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Introduction

During last years, air conditioning demand has spread, both in the commercial and the
residential sector. This caused a sensible increase in primary energy consumption,
especially in industrialized Countries, where people spend the major part of the day in
confined environments, requiring high indoor air quality and suitable thermal comfort.
The operation of a heating, ventilation and air-conditioning (HVAC) system is usually
performed to achieve comfortable indoor conditions. But HVAC systems consume large
amounts of energy. Therefore, it is very important to investigate the possibility of
efficiently achieving, for the specific application and building type, the desired indoor
environmental conditions, reducing energy consumption and greenhouse gas emissions.
The demand for summer cooling in domestic and commercial sectors is usually satisfied
by electrically driven units; this involves high electric demands. This trend is
determining increasing interest in those technologies able to shift energy demand in
summer from electricity to other sources that are widely available, exploitable
efficiently and environmentally friendly.

From a more general point of view, it is observed that the energy requirements in the
World are mainly met by using fossil fuels, among which oil is the most widely used.
The combustion of these fuels causes greenhouse gas emissions, and so environmental
issues that are becoming very important in recent years. On the basis of these
considerations it follows easily that the prospect of:

- reducing the energy demands,

- employing more efficient systems,

- exploiting renewable energy sources,

has become a matter of interest not only of the most fervent environmentalists or of the
research but also of the governments.

In this regard, several international agreements have been ratified and then national and
regional measures were derived from these. Without going into the details of individual
documents, here one just says that they have had as objective to make obligatory
innovative solutions but also have favored their diffusion by providing instruments of
financial support. As a consequence it is observed in the last years a growing increase in
the use of renewable sources for the “production” of electrical and thermal energy, the
construction of buildings that have low or almost zero energy demands and the

installation of more efficient plants.



The three levers mentioned above: actions to reduce the energy demands, use of more
efficient plants and the possibility to exploit renewable energy sources, are all extremely
interesting and do not exclude each other, they are often interrelated and can lead to
important results if followed simultaneously.
More than 30% of energy for the users in industrialized Countries is required in
buildings. A share between 40+80% of this energy is employed for heating or cooling
purposes. In the European Union energy used in the residential and tertiary sector
accounts for over 40% of final energy consumption. Italy is one of the European
Countries with the highest energy consumption, on average, in the existing residential
buildings more than 100 kWh/m* per year of energy are required. Also in Italy
increased demands of electricity, especially in summer, took place in the last decade.
National electrical data shows:
- aprogressive increase of the electrical demands that stops only in the last years due
to the economic recession;
- an electricity peak demand in the summer period, for the first time in 2006 and then
always since 2008, occurs in June or July.
These demands of electricity are connected to the massive spread of summer
conditioning devices.
On the other hand it is well known that the solar radiation is the largest source of energy
of our Planet and the global energy demands are equal to only a small fraction of the
solar energy reaching Earth. Italy and Mediterranean Countries have temperate and/or
warm climates and a high level of radiation; therefore they are well suited to exploit
solar energy for air conditioning.
The use of solar energy for summer air conditioning, solar cooling or solar air
conditioning, appears to be a very attractive scenario especially for those areas of the
World where there are no conventional sources of energy, problems of energy supply
and management of the energy system itself.
Considering that the cooling load is usually high when solar radiation is high and that,
currently, there are proven technologies that enable the conversion of solar energy into
electricity (photovoltaic systems) and thermal energy (solar thermal systems), it is
interesting to analyze the so-called solar-driven air conditioning systems, i.e. those that

"produce cooling energy" from solar radiation.



Typically an air conditioning system ensures space cooling and heating of a building.
Solar energy can be usefully employed not only for cooling but also for heating aims.
Therefore a solar cooling system is usually a solar heating and cooling system.

There are different types of solar cooling plant, these systems are based on different

thermally-driven refrigeration devices: absorption and adsorption heat pumps, ejector

refrigeration systems, desiccant and evaporative cooling systems, etc.

In this thesis a particular solar heating and cooling system is analyzed. The following

chapters describe in detail the analyzed technologies.

At the Universita degli Studi del Sannio (Benevento, Italy) an experimental plant,

whose main component is a hybrid desiccant wheel-based air handling unit is installed.

This device uses the thermal energy of a microcogenerator to regenerate the

hygroscopic material in summer mode operation.

The temperature levels required to operate the system are low and so the air handling

unit can be advantageously coupled to the solar collectors, realizing a hybrid desiccant

and evaporative cooling system. Moreover, the system can be simply modified and
operate even during the winter period.

Since there is not a complete solar desiccant cooling system at Universita degli Studi

del Sannio, the assessments proposed below are carried out through dynamic

simulations performed with the dynamic simulation software TRNSY'S 17.

The methodology followed in the analyses (Figure I) is divided into the following

phases:

Step 0 = characterization of the configuration of the innovative and traditional system;

Step 1 = modeling of the plants by the simulation software, characterizing the
components with experimental and literature data;

Step 2 > dynamic simulations and collection of results;

Step 3 = on the base of simulated data, comparison of the proposed alternative system
(innovative system) and the conventional one (traditional system),
developing energy, environmental and economic analyses.

The conventional system consists of the most widespread solutions for summer and

winter air conditioning in the geographic area of interest.

In summer period an air handling unit that realizes the dehumidification by cooling, and

then the post-heating of the air is considered. It is connected to a natural gas fired boiler

and an electric chiller.
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Figure I: Analysis methodology

In winter period the system is similar to the innovative one, with the difference that the
thermal energy for the pre and post-heating is totally supplied by the boiler.

Hereinafter it is initially illustrated the operation of a desiccant cooling system, in
general, and that of the experimental plant, in detail. Also the characteristics of the main
components are listed (Chapter 1).

In the other chapters, the operation of the system, considering the coupling of the
innovative air handling unit with different solar collectors types (flat plate, evacuated
tube, concentrated photovoltaic and thermal collectors), is analyzed; the influence of
climatic conditions on the performance of the system is assessed, and also modifications
to the air handling unit layout are considered. Finally, for completeness, the system
constituted by the desiccant-based air handling unit and the microcogenerator is studied.
In detail, Chapter 2 is dedicated to the description of the simulated alternative and
conventional systems considering the coupling of the desiccant-based air handling unit
with flat plate and evacuated tube collectors and assuming the system located in two
Italian cities: Benevento and Milano. Furthermore the simulated heating mode operation
of the system and the performance assessment methodology are shown.

A parametric analysis involving the collectors types (flat-plate and evacuated tube) the
surface (20, 27 and 34 m?), the tilt angle (in the range 20-55°) and the installation site
(Benevento and Milano) is performed comparing the innovative system with a

conventional HVAC unit. The two cities taken into consideration are representative of
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two climate zones of the Italian territory. The results show that from an energy and
environmental point of view innovative systems should always be preferred to
conventional ones, even when the solar thermal energy surplus is fully dissipated. A
maximum primary energy saving of about 10% with flat plate collectors and over 20%
with evacuated tube collectors, compared to the conventional air conditioning system,
occurs in Benevento. In Milano, the same indices are over 11% and about 19%
respectively. These savings increase up to about 58 and 72% in the simulations done for
Benevento and to about 43 and 58% in those carried out for Milano when the solar heat
excess is completely used for further energy demands.

In the considered application, the innovative solar heating and cooling plants do not get
an economic advantage in terms of simple payback period if they are exclusively used
for the air conditioning of the building, but they become interesting also from this point
of view if it is possible to exploit the solar thermal energy surplus. Systems with
evacuated tube collectors are preferable where there is little space available for the solar
field (20 m?), while with larger surfaces (27 and 34 m?) flat plate collectors are
advantaged. The shortest simple pay back periods are 4 and 6 years respectively for
Benevento and Milano.

In Chapter 3 the coupling of the innovative air handling unit with a new hybrid
photovoltaic/thermal collector is investigated. In this case the solar device consists of a
parabolic mirror and a triangular receiver that simultaneously produces thermal and
electric energy. Electricity produced by the hybrid collector is used to power the
auxiliaries of the Air Handling Unit, the chiller and also further electric loads of users,
while thermal energy is employed to heat the regeneration air flow during the summer
period and the process air in the winter. Electricity in excess is sold to the grid, whereas
the thermal energy surplus is exploited for production of domestic hot water. Eventual
integrations of electricity and thermal energy are provided by the electric grid and by a
gas-fired boiler, respectively.

In this configuration the heat provided by the concentrated photovoltaic/thermal
collectors covers about 60% of thermal energy required by regeneration air and 30% of
process air in winter operating mode. On an annual basis, the analyzed system obtains a
primary energy saving between 81% and 89%, depending on the domestic hot water
required.

In Chapter 4 three alternative scenarios to improve the performance of the innovative

solar-assisted hybrid desiccant-based air handling unit are investigated. For each
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scenario, different collector types (flat plate, evacuated tube), surface (20, 27 and 34 m?)
and tilt angle (in the range 20-55°) are considered in order to identify the optimal set-up.
The first scenario consists in the recovery of the heat rejected by the condenser of the
chiller, to pre-heat the regeneration air flow. The second scenario consists in the pre-
heating of regeneration air with the warm regeneration air exiting the desiccant wheel.
Finally the last scenario provides pre-cooling of the process air before entering the
desiccant wheel.

Results state that evacuated solar collectors can ensure primary energy savings (15-24%
with optimal tilt angle) and avoided equivalent CO, emissions (14-22% with optimal tilt
angle), about 10 percentage points more than flat plate collectors (5-19% and 4-17%
respectively, with optimal tilt angle), if solar thermal energy surplus is completely
dissipated. The further analysis shows that if 50% of the thermal energy surplus is used,
a huge performance improvement is obtained (30-60% of primary energy saving with
respect to reference system). As regards economic analysis, the shortest simple payback
period is 7 years, obtained with maximum flat plate solar collectors surface and 50%
surplus thermal energy recovery. When the whole use of solar thermal energy is
considered, the best results, with optimal tilt angle and 34 m” of evacuated tube
collectors, are approximately 73% of primary energy saving and 71% of avoided
equivalent CO; emissions , a simple payback period of 3 years.

In Chapter 5, a small scale trigeneration device, based on a heat-led microcogenerator
interacting with a silica-gel desiccant-based cooling system is analyzed.

A sensitivity analysis is performed, to assess the effect of the cogenerated electricity
consumed on-site. The analysis shows encouraging results, given the Italian energy
context for the small scale trigeneration system, in terms of primary energy
consumption and equivalent carbon dioxide emissions reductions, with maximum
values of 7.70% and 15.3%, respectively; on the other hand, it is difficult to achieve a
reasonably short pay-back period for the system, even if it accesses all the support
mechanisms introduced by Italian legislation for small scale gas fuelled trigeneration
systems and a very high amount of cogenerated electricity is used on-site.

The analyses and the results reported in the following pages are a part of the research
activities carried out during the PhD period and published in international and national

journals and conferences, as indicated in the list of personal publications (see page 5).

12



Chapter 1

Desiccant Cooling: The Experimental Plant
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1.1 Overview

Summer air conditioning of buildings is a spreading need in both industrialized and
emerging Countries. The challenge to make it sustainable from an energy,
environmental and economic point of view involves the identification of clever,
efficient and environmentally friendly technical solutions and cannot neglect the use of
renewable energy sources.

In traditional Heating, Ventilation and Air Conditioning systems (HVAC) the most
energy-intensive process consists of the air cooling and dehumidification. The so-called
“mechanical dehumidification” or “cooling dehumidification” is commonly used to
reduce the moisture content of the air flow.

In the last few years the Desiccant and Evaporative Cooling (DEC) devices have been
widely studied as a suitable alternative to conventional electrical-driven HVAC systems.
Unconventional Air Handling Unit (AHU), like those that employ Desiccant Wheels
(DW), remove moisture from the air through a desiccant material and reduce its
temperature through an evaporative cooler.

Thanks to its benefits this technology is also spreading in residential and tertiary sectors
and office buildings; however, in Europe desiccant-based solutions are still rarely
implemented, neither in Countries with significant cooling requirements of building,
such as Italy, due to several obstacles, such as high investment costs and lack of

knowledge about performances and cost/benefit ratio.

1.1.1 General considerations about conventional and innovative HVAC
systems

Air conditioning systems designed for civil purposes have the objectives of:

» controlling three indoor air thermophysical properties (temperature, humidity

and speed);

* ensuring a good air quality in the conditioned space (air changes),
in order to maintain comfort conditions for the occupants [1].
In summer operation, on the basis of the typical outdoor conditions, plants have to
reduce the moisture content and the temperature of the air taken from the outside to
meet the latent and sensible loads of the buildings.
The simplest way to realize the first process is to reduce the air temperature to low
values, lower than the dew point temperature. However the latter temperature results too

low, and the dehumidified air must be heated before being introduced into the
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conditioned space to avoid create discomfort. Hereinafter this air flow, handled by the
air handling units, will be referred to as process air.

The basic configuration of the AHU that operates in cooling mode is outlined in the
Figure 1.1. Moreover the real transformations, cooling with dehumidification (1-A) and

heating (A-4) are reported in the psychrometric chart of Figure 1.2.
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Figure 1.1: Layout of the AHU in the CS for summer operation.

A vapor compression chiller (CH) is conventionally installed to feed the cooling coil
(CC), whereas a natural gas boiler, B, feeds the heating coil (HC).

The plant described above is considered as the reference or conventional system (CS)
for the subsequent performance assessments of the innovative plants when operate in

cooling mode.
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Figure 1.2: Psychrometric diagram with standard AHU transformations.
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As an alternative to mechanical dehumidification, liquid or solid desiccant materials,
can be employed in the AHUs. Desiccant dehumidification is an exothermic process.
When the process air flow passes through the component made of hygroscopic material
its vapour content is removed (adsorption), and simultaneously it heats up. Hence, the
process air flow has to be cooled before it is introduced into the room. This cooling can
be realized with a direct or indirect evaporative cooler, and/or with a cooling coil fed by
a refrigeration machine (air-to-air heat pump, air-to-water chiller). Furthermore to have
a continuous operation the desiccant materials need to be regenerated, this is commonly
obtained by means of a hot air flow. A rotor, filled with a solid desiccant material, called
Desiccant Wheel (DW) is the most common innovative dehumidifier configuration. It
slowly rotates between two air flows: the process air and the regeneration air.
Desiccant-based plants exploiting evaporative cooling are called DEC (Desiccant and
Evaporative Cooling) systems, while those with electric-driven cooling machine are
defined hybrid systems.

As an example in Figure 1.3 the scheme of a hybrid DEC AHU with a rotary heat
exchanger (R-HX) is shown. This device allows the indirect evaporative pre-cooling of

the process air that can be further cooled in the cooling coil.
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Figure 1.3: Example of hybrid DEC AHU layout.

The hybrid DEC AHU handles two air streams (Figure 1.4):

* regeneration air: it is outdoor air evaporatively cooled (5-6), pre-heated (to
indirectly cool the process air) in the R-HX (6-7) and definitively heated (1-5)
through the heating coil (HC) in order to regenerate the desiccant wheel (DW)
(5-6);

e process air: it is outdoor air dehumidified at almost constant enthalpy in the DW
(1-2) and then cooled in the rotary heat exchanger, R-HX, (2-3) and in the
cooling coil (CC) (3-4);

The most interesting advantages achievable with DW-based systems compared to
conventional AHUs are as follows [2,3]:

» latent and sensible load are controlled separately;

16



* Dbetter indoor air quality;
* in hybrid systems the chiller has a lower cooling capacity and operates at a small
temperature lift with a greater COP;

* lower electric energy demands;

e primary energy savings;

* reduced environmental impact.
Regeneration energy in desiccant-based AHU can be provided by solar collectors, in
fact the regeneration phase takes place at low temperatures (50—70 °C), values that are
compatible with the temperatures achievable with solar collectors. In this case there is a
further reduction in the use of fossil fuels and a differentiation of the energy sources in

addition to the advantages listed above.

35 - |
k)
1/ fo9j08
‘l
3= 105 -
ah (kJfa) ) k
gh (kig) gﬁ/é S
25 - 20 —4
4 1 \
20 3 2 Yy 4
/ %

.
3, ><
=<

-
\
R
k)
1Y
A b
w075 | T hooo kg g
0

K s
7. /06 [5/05 4 N
] ‘\
\\
Y N
\. V(\
k)
\ \\
u
==

8

Humidity ratio [g/kg]

o,

f”
\\

]
P
\
\\\‘?
\

h]

Temperature [°C]

Figure 1.4: Psychrometric diagram with hybrid DEC AHU transformations.

Solar energy is the largest source of energy on our planet. The current global energy
demands are only a very small share of solar energy reaching the Earth.
Despite the huge availability there are the following limitations in the exploitation of
solar energy:
* low energy density;
* discontinuity:
- day/night;
- seasons;

- weather conditions;
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* low conversion efficiency;

* huge gap between potential and use.
Therefore solar-driven desiccant and evaporative cooling systems are composed of two
main parts: a solar field and an air handling unit. The solar energy collected by the solar
collectors is used to regenerate the hygroscopic material that ensures the
dehumidification of process air. Storage and back-up systems are often used in these

innovative plants to compensate for the temporary lack or reduction of the solar source.

1.1.2 Literature review

Desiccant cooling systems are an interesting alternative to conventional cooling-based
air conditioning systems with electrically-driven vapor compression cooling units, as
they exploit the hygroscopic properties of some materials, such as silica gel, which need
to be periodically regenerated with low temperature heat, to allow the dehumidification
of the process air. Waste heat [4], from cogeneration devices [2,5,6], from industrial
processes [7,8] or solar thermal energy [9,10] is typically used as thermal energy for
regeneration.

The first example of a system with DW is credited to Pennington and dates back to
1955 [11]. This device operates in an open cycle known as the ventilation cycle or
Pennington cycle. An early alternative to the Pennington cycle is the recirculation cycle,
that employs 100% recirculation air as process air, while fresh air is used only to
regenerate the DW [12].

Other modifications to ventilation and recirculation cycles have been thought. Dunkle
cycle (1965) [12,13], SENS cycle [12,14], REVERS cycle [12,14], the DINC cycle
[12,14] are some examples. Many other studies investigate alternative configurations to
the basic DW system and these deal with staged regeneration, isothermal
dehumidification and hybrid plant.

In hybrid solutions, electric heat pumps help the thermally driven system to reach the
desired supply temperature in the process air and the heat rejected from the condenser
can be used to heat the regeneration air flow [15,16].

To improve performance of unconventional AHU, the regeneration can be divided in
two stages; a pre-regeneration and a regeneration flow obtained by dividing the
regeneration flow after that it is passing in the rotary heat exchanger is considered in
[17]. Higher thermal coefficient of performance (COPy) with low regeneration

temperature are obtained with multi-stage dehumidification. Ideally an infinite number
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of stages could allow an isothermal dehumidification, but most of the systems
investigated in the literature consider only two stages which can take place in one DW
[18,19] or in two [16,20]. In the last few years several other studies based on
experimental tests and numerical simulations have been carried out to evaluate different
configurations of the innovative air handling units (as for example in [8,21-28].

In order to improve the performance of the Solar Desiccant and Evaporative Cooling
(SDEC) plants, researchers have evaluated alternative solutions for both the solar
subsystem and, the AHU configurations, as already mentioned before.

Solar technologies typically considered in the literature are solar air collectors, flat plate
and evacuated tube collectors, but in few cases also hybrid devices (Photovoltaic-
Thermal collectors), or concentrated thermal collectors and concentrated hybrid devices
(Concentrated Photovoltaic Thermal collectors) are adopted.

Enteria et al. [23,24] considered a SDEC system whose main components were a silica-
gel desiccant wheel, two cross-flow heat exchangers and a flat plate solar sub-system
with an electric auxiliary heater. The first measured experimental data showed that
about three-quarters of the thermal energy of the system was derived from the solar field
and the total coefficient of performance of the AHU (considering electrical and thermal
requests) is 0.25. A more detailed analysis that considers different regeneration
temperatures (in the range 60-75 °C) showed an improvement of dehumidification
performance with the regeneration temperature and a decreases of thermal COP.
Bourdoukan et al. [29] developed and experimentally validated the simulation model of
a solar heat pipe vacuum collectors and a stratified storage tank under various operation
conditions. These components were simulated in combination with a desiccant based
AHU in three different locations characterized by different climates. They demonstrated
to be more efficient than conventional flat plate collectors.

Two kinds of evacuated glass tube solar air collectors, aluminum pipe and stainless steel
pipe, coupled with a two rotor two stage DEC system operating in cooling and heating
mode, were experimentally investigated by Li et al. [22]. Solar air collectors with a total
area of 120 m* were chosen because they allow the direct use of hot air for space
heating in winter and because they permitted to thermally drive desiccant cooling in
summer, even if they required higher electricity consumption to drive fans. The
efficiency of the two types of collectors was quite similar due to the nearly same

thermal resistance on the air side, it could reach 50% in summer. The system could
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convert more than 40% of the received solar radiation for cooling/heating purposes in
sunny days.

Li et al. [30] arranged a Matlab/Simulink model of a solar heating and cooling desiccant
system coupled with solar air collectors. The simulated results showed good agreement
with experimental data and so the simulator was used to optimize collector parameters:
area, air leakage and insulation.

In [31] the authors experimentally validated the TRNSYS model of a gas fired pre-
cooled hybrid desiccant cooling plant and then simulated this system in four modes
(configurations) coupled with solar air collectors considering the installation in two
Pakistan cities. An economic assessment of the solar collector was undertaken and the
payback period was calculated to be equal to 14 years. Energy and environmental
payback periods of the solar collector were found to be 1.5 years and 1 year,
respectively.

