of the SIEC 
prototype combined with a heat pipe: the device acts as an energy recovery system [38]. Membrane-based SIEC technology, that 
employs collected rainwater as fed water, has recently proposed by Englart [39]. 

In a broader sense, considering an HVAC system that supplies outdoor air properly treated for cooling purposes in the hot season, a 
SIEC exchanger could act effectively as an enhanced energy recuperator, through two operative modes: as a “dry” exchanger, so a 
classic air-to-air recuperator, or as a “wet” exchanger, with the humidification of secondary air to enhance the cooling effect of the 
primary air. However, ceramic SIEC devices have not yet achieved widespread adoption, and their study, both experimental and 
modelling, is not a common theme in the literature, although ceramic materials have undeniable advantages over other materials, as 
previously explained. 

In this paper, the integration of a Semi-Indirect Evaporative Cooler with an Air-Conditioning Unit (ACU), in order to obtain a 
Decarbonised Evaporative Based Air Conditioning System (DEBACS), is presented. The SIEC acts as a pre-cooler of the supply air that 
needs to be cooled, then the ACU operates as backup. A prototype of the entire system, including the SIEC and ACU, has been realised 
and tested. The SIEC has been used both in dry and wet mode, to explain how the utilisation of the evaporative technology can enhance 
the performance of the system. In this paper, the general concept of a SIEC device is explained, then the employed experimental setup is 
presented, with the results obtained from a series of tests, both in dry and wet mode. 

This work demonstrates the effectiveness of a ceramic SIEC systems in combination with traditional air conditioning systems, 
additionally offering a simple model that generalise the behaviour of a cheap and safe ready-to-market SIEC device beyond its tested 
operating conditions. 

The obtained results lead to consider the utilisation of the SIEC technology as an interesting option to reduce energy consumption in 
HVAC systems according to the prescriptions of EPBD requirements and towards a substantial decarbonisation of the building cooling 
sector. 

Nomenclature  

General nomenclature SIEC geometry nomenclature 
ACU Air Conditioning Unit Di Internal diameter (mm) 
AHU Air Handling Unit De External diameter (mm) 
c Specific heat at constant pressure (kJ/kg/K) y Thickness (mm) 
CC Climatic Chamber t Section t (mm) 
DEBACS Decarbonised Evaporative Based Air Conditioning System l Section l (mm) 
DT Temperature difference (◦C) d Section d (mm) 
Dx Humidity ratio difference Subscripts 
m Mass airflow (kg/s) 1,2 … State points of air 
Q Heat I,II Primary and secondary side of SIEC 
Q Efficiency ratio a Air 
Rm Mass flow ratio req Required 
Rs Indicator of polynomial goodness of fitting s Sensible 
SIEC Semi-Indirect Evaporative Cooling Superscripts 
T Temperature (◦C) * Referred to Rm 
X Humidity ratio    

2. Materials and methods 

In the following, the concept of Semi-Indirect Evaporative Cooling and its modelling are presented, then the employed experi
mental set-up is described. Moreover, the equations used to evaluate the integrated system SIEC-ACU are introduced. 

2.1. Scheme of proposed SIEC 

The proposed SIEC device is a heat and mass exchanger composed of porous ceramic tubes. The primary air, which constitutes the 
supply air of an HVAC system, flows outside the tubes. The secondary air flows inside the tubes and could be humidified by the 
presence of water sprayed in the tubes. A schematic representation of the system is reported in Fig. 1. 

In the context of a 100 % outdoor air system HVAC application, the primary air is the outdoor supply air, while the secondary air is 
the extraction air from the application (e.g. the building served by the HVAC system). The device can operate in two different modes.  

1. In dry mode, no water is sprayed inside the ceramic tubes. The device acts as a standard air-to-air static recuperator: the supply air 
enters hot (1) and exits colder (2), while the secondary air enters cold (3) and exits hotter (4). The primary air undergoes a cooling 
at constant humidity ratio, the secondary air undergoes a heating at constant humidity ratio. 
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2. In wet mode, water is sprayed inside the ceramic tubes, forming a thin film on the ceramic surface. The device acts as enhanced air- 
to-air recuperator: the secondary air is humidified when it enters in contact with the water film, making possible a further cooling 
effect on primary air. 

