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Introduction

During last years, air conditioning demand has spread, both in the commercial and the
residential sector. This caused a sensible increag@imary energy consumption
especially in industrialize€ountries, where people spend the major part of the day in
confined environments, requiring high indoor air qyadind suitable thermal comfort

The operation of a heating, ventilation andanditioning (HVAC) system is usually
performed to achieve comfortable indoor conditions. But HVAC systems consume large
amounts of energy. Therefore, it is very important to investigate the possibility of
efficiently achieving, for the specific applicati@md building type, the desired indoor
environmental conditions, reducing energy consumption and greenhouse gas emissions.
The demand for summer cooling in domestic and commercial sectors is usually satisfied
by electrically driven units; this involves higklectric demansl This trend is
determiningincreasing interest ithose technologieable to shift energy demand in
summer from electricity toother sources that are widely availablexploitable
efficiently and environmentally friendly.

From a more gemal point d view, it is observed that thenergy requirements the

World aremainly met by using fossil fuels, among which oil is the most widely used
The combustion of these fuelauss greenhouse gas emissioasdso environmental
issues that are dsoming very important in recent yea®n the bas of these
considerations it follows easily that the prospect of

- reducing the energy demands,

- employing moreefficient systems,

- exploiting renewable energy sources

has become a matter of interest ndlyasf the most fervent environmentalists or of the
research but also of the governments.

In this regard, several international agreemente ha&en ratified and therational and
regional measuresere derived from thes&Vithout going into the details afidividual
documents here one just says that they have had as objective to make obligatory
innovative solutions but alseave favord thear diffusion by providing instruments of
financial supportAs a consequence it is observed in the last years anggavarease in

the use of renewable sources for tipeoductiori of electrical and thermal energye
construction of buildings that have low or almost zero energy demandshe

installation of more efficient plants



The three levers mentioned aboveti@ats to reduce the energy demands, use of more

efficient plants and thpossibilityto exploit renewable energy sources, are all extremely

interesting anddo not exclude each other, they are often interrelated and can lead to

important results if followedimultaneously

More than 30% of energy for the users in industrialiggaintries isrequiredin

buildings A share between 488% of this energy iesmployedfor heating or cooling

purposes In the European Union energy used in the residentialtarigry sector

accounts for over 40% of final energy consumption. lItaly is one of the European

Countries with the highest energy consumption, on average, in the existing residential

buildings more than 100 kWhfmper year of energyare requird Also in ltaly

increaseddemandsof electricity, especially in summetook placein the last decade.

Nationalelectrical data shows:

- a progressivincreaseof the electrical demands that stops only in the last years due
to the economic recession

- an electricitypeak demandin the summer periodor the first time in 2006 and then
alwayssince 2008pccurs in Juner July.

These demands of electricityare connected to the massive spread of summer

conditioning devices.

On the other hand it iwell known that the solar réation is the largest source of energy

of our Planet and the global energy demarde equal to only a smhfraction of the

solar energyeachng Earth. Italy andViediterranearCountries haveemperateandor

warm climatesand a high level of radiation;herefore they are well suited &xploit

solar energy for air conditioning.

The use of solar energy for summer air conditionigglar cooling or solar air

conditioning appears to ba very attractivescenarioespecially for those areas of the

World wherethere are no conventional sources of energy, problems of energy supply

and management of the energy system itself.

Considering that the cooling load is usually high when solar radiation is high and that,

currently, there are proven technologies that en#i# conversion of solar energy into

electricity (photovoltaicsystem$ and thermal energy (solar thermal systems), it is

interesting to malyze theso-called solaidrivenair conditioning systems.e. those that

"produce coolinggnergy from solarradigion.



Typically an air conditioning system enssispacecooling and heatingf a building
Solar energy can be usefully employed not only for cooling but also for hesting
Thereforea solar cooling system is usually a solar heating and cosystgm

There are different types of solar coolipant these systems are based on different

thermaly-driven refrigeration devices: absorptiand adsorption heat pumpsjector

refrigeration systemslesiccant and evaporative coolsygtemsetc.

