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Abstract

The escalating global demand for air conditioning driven by the ambitious energy
demand targets, necessitates the development of high-efficiency and environmentally
sustainable cooling systems. The present thesis undertakes an in-depth examination
of the feasibility of integrating a solid desiccant cooling system model into a residential
building located in Milan, Italy, as a prospective alternative to conventional vapor
compression cooling systems. The primary objective is to quantitatively assess the
system's thermal and electrical efficiency across varying component dimensions and
operational conditions in order to delineate its practical applicability. The system's
performance is investigated for an air regeneration temperature around 60°C, thereby
accommodating low-temperature heat sources such as solar energy and waste heat.
The outcomes evidenced a substantial number of thermal comfort conditions in the
conditioned period, around 86% with the integration of a control strategy reaffirming
that the technology is capable of managing sensible and laten loads.

Key-words: Desiccant, Cooling, regeneration temperature, thermal comfort.
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Abstract in italiano

La crescente richiesta globale di condizionamento degli ambienti, guidata dagli
ambiziosi obiettivi di domanda energetica, richiede lo sviluppo di sistemi di
raffreddamento ad alta efficienza e sostenibili dal punto di vista ambientale. La
presente tesi magistrale intraprende una valutazione approfondita della fattibilita
dell'integrazione di un modello di sistema di raffreddamento ad adsorbimento solido
in un edificio residenziale situato a Milano, in Italia, come potenziale alternativa ai
sistemi convenzionali di raffreddamento a compressione di vapore. L'obiettivo
primario e valutare quantitativamente I'efficienza termica ed elettrica del sistema
attraverso le diverse dimensioni dei componenti e le condizioni operative al fine di
delinearne l'applicabilita pratica. Le prestazioni del sistema vengono studiate per una
temperatura di rigenerazione di circa 60°C, adattando cosi fonti di calore a bassa
temperatura come l'energia solare e il calore di scarto da altri processi. I risultati hanno
evidenziato un numero abbastanza considerevole di condizioni di comfort termico nel
periodo condizionato, circa al 86% con l'integrazione di una strategia di controllo,
riaffermando che la tecnologia e in grado di gestire carichi sensibili e latenti.

Parole Chiavi: Essiccante, Raffreddamento, temperatura di rigenerazione, comfort
termico.
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Introduction

The current global climate crisis due to the increase of CO2 concentration in the
atmosphere is irreversible; based on a study, even if emissions are stopped, the
atmospheric temperatures will not be drop significantly for at least 1000 years [1].
Considering this fact, the mission of engineers today, of developing new technologies
environmental-friendly, to meet the society needs, becomes a duty. Among the needs,
it is found a great aspect: the energy sector, which is widely needed in a variety of
usage, especially in the building environment. According to the US Energy
Information Administration (EIA), the building sector, accounting for operations,
construction and materials is responsible for almost 48% consumption of the total
energy produced in the United States in 2012 (Figure 0.1) [2]. Additionally, for Europe,
the household’s energy consumption is nearly 30% of the total consumed (Figure 0.2)
[3]. Therefore, the way in which energy is produced and provided to buildings is a key
factor in order to reduce the total energy consumption and CO2 emissions of cities.

Focusing on the energy building sector; Building operations/Households is formed by
the demand for day-to-day operations, including heating, cooling, lighting,
ventilation, appliances, equipment, etc. Based on the US Department of Energy (DEO),
a substantial amount of the energy consumed by buildings is attributable to the
heating, cooling, and ventilating systems, around 50%, as it is shown in Figure 0.3. [4]
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Being aware of the previous arguments, engineers are putting a lot of effort into
developing new systems to satisfy the heating and cooling demands in residential
buildings and to replace the conventional technologies, such as boilers in order to
reduce the CO2 emissions and the use of fossil fuels. Since cooling demands accounts
for sensible and latent loads for experiencing indoor thermal comfort, to address this
situation, desiccant cooling systems (DCS) are a suitable and cost-effective technology
for reaching the mentioned goal in climates with a significant latent load. DCS are an
alternative to traditional mechanical vapor compression systems, which only control
the sensible loads of the residences by using a larger primary energy consumption and
gases with high harmful potential.
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Figure 0.3. Energy consumption in the residential sector. [4]

The main objective of this master thesis work is to verify the possibility of
implementing a Desiccant Cooling system, considering as regeneration heat source the
low temperature water coming from the 4" generation district heating system, in a
residential building to obtain, during high summer temperatures, good thermal
comfort in terms of temperature and humidity ratio levels.

In the following chapters are explained the description of the building of interest, the
simulation of its sensible and latent loads during the summer season, as well as the
desiccant cooling system proposed integrated to a control strategy for achieving high
level of thermal comfort for human occupancy.



1 Chapter one: Project overview.

1.1. Background of the project.

The city of Milan is working on the development of a strategic plan for the regeneration
of urban spaces, which consists of transforming and recovering seven underused
railway areas of the city. Greco-Breda, Farini, San Cristoforo, Porta Romana, Porta
Genova, Rogoredo, and Lambrate are the zones where the intervention is intended to
take place. In line with this initiative, the project “EX Scalo Greco-Breda - L'Innesto”
was developed with the objective to renew and transform part of the currently
decommissioned Greco-Breda railway station into a residential zone through the
incorporation of green spaces and high-quality services. This intervention is expected
to promote sustainability, elevating the overall quality of life for local inhabitants, and
facilitating increased community engagement.

L’Innesto project won the first edition of Reinventing Cities, a worldwide competition
that promotes sustainable, innovative, and zero-carbon urban regeneration projects.
This competition encourages cities to identify under-utilised locations with the
potential to be renovated and to invite multidisciplinary teams - including architects,
engineers, planners, developers, investors, environmentalists, creative project holders,
start-ups, academics, and community associations - to submit innovative proposals
that can be taken as global models against climate change and global warming [5].

The challenges that characterize the competition Reinventing Cities are:

e Energy efficiency and clean energy supply

e Sustainable materials and circular economy

e Green mobility

¢ Resilience and adaptation

e Ecological services for the site and the surrounding environment
e Development of green and intelligent cities

e Sustainable water management

e Biodiversity, urban vegetation, and agriculture

¢ Inclusive activities and local community benefits

¢ Innovative architecture and urban design

Considering the challenges that define the Reinventing Cities competition, the
project’s specific focus on social housing, as well as the constrains imposed by the local
context, the project L'Innesto introduces three main objectives that encompass social,
technical, constructive, and environmental aspects. These three objectives are



described in the following subsections and objective 2 is included at the end of
subsection 1.

1.2. Objective 1: First zero-carbon social housing project
in Italy.

To achieve this objective, the project applies all the innovative and sustainable
constructive approaches, as well as energetic, monitoring and management strategies
necessary to obtain, over a period of 30 years, zero-carbon buildings with a net energy
balance close to zero (nZEB).

For the construction of the buildings, prefabricated construction systems with a high
percentage of sustainable materials — low environmental impact considering all their
life cycle - will be used so that CO2 production can be limited as much as possible.
This construction methodology follows the principle of material optimization that
involves selecting and utilizing the materials taking into consideration their physical,
mechanical, and chemical properties to maximize their performance and efficiency for
a specific application. In this way, it is possible to avoid the over-design or excessive
use of resources, allowing to minimize waste but also to limit unnecessary energy
consumption since most of the materials used in the construction sector are produced
by energy intensive processes.

The implementation of dry connection techniques to assemble the prefabricated
systems will allow to easily dismantle, and then recycle, the entire structure at the end
of its life cycle. By applying this constructive approach, this project can achieve a high
level of sustainability by reducing the CO2 emissions during construction stage but
also by promoting a sense of circular economy and efficient use of resources.

In addition, excavation land will be threated through bioremediation technique that
uses microorganisms to decontaminate soil and subsoil, as well as superficial and
ground water, while minimizing the environmental impact. A surface equal to 60% of
the project area will be object of urban forestation by planting new trees that will
contribute to mitigate CO2 emissions.

The L’Innesto project also proposes innovative interventions regarding building
systems that include proposes for the water management, the integration of renewable
energies not only for space conditioning and DHW but also for electricity production
for self-consumption of the structure. For the water management system, it is proposed
the reutilization of the rainwater to avoid the saturation of sewage systems and to
minimize the consumption and waste of drinking water. Rainwater is totally collected
and treated on site as well as a percentage of the wastewater that is also recycled and
reutilized on site.

For space heating and domestic hot water production, it is proposed an innovative 4th
generation district heating system (4GDH) where part of the heat is produced by the



integration of a solar thermal plant. It also includes a wastewater heat recovery system
to take advantage of the energy content of the wastewater.

A photovoltaic plant has also been planned in this project to cover a portion of the
electrical energy demand of the buildings and installations. All these energetic and
constructive strategies have been designed to reach the target of zero-carbon and zero-
energy buildings. The features of a highly efficient building together with the
integration of efficient systems leads to a better use of the available resources but also
to an environmentally friendly operation.

The objective 2 is related to the long-term participation in the management of the
spaces and community resources in a responsible and reliance way. The project search
to manage all the interventions regarding social housing in an innovative and
integrated way, over a period of 30 years, combining sustainable strategies in the
management of buildings and enhancing the relations between inhabitants involving
them in the conservation of shared spaces.

1.3. Objective 3: Creating a collaborative neighbourhood
with interest in agriculture and creating a human
adaptative zone to regenerate urban areas.

L’Innesto is intended to be a collaborative neighbourhood with interest in agriculture.
The creation of flexible and multifunctional spaces has been planned in order to
promote the relations between inhabitants and to involve the residents in the care of
the shared areas. In these areas there will be equipped green spaces, private and
educational gardens, an orchard, greenhouses, and a community garden. In addition,
the integration of aquaculture and hydroponic horticulture will significantly reduce
the use of fertilizers, insecticides, and fungicides and the waste of products.

The project also includes the construction of places for meetings and socialization.
These includes living rooms and a kitchen for common use, laboratories, urban
gardens, and services that will be managed in an integrated way by inhabitants, non-
profit operators, and local stakeholders. From this interaction, will come to life a
Human Adaptative Zone that will offer a network of cutting-edge services such as the
community food bub, the circular economy district, the energy showroom, the zero-
waste store, and the neighbourhood welfare project. The integration of social, physical,
and technological infrastructures will foster the relationship and the development of
collaborative projects and will increase the vitality of the neighbourhood and the sense
of belonging of families and students.



1.4. Description of the project area.

The area of the project covers a total gross area of 66.700 m2, comprising 5 sub-areas
divided as shown in the Figure 1.1. Area A+B are the former railway station (currently
decommissioned) and the rail depot, respectively. These two areas represent a total
surface area of 30.000 m2, being around 50% of whole project area. Area C is a former
orchard with a dimension of 16.000 m2. Area D, delimitated by active tracks and Via
Sesto San Giovanni, also accounts for a surface area of 16.000 m2. Finally, area E
account for a total surface of 4.700 m2 delimitated by the current Via Breda. All the
intervention area considered by the project belongs to the administrative territory of
the municipality of Milan.

Figure 1.1. Distribution of the total area considered by the project.

The project plans to construct buildings for both residential and commercial purposes,
utilizing 24.000 m2 of the total available area. A portion of 21.000 m2 will be designated
for the residential use of social housing, and will be distributed as follows:

- Buildings for sale with special price lower than market prices: 8.324 m2.

- Buildings for rent at agreed rent contract (price usually lower than market
price): 10.676 m2.

- Buildings for rental to allocate low-income families: 2000 m2.

According to the project information, approximately 380 apartments will be available,
including one-room, two-room (small and big), three-room (small and big) and four-
room apartments. They are grouped considering two categories: spaces for sale and
spaces for rent. The apartments will be located in separated buildings depending on
their category in order to allow an efficient and coherent management of the spaces.
The distribution of the building is shown in Figure 1.2.

On the other hand, it is pretended to designate a surface of 3.000 m2 for commercial
purposes, distributed as follows:



- Circular Economy District: 1.200 m2

- Zero Waste Food store: 500 m2

- Community Food Hub: 1.200 m2

- Miscellaneous commercial activities: 100 m2

The construction of a university residence is also considered in the project, utilizing an
area of approximately 7.000 m2. In this area, four hundred single beds will be available
to allocate students from Milano and other regions or countries. In addition, the
intervention estimates the creation of public area that corresponds to a share of around

60%, including green areas, pedestrian zones and equipped public areas to provide

useful services to the community.
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Figure 1.2. Distribution of the buildings depending on their category (building for sell or

building for rent).
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Figure 1.3. Position of the commercial buildings and student residence.

The contribution of this thesis work to this innovative project is related to the
implementation of an air conditioning system able to provide cooling during summer
by using the low temperature heat produced by the district heating system. Since the
system will be used for both air temperature and humidity control, the best option is
a desiccant cooling system (DEC) which is capable to provide ventilation while
controlling temperature and humidity of the inside air. This system will be tested in
one building only and its implementation in other buildings will be considered
depending on the results of the DEC system operation. It is in our interest to verify the
feasibility of the system to provide not a fixed-point air conditioning but cooling of the
spaces. The operation of the DEC system is verified by performing a dynamic
simulation, looking for acceptable thermal comfort inside the conditioned rooms
considering the residential application.



