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A B S T R A C T   

Solar cooling systems are classified into open and closed loop cycles. The latter is superior in terms of reliability 
and commercialization. However, the former, due to unique features to provide sensible and latent cooling 
separately is still under development. 

This work proposes a potential improvement in terms of energy performance in solar-assisted open loop cycles. 
The cooling system is composed of desiccant wheel, indirect evaporative coolers that require regeneration power. 
Such power is provided by a cutting-edge technology named trans-critical CO2 heat pump, running mostly by 
photovoltaic modules. Four different configurations are dynamically simulated inside MATLAB SIMULINK 
environment for the year interval. 

Based on the main simulation results, the renewable energy share of at least 50% for both electric and thermal 
is achieved. It could be increased up to 77% electric and 100% for thermal share. Furthermore, the parameters to 
optimize the cooling system performance are the heat pump COP, the recovery heat exchanger effectiveness, and 
the regeneration air mass flow rate. Generally, the innovative cooling system behaviour is affected by climate 
variations. Hence, the COP of the CO2 heat pump is starting from 2.3, which could be improved up to 6.5. It is 
clearly higher than the available benchmark.   

Introduction 

Inside the building sector, roughly around half of the energy is 
consumed for the inner space heating and cooling which also corre-
sponds to 40% of primary energy resources. According to International 
Energy Agency (IEA), by 2050, 6205 TWh of energy will be consumed to 
provide conditioned air which is a 35% increase [1]. Adding to this, the 
global strategies which limit carbon footprint as much as possible will 
open the room for new technologies that guarantee clean and environ-
mentally friendly resources [2]. Inside the European Union, directives 
obligate all new construction from 2020 to be Near Zero Energy Building 
(NZEB) [3]. The Energy Performance of Building Directive (EPBD) in-
dicates that the Member States shall ensure new buildings occupied and 
owned by public authorities must be NZEBs after December 31, 2018, 
and that all new buildings are NZEBs by December 31, 2020 [4]. One 
potential solution in the building sector would be to implement hybrid 
systems integrated with renewable resources [5–7]. To do so, optimizing 
the HVAC process inside the building plays a key role. Generally, the air 

conditioning system corresponds to latent and sensible loads. Sensible 
heat is considered as the amount of heat that needs to be removed to 
decrease the temperature of the room, while latent heat is dealing with 
the amount of moisture that could be produced by the human body or 
captured from the environment. Such moisture is needed to be removed 
in order to maintain the comfort zone [8]. 

In general, almost all well-known AC technologies feature a thermal 
process which is necessary for providing cooling effect. Solar thermal 
driven refrigeration systems gave attention since 1960 s due to the 
sustainable solution that they are offering. However, because of poor 
energy performance and expensive technologies, they were not 
competitive except in recent decades. Inside these systems, solar thermal 
energy is captured through solar collector units which is used to run a 
sorption process. Sorption process can be held as an open or close cycle. 
Absorption and adsorption cooling systems are two most important cy-
cles regarding close loop systems. Desiccant systems are recognized as 
open sorption cycles [9–11]. In general, closed- loop technologies 
particularly absorption chiller have gained more attention due to the 
promising performance to provide sensible cooling effect [12]. The 
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desiccant rotary wheel (DW) works on the principle of desiccant dehu-
midification and evaporative cooling. The unique merit they have is that 
the sensible and the latent heat can be processed separately [13,14]. 
Figs. 1 and 2 show the working principle of solar desiccant cooling 
system. The moisture removal from the air occurs due to the different 
water vapor pressure between the air and the sorbent. The dry sorbent 
has lower vapor pressure than air stream. By capturing the water con-
tent, its vapor pressure tends to increase. the vapor pressure is the 
function of relative humidity as well as temperature. As they increase, 
the pressure value rises until it surpasses the air pressure. At this point 
captured water contents are exhausted to the ambient and the sorbent is 
drained out. In order to start another sorption cycle, the sorbent needs to 
be cooled down and decrease the vapor pressure. In Fig. 1, the process 
from point two to three is known as regeneration which is carried out 
through an external resource. Such heat resources could be run by solar 
collectors integrated with a storage tank and a backup heater [8]. 

‘The current work presents a hybrid solar-based cooling system that 
provides a cooling effect mostly from renewable resources. This novel 
solution is proposed to justify the application of desiccant cooling sys-
tems by improving the energy performance of such systems. A trans- 
critical CO2 heat pump is used to provide regeneration power to com-
plete the wheel’s cycle. Theoretically, Heat pump systems operate better 
for heating purposes rather than cooling (COP is always higher than 

Nomenclature 

COP Coefficient of performance [%] 
EER Energy efficiency ratio [%] 
P Power [kW] 
q specific heat [kJ/kg] 
h specific enthalpy [kJ/kg] 
m mass flow rate [kg/s] 
v Air velocity [m/s] 
N Air specific flow rate[m3/person/s] 
Pe Number of persons 
f Air flowrate [l/s] 
cp specific heat capacity at constant pressure[kJ/kg*K] 
s Specific entropy [kJ/kg*K] 
w Specific work [kJ/kg] 
T Temperature [◦C] 
η Efficiency [%] 
E Electric energy consumption (kWh) 
ε Heat exchanger effectiveness 
µ Thermodynamic perfection factor 
Q Thermal energy consumption (kWh) 
RH Relative humidity [%] 
X Absolute humidity [g/kg] 
ρ Density [kg/m3] 
V Volume [m3] 
A Surface [m2] 
G Specific normal radiation [W/m2] 

subscripts 
th thermal 
reg regeneration airflow 
p process airflow 
ext external 
el electric 
ev evaporator 
cond condenser 
ihex Internal heat exchanger 
is isentropic 
mec mechanical 

gc gas cooler 
h hot 
c cold 
in inlet 
out outlet 
hum humidifier 
sol solar 
abs absorption 
avg average 
sys system 
abbreviations 
PV Photovoltaic 
HVAC Heating Ventilation and Air conditioning 
DW Desiccant wheel 
DCS Desiccant cooling system 
TC Trans-critical 
RES Renewable energy share 
PES Primary energy saving 
HP Heat Pump 
DEC Desiccant evaporative cooling 
EH Electric heater 
ES Energy storage 
EC Evaporative cooling 
REG Regeneration coils 
IEC Indirect evaporative cooling 
SC Solar collector 
NZEB Near-zero energy building 
Multicriteria Economic index 
ECO Flow cash 
FC Investment 
INV Pay Back Period 
PBP intervention 
int Capital expenditure 
CAPEX Net present value 
NPV Internal rate of return 
IRR interest rate 
i   

Fig. 1. Working principle of desiccant system.  
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EER). As a result, the proposed configuration ensures higher energy 
performance respecting the same HP system that is used in a reverse 
cycle to provide a direct cooling effect.’ 