In this thesis a particular solar heating and cooling systeanalyzed.The following

chaptersiescrbe in detail the analyzed technologies

At the Univergad degli Studi delSannio (Benevento, Italy)an experimentaplant

whose main component ishgbrid desiccantvheeltbased air handig unitis installed

This device uses the thermal energy of microcogeneratorto regenerate the

hygroscopic materidh summer modeperation.

The temperature levels required to operate the syatenowandso the air handling

unit can be advantageously coupled to the solar collegtazinga hybrid desiccant

and evaporative cooling system. Moreover, the system can be simply modified and

operateeven during the winter period.

Since there is not a complete soteasiccantcooling systemat Universita degli Studi

del Sannip the assessments oposed beloware carried out through dynamic

simulations performed with the dynamic simulation software TRNSYS 17.

The methodology followedn the analyse (Figure |) is divided into the following

phases:

Step0 A characterization of the configuration dktinnovativeandtraditionalsystem;

Step 1A modeling of the plants by the simulation software,characterizing the
components with experimental and literatdegg

Step2 A dynamic simulations and collection of results;

Step3 A on the base adimulatd datacomparison of the proposeadternativesystem
(innovative system) and theconventional one (traditional system)
developing energyenvironmentahndeconomicanalyses.

The conventionalsystem consists of theost widespreadolutiors for summer and

winter air conditioningn the geographic ares interest

In summer period an airandling unitthatrealizzsthe dehumidication by cooling, and

thenthe postheating of the air is considered. It is connectea tatural gas fired boiler

and an electric chiller.
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Figure I: Analysis methodology

In winter period the system is similar teetinnovativeone,with the difference that the
thermal energy for the pre and pbstating idotdly supplied bythe boler.

Hereinafterit is initially illustrated the operation ofa desiccant cooling systenin
generaland that of the experimental plaimt detail. Also the characteristiof the main
componergare listed Chapter L

In the other chaptershe operationof the systemconsidering the couplingf the
innovative air handling unit with different solar collectors typiet plate evacuated
tube, concentrated phota@itaic and thermal collectorsjs analyzedthe influence of
climatic conditions on the performance of the system is assesgkd|sanodifications

to the air handling unit layout are consider&thally, for completenessthe system
constitued by the desiccaittased air handling unit and thecrocogeneratais studied.

In detail, Chapter 2is dedicated to the description of the simulated alternative and
conventional systems considering the coupling of the destbeeatd air handling unit
with flat plate and evacuated tube collectors and asgumhie system located in two
Italian cities: Benevento and Milano. Furthermore the simulated heating mode operation
of thesystem and the performance assessment methodology are shown.

A parametric analysis involving the collectors types {fllatte and ewveuated tube) the
surface 20, 27 and 34 R), the tilt angle (in the range &5°) and the installation site
(Benevento and Milanois performed comparing the innovative systenwith a

conventional HVAC unit. The two cities taken into considerationrepeesentative of
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two climate zones of th#alian territay. The results show that from an energy and
environmental point of view innovative systems should always be preferred to
convenional ones, even when the sothermal energy surplus isilfy dissipated. A
maximum primary energy saving of about 10% with flatetadllectors and over 20%

with evacuated tube collectors, compared to the conventional air conditioning system,
occurs in Benevento. In Milano, the same indices are over 11% and &b%
respectively. These savings increase up to about 58 and 72% in the simulations done for
Benevento and to about 43 and 58% in those carried out for Milano when the solar heat
excess is completely used for further energy demands.