2 Chapter two: State of art: Desiccant
evaporative cooling systems.

2.1. Description of the main components.

The main objective of a DEC systems is having temperature and humidity control of
an indoor space. In order to achieve this goal, the sensible and latent load are
controlled separately by two crucial components: a desiccant dehumidifier and an
evaporative cooler. The system takes the outdoor air stream, and it gets dehumidifier
by the desiccant material, where humidity is reduced to the desired value; in a second
stage, the process air passes through an evaporative cooler which diminish the air
temperature until an acceptable value is obtained. Moreover, the continuous operation
of the cycle is guaranteed by taking the indoor air and forcing it to pass through a
regenerator, which raised the temperature before going into the desiccant material,
this air is responsible for absorbing moisture and finally goes into to the environment

[6]-
2.1.1. Type of Evaporative Coolers.

This component uses the latent heat of water vaporization for cooling the air, this
allows to replace convectional compression cycles, avoiding the use of refrigerant,
which have a considerable environmental impact. EC can reach high values of electric
COP due to the fact that the only power consumption required is for circulation of the
air. Nevertheless, the cooling performance is strongly related to the climate conditions,
which can limit the applicability. Evaporative cooler can be categorized as shown in
Figure 2.1.

Evaporative coolers

Direct Indirect
|
Conventional Regenerative Hybrid
|
Dew Point Coolers M-cycle Dew Point Coolers

Figure 2.1. Types of evaporative coolers. [7]
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2.1.1.1. Direct evaporative coolers.

For Direct Evaporative Coolers (DECs), the primary air stream is subjected to an
adiabatic process because the air temperature is reduced due to the high moisture
content added in the component. The common procedure consists of passing the air
steam and put it in direct contact with the cooling water that can be placed into wet
surfaces or membranes, Figure 2.2. shows a schematic representation [8]. For these
devices, the wet bulb temperature becomes a crucial parameter because of it is the
minimum theoretical supply temperature, a well-design DEC can achieve an
effectiveness of 85% approximately [9].

a b .
.\s-ﬁ\ f
\0‘-‘/
Sprinkler \f,

Fan =710 Waterinlet < ® wBl :';
REER - :
_’ _’ wB2 i‘:
R Evaporatve | > N :
= s = s g
» (ex) g

Ambient Air | Sm(psl)y Air

a DE2 DBl
——

Dry bulb temperarure (°C)

WB-Wetbuld emperature, DB-Dry bulb temperature

Figure 2.2. Schematic representation for DECs. [8]

2.1.1.2. Indirect evaporative coolers.

Indirect evaporative coolers (IECs) are usually air to air heat exchanger and the
majority consist in a flat plate stack configuration [7]. The working principle of this
component consist of cooling down the primary air stream by passing through dry
channels, while a secondary air stream passes in adjacent wet channels. One important
characteristic is the capability of reduce air temperature without adding moisture to
primary air, which meant just sensible cooling, this fact makes suitable IECs for hot
and humid climates [10]. Moreover, depending on the secondary air stream, IECs can
be further classified as shown in Figure 2.3. [7]

Conventional IEC takes the secondary air from any place that can have the same or
different conditions of the primary air stream; an example is the counter-flow
configuration shown in Figure 2.3.a.

The Dew Point Cooler (DPC) pre-cools the working air (or secondary air) prior to its
diversion into the wet channels; this practice can decrease both dry bulb and dew point
temperatures of the air within the wet channels, thus achieving 20 and 30% higher
cooling efficiency compared to the conventional IECs [11].

Counter-flow M-cycle DPC configuration can cool down the primary air stream to a
temperature below the wet bulb and near to the dew point of the secondary air stream.
Looking at Figure 2.3.c. the secondary air stream goes into a dry channel, which has
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some perforations along the flow path. During the flowing, the air is partially cooled
and diverted into the wet channel through the holes. The secondary air in the wet side
is able to extract heat from the adjacent sides; One of them is channel for the primary
air, which flows in counter flow and gets cold down. Experimental studies carry out
by Zhan et all. Shown that the cooling capacity of M-cycle counter-flow DPC is 20%
higher in comparison with the cross flow DPC [12]; Moreover, it presents a greater
dewpoint and wet-bulb effectiveness under the same sizing and operating conditions.
On the other hand, cross-flow M-cycle arrangement presented a 10% higher energy
efficiency (COP). [12]

SECONDARY SECONDARY CHANNEL h SECONDARY

AIR OUT AlR IN
WATERfFVFF—7m=

WALL

PRIMARY - PRIMARY
AR TN H PRIMARY CHANNEL H ATR OUT

(a) Counter-flow conventional IEC configuration.
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SECONDARY AIR IN
AIR OUT (:: SECONDARY CHANNEL
WATER—

WALL
PRIMARY ]
AIR IN q PRIMARY CHANNEL

(b) Counter-flow DPC configuration.
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——WATER
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(c) Counter-flow M-cycle DPC configuration.
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WALL PRIMARY
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PRIMARY o
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(d) Counter-flow Hybrid [EC configuration.

Figure 2.3. Classification of IECs. [7]

In other to reach a higher performance, some studies look for different configuration
of ECs. Among them there is the two-stage evaporative cooler, which a schematic
description and psychometric process are shown in Figure 2.4. This innovation
consists of combining the direct and indirect technologies. All the primary air stream
gets into a heat exchanger (considered the IEC), where the air is pre-cooled. Then, the
component takes a certain flow rate and goes into a second stage, where moisture is
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added to the stream (DEC); while the remaining flow passes through a bypass channel.
Finally, the two streams are mixed. Kulkarni and Rajput, theoretically speaking,
studied the performance of a two-stage EC for an application in Bhopal, Inda. They
found that increasing the primary air flow rate from 0.3 to 1.25 kg/s, the performance
of an IEC decreases from 0.95to 0.82. In addition, the cooling capacity ranges from 5.06
to 20.50 kW and an outlet temperature range between 22.5°C and 24.6°C, considering
a dry bulb temperature of 39.9°C and relative humidity of 32.8%. [13]
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Figure 2.4. Schematic representation of the two-stage evaporative cooler. [14]

2.1.2. Desiccant dehumidifier.

Depending on the type of desiccant used, this material can be classified as liquid desiccant
systems, Solid desiccant systems and Hybrid desiccant systems as shown in Figure 2.5.

[ Thermally Activated Desiccant Cooling Technologics

~\
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Wheel
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Figure 2.5. Classification of Desiccant technologies. [15]
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2.1.2.1. Solid desiccant systems.

The theory of water vapor adsorption is the working principle of the solid desiccant
cooling process. Thanks to the water vapor pressure difference between the process
air and the desiccant material surface, the moisture content can be removed from the
primary air stream. However, the dehumidification efficiency of desiccant
components decreases due to the saturation, meaning that it is necessary to regenerate
the material by using a low humidity content and high temperature air flow.
Moreover, this procedure required the adsorption of heat, leading to an increase in the
process air temperature. This consequence requires a further sensible heat exchanger
or cooling coil to get the desired room conditions. [16]

Starting from the fixed bed technology; this component is made of a stationary bed
with desiccant granules packed tightly. The regeneration and dehumidification
process can be done by alternating the air flow that passes through the bed. The main
advantage of the configuration is simplicity of the structure and manufacturing.
Nevertheless, the low mass and heat transfer efficiency, because of the weak contact
between desiccant material and air flow, is the main disadvantage that affects its
usage. Additionally, it is required an elevated power consumption for moving the
process air due to pressure drop suffered in the device [17]. The packed bed can be
further categorized into convectional axial flow bed (Figure 2.6.a) and an alternative
for reducing the pressure drop in the component, which is named the radial flow bed
(Figure 2.6.b). Awad et al. (2008) theoretically and experimentally investigated the
radial flow fixed bed dehumidification system and the results shown that compared
to the vertical bed, the hollow cylindrical bed presented an important reduction in the
pressure drop, meaning that air blowing energy required is minimum in comparison
with the axial flow bed as presented in Figure 2.6.c. [18]
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Figure 2.6. a - Convectional axial packed bed; b — Radial flow bed; c — pressure drop for axial
and radial flow component. [18]
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Moving forward into solid systems, one of the most relevant components is the
rotating desiccant wheel (DW), which compared with other dehumidifying
configurations, provide more benefits such as higher efficiency and compactness;
moreover, desiccant wheel allows to configure a continuous working cycle that can be
regenerated from low-grade heat sources like solar energy or wasted heat [16]. As it is
represented in Figure 2.7. the operating principle consists of diving the wheel structure
into the process and regeneration air sides by a clapboard. While the wheel rotates
constantly passing through the two sections, in one side the process air gets
dehumidified due to the adsorption material; and the same time in the other section,
the desorbing process takes place thanks to the hot regeneration air stream which
removes water content from the desiccant [19]. For optimizing the performance of DW,
Ahmed et al. (2005) did a theoretical and experimental study in order to evaluate the
influence of several design parameters [20]. They tried to get the optimum ranges for
the thickness, the ratio between the regeneration and adsorption section and wheel
speed according to different operating conditions. The findings evidenced that for
desorption temperature between 60 to 90°C, acceptable values for the thickness were
about 18 - 26 cm, the rotational speed ranges from 15 to 60 rph and the recommended
wheel area ratio was 0.8 for 60°C and 0.3 for 90°C. [20]

Dry air

Felt/Supporting material

Process air

Moist air , Regeneration

Adsorbent

One channel

Figure 2.7. Schematic diagram of axial rotary desiccant dehumidifier. [19]

One drawback of the convectional desiccant wheel is the overheating of the intake air
and the desiccant particles due to the dehumidification process. The way in which the
heat is released plays an important role at moment of the wheel performance
calculation. Kodama et al. (2005) launched a non-adiabatic multi-pass honeycomb
rotating desiccant wheel (Figure 2.8) that simultaneously to the heating in the
regeneration section, in the adsorption area, a counter flow air stream cools down the
desiccant. The study found that the modification enhances by a 30% the
dehumidification performance in comparison with traditional DW, the dimension is

40% less and the optimal rotational speed is 3 times slower than conventional rotor.
[21]
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Figure 2.8. Diagram of the multi-pass honeycomb rotating desiccant wheel. [21]

2.1.2.2. Liquid desiccant system.

Considering all the properties that a desiccant material must have, the most usual
liquid desiccants are glycol and solutions of halide salts. The triethylene glycol
presents the advantage of having a low toxicity and compatibility with the majority of
metals; but it is a volatile fluid because of the low surface vapor pressure and
sometimes it evaporates and goes into the conditioned space. Additionally, it has a
high viscosity which causes unstable system operation. On the other hand, LiCl and
LiBr, are salts of Halides, that work well at ambient conditions and have low viscosity,
reducing the pumping power. However, the principal drawbacks are the high cost,
they are naturally corrosive and mixing with supply air must be avoided. [22]

The packed bed is the most common configuration in liquid desiccant
dehumidifier/regeneration. The liquid fluid is distributed on the top of the packed and
flows through it getting in direct contact with the air flow. This component can be
arranged in adiabatic form (Figure 2.9.a.) where the desiccant solution temperature
changes during the process because of the heat and mass transfer; An alternative in
order to enhance the mass transfer is the internally cooled/heated (Figure 2.9.b.), or
isothermal, in which a third fluid keeps constant the temperature [23]. An
experimental study carried out by Bansal et al. (2010), compared the two systems, they
found that the effectiveness of the internally cooled packed bed was 28 - 45% higher
than the adiabatic one; but they noticed that part of the advantage is obtained because
of the condensation on the chilled coil surface. [24]
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Figure 2.9. Schematic diagram of a) Adiabatic and b) Internally cooled packed beds. [23]

An alternative to stationary packed bed, it can be used a rotating absorber
configuration for optimizing the moisture removal. Gu et al. (2019) performed an
investigation with a rotating packed bed (RPB) for liquid desiccant regeneration, the
experiment set up is shown in Figure 2.10. the outcomes evidenced a mass transfer
coefficient of between 12.5 — 35.6 kg/m3s, which means 6 times greater than traditional
regenerators [25]. Additionally, they conclude that moisture removal rate increases as
the high gravity factor, air flux air inlet temperature, solution flux and solution inlet
temperature also growth. [25]

\
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Components: (1) Fan; (2) Air flow meter; (3) Heat Exchanger; (4) Humidifier; (5)
Integrated temperature and humidity sensor; (6) Differential pressure gauge; (7) RPB;
(8) RPB shell; (9) Integrated temperature and humidity sensor; (10) PT100; (11) Motor;
(12) Heat Exchanger; (13) PT100; (14) Liquid flow meter; (15) Valve; (16) Pump.