The layout is created inside the Revit environment and the load curve 
profile has been simulated for an annual period. After that, four different 
layouts are created and simulated dynamically by MATLAB SIMULINK 
tools. The common part of each layout remains desiccant wheel which 
run thermally by TC CO2 HP. 

Silica gel-type 1 is assumed as a desiccant material for those simu-
lations [15–17]. 

The desiccant cooling system on literature 

The desiccant-based cooling system has been the main subject of 
many research studies in the last two decades. Works in this area can be 
categorized into feasibility study, performance study and parametric 
analysis, as well as mathematical modelling [18]. 

Based on reports available in literature, the performance of desiccant 
cooling systems can be influenced by the climatic conditions, compo-
nent performance, operating conditions, DW speed, airflow rate, and 
regeneration speed [19–21]. It is proved that desiccant cooling systems 
are fitted with humid climates due to their remarkable performance to 
provide latent cooling [22]. 

Other parametric designs like the impact of ambient conditions, 
demand conditions, and regeneration source type are studied by Sheng 
et al. [23]. He concluded that the rise of ambient temperature and hu-
midity profile increases the wheel’s performance. In other words, DW 
removes more water content from the air flow when the ambient is hot 
and humid. 

In [23], the authors recognize regeneration temperature and outdoor 
humidity as more effective parameters to increase the performance 
rather than ambient temperature variation. It means in the same climate 
by varying regeneration temperature it is possible to improve the 
wheel’s performance. Such results are carried out from experimental 
data. 

To reach the higher COP values, two and multi-stage desiccant 
cooling layout are presented in [24] and [25] respectively. Moreover, 
the authors in [26] represented a precooling process prior to DW inlet as 
an useful parameter to improve COP. 

Another interesting topic that has gained the attention was the 
integration of solar-based and hybrid cooling systems [27–29]. Solar 
energy exploitation is a good solution to provide heat requirement for 
the regeneration sector. The energy necessary for regeneration can be 
provided by solar collectors which are usually integrated with a storage 
tank to store the heat. Moreover, through heat exchangers such thermal 
energy can flow in the regeneration sector. In this way, use of solar 

thermal energy to supply a two-stage system consist of a traditional 
vapor compression cycle and desiccant wheel has been a subject of a 
work performed in Jiangsu, China [30] and [31] in Australia. In [32], 
the authors set up an experiment based on the solar thermal energy 
exclusively to be integrated with the regeneration sector of the liquid 
desiccant cooling system. Thermal storage is used to increase the ca-
pacity factor of the thermal energy. They studied solar fraction effec-
tiveness as a parametric index to increase the size of thermal storage. In 
the work performed formerly by authors of this paper [33], the inte-
gration of solar collector with solid desiccant cooling system has already 
been carried out and the model has been used partially in this work as 
well. 

Regarding mathematical simulation, several models are available in 
the literature [34–44], but in most cases, they are based on the detailed 
description of heat and mass transfers between air and desiccant mate-
rial, utilizing partial differential equations. [45]. The complexity of such 
models short comes further progress in most cases. However, some 
works based on experimental results are available in which the mathe-
matical equation is fitted according to experimental results. The main 
drawback of such an approach is diversion regarding desiccant material 
and temperature which dictates the correlation. 

Beccali et al. [46] presented simple models to evaluate the perfor-
mance of rotary wheels based on different kinds of solid desiccants. They 
presented “Model 54” which is developed for silica gel desiccant rotor. 
Such a model is based on experimental data and is used to predict outlet 
temperature and absolute humidity. It consists of 54 coefficients that 
correspond to each correlation for outlet absolute humidity and tem-
perature. They stated that the model predicts very well the performance 
of the silica gel desiccant rotor (Type-I). Such result has been adapted as 
reference to simulate the DW unit in presented work. 

Authors in [47], developed a dynamic model for solar cooling system 
in MATLAB- SIMULINK based on the existing case study of ENEA, 
research centre building in Rome. Another work using SIMULINK and 
TRNSYS [48], is performed to improve the efficiency of solar cooling 
system via optimized storage techniques and absorption chiller. 

TC CO2 heat pump, working principle 

CO2 is one of the first natural refrigerants used in mechanical 
refrigeration systems. Yet, refrigerants like CFCs and HFCs were chosen 
over due to higher performance in cooling and heating space in previous 
decades. However, environmental concerns against using CFCs and 
HFCs have urged researchers to identify alternatives that are environ-
mentally benign and can serve as an effective replacement to the 
conventionally used working fluids [49,50]. Among natural refrigerants, 
CO2 (ASHRAE safety class A1) is one of the few that is non-toxic and 

Fig. 2. Schematic of desiccant wheel system.  
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non-flammable [51] and can be released to the environment without the 
need to be recovered from any dismissed equipment. 

Despite its advantages, the two main issues that remain to deal with 
CO2 as a refrigerant are the low critical temperature (31.1 ̊C) and high 
operating pressure (critical pressure 73.75 bar). To address the former, 
the cycle is designed to operate above the critical point. As a result, such 
a system is known as trans critical CO2 heat pump (TC CO2 HP) in which 
the condenser is replaced by a gas cooler since no phase change takes 
place. It is found that the use of a gas cooler with heat rejection taking 
place over an unusually large temperature glide (100 – 120 ̊C) offers 
several unique possibilities such as simultaneous refrigeration and hot 
water heating/steam production. Adding to this, higher efficiency, 
lower price and the sustainable solution that offering CO2 in general 
over HFC refrigerants, advocates this technology as a good candidate to 
be implemented inside cooling systems. [50,52–54]. 

The basic layout of TC CO2 HP is composed of an evaporator, a high- 
pressure compressor, a gas cooler, an internal heat exchanger, and an 
expansion valve. 