Water is fed into the channels in such a way as to form a thin film, so that evaporation is promoted (in fact, the secondary air results 
saturated at the exit). 

3. Experimental assessment 

The employed experimental setup is schematically represented in Fig. 2, where there are reported the most important components 
(excluding fans and pumps for air and water circulation and the sensors): an Air Handling Unit, a Semi-Indirect Evaporative Cooler, a 
Climatic Chamber and the Air Conditioning Unit. 

The Air Handling Unit (model TKM-30 produced by TROX TECHNIK) draws in outdoor air (mI, point 0) and processes it to the 
desired values of temperature and humidity, in order to simulate different climatic conditions (point 1). The AHU is equipped with 

Fig. 1. SIEC: representation of the exchanger in dry (left) and wet (right) operations.  

Fig. 2. Representation of the experimental setup.  
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direct expansion coils (DX) for temperature and humidity control, moreover the heating could be ensured by additional electric coils. 
The DX coils are the heat exchangers of a refrigeration/heat pump cycle (model RXC-75-100-125 produced by TRANE). The airflow 
treated by AHU is sent to the Semi-Indirect Evaporative Cooler. The dimensions of the SIEC recuperator are: 230 mm wide x 185 mm 
deep x 600 mm high. It is made up of ceramic tubes arranged vertically, through the inside of which the return air from the climatic 
chambers circulates and the outside of which the primary air from the AHU circulates (Fig. 3, Table 1). When the SIEC operates in wet 
mode, the water inside the channels is taken from a dedicated water tank. 

The Climatic Chamber, at which the supply air mI is provided, represents the environment to be conditioned and its setpoint 
temperature is ensured by the presence of the Air Conditioning Unit (model Diamond Inverter 9000 produced by Ferroli). The air is 
extracted from the climatic chamber and becomes the secondary air (mII, point 3) sent to the SIEC device, where it cools the primary air 
eventually adding water in the ceramic tubes in the wet mode, then it is expelled outside (point 4). The points in Fig. 2 are monitored 
with sensors that acquire: temperature, humidity, pressure and air flow. All the data has been acquired with an AGILENT 34890 data 
recorder. For both operative modes, three different levels of primary air flow have been tested (100.0, 200.0 and 300.0 m3/h) and for 
each level, three temperature conditions have been analysed: 40.0, 35.0 and 30.0 ◦C (Table 2). The secondary air flow rate, taken from 
the climate chamber, is 200 m3/h. The climate chamber is maintained at a temperature of 22.5 ± 2.0 ◦C and a relative humidity of 55.0 
± 5.0 %. These conditions are consequently the ones of air at point 3 that goes to the SIEC device. In the experimental practice, the 
setup control system has been used to achieve flow rates and temperatures as close as possible to the setpoint values. 

3.1. Decarbonised SIEC model 

The general model that allows to evaluate the performance of the SIEC device, according to experimental results, is here presented. 

3.1.1. Dry mode 
Considering the dry mode, with no water used in the ceramic tubes, the primary air is cooled from (1) to (2), releasing heat to the 

secondary air: 

DTI =T1 − T2 (1)  

Qs = ca ∗ mI • (T1 − T2) (2) 

The subscript s highlights how this heat is in the form of sensible one, due to the fact that no moisture is added or removed to the 
primary air. The same quantity is released to the secondary air, which is heated from (3) to (4). The required cooling capacity, Qs,req, 
necessary to bring the supply air from the inlet temperature (1) to the required temperature (i.e. the temperature of the climatic 
chamber), is: 

Qs,req = ca ∗ mI •
(
T1 − Treq

)
(3) 

To evaluate the capacity of the system to act as pre-cooler, it is possible to introduce the Efficiency Ratio as follows: 

q=
Qs

Qs,req
(4)  

