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Abstract: This work aims to design and dynamically simulate a polygeneration system that integrates
a solar-assisted desiccant cooling system for residential applications as an alternative to vapor com-
pression systems. The overall plant layout supplies electricity, space heating and cooling, domestic
hot water, and freshwater for a single-family townhouse located in the city of Almería in Spain.
The leading technologies used in the system are photovoltaic/thermal collectors, reverse osmosis,
and desiccant air conditioning. The system model was developed and accurately simulated in the
TRNSYS environment for a 1-year simulation with a 5-min time step. Design optimization was carried
out to investigate the system’s best configuration. The optimal structure showed a satisfactory total
annual energy efficiency in solar collectors of about 0.35 and about 0.47 for desiccant air conditioning.
Coverage of electricity, space heating and cooling, domestic hot water, and freshwater was 104.1%,
87.01%, 97.98%, 96.05 %, and 100 %, respectively. Furthermore, significant ratios for primary energy
saving, 98.62%, and CO2 saving, 97.17%, were achieved. The users’ thermal comfort level was
satisfactory over the entire year. Finally, a comparison with an alternative coastal site was performed
to extend the polygeneration system’s applicability.

Keywords: residential sector; renewable energy; polygeneration system; desiccant air conditioning;
TRNSYS; sustainability

1. Introduction

In the past half century, population growth and economic development improved
awareness about the environmental burdens of conventional energy systems. It directed
the research community and governments’ attention to alternative energy sources to cope
with the increasing energy demand, global climate change, and high levels of greenhouse
gas emissions. In recent years, the International Energy Agency (IEA) [1] and the Euro-
pean Union (EU) [2] focused on energy consumption, particularly related to buildings. In
2016, the European Commission developed guidelines for promoting nearly zero-energy
buildings (NZEBs) [3], as the building sector is responsible for about 40% of global en-
ergy consumption and more than 30% of greenhouse gas emissions [4]. Furthermore,
around 75% of buildings are energy inefficient, and 80% of their energy efficiency potential
remains an opportunity to explore economic gains, energy security improvements, and
environmental protection [5].

In this framework, the application of polygeneration systems within buildings presents
an exciting alternative for energy consumption reduction and, consequently, the accom-
plishment of the NZEBs target [6]. Several research works are available in the literature
studying polygeneration systems integrated into diverse building types such as hotels [7],
hospitals [8], residences [9], districts [10], offices [11], schools [12], etc., and evaluating the
systems’ performance with dynamic simulation tools that take into account the buildings’
main demands.
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Polygeneration systems can achieve more than 80% of energy savings with an ap-
propriate level of energy integration, especially in warm areas such as the European
Mediterranean countries [13]. It can replace conventional technologies based on fossil fuels
and simultaneously produce several energy services by significantly reducing primary
energy consumption and CO2 emissions. The configuration of polygeneration systems can
also vary widely to be suitable for different applications. Input energy may be renewable
or non-renewable, while outputs are mainly electricity, heating, cooling, chemicals, liquid
or gaseous fuels, and potable water. According to its performance goals, assessments are
based on three indicators, i.e., technical, economic, and environmental [14].

Many researchers have evaluated such polygeneration systems using a broad assort-
ment of superstructures and assessment procedures. A polygeneration scheme providing
power, heat, and water for a single dwelling was studied in-depth by the authors some
years ago. Acevedo et al. [15] designed a system combining photovoltaic/thermal col-
lectors, an evacuated tube collector, and a wind turbine. The system also included two
desalination technologies and two types of energy storage devices. Coverage of hot water,
freshwater, and power was 99.3%, 100%, and 70%, respectively. Uche et al. [16] reported an
experimental study of the same polygeneration system. Those tests showed that daytime
assessments of power, freshwater, and sanitary hot water allowed for excellent coverage of
scheduled energy and water demands. Flexible operation due to the combined production
of power and heat was also observed. An environmental assessment of the pilot unit
and its life cycle showed low impacts concerning the conventional supply of energy and
water. Finally, Usón et al. [17] investigated the exergy and exergy cost of the previous
polygeneration system. The system showed an exergy efficiency of 7.76% in the base case.

Currently, the most deployed cooling technologies in polygeneration systems are
vapor compression (VC) systems and absorption (AB) and adsorption (AD) chillers. Besides
its high COP, VC systems use harmful refrigerants with global warming and/or ozone
depletion potential. Thus, it is not a sustainable option. AB and AD chillers are large
and complex, constraining their use in domestic building applications [18]. An alternative
cooling technology for small-scale units is desiccant air conditioning (DAC), demonstrating
several advantages in operation life, maintenance, and efficiency [18]. A desiccant cooling
system uses the capability of desiccant materials to remove moisture from an air stream by
a natural adsorption process. Thus, it can achieve thermal comfort for buildings since it
can control the sensible and latent loads separately and, consequently, improve the Indoor
Air Quality (IAQ) [19].