As shown in Fig. 3, the main difference between a typical heat pump 
and trans-critical heat pump is the refrigerant in the upstream process 
does not undergo the phase change and remains in gaseous state. As a 
result of this intervention, less work is needed for compression process 
since the heat transfer process is taken place only though sensible load. 
One of the distinct differences between trans-critical cycle and sub- 
critical one is the pressure ratio between up and down stream flow. In 
trans- critical cycle such value is much higher. CO2 critical point dictates 
the upper pressure always greater than 75 bar which would be recom-
mended to be in the range of 100–140 bar for better performance. The 
increase of pressure ratio rises the thermodynamic losses during 
expansion [49]. To address this drawback, as shown in Fig. 4, an internal 
heat exchanger is set to recover discharged heat of the gas cooler 
avoiding the sharp transition that takes place inside the expansion valve. 
Such heat instead, could still be used to increase the temperature of the 
low-pressure refrigerant flowing into compressor. In this way, thermo-
dynamic properties of the refrigerant before expansion process are 
smoother than before and useful heat will be redirected. Such heat pump 
system has the coefficient of performance in range of 3.0 and usually is 
able to produce hot water up to 90 ◦C [33]. 

Methodology 

Case study and energy model 

The city of Rome in Italy is considered as the reference location for 

meteorological data in these simulations (Table 1). An office building 
inside the city with the floor surface of 2489 m2 is the case study which is 
implemented inside the REVIT environment. The temperature and ab-
solute humidity profile of Rome in 2016, are brought in Fig. 5, respec-
tively. Fig. 6 also provides a 3-D model of the building. In total, 100 air 
conditioning spaces are defined for the building, which are classified 
into four different usages: office, restroom, lobbies, and corridors. Such 
division inside REVIT facilitates sensible and latent heat calculation 
based on the type of activity and estimation of the number of people per 
unit of floor surface. According to the literature [56], the average adult, 
seated and working, generates excess heat at the rate of approximately 
132 W. About 60% of this heat is transferred to the surrounding envi-
ronment by convection and radiation, and 40% is released by perspi-
ration and respiration. 

In the next step, dynamic heating and cooling load calculation are 
carried out to satisfy the comfort zone for the building as a unit in every 
interval. Based on ASHRAE standards in the building sector, in summer 
the threshold temperature for cooling is set to 26 ̊C and in winter, for 
heating, the temperature is set to 20 ̊C. The relative humidity is always 
kept below 50%. Another parametric design to account for is the cross 
section of ducts for the airflow which has been carried out to meet the 
minimum air supply in accordance with the Italian technical standards 
[UNI 10399]. In accordance with the mentioned standard, the minimum 
air supply for a zone can be carried out from the Eq. (1): 

fair = Pe× N (1)  

Where fair is the minimum flow rate of the air. 
Pe is the average number of people that occupy the zone. 
N is the specific flow rate that is determined based on the type of 

activity that takes place in that zone (m3/s/person). Such a value is 
obtained from the reference table available that is assigned to each zone 
based on the type of activity. 

The total air flow rate can be simply calculated from the sum of all 
zona’s minimum airflow: 

ftotal =
∑n

i=1
fi (2) 

The total airflow rate for the building is 9990 l/s. The size of the duct 
can be derived considering the air velocity and the required flowrate: 

vair = W.H.fair (3) 

Where W and H are the width and height of the duct respectively. 
For the public building, the velocity of the air intake from the outside 

is in the range of 2.5 to 4.5 m/s [57]. Assuming 3 m/s for the velocity 
and square cross-section duct (W = H): 

As can be seen from Table 2, assuming only one or two ducts require 
a very big duct cross-section As a result, at least three air handling units 
are assumed for the air supply since the cross-section would be 
reasonable in this case. 

To create the building energy model, more consideration regarding 
standards in the building sector are needed to be assigned. According to 
the Italian regulation [58] which indicates U-values of each cavity and 
glazing needed to be provided, the material and insulation of the 
building is determined. Consequently, the dynamic load calculation over 
one year period has been performed. The simulation in this phase is 
carried out by software Career HAP (Hourly Analysis Power). Fig. 7 
summarizes the simulation outcomes categorized into summer and 
winter hourly profiles. 

Scenarios description 

In this paper a hybrid solar cooling system based on desiccant wheel 
is simulated. As explained earlier, desiccant wheel system requires 
thermal power for regenerating the return air flow. The regeneration 
section is composed of TC CO2 heat pump which could be integrated Fig. 3. TC CO2 HP T-s Diagram [55].  
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with solar thermal collectors and thermal storage system. As a result, 
four different configuration of TC CO2 heat pump integrated with DW 
have been proposed as follows. Fig. 8 shows the general configurations 
related to all cases together. The description of each scenario is specified 
in the following sub sections. 

In Fig. 8, the mainstream air is always imported from the point 1. In 
both sub-layouts of Scenario 2, the mainstream air undergoes a pre-
cooling process through cooling coils (CC). The working principle of the 
cooling effect is the same for all as introduced earlier in section 1.1. The 
main difference, however, is the contribution of TC CO2 HP. The HP unit 
itself is consist of cold sink, and the hot sink along with the compressor, 
internal heat exchanger and expansion valve. In all configurations, the 
hot sink is used for regenerating the hot air for DW. In the other hand, 
the cold sink consists of cooling load required for mainstream air 
including also precooling coils (for sub-scenarios 2). In this case, the cold 
sink is formed by two sub-heat exchangers (evaporator). 

Scenario 1 
Fig. 8, a) reveals the schematic of Scenario 1. In this case, renewable 

share is characterized by both thermal collectors and photovoltaic. Solar 

thermal power is captured in a vessel. The heat pump contributes to the 
cooling process by capturing the heat from input airflow (point 3) and 
store it in the vessel. Along with HP, thermal collectors contribute to 
vessel thermal input. Such a thermal power must be sufficient to provide 
hot water at 90 ◦C to deploy in regeneration air flow at 65 ◦C. An electric 
heater is considered as a backup for vessels. That layout previously is 
accomplished and discussed in [33]. Huge rooftop space demand and 
installation along with relatively complex figures demerit Scenario 1. 
However, it features high renewable share. Moreover, the use of a 
storage tank guarantees the temperature threshold for the regeneration 
sector. As mentioned also in [59], the performance of desiccant material 
is drastically influenced by temperature in the regeneration sector. 