Hatami et al. [32] performed the optimization of a collector surface in a typical
configuration of a solar desiccant wheel cycle. Design parameters, such as air velocity,
rotor speed, thickness and hydraulic diameter of the desiccant wheel and also operating
conditions, such as outside temperature and relative humidity, regeneration air
temperature and total solar irradiance, were taken into account. Optimum design
parameters and minimum solar collector surface was calculated.

In the literature there are many papers where the coupling of solar thermal collectors
and desiccant-based AHUs are analyzed, but there are fewer works in which these
collectors are Photovoltaic/Thermal collectors (PVT) and even fewer are the papers
where concentrating PVT collectors (CPVT) are considered.

Fong et al. [33] evaluated with TRNSY'S simulations the year-round performance of six
hybrid desiccant cooling systems used for air-conditioning of an office in the
subtropical Hong Kong. The different design alternatives considered electric-driven
chillers and a solar-driven absorption chiller as refrigeration devices, evacuated tube
solar collectors and photovoltaic/thermal panels as thermal and/or electric source. These
systems had a primary energy consumption ranging from 10 to more than 61% less than
a SDEC standard plant and an energy saving potential compared to the conventional air-
conditioning up to 35.2%. Among the solar-driven systems, those with PVT collectors
seemed to be the most efficient solutions from the energy point of view, even if they still

have higher initial costs.
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Single glaze standard air and hybrid photovoltaic/thermal collectors were simulated in
[34] as the source of heat and electricity/heat for three different SDEC systems. A
standard DEC plant, a DEC system with integrated heat pump and a DEC AHU with an
enthalpy wheel were compared by means of energy and economic analysis. The best
result occurred with photovoltaic/thermal collector because of further contribution of
electricity. As concern the AHU arrangements, the heat pump integrated solution
seemed to operate better than the others.

In [35] a building integrated ventilated photovoltaic fagade, a photovoltaic shed and
solar air collectors supplied the regeneration energy for the silica-gel desiccant wheel.
The TRNSYS simulation system demonstrated that the solar fraction could reach 75%
and the average COP 0.518.

The simulation model of Sukamongkol et al. [36] predicted with good agreement the
results obtained in the experimental tests under the prevailing meteorological and
operating conditions in tropical climate. In the facility setup the heat recovery from a
hybrid PV/T air heating collector integrated the thermal energy rejected at the condenser
of the heat pump to regenerate a desiccant wheel. The use of PV/T collector could save
about 18% of the total energy request.

Concentrating photovoltaic/thermal collectors were the solar technology considered by
Al-Alili et al. [37,38]. In the first paper the authors investigated by means of dynamic
simulation the influence of key parameters on a hybrid SDEC plant in which the
thermal output regenerated the desiccant wheel and the electric output fed the vapor
compression chiller. The second work dealt with the experimental investigation of a
hybrid desiccant based air-conditioning system in which a zeolite desiccant wheel was
installed. The innovative device kept the indoor conditions within the comfort zone
reaching COP higher than unity. These predicted results were obtained considering three
different concentrating photovoltaic/thermal collector efficiencies.

As regards the desiccant system, a great number of possible layout arrangements and
alternative components exist and were analyzed in literature. They deal with staged
regeneration/dehumidification, isothermal dehumidification and hybrid plant,
innovative hygroscopic material, batch systems, recovery systems, etc.

The solution most widely adopted to improve the performance of the dehumidification
process in DEC plants considers the division of dehumidification in two stages

separated by a refrigeration. This is the easiest way to approximate an isothermal
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dehumidification (infinite stage). From a technical point of view in the literature there
are systems that employ one or two desiccant wheels.

Ghali [39] analyzed a desiccant-based hybrid air-conditioning system in which an
electric heat pump (EHP) was integrated in the air handling unit (AHU); the evaporator
of the EHP was used to cool the process air while its condenser was used to partially
heat the regeneration air. The plant was dimensioned to serve a 150 m” office as
replacement of a conventional HVAC system with a 23 kW EHP. In the very humid
climatic condition of Beirut (Lebanon) even if the latent load was high, the performance
improves. In fact, a lower size EHP was employed (15 kW), and during 20 years,
considered as useful life, economic benefits were obtained

In the study of Sheng et al. [40] the performance of a DW used in an AHU operating
with an integrated high temperature heat pump was evaluated by means of experimental
investigation and regression analysis. The combined influences of multiple variables on
the performance of desiccant wheel, the most influential being regeneration temperature
and outdoor air humidity ratio rather than outdoor air temperature and ratio between
regeneration and process air flow rates, were investigated based on evaluating the
indices of moisture removal capacity, dehumidification effectiveness, dehumidification
coefficient of performance and sensible energy ratio.

In Uckan et al. 2014 [41] the major inefficiencies of the components of a DEC system
with a new configuration were evaluated by exergetic analysis. The system consisted of
two direct evaporative coolers, a DW, three heat exchangers and an electric heater,
arranged on the three channels that compose the system, fed with outdoor air. The study
showed that the major irreversibility results from the electric heater, therefore this
device could be advantageously replaced by a solar system, by waste heat recovery or
by a gas heater.

La et al. [18] analyzed two plants in which the desiccant wheel was divided into four
sections, two for the dehumidification and two for regeneration. The process air passed
successively in the adsorbent sections while two outdoor air streams were heated for the
two stages of regeneration. The second of the two proposed systems showed a
regenerative evaporative cooling that allowed to overcome the obstacle of low
possibility of reducing the temperature in very humid climatic conditions.

La et al. [16] proved that a two-rotor two-stage hybrid desiccant cooling unit was a
suitable solution for very humid climates. The cooling capacity of the innovative

subsection of the plant was relatively small, 30-40% of the total one but it balanced
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about 60% of the latent load. The demand for electricity was reduced in a range from 22
to 34% in relation to the city of installation (Shanghai, Beijing, Hong Kong).

La et al. [20] pointed out that the low exergy efficiency of the basic desiccant cooling
could be improved by using a AHU. The regeneration temperature was reduced in the
new layout from 80 °C to 60 °C.

In [19] the effect of the thickness and the speed of rotation in a plant with one rotor and
two-stage DEC unit was evaluated to determine the maximum removal of steam and
thermal COP, that was approximately equal to 1. The optimal speed increased with
temperature and decreased with the thickness.

In a subsequent paper of Ge et al. [21] a solar-driven two-stage two-rotor desiccant
cooling system and a conventional vapor compression AHU were evaluated and
compared in order to quantify the energy saving and the economic profit, considering an
office building of Shanghai and Berlin as thermal loads. Higher regeneration
temperature availed in Shanghai (85 °C) than in Berlin where instead a shorter payback
period was observed.

A mathematical model was introduced and experimentally validated by Elzahzby et al.
[42]. It was realized to preventively evaluate the performance of a solar-driven hybrid
air-conditioning system. It was a one-rotor six-stage unit. A two-stage dehumidification,
two-stage precooling and two-stage regeneration process was realized in only one silica-
gel desiccant wheel (DW).

In Zhu and Chen 2014 [43] a novel marine desiccant-based air conditioning system was
developed and studied; experimental tests were performed on a test rig in order to assess
the most significant influencing factors on the system efficiency and to find optimal sets
of parameters that maximize utilization of the ship residual heat. It was a one-rotor two-
stage system with compact size and good performance. The regeneration process was
guaranteed by the thermal energy not converted by the diesel engine and by that not
employed for the daily use. The cooling process was achieved by direct or indirect
contribution with the abundant seawater source.

A two-stage two-rotor system that supplies cool air to produce chilled water was
designed, constructed and tested by La et al. [44]. Experimental results obtained under
different conditions revealed that the novel device can supply chilled water at 15-20 °C
with a thermal coefficient of performance of 0.3-0.6 using a low-grade heat source

(solar air collectors). The specific thermal coefficient of performance of the novel rotary
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desiccant cooling system was around 0.8—0.9 considering the production of both chilled
water and dry air.

DW-based dehumidifiers are not the only solution for desiccant-based AHU.

Myat et al. [8] proposed a second low analysis of a multi-bed desiccant dehumidifier
operating in batch manner in order to obtain the entropy minimization and the highest
COP. The theoretical analysis was confirmed by experimental data. The system
comprised two beds with V-shaped arrangement of silica gel packed heat exchanger,
alternatively one of this is the adsorber bed while the other one is the desorber. Rang et
al. [45] proposed a new multistage dehumidification process integrated with a heat
pump. Plates coated with desiccant material were arranged in the channel of
dehumidification and regeneration alternating respectively with heating and cooling
coils that constituted the evaporator and the condenser of the refrigeration unit. Couples
of plates superimposed moved periodically and alternately between the two channels.
The regeneration of the hygroscopic material was carried out at temperature below 50
°C. A mathematical model validated with experimental results was adopted to locate the
optimal switch time (3-5 min) and evaluate the influence of the number of stages.

Bongs et al. [46] studied experimentally and through simulations the main and
innovative component of an air-conditioning system eventually powered by solar
energy. It was an evaporatively cooled sorptive-coated cross-flow heat exchanger, an
air-to-air plate heat exchanger. The side of a plate in contact with the process air was
coated with desiccant material while at the opposite side took place an evaporative
cooling process with the aim of removing the heat released by adsorption. This solution,
from a technical point of view, required the duplication of the component to have the
continuous operation of the plant. It allowed to increase by 46% the mass of water
absorbed and an enhancement of the cooling capacity by a factor of 4.1 compared to the
system without evaporative cooling.

Internal cooling is simple to implement with packed bed systems but involves a batch
operation.

A new concept of desiccant wheel was introduced by Goldsworthy and White [47]. This
device could operate continuously and aimed to realize an isothermal dehumidification.
It was a desiccant wheel with a liquid internal cooling system realized as a shell and
tube heat exchanger. An alternative solution with air-cooled desiccant wheel was

analyzed by Narayanan et al. [48]. With respect to an adiabatic desiccant wheel
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dehumidification level grew by about 43-53% depending on supply and regeneration air
conditions.

Beccali et al. [27] considered a hybrid SDEC AHU in which two cooling coils were
utilized, one to control the air supply temperature (as often happens in DEC systems)
and the other to pre-dehumidify the process air; moreover the rejected heat of the
electric chiller pre-heated the regeneration air. Monitoring data of summer and winter
operation were elaborated to calculate instantaneous, daily and monthly performance
indicators; all in all a summer electric COP of 2.4, a Primary Energy Saving of 49.2% in
comparison to the reference conventional AHU, a thermal COP of 1.0 and a possible
reduction of the solar collector area in the design phase by about 30% were obtained.
Solar Fraction and primary energy saving in heating operation were respectively 44%
and 27% respectively.

In order to overcome some issues related to the combined use of indirect evaporative
cooling and rotary heat exchanger and to increase the efficiency of the system
Finocchiaro et al., [49] brought technical innovations to the AHU investigated in [27].
The introduction of a wet plate heat exchanger allowed a better exploitation of
evaporative cooling, reducing the cooling energy demand to the chiller and then the
electrical requirements. The electrical COP calculated in the new configuration
appeared to be about twice than the previous.

Wrobel et al. [50] introduced a pilot installation of a solar and geothermal assisted
desiccant-based air conditioning system. The behavior of the system, compared to
conventional one, was estimated by a simulation model referring to peak and year-long
conditions in different geographical locations. The maximum cooling and heat demand
reduced respectively of 28-32% and 30-51%. The energy benefits that occur on an
annual basis were higher where there was a greater demand for dehumidification,
instead the innovative system was always not cost-competitive.

Eicker et al. [28] evaluated through experimental test how operative parameters affect
the performance of DW made of different materials (silica-gel, lithium-chloride or mix
of silica-gel and lithium-chloride).

TRNSYS simulations were performed by Enteria et al. [25] to compare the operation of
a SDEC plant equipped with two desiccant wheel coating hygroscopic materials (silica-
gel, titanium dioxide) in three different locations of East Asia. Titanium dioxide
revealed higher performance than silica-gel; it guaranteed lower indoor temperature and

humidity ratio.
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The main activities that scientific research is following with regard to desiccant-based
cooling systems have been reported above. On the basis of examined literature the
layouts of the simulated plants have been identified. The choices considered and
presented below are based on their techno-economic feasibility on the experimental

facility taken as reference.

1.2 Experimental plant
In order to analyze the performance of an air conditioning system equipped with DW
over the past few years, the University of Sannio designed and built an experimental
plant (Figure 1.5) whose main components include:

* an air handling unit (AHU) equipped with a desiccant wheel (DW),

* amicrocogenerator ([51]) fuelled by natural gas (MCHP),

» an electric air-cooled water chiller (CH),

* anatural gas boiler (B),

+ athermal energy storage tank (TS).
This experimental plant was designed to handle outdoor air in summer conditions and
bring it in supply conditions, established in each time step on the basis of simulated
sensible and latent loads. All the components of the system have been designed
considering an outdoor air temperature of 30 °C and absolute humidity of 15 g/kg, with
a flow rate of 800 m>/h and the possibility of supplying air to the conditioned space at a
temperature variable between 13 °C and 19 °C and humidity of 7-11 g/kg. The thermal
and cooling powers exchanged in the heat exchangers can be adjusted in order to
achieve such design parameters. The desiccant wheel, in rated conditions, reduces the
air humidity by 7 g/kg. For the conditions described before, the regeneration process
requires 12 kW of thermal power that could be delivered by natural gas boiler and
MCHP. In the design conditions, the recovery heat exchanger should exchange 5.7 kW,
and the cooling coil, a power of 7.5 kW (approximately equal to the one of the chiller),
with the supply water temperature of 10 °C and the return equal to 15 °C.
The experimental air handling unit is a hybrid system that operates in summer
configuration with thermal energy for regeneration purposes provided by the MCHP
and/or by the boiler and cooling energy subtracted by the electric chiller. A certain
amount of electricity serves for the chiller and for the other auxiliary devices (pumps

and fans). This energy is supplied by the cogenerator and/or by the electric grid.
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Thermal energy from the MCHP can be either transferred directly to the heating coil 1
of the AHU or in the TS. The thermal recovery circuit of the MCHP is connected to the
internal heat exchanger (IHE) placed at the bottom of the TS (IHEI in Figure 1.5).

Several experimental tests have been carried out with this test facility configuration

([2,5,52,53]).
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Figure 1.5: Layout of the experimental plant.

In the following sections the main components included in the experimental AHU and

the related processes that take place in them are discussed.

1.2.1 Desiccant-based AHU
Specifically the AHU (Figure 1.6) handles three air flows, each one having a nominal
flowrate of 800 m’/h:

* regeneration air which is heated through the heating coil 1 and 2 (1-5-6) fed by
the MCHP and by the boiler, in order to regenerate the DW (6-7);

* cooling air which is cooled by a direct evaporative cooler (1-8), and
subsequently passes through the cross-flow recovery heat exchanger the (8-9) to
precool the process air;

* process air, 1.e. the one sent to the room. As a first component it meets the DW,
which reduces its specific humidity and raises its temperature (1-2). In order to

ensure the correct thermo-hygrometric conditions, the flow is then cooled in the
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recovery heat exchanger (2-3) and in the heat exchanger fed by the chiller (3—4)

in both components at constant specific humidity.

Figure 1.6: The desiccant-based AHU.

These processes are also reported in the psycrometric chart of Figure 1.7.
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Figure 1.7: Psychrometric diagram with experimental desiccant-based AHU transformations.

The DW installed in the air handling unit of the experimental plant is equipped with a
matrix composed of alternating layers of smooth and corrugated silica gel and metal

silicates sheets, chemically incorporated into a support of inorganic fibers. The so



realized honeycomb structure maximizes the contact surface with air, reduces the
pressure drop and weight, and increases the structural strength. The wheel has a weight
of 50 kg and its dimensions are 700-200 mm (diameter to thickness). The frontal area
of the wheel exposed to process and regeneration air flows is characterized by a
diameter of about 600 mm (even if the nominal diameter is 700 mm), because a circular
crown of the total area is obstructed by the metallic frame of the wheel cassette. The
rated rotation speed is 12 revolutions per hour. Also 60% of the cross section of the DW

is crossed by process air while the remaining 40% by regeneration air.

Figure 1.8: The desiccant wheel and the rotor matrix.

1.2.2 Microcogenerator

The installed MCHP (Figure 1.9) is equipped with a 6.0 kW permanent magnet type, 16
pole synchronous generator coupled with a water cooled, 952 dm?, natural gas-fuelled
internal combustion engine. Furthermore the system can supply a thermal power of 11.7
kW with a water flow rate of 33.5 I/min and an output temperature of 60-65 °C. This
heat is recovered by flowing the engine coolant (45% glycol-ethylene mixture) through
a pipe heat exchanger, where the exhaust gas is cooled down, and through the engine
walls. In the above condition the electric, thermal and overall efficiency are 28.8, 56.2

and 85 % respectively [54].
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Figure 1.9: The microcogenerator.

1.2.3 Boiler
It is a natural gas boiler (Figure 1.10) with a rated heating capacity of 24.1 kW and a

rated thermal efficiency of 90.2%.The boiler provides eventual additional heat to the
fluid, pumped from the tank, up to the temperature required for regeneration. The boiler
is activated only when the tank temperature is lower than the fixed set-point required to

drive the heating process.

Figure 1.10: The boiler.

1.2.4 Electric chiller

This is a vapor compression chiller that operates only in summer conditions. The rated
cooling capacity is 8.5 kW and the nominal COP is 3.0, with nominal supply/return
water temperature of 7 °C and 12 °C respectively. The refrigerant used is R407C.
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Figure 1.11: The chiller.

1.2.5 Thermal storage

The tank volume is 1000 dm® (net volume 855 dm), it is made of stainless steel,
insulated with a layer of flexible polyurethane having a thickness of 100 mm and
thermal conductivity of 0.038 W/(mK). It is equipped with three internal heat
exchangers, two of which are connected to the heat sources and the third one, which

extends along the whole height of the tank, is used for DHW preparation.

Figure 1.12: The storage tank.

1.3 From the test facility to the simulated plant
As stated in the previous sections the hybrid HVAC system in the test facility of

Universita degli Studi del Sannio interacts with a natural gas fuelled microcogenerator,
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an electric air-cooled water chiller and a natural gas boiler. Moreover a storage tank was
introduced to better manage heat flows.
The system in the current configuration is designed to operate only in cooling mode but
it can be exploited all year round, even in heating mode operation, introducing some
simple modifications to the plant.
In the performed simulation activity heating mode operation was also simulated. In
addition to the MCHP, different types of solar collectors were evaluated. Furthermore
three alternative layouts for the standard desiccant based AHU were analyzed.
As concern solar field, standard type collectors, flat plate and evacuated tube, and a
hybrid innovative one (a Concentrated Photovoltaic/Thermal collector, CPVT) were
considered.
Regarding the AHU the introduced modifications concern:
- the pre-heating of the regeneration air with heat recovery from chiller condenser;
- the pre-heating of the regeneration air with heat recovery from the exhaust
regeneration air in a cross-flow heat exchanger;
- the pre-cooling/dehumidification of the process air.
Finally, to complete the analysis the results of simulations, carried out on an annual
basis for the plant that provides the coupling air handling unit with CHP, was
performed.
All the different simulated plant configurations and the obtained results are described in

the following chapters.
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Chapter 2

Solar-assisted Desiccant-based Air Handling
Unit: Assessments for Different Italian

Climatic Conditions
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2.1 Introduction

A rarely studied subject is the influence of climatic conditions on desiccant-based
systems for Italian territory, nor a similar analysis is carried out using a parametric
study. In this chapter the hybrid desiccant-based air handling unit coupled with standard
solar thermal collectors is analyzed and results obtained in two Italian locations are
shown. The system components are modelled by means of experimental tests carried
out at the test facility of Universita degli Studi del Sannio (Italy), whereas energy,
environmental and economic performance are assessed through the dynamic simulation
software, TRNSYS. A parametric analysis involving the collectors types (flat-plate and
evacuated tube) the surface (about 20, 27 and 34 m?), the tilt angle (in the range 20-55°)
and the installation site (Benevento and Milano) is performed comparing it with
conventional HVAC units. The two cities taken into consideration are representative of
two climate zones of the Italian territory.

The results show that from an energy and environmental point of view innovative
systems should always be preferred to conventional ones, even when the solar thermal

energy surplus is fully dissipated.

2.2 Loads characterization

The thermal loads have been evaluated by modeling a university classroom of 63.5 m*
located in Benevento and in Milano with 30 seats and an occupancy schedule, expressed
as a percentage of the maximum capacity, with the daily trend shown in Figure 2.1.
Table 2.1 lists the dimensions and thermal insulation characteristics of the opaque and

transparent components of the building envelope [9].
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Figure 2.1: Classroom attendance.
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The air conditioning system is switched on at 08:30 in the morning, half an hour before
the opening of the classroom, and it is turned off at 18:00 in the afternoon, when the
classroom is closed. The indoor air set-point temperatures in winter and summer
operation are 20 °C and 26 °C, respectively, while the relative humidity is constantly

maintained at 50%.

Table 2.1: Building characteristics [9].

Opaque Components Transparent Components
External ~ External On the
East/
Roof  walls walls ground North South
West
(N/S) (E/W) floor
U [W/m’K] 2.30 1.11 1.11 0.297 2.83 2.83 2.83
Area[m’] 63.5 36 15.87 63.5 8.53 9.40 0.976
g [-] - - - - 0.755 0.755 0.755

The endogenous loads are determined by considering the internal gains (occupants,
“seated — very light writing” degree of activity and lighting). Heating and cooling loads
for the building are evaluated using weather data of Benevento (Southern Italy, 41°07°
N, 14°46° E, 1316 HDD — Heating Degree Days [55]) and Milano (Northern Italy,
45°27° N, 9°11’ E, 2404 HDD [55]). The sensible, latent and electrical loads are
reported in Table 2.2.