The recent literature shows a significant research effort regarding various desiccant
cooling system configurations. Jani et al. [20] simulated a system with a hybrid desiccant
wheel using different configurations for hot and humid climatic conditions. Experimental
measurements also observed the influence of operating parameters on system performance.
Simulated results were validated as being a good match with the experimentally measured
data. Elgendy et al. [21] performed a simulation study on desiccant air conditioning with
direct and indirect evaporative coolers using TRNSYS [22]. The study found that desiccant
cooling systems with an indirect evaporative cooler have a higher COP. Angrisani et al. [23]
examined the desiccant cooling system with three different configurations for the climatic
conditions of Italy and compared the performance with the conventional air conditioning
system. It was found that 20–25% of primary energy savings can be achieved while CO2
emissions can also be reduced up to 35–40%. Sopian et al. [24] investigated the desiccant
cooling system with one and two stages and in ventilation and recirculation configurations,
performed in the TRNSYS [22] simulation studio for Malaysia’s hot and humid weather
conditions. The two-stage ventilation mode was the best among the other arrangements,
presenting a COP of up to 1.06.

Thermal energy sources at low and medium temperatures, typically within 50–80 ◦C,
and obtainable by solar collectors are often used as inputs in DAC applications [25]. Thus,
a solar-assisted desiccant cooling system can promote environmental pollution reduction
and energy consumption savings. Furthermore, it can also significantly contribute to
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the implementation of NZEBs [26]. In particular, Farooq et al. [27] studied dynamic
simulation and performance parameters for three ventilation schemes of a DAC based on a
photovoltaic-thermal solar collector for the weather of Lahore in Pakistan. The primary
energy savings, solar fraction, and thermal efficiency of the solar collector were used to
compare its performances. A dynamic analysis of a solar desiccant cooling system was
performed by Heidari et al. [28] to produce the cooling effect and freshwater for domestic
use. The simulation results showed that the proposed system could provide a comfortable
temperature in a hot and humid climate. The system led to an 18.7% saving of CO2
emissions over a month and economic feasibility, with a payback period of 3 years.

Finally, industrial applications have studied the leading solar cooling technologies
integrated into polygeneration schemes for cooling, heating, electricity, and desalinated wa-
ter production [29]. Thus, it calls for an improvement of existing optimization approaches
that considers the synthesis of polygeneration systems supported by renewable energy
sources for building applications [30]. Therefore, this study analyses an installation’s energy
and environmental feasibility in supplying the five demands of a dwelling, as well as its
design optimization.

2. Materials and Methods
2.1. System Layout

A simplified layout of the system under investigation in this paper is shown in Figure 1.
The proposed system serves a residential building. The technologies included in the system
are a photovoltaic/thermal (PVT) collector for electricity and heating, thermal energy
storage (TES), reverse osmosis (RO) for freshwater and hot sanitary water demands, and
desiccant air conditioning (DAC) for cooling. Additional components were implemented
in the system, such as pumps, pipes, heat sinks, etc. The design parameters for all system
components were accurately selected to allow the system to operate correctly. In particular,
set-point temperatures and dead temperature bands for the components were chosen to
minimize the number of on–off events. Pipes simulate the ductwork.
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The main subsystems included in the system are detailed as follows:

2.1.1. Solar Loop

Solar irradiation is converted into electrical and thermal energy through the PVT
collectors. A fixed slope of 35◦ (no tracking) provides the best irradiation yield for the
location of Almería in Spain, according to the Meteonorm weather data simulation. The
solar thermal energy produced heats up the solar collector fluid (SCF) circulating through
the PVTs. The SCF used in the system is a mixture of water/glycol (60/40). The SCF
flow rate of the fixed speed pump is regulated by a controller activated when the PVTs
outlet temperature, Tout,PVT, is 7 ◦C higher than the temperature at the bottom of the
thermal energy storage (TES), Tbottom,TES, and deactivated when this temperature difference
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reaches 2 ◦C. Thus, the controller stops the pump, preventing the dissipation of the tank’s
thermal energy.

2.1.2. TES Loop

The thermal energy storage mitigates the fluctuations due to solar radiation variability.
It consists of a fluid-filled sensible vertically stratified (4 nodes) energy storage tank with
a heat exchanger inside. To avoid the SCF overheating and the PVT electrical efficiency
decreasing, a thermostat controls the TES’s top temperature with a fixed set point, i.e.,
Ttop,TES. An air heater (AH) cools the SCF down whenever the PVT’s outlet temperature
increases the Ttop,TES over the set point. The heating dissipation capacity of the AH is
20 kW. The TES outputs feed the HVAC system and the DHW simultaneously.

Regarding the DHW, a tempering valve mixes the hot water from the TES with the
freshwater from the desalinated water tank. It regulates the outlet temperature for the
DHW, Tout,DHW, equal to 45 ◦C. The HVAC system provides heating during winter and
cooling during summer.

2.1.3. Power Circuit

The electricity system consumption is mostly comprised of the building’s electric
demand and includes the power loads of pumps, fans, some DAC components, and the RO
device. The PVT collector’s power is connected to an inverter with peak-power tracking.
The inverter converts the DC power from generation to AC and sends it to electric devices.
It allows for the purchase and sale of the power back to the utility. When the power
produced is higher than the power demand, the surplus power is delivered to the national
electric grid. When the energy produced is insufficient to match the power demand, the
power is withdrawn from the grid. The grid works as a backup due to the solar collector’s
intermittent behavior and the non-simultaneity between production and consumption [30].