Scenario 2; close loop 
Scenario 2 is proposed in a relatively simpler layout with less 

equipment to save more rooftop space and consequently become more 
economically friendly. The heat transfer process inside the gas cooler 
takes place directly from CO2 to air. Such intervention allows to elim-
inate storage tank from the system as well as solar collectors which 
enable more available roof surface for PV installation. HP is exclusively 
corresponding the heat load of regeneration sector. As a result, the size 
of HP unit in this case must be increased. One practical solution is to 
increase the cooling load of evaporator. As illustrated also in Fig. 10c, 
the evaporator is consisting of two separate parts. The first evaporator 
corresponds to the pre-cooling process before the entrance into DW. The 
second one however is the regular cooling coil before supplying the air 
to the indoor ambient. To operate both evaporators simultaneously, the 
output temperature is fixed to 26 ◦C. In this way, fluids become reunified 
again after phase change process in both heat exchangers through a 
mixing valve. 

Fig. 4. Schematic diagram of TC CO2 HP.  

Table 1 
Climate data of Rome.  

Longitude 12̊ 30 E 

Altitude 24 m 
Average Temperature winter 9̊C 
Average Temperature summer 22.5 ̊C 
Relative Humidity % 72 
Average Horizontal solar radiation (W/m2) 462  
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Scenario 2; open loop 
The open loop the is proposed with slight difference previous sce-

nario. As explained in Fig. 8b, the return air is replaced with the fresh air 
as an input of heat pump. Like the former sub-Scenario 2, two evapo-
rator units are implemented and work in the same way as explained 
before. Importing fresh air for return cycle requires some modification in 
mathematical model. Since the mass flow rate of fresh air used in the HP 

is not necessarily the same as previous, the new mass flow rate should be 
calculated. To optimize the mass ratio between process and returned air, 
the process air Pin and exhaust air Rout should satisfy the following 
equation, as reported in literature [42]. 

In Fig. 9, Pin is the process air inlet, Pout is the process air outlet, Rin 
indicates the regeneration air inlet and Rout the regeneration air outlet. 

xRin − xRout
xPout − xPin

=
hRout − hRin
hPin − hPout

(4) 

Such a point on the psychometric chart is considered as the optimum 
design point in which inlet and exhaust lines are parallel as shown in 
Fig. 11. In case of insufficient regeneration air supply, the wheel is un-
able to adsorb enough humidity from the process air flow (i.e. 
RHPout < RHPout desired). 

Conversely, if regeneration air flow is higher than the designed 
value, though the process air desired condition would be satisfied, the 
wheel is unable to extract all the humidity that captured in the first 

Fig. 5. Temperature and relative humidity data of city of Rome.  

Fig. 6. A,b,c. 2_d and 3_d view of the case study office building.  

Table 2 
AHU duct size.  

N duct v(m/s) airflow(m3/s) W*H W H 

1 3  9.99  3.33  1.82  1.82 
2 3  5.00  1.67  1.29  1.29 
3 3  3.33  1.11  1.05  1.05 
4 3  2.50  0.83  0.91  0.91 
5 3  2.00  0.67  0.82  0.82  

G. Lo Basso et al.                                                                                                                                                                                                                               



Energy Conversion and Management: X 20 (2023) 100437

7

place. 
(Namely, RHRout < RHRout desired). 

Scenario 3 
A new potential contribution of TC CO2 heat pumps inside DEC unit 

is proposed in Scenario 3 [60]. As shown in Fig. 8d, the TC CO2 heat 
pump will be used exclusively in a close loop regeneration sector of the 
DEC unit. Hence, the exhaust air flow (Rout) that in previous scenarios 
discharges to the ambient, is employed to form a close loop cycle. Such 
an airflow is characterized by high temperature and high humidity ratio. 

Starting from DW exhaust (Rout), the air flow is cooled down by the 
ambient air through a heat exchanger. The cooled air stream flows 
through the HP and undergoes the heating process to be regenerated. 
The regeneration air is exported again back to the DW. 

Simulation 

In this section the main correlations and assumptions regarding the 
main components modelling of the system are explained. The air stream 
in each point and after any intervention, is described by a set of ther-
modynamic and ambient properties including enthalpy, temperature, 
relative and absolute humidity as well as the mas flow rate (i.e., h, T, RH, 
X, m, respectively). The impact of each component has been evaluated 
by altering one or several mentioned properties. The input air stream is 
characterized with Tamb and RHamb which are obtained from climate 
data. Additionally, ṁ air value has been fixed previously in section 2.2. 
The return air flow in the other hand, is set 26 ◦C and RH equal to 50%. 
Furthermore, Tregen is set to 65 ◦C. For solar radiation input, satellite data 
from PV GIS [61] have been imported and post processed for creating 
the timeseries. The final energy balance of all systems is shown in 

Fig. 7. Simulations results over 24 h by months: a) Cooling load profiles. b) Heating load profiles.  

Fig. 8. Schematic of all scenarios: a) Scenario 1; b) Scenario 2 open loop; c) Scenario 2 close loop; d) Scenario 3Figure 8 Schematic of all scenarios: a) Scenario 1; b) 
Scenario 2 open loop; c) Scenario 2 close loop; d) Scenario. 
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Fig. 10. 

DW 
The desiccant wheel model is created based on the experimental 

correlation for Silica Gel Type 1 found in the literature according to the 
work of Beccali et al. [46]. Such a model determines h and RH of wheel’s 
output as follows: 

hout = 0.1321hregen + 0.8688hin (5)  

RHout = 0.9428RHregen + 0.0572RHin (6) 

Consequently, Tout and Xout, can be calculated for the wheel. From Eq. 
(6) it is possible to calculate the total absolute humidity removal by the 
wheel from the main air stream, as reported in Eq. (7). 