In the consideredpplication, the innovative solar heating and cooling plants do not get
an economic advantage in terms of simple payback period if they are exclusively used
for the air conditioning of the building, but they become interesting also from this point
of view if it is possible to exploit the solar thermal energy surplus. Systems with
evacuated tube collectors are preferable where there is little space available for the solar
field (20 nf), while with larger surfaces (27 and 3#)nilat plate collectors are
advanaged. The shortest simple pay bgmkiodsare 4 and 6 years respectively for
Benevento and Milano.

In Chapter 3the coupling of the innovative air handling unit with a new hybrid
photovoltaic/thermal collector is investigatdd this case the solar device consists of a
parabolic mirrorand a triangular receiver that simultaneously produces thermal and
electric energy.Electricity produced by the hybrid collector is used to power the
auxiliaries of the A& Handling Unit, the chiller and atsfurther electric load of users,

while thermal energy ismployed to heat the regeneration air flow during the summer
period and the process air in the winter. Electricity in excess is sold to the grid, whereas
the thermal energgurplusis exploited for poduction of domestic hot wateEventual
integrations of electricity and thermal energy are provided by the electric grid and by a
gasfired boiler, respectively.

In this configuration e heat provided by theoncentratedphotovoltaic/hermal
calectorscovers about 60% of thermal energy required by regeneration air and 30% of
process air in winter operating mode. On an annual basis, the analyzed system obtains a
primary energy saving between 81% and 89%, depending ondbmestic hot water
requred.

In Chapter 4three alternative scenarios to improve the performand¢bedhnovative

solarassisted hybrid desiccabased air handling unit are investigatdebr each

11



scenario, different collector types (flat plate, @vated tube), surfac€@, 27 and 34 f)

and tilt angle (in the range B5°) are considered in order to identify the optimaiuget

The firstscerario consists in the recovery of thedteejected by the condenser of the
chiller, to preheat the regeneration air flow. The second scenario consists in the pre
heating of egeneration air with thevarm regeneration air exiting the desiccant wheel.
Finally the last scenario provides preding of the process air before entering the
desiccant wheel.

Results state that evacuated solar collectors can ensure primary energy savi#gs (15
with optimal tilt angle) and avoided equivalent £gnissions (1422% with optimal tilt
angle), about 10 grcentage points more than flat plate collectord9% and 417%
respectively, with optimal tilt angle), if solar thermal energy surplus is completely
dissipated. The further analysis shows that if 50% of the thermal energy surplus is used,
a huge performnce improvement is obtained (80% of primary energy saving with
respect to reference system). As regards economic analysis, the shortest simple payback
period is 7 years, obtained with maximum flat plate solar collectors surface and 50%
surplus thermalenergy recovery. When the whole use of solar thermal energy is
considered, the best results, with optimal tilt angle and 34ofnevacuated tube
collectors, are approximately 73% of primary energy saving and 71% of avoided
equivalent CQemissions , a sink@ payback period of 3 years.

In Chapter 5a small scale trigeneratiatevice based ora he&led microogenerator
interactng with asilica-gel desiccanbased cooling systera analyzed.

A sensitivity analysigs performed,to assesshe effect ofthe cogenerated electricity
consumed ossite. The analysis shows encouraging results, given the Italian energy
context for the small scale trigeneration system, enmgs of primary energy
consumption and equivalent carbon dioxide emissions reductions, with maximum
values of 7.70% and 15.3%, respectively; on the other hand, it is ditiicalthieve a
reasonably short pdyack period for the system, even if it accesa## the support
mechanisms introduced by Italian legislation for small scale gas fuelled trigeneration
systems and a very high amount of cogenerated electricity is usstbon

The analyses and the results reported in the following pages are a geatreseéarch
activities carried outluring the PhD periodnd published in international and national

journals and conferences, as indicated in the list of personal publications (see page 5).
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Chapter 1

Desiccant Cooling The Experimental Plant
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1.1 Overview

Summer air conditioning of buildings is a spreading nieedoth industrialized and

emerging Countries. The challenggo make it sustainable from amnergy,
environmental andeconomic point of view involves the identification of clever,

efficient and environmentally friendly technical soluticersd cannot neglect the use of
renewable energy sources.