Figure 2.10. Liquid desiccant regeneration using rotating packed bed. [25]
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Another liquid dehumidifier is the Spray tower, in which the desiccant solution is
sprayed at the top of the tower in small droplets. In counter flow, the air stream gets
in contact with the droplets allowing the heat and mass transfer at drop surface [23].In
advantage to the packed bed, this arrangement can operate at lower flow rates, and it
presents smaller pressure drop [26]. In contrast, the droplet carryover effect is higher.
As for packed bed, the use of a cooling coil helps to increase by 20% the effectiveness
of the spray configuration. Figure 2.11. presents the two alternatives.
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Figure 2.11. Schematic diagram of a) Adiabatic and b) Internally cooled Spray tower. [23]

2.2. Solid DEC Configurations.

For the purpose of this thesis, the radial flow wheel solid desiccant system will be the
focus of the study. The most common rotating solid-desiccant configurations are the
ventilation mode, the recirculation mode and the Dunkle cycle. [27]

For the ventilation cycle, the indoor room air is used to regenerate the desiccant wheel.
The process description consists of taking room air and forcing it to pass firstly
through an evaporative cooler, then it goes into a heat exchanger to pre-cool the
primary air stream. Moreover, before entering in the desiccant wheel, the secondary
air stream is subjected to a regeneration process, where heat from an external source,
raises the air temperature in order to perform the desiccant drying and finally released
into the atmosphere. Considering the supply air flow, it is taken from the outside
environment and gets dehumidified by crossing the desiccant wheel in a first stage,
secondly it is precooled by the sensible heat exchanger and finally the process air is
further cold down by evaporative cooling component [27]. The block diagram and
psychometric representation for the ventilation mode is shown in Figure 2.12.a. and
Figure 2.12.b. respectively.
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Figure 2.12. Schematic representation of a solid desiccant wheel evaporative cooling system
in ventilation mode. [28]

In practice, the recirculation mode is formed by the same components of the ventilation
arrangement; with the difference that the room air is continuously reconditioned in a
close loop using the environmental air just for the regeneration process as presented
in Figure 2.13. A thermodynamic advantage for the cycle is the higher availability for
cooling. However, having a cold sink-temperature can reduce the performance of the
cycle. Additionally, for this case there is not a direct fresh air supply, the only way is
by the introduction due to normal infiltration such us for conventional vapor
compression cycle, whereas for ventilation mode, all the supply air to the conditioned
space is fresh. It means that for application with requirements of indoor air quality,
the recirculation mode is not suitable. [29].
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Figure 2.13. Schematic representation of a solid desiccant wheel evaporative cooling system
in recirculation mode. [29]

Finally, regarding the Dunkle cycle, it tries to combine the ventilation and recirculation
configuration in order to take the thermodynamic advantages of both cycles [30]. It
uses the higher cooling availability room air as in the recirculation mode and the lower
cold-sink temperature of the ventilation mode [27]. However, one disadvantage of the
cycle is the non-control of the fresh air supplied to the building.
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Figure 2.14. Schematic representation of a solid desiccant wheel evaporative cooling system —
Dunkle Cycle. [30]
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2.3. Case studies.

Moving forward to specific studies similar to the purpose of this thesis work. It is
found the simulation carried out by Narayanan et al. (2018), in which they evaluate
the applicability of DEC system in the residential sector, considering the weather
conditions of Brisbane, Queensland, Australia. It is used a solid DEC in the ventilation
mode arrangement as evidenced in Figure 2.12. The main components are the
desiccant wheel, a direct evaporative cooler, and a regeneration temperature of 75°C
(an electrical resistance is assumed). The TRNSYS modelling package is used for the
simulation, taking into account that the conditioned spaces were just the living room
and bedrooms. The results shown that regarding the cooling demand, the proposed
DEC configuration can technically cover about 50% of the required hours.
Additionally, they pointed out that heat source for regeneration must be provided by
a cheap or waste-heat resource to make the system economically viable. [31]

Regarding cheap heat sources, Katejanekar and Kumar (2007) proposed a solar
regenerated liquid desiccant ventilation system. The configuration, as shown in Figure
2.15. is formed by two air and liquid loops. Air loops take care about the dehumidified
and regenerating air loop, while liquid loops are the liquid desiccant and the cooling
tower loop. The process air goes into the dehumidifier (Packed bed), where it gets in
contact with the strong desiccant solution (Lithium chloride) in counter flow for
absorbing moisture; them it is sensible cooled by heat exchanger in which passes the
cooling tower loop. For reconcentrating the desiccant solution, it is used the solar
energy and regeneration air stream. The experimental results evidenced that a
humidity control can reduce the relative humidity from 60% until 30% if it is necessary,
additionally, the study determined that the most influential parameters were the solar
radiation, the ventilation rate and the desiccant solution concentration. [32]
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Figure 2.15. Representation of the solar-regenerated liquid desiccant system. [32]
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Another interesting prototype of DEC system is presented by Ouazia et al. (2019). They
assessed experimentally and theoretically the configuration in diverse region of
Canada. Concerning the experimental results, for a set point of 24°C and 50%RH, the
tested DEC system was not able to maintain the average indoor temperature.
However, measuring the relative humidity, the desiccant evaporative cooling
evidenced a better humidity control and comfort than the convectional HVAC system.
They suggested that potential application areas for this type of technology are those
with a low sensible heat ratio, meaning considerable latent load. Moreover, they
concluded that in order to enhance the performance of the system is necessary to
consider components with high electrical efficiency and to install the system outside
building envelope. [33]

3 Chapter three: Dehumidification and
cooling demands simulation.

3.1. Building thermal characteristics and modelling

The definition of the cooling and dehumidification demand is a critical step in the
design of a desiccant cooling system because they cannot be satisfied if the system is
undersized, on the other hand, resources and materials are not optimized if the system
is oversized. For this reason, a reference point is required to properly size and select
all the components that will provide the thermal and humidity comfort inside the
conditioned spaces.

Firstly, we need to define what a conditioned space is. It is an area inside a building
where temperature and humidity are controlled. This conditioned space is separated
from the external environment by the building envelope. The temperature and
moisture content of the air inside the conditioned spaces are modified by internal heat
and mass transfer processes. The appliances inside the spaces generate heat when they
are used, and this heat is transferred to the surrounding air increasing the air
temperature. Also, people that occupy the space produce not only heat but also
increase the water content inside the air. These are called internal loads and their
effects need to be balance by the conditioning system in order to maintain the desired
indoor air conditions.

There are external factors that also modify the thermal environment inside conditioned
spaces. The external air temperature and humidity, solar radiation and wind velocity
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have a direct effect in the temperature and humidity of the conditioned spaces. Their
impact on the internal thermal environment is limited by the building envelope and
their effects need also to be balanced by the air conditioning system. All these
processes must be taken into account when we want to calculate the cooling and
dehumidification demand of the conditioned spaces.

In this thesis work, cooling and dehumidification demand are estimated by
performing a dynamic simulation using TRNSYS software. The simulation needs as
input the weather data of the site where the building is placed. Weather data is
obtained through the software METEONORM  that provides climatological
information for multiple sites around the world, using measured data from
meteorological stations and sophisticated extrapolation techniques. It is also required
a detailed model for the building that must include the characteristics of the building
envelope, internal gains (illumination, appliances and heat produced by people),
occupation profile, shading devices as well as the building distribution and orientation
of the spaces.

In order to model the building, the component TRNBuild of TRNSYS software is used.
As a first step, the building envelope is created considering the distribution of the
apartments and the materials that constitute all the structure of the building. The
building studied in this thesis is composed by 4 floors and the basement. Each floor is
divided into six apartments, all with different area and orientation. The distribution of
the apartments is the same for each floor and it is shown in Figure 3.1.
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Figure 3.1. Distribution and orientation of the apartments in a floor.

The building shell is composed by the internal and external walls, fenestration,
ceilings, internal and external floors, and external roof. The material composition of
the structures and its average transmittance value inserted into the TRNSYS model are
reported in the Table 3.1.
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Table 3.1. Materials and average transmittance for the structures the building consists of.

Type of Structure| Average Transmittance [W/(m2*K)] Materials
External wall 0.214 plasterboard, cavity, glass wool, block (poroton
600), expanded polystyrene, plaster
Internal wall 0.238 plasterboard, c%ivity, external glass wool, cavity,
internal glass wool
Ground floor 1.923 tile, mortar, screed, gravel
tile, radiant screed, expanded polystyrene,
Basement ceiling 0.197 premixed subfloor, vapor barrier, screed,
predalles slab, plaster
tile, radiant screed, expanded polystyrene,
Adjacent ceiling 0.373 footfall noise insulation, premixed subfloor,
screed, latero-cement floor, cavity, plasterboard
External floor 0.224 TEPP, ESTR, MIWO, BET, DAEMA
plasterboard, cavity, latero-cement floor, screed,
External roof 0.152 premixec’l subf'1001", foojtfall I’loise insulation,
vapor barrier, stiferite, bituminous membrane,
tile
HP 41 #2_Ar90:
Windows 136 GU SunGu'ard : /33 _#2_Ar90
2 glazing with argon gap

This information must be included in the model because the thermal behavior of the
building respect to the external environment depends on the materials used for its
construction. A well-insulated building allows to have a better control of the internal
spaces with lower energy consumption of the air conditioning systems. For this reason,
designing properly the building envelope by selecting the right materials considering
the project context, may lead to energy savings due to improvements in building
efficiency.

Italian government has stablished, through DM-Requisiti Minimi, the minimum
values of transmittance required to obtain a near zero energy building (NZEB) that
change according to the zone where the building is constructed. According to D.P.R.
n. 412 del 26 agosto 1993, The city of Milan corresponds to a climate zone E, thus the
minimum requirements for a nZEB building are the corresponding to this climate zone
[34]. In Table 3.2, are reported the minimum values of transmittance and the values
obtained for the building studied.
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Table 3.2 . Comparison between building transmittance and minimum values required by
Italian government for a nZEB building [35].

Type of Structure Average Transmittance | Minimum transmittance
[W/(m2*K)] [W/(m2*K)]

External wall 0.214 0.260
Internal wall 0.238 0.800
Ground floor 1.923 0.220
Basement ceiling 0.197 0.800
Adjacent ceiling 0.373 0.800
External floor 0.224 0.260
External roof 0.152 0.220
Windows 1.360 1.400

According to Table 3.2, it is possible to observe that transmittance values for all the
structures of the building are lower than the values required by Italian normative for
a nZEB building. Therefore, we can consider this building as a nZEB building with
high performance and low energy consumption.

In our case study, which is focused on cooling season, these building thermal
characteristics allows to reduce the heat gain from the external environment, thus the
heat that the desiccant cooling has to remove to maintain temperature and humidity
of the inside air will be lower than for a building with higher values of transmittance.

To simulate the internal gains, it is necessary to determine the amount of heat
generated by people inside the rooms as well as the amount of heat generated by the
appliances. The values set as input for the simulation are reported in Table 3.3.

Table 3.3. Parameters for the internal heat generated by people, lighting, and appliances.

Density 0.04 pers/m2

People Sensible heat | 80 W/pers

8 W/m’
Latent heat 38 W/pers /m

Lighting and appliances Sensible heat | 4.92 W/m2
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The instantaneous heat generated by the combination of the two sources is calculated
as 8 W/m2, as reported in Table 3.3.
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Figure 3.2. Occupation profile during weekdays.
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Figure 3.3. Occupation profile during weekend.
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Figure 3.4. Schedule for lighting and appliances use.
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Internal gains have been modeled by introducing an occupation profile of the building
that changes between weekday and weekend, and a schedule for the lighting and
appliances. Considering Figure 3.2, the occupancy of the building falls during morning
until afternoon at 18 because people exit from home to perform their daily activities
like working or going to school. During weekend the occupancy is always higher than
80% as shown in Figure 3.3, because people usually stay at home.

Shading devices are also part of the building envelope, and they allow to control the
heat gain generated by the solar radiation by controlling the shading factor which
varies between 0 (totally open) and 1 (totally closed). This building is provided with
two types of shading devices: awning and shutter sunblind. Also for shading devices
are defined schedules that change between weekdays and weekend. The schedule
profile of shutters during weekdays and weekend are shown in Figure 3.5 and Figure
3.6, respectively. Figure 3.7 and Figure 3.8 show the schedule profile for awnings
during weekdays and weekend, respectively.
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Figure 3.5. Schedule profile for shutters during weekdays.
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Figure 3.6. Schedule profile for shutters during weekend.
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Figure 3.8. Schedule profile for awnings during weekend.

Finally, inserting all the information of the building in the TRNBuild type, we obtain
the building model necessary to perform the dynamic simulation to estimate the
cooling and dehumidification demand of all the apartments. The model of the building
generated by TRNBuild is shown in Figure 3.9, and it includes all the building
envelopes and shading devices involved in the heat transfer process.

Figure 3.9. Model of the building created by using TRNBuild type of TRNSYS.
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3.2. Weather conditions of Milan

Considering the weather data conditions provided by the TRNSYS software, Milan
presents an annual maximum temperature of 35°C; those temperature ranges are
expected during the summer season months, which are June, July, August, and
September. Regarding the winter, spring, and autumn months from October to May,
cooling demand is less required, even it is necessary to use a heating system. From
Figure 3.10 to Figure 3.12 are shown the dry bulb temperature, the humidity ratio and
relative humidity profiles by month for the Milan climate during the year, respectively.
Keeping in mind the information presented in those figures, we can say, that the Milan
weather is relatively humid and hot, during the summer period, signifying that
dehumidification will be required on the season.