ΔXwheel = Xin − Xout (7) 

The bypass control system is designed to skip intervention when it is 
not necessary. Basically, when T and RH of the mainstream are below 
the set points values, the system operates in free cooling mode. Those 
conditions for both heat exchanger and desiccant wheel can be sum-
marized as follows: 
{
if Tamb⩽26 ◦C; HEX bypass ON;

if RHamb⩽50%; DW bypass ON (8)  

TC CO2 HP 
The heat pump is sized differently in each scenario. Indeed, in Sce-

nario 1, the main refrigerant is water. The required mass flow rate of 
CO2 is calculated to produce hot water at a constant temperature 
(90 ◦C). As a result, the energy balance of the gas cooler can be written as 
follows: 

Qgas cooler = ˙mwater( hhotwater − hcoldwater ) = ṁCO2(hCO2up pressure − hCO2downpressure
)

(9)  

Wcompressor =
ṁCO2 Δhiso

ηiso
(10)  

Qevap = Qgas cooler − Wcompressor (11) 

Where, 
Δhiso represents the isentropic enthalpy increase that happens inside 

the compressor and ηiso is isentropic efficiency which is set to 0.78. The 
saturation condition of CO2, in terms of temperature and pressure, is 
fixed to 11 ◦C and 46.6 bar, respectively. 

Qregen in this case, is the total amount of thermal energy received 
from HP and the solar collectors which the vessel stores: 

Qregen = Qvessel = Qsolar collector +Qhot HP +Qbackup (12) 

For all the other scenarios, excluding water, the heat transfer takes 
place directly between CO2 and the air. Hence, Qregen should be entirely 
provided by HP: 

Qregen = Qhot HP +Qbackup (13) 

The backup system is always accounted for to ensure the continuous 
operation. 

Fig. 10. Energy balance of cooling system, a) Scenario 1, b) Scenario 2 open loop, c) Scenario 2 close loop, d) Scenario 3.  

Fig. 9. DEC ports.  
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Multicriteria analysis 

In order to indicate all of scenarios’ performance and to compare 
each other in a systematic way, multicriteria analysis is carried out 
based on energy, economic and environmental indicators. In this sec-
tion, those indicators are introduced, and the final outcomes have been 
reported in the Result and Discussion part. 

Economic index 
The Economic Index (IECO) can be decomposed into three elements: 

The mean actualized cash flows over the investment economic horizon 
(i.e IFC weighted by x1), the initial investment (i.e., IINV weighted by x2) 
and the Discounted Payback Period (i.e., IPBP weighted by x3): 

IECO = IFC + IINV + IPBP (14)  

where IFC is the cash flow index and derived from: 

IFC = x1FCi/FCmax (15) 

Here, FCi is the mean cash flow calculated over the system lifetime 
associated to the specific i-th scenario, and FCmax is the maximum value 
among the mean cash flows related the all technical options which have 
been addressed. 

Using the same approach, it is possible to define the remaining in-
dicators: 

IINV = x2INVmin/INVi (16) 

Where INVmin is the minimum investment (expressed by euro) among 
all the considered scenarios and INVi is the one related to the specific 
option. 

Finally, 

IPBP = x3PBPmin/PBPi (17) 

Where PBPmin is the minimum PBP among all of the scenarios and 
PBPi is the one for the i-th solution. For calculations, x1, x2, x3 are 
assumed equal to 0.3, 0.4, 0.3, respectively. 

The investment assumptions have been made based on what was 
found in literature and also on the market prices available on the 
benchmark. [62,63]. The CAPEX values related to each technical option 
have been outlined in Tables 3–5 respectively. Table 6 summerizes the 
economic indicators of each scenario. 

Energy index 
The energy index is related to the primary energy saving for each 

layout respect to maximum saved primary energy: 

IEN = PEi/PEmax (18) 

Another helpful energy indicator is the renewable energy share 

Fig. 11. Psychometric condition of closed regeneration loop; A: process inlet, C: regeneration inlet, P process air after passing wheel, R: regeneration exhaust, B and 
D constant relative humidity curve line. Psychometric chart from: https://www.engineeringtoolbox.com. 

Table 3 
CAPEX Scenario 1.  

Scenario 1 

Component Capital cost 

DEC system € 160,704.00 
Heat Pump € 26,755 
Solar collectors € 31,248.00 
Vessel € 54,000.00 
PV_modules € 390,000.00 
SUM € 708,658.73  
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(RES) of each configuration, which can be divided into electric and 
thermal contribution: 

RESelec =
Erenewable

Etotal
(19)  

RESth =
Qrenewable

Qtotal
(20) 

The RESele is the energy received from PV modules, whilst the RESth 
consists of the solar thermal collectors’ contribution (only in the first 
scenario) and the heat discharges from the TC CO2 HP. 

To evaluate the HP performance, to provide heat and cooling effect, 
two correlations are presented. The coefficient of performance (COP) is 
used to describe the HP heat performance [67]. Such a number can be 
derived from Carnot ideal cycle and also the actual value as follows: 

COPHP actual = μ • COPHPCarnot = μ •

(
Tcond

Tcond − Tev

)

(21) 

In Eq. (21), μ is the thermodynamic perfection factor which has the 
value in the range 0.4–0.6 [33]. Notwithstanding, the actual COP once 
the real data are available, can be also calculated by using the common 
definition of performance as reported in literature [68]: 

COPactual =
QGascooler

Wcompressor
(22) 

For evaluating the cooling effect caused by the HP, energy efficiency 
ratio (EER) is used which take into account the amount of heat captured 
by the evaporator: 

EER =
QEvaporator

Wcompressor
(23) 

The total COP of the cooling system can be evaluated considering the 
electric and thermal energy consumed to provide cooling effect. In this 
way, the COPelec and COPth are introduced: 

COPelec =
Pcooling

Pelec
(24) 

In Eq. (24), Pcooling basically is the cooling load of the envelope and 
Pelec is the electric consumption excluding renewable generation. 

COPth =
Pcooling

Pregen
(25) 

In Eq. (25), Pregen is thermal energy imported from an external 
resource for return air regeneration. 

Environmental index 
Environmental index is a function of the reduced CO2 emissions on 

the environment, expressed in terms of tons per year, for each inter-
vention respect to the maximum reduction among all interventions. 
Thus, it reads as follows: 

IENV = CO2 i/CO2max (26)  

Results and discussion 

Performance of the TC CO2 heat pump 

In accordance with the temperature values assumed for simulating 
the hybrid system, the ideal Carnot COP of the HP has been calculated 
and it is depicted in Fig. 12. As suggested by results, in the ideal Carnot 
cycle, Scenario 3 offers a significant improvement among all. Such a 
behaviour is due to the heat sinks temperature levels difference between 
the evaporator and gas cooler. The gas cooler (hot sink) in all scenarios 
provides the required regeneration power to heat up the air at 65 ◦C 
before it passes through the DW. The actual COP results are reported in 
Fig. 13. In Scenario 3, the cold sink temperature is formed by the exhaust 
air of DW. That stream featuring high amount of water content and high 
temperature, is cooled down by fresh air and after it is used in the 
evaporator loop. Moreover, the same air stream is delivered to the gas 
cooler section. Eventually, the ΔT between HP cold and hot sinks, 
significantly decreases, it boosts up the COP. It is noteworthy that the 
simulation is carried out for the same down and upstream pressure in 
each scenario. 