In traditional Heating, Ventilation and Air Conditioning systems (HVAC) the most
energyintensive process consists of @iecooling and dehmidification. The secalled

“mechanical dehumidificatidn  ocooling dehumidificatioh is commonly used to

reduce the moisture content of the air flow.

In the | ast few years the Desiccant and E
widely ssuidi abdl asalat ernati wWe itve nc HVAEN Sy et
UnconventionalAir Handling Unit (AHU), like those that employ Desiccawheels

(DW), remove moisture from the air throughdasiccant material and reduce its
temperature through avaprative cooler.

Thanks totihts HWercshfEglsmaydi ng in residenti al
and obfufiilcdei ngs; howesvebaard Ealsapedldnsr aaree
i mpl emeetelpuant ri es with siigreinfeihd anuti | do alg
such as Iltaly, due to BerRVeshmemtbstast es a

knowl edge aboutc opsetr/fboernneafnicte sr aatnido .

1.1.1 General considerations about conventional and innovative HVAC
systems

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

» controlling three indoor air thermophysical properties (temperature, humidity

and speed);

* ensuring a goodir quality in the conditioned spadair changes)
in order to maintain comfort conditions for thecapantg1].
In summer operatigron the basis ofhe typical outdoor conditiongplantshave to
reducethe moisture content and the temperature of the air taken from the awtside
meet the latent and sensible loafishe huildings.
The simplest way to realize the firptocessis to reducethe air temperature to low
values, lower than the dew point temperatti@weverthelatter temperature results too
low, and the dehumidified airmust be heated before being introducednto the

14



conditioned spac® avoidcreate discomfortHereinafter is air flow, handled by the
air handling unitswill be referredto asprocess air.

The basic configurationf the AHU that operates in cooling mods outlined in the
Figure 1.1. Moreoverthe real transformationscooling with dehumidificatior{1-A) and

heating(A-4) are reported in thesychrometric chart dfigurel.2.
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EXAUST GAS

1+

NATURAL GAS

PROCESS
AIR FROM 1
OUTSIDE

FILTER 1
COOLING & ‘

colL

e
——
A ¢, = 4 PROCESS AIR TO
38 ) THE CONDITIONED
- SPACE
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Figure 1.1: Layout of the AHU in the CS for summer operation.
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The plant described aboves considered athe referencer conventionakystem(CS)
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As an alternative to mechanical dehumidificatibguid or solid desiccant material

can be employed in the AHUDe si ceanmmi di fi cation is an e
When pt meaefglspas evsugh the component made o
i t's vapourre ntodvretdlesroty pias d n 3 i muhl et aat nkkeonupsél ey
pro@aegs fl ow hdeftooiemtertcdwd edl Tihnitso ctohoel irnogo
be realizedi wdt heat dev.eaptlfawi vtB ae@aoobeling
a refri ger(aati-@inr nhaecahtt -mpautmepr, Eahiirt h eor yoa vee t

a continuous operatsneadtregreahi@ehdi sc awmmmaltl g1
obt abywemds aofhot Ariagtdr,owl.ill ed with aeabkbkdd
DesiccanftbWWhlee | mo s ti ncnoonviaaet i uvnei cdoinffiiegrur at i on
swdby rotatevdp lmetrwdd pawasrnds s he regenerati on
Desi da@aasmpldant s exploiting evaporative cool
Evaporative Cooling) s y sdtreinvse,n wchoi ol lei ntgh onsae
def ihrydd y st e ms .

As an e xkRgmel3d hien s c h aybrel DECFAHUAWIth a rotary heat
exchangefR-HX) is shown. This device allows the indirect evaporativeqo@ing of

the process air that can be furtherledlin the cooling coil

REGENERATION
AR TO
OUTSIDE
PROCESS i
AIR FROM |
OUTSIDE
!