Table 2.2: Building Gains and Loads for Benevento (BN) and Milano (MI).

Gains per occupants Sensible [W] 65
(seated — very light writing, ISO 7730) Latent [W] 55
Gain from artificial lighting 5
[W/m~] 10
(9:00-18:00)
Load Cooling Period Heating Period Intermediate Period
City BN MI BN MI BN MI
Sensible [MWh] 1.54 1.31 2.90 4.94 - -
Latent [MWh] 0.69 0.61 0.56 0.66 - -

Electric [MWh] 0.44 0.44 0.56 0.75 0.50 0.31




In Table 2.3 the three main climatic variables (solar radiation, outdoor temperature and
humidity ratio) that affect the operation of the innovative air conditioning plant are
compared. The mentioned quantities, differentiated on a monthly basis, were derived
from the climate data used in the simulations. The city of Benevento shows a higher
level of radiation than Milano all year round. The outdoor air temperature is
significantly lower in Milano than in Benevento in the winter months while the two
values are very close in the summer period. Finally Benevento has a higher average

relative humidity than Milano.

Table 2.3: Main climatic variables of Benevento (BN) and Milano (MI).

Monthly average daily solar Monthly average Humidity Ratio

radiation on horizontal Temperature
surface [MJ/m?] [°C] [g/kg]

City BN MI BN MI BN MI
January 6.19 3.79 6.05 1.63 4.94 3.56
February 9.20 6.47 6.34 3.17 4.82 3.67
March 13.72 11.14 8.48 7.22 5.40 4.50
April 18.64 15.52 11.43 10.49 6.62 6.04
May 22.10 18.81 16.02 15.61 8.87 8.09
June 24.89 21.50 19.65 19.16 11.12  10.14
July 25.00 21.82 22.78 22.32 13.03  12.01
August 22.10 18.98 22.76 21.73 13.22  11.75
September 17.08 13.98 19.46 18.08 11.16 9.72
October 12.47 8.46 15.10 12.29 8.58 7.13
November 7.31 4.30 9.65 5.98 6.33 4.89
December 5.85 3.20 7.38 2.16 5.36 3.75

In addition, during some periods of the year (especially in the intermediate season and
in the weekend days) excesses of solar thermal energy can take place; in order to
optimize the operation of the system a certain production of domestic hot water (DHW)
or thermal energy for other purposes can be obtained from the plant and transferred to a
user with a great demand of it (for example a gym, a swimming pool, a hotel or a

university campus).
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2.3 Innovative Plant Configurations

On the base of the experimental AHU of Universita degli Studi del Sannio (Benevento,
Southern Italy) the innovative HVAC system considered in this chapter is arranged. The
experimental AHU in the current configuration can operate only in summer mode,
instead the simulated plants can operate also during the winter season to meet the
sensible and latent loads of the conditioned spaces, described before. Some
modifications have been implemented to the system and some new components have
been introduced in the simulations for the winter operation.

The hybrid HVAC system in the test facility interacts with a natural gas fuelled
microcogenerator, an electric air-cooled water chiller and a natural gas boiler. Moreover
a storage tank was introduced to better manage heat flows. In the following analyses,
the MCHP which is previously considered as a heat and an electric source, is replaced
by solar thermal collectors, whereas all the electricity is drown from the grid.

The details of the design condition and the characteristics of the main elements of the
air-conditioning system are described in Angrisani et al. 2010 [56] and Calise et al.
2014 [9]. In its current configuration, the plant was tested and studied to calibrate and
validate a model for its main components [52], as well as to evaluate the influence of

several parameter on the performance [53].

2.3.1 Cooling mode operation

The solar subsystem (behind the red dashed line in Figure 2.2) is constituted by the
solar thermal collectors (SC), the storage tank (TS), the heat exchanger that produces
hot water for sanitary use or for other low temperature heating purposes (HW-HX) and
the circulation pumps. The solar field is arranged in rows of collectors connected in
series as described in Table 2.4. In particular the surface used in the following analyses
is the product of the number of collectors and the aperture area as indicated by the
manufacturers (2.25 m” for flat plate collectors, 3.43 m” for evacuated ones). In all the
analyzed configurations, the maximum number of collectors in series, as established by
the manufacturer, is considered. Solar radiation is collected by the solar field all year
round, it heats the mixture of water and glycol that circulates in the solar loop. The
circulation pump is switched on when solar collectors outlet temperature exceeds that
measured by the temperature sensor placed in correspondence of the heat exchanger in
the tank. In order to avoid solar thermal energy dissipation, the heat dissipation system

conventionally installed in solar cooling systems, a dry cooler, is here replaced with a

37



heat exchanger to produce DHW or, in general, to heat water for low temperature
applications. This thermal energy is assumed to be used on-site (university campus) or
exploited by a nearby user with large demands for DHW and heating such as a gym or a
hotel. So the heat exchanger (HW-HX in Figure 2.2) avoids that the fluid temperature in
the solar loop becomes too high but does not perform a classical dissipative action,

making available domestic hot water or heat at 45 °C.

[

=

Solar subsystem

(]

- -

TS

SC
/ HW-HX —_—

[

]

Figure 2.2: Scheme of the simulated innovative plant (cooling mode).

Table 2.4: Solar collectors configurations.

Solar Loop
Collector Aperture
5 Arrangements Pump Power
Types Area [m”]
[W]
1 row of 4 collectors + 1 row of 5
9x2.25=20.3 200
collectors
Flat-Plate
12x2.25=27.0 3 rows of 4 collectors 300
15x2.25=33.8 3 rows of 5 collectors 375
6x3.43=20.6 2 rows of 3 collectors 200
Evacuated  8x343=274 4 rows of 2 collectors 300
Tube 2 rows of 3 collectors +1 row of 4
10x3.43=34.3 330

collectors




The control strategy of the temperature in the solar loop, carried out through the heat
exchanger, changes between the days when the air-conditioning system is switched on
(weekdays of the activation period of heating or cooling modes) and those in which it is
switched off (the weekends and the intermediate season). When the AHU is turned on
the HW-HX is set to maximize the storage of the thermal energy in the tank, intervening
only to maintain the temperature in the solar loop below 100 °C. An appropriate amount
of water is circulated in the secondary circuit of the heat exchanger to have hot water at
45 °C and to maintain the solar loop temperature below the maximum value.

During weekend days and the intermediate season, when the air conditioning system is
turned off, the three-way valve excludes the tank from the solar loop and only domestic
hot water or heat for other users is produced through the HW-HX. Some water passes
continuously in the secondary circuit as long as it can be heated up to 45 °C, in this case
the temperature in the solar loop is slightly higher than that of the heated water. In this
way all solar thermal energy excesses, which are usually dispelled, are exploited from
the user (for example, a gym, a hotel, or a university campus), ensuring optimized
operation of the system all year round.

Thermal energy stored in the tank is used to heat the regeneration air in the cooling
period and the process air in the heating one. The control system, according to the
required temperature level of the regeneration air, reduces by means of a three-way
valve the flow rate of the secondary fluid (water) to the heating coil, HC, when its
temperature is higher than necessary. On the contrary, the control system turns on the
back-up boiler, B, to provide an extra amount of thermal energy when its temperature is
lower than necessary.

As regards the AHU (beyond the red dashed line in Figure 2.2) it handles three air
streams, each one with 800 m’/h nominal volumetric flow rate (Figure 2.3):

- regeneration air; it is outdoor air heated (1-5) through the heating coil (HC) in
order to regenerate the desiccant wheel (DW) (5-6);

- process air; it is outdoor air dehumidified at almost constant enthalpy in the DW
(1-2) and then cooled in the cross-flow heat exchanger (CF) (2-3) and in the
cooling coil (CC) (3-4) fed by the chiller (CH); then it is supplied to the
university classroom for air-conditioning purposes;

- cooling air; it is outdoor air cooled by evaporating water in the evaporative
cooler (EC) (1-7) before passing into the cross-flow heat exchanger (7-8) to pre-

cool the process air.
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The boiler and chiller pumps have an electric consumption of 150 W each. The process,

regeneration and cooling air fans require 300 W each, with a total electric requirements

of auxiliaries equal to 1200 W.

35

30

25

20

Humidity ratio [g/kg]

T T T T

=1

s Process Air

e (Cgoling Air

/LR T

> .900 m /kgl

Temperature [°C]

Figure 2.3: Psychrometric diagram with standard AHU transformation in cooling mode.

2.3.2

Heating mode operation

In order to utilize solar energy all year round and to increase the number of operation

hours per year, winter operation is also simulated considering some modifications to the

existing plant. Such modifications consist in (Figure 2.4, only dark components and

devices are active) [9]:

the use of only two ducts of the AHU, respectively for the process air and the
recovery one, the latter coming from the heated space and also using the duct of
the cooling air during summer;

by-passing the DW (in winter the process air has to be humidified, not
dehumidified); supplying the first coil in the process air duct (HC1 in Figure 2.4,
that was a CC during summer period), with water from the tank and/or the boiler
and not from the chiller as occurred during summer;

adding a wet pack humidifier (EC1) and an additional air-to-water heat
exchanger (HC2) in the process air duct which is fed with hot water from the

tank and/or the boiler;
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+ switching off the regeneration air fan, the chiller (CH), the direct evaporative

cooler, EC, (that was active on the cooling air flow during summer period) and
the DW.

SC
/ HX-HV

TS

E==

%
|

e

o oS TEE e
CF HC1 EC1 HC 2

Figure 2.4: Scheme of the simulated innovative plant (heating mode).

Specifically the AHU, when operating in heating mode, handles two air flows in heating
mode, each one having a nominal flowrate of 800 m>/h:

* process air; it is the flow of outdoor air which is pre-heated (1-2-3), humidified
(3-4) and then post-heated (4-5) as would happen in a conventional AHU [1],
with the difference that in this case thermal energy is derived from the solar
subsystem;

* recovery air; it is air expelled from the building that is used to pre-heat the
process air in the cross-flow heat exchanger (6-7).

These processes are shown on the psycrometric chart of Figure 2.5.

In heating operation, the control system evaluates the temperature of the water coming
out from the tank such that when it is lower than the one required for the preheating and
post-heating, the system turns on the auxiliary boiler (B) to heat the fluid.

By analyzing climatic data, the sensible and latent load, it is clear that it is not always

possible to ensure the desired temperatures and humidity to the process air.
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The control system assesses at each step of the simulation the air states A, B and C

(Figure 2.5), that represent respectively the thermohygrometric conditions that the

process air has to reach after pre-heating, humidification and post-heating processes to

ensure the comfort of the occupants of the classroom. It is observed that the most

common condition is certainly the previous one where the humidity ratio required in the

process air is higher than that of the outside (wc > ®;) and also the process air

temperature coming out from the pre-heating coil is lower than the required one (T, <

Ta), (see Figure 2.5).
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Figure 2.5: Psychrometric diagram with AHU transformation in winter operation.

The simulation system of the AHU considers also other two conditions:

oc > o; and pre-heating process provides the desired condition before
humidification by the total or even partial use of the recovery air. In this case the
conditions “2” and “3” coincide with “A” (HCI is unused), and conditions “4”
and “5” coincide with respectively “B” and “C” (see Figure 2.6).

oc < o: in order to balance the latent load it would be necessary to dehumidify
the process air, however in this simple configuration, the simulated system
proceeds to balance the sensible load only (T¢ = Ts and oc < ®;), while
excluding the dehumidification process (see Figure 2.7). However, it can be seen
that changing the supply state from “C” to “5”, a relative humidity in the range

30-70% is maintained, a condition in which people are still comfortable.
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Figure 2.6: Psychrometric diagram with AHU transformation in winter operation control 1.
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Figure 2.7: Psychrometric diagram with AHU transformation in winter operation control 2.

2.4 Conventional system

As regards the Conventional System (CS) in the summer period, a standard AHU
(Figure 1.1) in which the process air is mechanically dehumidified (1-A, Figure 1.2) and
then post-heated (A-4, Figure 1.2), has been simulated. A vapor compression chiller
with a cooling capacity of 16 kW fed the cooling coil (CC), whereas a 24 kW boiler, B,
(ns = 90.2%) fed the post-heating coil (HC) [57] Figure 1.1. This boiler has the same
characteristics of that in the AS. In winter the AHU is the same for CS and AS, except
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for the source of heat that consists solely of the boiler in the CS (Figure 2.8). All
electricity is taken from the grid and hot water (HW) is produced with the boiler.
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Figure 2.8: Scheme of the simulated conventional plant (heating mode).

2.5 Simulation software and performance assessment methodology

The dynamic simulation software “TRNSYS 17” [58] integrated with the “TESS”
libraries [59] has been used to perform the simulations. The time-step was chosen equal
to 1.5 min. According to a methodology widely used by several researchers in literature
[60], [61], [62], [16], [63], the validation of the whole plant has not been carried out
because the test facility does not include the collectors. However, considering that all
the other components were previously and successfully validated against experimental
data, it can be assumed that the simulated results are highly reliable. TRNSY'S models
of the main components and their most important parameters are described in the

subsequent sections.

2.5.1 TRNSYS

TRNSYS (Transient System Simulation Program) is a dynamic simulation software
developed by the Solar Energy Laboratory (SEL, Solar Energy Laboratory) of the
University of Wisconsin and the Laboratory for Applications of Solar Energy at the
University of Colorado in 1970 [58].
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It is a complete and robust platform for the dynamic simulation of various systems,
including multi-zone buildings. It is used to simulate the behavior of the building-plant
system, enabling the user to implement control strategies, comfort conditions of the
occupants, as well to allow the modeling of various alternative energies-based systems.
It has an internal library of standard components for various applications, it also allows
links to various external programs (eg, Matlab and Excel), and the use of climate data in
standard or user-defined formats.

In addition to the default library, the distributor Thermal Energy System Specialists
(TESS, [59]) and others (STEC, HYDROGEMS) provide a wide range of additional
components that allow the modeling of hybrid integrated energy systems able to exploit
both renewable and conventional energy sources. Its modular structure makes the
software very flexible, easy to use and allows the addition of mathematical models that
are not included in the pre-existing libraries or modifying the existing ones.

Each component is represented by a "Type", that is configurable through a graphical
interface. Each "Type" is described by a mathematical model and presents a series of
parameters, inputs and outputs required for its configuration.

A project in TRNSYS consists of a series of components, connected together in a
suitable manner according to the physical and logical connections that are intended to
simulate. TRNSY'S contains in it a series of subroutines that contain models of system
components. The types are characterized by a number or by a number and a letter that
identifies them univocally.

For every step of the simulation (the time step is set by the user) the software
(TRNSYS) simultaneously solves the system of equations associated with mathematical
models of the different components that compose the model (building-system), and

returns the results.

2.5.2 Mathematical Models

Therefore the basic elements of modelling in TRNSYS are the types. Each type

implements a mathematical model representative of the real device simulated.

2.5.2.1 Solar thermal collector
Flat plate and evacuated tube solar collectors models in TRNSYS (type 1b and 71
respectively) are based on a quadratic equation for the efficiency, which is essentially a

generalization of the Hottel-Willier equation [64]:
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Normally, the temperature difference is the difference between the temperature of the
working fluid and the ambient air. The temperature of the fluid is the average
temperature between collector inlet and outlet.
The model calculates the performance of a solar field constituted by rows of collector.
Each row can be in turn formed by a certain number of collectors in series. The
efficiency of the solar field is determined by the number of modules in series and by the
characteristics of the basic module, that are evaluated in certain test conditions. In
addition, it takes into account the Incidence Angle Modifier (IAM) factor, which is the
parameter that represents the effects on the intercept efficiency (7)) of the collector due
to a non-zero angle of incidence of solar radiation.
Therefore, it is necessary to consider three corrections in the model to take into account:

- different values of flow rate of the working fluid compared to the test

conditions;

- number of identical collectors connected in series;

- non-zero angle of incidence of solar radiation.
The evacuated tube collectors are not symmetrical from an optical point of view, thus a

double IAM factor (Transversal and Longitudinal IAM) is required (see Table 2.5).

Table 2.5: Evacuated tube collectors IAM factors
Direction Transversal IAM  Longitudinal IAM

[°] [-] [-]

0 1.00 1.00
10 1.00 1.00
20 1.00 1.00
30 1.00 1.00
40 1.03 0.98
50 1.08 0.96
60 1.15 0.87
70 1.11 0.72
80 0.72 0.50
90 0.00 0.00

46



Table 2.6 and Table 2.7 show the parameters used for the simulations of flat plate and

evacuated tube collectors respectively. They have been obtained from solar collectors

data sheets [65,66].

Table 2.6: Flat plate collectors parameters.

Parameters Value Units
Fluid specific heat 3.84 kJ/(kg K)
Efficiency mode -
Tested flow rate 40.36 kg/(h m?)
Intercept efficiency 1o 0.673 -
Efficiency slope a, 2.98 W/(m” K)
0.0078 W/(m? K?)

Efficiency curvature a,
Optical mode 2
Ist-order [AM
2nd-order [AM

0.072

Table 2.7: Evacuated tube collectors parameters.

Parameters Value Units
Fluid specific heat 3.84 kJ/(kg K)
Efficiency mode 1 -
Tested flow rate 30.36 kg/(h m?)
Intercept efficiency 1o 0.676 -
Efficiency slope a, 1.15 W/(m* K)
Efficiency curvature a, 0.004 W/(m? K?)
Logical unit of file containing
biaxial IAM data 222 )
Number of longitudinal angles for
which [AMs are provided 7 )
Number of transverse angles for .

which [AMs are provided

2.5.2.2 Desiccant wheel

The DW with silica gel adsorbent material is modeled with the type 1716 of TESS

library. From a mathematical point of view, the performance of the component is
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determined using the simplified Maclaine-Cross and Banks approach [67] that models
the dehumidification process, which is a combination of mass and heat transfer, in
analogy to a simple process of thermal energy transfer in a heat exchanger.

The coupled equations that describe the two processes are reduced to two uncoupled
differential equations with two independent variables, called characteristic potentials F
and F>, [68,69]. The isopotential lines F; approximate constant specific enthalpy lines
while the constant potential F, lines approximate constant relative humidity curves in
the psychrometric chart. The potential functions depend on the thermohygrometric
properties of the air and on the thermophysical properties of the adsorbent material,
[70]. These relations have been expressed for the pair silica gel-air by Jurinak [69], and
they are:

s —2865
MOt +273.05) "

+4.344(w, /1000)**** 2-2)

+273.15)"
F,, = b+ e ) —1.127(, /1000 """ 2-3)

[I¥e2]

where the subscript “” refers to the generic thermohygrometric state of the air at which
the two potential are evaluated, whereas ¢ and @ are the air temperature (°C) and the
humidity ratio (g/kg) respectively.

The intersection of isopotential lines provides the output conditions of the process air in
the ideal case, in which both the adsorption and the desorption process are isoenthalpic.
The Jurinak’s model assesses that the conditions of real output are estimated using two
indices of efficiency of the wheel, 7, and 7, calculated in analogy with the efficiency

of a heat exchanger as:
Np1 = (Fi 2 =F ) /(Fp s —Fp ;) (2-4)
N2 =(F2, =F5 ) (Fy5 —F5 ) (2-5)

where potentials F; and F> must be evaluated in the states 1, 2 and 5 of Figure 2.3.

Specifically, g, represents the degree to which the process approximates the adiabatic
one, while 75> represents the degree of dehumidification. In addition the model returns
the temperature of the process air exiting the component. This model has been
calibrated and validated in [52], the indices of efficiency obtained are listed in Table

2.8.
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Table 2.8: Desiccant Wheel parameters.

Parameters Value Units
Effectiveness N 0.207 -
Effectiveness N> 0.717 -

2.5.2.3 Tank Storage

The tank is modeled by means of the type 60 of the TRNSYS standard library, which is
the most detailed model available in the software, used to simulate a stratified thermal
storage.

The model allows one to consider up to a maximum of three internal heat exchangers
(the first of them is connected to the solar loop). In addition, the water stored in the tank
can be fed by two generic points of its lateral surface (return connections) and taken
from two other points (supply connections). In order to simulate the thermal
stratification, the tank is divided into a certain number of fully-mixed equal dimension
cylindrical sections (nodes) in which uniform temperature is assumed.

The tank model allows the insertion of different levels of insulation in its different
sections. Therefore an increased coefficient of loss is assigned to the node
corresponding to the base of the tank, which is not isolated from the ground.

The energy balance for the generic node, Figure 2.9, neglecting the terms related to the

auxiliary electrical and gas heaters, options for the model, is as follows:

(n \aT (k+4k)4,, T 1) (k+4k)4,, (

icp/d - Ax e T;‘—I_T;‘)—l_(Umnk+AUi)As,i(Ta_Ti)

4 i+1-i i—1-i

+ mdowncpTZ'J - mupcpT;' - mdownCpT;' - mupcpTiH + UAhx]ATln] + UAthAT}rﬂ + UAhx3ATln3 (2'6)
+ m]incpT]in - m]outcp]—;' + mZincpTZin - mZoutcp]—;'

where the term on the left side represents the time variation of energy in the node, the
first two terms on the right side represent the conductive interactions of the considered
node with the upper and lower one; the third term evaluates the heat losses towards the
surrounding ambient; the terms related to s, ny,,,, m, and m,, are the convective
terms, and the remaining terms, marked with the subscript “Ax”, represent the
contributions of the exchangers.