3.1.2. Wet mode 
Considering the wet mode, all the previous equations could be still used. Moreover, it is useful to check the value of the humidity 

ratio between the inlet and the outlet of the supply air at the SIEC. Indeed, when the device is used in wet mode, it is possible that some 
water passes through the ceramic matrix (depending on the humidity condition of the inlet air), enhancing the cooling effect but with a 

Fig. 3. Geometry (left) and schematisation (right) of the tested SIEC device 
[Courtesy of University of Valladolid]. 
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possible consequence on the thermo-hygrometric comfort needs. So Dx parameter is evaluated: 

Dx= x2 − x1 (5)  

3.1.3. Equations for general conditions 
To analyse the performance of SIEC in general conditions of airflow, it is useful to refer the introduced quantities DTI, Qs , q , Dx to 

the mass flow ratio between primary and secondary airflows Rm: 

Rm =
mI

mII
(6)  

In this way, when the SIEC works with values of mI and mII different from the values experimentally tested with the previousy 
described set-up, it is possible to easily predict its performances. Using the Rm value, the following specific quantities are obtained: 

DT ∗
I =

DTI

Rm
(7)  

Q ∗
s =

Qs

Rm
(8)  

q ∗ =
q

Rm
(9)  

Dx∗ =Dx/Rm (10)  

In the equations from {6} to {10} all the perforamance quantites are written with an asterisk in the superscript to indicate that they are 
referred to the mass flow ratio. 

Knowing the ratio between the airflows and the specific quantities, it is possible to write general mathematical correlations that 
could be used to predict the behaviour of SIEC device by varying inlet air temperature and airflows ratio. These general correlations 
are: 

G= p0 + p10 • T1 + p01 • Rm (11)  

where G is one of the specific quantities. The coefficients p of the polynomial will be shown in the Results and Discussion session where 
the experimental data are reported. The polynomials of each specific quantity are characterised by a rs value, which could vary be
tween 0 and 1 and indicates the goodness of model adaptation to the experimental results: a value closer to 1 indicates a good fitting. 

This approach will be used only for Rm between 1.0 and 1.5, because at Rm = 0.5 a different performance of the device emerges 
which could not be fitted with this mode. 

4. Results and discussion 

In this section, the results obtained from experiments for both dry and wet modes are presented. For both operative modes, the 
following parameters are reported: absolute and specific temperature difference, absolute and specific exchanged heat, absolute and 
specific efficiency ratio. Moreover, the results for the generalisation of the behaviour of the SIEC are shown. 

4.1. Experimental results 

4.1.1. Dry mode 
In the dry mode, the following graphs represent: absolute and specific temperature difference DTI and DTI* (Fig. 4), absolute and 

Table 1 
Geometry characteristics of the tested SIEC device.  

Columns Rows Tubes Di De y t l d 

mm mm mm mm mm mm 

7 7 49 15 25 5 30 25 29  

Table 2 
Samples of the experiments for dry mode operation.  

VI T Sample VI T Sample VI T Sample 

m3/h ◦ C m3/h ◦ C m3/h ◦ C 

100.0 40.0 1 200.0 40.0 1 300.0 40.0 1 
35.0 2 35.0 2 35.0 2 
30.0 3 30.0 3 30.0 3  
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specific exchanged heat QS and Qs* (Fig. 5), absolute and specific efficiency ratio q and q* (Fig. 6). As shown in the graphs, the system 
shows a better performance at a lower quantity of supply air (Rm = 0.5). In this condition, the secondary air of the SIEC has the 
potential to extract more heat from the supply air and can ensure a great amount of recovered heat. In this case, the value of the 
Efficiency Ratio q is between 0.5 and 0.7, showing a high performance of the SIEC, that leads to minimise the utilisation of ACU. 
Moreover, for the lowest value of mI, an optimum point of functioning emerges, in correspondence with T1 = 35.0. At these conditions, 
70 % of the requested cooling capacity is ensured only by the SIEC. When the quantity of supply air equals that of the return (Rm = 1.0), 
or even when there is more supply air than return air (Rm = 1.5), the device performance decreases but still allows for substantial 
thermal recovery. For these cases, analysing the trends of specific values like DT*, Qs*, and q*, it is observed that the SIEC is able to 
ensure fairly similar thermal recovery. Rising the ratio Rm, it is possible to deduce that the performance decreases: the higher velocity, 
even if could bring some benefits in terms of convective heat transfer coefficient, causes phenomena like by-pass or circuitation with 
consequent lower exchange surface. 