- REGENERATION
el 1B (__ ARFROM
o e ) ESCONDITIONED
SPACE
Il

] PROCESS AIR TO
JBICONDITIONED
J7 sPAce

s )

Figure 1.3: Example of hybrid DEC AHU layout.

Thehybrid DECAHU handlegwo air streamgFigure1.4):

e regeneration air it is outdoor airevaporatively cooled ¢b), pre-heated(to
indirectly cool theprocess air)n the RHX (6-7) anddefinitively heated (45)
through the heating coil (HC) in order to regenerate the desiccant wheel (DW)
(5-6);

* process airit is outdoor air dehumidified at almost constant enthalpy in the DW
(1-2) and then cooled in theotary heatexchanger, RHX, (2-3) and in the
cooling coil (CC) (34);

The most interesting advantageshievablewith DW-basedsystems compared to
conventional AHUs are as follow2,3]:

» latent and sensiblead are controlled separately;

16



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

* lower electricenergydemands

* primaryenergysavings

» reduced environmental impact.
Regeneration energy in desiccématsed AHU ca be provided by solar collectoris
fact the regeneration phase takes place at low temperature® (80), values that are
compatible with the temperatures achievable with solar colledtotBis case there is a
furtherreduction in the use of fosdilels and a differentiation of the energy sourices

addition to the advantages listed ahove
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Figure 1.4: Psychrometric diagram with hybrid DEC AHU transformations.

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

- weather conditions;
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* low conversion efficiency;

* huge gap between potential and use.
Thereforesolar-driven desiccant andvaporativecooling systems are composed of two
main parts: a solar field and an air handling unit. The soknggrcollected by the solar
collectors is used to regenerate the hygroscopic material that &nguge
dehumidification of process air. Storage andkbag systems are often usedthrese

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

1.1.2 Literature review

Desiccant cooling systems are an interesting alternative to conventional duomdied

air conditioning systems with electricaltiriven vapor compression cooling units, as
they exploit the hygroscopic propertiefssome materials, such as silica gel, which need

to be periodically regenerated with low temperature heat, to allow the dehumidification
of the process ailWaste heaf4], from cogeneration devicg®,5,6], from industrial
processe$7,8] or solar thermal energy®,10] is typically used as thermal energy for
regeneration.

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

Other modifications to ventilation and recirculation cycles have been thddghkle

cycle (1965)[12,13], SENS cycle[12,14], REVERS cycle[12,14] the DINC cycle
[12,14] are some examples. Manther studies investigate alternative configurations to
the basic DW system and these deal with staged regeneration, isothermal
dehumidification and hybrid plant.

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

To improve performance of unconventional AHlde regeneration can be divided in
two stages;a preregeneration and aegeneration flow obtained by dividing the
regeneration flow after that it is pasgim the rotary heat exchangerconsidered in

[17]. Higher thermal coefficient of performance (GEPwith low regeneration

temperature are obtained with medtiage dehumidification. Ideally an infinite number
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of stages could allow an isothermal dehumidification, but most of the systems
investigated in the literature consider only two stages which can take place iWbne

[18,19 or in two [16,20] In the last few years several other studies based on
experimental tests and numerical simulations have been carried out to evaluate different
configurations of the innovative air handling ur{ais for example in [8,228].