This model has been validated and calibrated with experimental data in [71], the

parameters used in the TRNSY'S type are shown in Table 2.9.
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Figure 2.9: Generic node of a detailed stratified tank storage.

Table 2.9: Tank parameters

Ne Parameters Value Unit

1 Inlet position mode 2 -

2 Tank volume 986 L

3 Tank height 2.04 m

4 Tank perimeter -1 m

5 Height of flow inlet 1 1.37 m

6 Height of flow outlet 1 2.04 m

7 Height of flow inlet 2 1.76 m

8 Height of flow outlet 2 0.36 m

9 Fluid specific heat 4187 J/(kg K)
10 Fluid density 985 kg/m’
11 Tank loss coefficient 137  W/(m*K)
12 Fluid thermal conductivity (water) 0.580 W/(mK)
13 Destratification conductivity 0.285  W/(mK)
14 Boiling temperature 127 °C

15 Auxiliary heater mode - -

16 Height of 1st auxiliary heater - m

17 Height of 1st thermostat - m

18 Set point temperature for element 1 - °C

19 Dead band for heating element 1 - °C
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Maximum heating rate of element 1
Height of heating element 2
Height of thermostat 2
Set point temperature for element 2
Dead band for heating element 2
Maximum heating rate of element 2
Overall loss coefficient for gas flue
Flue temperature
Fraction of critical time-step
Gas heater
Number of internal heat exchangers
Node heights supplied
Additional loss coefficients supplied
Heat exchanger fluid indicator-1
Fraction of glycol-1
Heat exchanger inside diameter-1
Heat exchanger outside diameter-1
Heat exchanger fin diameter-1
Total surface area of heat exchanger-1
Fins per meter for heat exchanger-1
Heat exchanger length-1

Heat exchanger wall conductivity-1

Heat exchanger material conductivity-1

Height of heat exchanger inlet-1
Height of heat exchanger outlet-1
Heat exchanger fluid indicator-2
Fraction of glycol-2
Heat exchanger inside diameter-2
Heat exchanger outside diameter-2
Heat exchanger fin diameter-2
Total surface area of heat exchanger-2
Fins per meter for heat exchanger-2
Heat exchanger length-2

Heat exchanger wall conductivity-2

0.029

0.032

0.032
3.1

30.85
45
45

0.85
0.25

0.029

0.032

0.032
2.5

24.88
45

kW/K
°C

2 B B

BN

W/(m K)
W/(m K)

82 B8 B

BI\J

W/(m K)
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54 Heat exchanger material conductivity-2 45 W/(m K)

55 Height of heat exchanger inlet-2 1.54 m

56 Height of heat exchanger outlet-2 1.08 m

57 Heat exchanger fluid indicator-3 1 -

58 Fraction of glycol-3 0 -

59 Heat exchanger inside diameter-3 0.0254 m

60 Heat exchanger outside diameter-3 0.0381 m

61 Heat exchanger fin diameter-3 0.0381 m

62 Total surface area of heat exchanger-3 7.8 m’

63 Fins per meter for heat exchanger-3 0 -

64 Heat exchanger length-3 61 m

65 Heat exchanger wall conductivity-3 16.0  W/(mK)
66 Heat exchanger material conductivity-3 16.0  W/(mK)
67 Height of heat exchanger inlet-2 0.15 m

68 Height of heat exchanger outlet-3 1.6 m

69 Height of node -1 0.0408 m

70 Additional loss coefficient for node -1 0 W/(m*K)

71-167 Node parameters

168 Additional loss coefficient for node -50  17.55  W/(m’K)

2.5.2.4 Other components

The main components used for the simulations, that have not been described before, the
related TRNSYS type, as well as the value of the main parameters and related
references are listed in the are reported in Table 2.10. The library (standard or TESS) in

which each type can be found is also specified.

Table 2.10: Main models used for the simulation and their main parameters.

Component
Type Library Main parameters Value Units
(Reference)
Cross flow heat
exchanger 91  Standard Effectiveness 0.446 -
[52]
Humidifier Saturation
506c  TESS 0.551 -

[52] efficiency




Nominal thermal

Natural gas boiler 24.1 kW
(52] 6 Standard power
Efficiency 0.902 -
Air-cooled chiller Rated capacity 8.50 kW
655 TESS
[52] Rated COP 2.98 -
Liquid specific
Heating coil 4.190 kJ/(kg K)
670 TESS heat
[52] .
Effectiveness 0.864 -
Liquid specific
Cooling coil 4.190 kJ/(kg K)
508 TESS heat
[52]

Bypass fraction 0.177 -

2.5.3 Assessment of energy, environmental and economic performance

The thermo-economic analysis is based on the comparison, typically performed on an
annual basis and considering equal users’ demands, between an innovative system (or
Alternative System, AS) and a reference one, also called conventional system (CS),
since it is the most widely used technology in the installation region. The CS is typically
based on the separate “production” of electricity, heat and cooling energy, whereas the
AS is characterized by a higher efficiency and/or by the exploitation of renewable
energy sources, but also by a higher initial cost.

From the energy point of view the comparison is carried out between the primary

energy requirements, by calculating the Primary Energy Saving:
AS (OA)
PES=(]—EP /Ep ) @2-7)

where the primary energy of the alternative and conventional system (E;°/<) is

evaluated taking into account that the energy efficiency of the Italian national electric
system (77z¢), including transmission and distribution losses, is 42% [72], [73], [74] and
using the boiler efficiency reported in Table 2.10, 90.2%. In addition it is assumed that
there is no primary energy associated to solar energy because it is a renewable energy
source, so CS and AS use the grid and a natural gas boiler for electricity and thermal
energy requirement respectively (in AS the boiler is a back-up system). Therefore a
similar equation, but with different electricity and thermal requirements, can be written

for the AS and the CS:
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To assess the positive effects on the environment of the AS installation, equivalent CO,
emissions of the two systems are calculated and the equivalent CO, avoided emissions

are derived:
ACO, =(1-cofs |cos) 2-9)

where CO;®and COS° are evaluated with a similar equation, but with different

electricity and thermal requirements, according to the above considerations regarding

the primary energy:

AS/CS
E

AS/CS AS/CS AS/CS h,B .
COP' = (BS54 B/ Yy 4 / (2-10)

where f is the specific emission factor of primary energy related to natural gas
combustion, equal to 0.207 kgCO,/kWhegy, ([74]) and 7 is the specific emission factor of
electricity drawn from the grid, equal to 0.573 kgCO,/kWhg [56].

As regards the economic analysis, the feasibility of the AS can be assessed by means of
the Simple Pay Back (SPB) method, that evaluates the payback period of an investment

and is defined as:

N
SPB=EC| Y F,
k=1

(2-11)

where N is the number of years to payback the investment, i.e. the number of years for
which the equation is verified, EC is the extra cost of the AS (desiccant-based AHU,
storage tank and collectors) with respect to the reference system, Fj is the cash flow for

the generic year k:

_ A CS A AS
F, =0C%S —0C; .

where OC;*® and OC®® are the operating costs of the AS and CS; the former is given

by:

AS
OCk 2 'VNG rCNGr (Eel chil T Eel aux) Cel — Ia,tot
(2-13)

where the following assumptions, according to Italian conditions, were considered:
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- Lower Heating Value (LHV) of natural gas equal to 9.52 kWh/Nm’;

- the total volume of natural gas V., = ZVNG,,, =E; 5 /(77 s - LHV) should be

divided according to the brackets of Table 2.11, to which different unitary costs
(cng,r) are associated;

- unitary cost of electricity (c.;) equal to 0.211 €/kWh;

- extra cost of desiccant-based AHU with respect to the conventional one equal to
10,000 €;

- investment cost of storage tank equal to 3,000 €;

- specific cost of collectors: 360 €/m? for flat-plate collectors; 600 €/m? for

evacuated collectors.

Table 2.11: Unitary costs.

r Volume brackets [Nm3 1 cenGr [€/Nm3]
1 1-120 0.561
2 121 - 480 0.884
3 481 — 1560 0.912
4 1561 — 5000 0.943
5 5001 - 80000 0.896

The Italian legislation recently introduced a mechanism to incentivize the use of
renewable energy-based technologies to “produce” thermal energy [75]. In the case of
solar collectors, the annual incentive is provided for only two years (k=I1, 2) if the

installed surface is lower than 50 m? and it can be evaluated as:

Lyior =C-S (2-14)

a,tot

where [, is the annual economic incentive, C is a valorization coefficient depending
on the type of plant (equal to 255 €/m? for solar cooling systems) and S is the gross
solar collectors area. To access the support mechanism, solar collectors must have a
thermal efficiency higher than a minimum value, depending on the type of collectors,
the average fluid temperature, the outdoor temperature and the total radiation.

OC® can be evaluated with an equation very similar to eq. 2-13, obviously no

incentives are included.
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2.6 Simulation and results
The operation of the Alternative and Conventional systems has been simulated
considering three periods:

- Summer (June Ist — September 15th): Air-conditioning (space cooling) and hot
water production for further thermal energy demands (solar thermal energy
surplus);

- Winter (November 15th — March 31st for Benevento and October 15th — April
15th for Milano): Air-conditioning (space heating) and hot water production for
further thermal energy demands (solar thermal energy surplus);

- Intermediate period: hot water production for further thermal energy demands
only.

The Italian legislation constrains only the heating period based on HDD while does not
provided restrictions for the cooling season. In this article it is chosen to consider the
heating period defined by law and to use the same cooling period for the two cities since
their summer weather conditions are very similar.

The electrical load of the classroom is switched on according to its opening hours.

The simulation parameters of the components have been set according to the values
obtained from the experimental tests, when available. In all the other cases they were set
on the basis of the rated values.

The results were obtained considering three sub-scenarios differentiated by the amount
of thermal energy surplus used.

When the solar thermal energy surplus for DHW or for other heating purposes is not
taken into account, the effect of the climate of the installation place on the annual
performance is more evident. When, instead, it is considered, two further sub-scenarios,
50% and 100% of the solar thermal energy surplus is exploited, respectively, are
assumed.

Regarding the energy analysis the PES index is plotted as a function of the solar
collector slope and area, in Figures 2.10, 2.12 and 2.14 for the hybrid AHU with flat
plate collectors and in Figures 2.11, 2.13 and 2.14 for the same AHU with evacuated
tube collectors.

As a general comment, in Figures 2.10-2.15 it is observed that for all configurations,
with and without further thermal energy demands, innovative systems require less
primary energy than conventional ones (PES>0%) and, as expected, the primary energy

saving increases with the collecting surface and with the percentage of solar thermal
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energy surplus used. SDEC plants with evacuated solar thermal collectors show
performance, in term of PES, better than those equipped with flat plate collectors. The
optimal tilt angle is shifted toward greater values for the systems installed in Milano in

comparison to those located in Benevento.
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Figure 2.10: Primary Energy Saving of the Alternative Systems without further energy thermal
demands and with flat plate collectors in Benevento (BN) and Milano (MI).

As regards the operation for air-conditioning only, the primary energy saving is greater
for Milano installations that for Benevento ones, when employing flat plate collectors
(Figure 2.10). This evidently derives from a longer activation period, during the heating
season, so that the maximum PES in Milano is obtained with collectors inclination of
the between 45° and 50°. In Benevento the operation is more biased towards the

summer cooling mode, with lower optimal tilt angles.
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The trends of the PES curves are similar for systems with evacuated tube collectors
when solar thermal energy surplus is not taken into account (Figure 2.11). About a
doubling of performance is observed for Benevento while the increase is less marked
for Milano. The minor increase of the PES values that occurs in Milano, even if strange,
because evacuated collectors are better suited for installation in colder locations,
becomes clearer by analyzing the energy demands and availability. In Milano there are
higher user demands, and so greater primary energy requirements of the CS than in

Benevento (18.53 MWh instead of 14.50 MWh), and solar energy lower availability.
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Figure 2.11: Primary Energy Saving of the Alternative Systems without further thermal energy

demands and with evacuated tube collectors in Benevento (BN) and Milano (MI).

It follows that the benefits are compensated by these cons. In fact, if the solar subsystem
is analyzed in greater detail, for the sake of brevity considering only the solutions with

34 m® of collectors and a tilt angle of 40°, it is observed that the percentage increase
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(Improvement in Table 2.12) of net solar thermal energy (it takes into account the tank
losses) in comparison with flat plate collectors is greater for Milano than for Benevento.
Scenarios with further thermal energy demands highlight a marked improvement of the

energy performance (Figures 2.12-2.15).

Table 2.12: Net solar thermal energy in the plants with 34 m” of solar collectors 40° tilt angle.

BN MI
Flat Plate [MWh] 7.14 5.89
Evacuated Tube[MWh] 8.67 7.42
Improvement [%] 21.05 25.67
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Figure 2.12: Primary Energy Saving of the Alternative Systems with 50% of solar thermal energy
surplus exploited and with flat plate collectors in Benevento (BN) and Milano (MI).
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The greater availability of solar energy and less severe outdoor conditions during winter
imply that locations in Southern Italy are favored compared to Northern ones on an
annual basis. This also determines that in Milano the optimum tilt angle is reduced (35-
40°) and is a bit higher than in Benevento (35°) due to the different latitude. Plants with
flat plate collectors ensure in Benevento a PES, which varies between 27 and 43%
(Figure 2.12), depending on the collecting surface and the collectors inclination; when
50% of solar thermal energy surplus is used for DHW or other heating purposes, a PES
between 40 and 58% occurs when evacuated tube collectors are considered (Figure
2.13). Energy performance remain in the range 20-31%, 30-45% for Milano (Figure
2.12 and Figure 2.13) when considering flat plate and evacuated tube collectors,

respectively, as well as 50% of solar thermal energy surplus used for further energy

demands.
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Figure 2.13: Primary Energy Saving of the Alternative Systems with 50% of solar thermal energy

surplus exploited and with evacuated tube collectors in Benevento (BN) and Milano (MI).



The total use of thermal energy surplus further enhances energetic analysis (Figure 2.14
and Figure 2.15) for Benevento, a PES equal to over 71% is reached with evacuated
tube collectors and it does not drop below 40% with flat plate ones. In Milano, instead,
the variation is between 29% (minimum PES value with 20 m? flat plate collectors) and
58% (maximum PES value with 34 m? evacuated tube collectors).

Regarding the environmental analysis, the trends of equivalent CO, emissions curves
are very similar to those of the PES ones. It was found that these curves are simply
reduced by about 2 percentage points for plants with flat plate collectors, and by about 3
percentage points for systems with evacuated tube collectors. Therefore these graphs are

not reported for brevity.
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Figure 2.14: Primary Energy Saving of the Alternative Systems with 100% of solar thermal energy
surplus exploited and with flat plate collectors in Benevento (BN) and Milano (MI).
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As regards economic analysis, initial costs of alternative systems are still too high
compared to those of conventional ones. The AHUs with DW are not very common
devices and represent an important cost contribution to the total investment. Also the
cost of the thermal storage tank is not negligible. Finally, the solar field has a cost that

increases with the surface and the efficiency of the chosen collectors.
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Figure 2.15: Primary Energy Saving of the Alternative Systems with 100% of solar thermal energy

surplus exploited and with evacuated tube collectors in Benevento (BN) and Milano (MI).

The mechanism of financial support to the production of thermal energy from renewable
sources, currently in force in Italy, establishes an incentive which is a function of the
collectors area and type (with or without concentration). Considering the results of the
simulations with flat plate and evacuated tube collectors, in Benevento and in Milano
the innovative air-conditioning systems do not allow to obtain SPB compatible with the

useful life of the plant components if the solar thermal energy surplus exploitation, at
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least partial, is not taken into account. However, for Milano the SPB periods are shorter
than those for Benevento thanks to the greater number of operation hours.

When considering the surplus of solar thermal energy, used for half or completely, SPB
periods become interesting. Histograms of Figures 2.16 and 2.17 represent the SPB
periods with optimal tilt angle for systems with flat plate and evacuated tube collectors,
respectively, as a function of the solar thermal energy surplus used and of the collecting
surfaces. The effect of the tilt angle on the SPB is not shown, however it can imply a

maximum increase of 3 years.
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Figure 2.16: The best Simple Pay Back periods of the Alternative System with flat plate collectors
in Benevento (BN) and Milano (MI).

The results are better for Benevento than for Milano because of the more favorable

climatic conditions during winter; in addition they improve when both the collecting
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surface and the percentage of solar thermal energy surplus exploited increase. Systems
with flat plate collectors with the smallest solar field surface show SPB periods longer
than those with evacuated tube collectors. Vice versa with a surface of 27 and 34 mz,
plants with flat plate collectors are equivalent or better from an economic point of view
than those with evacuated tube collectors. Exploiting 50% of the solar thermal energy
that is not used for conditioning of the building a minimum SPB period of 8 years is
obtained in Benevento and 12 years in Milano. It decreases to a minimum of 6 years

when the full use of solar thermal energy is assumed.
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Figure 2.17: The best Simple Pay Back periods of the Alternative System with evacuated tube
collectors in Benevento (BN) and Milano (MI).
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Chapter 3

Desiccant-based AHU interacting with a
CPVT collector: Simulation of energy and

environmental performance
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3.1 Introduction

Desiccant-based Air Handling Units (AHU) provide significant technical and
energy/environmental advantages with respect to conventional systems, especially when
the regeneration of the desiccant material is obtained by means of a renewable energy
source, such as solar energy. In this chapter one considers that thermal energy for DW
regeneration is provided by CPVT (Concentrating Photovoltaic/Thermal) collectors,
simultaneously producing also electricity. These collectors are considered one of the
most promising solar technologies. In fact, CPVT thermal energy can drive (integrated
by a natural-gas fired boiler) a desiccant-based AHU, since the silica-gel wheel, used
for the dehumidification and included in that system, must be continuously regenerated.
The regeneration temperature of the wheel (40-70 °C, depending on the
dehumidification required) is compatible with the CPVT outlet temperature (80—100
°C). Simultaneously, the electricity produced by CPVT collectors can feed the auxiliary
devices of the plant and balance the electric load of the building. Furthermore, the heat
supplied from the solar collector can be used for the pre and post heating of the process

air during winter operation.

3.2 Loads characterization

The sensible and latent loads have been determined by simulating the same building
described previously (Section 2.2) only in Benevento. The occupancy schedule, the
activities done, the temperature and humidity set points are the same. The only
difference from the simulations of Chapter 2 concerns the air-conditioning operation
period that, in this case, starts with the opening of the classroom. The loads calculated

on an annual basis are reported in Table 3.1.

Table 3.1: Building loads.

Intermediate
Load Summer Period Winter Period
Period
Sensible [MWh] 1.50 2.65 -
Latent [MWh] 0.68 0.57 -
Electric [MWh] 0.44 0.56 0.50
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3.3 Plant configuration and operation

In this paper, the MCHP which is considered as a heat source in the test facility, is
replaced by CPVT collectors equipped with triple junction cells (Figure 3.1). In order to
supply the system with a high amount of thermal energy through the renewable energy

source, two CPVT solar collectors are considered in the following set-up.
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Figure 3.1: Scheme of the simulated plant in summer period.

For an easier understanding of the operation of the system, it can be divided into two
subsystems: which are the solar subsystem, and the cooling/heating subsystem. The
solar subsystem includes: solar collectors, pump, heat exchanger for the domestic hot
water and thermal storage tank. The cooling/heating subsystem instead includes: the
chiller (only in summer operation), the boiler and the air handling units. As regards the
solar subsystem, CPVT collectors all year long collect solar radiation and convert it
simultaneously in thermal and electrical energies. Thermal energy, available as hot
water, is stored in the tank. The circulation pump of the solar loop is switched on only
when the solar collectors outlet temperature is higher than the inlet one. In addition, the
plant control system regulates the flow rate of the pump in the solar loop (from 10% to
100% of its rated power) in order to achieve the CPVT set-point outlet temperature (80
°C during the summer period and 60 °C during the winter). However, when solar

radiation is particularly high and/or heat demand is scarce, CPVT outlet temperature
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may exceed the fixed set point. In this case, the temperature of the fluid is reduced by a
heat exchanger simultaneously producing domestic hot water. The heat exchanger is
therefore a further tool for the control of the temperature of the heat transfer fluid
which, unlike the classical dissipation systems used in solar cooling plants (dry coolers),
allows one to convert exceeding solar energy into useful energy (domestic hot water).
Moreover, in order to improve CPVT thermal production also when the air-conditioning
system is switched off (intermediate season and weekend days), a three-way valve is set
to bypass the tank, using only the heat exchanger to continuously produce domestic hot
water instead of maintaining the collectors out of focus. In this period, the control
system tries to maintain the heat transfer fluid at a temperature of 60°C. For example,
considering the energy needs given in Italian Standards (UNI TS 11300) for sports
centers, the system is estimated to be able to meet entirely the demand for DHW of a
sports center equipped with 18 showers (100 1/(shower day)). As regards the
cooling/heating subsystem, the AHU supplies air to the conditioned space in order to
maintain comfort conditions. During the summer period the thermal energy, taken from
the tank, is used to regenerate the hygroscopic material (silica—gel) of the desiccant
wheel, this process is necessary for the dehumidification of the outdoor air. The
temperature at which the regeneration process takes place depends on the amount of
moisture to remove from the outdoor air. The control system compares the tank and the
regeneration temperatures and if the former is lower it turns the boiler on. After this
dehumidification process, the chiller provides cooling energy to the process air to also
balance the sensible load. The processes taking place in the AHU have already been
described in detail in Section 2.3.1. During the winter, the thermal energy stored into
the tank is exploited to heat the outdoor air, however if storage temperature is too low
when compared to that required for the processes that have been described in Section
2.3.2, then the natural gas boiler supplies the missing energy. The electricity produced
by the CPVT collectors drive the pumps, the AHU auxiliaries, the electric chiller and
satisfies as far as possible the electric load. When the electricity production is low
compared to the amount required to operate the system, further electric power is taken
from the electric grid; instead, when the production exceeds the demand, the exceeding
part is fed into the grid. Hereinafter, the main component of the system, the CPVT solar
collector, not previously described (Chapter 1and Chapter 2), is briefly described.
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3.3.1 Concentrating Photovoltaic/Thermal Solar Collector [76]

The idea of CPVT considered in this study is based on the work of Bernardo [77] and
Bernardo et al. [78] and on a prototype that has been recently commercialized [77-79].
The CPVT (Figure 3.2) consists of a parabolic trough concentrator and a one-axis
tracking system that uses the same operating principle of solar thermal Parabolic
Trough Collectors (PTC) [80-82]. The collector is placed horizontally with its axis
North—South oriented, whereas the tracking system follows the solar azimuth angle. In
solar thermal PTC, an evacuated tube for heating the fluid is installed at the focus of the
parabola while in the considered CPVT system the focus of the parabola is equipped
with a triangular receiver (Figure 3.2). A metallic substrate is used between the circular
fluid channel and the external surfaces (PV layer and top surface in Figure 3.2) in order
to allow conductive heat transfer.