Dry Bulb Temperature [C)

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Months.

Figure 3.10. Monthly dry bulb temperature profile of Milan.
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Figure 3.12. Monthly relative humidity profile of Milan.

3.3. Cooling and dehumidification demand.

Considering that the cooling requirements will be comprised between the period of
June 1¢t to September 30%; and taking into account the requirements for indoor space
conditions defined by the normative UNI-TS 11300. The limiting state for a
conditioned space should have at least a temperature of 26 °C and 60% relative
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humidity (12.6 g /kg of dry air for absolute humidity) in normal cooling operating
system [36]. Keeping in mind this target point, the TRNSYS building simulation
estimate a base case, where it calculates the sensible and latent demand for each
apartment in the building, hypothesizing that there would always be an ideal system
available for reaching the stablished condition. The results are presented in Table 3.4
and Figure 3.13, where it is depicted in a graphic way the findings obtained and can
be easier identified the dwellings north-west and north-east oriented at the 3¢ and 4%
floor as the conditioned spaces with the highest sensible and latent load.

Furthermore, looking at Table 3.4, it can be observed that for the same orientation of
an apartment, the ones at the fourth floor present always the higher sensible load and
more or less the same dehumidification load. In the next, for the seek of simplicity, the
results will be focused on those dwellings at flat 4%, particularly for north-west and
north-east oriented.

Table 3.4. Total cooling and dehumidification energy demand by apartment during the
summer period.

Apartments Cooling Load [kWh] | Dehumidification Load [kWh]
Ap 01_NE 1442.3886 494.1153
Ap01_E 1152.2236 334.3749
Ap 01_SE 998.0455 285.9413
Ap 01_SO 841.1856 265.0709
Ap01_O 832.4216 246.1598
Ap 01_NO 1668.3770 508.4154
Ap 03_NE 1768.9586 493.7964
Ap 03_E 1400.7064 334.2349
Ap 03_SE 1176.8124 285.7400
Ap 03_S0O 999.6477 264.9074
Ap 03_O 1039.2023 246.0136
Ap 03_NO 2018.1911 508.0675
Ap 04_NE 1794.9002 494.1767
Ap04_E 1408.0817 334.3877
Ap 04_SE 1192.2538 286.0936
Ap 04_SO 1010.6676 265.1815
Ap 04 O 1045.0437 246.1457
Ap 04_NO 2055.5415 508.4879
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Figure 3.13. Cooling load (sensible) and dehumidification load (latent) in the base case
simulation for all the apartments.

Since, it is essential to consider cooling needs as the combination of temperature
(Sensible cooling) and humidity (latent cooling) to ensure comfort. Another important
aspect that can be pointed out from the data in Table 3.4 is that the latent load
represents more or less 22% of the total conditioning demand, a significant portion of
the energy required and pointing out a good omen for the performance of the DEC
system that will be implemented. Table 3.5 presents the sensible heat ratio (SHR) for
each apartment, which is a measurement that characterizes these the cooling aspects.
SHR is defined as the ratio of sensible heat gain to the combined sensible and latent
heat gain in the conditioned space [33]. A low SHR indicates that the primary cooling
load predominantly consists of the latent load. This indicator is employed by
researchers when evaluating the applicability of a desiccant system in the considered
location; values over 90% makes little sense to implement this kind of technology [33].

Table 3.5. Sensible heat ratio by apartment.

Apartments | Ap01_ NE | Ap01.E | Ap01_ SE | Ap01_SO | Ap01_O | Ap01_NO
SHR [%] 74.48% 77.51% 77.73% 76.04% 77.18% 76.64%
Apartments | Ap03_ NE | Ap03_E | Ap03_SE | Ap03_SO | Ap03_O | Ap03_NO
SHR [%l] 78.18% 80.74% 80.46% 79.05% 80.86% 79.89%
Apartments | Ap04_ NE | Ap04 E | Ap04_SE | Ap04.SO | Ap04. O | Ap04_NO
SHR [%l] 78.41% 80.81% 80.65% 79.22% 80.94% 80.17%
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3.4. Base case — Natural ventilation.

Initially, before starting to introduce the model of the desiccant system. It is necessary
to look for a reference case in order to compare how much is the improvement of the
purposed system respect to not doing any intervention in the building; for the aim of
this thesis work, the natural ventilation of the building is taken as the reference.
Meaning that for the simulation it is not considered any cooling system, just the natural
ventilation in the building, that is traduced into opening the windows of the different
apartments and leaving the outdoor air, without any treatment, flows into the spaces
for conditioning them.

The TRNSYS model performs a calculation of how much is the volumetric air flow rate
that enters into each apartment using equation ( 1 ), and considering the weather
conditions of Milan. The used expression, that takes into account the Bernoulli
equation for estimating the air velocity, is the following one:

(1)

2 |AP|>O'5 L
T
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In the following subsections are exposed the results of the simulation focusing on the
temperature and humidity ratio profile for the apartments 04_NE and 04_NO which
were the ones with the higher loads. Then there is presented an evaluation of the
indoor space conditions during the summer period for all the dwellings at the fourth
flat.

3.4.1. Dry bulb temperature profile.

In Figure 3.14 and Figure 3.15 is shown the temperature profile of the apartments 04-
NE and 04-NO as a result of the natural ventilation simulation. It can be observed that
for the beginning of the conditioning period, more or less until the hour 4000 that
corresponds to June 15%, the temperature in both apartments is mostly under the 26°C,
which is an acceptable value according to the ASHARE limit. Likewise, the same
behavior of the indoor temperature is presented in the hours before the end of the
summer period, from September 8. It can be said that for those regions, the natural
ventilation allows to have a sensible comfort condition, meaning that it is no necessary
a cooling system in these two-time intervals.

On the contrary, in the middle time interval from June 16% to September 7, roughly
2000 hours, the temperature behavior goes to values over the 26°C, even reaching
values above the 30°C. In this period, that represents approximately the 69% of the
conditioning period, people will need the presence of a cooling system.
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Figure 3.14. Dry bulb temperature profile of apartment 04_NO - Natural ventilation results.
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Figure 3.15. Dry bulb temperature profile of apartment 04_NE - Natural ventilation results.

3.4.2. Humidity ratio.

For a humidity comfort condition, corresponding to a dry bulb temperature of 26°C
and a relative humidity of 60%, it is necessary to have a humidity ratio around 12.6
g/kg of dry air inside the spaces. Observing Figure 3.16 and Figure 3.17, where it is
evidenced the absolute humidity results for the natural ventilation simulation, it can
be appreciated that along the whole summer period, there is the presence of humidity
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ratios above the reference value; confirming the necessity of having a system capable
for reducing the air moisture content.
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Figure 3.16. Humidity ratio profile of apartment 04_NO - Natural ventilation results.
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Figure 3.17. Humidity ratio profile of apartment 04_NE - Natural ventilation results.

3.4.3. Comfort conditions.

In order to evaluate whether a certain environmental condition at a specific time is
considered as thermal comfort, which is defined as the feeling of satisfaction with the
thermal environment in which a person is located [37], it is necessary to determine a
range of thermal environmental conditions that are required to achieve acceptance by
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a certain percentage of occupants in a considered space. The ASHRAE standard 55-
2004 collected a large amount of experimental and field data that gives statistics about
conditions in which occupants will find thermally comfortable [37].

The standard considers six main parameters when establishing criteria for thermal
comfort. These factors can change over time and the specifications given by the study
can be valid for stable conditions [37]. Consequently, individuals entering a space
conforming to this standard might not instantly perceive the conditions as comfortable
if they have recently encountered different environmental conditions; meaning that
there is an influence of prior exposure or activity in the comfort perception for around
one hour [37]. The factors are:

1. Metabolic rate

2. Clothing insulation
3. Air temperature

4. Radiant temperature
5. Air speed

6. Humidity

The standard evidenced two comfort zones due to the fact that during the winter and
the summer season, people typically wear different clothes. The two regions shown in
Figure 3.18 are referred to 0.9 (for winter) and 0.5 (for summer) clo of thermal
resistance. Additionally, the comfort condition zones delimited establish that 80% of
occupancy will perceive the environment condition as thermally acceptable. [38]

For the purpose of this thesis work, only the summer comfort zone will be considered.
Temperature limits are stablished by the constant effective temperature line between
23 and 26 °C. Moreover, humidity ratio limits will be related to the relative humidity
curves between 30% and 60%, since values below this range correspond to a possible
cause of dryness of the skin and mucous surface; and above it can be annoying, and
people may experience a damp sensation on their skin. [38]
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Figure 3.18. ASHRAE Summer and Winter Comfort Zones. [39]

In the context of the outcomes derived from simulations conducted on natural
ventilation, an in-depth analysis was carried out to assess various conditions; these
conditions were plotted on the psychometric chart, which is a tool for representing the
air conditions considering its moisture content, evidencing the comfort thermal zone
defined by the ASHRAE. This kind of representation allows to have a compressive
understanding of the hours that are considered as comfort conditions if there is only
used the natural ventilation as the source for satisfying the latent and sensible demand
in the conditioned period. The results are illustrated in Figure 3.19 where all the
conditions for the six apartments at the fourth floor are shown; The analysis of these
results reveals that, while some data points fall within the thermal comfort zone, a
majority of them lie outside this range. Notably, many data points are situated on the
right side of the comfort zone, signifying a substantial number of hours during which
occupants are exposed to elevated temperatures within the dwellings.

It may be tempting to assume that the relative humidity range is met, implying
humidity comfort within the space. However, it is crucial to acknowledge that relative
humidity is a variable dependent on both temperature and humidity ratio. A closer
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examination of the graphs reveals a significant portion of data points with a humidity
ratio exceeding 12.6 g/kg dry air, indicating a substantial moisture content in the
indoor air.

Moreover, Table 3.6 supplements these findings by presenting a breakdown of hours
with distinct requirements. This table outlines the hours necessitating
dehumidification or cooling, along with the hours in which a comfort condition is
achieved across various apartments within the building.

During the annual period spanning from June 1st to September 30th, approximately
23% of the hours exhibit an acceptable thermal condition as defined by ASHRAE's
Thermal Environmental Conditions for Human Occupancy. Notably, this percentage
remains relatively stable across apartments, irrespective of their orientation.

Furthermore, it is observed that, on average, around 55% of the hours necessitate
additional cooling despite the presence of fresh air circulation. This percentage tends
to increase notably for dwellings situated on the third and fourth floors, primarily due
to the elevated outdoor temperatures during these hours.

Another important aspect is the necessity to reduce the humidity in the air,
approximately 27% of the considered time interval presents a higher moisture content
that exceeds the stablished limits. Interestingly, the requirement for dehumidification
is more pronounced for residences on the first floor. This phenomenon can be
attributed to the lower temperature profile in these housing units, leading to higher
relative humidity levels for the same absolute humidity content.

Table 3.6. Comfort hours for the natural ventilation simulations.

Apartments | 01_NE | 01_E | 01_SE | 01_SO | 01_O | 01_NO | 03_NE | 03_E | 03_SE

Deh. 989 839 955 943 829 915 767 579 778

Required
Cooling | 1 13¢ | 1615 | 1391 | 1458 | 1604 | 1486 | 1617 | 1769 | 1521
Required
Lo 692 | 695 | 728 699 | 683 | 686 655 | 664 | 700
hours

No Comfort | 2194 | 2191 2158 2187 | 2203 2200 2231 2222 2186

Apartments | 03_SO | 03_O | 03_NO | 04_NE | 04_E | 04_SE | 04_SO | 04_O | 04_NO

Deh. 749 | 592 | 713 800 | 630 | 805 792 | 631 | 748
Required
Cooling | 110 | 1773 | 1633 | 1596 | 1754 | 1519 | 1591 | 1754 | 1602
Required
Comi 671 | 635 | 648 666 | 672 | 686 660 | 652 | 672
hours

No Comfort | 2215 | 2251 2238 2220 | 2214 2200 2226 | 2234 2214
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4 Chapter four: Desiccant Evaporative
Cooling Model.

The current chapter will be dedicated to evidence the different assumptions,
equations, conditions, operation mode and other aspect related to the modelling of the
desiccant cooling system proposed for satisfying the total energy demand of the
building studied.

The system consists of a ventilation mode DEC configuration composed by one silica
gel desiccant wheel, a sensible rotary heat recovery, an air to water cooling coil, a air
to water heating coil for regeneration, and a humidifier.

In principle, the system takes the outdoor air (process air) and force it to pass through
the desiccant wheel, that reduce the moisture content of the fluid until a desired value.
Them a pre-cooling stage for the process air takes place in the sensible rotary heat
recovery, taking advantage of the return air temperature (secondary fluid). Before
going into the indoor spaces, a further cooling step is carried out in the cooling coil for
achieving a desired supply temperature.

Furthermore, in order to operate cyclically the system, after exchanging heat and mass
with the different spaces, the indoor air is taken as a return air, which first goes into
the humidifier for performing an evaporative cooling, them it passes through the
rotary heat recovery for a pre-heating of and before entering in the desiccant wheel for
removing moisture from the desiccant structure, it is regenerated in the heating coil,
where temperature is increased. The previous process steps are reported in Figure 4.2
over the psychometric char.