Furthermore, batteries for these facilities are expensive and require significant main-
tenance [31]. For simplicity, we assumed an annual near-zero energy balance for the
electricity demand. However, as an economic analysis of this study was not performed, a
deep discussion on pricing policies was neglected. Detailed analysis on residential sector
regulation in Spain is reported by Pinto et al. [32].

2.1.4. RO Module

Membrane-based technology is the most efficient seawater desalination technology
due to its comparatively low energy consumption and high salt rejection [33]. Thus, RO
seawater desalination was selected to integrate the polygeneration system to provide fresh-
water. The RO module requires DC power consumption of 110 W, and produces 35 kg/h of
freshwater; thus, it presents 3.14 kWh/m3 of specific consumption [16]. According to its
steady performance, the RO module is simulated as a forcing function of power load and
freshwater flow instead of a new model type. Thus, it exclusively depends on the electricity,
which the grid can attend to, as previously explained. The desalinated water is sent to a
tank of 1.0 m3, and a simple controller prevents overfilling and allows a minimum water
capacity of 0.1 m3.

2.1.5. HVAC System

The TES supplies thermal energy whenever the user requires heating or cooling
throughout the year to meet the building HVAC demand. A thermostat inside the thermal
building zone controls the setpoint for heating, Tset,heat, and cooling, Tset,cool, with a dead
band of 2 ◦C. The seasons of the year activate a single-speed pump to supply hot water for
the heating coil or regenerator. In the winter period (from 1 October to 31 May), the thermal
energy produced by the PVTs is directly exploited for building space heating through
the heating coil. On the other hand, during summer (from 1 June to 30 September), the
regenerator uses the PVT’s heat energy to drive a DAC system and provide building-space
cooling. In addition, the fan airflow calculation is based on the ASHRAE recommendations,
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as explained in Ref. [22]. The equation considers the peaks of the heating and cooling
demands to calculate the airflow.

2.2. System Model

The proposed system is developed and dynamically simulated in the TRNSYS envi-
ronment (version 18). It includes several subsystems listed in the previous section. The
subsystems are linked to each other to perform the overall system simulation. Some com-
ponent models are taken from the build-in library of types (e.g., pumps, valves, mixers,
diverters, tanks, etc.). Others are user-defined, such as schedulers, controllers, and input
data readers. Moreover, the simulation also includes many additional components required
to run the simulations and process the results, such as calculators, weather data readers,
integrators, and plotters. All main types used in the proposed system model are listed in
Table 1.

Table 1. TRNSYS main types used in the proposed system model.

Type Number Type Number

Weather data reader 15 Building 56
Photovoltaic/thermal
collector

50 Single-speed fan 146

Inverter 48 Desiccant wheel 716
Fixed flow pump 114 Evaporative coolers 506
Diverter 11 Heat recovery wheel 760
Mixer 11 Heating coil 670
Pipes 31 Thermostats 113, 166
Tanks 39,156 Differential controller 165

In this section, for the sake of brevity, only a detailed description of the PVT collector,
the DAC system, and the thermal comfort and energy models are reported. A detailed
description of the other component models used in the simulation is omitted; however, it
is available in the TRNSYS’s component mathematical reference [22]. The technical data
concerning the design and operating parameters of the main types are presented in Table 2.

Table 2. Main design and operation parameters.

Type Parameter Symbol Value Unit

Solar Loop

PVT Slope θS 35 ◦

Azimuth θA 0 ◦

PVT fin efficiency factor fP 0.96 –
SCF specific heat cf 3.89 kJ/kg K
Collector plate absorptance α 0.92 –
Collector plate emittance εp 0.85 –
Collector loss coefficient U 16 kJ/h m2 K
Transmission-absorption product (τα) 0.85 –
PV efficiency temperature coefficient βPV 0.0032 1/◦C
PV efficiency reference temperature Tref 25 ◦C
PVT packing factor Pf 0.8 –
PV electrical efficiency at Tref ηPV, ref 0.16 –

Air heater Heat dissipation capacity QAH 20 kW
Effectiveness εAH 0.7 –
Nominal air flow rate mAH 1716 kg/h
Power consumption PAH 0.12 kWh

Pump 1 Nominal flow rate per PVT area mf /APVT 50 kg/h m2

Overall efficiency ηp,1 0.8 –
Power consumption Pp,1 0.025 kWh
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Table 2. Cont.

Type Parameter Symbol Value Unit

TES loop

TES TES volume/PVT area VTES/APVT 0.1 m3/m2

Number of nodes nTES 4 –
Height hTES 2 m
Loss coefficient H 2.5 kJ/h m2 K

Pump 2 Nominal flow rate mw 236 kg/h
Overall efficiency ηp,2 0.8 –
Power consumption Pp,2 0.01 kWh

HVAC system

DW F1 Effectiveness ηF1 0.08 –
F2 Effectiveness ηF2 0.95 –

HRW Sensible effectiveness εHRW 0.8 –
Power consumption PHRW 0.18 kWh

DEC Saturation efficiency εDEC 0.85 –
Power consumption PDEC 0.08 kWh

HX Effectiveness εHX 0.85 –
Fan Air flow rate ma 963.6 kg/h

Motor efficiency ηa 0.84 –
Power consumption Pa 0.12 kWh

RO module

RO Power consumption PRO 0.11 kWh
Freshwater production XRO 0.035 m3/h
Tank volume VTK 1.0 m3

Power circuit

Inverter Efficiency ηi 0.9 –

2.2.1. PVT Collector Model

The PVT collectors combine photovoltaic panels, PV, and solar thermal collectors, SC,
in a unique sheet-and-tube collector with a PV module over the absorber [34]. It consists of
a set of components: a glass cover, a PV film encapsulated in the absorber, flow channels,
and thermal insulation [35].