4.1.2. Wet mode 
In the wet mode, the following graphs represent: absolute and specific temperature difference DTI and DTI* (Fig. 7), absolute and 

specific exchanged heat QS and Qs* (Fig. 8), absolute and specific efficiency ratio q and q* (Fig. 9). 
In this case, the trends seen above with regard to the increase in the Rm ratio are confirmed. The optimal ratio remains Rm = 0.5, for 

which the cooling capacity of the device is high, covering the entire cooling requirement of the system (q approximately 1). In this case, 
it is possible to turn off the Air-Conditioning Unit, considering that the efficiency ratio is almost equal to 1. It can also be seen that, for 
the lower value of the supply air flow rate, there is not the optimum seen previously. This is clear from the graph of Efficiency Ratio q 

Fig. 4. DTI (left) and DTI* (right) function of T1 and Rm, dry mode.  

Fig. 5. QS (left) and QS* (right) function of T1 and Rm, dry mode.  

Fig. 6. q (left) and q* (right) function of T1 and Rm, dry mode.  
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and q* (Fig. 9), which are quasi-constant at this mass flow ratio. Again, for higher primary flow values, there is a decrease in cooling 
capacity due to the smaller contact surface between the exchanger and the primary air (by-pass phenomena limiting heat transfer). But 
it is very interesting that also for Rm = 1.0, at a temperature of about 30 ◦C, it is possible to achieve an almost complete coverage of 
required cooling capacity only with the SIEC (q = 0.86). Finally, the SIEC shows competitive performances, in the wet mode, even at 
Rm = 1.5, with a cooling efficiency of about 0.5. These results lead to consider that the modality of wetting the inner side of ceramic 
tubes is very effective, and that the porous material facilitates a good distribution of water over all the surfaces. It is also worth noting 
that the enhancement in cooling effect obtainable with the wet mode does not alter significantly the amount of humidity ratio in the 
supply air (Fig. 10). Indeed, the amount of water vapour in the supply air is very limited and absolutely compatible with the request of 
the climatic chamber. 

4.1.3. Results of the modelling generalisation 
Following the approach explained in the Materials and Methods section, using the experimental results for Rm = 1.0 and Rm = 1.5 in 

both operative modes, it is possible to obtain a model able to generalise the performance of SIEC device. Thus in general conditions of 
inlet air temperature and mass flow ratio between 1.0 and 1.5. In this sense, Table 3 reports the coefficient of the polynomials which 
describe the operation of the SIEC device in dry and wet mode. 

Fig. 7. DTI (left) and DTI* (right) function of T1 and Rm, wet mode.  

Fig. 8. QS (left) and QS* (right) function of T1 and Rm, wet mode.  

Fig. 9. q (left) and q* (right) function of T1 and Rm, wet mode.  
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Table 3 shows that the adopted polynomial model perfectly agrees with the experimental data: the goodness indicator of the 
polynomial approsimation, the rs index, is much over 0.90 in all cases except for one at 0.887. With this model, it is possible to predict 
the behaviour of the SIEC at different conditions of the range. It has been decided to not model the Dx*, even if reported in the previous 
part of the graphical results, because this quantity depends also on the inlet humidity ratio of primary air, which is not included in this 
model. 