In order toimprove the performance of ti&olar Desiccant and Evaporative Cooling

(SDEQ plants researches have evaluated alternative solutions for both the solar
subsystem andhe AHU configurationsas already mentioned before

Sol ar technol odlieeg®dt ymi dalel y idenmraature are
and etveadc utaube coffleevc tcoarsse,s badtsoi mmybri d de
Ther mal coll ectors), or concentrated ther:
(Concentratied Thleotmawadedoapl teecdt.or s )

Ent eri[a 3ectd4dsli.dered a SDEC systwemewhiolsiec ana
gel desiccant-f lwhweeheat wox chraormsger ss yasnde ma f
with an electric auxurledr gXx fherait me dthalh ed aft
about-gtdarter ¢ hefr mal energyderfi Wk fsrysm etmh a
and the total coefficient of performance
requests) I s 0. 25. tAhamor ®o ndd tdeeirlse dd i dmfeelr:
temperatures6d 5 n° € dasnmn @wngper o ¥ e deerhtumi di f i ¢
performance with the regeneration temperat
Bour doukfa2nd gevte l @lp.ed and experi mentally val

a solar heat pipe vacautuomt gpd | ecd ®r svamido s

conditions. Tweerse mglompedenns combinati on w
AHU i nditfhfreereent | ocations characteridzed by
to be more efficient than conventional f e

Two kinds of evacuated glass tube sol ar ai
pi pe, coupl eodr wiwoh sat atgweeo DrECCt system oper at
modwercxperi mentally i phg23adlgart eadi rbycdlil edt
area ofwelr@dosnen because theff hobtowithéod
heating i n wintppeer nintadt ebdecramaslel yt heryi ve des
summer , even dihfigheey eFrequrreity consumpt
efficiency of the wagoi t g pes miofheeraod iy e staaonre

t her mal resi stancelrdach h®80%i rn s$ dceonuelndt Tch
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convert more than 40% of the received sol
sunny days.
Li gt38@dlnged a Matl ab/ Simulink model of a

system coupled with solar air coll ectors.
with experimental data and so the simulat
area,aakaigre laemd i nsul ation.

Il  3Lthe authors experimentally validated t
cooled hybrid desiccant cooling plant and
(configur atwiotnhs )s ocloaurp | a&idr coll ectors <cons
Pakistan cities. An economic assessment o

payback period was <calculated to be equa
payback periodsobf edther swH.rgee afr & yagnadit ,0 b
respectivel y.

Hatami et al.[32] performed the optimization of a collector surface in a typical
configuration of a solar desiccant wheel cycle. Design parasyetiech as air velocity,

rotor speed, thickness and hydraulic diameter of the desiccant wheel and also operating
conditions, such as outside temperature and relative humidity, regeneration air
temperature and total solar irradiance, were taken into acc@pttmum design
parameters and minimum solar collector surface was calculated.

In the literature there are many papers where the coupling of solar thermal collectors

and desiccadbased AHUs are analyzed, but there are fewer works in which these
collectos are Photovoltaic/Thermal collectors (PVT) and even fewer are the papers
where concentrating PVT collectors (CPVT) are considered.

Fong [ex8Vaall.uat ed with TRNSrYcSumsd mud raft asroman d¢
hybrid desiccant coofciomgi tsiysrtiermgps afsedn f «

subtropical Hong Kong. The ceiddIfedternive e s i
chillers-damdea asabbarption chiller as refr
solar collectors and photovoltaic/ther mal
syst edms pha mary energy consumption ranging
a SDEC standard plant and an energgkrsavi ng
conditioning up todBbvefm sAsmbemst heheoé aw
seemho be the most efficient solutions fro
have higher initial costs.
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Single glaze standara/ tahierr maanweabml bhvelcd togdso t
[ 34 the source of heat and electricityl
standard DEC pl ant, a DEC system with int.
ent wawpweerteo mpared by means of energy and
resudduwred photovoltaic/ther mal coll ector
electricity. As concern tthpeumpHU naregamg em
seemed oep ebreattt er t han the others.