The PVT component has eight operational modes in the TRNSYS library, which vary
the calculation method for the thermal loss coefficient and cover transmittance. Type 50,
mode 2, simulates a flat-plate photovoltaic thermal solar collector component with a single
glazing sheet [22]. The model considers losses as a function of the temperature, wind
speed and geometry, and constant cover transmittance. PV cell average temperature, Tcell,
is calculated through an energy balance according to the modified Hottel–Whillier–Bliss
equations [22]. The model calculates PVT electrical efficiency as a linear function of the
Tcell, as follows in Equation (1):

ηPV= ηPV,ref [1− βPV·(Tcell − Tref)] (1)

ηPV,ref is the reference efficiency of the PV module, βPV is a temperature coefficient,
and Tref is the reference temperature.

The thermal efficiency of the collector is expressed according to Equations (2) and (3):

ηth = FR· (τα) − FR · U · (Tin − Tamb)

G
(2)

FR =
mf· cf

U· APVT
·
[

1− exp
(
−U· APVT ·F′

mf· cf

)]
(3)
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APVT is the PVT collector area, Tamb is the ambient temperature, Tin is the inlet
temperature, U is the overall collector heat loss, (τα) is the transmission-absorption product,
and G is the solar radiation. FR is the heat removal efficiency factor given as a function of
the average mass flow rate (mf), the heat capacity of the flowing medium (cf), and the fin
efficiency factor (F′) [36].

Finally, the PVT design parameters chosen for the case study analyzed in this paper
are taken from Refs. [37,38] and are listed in Table 2.

2.2.2. Desiccant Air Conditioning Model

DAC is a cooling system that regulates both the temperature and moisture of the air
supplied to a building. Thus, it can provide thermal comfort and hygienic conditions [39].
The most common configuration refers to the ventilation mode, enabling 100% indoor air
renewal of the building, as seen in Figure 2.

Figure 2. Desiccant air conditioning system (ventilation mode).

A complete desiccant air conditioning system is comprised of a desiccant wheel (DW),
two direct evaporative coolers (DEC), and a heat recovery wheel (HRW). The system’s
operation starts with the DW dehumidifying and heating a supply of ambient air stream (1).
At state (2), the process’s airflow enters the HRW and is cooled down until state (3). It then
passes through a DEC to be cooled down again and humidified, achieving the building’s
required thermal comfort conditions (4). In the counter flow, the building’s exhaust air
stream (5), dependent on the internal thermal load, enters the second DEC, where this
airflow is first cooled down and then humidified to state (6). Thus, it can absorb sensible
heat from the hot and dry process air stream through the HRW (7). At this point, the
exhausted airflow needs to reach the regeneration temperature to provide for the DW
regeneration. It is achieved by a heat exchanger (HX), releasing a flow at state (8).

Regarding the regeneration heat source, temperatures in the range of 50–80 ◦C present
satisfactory effectiveness. Thus, it allows low-temperature solar thermal energy exploita-
tion, such as with PVT collectors. Finally, the exhaust’s air stream passes through the DW.
It is cooled, humidified, and released to the environment at state (9) [25].

Another cycle also referred to in the relevant literature is the recirculation mode.
According to this configuration (Figure 3), the supply airstream consists of the building’s
conditioned air.
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Figure 3. Desiccant air conditioning system (recirculation mode).

The DAC needs five model types for its proper operation in TRNSYS. Types 716 (des-
iccant wheel), 760 (heat recovery wheel), 506 (direct evaporative cooler), and 670 (heating
coil) were used to perform the desiccant cooling system simulation. The DAC design
parameters chosen are taken from Panaras et al. [25] and are listed in Table 2.

The main models included in the DAC system are detailed as follows:

Desiccant Wheel

The process’s air stream flows through the desiccant material, which retains the
moisture of the air. The desiccant capacity of this material can be restored through its
regeneration. Type 716 models a rotary desiccant dehumidifier containing nominal silica
gel whose performance is based on equations developed by Jurinak [40] for F1 and F2
potentials (ip = 1,2,8):

F1ip =
−2865(

Tip + 273.15
)1.49 +4.344 ×

( wip

1000

)0.8624
(4)

F2ip =

(
Tip + 273.15

)1.49

6360
− 1.127 ×

( wip

1000

)0.07969
(5)

ηF1 =
F12 − F12

F18 − F11
(6)

ηF2 =
F22 − F21

F28 − F21
(7)

It is important to note that the efficiency factor ηF1 represents the process’s approxima-
tion to an adiabatic one, whereas the ηF2 expresses the dehumidification degree.