4.1.4. Final comparison between dry and wet mode 
Concluding the analysis part of the experimental results, it is useful to directly show a comparison of the performance of the SIEC 

device in the two modes, in terms of Efficiency Ratio. 
The utilisation of wet mode significantly rises the performance of the device, globally between 30 and 50 %, with a peak of 74 % for 

the lowest value of supply air, at a temperature of 35 ◦C (Table 4). 

5. Conclusions 

In this paper, the utilisation of a ceramic Semi-Indirect Evaporative Cooler in integration with an Air-Conditioning Unit to realise a 
Decarbonised Evaporative Based Air Conditioning System (DEBACS) has been introduced. The SIEC is the pre-cooler of the supply air 
that has to be cooled, the ACU acts as backup. A prototype of the integrated system has been realised, tested and presented in the paper. 
The shown results refer to the utilisation of the SIEC both in dry and wet mode. In dry mode, it is an air-to-air recuperator. In wet mode, 
the utilisation of water on the secondary side of the exchanger drastically increases its performances. From the analysis of the 
experimental data, some conclusions can be drawn. The best performances of the devices are obtained for a mass flow ratio of primary/ 
secondary air Rm = 0.5. This in particular happens for the dry mode. At higher Rm, the performances are quite similar. In dry mode, for 
Rm = 0.5 it is possible to obtain an efficiency ratio q between 0.5 and 0.7, with a maximum q in correspondence with the inlet 
temperature of 35.0 ◦C. In wet mode, for Rm = 0.5 it is possible to cover almost the totality of the cooling request, with an efficiency 
ratio of about 1.0. The utilisation of water on the secondary side does not much affect the comfort conditions required for the primary 
air, with a limited increase in the humidity ratio. Moreover, for the case of Rm = 1.0 and Rm = 1.5, it has been derived a simple 
polynomial model that could predict the behaviour of the SIEC device in general conditions of Rm between 1.0 and 1.5 and general 

Fig. 10. Dx (left) and Dx* (right) function of T1 and Rm, wet mode.  

Table 3 
Coefficient of polynomial model for specific quantities under analysis.   

p00 p10 p01 rs 

DRY  
DT* − 7.462 0.342 − 1.772 0.933 
Qs* − 0.801 0.027 0.038 0.988 
q* − 0.104 0.012 − 0.118 0.887 

WET  
DT* 4.574 0.391 − 9.469 0.996 
Qs* − 0.194 0.033 − 0.372 0.993 
q* 1.856 − 0.009 − 0.793 0.923  

Table 4 
Comparison between dry and wet mode for the SIEC device.  

VI q q Gain Wet/dry VI q q Gain Wet/dry VI q q Gain Wet/dry 

m3/h Dry Wet % m3/h Dry Wet % m3/h Dry Wet % 

100.0 0.49 0.96 51.33 200.0 0.28 0.63 44.31 300.0 0.26 0.50 44.31 
0.70 0.95 74.11 0.22 0.68 31.76 0.23 0.49 31.76 
0.46 0.98 46.97 0.13 0.86 14.77 0.18 0.47 14.77  
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inlet temperatures. This model could be very useful for calculations on SIEC prototype in general operative conditions. 
In-deeper studies, such as experimental test by varying the inlet humidity conditions or CFD analysis, could offer a wider range on 

which affine the mathematical model and more detailed explaiantion regarding the best conditions of Rm for the SIEC device. 
The results obtained from the experimental tests, taking also into account the so interesting advantages of porous ceramic materials 

(safety for human health, low cost, recyclability, low environmental impact), lead to consider the SIEC technology as a valid option if 
used in integration with standard air conditioning devices. The SIEC solution can be an attractive option for both new HVAC in
stallations and the revamping of existing systems. In this context, it can be a viable alternative for all systems requiring fresh air 
renewal: the SIEC, acting as a high-efficiency heat recuperator in wet mode, would handle a significant portion of the cooling load 
without overburdening the existing cooling equipment. 

This technology, perfectly in line with the prescription of EPBD directive, could represent a disruptive solution in order to achieve a 
widespread decarbonisation of HVAC sector. European Green Deal goals are affordable with this sustainable technology. 
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