There is also a slight difference between Sub Scenarios 2 due to the 
cycle configurations. By, the use of fresh air in the return process, it is 
possible to get to the better performance. Such a result was expected 
since in a major part of the summer period the ambient temperature is 
generally higher than 23 ◦C, which is basically the gas cooler inlet 
temperature. As a result, the temperature drop inside the gas cooler is 
lower than the close loop configuration and less compression work is 
needed in this layout. 

Renewable energy share 

The renewable share of Scenario 1 includes the contribution of both 
solar collectors and solar PV modules. In detail, PV array electricity 
production corresponds to nearly half of the building electric load, 
including equipment, lights, auxiliaries, and HP itself. In two Sub- 
Scenario 2 however, the effect associated to the vessel and solar col-
lectors’ removal, disposes more available rooftop space to increase PV 
module installation. Therefore, the RESelec increases in these two Sub- 
Scenarios. Between those ones, the open loop is characterised by a 
smaller compressor work leading to a slight decrease in the electric 
consumption. Likewise, the significant improvement is offered by Sce-
nario 3, where the HP can provide 100% of the thermal load for 
regenerating the DW. This is due to the huge amount of thermal energy 
that could be discharged by HP, which is 6.5 times higher than the 
electric consumption of such device. The simulation outcomes have been 
summarized in Fig. 14. 

Environmental impact 

The effect of seasonal climate parameters variation on the HP 

Table 4 
CAPEX Scenario 2.  

Scenario 2 

Component Capital cost 

DEC system € 160,704.00 
Heat Pump € 25,460 
PV_modules € 546,000.00 
SUM € 732,164  

Table 5 
CAPEX scenario 3.  

Scenario 3 

Component Capital cost 

DEC system € 160,704.00 
Heat Pump (x2) € 50,921.00 
PV_modules € 546,000.00 
SUM € 757,625.00  

Table 6 
Summary of economic of indicators.  

Scenario i NPV IRR PBP Lifetime [64–66] 

1 3% € 532,307.53 10% 9 20 
2 close loop 3% € 664,750.62 11% 7 20 
2 open loop 3% € 773,070.54 13% 8 20 
3 3% € 766,855.26 16% 7 20  
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performance in each scenario is different. As shown in Fig. 15, the ef-
ficiency fluctuations of Scenario 1 are minimal. This is due to the pres-
ence of the vessel that ensures constant thermal power required for 
regeneration, despite the variation of cooling load. Therefore, the COP 
in this system is weakly dependent on climate variations. 

Scenario 2 close loop has a constant thermal load to the gas cooler. 
This is because of the constant inlet temperature the return air which is 
kept at 23 ◦C. Conversely, the cooling load hourly changes according to 
the outdoor environmental temperature variations. From data it 
emerges how, in July and August, where temperatures are maximum, 
the COP accomplishes the highest value. Therefore, it is possible to state 
that such a system has better performance when the outdoor tempera-
ture is the highest. 

However, in Sub-Scenario 2, namely the open loop, the climate 
variations affect the thermal load at gas cooler side as well as the cooling 
load to the evaporator. As suggested by results, during months of July 
and August whereas the maximum temperatures are recorded, the 
provided heat is minimal and the COP decreases. In the other words, the 

outdoor environmental conditions have more impact on the cooling load 
(Qc) than heat load (Qh). To improve COP in such a system, the regen-
eration temperature should be increased more starting from 65 ◦C. In so 
doing, the effect of cooling load raise can be taken under control. 

In Scenario 3 another phenomenon influences the HP performance, 
which needs additional consideration. Since in this case the TC CO2 heat 
pump forms a close loop with the regeneration section for the DW. The 
exhaust air is characterized by a significant water content that is now 
redirected towards the gas cooler. The heat exchange with fresh air in 
the air cooler can decrease the outlet temperature up to values lower 
than the dew point. Therefore, the huge humidity content tends to 
condense out in the air stream and it must be drained before regener-
ating again the wheel. According to the simulations, during the sum-
mertime, in a city such as Rome characterized by a moderately high 
humidity profile, to avoid droplets formation the regeneration temper-
ature must be increased from 65 ◦C to at least 95 ◦C. In this case, to avoid 
COP drops, the cold sink temperature should also be modified from 
11 ◦C to 25 ◦C. 

Fig. 12. Heat pump Carnot ideal COP.  

Fig. 13. COP and EER of HP.  
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Fig. 14. Renewable energy Share.  

Fig. 15. COP of the HP over summer period.  

Fig. 16. A typical operation day in July.  
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Fig. 16 reveals the HP system performance in a typical summer day. 
The environmental data for calculations refer to the 15th of July. As the 
temperature increases during the daylight the performance of Scenario 2 
close loop tends to improve while the effect on the open loop is reverse. 
Scenario 3 does not really demonstrate a strict correlation with tem-
perature, instead the absolute humidity is the most relevant parameter 
affecting the performance. Recalling the configuration in Fig. 10d, the 
airstream forms a close loop all over the cycle. The only interaction 
between outdoor air mainstream is the air-cooled heat exchanger in 
which only the sensible heat can be exchanged. As mentioned before, 
such an effect is minimal on the performance of the HP. However, the 
outdoor absolute humidity trend determines DW performance in terms 
of amount of captured water content inside the wheel. This is the 
starting point of the close loop regeneration cycle of Scenario 3. As 
absolute humidity increases, the captured water content inside the 
wheel accumulates. Such a phenomenon increases the possibility of the 
formation of water droplets inside the cycle and defects the energy 
performance of the HP. 

Air handling unit recovery heat exchanger effectiveness 

During the simulation period, a heat recovery exchanger is modelled 
assuming a constant heat transfer effectiveness. To improve the AHU 
energy performance, the impact of that parameter on the energy, eco-
nomic and environmental indicators, has been investigated. Indeed, by 
changing the effectiveness value it is possible to notice different be-
haviours depending on the layout. 