Moreover, it can be said, that the study considers a whole system for supplying the
entire building. So, the supply stream, after being treated in the desiccant system, is
divided in different air mass flow rate for each apartment. Additionally, the model of
the system is developed in a MATLAB code that will be interconnected with the
TRNSYS file. In Figure 4.1, there is a schematic representation of the system with the
different components evidencing the different state point before and after.

All the variable meaning involved in the system that are reported in Figure 4.1 and
Figure 4.2 can be found in the symbols table at the end of the document.
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4.1. Desiccant Wheel.

For the modeling of the desiccant wheel, it is considered a mathematical model,
developed by Stabat and Marchio, that simplifies the heat and mass transfer partial
differential equations with a good accuracy and giving the possibility of characterizing
the equipment under all the operating conditions with low computational time. The
model was compared with experimental and manufactures data providing good
results. [40]. The model presents the following assumptions:

1. The axial heat conduction and water vapor diffusion in the air are neglected.

2. The diffusion and capillarity in the desiccant matrix are assumed to be negligible in
the axial direction (z);

3. The temperature and humidity ratio gradients in the radial direction (r) are
neglected, otherwise T =T (z, a) and w = w (z, a) are independent of the wheel radius;

4. The sorption is supposed without hysteresis.

5. The pressure drop in the wheel is neglected.

6. The inlet air temperature and humidity ratio are uniform.
7. The channels have all the same geometry.

8. The thermos physical properties of the matrix, the air and water vapor are constant
in all the operating conditions.

9. The conditions are in steady state.

They present the dimensionless mass and heat transfer balance equations in a small
volume element of the wheel, the equations employed goes from (2) to (5):

-  Dimensionless variables:

Mgt
= 2
U= g (2)
z
X=-
- (3)
- Mass transfer equation
ow  hp,A
E: ma*(wa_weq) (4)
- Energy conservation equations:
0H hyA h.A
Ez T;lna *(Wa_Weq)*(hfg_CpaTa)‘I'mLa*(Ta_Tm) (5)
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Taking into account that the previous equations are hyperbolic expressions, the
characteristic method is used as the technique for solving them and obtaining similar
equations to those of a rotary heat transfer equation. They transform the expressions
to a set of uncouple wave equations by introducing the potential functions [40]. Then,
an analogy for adapting the model for building simulation tools is introduced by
choosing the following potential functions, expressed in equations (6) and (7), that are
suitable for silica gel rotors:

F,=h (6)

(27315 +T)*®

1.1w008 7
2 6360 w (7)

At the end, the two effectiveness, considering the points of Figure 4.1, are defined in
terms of the potential function as presented in equations (8) and (9):

_ Fioa—Fiqp

(8)

& =
Fl,OA - Fl,reg

_ Foa—Fa

(9)

&y =
FZ,OA - Fl,reg

The MATLAB code find the solution for point “12”, that satisfy the expressions (8) and
(9) by knowing the conditions of “OA” (outdoor air), “reg” (regeneration point) and
keeping constant the effectiveness &; and &,. As stablished in the study, the first
effectiveness should be close to 0.1, while the second effectiveness around 0.8 [40]. For
the purpose of this thesis, it will be considered &;=0.126 and &, = 0.737.

4.2. Cooling coil.

For the cooling coil, it is considered an air to water heat exchanger and equations are

referred to the E-NTU method. The effectiveness of cooling coil is calculated by using

equation ( 10 ) and for the preliminary simulation it is decided to be 0.52153 and
constant.

Tflana(Thxlz - TS)
s =

B min[mana; mwcpw] * (Thxy, — Tw cool;y)

(10)

Groundwater is considered to provide the cooling effect in the cooling coil. The
temperature of the water depends on the heat transfer phenomena that occurs
underground, so it depends on the temperature variation of the ground.

In order to obtain the vertical variation of the soil temperature, Trnsys TYPE77 (Simple
Ground Temperarure Model) was used. This type is based on the Kusuda model which
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is an analytical model that allows to calculate with good accuracy the vertical variation
of the soil temperature as a function of the site weather, time of the year, soil thermal
properties and depth [41]. The correlation developed by Kusuda is reported in
equation (11):

s 0.5 2 z 365 \%°
Tz,t = Tmean - Tamp *exp\—zx* (m> * COS ﬁ * | thow — tshift - E * (T[ * as> ( 11 )

Kusuda found that T,,.., can be approximated to the average annual air temperature
for the given location, which in our case corresponds to the city of Milan. Tamp is
calculated as suggested by Trnsys type documentation as half the difference between
the maximum and minimum monthly average temperatures over the year [42].

Soil thermal diffusivity is calculated considering the soil as a continuous medium with
uniform thermal properties, according to equation (12):

ks
Ps * Cps

ag = (12)
Where k, 0 y Cp are the soil thermal conductivity, soil density and soil specific heat,
respectively. These values depend on soil characteristics like moisture, composition of
underground layers, surface conditions (ex. Vegetation) and others. Soil properties
must be determined by means of soil analysis; however, this procedure is out the scope
of this thesis. All the properties considered for the soil modelling were provided to us
within the project information and are reported in Table 4.1.

Table 4.1. Soil thermal properties for thermal diffusivity calculation.

Thermal conductivity Density [kg/m3] Specific heat capacity
[W/mK] [kJ/kgK]
2.42 3200 0.84

A comparison was done as an additional verification considering the values of soil
thermal conductivity and soil specific heat reported in ASHRAE handbook. According
to ASHRAE, a thermal conductivity equal to 2.16 W/(m*K) must be used for chilled-
water systems in the absence of any-site specific soil data. For the specific heat, it is
possible to consider the specific heat of dry soil which is nearly constant for all types
of soils, and it may be taken as 0.73 kJ/(kg*K) [43]. At this point, it is possible to
consider the information provided by the project as an acceptable input for the ground
temperature model.
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The mean annual air temperature, the amplitude of the surface temperature of the
ground and the time shift have been set as 13.35°C, 11.10°C and 13, respectively,
according to the weather file for the city of Milan.

- -

F S 4
Yy

Wizard Settings Radiation Unit Converter ~ Type77
yp 4 ==
A K=
-
P F
1.5 Soil temperature

r
Weather Al
. l{- )

Weather _conditions

Figure 4.3. TRNSYS model for the simulation of ground thermal behavior.
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Figure 4.4. Monthly average soil temperature at different depths.
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The variation of soil temperature respect to air temperature is more significant near
the surface, as shown in Figure 4.4 and Figure 4.5. For higher depths, it is possible to
observe a reduction in the soil temperature variation. The soil temperature keeps
almost constant for depths values higher than 6 meters.

Assuming that groundwater is taken from a 7 meters depth well, we can consider the
water temperature equal to soil temperature at the same depth. This is supported by
the fact that soil temperature is almost invariable, and its value does not change
considerably during the simulation time range. Considering this assumption, to
perform the simulation of the DEC system, the input temperature of the groundwater
entering the cooling coil is assumed to be 13°C during the cooling period.

4.3. Regeneration coil.

For the heating coil, it is considered an air to water heat exchanger and equations are

referred to the E-NTU method. The effectiveness of the cooling coil is calculated by
using equation ( 10).
mana(Treg - Thxlz)

E= 13
min |1, Cpqa; 11y Cp | * (TW hoty, — Thx,y) (13)

The definition of the inlet water temperature is provided by a district heating based
on renewable energy sources (“Teleriscaldamento” in Italian), which provides water
at 65 °C, that will be used for the regeneration of the return air stream before entering
into the desiccant wheel. This water flow comes from a wasted heat from other process,
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but for the desiccant system performs an important role in the regeneration of the
desiccant material; In the base case configuration, it is assumed to operate the heating
coil with a constant regeneration temperature equals to 58.8 °C in the preliminary case
simulation, meaning that the effectiveness and water mass flow rate changes during
the operation.

4.4. Humidifier.

For the humidifier device, it is decided to use a direct evaporative cooler for reducing
the return air temperature before entering into the heat recovery. Here the main
correlations of the components are:

Thu = TR — ey (TR — Tsqr) (14)
Xhu = XR — e4, (XR — Xoa0) (15)

It is pointed out that T, and X, in equations (14) and (15) are calculated by means
of the psychometric chart expressions considering the enthalpy of the return air
stream, which is function of temperature and absolute humidity. The effectiveness of
the device is stablished to be 0.8 and constant during operation.

4.5. Heat recovery.

For this component it is considered a sensible rotary heat exchanger with a constant
effectiveness of 0.8 during operation. The main expressions of the components are
reported in equations (16) and (17):

Thxy; = T1; — egr(T12 — Thu) (16)

Thxzz = Thu + EHR (le — Thu) ( 17)

The working principle of the device is based on an indirect heat exchange; during the
rotation of the thermal conductive structure, the process air flow rate heats up the half
side of component and then thanks to the rotational movement, the hot part is cooled
down when it passes through the regeneration air stream.

This component performs an important role in the operation of the system, since it
accounts for two positive effects; the first one related to the pre-heating of the
regeneration air flow rate, reducing the size of the cooling coil, which means less hot
water and electricity consumption. The other one is corelated to the pre-cooling of the
process air stream, which help significantly in reducing the cooling coil dimension.



47

5 Chapter five: Base case - Preliminary
simulation results.

In this section, we proceed with the implementation of the previously established
desiccant cooling system model, developed within the MATLAB programming
language, integrating it with the broader building model in the TRNSYS software.

The principal aim in the current chapter is to conduct a series of simulations,
encompassing a range of volumetric air changes per hour (ACH), in order to assess the
system's capacity to effectively address both dehumidification and cooling demands
throughout the conditioned period. The primary objective for performing this study is
to identify a narrow band of air mass flow rates that the system must handle in order
to achieve a higher number of comfort thermal conditions in comparison with the
natural ventilation reference scenario.

Additionally, establishing an optimal volumetric flow rate will be helpful for the sizing
of the main components of the system and setting up the nominal and partial working
condition for each device. Table 5.1 delineates the four simulation cases carried out
for various air changes per hour; starting from a minimum air change hourly
stipulated by the normative UNI 10339 for residential building, considering living
rooms and bedrooms, equals to 0.5. The analysis extends to an upper limit equal to 2.0
ACH for avoiding the over-dimension of the system. It is imperative to note that
increasing the ACH means increasing the dimension of all the component involved in
the proposed system; thereby giving rise to an increment of the maintenance expenses,
the initial investment costs, and the energy consumption during system operation such
as electricity consumption for operating the pumps, fans, and other electrical devices.

Hence, it becomes evident the needs for finding a compromise between optimizing
thermal performance to ensure indoor thermal comfort and preserving the economic
viability of the system. This chapter is particularly dedicated to find the minimum air
flow rate range required to obtain a substantial number of thermal comfort hours in
order to avoid oversizing of the components that could increment the cost of the
proposed system.

Table 5.1. Air flow rates for the different Air changes per hour.

Air changes per hour ACH=05 | ACH=12 | ACH=1.6 | ACH=2.0
Air flow per floor [m3/h] | 473.44 1136.25 1515.00 1893.75
Total air flow [m3/h] 1893.75 4545.00 6060.01 7575.01
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Table 5.2. Air flow share for the different apartments.

AysErmE Volume Volume share | Total air flow share Total Volume

[m3] [-1 [-] [m3]
E 148.4 0.1567 0.0392 593.6
SO 117.6 0.1242 0.0310 470.4

@) 109.228 0.1154 0.0288 436.912

NO 225.568 0.2382 0.0596 902.272
NE 219.24 0.2315 0.0579 876.96

SE 126.84 0.1340 0.0335 507.36

Total 946.876 1.0000 0.2500 3787.504

Before entering into the discussion of the results, a series of relevant aspects, that were
considered for the operation of the system, are reported below.

As mentioned in the previous chapter, the system supplies the entire building, hence it is
necessary to determine the amount of air flow rate that correspond for each residence. In Table
5.2 there are the air flow rate shares corresponding to the diverse typology of apartments since
they have the same dimensions over all the floors. This indicator allows to stablish the quantity
of supply air that enters into each apartment according to its volume portion of the entire
structure.

Another important aspect is the calculation of the return air temperature and humidity
ratio. It is known that the orientation of the apartments is different, and as a
consequence the thermal demand varies from apartment to apartment. Although, the
supply condition of the process air is equal for all the residence, because of its
orientation and internal gains, the return air conditions will not be same. Energy and
mass balance, bases on proportionality constants, as reported in equation (18) and (19),
enable to calculate the right condition arriving on the desiccant system.

19
TR Z flow rate; TR (18)
= * :
£ Total flow rate '
=

19
flow rate;
XR = Z * XR; (19)
— Total flow rate
1=

eV
1

Where the subscript “i” accounts for the value of the indicated variable in the reference

apartment “i” of the building.

Furthermore, in this group of simulation, all the components are always working at
the nominal conditions described in the chapter 4 meaning that they are always in the
ON state regardless the external or internal conditions. Summarizing: The Desiccant
wheel operates with the nominal regeneration temperature of 58.8 °C; the heating coil
works at constant air outlet temperature indicating that the water mass flow rate varies
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to obtain this temperature in function of the inlet air temperature (Thx22). Moreover,
the cooling coil, the heat recovery and the humidifier operate at constant effectiveness
signifying that the outlet temperature depends on the inlet condition.