Heat Recovery Wheel

Type 760 uses the constant effectiveness –minimum capacitance approach (εHRW) to
model this air-to-air heat exchanger. It should be noted that it transfers only sensible energy
during its operation [41]:

εHRW=
T2 − T3

T2 − T6
=

T6 − T7

T6 − T2
(8)

Direct Evaporative Cooler

This model (Type 506) cools an inlet air stream by passing it through a wetted surface,
evaporating the water from the surface, and cooling the air stream in the process. The
ideal exiting air state for a DEC is if it exits with a dry-bulb temperature equal to its inlet
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wet-bulb temperature. It takes the humidity efficiency of the device to calculate the air
outlet conditions [22]:

εDEC=
Tip − Tip+1

Tip − Twb,ip
(9)

ip = 3 for the supply stream humidifier and ip = 5 for the exhaust stream humidifier, and wb
is the wet-bulb temperature. Furthermore, Type 506 considers the DEC water consumption
as negligible.

Heat Exchanger

Type 670 simulates an air-heating coil (regenerator). The exhausted airflow is heated
to provide for the regeneration of the desiccant wheel. It takes the full effectiveness of
the device to reach the regeneration temperature. It can be stated that desiccant systems
present good thermal effectiveness for a range of regeneration temperatures relevant to the
use of simple flat-plate solar collectors [25].

Finally, the coefficient of performance (COP) of the desiccant cooling system is evalu-
ated for the ventilation mode [42]. The purpose of the machine is to cool the building, and
to this end, it consumes the regeneration energy:

COP =
ma,sup · (h5 − h4)

ma,ret · (h8 − h7)
(10)

If recirculation mode is considered, the enthalpy of state 5 is replaced by state 1.

2.2.3. Thermal Comfort

TRNSYS includes a built-in subroutine to perform the thermal comfort analysis of
building users. This model is developed according to the International Standard Organiza-
tion’s (ISO) 7730 standard [43], described in detail by Fanger [44]. It establishes a statistical
correlation between the Predicted Mean Vote (PMV) thermal comfort index and the thermal
load acting on the human body:

PMV = L (0.0303e−0.036 M + 0.028) (11)

The PMV index is calculated according to the energy loss to the environment (L) and
the user’s metabolic rate (M). It predicts a group of occupants’ ambient thermal comfort
sensation by the mean value of votes. The index is translated as +3 for a too-hot sensation
and −3 for a too-cold feeling. The 0 value represents a neutral comfort condition. To
measure the satisfaction level of the occupants in an ambient setting, Fanger developed the
Predicted Percentage of Dissatisfied (PPD) index, defined as follows:

PPD = 100− 95e−(0.03353 PMV4+0.2179 PMV2) (12)

The TRNBULD comfort subroutine calculates PMV and PPD as a function of the
ambient climatic conditions and the person-specific parameters. Regarding the person-
specific parameters, metabolism rate, clothing insulation, and air velocity were taken from
ASHRAE Standard 55 [45], as shown in Table 3.

Table 3. Thermal comfort parameters.

Parameter Description Factor

Clothing factor [clo] Light outdoor sportswear 0.9
Metabolic rate [met] Seated, light work 1.2
Air velocity [m/s] Still air 0.2
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2.2.4. Energy Model

The Primary Energy Saving (PES) evaluates the energy performance of the proposed
system (PS) through a comparison with a suitable reference system (RS). The PS solely
considers the demand unattended to by renewable energy sources. On the other hand, the
RS supposes all demands are produced by conventional technologies based on fossil fuels.
It is worth noting that electricity demand already aggregates freshwater demand. The
reference technologies were an electric vapor compression air conditioning (VC) system
with an average coefficient of performance, COPVC, of 2.6, and a natural gas boiler (GB)
with average thermal efficiency, ηth, of 0.92 [46]. The national grid efficiency was taken
from the Spanish resolution published by IDAE [47], ηel = 0.42.

The PES and its ratio (PESR) are calculated as shown in Equations (13) and (14):

PES = PERS − PEPS (13)

PESR =
PES
PERS

(14)

PERS =

(PBuild, dem + PSyst, dem

ηel
+

QDHW, dem + QHeat, dem

ηth
+

QCool, dem

COPVC ·ηel

)
RS

(15)

PEPS =

(
PGrid,aux

ηel
+

QDHW, aux + QHeat, aux

ηth
+

QCool, aux

COPVC ·ηel

)
PS

(16)

PGrid,aux is the electric energy withdrawn from the national grid to meet PS electricity
demand, and QDHW,aux, QHeat,aux, and QCool,aux are the thermal energy demands required
to be supplied by an auxiliary GB for DHW and space heating, and by a VC for space
cooling, respectively.

2.2.5. Environmental Model

Similarly, the environmental analysis was evaluated by the saving in CO2 emissions
and its ratio (CO2R) as showed in Equations (17) and (18):

CO2 = CO2RS − CO2PS (17)

CO2R =
CO2

CO2RS
(18)

CO2RS =
[(

PBuild,dem + PSyst,dem

)
·fCO2,EE +

(
QDHW,dem + QHeat,dem

)
·

fCO2,NG +
(

QCool,dem
COPVC

)
·fCO2,EE

]
RS

(19)

CO2PS =
[
(PGrid,aux)·fCO2,EE +

(
QDHW,aux + QHeat,aux

)
·fCO2,NG+(

QCool,aux
COPVC

)
·fCO2,EE

]
PS

(20)

The CO2 emission factor of natural gas consumption, fCO2,NG, in Spain is
0.25 kgCO2/kWh [47]. In the case of the Spanish national grid, fCO2,EE, REE [48] provides
the emission factor associated with electricity generation, 0.19 kgCO2/kWh.