The two sides of the triangle facing the parabolic concentrator are equipped with triple-
junction PV layers, whereas the top side of the receiver is equipped with a thermal
absorber. The triangular receiver includes an inner channel through which the fluid to

be heated flows.
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Figure 3.2: CPVT layout [76].

Therefore, the solar irradiation collected is converted simultaneously into electricity by
the PV layer and into thermal energy by the heated fluid. In summary, the system
considered in this work is basically the same as the one shown in the references [77-78],
with only two main differences:

a) there is no covering glass;

b) the PV layer is based on InGaP/InGaAs/Ge triple-junction solar cells [83].
These two modifications increase significantly the electrical efficiency of the system
with respect to the values reported in references [77-78]. In fact, the covering glass is

used to increase the thermal efficiency of the system, as it reduces convection and
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radiation losses. The glass also reduces the radiation incident on the PV layer, causing a
possible decrease of the electrical efficiency of the system. However, the triple-junction
cells are significantly more efficient than silicon ones and they are also less sensitive to

the variation of the operating temperature.

3.4 Mathematical models

In this chapter, the presented simulations are also performed using the commercial
software TRNSYS 17 [58] integrated with the TESS libraries [59]. The project has been
developed, implementing some models taken from TRNSYS libraries. Additional
models were developed by Calise et al. [76], during their research activities. Such
models was implemented in Fortran and linked to the TRNSYS simulation
environment. All the models included in TRNSYS library are considered highly reliable
by the scientific community. The models of the used components were previously
validated by experimental data, as shown in references.

The validation of the whole plant has not been carried out because the experimental set-
up, unfortunately does not include the CPVT collectors. However, considering that all
the components were previously and successfully validated against experimental data, it
can be assumed that the simulated results are highly reliable. The model of the CPVT
collector 1s described below. The other components are the same ones of the system
described in the previous chapter, therefore, are not described again.

The performance assessment of the proposed system is carried out by calculating the
energy and environmental indices introduced in Section 2.5.3, however, it should be
noted that in this case there are bidirectional flows of electricity with the electric grid
and so the primary energy (£),) of the alternative system is evaluated taking into account
that the energy efficiency of the Italian national electric system, including transmission
and distribution losses is 42% (CO; equivalent emission is 0.573 kgCO,/kWh) when
the energy is taken from the grid, 43.5% (CO, equivalent emission is 0.550
kgCO»/kWh,) when the energy is fed into the grid (since transmission losses are
avoided).The economic analysis cannot be performed because the solar collector is not

yet commercialized.

3.4.1 CPVT collectors [76]
The general assumptions adopted for the model are: thermodynamic equilibrium, steady

state, negligible kinetic and gravitational terms in the energy balances and radiation
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uniformly concentrated along PV area. In addition, negligible temperature gradients in
the PV film and in the substrate are assumed due to the small thickness of the PV layer
and the high conductivity in the metal substrate. In other words, PV and substrate
temperatures are assumed uniform. The system is assumed to operate below 100 °C,
since it is safer for the reliability of PV cells, although the system can theoretically
operate up to 240 °C [84]. In this case, the CPVT could drive a double effect
Absorption Chiller, significantly increasing the overall efficiency of the system.
However, this possibility must still be explored by experimental tests. Water was
assumed as cooling fluid. Nevertheless, several types of cooling fluids can be
considered in the model.

The thermodynamic and thermo-physical properties of the fluids, namely air and water,
are calculated using the appropriate routine included in TRNSYS. The concentration
ratio is defined as the ratio between the area, 4py7, of the two PV triangular sides of the

receiver, and the aperture area, 4,,, of the concentrator:

Cpyr = Ay / Apyr (3-1)

The optical efficiency (7,,) of the concentrator is assumed being constant [84].

Therefore, the radiation incident on the PV surface is:
Gpyr = Apyrl bCPVTUOptMM th (3-2)

As it is commonly done in concentrating systems, only the beam incident radiation (/)
is considered in the previous equation. Such radiation is corrected considering both the
optical efficiency of the receiver and the Incidence Angle Modifier (IAM;,) [64], that
takes into account that the radiation decreases when the angle of incidence increases.
The IAM,, related to the thermal production is evaluated on the basis of the data
experimentally calculated by Bernardo et al. [77,78].

Simultaneously, additional thermal energy is absorbed by the surface, 4;0p, of the top

thermal absorber whose absorptance is .

Qtop = AtopGatop (3'3)

The radiative heat transfer between the top absorber and the sky can be calculated as

follows [64]:

- _ 4 74
Qtop—sky - AtopgmpG(Tmp Tsky) 34
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Here, the sky equivalent temperature (7,) is calculated using TRNSY'S routine. 7}, is
the temperature of the top surface, ¢, is its emittance and o is the Stefan-Bolzmann
costant.

Similarly, the radiative heat transfer between the PVT and the concentrator [64]:

Q-PVchonc = Apyr OF pyr (T leT - T;:inc) (3-5)

where Tpyrand T,,,. are respectively PVT and concentrator surfaces temperatures.

The convective heat transfer between the PVT and the air is calculated as follows [85]:

Qconv,PVT = Apyr hc,PVT (T pr — 1, ) (3-6)

where /. pyr is the convective heat transfer coefficient between lateral absorber and the
air.

The convection heat transfer between the top absorber and the air is [85]:

Qconv,top = Atophc,top (T;o -T, ) (3-7)

where /., 1s the convective heat transfer coefficient between top absorber and the air.

The gross electrical power produced by the PV layer is:

P PVT, gross = CPVT APVT I b noptnPV [AM el (3-8)

The electrical efficiency of the triple-junction PV (#py) is experimentally related to the

concentration ratio and to the temperature [84]:

Npy =0.298+0.0142In(Cyp )+ [~7.15+0.697 In(C,, )] - 107 (T, —298) 39)

Note that this equation returns ultra-high values of electrical efficiency, also
approaching 40%, as usual in III-V PV cells. The IAM,; is also evaluated on the basis of
the experimental data provided by Bernardo et al. [77,78].

The net power produced by the system is reduced by the amount of electricity lost in the
module connections and in the inverter, considering the corresponding efficiencies (#mod

and 7;,,) [84]:

P

PVT ,net

= PPVT,grosﬁmodninv (3-10)

Finally, the heat absorbed by the cooling fluid is:

Q/‘ = mf (hf,out - hf,in ) 3-11)
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Therefore, the overall energy balance on a control volume that included the entire

triangular receiver is:

APVT Ib CPVT nopt]AMth + AtopGatop = mf (hf,out - hf,in )+ CPVT APVT Ib noptnPV ]AMel +
APVT Ib napt[AMth pPVT + Atupgtopa(]-'tjp - T:/l(y )+ AtangVT U(T;VT - ch}nc )+ APVT hc’,PVT (TPVT - Ta )+ (3-12)
A b, (T, -T)

top” “c,top

A second energy balance considers the control volume that includes the metallic
substrate and the fluid channel. In this study, this control volume can be considered as a
heat exchanger. In particular, it is assumed here that the temperature of the metallic
substrate is homogeneous along both radial and circumferential directions. According to
the 0-D approach implemented here, the performance of the heat exchanger can be
calculated using the well-known &-NTU technique [86]. For the case under

consideration, the NTU number is:

A
NTU =| = [ —+1,, (3-13)
mgC, s hy

where ry,;, 18 the thermal resistance of the metallic substrate, m . is the fluid mass flow

rate and ¢, rits specific heat.

The energy balance for the considered heat exchanger is:

mf (hf,out - hf,in ) = ‘c]hfcp,f (T;ub - Tz'n) (3-14)

where Ty, is the temperature of the metallic substrate.
The third of the required five equations is derived from an energy balance on a control

volume including the PVT layer, and the metallic substrate.

T,,—T T,,—T,
PIT sub __ sub top
APVT o= mf (hf,out - hf,m )+ Atop (3-15)
rPVTfsub rtop

A fourth energy balance can be considered with respect to the control volume that

includes the top side of the substrate and the top surface of the triangular receiver:

4—

T;ub - T;op _ ( 4 ) ( )
Atop — +t Atothop - Atothopptop + ‘Aropgtopc7 T;op T;ky + Atophc,top Tt'op - T;z (3-16)

I/;op

Finally, the last energy balance considers the control volume that includes only the

parabolic concentrator.
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APVT OF pyr (T;VT - Tcinc)-l_ GA,,, =4 agconc,back (ch)nc - Tsjcy )+

Aconc L’,COizc,ﬁont(Tmnc - Ta )+ A h (T -T ) (3-17)

conc' “c,conc,back \* conc a

Egs. (3-12), (3-14), (3-15), (3-16), (3-17) represent a system of five equations in the
above mentioned five unknowns. This system of equations is highly nonlinear as a
consequence of the radiative terms included in the energy balances and also of the
correlations for the calculations of heat transfer coefficients. This system must be solved
by conventional numerical iterative techniques.

The overall performance of the CPVT is often evaluated using the well-known thermal
and electrical efficiencies, which are conventionally related to the incident beam

radiation and to the collector aperture area:

77CPVTth = mf (hout _ hin )/Aaplb (3-18)

Nepvr et = Coyr Apyr 1, Mopdlpy 1AM, /Aaplb (3-19)

CPVT design parameters are reported in Table 3.2 [77,78,84,87,88]. For the design

parameters assumed in this table, the concentration ratio is 10.

Table 3.2: CPVT design parameters

Parameter Symbol Value Unit
CPVT aperture area Agp 12 m’
Top absorber area Arop 0.60 m’
PV layer area Apyr 1.2 m?
Fluid channel diameter d 0.03 M
Fluid specific heat Cof 419  kJ/(kgK)
Rated fluid flow rate n 0.15  kg/s
Top surface absorptance OCltop 090 -
Concentrator absorptance Oconc 0.03 -
Back surface concentrator  E.one 0.30 -
emissivity

Top surface emissivity E1op 0.20 -

PV reflectance PPVT 0.03 -

PV emissivity EpVT 0.20 -
TIAM electrical coefficient boer 0.28 -
IAM thermal coefficient bowm 0.14 -
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3.5 Simulation and results

As stated above, the air conditioning system is switched on only during the summer
(June 1st — September 15th) and in the winter (November 15th — March 31st). It is off
on weekend days and during intermediate period (April 1st — May 30th and September
16th — November 14th). The simulations have been carried out using a time step of 1.5
min. The design parameters of the components have been set according to the values
obtained from the experimental tests, when they are available. In all the other cases the
design parameters were set on the basis of the rated values of the components. As CS in
the summer period, a standard AHU in which the process air is mechanically
dehumidified and then post-heated, was simulated. A vapor compression chiller with a
cooling capacity of 16 kW fed the cooling coil whereas the 24 kW boiler (775 = 90.2%)
fed the post-heating heat exchanger. In winter the CS and the AS are the same except
for the source of heat that consists solely of the boiler in the CS. All electricity in the
building-plant system is taken from the grid and DHW is produced with the boiler.

The classroom has no DHW demands, therefore it is assumed that such DHW is
provided to a nearby building (i.e. a gym or a hotel) that has a constant daily DHW
demand.

The simulation tool developed in this paper allows one to analyze the results on any
time basis desired. In fact, simulations return both dynamic temperature and powers
plots and such results may be integrated on whatever time-basis (hours, weeks, months,
year, etc.). As a consequence, each simulation returns a huge amount of data useful for
the designer of the system. For the sake of brevity in this analysis, dynamic plots will be
shown only for two representative summer and winter days. Conversely, monthly-
integrated results will be presented in order to show the variations of the main
parameters during the year. Finally, the overall performance of the system under
investigation is analyzed presenting the yearly values of the selected parameters.
Results of simulations on a daily (with reference to a typical summer day and one
winter), monthly and annual basis will be reported and analyzed below.

Figure 3.3 shows the thermal (a) and electrical powers (b) of a typical summer day (July
27th). Here, it is clearly shown that the load dramatically depends on the presence of
people in the classroom. In particular, the latent load (Figure 3.3 a, gray line, Q)

shows a trend similar that of the occupancy (Figure 2.1).
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Figure 3.3: Typical summer weekday powers (27/07).

Concerning the combined production of electric energy and heat, as was reasonable to
expect, the solar collector has higher efficiency in the thermal conversion than in the
electric one. As expected, CPVT thermal and electrical powers (Qcpyr, Pcpyr)
dramatically depend on the availability of beam radiation (/,). The figure also shows
that the thermal flow produced by the CPVT is significantly higher than the electrical
one. This is due to the fact that the thermal efficiency of the CPVT under investigation
fluctuates around 50%, whereas the electrical efficiency is typically close to 20%. Such
values, calculated with respect to the incident beam radiation, show excellent
performance of the proposed CPVT from both thermal and electrical points of view.
For the selected summer day, the thermal energy stored is adequate to regenerate the
DW. In fact, the auxiliary power demanded to the boiler is negligible (Qp, magenta line)
and the curve representing the energy taken from the tank (Qyr) covers perfectly that of
the regeneration (Qye;). The CPVT thermal energy production (Qcpyr) starts in the early
morning when there is no heat demand from DW regeneration (Q,.,). During this
period, CPVT heat is stored in the tank and a significant production of DHW (Qpuw)
takes place in the last part of this period (8:00-10:00). Further on, when the AHU is
activated, CPVT thermal production (Qcpyr) is sometimes higher than regeneration
demand (Qg). As a consequence and in this circumstance, the tank is charged.
Conversely, when CPVT thermal power is lower than DW regeneration demand, some
heat is taken from the tank, which is discharged. For the selected summer day, a certain

amount of thermal energy remains stored in the tank (3.31 kWh).
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Figure 3.3 (b) also shown that CPVT electric energy in the early morning is almost
entirely fed into the grid (Pcpyr = P;g). This happens until the air-conditioning system
stays off, whereas in the central part of the day same power is taken from the grid (Py,),
since CPVT electrical production is lower than system demand (Pcpyr <Pioaa).

As regards the winter day (February 14th), (Figure 3.4 (a)) one observes that the solar
subsystem provides the majority of the thermal energy to the pre- and post-heating of
the process air; the contribution of the boiler (Qp) is limited to the initial and final part
of the day. In particular, the pre and post-heating thermal energy (79 kWh) is balanced
for about 83% by the tank energy and for the remaining 17% by the boiler energy. Here,
CPVT thermal energy produced in the early morning (7:00-9:00) is stored in the tank
and then is used in the afternoon. Figure 3.4 (a) also shows that after 3:00 in the
afternoon and up to about 5:00 pm solar thermal production is lower than the load of
pre- and post-heating (Ocpyr < Qpre + Opos) and then becomes null. In this case, the
tank is discharged, reducing its temperature, and provides a part of the demanded
thermal power (Qpre + Opost). The additional amount of heat is produced by the boiler

(O, magenta curve).
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Figure 3.4: Typical winter weekday powers (14/02).

For the selected winter day, CPVT solar thermal energy production (64.0 kWh) is
slightly lower than the energy taken from the tank (65.4 kWh). The DHW production is
not significant (QOpyw).

The electrical load of users is lower than CPVT generation (P < Pcpyr) because the

electric chiller is off, however between 16:00 and 18:00, some power is taken from the
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grid (Pyg), and in the remaining part of the day there is always an amount of power (P, )
fed into the grid (10.7 kWh), (Figure 3.4 (b)).

Note that the thermal and electrical performance of the CPVT dramatically varies
between the selected summer (Figure 3.3) and winter (Figure 3.4) day. This is due to the
fact that the selected CPVT collector is particularly sensitive to the availability of beam
radiation. As a consequence, during the winter both CPVT thermal and electrical
performance dramatically decrease.

The monthly-integrated results in terms of thermal energy are shown in Figure 3.5, in
Figure 3.6 electrical energy is reported.

As expected, CPVT thermal energy (Eu cpyr) 1s very low in the months of January,
February, November and December, significantly lower than half of the heating
requirements of pre-and post-heating (Epe+posr) and DHW (Ey, puw). Particularly in
January and December, CPVT thermal energy is scarce and the majority of the

demanded heat is provided by the boiler (EtjfB ). This is due to dramatic decrease of

CPVT thermal performance during the winter, previously discussed. In the other three
months, the availability of the solar source increases and the AHU thermal energy
demand (Ep+p0s) decreases simultaneously. As a consequence, a higher amount of

DHW is also produced (Ex, prw)-
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Figure 3.5: Monthly thermal energies of the conventional and alternative system.
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Moving on to the intermediate period, Figure 3.5 shows that there is a high availability
of solar thermal energy (E, cpyr), Which is converted mainly in DHW (Ey, pgw) since no

thermal demand comes from DW regeneration (E.y).
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Figure 3.6: Monthly electric energies of the conventional and alternative system.

The production of DHW decreases in the summer period (June — September) since the
load of regeneration (E,.,) grows and the thermal energy of CPVT (E, cpyr) 1s primarily
used in the AHU. Approximately 2/3 of regenerative energy is drawn from the solar
storage tank (pink curve, Ej/7) during the hottest months of July and August.
Comparing, the reference system and the one presented in this paper, it is noted that the
cooling energy supplied from the chiller in the reference system (dashed dark green
line, E€S

cool

) is higher than that of the novel one (dotted grey line, £ ), while the

cool

thermal energy used in the reference AHU for the post heating is much lower than that

of regeneration (£,.g). In fact, the contribution of the boiler in the reference system (

EyS > Eupuw) is slightly higher than that due to the DHW.
The electric load (including the user) of the proposed system ( £;° ) proves to be always

higher than the one of the reference system ( £5%) except in the summer months when

the use of the electric chiller becomes predominant when compared to the surplus of
electrical energy required to operate the solar subsystem. Taking into account that
CPVT collectors also provide electric energy, the total energy taken from the grid

(Eezq) for the proposed novel system is always lower than that of the reference one (
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ES®). The peak of electricity fed into the grid (E,;,¢) occurs in the intermediate season

and not in the summer period when electricity demand of the auxiliary components of
the system increases and consequently the on-site consumption grows.

The results concerning the electricity are shown in Figure 3.7 and in Figure 3.8. The
electricity fed into the grid (E.;,¢) exceeds the one taken from it (£, z,). In particular,
during weekend days the majority of the electrical energy (except for the consumption
of the solar circuit pump) is fed into the grid. In addition, the energy fed into the grid
decreases from the intermediate season, through the summer and to the winter period.
However, during the cooling period the energy taken from the grid is at its maximum.

Total
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Weekdays (3_40,=103 KWWh) Weekend days
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24%
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Figure 3.7: Electric energy fed into the grid.
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Figure 3.8: Electric energy taken from the grid.

The majority of the DHW thermal production (£, ppw) occurs during the weekdays and
the intermediate seasons since there is no thermal energy demand by the plant, while the

summer season provides the greatest contribution in the weekend days (Figure 3.9).
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Figure 3.9: DHW energy production.

Considering the operation of the system in heating mode (Figure 3.10), it is clear that
most of the electrical energy produced by the CPVT is consumed on-site (E¢;pp-sire) and
this amount can balance about 40% of the total demand of the building-plant system (

E}°). As regards the thermal energy produced by the solar collector (Ey,cpyr), less than

15% is used for DHW (Ey, prw), while the remaining part is stored (Ey, 7). Regarding
the heat required by the AHU (£ ¢+ post = 5.86*10° kWh), the contribution of the boiler (

EAS

5 18 slightly higher than the other contributions (Ev. 1, Eu,rec)-
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Figure 3.10: Seasonal results in heating mode operation.



Considering the operation of the system in cooling mode, Figure 3.11 shows that the
majority of the electrical energy produced by the CPVT (E,;cpyr) is consumed on-site

(Eeronsize) and this amount can balance over 50% of the total demand of the building-
plant system (E.°). Regarding the thermal energy produced by the solar collector

(Ewm.cpvr) a greater percentage compared to winter is used for the production of DHW

(Em,puw). Regarding the thermal energy required for the DW regeneration (E,.) the
contribution of the boiler ( E;;},) is slightly higher than 40%, this means that the solar

fraction (the contribution taken from the storage tank, £y, s7) is about 60%.
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Figure 3.11: Summer energy distribution.

The annual results also show that the CPVT electrical and thermal efficiencies are
respectively 21.15% and 55.32%. Note that such values are calculated with respect to
the incident beam radiation and the thermal efficiency is similar to the one reported for
other CPVT systems. Conversely a very high value of the electrical efficiency is
achieved. Such good result is basically due to the use of III-V PV cells, showing ultra-
high electrical efficiency.