Unlike the reference scenario of natural ventilation studied in section 3.4, where the
windows were open during the summer period; in this case the windows are assumed
to be always closed denoting the desiccant cooling system as the only source for
performing the indoor air exchange that must overcome the sensible and latent load,
in addition to guaranteeing the indoor air quality.

Beginning with the temperature results, Figure 5.1 illustrates the profiles over the
entire conditioned time interval. In general terms, the four profiles follow the same
waveforms but with different temperatures levels due to the variation in the amount
of treated air. For the case of 0.5 ACH, it can be observed that even if it is supplied
fresh air with a temperature around 18-20°C, the mass air flow rate is not enough for
dealing with the cooling demand. In fact, from June 19% to September 7t, the residence
indoor temperature is above the 30°C, a value completely outside the comfort range
previously defined in section 3.4.3. This result may give an indication that the air flow
rate necessary to ensure indoor air quality, according to the UNI 10339 standard, can
be enough for avoiding the air pollution, but it is insufficient to manage the sensible
thermal load.

As expected, once the ACH begins to increase, the return temperature condition
decreases reaching values within the comfort zone ranges. For ACH values greater
than 1.2, the condition arriving on the system starts to decrease below the 26 °C, which
is a more favorable condition for being inside the thermal comfort zone.

Additionally, it can be also appreciated from Figure 5.1, that for the case whit the
higher ACH, the internal condition rarely exceeds 24°C during the conditioned period,
which means that choosing this condition as the optimal one, can lead to an oversizing
of the cooling coil because larger values of the internal temperature can be accepted.
In fact, for ACH equals to 2.0, the average summer return temperature is around 22°C,
a condition that is below the lower temperature limit of the ASHARE comfort zone.

It seems to be that from the sensible point of view, the cases with ACH between 1.2
and 1.6 present the best operating temperature points. On average, the temperature
conditions are in the range of 23.5 and 25°C when ACH is equal to 1.6 and 1.2,
respectively. These preliminary results give insight that, during nominal operation,
choosing an ACH between this range provides significant indoor temperatures that
are reasonable with the thermal comfort requirements.
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Figure 5.2. Return air absolute humidity profiles for the different ACH in the preliminary

results simulation of the model.

Moving forward in the analysis, the comfort condition is not only dependent of the
temperature value, but it is also necessary to consider the return humidity ratio
profiles, that are presented in the Figure 5.2. In this graph can be observed that for
lower values of ACH, the return absolute humidity is higher, which is an expected
result because the air is exchanging mass with the latent load in the residences, since

the system is supplying less quantity of air, the moisture content in the air will be
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higher; On the contrary when the air mass flow rate increases, the same latent demand
will be contained in more air, so the humidity ratio will decrease.

If it is taken as a reference the limiting comfort condition defined by the UNI-TS 11300
of 26°C in temperature and 60 % of relative humidity, this condition corresponds to a
humidity ratio of 12.6 g/kg of dry air. Having in mind the previous threshold and
looking at the Figure 5.2, it is noted that rarely the humidity goes over this value, the
points exceeding the limit may correspond to rainy days during the summer period,
where the moisture content in air is extremely higher and not even at nominal
operation of the desiccant wheel can reduce the humidity until a value below the
limited stablished. But, in general, for cases of ACH over 1.2, the humidity ratio does
not exceed the 15 g/kg of dry air, which is a value not so far from the minimum
required value.

On the order hand, in some regions during the conditioned period, the return air
humidity profiles present values lower than 6 g/kg of dry air, meaning that the indoor
conditions are located below the lower humidity limit of the ASHRAE thermal comfort
zone. In those points the operation of the desiccant wheel must be regulated for
avoiding the feeling of dryness in the individuals inside the building.

Trying to represent both profiles in the same graph, it can be used the psychrometric
chart, for evaluating the different simulation cases in terms of how many hours of the
indoor condition, are inside the thermal comfort zone. From Figure 5.3 to Figure 5.6, it
can be visually appreciated the outcome conditions for the diverse ACH considered
and how they are distributed in the psychrometric chart.

In the context where the Air Changes per Hour (ACH) equals 0.5, observations reveal
a predominant concentration of data points within the right-hand portion of the
thermal comfort zone (Figure 5.3); this signifies that indoor temperatures generally
exceed the prescribed acceptable range. On the other hand, the humidity level is in a
significant portion maintained below 13 g/kg, indicating an effective performance in
terms of dehumidifying the outdoor air stream. Additionally, as can be read from
Table 5.3, only a limited number of hours fall within the comfort zone across the
apartment units. On average, just 11.39% of the total conditioned time interval aligns
with the comfort criteria. As a consequence, even if the 0.5 ACH case presents
remarkable humidity results, this simulation is discarded because of the incapacity of
the to meet the sensible cooling demand, since it was already working at its nominal
condition.
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Figure 5.3. Indoor residence conditions for the preliminary results simulation. Case ACH 0.5

For the case of 2.0 ACH, the system presents an excess of sensible cooling, since the
indoor conditions are located in the left side of thermal comfort zone (Figure 5.6); and
a good performance in terms of managing the dehumidification load. Table 5.3
evidences, in general, that the comfort conditions are above the 1000 hours; and on
average, this simulation gives a percentage of 37.26% of interior comfort states, this
fraction can be increased by improving the control strategy of the system for working
in partial load conditions, but it would mean that most of the time, the system would
be working at partial load; hence choosing this ACH value will lead to an oversizing
of the components that will raise the exercise costs.

Analyzing the intermediate cases, ACH of 1.2 and 1.6, illustrated in Figure 5.4 and
Figure 5.5 respectively, it can be observed a considerably greater concentration of
indoor conditions inside the ASHRAE thermal comfort zone. In fact, on average terms,
they provide comfort for the internal ambient conditions by 51.84% (1.2 ACH) and
55.68% (1.6 ACH) of the period of the year between June 1t and September 30%. Both
cases represent an optimal range for defining the mass flow rate of the system since
they are able to deal with the sensible and latent demand of the building and avoiding
the indoor air pollution and overestimation of the mechanical components involved.
It will be a decision of designer to choose the most suitable value based on a slightly
higher thermal performance or a moderately lower operating cost, depending on the
needs.
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Table 5.3. Comfort hours for the different ACH cases in the conditioned period.

Apartments | o, e | o1 8 | “-5 | 0150|010 |01 N0 | 03 NE | 03 E | B-5F

ACH=05 546 381 448 519 451 502 270 123 195
ACH=1.2 1794 | 1716 | 1679 1754 | 1711 1735 1694 | 1392 | 1358
ACH=1.6 1450 | 1589 | 1637 1564 | 1618 | 1602 1596 | 1690 | 1691
ACH=2.0 484 890 1114 870 947 870 809 1234 | 1351

03_SO | 03_0 | 03_NO | 04_NE | 04_E 04_SE 04_S0O [ 04_O | 04_NO

ACH=05 312 184 253 330 217 276 362 275 316
ACH=1.2 1532 | 1233 | 1413 1603 | 1306 | 1254 1407 | 1219 | 1308
ACH=1.6 1659 | 1670 | 1676 1600 | 1635 | 1646 1617 | 1575 | 1600
ACH=2.0 1149 | 1329 | 1187 974 1249 | 1344 1180 | 1294 | 1207

Apartments

In the following sections of this thesis project the analysis will be focused on the cases
of ACH equal to 1.2 and 1.6, since they were the simulations with the better thermal
performance; and as previously mentioned, the number of comfort conditions in the
residences can be improved by considering a partial load or not operation of some
components in the system. This operation mode will limit the amount of moisture that
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is removed when the humidity levels are low or constrain the sensible heat remotion
from the process air stream when the temperature is low.

6 Chapter Six: Control strategy and final
results.

In the current chapter, the operation of the desiccant cooling system will not be any
more nominal always. A series of criteria will be described in order to decide
separately the behavior mode of each component in the system, in order to improve
the thermal operation of the previous simulation groups. The strategy control will be
only implemented for the cases of ACH equal to 1.2 and 1.6 because of it was the
optimal range defined in the previous section for the air mass flow rate. The results
are going to be analyzed in depth.

6.1. Control strategy

The objective of formulating a control strategy resides in the optimization of the
desiccant cooling system's performance through the adjustment of operational
parameters of its constituent components, being aware of the internal condition of the
air-conditioned spaces. This will allow to sustain the building conditions with values
suitable for human thermal comfort, thus taking care of both temperature and
humidity.

According to the thermal comfort zone evidenced in figures 5.3 to 5.6, it can be
identified nine regions that represent different required operational modes by the
system if the indoor conditions fall in one of them. These modes are:

1. If the return dry bulb temperature and humidity ratio are between the
acceptable ranges outlined by the ASHRAE, the system operation can be kept
constant.

2. If the return temperature and humidity ratio are both above the upper limits,
it is required to increase the dehumidification in the desiccant wheel and the
cooling effect of the cooling coil, humidifier, and rotary heat recovery.

3. If the return humidity ratio is above the upper limit, but temperature is in the
admissible range, the dehumidification must be maximized while the cooling
capacity of the cooling coil, humidifier, and rotary heat recovery can be
maintained.
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4. If the return humidity ratio is above the upper limit, but temperature is below
the lower boundary; the dehumidification must be maximized while the
cooling capacity must be reduced by regulating the cooling effect of the cooling
coil, humidifier, and rotary heat recovery.

5. If the return temperature is below the boundary, but humidity ratio is in the
admissible range, the dehumidification rate is kept constant while the cooling
effect of the cooling coil, humidifier, and rotary heat recovery must be
diminished.

6. If the return temperature and humidity ratio are both under minimum accepted
boundaries, the system must regulate the dehumidification rate in order to
diminish the moisture absorption, and concurrently reduces the cooling effect
of the cooling coil, the humidifier, and rotary heat recovery.

7. If the return temperature is within the admissible range, but humidity ratio is
under the lower limit, the system needs to regulate the dehumidification rate
for diminishing the moisture absorption, and the cooling effect of the cooling
coil, the humidifier, and rotary heat recovery can be maintained.

8. If the return temperature is above the accepted range, but humidity ratio is
under the lower limit, the system will require to regulate the dehumidification
rate for diminishing the moisture absorption, while the cooling effect of the
cooling coil, the humidifier, and rotary heat recovery must be maximized.

9. If the return temperature is above the upper limit, but humidity ratio is within
the admissible range, the system will require to maintain the dehumidification
rate, while the cooling effect of the cooling coil, the humidifier, and rotary heat
recovery must be maximized.

Depending on where is located the interior conditions of the apartments in the
psychrometric diagram, the control system must select the corresponding operating
mode to act on each component. In order to simplify the control strategy, it was
selected a central set point in the thermal comfort zone, corresponding to 24.5°C in dry
bulb temperature and 9.6 g/kg of dry air for the humidity ratio (50% of relative
humidity). During operation, the controller will take decisions by comparing the
current indoor conditions with the stablished set point in order to regulate separately
the different components in the desiccant cooling mode.

This kind of control is defined as a predictive strategy, or better known as model
predictive control (MPC), which operates on a predictive mathematical model of the
system being controlled to optimize the future system behaviour. This kind of
methodology is receiving significant attention for managing energy requirements in
buildings, especially because of its ability to consider constraints, prediction of
disturbances and multiple conflicting objectives, such as indoor thermal comfort and
building energy demand. [44]

In the next subsections, will be described the different constraints and operation mode
for the control of each controller.
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6.1.1. Heating coil.

For controlling the heating coil, it is necessary to first determine the limiting variables
of the heat exchanger. It is assumed that the nominal effectiveness of the device is equal
to 0.8 and it is known that the inlet water temperature provided by the district heating
is 65 °C and it is assumed an outlet temperature of 50°C. For estimating the maximum
regenerating temperature at the nominal condition, it is considered the inlet air
temperature profile at the heating coil of the preliminary simulation results for the
cases of ACH 1.2 and 1.6, which are shown in Figure 6.1. Since it is being defined the
nominal condition, it is decided to calculate the regeneration temperature with the
average value of Thx22, which is equal to 36.85 °C and employing the effectiveness
equation defined in section 4.3, it gives a resulting air regeneration temperature of
59.37 °C. This value is valid for both air mass flow rate since the profiles in Figure 6.1
are following the same path.

Then it is verified that for the worst conditions of the inlet air temperature (Thx22), the
effectiveness does not exceed the acceptable range for a heat exchanger; for the
minimum Thx22, which is 28°C, the effectiveness of the regeneration coil is around
84.78%, which is still a valid value. Additionally, with this condition, it is calculated
the maximum power, water flow rate and the water velocity of the device, with the
following equations:

Qmaxhot = maircp air(Treg - Thxzzmin) ( 20 )

maiGC air (Treg - Thxzzmin)

Ty n = (21)
W hot max pr(Twhotin_Twhotout)
. My hot
Vw hot max =% (22)
w
v _thotmax (23)
woT o,
4d

In the case of 1.2 ACH, the maximum power of the heating coil would be 49.73 kW
and the water flow rate is 0.7919 kg/s, corresponding to a maximum volumetric flow
rate of 2.851 m3/h; for an air to water heat exchanger, the water pipe could have a
diameter of 1 %4” (internal diameter of 36.6 mm), resulting in a water velocity of 0.7527
m/s, which is in the range of 0.4 -1.5 m/s for avoiding turbulent flow.