3. Results

Case study demands are deeply reported by Gesteira et al. [49]. It refers to a single-
family townhouse located in the city of Almería, in the Mediterranean European side of
Spain. Due to its high summer humidity and, therefore, high cooling latent load, it is
suitable for the application of desiccant cooling systems. In these systems, the sensible and
latent loads are controlled independently. The latent heat is reduced without cooling the air
below its dew point, which is a great advantage [28]. Meteonorm weather data for Almería
(36◦50′17′′ N, 2◦27′35′′ W) were used for climatic data acquisition.
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The dynamic simulation returns temperature, energy, and flowrate profiles, with
instantaneous or integrated values. The simulation was performed based on a 1-year time
span (from 0 h to 8760 h) with a 5-min time step. This time step allows the controllers to
work correctly. First, a design optimization study evaluates the optimal system configu-
ration. For that reason, some design parameters are related to each other. In particular,
the PVT field area automatically determines the solar pump flowrate and the TES volume
(Table 2). Finally, the dynamic behavior of the optimal system is presented in terms of
temperature and energy profiles for representative days of winter and summer. The yearly
results show the main performance metrics, and a comparative study with an alternative
coastal location is also included to extend the viability of the proposed system.

3.1. Design Optimization

A parametric analysis was developed to provide the optimal system design. In
particular, the optimal configuration is obtained when all demands achieve their maximum
coverage. The following demand coverages were chosen for the study: electric (CEl),
heating (CHeat), cooling (CCool), and DHW (CDHW). The freshwater coverage uses the grid
as a backup. Thus, it achieves 100% in all cases. The most critical design parameter of a
solar system is the field area, which is related to energy production. For that reason, the
sensitivity of the coverages was analyzed as a function of the PVT’s size (APVT). The area
varied from 5 m2 to 30 m2. Figure 4 shows the parametric study.

Figure 4. Parametric analysis: performance parameters, PVT collector area.

The increase in the PVT’s area directly affects the CEl, and realizes 100% at 27.2 m2

of APVT. An annual near-zero energy balance for the electricity is desired during the
simulation. Consequently, there is no energy convenience in increasing the PVT collectors’
area over 27.2 m2 once 100% electric coverage is already achieved with a slight electricity
surplus. It is worth noting that the increase in electric energy produced by the PVT collectors
and not utilized by the building determines the non-refundable electricity injected into
the grid.

Another relevant parameter for design optimization is the TTES,top setpoint. The AH
cools the SCF down whenever the PVT’s outlet temperature increases the TTES,top over the
setpoint. It controls the SCF temperature and, consequently, the PVT efficiency. Moreover,
it determines the available thermal energy for heating, cooling, and DHW. However, the
mainly impacted coverage in this study was the cooling coverage. Thus, the parametric
study analyzed the cooling coverage versus the PVT efficiency as a function of the TTES,top
setpoint. The temperature varied from 50 ◦C to 80 ◦C, which is a suitable temperature
range for the system’s thermal needs. Figure 5 shows the parametric study.
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Figure 5. Parametric analysis: cooling coverage versus PVT efficiency, TES top temperature.

The increase in TES’s top temperature setpoint directly affects the CCool, as the greater
available thermal energy increases the efficiency of the desiccant wheel. However, it
reduces the PVT efficiency due to higher thermal losses (higher mean temperature of the
SCF entering the collectors). Thus, the optimal TTES,top setpoint that ensures a sufficient
cooling coverage and PVT efficiency is achieved at 55 ◦C.

Finally, the study compared the ventilation and recirculation modes on the efficiency
and coverage metrics (Table 4). The COPDAC showed an enhancement in the ventilation
mode, 0.47, against 0.44 for the recirculation case. Thus, the ventilation mode was selected
as the optimal DAC configuration.

Table 4. Ventilation vs. recirculation modes.

Ventilation Recirculation

Parameter Symbol Unit Value

PVT total
efficiency ηPVT – 0.35 0.35

DAC thermal
COP COPDAC – 0.47 0.44

Electricity
coverage CEl % 104.1 101.32

DHW coverage CDHW % 96.05 95.48
Heating
coverage CHeat % 87.01 87.01

Cooling
coverage CCool % 97.98 97.85

Freshwater
coverage CFW % 100 100

3.2. Daily Analysis: A Typical Summer Day

It presents the daily results provided by the simulation for the cooling season. As a
representative day, 6 August (from 5208 h to 5232 h) was selected. Figure 6 displays the
profile of the main parameters for the representative summer day. The outlet temperature
of the PVT collectors (TPVT,out) follows the solar thermal gain. TPVT,out starts to increase
at 6:30 a.m., reaches its maximum at 2:30 p.m., and then decreases until 8:00 p.m. The
TES’s top temperature (TTES,top) rises from 51 ◦C to its setpoint (55 ◦C) during the daylight.
Consequently, the air heater signal (yAH) is activated, and heat is dissipated to the envi-
ronment between 2:30 p.m. and 5:00 p.m. It is worth noting that, during AH activation,
the reduction in the SCF’s temperature increases the PVT’s efficiency; thus, the TPVT,out
presents several peaks and valleys.
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Figure 6. Summer day profile.