Finally, PES and 4CO, were evaluated considering different percentages of DHW usage
(Figure 3.12). It is observed that a primary energy savings higher than 81% and

emissions avoided for about 85% are an excellent result for the innovative plant,
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although the DHW is not considered. This additional quantity further increases the
energy and the environmental benefits achievable. The exploitation of solar collectors
all year long (intermediate period, Saturday and Sunday) enhances these benefits though
arguably the improvement is more impressive if the primary energies are considered. As
a matter of fact, the primary energy of the traditional system passes from 1.80*10* kWh
to 3.04*10* kWh, whether the DHW produced with the solar system is considered or
not, instead that of the AS remains at 3.34* 10° kWh.

52% ! ! , !

90%

88%

BE%

PES, AC02

4%

82%

i i i I
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Figure 3.12: PES and ACO, as a function of DHW usage.
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Chapter 4

Solar-assisted Desiccant-based Air Handling

Unit: Alternative Scenarios
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4.1 Introduction

In the last few years the Desiccant and Evaporative Cooling (DEC) devices have been
widely studied as a suitable alternative to conventional electrical-driven HVAC systems.
They allow several benefits in terms of humidity control, indoor air quality, CO,
emissions reduction, primary energy and electricity savings [89]. The last three
advantages are further improved considering solar energy as the main source of energy
for the plant.

The Solar-driven Desiccant and Evaporative Cooling systems (SDEC), as stated above,
are composed of two main parts: a solar field and an air handling unit (AHU). Solar
thermal energy collected by solar collectors is used to regenerate the hygroscopic
material which ensures the dehumidification of process air. Storage and back-up
systems are often used in these innovative plants to compensate for the temporary lack
or reduction of the solar source. In order to improve the performance of SDEC plants,
researchers have evaluated alternative solutions for both the solar subsystem and the
AHU configurations.

In the two preceding Chapters the coupling of different collector types and solar field
configurations with the desiccant-based AHU, modelled on the basis of the
experimental one, have been described. Through TRNSYS dynamic simulations, the
performances of these innovative systems have been evaluated considering also that the
excesses of solar thermal energy can be dissipated, partially or completely exploited.
Hereinafter, instead, three alternative AHU layouts are investigated to assess the energy,
environmental and economics indices introduced before. However the analyses are
developed considering flat plate and evacuated tube solar collector, three collecting
surfaces, a range of value for the tilt angles and three percentages of the solar thermal
energy surpluses usage. For an easier and more immediate identification of the
alternative configurations, below, they will be denominated Scenarios. In order to have
an immediate comparison of the results deriving from the standard and modified plants
also the performance curves of the standard configuration, Scenario A, (Chapter 2) are
shown.

The first analyzed alternative scenario (Scenario B) provides the use of the heat rejected
by the condenser of the chiller to pre-heat the regeneration air flow. In the second
alternative scenario (Scenario B), pre-heating of the regeneration air is realized with the
warmer regeneration air exiting the desiccant wheel. In the third alternative scenario

(Scenario D), pre-cooling of the process air before entering the desiccant wheel is
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considered. These three modifications lead to a reduction of the required thermal energy
for regeneration with respect to a reference system. Modifications involving
regeneration air pre-heating determine very similar performance increases, while with
the third solution (process air pre-cooling) the benefits, in terms of energy, emissions

and economic analysis, are greater.

4.2 Loads characterization

As sensible and latent loads the energy demands of the university classroom located in
Benevento are considered in the following analyses. Detailed information of the
building features and occupancy are described in Section 2.2. Moreover, also in this
case, further low temperature use of the solar thermal energy surpluses are taken into

account.

4.3 Alternative layouts for the innovative system

Starting from the standard configuration of the innovative system (Figure 2.2), three
alternative solutions for the cooling operation are proposed and described below.
Instead, the heating layout remains the same in all scenarios (Figure 2.4). These
modifications of the innovative AHU aim to improve system performance. The first
alternative scenario (Scenario B) consists in the recovery of the heat rejected by the
condenser of the chiller, to pre-heat the regeneration air flow. The second scenario
(Scenario C) consists in the pre-heating of regeneration air with the warmer
regeneration air exiting the desiccant wheel. The last scenario (Scenario D) involves the
pre-cooling of the process air before entering the desiccant wheel.

These alternative AHU layouts allow to always maintain comfort conditions in the
conditioned space.

With regard to the solar subsystem, as done in Chapter 2 several arrangements,
differentiated by collector type (flat-plate and evacuated tubes), collecting surface
(approximately 20, 27 and 34 m?) and tilt angle (20-55°) are considered. These
arrangements are then combined with the three alternative previously introduced
scenarios.

The AHU technical and operational details will be illustrated for the different scenarios

in the following subsections.

86



4.3.1 Desiccant-based AHU with heat recovery from chiller condenser
(Scenario B)

In hybrid desiccant-based plants, it is convenient to use integrated heat pump systems:
cooling energy from the chiller (evaporator) is used for an accurate control of the supply
air temperature and thermal energy (condenser) is used to pre-heat the regeneration air
flow.

In the standard configuration (Scenario A, Figure 2.2), the chiller supplies cooling
energy only, to control the temperature of the process air. Thermal energy of the
condensation phase (rejected heat) is dissipated in the environment. Therefore a first
modification to the standard plant consists in recovering part of the condensation heat
by using a share of the condenser air flow rate (3300 m*/h) as regeneration air.

As regards the process and cooling air flows, the AHU (Figure 4.1) remains unchanged
compared to the standard configuration, whereas, for the regeneration air a pre-heating
process with heat recovery from chiller condenser appears (1-5) reducing the
contribution from the heating coil (HC) (5-6), that is used only to ensure the required

temperature for the regeneration process (6-7), Figure 4.2.
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Figure 4.1: Scheme of the simulated Desiccant-based AHU with heat recovery from chiller

condenser (cooling operation, Scenario B).
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Figure 4.2: Psychrometric diagram with air transformation of the AHU with heat recovery from

chiller condenser (cooling operation, Scenario B).

4.3.2 Desiccant-based AHU with cross-flow heat recovery unit (Scenario C)

In the hybrid AHU, the highest temperature level is reached by the regeneration air
before passing through the desiccant wheel; at the outlet of this component, the air still
has a temperature greater than the outside one, therefore it can be advantageously used
to pre-heat the regeneration air flow, drawn from the outside.

Several devices exist for heat recovery [90]. In this case an other cross-flow heat
exchanger, CF2 (Figure 4.3), is used, and simulated using experimental results for the
cross flow heat exchanger of the test facility (CF) to calibrate and validate the model.
Therefore, the regeneration air is pre-heated (1-5) in CF2, further heated in HC (5-6)
with the thermal energy supplied by solar subsystem, then it proceeds to regenerate the
DW (6-7) and passes through the recuperative heat exchanger CF2 (7-8), Figure 4.4.
The HC has the task of ensuring the desired regeneration temperature.

Due to the presence of this new component a higher power requirement for the
regeneration fan is assumed (350 W). Also in this scenario, the cooling and process air

ducts remain identical to those of the standard plant.
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Figure 4.3: Scheme of the simulated Desiccant-based AHU with cross-flow heat recovery unit

(cooling operation, Scenario C).
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Figure 4.4: Psychrometric diagram with air transformation of the AHU with cross-flow heat

recovery unit (cooling operation, Scenario C).
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4.3.3 Desiccant-based AHU with pre-cooling of process air (Scenario D)
Pre-cooling/dehumidification of the process air before dehumidification with desiccant
wheel has two advantages:
1) allows the operation even in places characterized by very humid climates [6];
2) reduces the regeneration temperature for a given value of the desired humidity
ratio reduction [53].
Analyzing the simulated and experimental results of the standard configuration, one
notes that the chilled water temperature after the heat exchange in the CC is still lower
than that of the outside air, so the possibility of employing a pre-cooling coil (CC2)
(Figure 4.5) can be evaluated. In some climatic conditions (high relative humidity), a

slight pre-dehumidification process can also occur in this pre-cooling coil.
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Figure 4.5: Scheme of the simulated Desiccant-based AHU with pre-cooling coil (cooling operation,

Scenario D).

In this scenario, the transformations of the regeneration and cooling air remain
unchanged with respect to standard configuration, instead the process air is firstly pre-
cooled (1-2), then dehumidified by adsorption (2-3), cooled in CF (3-4), and finally
cooled in CC (4-5), .
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Figure 4.6: Psychrometric diagram with air transformation of the AHU with pre-cooling coil

(cooling operation, Scenario D).

4.4 Models and performance assessment methodology

Dynamic simulations with a time step of 1.5 min have been carried out using the
software “TRNSYS 177 [58] integrated with the “TESS” libraries [59]. The models of
the main plant components are described and characterized in detail in the works of
Angrisani et al. [52], [71] and reported in Chapter 2. Energy, environmental and
economic performances are assessed by evaluating the Primary Energy Saving (PES,
eq. 2-7), the equivalent CO, avoided emission (ACO,, eq. 2-9) and the Simple Pay Back
period (SPB, eq. 2-11).

The components parameters have been chosen on the basis of experimental values,
when available, or according to the rated values otherwise (see Chapter 2). The new
components included in the modified configurations are chosen with the same
characteristic of those already used in the experimental plant. Therefore the

mathematical models are not described again.

4.5 Simulation and results
The operation of the alternative and conventional systems is simulated considering
Space cooling energy demands during weekdays of summer season (June Ist —

September 15th); space heating energy demands during weekdays of winter period
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(November 15th — March 31st); hot water production for further thermal energy
demands (with solar thermal energy surplus) all year long.
The electrical devices of the classroom are turned on during its opening hours.
Three further sub-scenarios are considered: 0%, 50% and 100% of the hot water
produced from solar surplus is effectively used for further thermal energy demands.
In order to have an immediate view of the advantages deriving from the plant
modification also the performance curves of the standard configuration, Scenario A,
(Chapter 2) are shown below. Regarding the energy analysis, the PES index, as a
function of the solar collector slope and area, is reported in Figure 4.7, Figure 4.9 and
Figure 4.11 for the hybrid AHU with flat collectors and in Figure 4.8, Figure 4.10 and
Figure 4.12 for the same AHU with evacuated tube collectors. The results reveal that:
1) the PES is always positive, therefore ASs are always energetically convenient
with respect to CS;
2) the energy performance, as expected, improves with increasing collector area
except for Scenario D when 0% of solar thermal energy surplus used is

considered (Figure 4.7d);
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Figure 4.7: Primary Energy Saving of the Alternative Systems with 0% of solar thermal energy
surplus used and flat plate collectors in the four alternative configurations: a) Scenario A, b)

Scenario B, ¢) Scenario C, d) Scenario D.
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3)

the systems with evacuated tube collectors are generally more efficient than
those with flat-plate collectors: there is a difference of about ten percentage
points in the standard configuration (Scenario A, Figures 4.7a and 4.8a) and in
those with the pre-heating process (Scenarios B and C, Figures 4.7b, ¢ and 4.8 b,
¢); six percentage points in the system with the pre-cooling coil (scenario D,

Figures 4.7d and 4.8d);

4) modifications to the AHU when it is coupled to evacuated tube collectors
provide lower improvements in the annual operation (Figure 4.8 b, c), in fact
there is an increase of only 2-3 percentage points in the scenarios that involve
pre-heating of the regeneration air (Scenarios B and C) compared to the standard
system (Scenario A). With flat plate collectors, the increase is slightly higher, 3-
5 percentage points (Figure 4.7 b, c);

5) although the trends of Scenario D and A are not similar, the Scenario D
associated with evacuated collectors provides an average smaller percentage
improvements to the Scenario A with respect to the same configuration coupled
with flat plate collectors (Figures 4.7 and 4.11 d);
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Figure 4.8: Primary Energy Saving of the Alternative Systems with 0% of solar thermal energy

surplus used and evacuated tube collectors in the four alternative configurations: a) Scenario A, b)

Scenario B, ¢) Scenario C, d) Scenario D.
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6)

7)

8)

9)

Scenario D shows some anomalies when 0% of solar thermal energy surplus
used is considered (Figures 4.7 and 4.8d). It allows to get the best performance
but it is also the least affected by the increase of collectors area, confirming the
fact that with the process air pre-cooling less energy is required to regenerate the
desiccant wheel,

Scenario B and C with 0% of solar thermal energy surplus used show similar
performance, the second one is slightly more effective (Figures 4.7 and 4.8 b, ¢);
With 0% of solar thermal energy surplus used and flat plate collectors, the
maximum PES is obtained for a tilt angle of 40°, except than in Scenario D
(Figure 4.7), while with evacuated tube collectors the optimum tilt angle is 40-
45° (Figure 4.8);

for Scenario D with 0% of solar thermal energy surplus used (Figures 4.7d and
4.8d) the maximum PES occurs at tilt angles of 45-55° as the energy benefits are
especially derived from the winter exploitation of solar energy when the sun is

lower on the horizon, while the regeneration energy is significantly reduced;

10) if a certain amount of solar thermal energy surplus is used, a homogenization of

PES curves appears and for all the analyzed solutions the optimal tilt angle is
35° (Figures 4.9-4.12). Because of the long periods (intermediate season and
weekends) in which the AHU is off and the solar energy is not exploited for air
conditioning, the amount of energy associated with the solar surplus becomes

preponderant with respect to the other thermal energy flows;

I1)even if only 50% of the solar thermal energy surplus is used, a huge

performance improvement appears, the best solution (34 m* of collectors and
pre-cooling coil, scenario D) ensures a PES of about 50% with flat plate

collectors (Figure 4.9d), that grows over 61% with evacuated tube collectors

(Figure 4.10d);
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Figure 4.9: Primary Energy Saving of the Alternative Systems with 50% of solar thermal energy

surplus used and flat plate collectors in the four alternative configurations a) Scenario A, b)

Scenario B, ¢) Scenario C, d) Scenario D.

60%
a)
38% = + + g
L S ————
6% *-.
54%
—32%
o g --R--E- -
E 30% g u W
48% -8
46%
44%,
ey o LIS
10% Ty
20 25 30 35 40 45 50 53
Collectors slope [*]
@ 206m™2 — W-274m™2 ——- 343m2
61%
c)
300, -+ R s, ettt S *-
L S il SN
57%
55%
=530 — = P —
2] | |
RO L n
40%,
47% . .
........ @@
45% =t L L
3% e
20 25 30 35 40 45 50 53
Collectors slopa [*]
e 206m™) —E=274m"2 —~4- 343m™2

L
2qe

52%

0%

48%

b
) PO SELTL TTEFYS "
- T
- - B
" a I - _
JREIIILL e [ L. L IR
T ------ - T L
Y
20 25 30 33 40 43 50 35
Collectors slope [7]
o 206m™2 — M- 274m"2 --- 343m"2
d
)__4_--__¢----—¢---—-+----*“__‘
e
. - =0 - -
_m-m R
- - .
o &g
_______ P R
L .
20 23 30 33 40 43 30 33
Collectors slope [7]

e 206m™) —B=-274m") --4- 343m™2

Figure 4.10: Primary Energy Saving of the Alternative Systems with 50% of solar thermal energy
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Figure 4.11: Primary Energy Saving of the Alternative Systems with 100% of solar thermal energy

surplus used and flat plate collectors in the four alternative configurations: a) Scenario A, b)

Scenario B, ¢) Scenario C, d) Scenario D.
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12) taking into account 100% use of solar thermal energy surplus, the maximum
PES always occurs in Scenario D and with a tilt angle of 35°. The performance
grow up to a PES of over 63% (Figure 4.11d) and about 74% (Figure 4.12d)
with the maximum surface of flat plate and evacuated tube collectors,
respectively;

13)in scenario D, with flat plate collectors and tilt angles up to 45° (Figure 4.7d),
the system is more efficient with lower absorbing surfaces. This situation arises
from the fact that with 0% of solar thermal energy surplus used, the annual
increase in electricity demand (E, o1, wp,su; Ep,et,wp,wi; Epeiint; Epeiwep In terms of
primary energy), due to the operation of the solar loop, is not accompanied by a
sufficient reduction of the thermal energy (E, s wp.s. in terms of primary energy)
required by the AHU in the summer (for example see Figure 4.13). In fact the
summer solar fraction (the percentage of thermal energy for regeneration

supplied by the solar subsystem) is very high, about 85%, even with 20 m? of

collectors.
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Figure 4.13: Annual primary energy and equivalent CO, emission associated with seasonal electric
and thermal demands for the plant with pre-cooling coil (Scenario D), flat plate collectors, 40° tilt

angle and 0% of solar thermal energy surplus used.



14)Scenario D with 27 m” of evacuated tube collectors shows the worst
performance (Figures 4.8d and 4.14) among the investigated surfaces. The
curves for 20 and 34 m? almost overlap, as, moving from the former to the latter,
the increase in electricity demand of the solar subsystem balances the increased
availability of thermal energy on an annual basis. The summer solar fraction is

greater than 94% with 20 m” of collectors.
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Figure 4.14: Annual primary energy and equivalent CO, emission associated with seasonal electric
and thermal demands for the plant with pre-cooling coil (Scenario D), evacuated tube collector, 40°

tilt angle and 0% of solar thermal energy surplus used.

With regard to the equivalent CO, emissions, the results are in part different from the
energetic ones. In particular:
1) Scenario D with flat plate collectors operate always better with smaller
collecting surfaces (Figure 4.15d),
2) Scenario D with evacuated tube collectors (Figure 4.16d) and a collecting
surface of 27 m” has higher emissions, it is better with 34 m” and even better

with 20 m?,
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3) Scenarios B and C with flat plate collectors (Figure 4.16 b, c) show that, by
increasing the absorbing surface from 27 to 34 m”, emissions benefits decrease
with respect to the increase from 20 to 27 m’ On the contrary, the
environmental performance of systems with 20 and 27 m® of evacuated tube
collectors are very similar (Figure 4.16 b, ¢).

For the sake of brevity the curves of the avoided equivalent CO, emissions in the case
of total and partial (50%) use of solar thermal energy surplus are not shown. Their
trends, as a function of the tilt angle and of the collectors surface, are similar to those of
PES.

In order to find the energy demands that mainly affect energy and environmental
performance, in Figures 4.13, 4.14 and 4.17 the different shares of primary energy and
CO; emissions are shown. The subscripts e/ and ¢k indicate the primary energy
associated respectively to the electrical and thermal demands of the plant. Assuming the
emission factors as in Chapter 2, (0.207 kg of equivalent CO, are emitted into the
atmosphere per kWh of primary energy due to natural gas consumption and 0.241 kg of
equivalent CO; are emitted per kWh of primary energy due to electricity), it is observed
that:

1) the primary energy and the equivalent CO, emission associated with the summer
electrical requirements of the system (E; ¢ wp,su and CO; e wp,su) 1s always the
largest amount and increases with the absorbing surface;

2) the primary energy and the equivalent CO, emission associated with the
electrical requirements of the periods when the air conditioning is turned off
(Ep.etinss Eperwep and CO3 e iy COz.e1,wep) increase with the collectors area, but
represent a share less important than the other electrical loads;

3) the primary energy demand of the boiler in winter (£, 4 wp,w:) is higher than in
summer (Ey, 4 wp,sum);

4) the primary energy and the equivalent CO, emission associated with the heat
supplied by the boiler in the winter period (E, s wpwi and COs s wpwi) has a
decreasing trend with the surface of the solar field,

5) the thermal energy provided by the boiler during summer (E, 4w, sum)
insignificantly contributes to the total primary energy and equivalent CO;
emissions when referring to systems with evacuated tube collectors (Figures

4.14 and 4.17).
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Figure 4.17: Annual primary energy and equivalent CO, emission associated with seasonal electric
and thermal demands for the plant with cross-flow heat recovery unit (scenario C), evacuated tube

collectors, tilt angle of 40° and 0% of solar thermal energy surplus used.

As regards economic analysis, the SDEC system are more expensive than conventional
plants, mainly due to the presence of a DW, a solar field and a thermal storage tank.

The Italian financial support mechanism, currently applicable to this type of renewable
energy based plant, establishes a contribution that depends on the surface and kind of
solar collectors employed, but it does not take into account the typology of solar cooling
system installed (with absorption or adsorption heat pumps, DEC etc.). For the specific
applications considered in this paper, it occurs that economic subsidy is low to obtain an
acceptable payback period if these systems are only used for the air-conditioning.

If 50% of surplus solar thermal energy is exploited, the SPB period ranges between 20
and 7 years, with the lowest value obtained when the maximum flat plate solar
collectors surface (about 34 m?), optimal tilt angle and pre-cooling/dehumidification
coil (Scenario D) are chosen. The largest value, instead, occurs for the standard system
(Scenario A) worse tilt angle and a solar field of 20 m? of flat plat collectors.

When the total use of solar thermal energy surplus is assumed, the differences between

the various scenarios reduce, and the most influential factor becomes the collectors
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surface. SPB ranges between 9 years (Scenario A, 20 m? of flat collectors and optimal

tilt angle) and 3 years (system with pre-cooling and 34 m” of flat plate collectors). The

SPB period for plants with evacuated tube collectors remains 9 years in scenario A with

20 m? of collectors and optimal tilt angle, while a minimum value of 5 years is obtained

in scenario D with 34 m? of collectors.

In order to summarize the best energy, environmental and economic results Tables 4.1

and 4.2 show PES, ACO; and SPB for the four analyzed scenarios with 0, 50 and 100%

use of the solar thermal energy surplus, when the optimal configuration (surface and tilt

angle) are chosen respectively for plants with flat plate and evacuated tube collectors.