In Scenario 1, increasing heat transfer effectiveness (ε) results in 
discharging a higher heat transfer rate. Consequently, the outlet tem-
perature to the cold side will be higher than before, while the hot side 
one shrinks. That issue has a positive effect since the airstream must be 
heated up at 65 ◦C by a reduced power to regenerate the DW On the 
other hand, the hot side of the heat exchanger, which determines the 
cooling load requirement, will be decreased since the outlet temperature 

in this stream is lower than before. 
In Scenario 2 close loop, improving the effectiveness will lead to an 

increase in the outlet temperature of air stream inside the cold side 
(returned from the indoor environment) and decrease the temperature 
in the hot side, which eventually shrinks the cooling load of the sec-
ondary coils. Yet, on the cold side, increasing the temperature, is ad-
vantageous from the energy point of view, since the air stream flows 
through the TC CO2 heat pump with higher temperatures. As a result, the 
temperature difference between hot and cold sinks will be shortened 
leading to higher COP values. 

Nevertheless, in Scenario 2 open-loop and Scenario 3, the impact of 
effectiveness is different. In these two cases the air stream extracted 
from the building passes through the heat exchanger and then it is 
vented out. Consequently, the effectiveness increase affects only the 
outlet temperature of the main air stream contributing to reduce the 
required cooling load. Therefore, in Scenario 2-open loop the cooling 
coil size will be lower. Similarly, it occurs in Scenario 3 but in this case 
the additional HP unit has to be used for providing the cooling effect 
since the TC CO2 is dedicated only to the regeneration process. 

In Scenario 2 open loop, the heat pump cold sink is represented by 
the primary and secondary cooling coils. Notwithstanding, the heat 
exchanger effectiveness in these layouts influences only the secondary 
coil size. Indeed, as the effectiveness value increases the cooling load 
lowers and therefore the electricity consumption reduces as well. 

Referring to Scenario 3, since the TC heat pump operation is only 
dedicated to the DW regeneration cycle, another typical heat pump will 
be employed to provide the building sensible cooling load. In this case, 
an inlet temperature reduction shrinks that energy amount served by the 
secondary heat pump, not affecting the size of the TC one. 

Fig. 17 shows the footprint of heat exchanger effectiveness on all of 
the defined indexes. Generally speaking, the correlation of HEX effec-
tiveness with all Scenarios except Scenario 3 has been realized linearly. 
In Scenario 3, ε < 0.4 results in a huge fall in all three energy, envi-
ronmental and economic indexes. In the other words, in low 

Fig. 17. The impact of ε on important indicators: a) Economic index; b) Energy index; c) Environmental index; d) Primary energy saving.  
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effectiveness region, Scenario 3 become the least interested case among 
all. Such a meaningful difference rises from disability of system to 
supply sufficient cooling effect for ε values below 0.4. Hence, the excess 
load should be provided through secondary heat pump system that in-
creases the size as well as electric consumption. Such a trend in other 
Scenarios is not observed due to the absence of secondary heat pump 
unit. Comparing two sub-Scenarios 2, the close loop is preferred from 
energy, economic and environmental point of view. However, through 
Scenario 2 open loop, it is possible to save more primary energy sources. 
This is because of thermal load adjustment that applied in that Scenario 
to make it possible to reduce thermal consumption of the system. From 
the energy point of view, it is important to indicate how much primary 
energy can be saved in each case. Furthermore, the required receiving 
surface of renewable technologies is another crucial parameter to ac-
count for to properly assess the layout suitability. From Fig. 17d it 
emerges how, the Scenario 2 open loop represents the highest primary 
energy saving among all. It is worth mentioning that in both sub- 
Scenarios 2, the PV sizes are higher than in Scenario 3. Hence, logi-
cally the renewable energy generation rate for these two cases is larger 
than Scenario 3. In other words, Scenario 3 due to higher performance 
can provide the required heat with less roof surface comparing with Sub- 
Scenarios 2. 

Air mass flow rate for regeneration 
Referring to the open loop scenarios, the effect of regeneration mass 

flow rate on the performance of wheel’s moisture removal has been 
investigated. In this section, two extreme cases, consisting of insufficient 
and overflow regeneration mass flow rates, have been simulated and 
discussed. According to [69], the mass flow rate increase would defect 
the COP of the whole cooling system. To analyse that issue an additional 
technical parameter has been defined. In detail, the MFRR (Mass Flow 
Rate Ratio), namely the ratio between the regeneration air mass flow 
rate and the process air mass flow rate, can be used and it reads as 
follows: 

MFRR =
ṁreg,air

ṁp,air
(27) 

As a consequence, when the process mass flow rate is fixed, by 
increasing the MFRR values the system COP decreases. Thus, the higher 
the mass flow rate of regeneration air, improves the wheel humidity 
removal. 

For instance, referring to the Scenario 3, the seasonal system COP vs 
MFRR has been superimposed to the moister removal capacity 

associated to the DW, as reported in Fig. 18. 
Considering these two curves, their intersection identifies the 

optimal MFRR value, which represents a compromise between the 
highest achievable energy performance and the largest moisture 
removal by the DW. Indeed, by using regeneration mass flow rates 
higher than the optimal one, even though the System COP increases. 
Higher flow rate values from the optimal one result in higher moisture at 
the exposure of the wheel. On the other hand, declining from it disables 
DEC to provide a sufficient evaporative cooling process. 

This behaviour can be observed by considering Fig. 18 describing the 
behaviour of Scenario 3, involving regeneration airflow rates different 
from process one. The intersection between two curves, determines the 
optimum point. 

Consequently, the optimal mass flow rate ratio can be chosen to 
optimize moisture removal of the wheel. 

Conclusion 

This paper investigates the potential improvement of the energy 
performance of the DEC system to provide interior conditioned air. In so 
doing, a hybrid system composed of renewable sources (solar) DEC unit 
and TC CO2 HP has been introduced and four different layouts are 
examined. The main outcomes of this work can be summarized as 
follows:  

• The dynamic simulations over one year period showed through 
scenario 3 remarkable COP values are reachable for the TC CO2 HP, 
namely up to 6.5.  

• The results suggest a strong dependency between the TC CO2 HP COP 
and temperature curve. The best performance has been obtained on 
weather conditions that are characterized by high-temperature and 
high humidity values. 