The ambient temperature (Tamb) varies from 20 ◦C at 6:00 a.m. to 28 ◦C at 4:00 p.m.
During the morning, due to a mild ambient temperature, the thermostat does not activate
cooling. According to the Spanish technical building code (BD-ES) [46], the thermostat
setpoint temperature (Tset) during the mornings is 27 ◦C. However, the building’s thermal
gains increase throughout the day, so cooling is required in the afternoon after 4:00 p.m.
This demand also occurs because of the reduction in the Tset to 25 ◦C. The DAC system
provides for space cooling, blowing cool air inside the building at 14 ◦C (TDAC,in) and thus
reducing the building’s zone temperature (TZone) to 25 ◦C during the system’s operation.
TZone remains around the Tset with a dead band of ±1 ◦C. Moreover, for the desiccant
wheel’s proper regeneration, the TES thermal energy feeds the regenerator and raises its
outlet airflow temperature (TReg,out) up to 51 ◦C.

Regarding the DHW, the outlet temperature (TDHW,out) and the outlet mass flow
(mDHW,out) are presented. TDHW,out meets the required temperature of 45 ◦C from 3:00 a.m.
to 9:00 a.m., from 10:00 a.m. to 12:30 a.m., and from 2:00 p.m. to 7:30 p.m.

3.3. Daily Analysis: A Typical Winter Day

The selected winter day provided by the simulation in the heating season was
24 January (from 552 h to 576 h). Figure 7 shows the main parameters for the system
on the selected day. Here, the solar loop presents a shorter sunlight period. TPVT,out starts
to increase at 8:30 a.m., reaches its maximum value at 2:30 p.m. and then decreases until
6:00 p.m., lasting about four hours less than in the summertime. The TTES,top increases from
50 ◦C to 53 ◦C during daylight. The AH is not activated during the winter due to lower
solar radiation.

Figure 7. Winter day profile.

Tamb achieves its minimum at 9:00 am (6 ◦C) and maximum at 3:30 pm (15 ◦C). During
the morning, due to a temperature decrease throughout the night and the increase of
Tset from 17 ◦C to 20 ◦C at 8:00 a.m. [46], the thermostat activates heating from 8:00 a.m.
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to 11:00 a.m. In the afternoon, the building gains (solar irradiation, occupancy, lighting,
and equipment) increase the indoor temperature. Thus, no heating is required. TZone
remains around the Tset throughout the day with a dead band of±1 ◦C. The heating system
provides for space heating, blowing airflow into the building at 47 ◦C (THeat,in).

Finally, TDHW,out meets the required temperature of 45 ◦C from 4:00 a.m. to 9:00 a.m.
and from 10:00 a.m. to 10:00 p.m., according to the mDHW,out demand.

3.4. Yearly Results

The annual simulation results (from 0 h to 8760 h) are summarized in Table 5. In this
table, the integrated amounts of electricity, heat, and water volume are shown for one year.
In particular, the building demands were estimated in Ref. [49]. The total electricity demand
(PTot,dem) is the sum of the building (PBuild,dem) and the system’s (PSyst,dem) electricity
demands. The total water demand (mTot,dem) is the sum of the DHW (mDHW,dem) and
freshwater (mFW,dem) demands. The total thermal demand (QTot,dem) is comprised of the
DHW thermal demand (QDHW,dem) and the cooling (QCool,dem) and heating (QHeat,dem)
demands. Note that QCool,dem is higher than QHeat,dem due to local weather conditions.

Table 5. Yearly results.

Parameter Symbol Value Unit

Building electricity demand PBuild,dem 3866 kWh/yr [49]
System electricity demand PSyst,dem 1066 kWh/yr
Total electricity demand PTot,dem 4932 kWh/yr

DHW demand mDHW,dem 41 m3/yr [49]
Freshwater demand mFW,dem 110 m3/yr [49]
Total water demand mTot,dem 151 m3/yr

DHW thermal demand QDHW,dem 1260 kWh/yr
Building cooling demand QCool,dem 1450 kWh/yr [49]
Building heating demand QHeat,dem 941 kWh/yr [49]
Total thermal demand QTot,dem 3651 kWh/yr

PVT power production PPVT 5701 kWh/yr
Power losses PLoss 570 kWh/yr
Total power production PTot 5131 kWh/yr

PVT heat production QPVT 8990 kWh/yr
Air heater dissipation QAH 1857 kWh/yr
Heat losses QLoss 1993 kWh/yr
Total useful heat production QTot 5140 kWh/yr

RO freshwater production mRO 151 m3/yr

The total power production (PTot,prod) is the PVT power production (PPVT) minus the
power loss (PLoss) wasted by the inverter due to its inefficiency during DC to AC conversion
(10%). If PTot,prod is insufficient for attending PTot,dem, electricity can be withdrawn from the
national grid. On the other hand, if PTot,dem exceeds PTot,prod, electricity can be injected into
the national grid. An annual near-zero electricity balance is achieved during the simulation.