Regarding the case of the 1.6 ACH, following the same analysis, the maximum power
is 66.305 kW, and the water flow rate is 1.05598 kg/s, corresponding to a maximum
volumetric flow rate of 3.802 m3/h; considering the same dimension of the water pipe,
the water velocity is 1.004 m/s, still in the reference range.
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Figure 6.1. Inlet air temperature of the heating coil for the preliminary results. Thx22.

The control strategy for this component will be based on the necessities of the desiccant
wheel; In essence, it involves making decisions based on the required regeneration
temperature for the desiccant wheel and the incoming air temperature. These decisions
can be summarized as follows:

- Turn off the regeneration heat exchanger when one of the following two
scenarios occurs:
1. The desiccant wheel is by-passed.
2. The dehumidification is needed, but the inlet air temperature is greater than
or equal to the required regeneration temperature.

In both cases there is no water flow rate flowing.

- Turn on the heating coil when dehumidification is required, adjusting the
volumetric water flow rate for obtaining the desired regeneration temperature,
which will vary in the regeneration temperature range, taking into account the
inlet condition of the return air stream temperature.

6.1.2. Desiccant wheel.

As evidenced in the chapter 5, for the cases of ACH 1.2 and 1.6, the outcomes presented
some indoor conditions in which the humidity ratio were below the limits established
by ASHRAE, which is 5.2 g/kg of dry air corresponding to 23°C and 30% of relative
humidity. Since the operation of the desiccant wheel was at the nominal regeneration
temperature, the objective here is to control the moisture absorption by regulating a
control variable.
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According to the parametrization of the desiccant model explained in section 4.1, the
model does not allow to modify the effectiveness in terms of the rotational speed of
the desiccant wheel and as argument by Panaras et all.,, the influence of rotational
speed in the humidity control of the component is not effective, hence the desiccant
wheel will be operating at its rated rotational speed. [45]

Then, the idea of the control strategy is to regulate the regeneration temperature of air
entering in the DW, according to a defined interval, in order to limit the amount of
moisture that is removed from the outdoor air stream. The maximum regeneration
temperature is assumed to be the maximum achievable at the outlet of the heating coil,
which is 59.37 °C and as the minimum, to avoid inconsistencies with the mathematical
model, is set to be 40°C, for lower values the desiccant wheel is not operating.

For a better understating of the control in the desiccant wheel, it is illustrated in Figure
6.2 the scheme of control decisions for operating the component. Based on the return
absolute humidity condition, the controller operates in the following ways:

1. If the return humidity ratio (XR) is lower than or equal to the set point of 9.6
g/kg of dry air. The desiccant wheel is deactivated, meaning that the system
allows to pass the outdoor air without extracting any moisture. Concurrently,
the heating coil is also turned off by closing completely valve regulating the
water flow rate.

2. On the contrary case, the dehumidification is needed, and the system estimates
the required regeneration temperature for obtaining the target humidity ratio
(9.6 g/kg of dry air) and depending on its value, the controller can:

2.1. If the inlet air temperature of the heating coil (Thx22) is equal to or higher
than the required regeneration temperature and is within the range of
regeneration temperature; the system turns off the heating coil and leaves to
enter into the desiccant wheel, the return air with the Thx22 condition.

2.2. If the inlet air temperature of the heating coil (Thx22) is lower than required
regeneration temperature, it is necessary the intervention of the heating coil.
according to required regeneration temperature, that can vary between the
minimum and the maximum values previously defined, the control strategy
calculates the hot water flow rate for reaching the regeneration temperature,
based on the equation (21).
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Figure 6.2 . Control scheme for the desiccant wheel.

6.1.3. Cooling Coil.

For the specifications of the cooling coil, a similar analysis as for the heating coil was
carried out in order to determine the design variables of the heat exchanger. The
nominal effectiveness of the device is equal to 0.52153 and it is known that the inlet
water temperature provided by the groundwater system is 13 °C and it is assumed a
delta temperature of 4°C, corresponding to an outlet temperature of 17°C.

Since, it is wanted to keep constant the effectiveness of the cooling coil, the maximum
power exchanged by the heat exchanger will be estimated with equation (24)
considering the maximum incoming process air temperature, which is selected by
looking at the profile of the inlet air temperature to the cooling coil (Thx12) in the
preliminary results; Figure 6.3 allows to stablish a maximum temperature of 28°C for
both cases. With these parameters, the maximum power exchanged is 12.4 kW and
16.535 kW for the case of ACH of 1.2 and 1.6, respectively.

Qmax cool = €nominal * [maircp air (Thx12 max ~ Tw cool in)] ( 24 )
_ Qmax cool

TS = Thxy, — ——=2% (25)
Myir Cp air

maircp air (Thx12 - TS)

. l _ (26)
wcootmax Cp w(Tw coot out = Tw coot in)

v = My cool max (27)
wT T
zd%*p
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The supply air temperature with this worst scenario, is estimated with equation (25),
giving a result of 20.17°C for both cases. Additionally, with equation (26) and (27) are
calculated the water flow rates and water velocity for the two air flow rates.

In the case of 1.2 ACH, the water flow rate is 0.74056 kg/s, corresponding to a
maximum volumetric flow rate of 2.666 m3/h; assuming a water pipe of 1 ¥4” (internal
diameter of 36.6 mm) for the air to water heat exchanger, the resulting water velocity
is 0.7039 m/s, which is in the range of 0.4 -1.5 m/s for avoiding turbulent flow.

Regarding the case of the 1.6 ACH, according to the same analysis, the water flow rate
is 0.9875 kg/s, corresponding to a maximum volumetric flow rate of 3.555 mdh;
considering the same dimension of the water pipe, the water velocity is 0.9386 m/s,
still in the reference range.

Thx12 ACH=12|
Thx12 ACH=16

Dry Bulb Temperature [°C]

4000 4500 5000 5500 6000 6500
Time [h] - Period of June 1st - Sept 30th

Figure 6.3. Inlet air temperature of process air into the cooling coil for the preliminary
results. Thx12.

The control methodology for this component will be in function of the return
temperature level (TR); According its value, the system can take different decisions
that are summarized as follows:

- Turn off the cooling heat exchanger when one of the next two scenarios occurs:
1. The indoor temperature condition is lower than temperature set point
stablished of 24.5 °C.
2. The indoor temperature condition is higher than 24.5 °C, but the inlet air
temperature in the cooling coil (Thx12) is lower than the maximum supply
temperature defined as 21°C.

In both cases there is no water flow rate flowing in the cooling coil.
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- Turn on the cooling coil when it is required to cool down the process air stream,
adjusting the volumetric water flow rate for obtaining the minimum supply
temperature of 18°C, taking care of not exceeding the maximum water flow rate
previously defined. Cases where the required water flow rate is larger than the
maximum one, it is settled to use the maximum flow rate on the component.

6.1.4. Humidifier.

The control of the humidifier will be just an ON-OFF decision according to the
incoming indoor condition. When the return temperature exceeds the target set point
of 24.5 °C, the component is turned ON, meaning that the evaporative cooling is
necessary for lowering the output process air temperature at the heat recovery, the ON
working condition is always at the nominal effectiveness of 0.8.

6.1.5. Rotary heat recovery.

Similarly, to the humidifier, the rotary heat recovery control is based on the return
temperature level compared to the temperature set point. When the indoor
temperature is lower than 21°C, the device is turned off by dropping to zero the
rotational speed of the sensible heat exchanger. Additionally, the device is also
deactivated when the inlet temperature of the regeneration air flow rate is higher than
the inlet temperature of the process air flow rate (By-pass). On the contrary, conditions
over the before indicated set point will enable the sensible heat exchange between
regeneration air stream and process air flow rate at its nominal effectiveness of 0.8.

6.2. Application of the control strategy in the desiccant
cooling system.

In this section, after implementing the previously descried control strategy in the
desiccant cooling system, the main findings of the simulation for the cases of air
changes per hour of 1.2 and 1.6 are presented and discussed to evaluate the
performance of the system operating under different configuration and conditions.

In Figure 6.4 are illustrated the two temperature profiles of the resulting simulation, it
can be observed that after few hours of operation, the internal residence temperatures
reach values in the comfort dry bulb temperature interval. Additionally, it can be noted
that for the initial (before June 15%) and final (after September 7%) periods of the
conditioned hours, both volumetric flow rates are capable for maintaining the indoor
temperature with values below 26 °C. This effect can be due to the low cooling demand
on those periods. The difference becomes more noticeable in the intermediate period,
when the return temperature for the ACH of 1.2 reaches values above the 27°C, which
is the dry bulb limit for the ASHRAE comfort zone, in some hours, while the
simulation with ACH of 1.6 hardly exceeds the 26°C during the whole conditioned
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time interval. This reaffirms the greater capacity of the 1.6 ACH scenarios for
managing the sensible heat demand.
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Figure 6.4. Return air temperature profiles for the two ACH in the final simulation with the
control strategy.

80

Retun RH - ACH=1.2

Retum RH - ACH=1.6

70 — —

Relative Humidity (%]
-
3
————

50 -1 [ J i W =
‘ ( }‘ \
l “ . fi i | | :
ol \\“ ‘1 ! |
’/u ' |
!
. o - = o o =

Time [h] - Period of June 1st - Sept 30th

Figure 6.5. Return air relative humidity profiles for the two ACH in the final simulation with
the control strategy.
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Figure 6.6. Return air absolute humidity profiles for the two ACH in the final simulation
with the control strategy.

In contrast to the preliminary simulation, the majority of data points at the extremes
of the Figure 5.1, that were below the acceptable temperature thresholds, have been
rectified through the implementation of the control strategy as can be appreciated in
Figure 6.4. This enhancement in the thermal indoor air quality is the combination effect
of the system, that on those time intervals with low cooling the demand, regulates
and/or turns off the humidifier, the rotary heat recovery, and the cooling coil for
supplying air to the dwellings at a higher temperature.

Moving towards the humidity level behavior, Figure 6.5 and Figure 6.6 evidence the
relative humidity profile and the absolute humidity profile of the findings,
respectively. Both air flow rates provide an outstanding humidity control on the
internal spaces limiting the indoor humidity ratio inside the boundaries for respecting
the latent comfort zone. Just a slightly difference between the humidity ratios give a
better result for the case ACH equals to 1.2. respect to the 1.6 ACH case.

Furthermore, in comparison to the preliminary results for humidity reported in Figure
5.2, where some indoor conditions experienced an absolute humidity that were below
the minimum acceptable threshold of 5.2 g/kg of dry air; with the control strategy
implemented on the desiccant wheel and regeneration coil, for managing the moisture
content on the indoor air, these points were corrected. In fact, in Figure 6.5 there is no
relative humidity under the 30%, meaning that the feeling of dryness is avoided and
almost throughout the conditioned period, the relative humidity is maintained below
the 60%, evading the humid air sensation in the skin.

The representation of the temperature and humidity ratio profile in the psychrometric
diagram for both cases, enable to visually analyze where the majority return conditions
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of the system are concentrated and whether they are located inside the delimited
thermal comfort zone. In Figure 6.7 and jError! No se encuentra el origen de la
referencia. are illustrated the common return conditions of the apartments for the case
of ACH 1.2 and 1.6, respectively. It can be analyzed that in contrast to the preliminary
case simulation, there is greater quantity of conditions which are within the comfort
zone thanks to the integration of the control strategy to the desiccant cooling model.
The larger portion of data points, which were located in the left side of the reference
zone (requesting a reduction in the cooling capacity) and those below the 30% relative
humidity line (requesting a reduction in the dehumidification capacity), are rectified.

The remaining points outside the boundaries, which are actually few, are not
completely distant from the comfort zone, meaning that they are in a nearly thermal
comfort condition.

In general, in the previous chapter, the simulation of 1.2 ACH, based on the common
return conditions (mixed return air of all the apartments), presented 1581 hours inside
the thermal comfort zone; considering the implementation of the control methodology,
the comfort hours grow to 2502 hour of 2905 in the conditioned period. An
improvement of 58.25% in the building’s indoor air quality respect to the preliminary
results. In comparison to reference case of natural ventilation, where the comfort hours
represent on average the 23.42% of the summer period; with the optimized operation
of the desiccant cooling system, the comfort hours depict 86.13% of the conditioned
period, which signifies an important coverage of the latent and heating demand.

Doing the same analogy for the 1.6 ACH case, in the preceding chapter, the simulation
revealed that the thermal comfort zone was achieved for 1654 hours during the
conditioned period. Subsequently, with the introduced optimized operation, it results
in an increase of the number of comfort hours to 2617 out of 2905 total conditioned
hours. This represents a substantial enhancement of 58.22% in the indoor air quality of
the building when compared to the initial findings. In contrast to the reference case
employing natural ventilation, where the comfort hours accounted for an average of
23.42% of the summer period, the optimized operation of the desiccant cooling system
yielded a notable increase in comfort hours, reaching 90.1% of the conditioned period.
This signifies a substantial coverage of both latent and heating demand, indicating the
effectiveness of the optimized system.