• In open loop type Scenarios, during the intervals that either tem-
perature is not high enough or the moisture value is too low, the 
system showed relatively poor performance. In the other hand, 
Scenario involving close loop and the one integrated with vessel are 
less affected by climate variations.  

• Heat exchanger effectiveness is recognized as a useful parameter to 
decrease the cooling load. In average considering all four scenarios, 
by increasing ε from 0.3 to 0.7, the energy index can be increased up 
to 80%.  

• The return air flow rate in open-loop scenarios can be controlled to 
reduce the heat requirement for the regeneration sector. Even though 

Fig. 18. Moisture removal capacity of the wheel and seasonal cop by changing mass flow rates of regeneration air, for scenario 3.  
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higher regeneration mass flow rates compromise heat pump COP, it 
also increases the wheel capacity of moisture removal. By con-
fronting these two trends, the optimal regeneration mass flow rate 
for the system can be set. For Scenario 3 the mass flow ratio MFRR is 
obtained as 1

0.84 = 1.19. 

In general, the performance of HP for heating purposes in summer is 
realized more efficient than cooling application. Since the COP is always 
higher than EER. Furthermore, in the summer the cooling load is the 
highest when the radiation has the peak value. Hence, more renewable 
power is available whenever more cooling load is required. The pro-
posed cooling system has an acceptable performance in extreme climate 
conditions. However, the outdoor variation defects the performance in 
general. The future work can be defined with the scope of reducing as 
much as possible the cooling effect dependency to environmental fluc-
tuation. ‘The result of this work indicate a potential improvement on the 
performance of the desiccant-based cooling system in general and make 
it compatible with close loop benchmark technologies.’ 

CRediT authorship contribution statement 

Gianluigi Lo Basso: Conceptualization, Methodology, Writing – 
review & editing. Ali Mojtahed: Data curation, Formal analysis, Writing 
– original draft. Lorenzo Mario Pastore: Writing – original draft, 
Software. Livio De Santoli: Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

[1] No Title (n.d.). https://pris.iaea.org/PRIS/WorldStatistics. 
[2] Kashif A, Ali M, Sheikh NA, Vukovic V, Shehryar M. Experimental analysis of a 

solar assisted desiccant-based space heating and humidification system for cold and 
dry climates. Appl Therm Eng 2020;175:115371. 

[3] https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildi 
ngs/nearly-zero-energy-buildings_en, (n.d.). 

[4] D’Agostino D, Zangheri P, Cuniberti B, Paci D, Bertoldi P, D’Agostino D, et al. 
Synthesis Report on the National Plans for Nearly Zero Energy Buildings (NZEBs) 
2016. https://doi.org/10.2790/659611. 

[5] Lo Basso G, Nastasi B, Salata F, Golasi I. Energy retrofitting of residential 
buildings—How to couple Combined Heat and Power (CHP) and Heat Pump (HP) 
for thermal management and off-design operation. Energ Build 2017;151:293–305. 
https://doi.org/10.1016/j.enbuild.2017.06.060. 

[6] Lo Basso G, Rosa F, Astiaso Garcia D, Cumo F. Hybrid systems adoption for 
lowering historic buildings PFEC (primary fossil energy consumption) - A 
comparative energy analysis. Renew Energy 2018;117:414–33. https://doi.org/ 
10.1016/j.renene.2017.10.099. 

[7] L. De Santoli, G. Lo Basso, G. Spiridigliozzi, D.A. Garcia, Innovative hybrid energy 
systems for heading towards NZEB qualification for existing buildings. In: Proc. - 
2018 IEEE Int. Conf. Environ. Electr. Eng. 2018 IEEE Ind. Commer. Power Syst. 
Eur. EEEI, (n.d.). 

[8] Daou K, Wang RZ, Xia ZZ. Desiccant cooling air conditioning: A review. Renew 
Sustain Energy Rev 2006;10:55–77. https://doi.org/10.1016/j.rser.2004.09.010. 

[9] Allouhi A, Kousksou T, Jamil A, Bruel P, Mourad Y, Zeraouli Y. Solar driven cooling 
systems: An updated review. Renew Sustain Energy Rev 2015;44:159–81. https:// 
doi.org/10.1016/j.rser.2014.12.014. 

[10] Kalogirou SA. Chapter3 – Solar Energy Collectors. Solar Energy Engineering. 
Second edition. Boston: Academic Press; 2014. p. 125–220., (n.d.). 

[11] Zhiqiang Y. Development of solar thermal systems in China. Sol Energy Mater Sol 
Cells 2005;86:427–42. https://doi.org/10.1016/j.solmat.2004.07.012. 

[12] Shirazi A, Taylor RA, Morrison GL, White SD. Solar-powered absorption chillers: A 
comprehensive and critical review. Energy Convers Manag 2018;171:59–81. 
https://doi.org/10.1016/j.enconman.2018.05.091. 

[13] R. Narayanan, Heat-driven cooling technologies, Elsevier Inc., 2017. doi: 10.1016/ 
B978-0-12-805423-9.00007-7. 

[14] La D, Dai YJ, Li Y, Wang RZ, Ge TS. Technical development of rotary desiccant 
dehumidification and air conditioning: A review. Renew Sustain Energy Rev 2010; 
14:130–47. https://doi.org/10.1016/j.rser.2009.07.016. 

[15] Camargo JR, Ebinuma CD, Silveira JL. Thermoeconomic analysis of an evaporative 
desiccant air conditioning system. Appl Therm Eng 2003;23:1537–49. https://doi. 
org/10.1016/S1359-4311(03)00105-4. 

[16] El Hourani M, Ghali K, Ghaddar N. Effective desiccant dehumidification system 
with two-stage evaporative cooling for hot and humid climates. Energ Build 2014; 
68:329–38. https://doi.org/10.1016/j.enbuild.2013.09.040. 

[17] Cejudo JM, Moreno R, Carrillo A. Physical and neural network models of a silica- 
gel desiccant wheel. Energ Build 2002;34:837–44. https://doi.org/10.1016/ 
S0378-7788(02)00100-7. 

[18] Zouaoui A, Zili-Ghedira L, Ben Nasrallah S. Open solid desiccant cooling air 
systems: A review and comparative study. Renew Sustain Energy Rev 2016;54: 
889–917. https://doi.org/10.1016/j.rser.2015.10.055. 
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