The SPB values for cases with 0% use of the solar thermal energy surplus are not

reported because they exceed the useful life of the plant.

Table 4.1: Best energy, environmental and economic results with flat plate collectors.

Scenario A Scenario B
Sub- PES ACO;, SPB PES ACO;, SPB
scenario  [%0] [7o] [y] [7o] [70] [v]
0% 9.74 7.36 - 12.80 10.20 -
50% 43.38 40.13 8 45.50 42.17
100% 58.78 55.81 4 60.40 57.40 4
Scenario C Scenario D
Sub- PES ACO;, SPB PES ACO, SPB
scenario  [%] [“o] [v] [Yo] [70] [v]
0% 13.22 10.50 19.18 17.03 -
50% 45.77 42.37 7 49.37 45.72 7
100% 60.61 57.56 4 63.41 60.23 3

Table 4.2: Best energy, environmental and economic results with evacuated tube collectors.

Scenario A Scenario B
Sub- PES ACO;, SPB PES ACO, SPB
scenario  [%0] [“0] [v] [Yo] [70] [v]
0% 20.45 17.14 - 22.27 18.84 -
50% 58.14 54.72 10 59.44 56.00 10
100% 71.60 68.86 5 72.58 69.84 5
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Scenario C

Scenario D

Sub-  PES  ACO, SPB PES  ACO, SPB
scenario  [%] [Ve] [y] [Ve] [Ve] [y]
0% 2233 18.81 - 2447 2174 -
50%  59.52  56.04 9 61.05  57.47 9
100%  72.65  69.89 5 73.84  71.04 5
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Chapter 5 Micro-trigeneration system with a desiccant-
based air handling unit in Southern Italy

climatic conditions
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5.1 Introduction

The aim of this Chapter, starting from experimental tests carried out in a test facility
located at ‘‘Universita degli Studi del Sannio’’, in Benevento, is to describe and
investigate the technical feasibility of an Micro Combined Cooling, Heating and Power
(MCCHP) system, mainly consisting of a hybrid AHU and a microcogenerator. The
system provides the air-conditioning service to the well-known lecture room (see
previous Chapters) during summer and winter periods. Furthermore, over the whole
year, the cogeneration plant provides thermal energy for DHW production, to a nearby
user (a multifamily house, MFH). The MCCHP system (alternative system, AS) is
compared with a system based on a traditional AHU and on separate electric, thermal
and cooling production (conventional or reference system, CS). Experimental and
manufacturers’ data are used to calibrate and validate models of the main components
and energy conversion devices. These models are used to simulate both systems by
means of the TRNSYS software [58,59], in order to evaluate operational data and
performance parameters. Simulation models taking into account the transient nature of
building and loads, the part-load characteristics of devices and the system energy
management and control are applied. Furthermore, a sensitivity analysis is performed,
to analyze the effect of the share of cogenerated electricity consumed on-site on the

overall techno-economic performance.

5.2 Loads characterization

The 30 seats lecture room is considered again as the building air-conditioned by the
desiccant-based AHU (see Chapter 2). It is assumed that the lecture room has the same
characteristics described in the previous chapters but an activation schedule of the air-
conditioning service from Monday to Saturday, from 8:30 to 19:00 during summer and
winter periods [57].

In addition the DHW demands of the MFH is simulated. Jordan and Vajen have
developed a tool to generate realistic domestic hot water load profiles in the framework
of IEA/SHC Task 26 [91,92]. Those load profiles can be used with TRNSYS. Each
profile consists of a value of water flow rate for every time step; the values of the flow
rate and the time of occurrence of every incidence were selected by statistical means. A
requirement of 1200 | per day was set, corresponding to a MFH with 30 persons, with
an average requirement of 40 1/(person-day). As an example, Figure 5.1 shows the

domestic hot water demand profile in the time scale of 1 min during a day. Considering
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the domestic hot water supply temperature of 45 °C and simulating the temperature of
cold water from the mains, the annual energy requirement for DHW production is 18.2

MWh/year.
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Figure 5.1: Profile of domestic hot water draw.

5.3 Plant configuration and operation
The simulated plant in this case is arranged in a manner more similar to the actual test
facility. The main components are (Figure 5.2):

+ the AHU equipped with a DW,

» the microcogenerator ([51]) fuelled by natural gas (MCHP),

 the electric air-cooled water chiller (CH),

 the natural gas boiler (B),

+ the thermal energy storage (TS).
The air handling unit is the hybrid system that operates in summer configuration with
thermal energy for regeneration purposes provided by the MCHP and/or by the boiler
and cooling energy provided by the electric chiller. A certain amount of electricity
serves for the chiller and for the other auxiliary devices (pumps and fans). This energy
is supplied by the cogenerator and/or by the electric grid. Thermal energy from the
MCHP can be either transferred directly to the heating coil (HC) of the regeneration air
duct or in the TS. The thermal recovery circuit of the MCHP is connected to the internal
heat exchanger placed at the bottom of the TS.
In the situation depicted in Figure 5.2, the lower heat exchanger of the tank and the first

heating coil of the AHU are connected to the MHCP. The second heating coil (HC3) in
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the air handling unit directly interacts in open circuit with the fluid stored in the TS: hot
water is drawn from the upper part of the tank, further heated-up by the boiler (if
necessary to achieve the required regeneration temperature) and sent to the heating coil.
Then the water returns to the TES in the lower part of the tank.

As regards the air handling unit, transformations of the process and cooling air remain
the same, however, those of the regeneration air changes with respect to the solar-driven
plants. In particular, the heating process is performed, if necessary, in two phases (see
Figure 1.7): (1-5) in the heating coil (HC) and (5-6) in the coil HC3. The DW requires a
certain regeneration temperature, mainly depending on the desired humidity ratio
reduction of moist air. If thermal energy from the storage is not enough to heat the
regeneration air up to the required temperature, the boiler provides further thermal

energy at the required temperature level.

B TS DHW

| < MCHP

v
J

Figure 5.2: The layout of the desiccant-based AHU.

During the summer air conditioning service, 3 pumps and 3 fans are active, with a total
electric requirements of auxiliaries equal to 1410 W. When the electric power from the

MCHP is low compared to the amount required, further electric power is taken from the
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electric grid; on the contrary, when the power from the microcogenerator exceeds use,

the surplus is fed into the grid.

The main energy flows of the trigeneration system during summer operation are shown

in Figure 5.3. Specific superscripts and subscripts, referring to energy conversion

devices involved in an energy flow and to energy vectors, have been used.
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Figure 5.3: Main energy flows of the trigeneration system during summer operation.

During winter operation, to meet the sensible and latent loads of the lecture room, the
simulated innovative AHU of Figure 5.2 is modified as described in Section 2.3.2. The

two heating coil (HC1 and HC2) of the process air duct are fed with the water stored in

the tank (Figure 5.4).
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The control system evaluates the temperature of the water coming out from the TES,
when it is less than that required for the pre-and post-heating processes, it turns on the
auxiliary boiler to heat-up the fluid to the correct temperature level.

In this layout, the wet pack humidifier operates on the process air that goes to the indoor
conditioned ambient, therefore the quality of the sprayed water should be periodically
controlled to avoid any problem related to the occurrence of Legionella bacteria; if
necessary, the supplied water has to be filtered and disinfected, and the humidifier has
to be periodically cleaned.

During the winter air conditioning service, 2 pumps and 2 fans are active, with a total
electric requirements of auxiliaries equal to 940 W.

When the AHU is switched off, the thermal energy requirements are related to the
DHW demand only. In this case, electricity is used to activate the MCHP pump (150 W)
and the electric appliances of the lecture room.

Over the whole year, a certain amount of the stored thermal energy is used for DHW
production for the MFH. Cold water coming from the mains is heated in the TS through
the internal heat exchanger (in both Figure 5.2 and Figure 5.4) and supplied to the end-
user at 45 °C. To meet the DHW demands, a three-way valve operates so that the right
amount of mains water by-passes the TS and mixes with the hot fluid exiting the
storage, to reach the desired temperature of 45 °C. If the temperature of DHW exiting
the tank is lower than 45 °C, a heating system (boiler), installed in the premises of the
MFH, is assumed to provide for the shortage.

The MCHP electric energy drives the pumps, the AHU auxiliaries, the electric chiller

and satisfies the electric load of the lecture room.
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The MCHP system is controlled with a thermal load-following operation; the unit
operates according to a temperature signal coming from a thermostat placed on the TS
near the inlet of the internal heat exchanger connected to the microcogenerator (in both
Figure 5.2 and

Figure 5.4): when this temperature is lower than 58 °C, the unit is activated; when this
temperature is higher than 60 °C, the unit is turned off. The electricity generation is a
by-product and any unused excess of electricity is sent to the grid, that is also used to

cover the peak load.

5.4 Mathematical models

The software and then the models used to simulate the components of this plant are the
same described in the previous chapters. The approach followed to simulate the DHW
demands of the MFH and to manage the lecture room electric load, the model of the
MCHP, that have not been hitherto introduced are specifically described below.
Furthermore a different mechanism of financial support is considered for

microcogeneration with respect to those of the solar systems.

5.4.1 Loads and external factors

The building has an electricity requirement (for computers, lighting, appliances, etc.) of
139 kWh/mz/year (8.83MWh/year), that is a typical value of electric energy
consumption in office applications [93]. Electricity hourly demand profiles of the user
were not defined in here, but a sensitivity analysis was performed with respect to the

parameter electric surplus factor, defined as [94]:

EMCHP / EMCHP

elt.g (5-1)

that represents the ratio between the share of electricity from the MCHP exported to the

grid (£, and the overall output ( £“").

As regards the energy demands for DHW of the MFH they are evaluated in TRNSYS
starting from the DHW profile that consists of a value of water flow rate for every time

step (Section 5.2). The corresponding thermal power related to DHW draw is:

Opiw =Mpc, (T =T, (5-2)
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where 71, is the mass flow rate of DHW drawn, c, is the specific heat capacity, 7,, is

the temperature of cold water from the mains, entering the TS. It has been evaluated
considering the profile defined by the Type 15-6 (included in TRNSYS library). T is
the temperature of the hot water supplied to the end-user (45 °C). The annual energy
requirement for DHW production is 18.2 MWh/year.

5.4.2 Reciprocating internal combustion engine cogeneration model

To simulate the microcogenerator operation, the TRNSYS RIC (reciprocating internal
combustion) engine model has been used, by means of the type 907 of the TESS
(Thermal Energy System Specialists) additional library. It employs a table of
performance data to determine the outputs of the engine, given a set of input conditions.
The model relies on an external data file which contains efficiency (both mechanical
and electrical) and heat transfer data (fraction of total thermal power recovered and the
fraction dissipated to the environment) as a function of the intake temperature and the
part load ratio (PLR, actual power over rated power). It is not possible to measure the
mechanical power transferred from the engine to the electric generator in the test
facility; therefore, a constant value of 0.95 has been assumed for the electrical
efficiency of the generator.

The performance of the engine are reported in Table 5.1 [95,96]. The MHCP is
modelled by three components, that are the RIC engine, a plate heat exchanger (type 5),
used to transfer the recovered thermal power to a secondary fluid (i.e. water), and a
threeway valve (type 11), that mixes the part of solution flow rate that passes through
the plate heat exchanger and the one that is bypassed toward the engine. A control
system that manages the thermal recovery circuit of the microcogenerator is also
modelled.

The desired electric output is converted to a PLR value and then used to refer to the
performance map which contains information on efficiency, exhaust flow and heat
distribution. From this performance map, the fuel use and thermal output can be
derived.

To validate the MCHP model, a comparison between measured and experimental values
of water temperature at the outlet of the heat exchanger (secondary circuit — cold side)
was performed in [54].

No values are outside the £5% error band; furthermore, a RMSE (Root Mean Standard
Error) of 0.714 °C was obtained.
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Table 5.1: Performance data for the internal combustion engine.

PLR (-) 0.170 0.342 0.512 0.676 0.840 1.000
Electrical rate (kW) 1.02  2.05 3.07 4.06 5.04 6.00
Primary energy rate (kW) 10.3 12.7 15.1 174 19.6 21.7
Total waste heat rate (kW) 9.30 10.7 12.0 134 145 15.7
Waste heat recovered rate (kW) 6.60 7.80 8.90 9.90 108 11.7
Electrical efficiency (-) 0.100 0.161 0.203 0.233 0.257 0.276
Mechanical efficiency (-) 0.102 0.170 0.214 0.246 0.271 0.291

Fraction of waste heat recovered (-) 0.710 0.729 0.742 0.739 0.745 0.745

Fraction of the waste heat to
0290 0.271 0.258 0.261 0.255 0.255
environment (-)

The validation was also based on an energy balance approach and to this aim a specific
test was carried out. It had a duration of 75 min, during which the electrical power
output of the microcogenerator was increased from 2 to 6 kW with steps of 1 kW.
Simultaneously, the temperature of water entering the plate heat exchanger was linearly
increased from 40 to 56 °C.

The same forcing functions were also applied in a TRNSYS simulation of the MCHP;
the error between measured and simulated values are 4.71% and 3.98%, in terms of
overall thermal energy produced and overall primary energy required, respectively.
Results are considered satisfactory, taking into account that the analyzed model does not

evaluate transient effects.

5.4.3 Assessment of economic performance
The assessment of the SPB period is performed considering: a subsidy on gas price, a
CHP generation bonus and an investment subsidy. In this section are also considered:

* an unitary price of electricity from grid, that is reference system for electricity
supply (ratio of electric energy cost to delivered electric energy), c.; = 0.211
€/kWh [97]; an average value for the three time slots currently adopted in Italy
1s assumed;

* an unitary price of natural gas (ratio of natural gas cost to its volume) in Italy,
cvg = 0.941 €/Nm® [97];

+ feed-in tariff for electricity exported to the Italian grid, FI7 = 0.0879 €/kWh,. It

was evaluated considering the average of the three time slots of the economic
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value of electricity exported to the grid, according to the net metering scheme,
introduced by Italian Authority for Electricity and Gas (AEEG) for cogeneration
plants with electric power up to 200 kW [98].
As regards the subsidy on gas price for CHP, the support mechanism ([99] and related
subsequent additions) states that 0.22 m’ of gas per kWh of generated electricity can
access a reduced excise tax (0.0004493 €/m’, reduced to 0.00013479 €/m’ if more than
70% of cogenerated electricity is consumed on site); the remaining amount of consumed
natural gas can access, in the case of trigeneration systems, the excise tax for industrial
uses (0.012498 €/m’), that is much lower than the one for civil uses (from 0.12 to 0.15
€/m’, depending on the range of annual consumption). Therefore, the resulting reduced
unitary price of natural gas for both the MCHP and the boiler in the AS is ¢} = 0.771
€/Nm’ [97], [100].
As regards the CHP generation bonus, it was evaluated by calculating the revenues
related to the white certificates achieved by the MCHP, according with the Ministerial
Decree of 5 September 2011[101].
As regards the investment subsidy, the same Decree foresees that, for high-efficiency
cogenerators, the white certificates mechanism can be combined with guarantee or
revolving funds, as well as with other public grants not exceeding 40% of the
investment cost for plants with electric power up to 200 kW. Therefore, a reduction of
40% of the investment cost was assumed for the MCHP unit.
As regards maintenance costs, the following values were assumed:

o MCY"P maintenance cost for the MCHP (0.0896 €/h [102])

«  MC}®, maintenance cost of the gas boiler in the AS (80 €/y);

«  MC.’,, maintenance cost of the chiller in the AS (150 €/y);

«  MC;®, maintenance cost of the gas boiler in the reference system (120 €/y); it is
higher than the MC;°, as the B in the CS has a higher size than the one in the
AS;

«  MCS}, maintenance cost of the chiller in the CS (288 €/y); it is higher than the
MC?,, as the chiller in the CS has a higher size than the one in the AS.

Finally, the following investment costs of the equipment were assumed:
«  MCHP: 18,000 €, with an investment subsidy of 7,200 €, that reduces the
investment cost to 10,800 €;

* storage tank: 3,000 €;
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* gas boiler: 1,500 € for the PS, 3,000 € for the CS;
» major cost of the desiccant-based AHU (AS) with respect to the conventional
one (CS): 10,000 €;
e chiller: 3,000 € for the AS, 6000 € for the CS.
The resulting extra cost (EC) is 19,300 €.

5.5 Simulation and Results

The microtrigeneration system is installed in Benevento (Southern Italy, mean annual
temperature 13.8 °C), for which the corresponding ‘‘Meteonorm’’ climatic file was used
in the simulation. Benevento belongs to Italian climatic zone C, with 1316 HDD and a
heating period from November 15th to March 31st, as defined by Italian legislation. The
length of the cooling period is not specified in Italy, but the activation period of the air
conditioning service for the lecture room was assumed from June Ist to September 15th.
A time step of 1 min was used in the simulations.

The CS, both in summer and winter periods, has to ensure the same air-conditioning
service and electricity demand to the lecture room and the same DHW production to the
MFH provided by the proposed one. For summer air conditioning purposes, the CS is
equipped with a standard configuration of the AHU (see Section 1.1.1). A conventional
boiler is used in summer to provide thermal energy to the system (both for post-heating
and DHW), while electrical energy to activate the appliances of the lecture room, the
chiller and the auxiliaries of the AHU is taken from the grid.

The AHU of the reference system in the winter season has the same configuration of the
one in the proposed system, with the difference that the heating coils for pre-and post-
heating are fed by

the boiler only, that provides thermal energy for DHW too. Finally, also for the CS,
when the AHU is switched off, the only thermal energy requirements are related to the
DHW demand.

First of all, the energy production on a yearly basis of the energy conversion devices of
the AS (MCHP and boiler), as well as electric (chiller, auxiliaries and electric
appliances) and thermal energy requirements (DW regeneration, winter space heating
and DHW) are reported in Table 5.2.

Thermal energy consumption is lower than production, the difference (2.50MWh/y,
about 7.8% of the production) is the energy losses of the TS. Thermal energy for DHW
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production (16.0MWh, about 88% of the overall requirement) is provided by the MCHP

only.
Table 5.2: Annual energy balance for the equipment of the AS.
Primary Thermal Thermal Net
Electricity
energy energy energy electricity
Components consumption
consumption production consumption production MWhy]
[MWh/y] [MWh/y] [MWh/y] [MWh/y] y
MCHP 54.0 30.0 - 14.3 -
Boiler 2.17 1.96 - - -
Chiller - - - - 1.40
Auxiliaries - - - - 2.58
Electric
- - - - 8.83
Appliance
DW
- - 6.95 - -
regeneration
Space
- - 6.51 - -
heating
DHW - - 16.0 - -
Total 56.2 32.0 29.5 14.3 12.8

The data related to the microcogenerator allow to calculate a thermal efficiency of
55.6%, a net electric efficiency of 26.5% and an overall efficiency (PER, primary
energy ratio) of 82.1%. These efficiency values allow to calculate the electric allocation

factor [94] as:

£, =0 M i) = 0.323 (53)

el

The allocation factors are used to partition the input of a process (i.e. primary energy) to
one or more outputs (i.e. electric and thermal energy). If an energy vector leaves the
boundary system (e.g. it is fed into the electrical or thermal grid), the corresponding
primary energy demand has to be evaluated, in order to obtain the primary energy
demand related to the products which remain within the system. In the analyzed case, as
the MCHP is heat-led, a share of the electric energy output can exit the system;
therefore, only the electric allocation factor is calculated, while the thermal one is zero.

Taking into account the allocation and surplus factors, the effective primary energy

consumption to ascribe to the MCHP is [94]:
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EMT = B (1-Ep,) 5-4)

p

where E)“"=54.0 MWh (Table 5.2), &, = 0.323 and y,, has been varied in the

range 10-80%, according to a sensitivity analysis, described later.

The overall primary energy consumption of AS is therefore:
AS * MCHP AS A8
Ep - Ep + Ep, +E, S /77ez,ref (5-5)

where E3=2.17 MWh (Table 5.2), while the electricity drawn from the grid, that is
the sum of the amounts required by the chiller, the auxiliaries and the net energy

. AS  _ AS AS AS
provided to the final user (£, . = £} o+ Eofoaux + Eciperse

Figure 5.3), depends

on the value of . For example, if y, = 0.8, it means that 80% of the overall

electricity production ( £, MCHP = 14,3 MW, Table 5. 2) is sold to the grid (EffngHP— 11.4

MWh) and 20% is consumed on-site (2.86 MWh). As the overall electricity
consumption in the AS is 12.8 MWh (Table 5.2), therefore E ;Sf 12.8 — 2.86 MWh =

9.94 MWh and E° = 65.9MWh.

The equivalent CO, emissions of the AS are evaluated as:

C02AS :( *MCHP +EAS )ﬁ"‘ lfg]/ (5-6)

P

Finally, the operating costs of the AS are evaluated as:

OC™ = (EMH 4 EXS o + EXS, ¢, — EM" . CHP _ Bonus —

ENCP L FIT + MCY" - pM M+ MCLS + MCY,

eltg

-7

where /" is the number of operating hours of the MCHP (2552) and CHP_Bonus is
the bonus related to white certificates achieved by the CHP.

The necessary condition to obtain white certificates (WC), the subsidy on gas price,
investment subsidies and the access to the net metering scheme, is that the MCHP is
recognized as high efficiency, as defined by [103]. For a microcogenerator with electric
power lower than 50 kW, the criterion for high efficiency certification is that primary

energy saving (PESuec) > 0. This index is evaluated as:

PES e = 1— EfCHP / (Eej\z/[ ry Mot yer + EZ/\:[ cary 77rh,ref) (5-8)
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where EY“"coincides with the overall electricity produced only if the PER of the

MCHP is higher than a certain value (75% for internal combustion engine-based units).