Despite the initial impression that the improvement between one hourly air exchange
rate (ACH) and the other is not very significant, it should be noted that these
percentages correspond to the mixed return condition of air from all the apartments.
To closely examine the differences between the two ACH scenarios, it is needs to refer
to Table 6.1 which provides a detailed breakdown of comfort hours for each apartment
in the building.
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For the case with an ACH of 1.2, the comfort hours in the apartments on the fourth
floor, which experience the highest sensible and latent loads, are approximately 2000
hours, while for the case of 1.6 ACH, the hours remain around 2550 hours in the same
apartments. Thus, it can be concluded that for the 1.6 ACH scenario, the comfort hours
remain relatively consistent across different floors and orientations of the apartments,
whereas for the 1.2 ACH scenario, the values fluctuate over a wider range, with higher
values on the lower floors and lower values on the upper floors.

*  ACH=1.2
19
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Figure 6.7. The results of the indoor residence conditions with the implementation of the
control strategy. ACH Case 1.2

Table 6.1. Comfort hours by apartments for the two ACH cases with the implementation of
the control strategy.

Apartments | o, g | o1 € | “-5F | 0150 | 01.0 | 01. N0 | 03 NE | 03 E | ©®-°F

ACH=12 | 2582 | 2686 | 2637 2613 | 2573 | 2599 2694 | 2232 | 2256
ACH=1.6 | 2440 | 2586 | 2595 2515 | 2553 | 2514 2596 | 2729 | 2721

Apartments | o5 55103 0 | 03.NO | 04 NE | 04 E | **-°F | 04.50 | 04.0 | 04 NO

ACH=12 | 2511 | 2118 | 2316 2483 | 2015 | 2019 2221 | 2011 | 2095
ACH=1.6 | 2639 | 2678 | 2652 2542 | 2634 | 2635 2554 | 2483 | 2543
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Figure 6.8. The results of the indoor residence conditions with the implementation of the
control strategy. ACH Case 1.6

Continuing the analysis, the implementation of the control strategy not only results in
an increase in thermal comfort hours but also, owing to the flexible operation of the
system, facilitates cost savings during its operation. Savings are obtained by reducing
the electrical consumption when the pumps responsible for water circulation in the
regeneration and cooling heat exchangers are turned off. Furthermore, even more
substantial savings are anticipated when the heating coil operates at partial load or is
turned off, as these conditions favor the reduction in the hot water consumption
procured from the district heating network. Figure 6.9 illustrates the behaviour of the
volumetric flow rate within the heating coil, for the 1.6 ACH simulation, throughout
the entire conditioning period.

Assuming the water flow rate constant during the current operation hour, for the case
of 1.6 ACH the hot water consumption on the whole conditioned period will be 3141.6
m? whereas for the scenario with 1.2 ACH the consumption will be 2583.5 m? of hot
water. If design engineers are looking for savings in the OPEX costs, they can reduce
by 21.6% the hot water expenditure by selection the 1.2 air changes per hour instead
of 1.6.
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Figure 6.9. Hot water consumption in the regeneration heat exchanger with the
implementation of the control strategy. Case 1.6 ACH

6.3. Analysis of coefficients of performance.

Only two alternatives for the nominal air flow rate have been considered to implement
the control strategy, which are ACH 1.2 and ACH 1.6. As a first approach to compare
the alternatives in terms of performance, the COP of the desiccant cycle is calculated,
and it considers as desired output the supply air stream with the right temperature
and humidity to reach comfort conditions in the conditioned spaces, starting from a
non-controllable outdoor air stream. The COP is defined as follows:

Mair * (hoa — hs + Q¢)
Qn

The trend of the COP of the desiccant cycle for both ACH 1.2 and ACH 1.6 is shown in
Figure 6.10. Only the points when the system is in operating condition are considered
in this graph. For both cases, the value of COP follows a similar trend during the entire
cooling period considered. The instantaneous values of COP ranges between 0.2 and
1.2 approximately for both cases. The average COP in the case of ACH 1.6 is slightly
higher than the average COP in the case of ACH 1.2, with a value of 0.7661 and 0.6998,
respectively. By increasing the air flow rate from ACH 1.2 to ACH 1.6, an increase of
9.4% in the average COP of the cycle is obtained. Since this indicator does not show
significant differences when changing the nominal air flow rate, an additional
indicator has to be used.

COP.y. = (28)
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Figure 6.10. Trend of the desiccant cycle COP for ACH 1.2 and ACH 1.6 during the cooling
season.

The thermal COP is then calculated considering a different perspective of the desired
output effect. In this case, we do not focus on the state of the supplied air stream but
on the objective of the system which is providing comfort conditions by controlling
temperature and humidity inside the rooms. In this way, the expression for the thermal
COP is written as follows:

g * (hg — h
COPth — Meir * (Q R S)
h

(29)

The numerator represents the air enthalpy change due to the sensible and latent heat
absorbed by the supply air when interacting with thermal and humidity loads inside
the rooms. The denominator instead is the amount of heat required to perform the
regeneration process in the desiccant wheel. The COP of ACH 1.2 is lower than the
COP of ACH 1.6, but it is more stable during the entire cooling period considered
compared to the one for ACHL1.6, that presents higher variability as shown in Figure
6.11. This variation is introduced by the control system because a higher supply air
flow tends to have a higher impact in the internal conditions of the room, adding
complexity to the control strategy. The average thermal COP for ACH 1.2 and ACH
1.6 are 0.6119 and 0.6797, respectively. The increase in the air flow rate from ACH 1.2
to ACH 1.6 leads to an increase in average thermal COP around 11%.

However, analyzing the instantaneous values of thermal COP is possible to see that
thermal COP of ACH 1.6 reaches higher values of COP respect to thermal COP of ACH
1.2, but it presents a higher variation during the studied cooling period. Thermal COP
of ACH 1.2 presents less oscillations in the values obtained.
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Figure 6.11. Trend of thermal COP for ACH 1.2 and ACH 1.6 during the cooling season.

As previously mentioned, since the coefficient of performance for the DC cycle
(COPcyc) evidenced similar behaviour, as illustrated in Figure 6.10; and the thermal
coefficient of performance evaluates just in terms of amount of heat exchanged; a third
indicator of performance has been introduced for analysing the system in terms of
electrical requirements. The electrical coefficient of performance (COPel) includes the
electrical energy consumption needed to provide the desired cooling effect. The power
needed for water pumping in the regeneration and cooling coil, and the one required
to rotate the desiccant wheel are neglected due to their lower value in comparison with
the fans power consumption [7]. Therefore, for the calculation of the electrical COP, it
is considered only the fan power required to circulate the air streams that pass across
the components involved in the cooling process. The electrical COP is calculated by
using the equation ( 30 ).

mg(hg —h

COP,, = %WS) (30)
1 fan
The numerator corresponds to the enthalpy variation of the air produced by the
interaction of the supply air with the sensible and latent loads inside the conditioned
spaces. This definition allows to evaluate the performance of the system by focusing
on the conditioning of the spaces as the desired effect and not only in the cycle
performance. The power consumption of fans required to move the air streams
through the different steps of the cycle is considered as the main input to provide the
cooling effect in the conditioned spaces, thus it is present in the denominator of the
equation.
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Figure 6.12 shows the trend of the electrical COP for both ACH 1.2 and ACH 1.6 in the
period between June 1%t and September 30t. The values presented in the graph were
filtered by excluding the non-operating points of the desiccant system. It is possible to
notice that there is a significant difference between the COPs of each case specially
when the cooling demand is higher. In the previous sections, we found that the
implementation of the control strategy allows to reach acceptable results in terms of
thermal comfort for both alternatives. ACH 1.6 case allows to have less variations in
the thermal conditions of the single apartment than ACH 1.2 case, but looking the
entire system they present similar behaviour. The power consumption needed to move
the supply and return air streams is higher in the case of ACH 1.6 because of the higher
air flow rate that has to pass across the DEC components.

All these aspects mentioned result in a higher electrical COP for the case ACH 1.2 that
requires less electrical power consumption to provide the cooling effect needed to
guarantee comfort conditions inside the apartments. The average electrical COP for
ACH 1.2 and ACH 1.6 is 8.0445 and 6.4592, respectively. By changing the air flow rate
form ACH 1.2 to ACH 1.6, it is obtained a reduction in the electrical COP by around
19.7 %.

12

ACH12
ACH 1.6

COPel [-]

0 500 1000 1500 2000 2500
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Figure 6.12. Electrical COP for both ACH 1.2 and ACH 1.6 during conditioned period.

Figure 6.13 shows an estimation of the fan power consumption for both cases
considering the nominal parameters of a commercial exhaust centrifugal fan operating
at the air flow rate indicated by each ACH value. Increasing the air flow rate from
ACH 1.2 to ACH 1.6 results in an increase of the fan power consumption of 66.1%.
Considering this fact, the selected nominal air flow rate of the system is a compromise
between the thermal comfort reached inside the apartments and the electrical
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consumption required to provide the desired effect. A higher flow rate allows to have
a better control in the setpoints of temperature and humidity inside the rooms, but
more electrical energy consumption is required, and also bigger machines have to be
installed to move the air and to exchange the amount of heat needed in the
regeneration coil and the cooling coil.

An increase in the thermal COP of 11% is not consistent with a reduction in the
electrical COP of 19.7%. Therefore, it is not convenient to increase the air flow rate to
ACH 1.6 because the benefit obtained in indoor thermal comfort is not supported by
the increase in the electrical energy consumption. Additional air flow rates between
ACH 1.2 and ACH 1.6 need to be analysed to obtain an optimal nominal air flow rate
that result in a higher thermal COP with a reasonable increase in the electrical energy

consumption.
o 140
2 120
a.
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z
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Figure 6.13. Fan power consumption considering a commercial exhaust centrifugal fan.
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Conclusions and future
developments.

The implementation of a desiccant cooling system integrated with a predictive control
strategy, for managing both sensible and latent load in a building located in Milan,
provides the following relevant findings:

According to the defined framework of the building, it is needed an optimal
range of the volumetric flow rate between 1.2 and 1.6 air volume changes per
hour, which correspond to a flow rate of 4545 m3/h and 6060 m3/h. An air flow
rate in this range can achieve a significant portion of indoor ambient conditions
considered as thermal comfort for human occupancy. The percentage can vary
from 86% up to 90%, depending on the ACH value chosen, respect to the natural
ventilation as the only source for dealing with the thermal building load.

The flexible operation of the internal system components, according to the
internal condition, allows to optimize the indoor conditions for achieving better
thermal comfort from the very beginning of the conditioned period to the lately
final of it.

The 1.6 ACH scenario demonstrate a superior management of sensible heat
demand, specially maintain the number of comfort hours stable across the
different apartment with distinct floors and orientation, with temperatures
hardly exceeding 26°C throughout the entire conditioned period. In contrast,
the 1.2 ACH scenario occasionally provides return temperatures above 27°C,
leading to a reduced capacity for managing sensible heat demand. Moreover,
both air flow rates effectively controlled indoor humidity levels within the
boundaries of the latent comfort zone. The 1.2 ACH scenario demonstrated
slightly better humidity control.

The implementation of the predictive control methodology significantly
improved the indoor air quality by increasing the thermal comfort hours by
58.2% for both cases, compared to the preliminary simulations, where the
system operated always at nominal condition. This enhancement is attributed
to the system's ability to regulate or turn off components like the desiccant
wheel, the humidifier, rotary heat recovery, and cooling coil during periods of
low thermal demand.

So, it can be concluded that the control strategy successfully rectified indoor
conditions that were out of the ASHRAE thermal comfort zone boundaries, in
terms of temperature and humidity ratio.

Increasing the nominal air flow rate allows to better manage the setpoints of
temperature and humidity inside the rooms but it increases the electrical energy
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consumption required to move the air through the system. By changing the air
flow rate from ACH 1.2 to ACH 1.6 is obtained an increase in the thermal COP
of 11% but with a reduction in the electrical COP of 19.7 %.

In general, this thesis work proved that a well-dimensioned desiccant cooling system
in the ventilation mode configuration can successfully manage both the sensible and
latent requirements of a residential buildings, composed by 24 apartments, under the
weather conditions of Milan-Italy.

For the development of future investigations in this sector, it can be proposed a
modification of the system configuration, which consists of integrating recirculation
air stream of the return air flow rate. Meaning that a portion of the return flow rate,
before entering into the humidifier, can be mixed with the process air stream before
going into the cooling coil. This change allows to reduce the dimension of the
desiccant structure and the heating coil. This modification will also reduce the
electricity consumption by the regeneration fan.

Another possible improvement of the system configuration can be the integration of a
heat pump for the cooling coil, replacing the air to water heat exchanger by an air to
gas heat exchanger. This will help to reduce the dimension of the cooling coil and to
enable the system to work not only in the summer period but also during the winter
season.
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