The total useful heat (QTot) is the PVT heat production (QPVT) minus the heat dissipated
by the AH (QAH) and the heat loss to the environment by the system devices (QLoss). The
energy dissipated by the air heater is around 20.7%, and the thermal losses correspond
to 22% of QPVT. The air heater activates mainly during the autumn and spring due to
the lower thermal energy consumption, and during the summer because of the higher
solar radiation.

As shown in Table 6, QTot is used for attending QDHW,dem, QCool,dem, and QHeat,dem.
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Table 6. Thermal production breakdown.

Parameter Symbol Value Unit

DHW consumption QDHW 1210 kWh/yr
Heating coil exchanger QHX 798 kWh/yr
DAC regenerator QReg 3000 kWh/yr

Finally, Table 7 presents the energy and environmental results for the proposed poly-
generation system.

Table 7. Energy and environmental results.

Parameter Symbol Unit Value

Primary energy saving ratio PESR % 98.62
CO2 saving ratio CO2R % 97.17

3.5. Thermal Comfort

The thermal comfort analysis of the case study is reported in Ref. [49]. It presented
two different situations: no indoor temperature control and temperature control as defined
by the BD-ES [46]. Here, the thermal comfort of the same case study is provided by the
polygeneration system. In particular, Figure 8 shows the thermal comfort analysis described
by the PMV and PPD indexes.

Figure 8. Thermal comfort analysis.

PMV ranges between −1.3 and 1.6 throughout the year, which can be explained as a
slightly cool sensation during the winter and a warm feeling during the summer. Conse-
quently, the PPD index presents a maximum occupant dissatisfaction rate of 42% during
the winter and 63% in the summer. The thermal comfort analysis showed a remarkable
improvement all year long compared to the case study without controls.

3.6. Comparison between Almería and an Alternative Coastal City

The polygeneration system was also applied to an alternative coastal city to eval-
uate its feasibility. Therefore, Valencia was selected, as it is located along the Spanish
Mediterranean coast and presents different climate conditions. Valencia is characterized
by lower horizontal global solar radiation per year and over twice the demand for heating
(1828 kWh/yr) and slightly more for cooling (1567 kWh/yr) than Almería. By using the
previously described methodology, the optimal system configuration was selected for the
PVT collectors’ area equal to 32 m2 and a TES top temperature of 57 ◦C. The comparison
between both cities is summarized in Table 8.
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Table 8. Almería vs. Valencia efficiency parameters.

Almería Valencia

Parameter Symbol Unit Value

PVT total efficiency ηPVT – 0.35 0.35
DAC thermal COP COPDAC – 0.47 0.47
Electricity coverage CEl % 104.1 105.7
DHW coverage CDHW % 96.05 90.15
Heating coverage CHeat % 87.01 87.31
Cooling coverage CCool % 97.98 97.9
Freshwater coverage CFW % 100 100
Primary energy saving ratio PESR % 98.62 97.57
CO2 saving ratio CO2R % 97.17 95.04

Valencia needs a higher PVT collectors’ area due to the lower horizontal global solar
radiation per year. Furthermore, as it demands more heating and cooling, it thus justifies
the increase in the TES’s top temperature. The PVT efficiency (ηPVT) and the yearly mean
COPDAC for both cities are equal, 0.35 and 0.47, respectively. Finally, the polygeneration
system applied to Almería presents an advantage in energy and environmental results.

4. Discussion

This work presented a novel simulation of a polygeneration system for residential
electricity, heating, cooling, domestic hot water, and freshwater production. The proposed
system integrates a solar-assisted desiccant air conditioning system for cooling purposes.
The system was applied to a single-family townhouse located on the Mediterranean Eu-
ropean side of Spain. The system can be applied to a similar area with moderate relative
humidity and ambient temperature, which allows for the operation of desiccant air condi-
tioning. The system’s layout was dynamically simulated in the TRNSYS environment by
developing comprehensive models suitable for evaluating the transient energy performance
(temperatures, heat, power, and efficiency) of all the system’s components on an hourly
and yearly basis. Design optimization of the system was also performed under different
conditions to determine the optimal size for attending to dwelling demands. The main
findings of the simulations are summarized in the following:

1. The optimal system configuration for Almería was obtained at a photovoltaic/thermal
collector’s area of 27.2 m2 and a top temperature for thermal energy storage of 55 ◦C;

2. The yearly results showed that the energy dissipated by the air heater is around 20.7%
of the produced heat. The device activates mainly during the autumn, spring, and
summer due to the lower thermal energy consumption or higher solar radiation;

3. The thermal comfort analysis showed a remarkable improvement compared to the
results of the case study performed without temperature controls;

4. Comparing the results for the cities Almería and Valencia, it can be concluded that
Valencia presents similar results to Almería. Thus, the proposed polygeneration
system works correctly and is reliable.

Finally, the developed polygeneration system showed to be replicable for other cities
and introduced solar-assisted desiccant cooling technology for the residential sector. It can
be a promising solution for attending to energy demands using renewable energy sources.
Further studies will develop an economic analysis and a multiobjective optimization for
the proposed system.
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