This effectively occurs in this case, as PER is 82.1%. 7, .and 7, . are the reference

electric and thermal efficiency, respectively [104]. In particular, the value of the
reference electric efficiency depends on some factors, such as installation year of the
cogeneration unit, fuel, climatic conditions, electricity used on-site and avoided grid
losses due to decentralized production. Reference thermal efficiency, instead, depends
on the type of fuel and the way the available thermal energy is exploited (direct use of
exhaust gases or ‘‘production’’ of steam/hot water). With respect to the MCHP units
considered, the evaluation of PESyec has been carried out considering that:
* thermal energy recovered by MCHP is used to produce hot water;

* itis fuelled with natural gas (77, ., = 90%);
* itis installed during 2013 (baseline value of 77, .1 52.5%);
» the average Italian ambient temperature is 16.0 °C (0.1%-point reduction of
M., With respect to a reference temperature of 15 °C);
* it is connected to the low voltage grid (<400 V).
The correction factor of 7, for avoided grid losses, besides the voltage level, depends

on the shares of electricity exported to the grid and consumed on-site. It is 0.925 if all
electricity is exported, 0.860 if all electricity is consumed on-site.

To evaluate CHP Bonus, first of all the methodology defined by the Ministerial Decree
of 5 September 2011 [101] to calculate the white certificates that an MCHP unit can

obtain has been applied:
MCHP MCHP MCHP
NS =E;"" /Mooy Y Ey " /Mgy — E, (5-9)

where NS is the net saving in toe. The number of WC to which the system is entitled is

then evaluated by
WC=NS-f,-K (5-10)

where K is a correction factor depending on the size of the MCHP, equal to 1.4 for
MCHPs, and f7 = 0.086 toe/MWh is the conversion factor from MWh to toe. The related
revenues can be evaluated considering a specific value for the WC of 106.03 €/toe,
[105], while CHP Bonus is simply the ratio between these revenues and the electricity

production.
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PES, NS and CHP_Bonus are shown as a function of the electric surplus factor in Figure
5.5. The primary energy saving is higher than 0 in all cases, therefore the investigated
cogenerator is a high efficiency unit and it can access the support mechanisms. All the
indices achieve the maximum value for the lowest electric surplus factor, as in this case

the correction factor of 7,, . for avoided grid losses is the minimum.
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Figure 5.5: Primary energy saving, net saving and CHP generation bonus as a function of the

electric surplus factor.

The energy production on a yearly basis of the boiler in the AS, as well as electric
(chiller, auxiliaries and electric appliances) and thermal energy requirements (summer
air post-heating, winter space heating and DHW) are reported in Table 5.3. In this case,
thermal energy production coincides with consumption, as no storage losses are present.
DHW production is the same of the MCHP in the proposed system (16.0 MWh).

The overall primary energy consumption of CS is:

EX =ES+Ey, /1,y =26.6MWh+13.5MWh=58.7MWh 511
The equivalent CO, emissions of the CS are evaluated as:

cos® ZEIS’%,B—I-ES?E’,]/:]&Z t/y (5-12)
Finally, the operating costs of the CS are evaluated as:

CS CS CS CS CS
oCc™ = Ep,BCNG +Eel,f,gcel +MCB +MCchil (5-13)

The SPB is therefore:
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SPB = EC /(0C® —0C*)

(5-14)
Table 5.3: Annual energy balance for the equipment of the CS.
Thermal Thermal
Primary energy Electricity
energy energy
Components consumption consumption
production consumption
MWh/y MWh/y
MWh/y MWh/y
Boiler 26.6 23.9 - -
Chiller - - - 3.1
Auxiliaries - - - 1.55
Electric
- - - 8.83
Appliance
Air post-
P - - 1.41 -
heating
Space heating - - 6.51 -
DHW - - 16.0 -
Total 26.6 239 23.9 13.5

The performance of the AS strongly depend on several operating conditions, first of all

the matching between the electric demand and production profiles, that influences the

electric surplus factor.

The results of the sensitivity analysis, with the surplus factor varying in the range 0.1—

0.8, are shown in Figure 5.6.
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Figure 5.6: The results of the thermo-economic analysis as a function of the electric surplus factor.
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The best case is achieved with the minimum value of ., that corresponds to the
maximum share of cogenerated electricity used on-site; when w,; = 0.1, 10% of the
cogenerated electricity is exported to the grid and no electricity is drawn from the grid
for electric appliances, chiller and auxiliaries; in this case, PES = 7.70%, ACO, = 15.3%
and SPB = 16.9 years.

The performance of the AS then reduces when y,; increases; in particular, to obtain both
primary energy and emissions savings from the investigated trigeneration system, a
surplus factor lower than about 40% has to be considered, i.e. about 60% of cogenerated
electricity has to be consumed on-site.

As regards the economic analysis, the SPB parameter is the most sensitive to the
variation of w,;, as it drastically increases with the electric surplus factor, becoming
negative for values of y greater than 0.3 (not shown in Figure 5.6). At the current
energy prices and installation costs of the devices, the economic feasibility of the
investigated micro-trigeneration system cannot be achieved, even if it can access all the
support mechanisms introduced by Italian legislation for small scale gas fuelled
trigeneration systems: a lower taxation on gas price, the white certificates mechanism,
an investment subsidy (up to 40% of the investment cost) and the net metering scheme.
In fact, the SPB is considerably long for this type of installations, even in the best case

(minimum electricity export).
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Conclusions

The innovative desiccant-based air handling units (AHU) are a very interesting solution
for air conditioning of buildings in the residential and tertiary sector as they operate
with low temperature thermal energy. These HVAC systems can use a “free” thermal
energy source, such as waste heat recovered from a microcogenerator or especially solar
energy.

In recent years there has been a rapid growth in demands for air conditioning and indoor
air quality both in industrialized and in emerging Countries, the so-called solar cooling
systems are an excellent choice to limit energy and environmental issues deriving from
the massive spread of electrically-driven air conditioners.

Solar radiation is widely available in summer and simultaneously there are the greatest
demands for cooling, but solar energy can be used advantageously also to balance the
winter thermal load. Therefore, typically, solar heating and cooling systems are realized.
In the most common configuration, desiccant cooling system are equipped with a
desiccant wheel, in which moist air is dehumidified by the adsorbent material and then
cooled down by the evaporation of water and/or through an electric chiller (hybrid
plants).

These alternative plants allow a more accurate humidity control, a better indoor air
quality, a significant reduction in CO, emissions, primary energy and electricity
savings.

A hybrid air conditioning device with silica-gel desiccant wheel is installed in the
laboratories of the Universita degli Studi del Sannio, and currently operate coupled with
a microcogenerator and a natural gas boiler. The system in its actual configuration can
operate only in cooling mode.

In this thesis the operation of the experimental air handling unit coupled with different
types of solar collectors and three AHU modified layouts have been evaluated through
dynamic simulations performed with the commercial software TRNSYS 17. In addition,
in order to allow the system operation even in winter mode, suitable modifications have
been identified and implemented in the model.

Experimental data acquired in the test facility, as well as, data provided by
manufacturer, were used to calibrate and validate models of the main components and
energy conversion devices. These models were used to simulate the operation of the
innovative system and that of a conventional system in order to evaluate operational

data and performance parameters.
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With the results of the simulations the comparison of proposed and conventional
systems is performed on an energy environmental and economic basis. Primary energy
saving (PES), equivalent CO, avoided emission (4CQO;) and simple pay back period
(SPB) were evaluated.

These air conditioning systems were used to balance the sensible and latent load of a
63.5 m’ university classroom. Moreover, during the intermediate period, in the
weekends and whenever there is a surplus of thermal energy the possibility of exploiting
this energy in excess for further heating purpose is considered.

First of all the coupling of the experimental desiccant based air handling unit, and a
solar field consisting of flat plate and evacuated tube collectors, was investigated.
Simulations were performed for two different cities: Benevento (Southern Italy) and
Milan (Northern Italy) in order to assess the influence of the collectors type (flat plate,
evacuated tube), collecting surface (20, 27, 34 m?) and tilt angle (20-55°) on the energy,
environment and economic performance of the plants. A further analysis is performed,
considering different percent use (0, 50 and 100%) of the solar thermal energy surplus,
that is the solar energy not used for air conditioning purposes and that can be used for
other heating purposes, for example domestic hot water and/or low temperature heating
of a gym, a university campus, a swimming pool, etc. The exploitation of this surplus
becomes fundamental for the achievement of acceptable SPB periods, even in presence
of economic incentives.

Considering the air conditioning operation only, with the best configuration and flat
plate solar collectors, a primary energy savings of about 10% in Benevento and over
11% in Milan is obtained. Evacuated tube collectors give greater improvements in
installations with colder climates although this is not evident when considering a
relative index, such as the Primary Energy Saving. A primary energy saving of
approximately 20% is reached. The exploitation of solar thermal energy that is not used
for the regeneration of the desiccant wheel in summer and for the heating in winter
increases very significantly the energy performance index. For an exploitation of 50%,
optimum solar collectors inclination and widest surface of the solar field, PES becomes
equal to a maximum of about 44 and 58%, respectively, with flat plate and evacuated
tube collectors in Benevento and of about 31 and 45% in Milano. The full exploitation
of solar thermal energy surplus brings those values to about 59, 72, 43 and 58%.

The economic analysis is not encouraging if further thermal energy demands are not

considered. Systems with evacuated tube collectors are preferable from an economic
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point of view when there is little space available for the solar field (20 m?), while with
larger collecting surfaces (27 and 34 m?) flat plate collectors are advantageous. The
shortest SPB periods are 4 and 6 years for Benevento and Milano, respectively.
Another type of solar collector considered for the coupling with the innovative air
handling unit is a novel CPVT collector, consisting of a parabolic trough concentrator
and a linear triangular receiver. This kind of collector is equipped with triple junction
PV cells, capable to achieve ultra-high electrical efficiencies.
The solar field in this case provides thermal energy and electricity. Electrical energy is
used to power the auxiliaries of the AHU, the chiller and further electric loads, while
thermal energy is employed to heat the regeneration air flow during the summer period
and the process air in the winter. Electricity in excess is sold to the grid, whereas the
thermal energy surplus is exploited for domestic hot water (DHW). Integrations of
electricity and thermal energy are provided by the electric grid and by a gas-fired boiler,
respectively.
Annual energy and environmental performance of the overall system are evaluated in
terms of Primary Energy Saving and emission reduction with respect to a reference
case. The heat provided by the CPVT is about 60% of the regeneration energy and 30%
of the energy needed for pre- and post-heating of the process air. The electricity,
instead, is consumed on site for more than 70%. On an annual basis the analyzed system
obtains a Primary Energy Savings between 81% and 89% depending on the DHW used.
Suitable modifications to the standard layout of the desiccant-based air handling unit
can deliver significant performance improvements and cost reductions.
The hybrid AHU was modelled in TRNSYS, both in the standard configuration and
applying some modifications to reduce the thermal energy required for regeneration of
the desiccant wheel. The introduced modifications concern:

- the pre-heating of the regeneration air with heat recovery from chiller condenser;

- the pre-heating of the regeneration air with heat recovery from the exhaust

regeneration air in a cross-flow heat exchanger;

- the pre-cooling/dehumidification of the process air.
Moreover for each configuration, different collector types (flat plate, evacuated tube),
surface (~20, 27, 34 m?) and tilt angle (20-55°) were considered.
Simulations of the innovative AHU, coupled to a solar field, were carried out in order to

develop a thermo-economic assessment.
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The obtained results show that the evacuated tube collectors improve the energy and
environmental performance of the hybrid desiccant systems compared to conventional
ones (up to 24% of primary energy saving with optimal tilt angle and surface) but they
are more expensive than flat-plate collectors, that can provide primary energy savings
up to 19%, with optimal tilt angle and surface. With regard to the equivalent CO;
avoided emissions, they ranges between 2.5% and 17% in the scenarios with flat plate
collectors and between 12% and 22% with evacuated tube collectors.

For both collector types, the best plant modification is the pre-cooling of the process air.
Also the analysis, considering three sub-scenarios: 0, 50 and 100% of the solar thermal
energy surplus use was performed. If 50% of solar thermal energy surplus is used, the
SPB period ranges between 20 and 7 years (for the standard configuration with 20 m? of
flat plate collectors and the pre-cooling modification with 34 m’ of flat plate collectors,
respectively, the optimal tilt angle is assumed in the best case).

The best energy, environmental and economic results reached in the innovative plants
(in particular in Scenario D) with flat plate and evacuated tube collectors when 100% of
solar thermal energy surplus is used are: PES=63%, 4CO,=60%, SPB=3 years and
PES=74%, ACO,=T71%, SPB=5 years respectively.

Finally, a system similar to the test facility was considered. It constitutes a small scale
trigeneration system, in which the heat-led microcogenerator interacts with the
desiccant-based air handling unit, The system provides, once again the air-conditioning
service to a lecture room during summer and winter periods, as well as the domestic hot
water service to a Multi Family House through all the year.

During the summer season, the AHU operates as a desiccant cooling system, the silica-
gel rotor balances the latent load of the process air, while an electric chiller manages the
sensible load. The MCHP provides thermal energy to regenerate the desiccant wheel, by
means of a thermal energy storage; a peak load boiler, fuelled with natural gas, provides
thermal energy integration. Electricity from the cogenerator is used to drive the electric
chiller, the auxiliaries of the AHU and of the MCHP itself (fans and pumps) as well as
further electric appliances of the lecture room.

During the winter season, the MCHP and the boiler provide thermal energy for space
heating purposes. Electricity is supplied to auxiliaries and electric appliances. When the
AHU is inactive, cogenerated electricity is only supplied to electric appliances of the
lecture room and thermal energy is only used for domestic hot water purposes.

This trigeneration system is compared with the reference system.
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In particular, a sensitivity analysis has been performed, considering different values of
the electric surplus factor, that represents the share of electricity from the MCHP that is
exported to the grid.

From this performance assessment study, the following main conclusions can be
derived:

» desiccant cooling is a very interesting technology, as it can achieve a reduction
of both energy consumption and greenhouse gas emissions;

* in regions characterized by quite low thermal energy needs for space heating of
buildings, it is crucial to utilize thermal energy available from the MCHP also
for DHW requirements and to supply thermally-activated cooling systems, in
order to increase the operating hours of the system;

* a sensitivity analysis showed that the energy, environmental and economic
performance of the system strongly depend on the share of cogenerated
electricity used on-site, in particular in terms of economic feasibility with
respect to a reference system; the best values are: PES = 7.70%, ACO, = 15.3%
and SPB =16.9 years;

» the thermal and electric load profiles of the users should match so that the
minimum amount of electricity is exported to the grid by the heat-led MCHP;

+ the investment costs for this equipment (mainly MCHP and desiccant cooling
system) are still quite high at the moment, and it cannot achieve economic
feasibility even if all the support mechanisms introduced by Italian legislation
for small scale gas fuelled trigeneration systems are exploited. A reduction of
the installation cost is therefore desirable, to benefit from the energy and
environmental advantages of micro-trigeneration systems based on desiccant
cooling.

At the conclusion of this work one can say that a desiccant-based air handling unit fed
with a renewable energy source such as solar energy can advantageously replace a
conventional air conditioning systems with electrically-driven vapor compression
cooling units if only energy and environmental performance are taken into account.
However economic feasibility is still hard to obtain. For the considered application
economic benefits do not occur together with the advantages mentioned above, although
one considers incentives for the production of thermal energy from a renewable source.

Only if the use of solar thermal is maximized considering other low temperature heating
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purposes (for example domestic hot water or swimming pools heating) in addition to the

air conditioning economic advantages can take place.
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Nomenclature

A Area [m?]

aj Efficiency slope [W/(m” K)]

as Efficiency curvature [W/(m?* K%)]
by IAM curve coefficient [-]

c Unitary cost [€/Nm®] or [€/kWh]
¢ Specific Heat [J/(kg K)]

C Valorization coefficient [€/m?]
Cpyr Concentration ratio [-]

CHP Bonus Bonus related to energy savings of CHP [€/kWhg]

CO; Equivalent CO; emission [kg/y]

d Fluid channel diameter [m]

E Energy [kWh/y]

EC Extra cost [€]

E, Primary Energy [kWh/y]

F, F, Potential [-]

F F, Potential [-]

F Cash flow per year [€/y]

FIT Feed-in tariff [€/kWhg]

fr Conversion factor from MWh to tep [tep/MWh]
G Total Incident Radiation [W/m?]

Gpyr Incident radiative flow [W/mz]

g Total solar energy transmittance [-]

h Number of operating hours [-]

he Convective heat transfer coefficient [W/(m® K)]
hy Convective heat transfer coefficient of the fluid [W/(m*K)]
L o1 Annual incentive [€/y]

I, Beam radiation [W/m?]

1AM Incident Angle Modifier [-]

k Tank fluid thermal conductivity [W/(m K)]

K Correction factor for white certificates calculation [-]
LHV Lower Heating Value [kWh/Nm"]

m Mass of node [kg]
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PER
PES

Acronyms
AHU

AS

B

BN

cC

CF

CH

CHP

Maintenance cost [€/h] or [€/y]
Fluid mass flow rate [kg/s]

Bulk fluid flowrate down the tank [kg/s]
Bulk fluid flowrate up the tank [kg/s]

Mass flowrate entering at inlet 1 [kg/s]
Mass flowrate leaving at outlet 1 [kg/s]
Mass flowrate entering at inlet 2 [kg/s]
Mass flowrate leaving at outlet 2 [kg/s]

Number of years [-]

Operating costs [€/y]

Electric power [W]

Primary Energy Ratio[-]

Primary Energy Saving [-]

Thermal power [W]

Area specific thermal resistance [m*K/W]
Gross solar collector area [m’]
Temperature [°C]

Temperature [K]

Temperature of the fluid entering at inlet 1 [K]
Temperature of the fluid entering at inlet 2 [K]

Total loss coefficient [W/(m” K)]
Volume [Nm’/y]
White Certificate [-]

Air Handling Unit
Alternative System

Boiler

Benevento

Cooling Coil

Cross-Flow heat exchanger
Chiller

Combined heat and power
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COP
CPVT
cS
DEC
DHW
Dw
EC
HC
HC2
HDD
HVAC
HWw
HW-HX
1AM
IHE
LHV
MCCHP
MCHP
MFH
MI
PLR
PV
PVT
R-HX
RMSE
SC
SDEC
SPB
75

Greek symbols

a

Coefficient of performance
Concentrating Photovoltaic/Thermal
Conventional System

Desiccant and Evaporative Cooling
Domestic Hot Water

Desiccant Wheel

Evaporative Cooler

Heating Coil

Post-Heating Coil

Heating Degree Day

Heating, Ventilation and Air Conditioning systems
Hot Water

Hot Water Heat Exchanger

incidence angle modifier

internal heat exchanger

Lower Heating Value

Micro combined cooling, heat and power
Micro combined heat and power
Multifamily house

Milano

Partial load ratio

PhotoVoltaic cell

PhotoVoltaic-thermal collector

Rotary heat exchanger

Root mean standard error

Solar Thermal Collectors

Solar-driven Desiccant and Evaporative Cooling system
Simple Pay Back

Tank Storage

Absorptance

specific emission factor for primary related to natural gas combustion

[kgCO,/kWhi,]
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ACO;
Ak

AT
AT,
AXis i
Axi- i

AU

nB
Heol
NEG
Niny
Nmod
Nopt
nev

No

PPVT

Subscripts

a

ap
aux

back

chil

conc

specific emission factor of electricity supplied by the grid [kgCO,/kWhe]
Equivalent CO; avoided emission [-]

De-stratification conductivity [W/(m-K)]

Temperature difference [K]

Logarithmic mean temperature difference [K]

Distance between node i and the node below it (i+1) [m]
Distance between node i and the node above it (i-1) [m]
Additional loss coefficient [W/(m? K)]

Emittance [-]

Efficiency [-]

Boiler efficiency [-]

Collector efficiency [-]

Italian national electric system efficiency [-]

Inverter efficiency [-]

Module efficiency [-]

Optical efficiency [-]

PV efficiency [-]

Intercept efficiency [-]

Allocation factor [-]

PVT reflectance [-]

Stefan-Bolzmann costant [W/(m*K*)]

time [s] or [h]

Surplus factor[-]

Air humidity ratio [g/kg]

Ambient

Aperture

Auxiliaries

Boiler

Back surface

Cross section area of the node
Chiller

Concentrator
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conv
cool
CPVT
DHW

el

front

HEC
hx

in
Int

J

k

lat
load
m
on-site
net
NG
out
pre
post
PVT

Rec
ref

Convective

Cooling
Concentrating Photovoltaic/Thermal
Domestic Hot Water
Electrical

Fluid

Front

F, Potential

F, Potential

From the grid

From the tank

Grid

Gross

Heating coil

High efficiency cogeneration
Heat exchanger
Generic node

Inlet

Intermediate season
Generic air state
Generic year

latent

Load

Cold water from the mains
On-site consumption
Net

Natural gas

Outlet

Pre-heating
Post-heating
Photovoltaic/Thermal
Generic bracket
Recovery

Reference value

131



reg Regeneration

S Hot water supplied to the end-user
s Surface of the node

sen sensible

sky Sky

Su Summer period

sub Metallic substrate

tank Storage tank

th Thermal

top Top surface

tot Total

tLg To the grid

.0 To the tank

WD Week days

WED Weekend days

Wi Winter period

Superscripts

* Related to effective primary energy consumption of MCHP
AS Alternative System

cS Conventional System

MCHP Micro combined heat and power
s With subsidy
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