Il 1 38a] building integrated ventilated phot
solar air collectors suppliegedl thesiregamter
ThERNSYS simulation system demonst7rba% ed t |
and the aWw.eglag§e COP

The simulation mode[l 3¢]Jfe dSucktaendo nwiktoH @d o da l
results obéeapeeredmeamt atthetests wunder the p
operating conditions in tropical climate.
hybridiRPV/hEati ng ctohlel etchteorrmailn teengerragtye dr ej e c
of the bheatrepgemprate a desiccantouwhdeel . T
aboludtewf t he total energy request.
Concentrating photowehdai ciot mer maelchool log g1
AWAT i | i[ 3ert, 3aBlh. t he f i r stvep adbeya tnmeehaen sa uotfh odrysn
simulation the influence of key paramet e

t her mal 0 u tdpg thte rdeegsa rcamadntte hveh eeelled t t he wvapp

compression chill etrwi tThh et hsed cdxnpde nwaeerekn i da a |
hybrid desi-coadittibasienig asystem in wahs ch a
install ed. The ttnmeoviandoer deondiet ikcenps wi t

reaching COP higher thame eatnabbyedTbessi geed
di fferent concentrating photovoltaic/therr

As regards the desiccant system, a great
alternative cowmpmaarntyze@exiignt landcragead e. )
regeneration/ dehumidification, i sot her mal
i nnovative hygroscopic material, batch sys
The solution most widely adopted to i mpro
process innt sDEc@ npider s t he di vision of d
separated by a refrigeration. Thi s I's th
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dehumidification (infinite stage). From a
are systemsonlkatremwloodesi ccant wheel s.

Gha[l 3@ahal yzed -lmasdeedsi t-glamitidt maomi ng system
el ectric hewaisnguwemgp ateldP)in the air handl in

of theaseHPsenmd to cool the process air whi
heat the regeneration air. The ? pfl fainde weass
repl acement of a conventional HVAC system
cl ienacdondietiirount o(fLeBbahaht mneassd gahgd f tthlee per f o
I mproves. I n fact, a | 1o5%k&w , siand2OdERIi svg s

considered as wuseful | ife, economic benef.i

I n the study 4dfheShpenrd oatmaamlce of a DW use:

with an integrated high temperature heat |
I nvestigation and regression analysis. The
therpormance of desiccant wheel, the most

and owatidodcdrumi di ty omdtdiomrr ati mermd eetmpenm aeée UwWe ¢
regeneration and process airtr flow rates,
i ndscof moisture removal capacity, dehumi
coefficient of performance and sensi bl e er
| nckdn et [all.he2mk4 or inefficiencies of the
with a new configuration were evaluated b
two direct evapoit arieee heao!| eerxsc,haamg®8Ws an ¢
arranged on the three channels that compo:
showed that t he major irreversibility re:
device could beacaadamyt aggevsokbay se¢eplem, by
by a gas heater.

La eftl&Hal yzed two plants iwadwlviidredt hentade

sections, two for the deahtuinoindi fT hceatp roonc easns
successively in the adsorbenwemseateadnsomwht
t wo stages of regeneration. The easdacond (

regenerative evaporeadt iov eoveo edobnsetgatcthieato f al
possibility of reducing the temperature ir
La eftl@pHdoved trhoattosat atgweo hy br i d dewdeasae cant

suitable sol utiloinmaftcers. v elrhye hwmild ng capac
subsecti onwadeltahtei vpeltdyh%%s mdl It,he3 0 ot al one
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about 60% of the | atentwdmeaddu c eTdh ei nd eamarnadn dof
to 34% in relianstoal Itotitdhre CShaynotiai , Bei i
La eft2fpi.nted out that the | ow exergy eff]
coubed i mproved by using a AHWaselduectehde giem e 1
new | ayodtC t0@©®080

Il h1®he effect of the thickness and the sp
t wot age DvwEaCsvuaniutat ed to determine the maxi
t mena l COnNPg a ptphraotx i mat el y equal todWwitRhhe ¢
temperatur ewand tOkherehsekness.

I n a subsequent|[ 2plpedt ovie-nGet gvotot @lb. desi cc

coling system and a convenwereevall uaaeodr ac
compared in order to quantify the energy s
of fice buil ding of Shanghai arnedgeBer At no

temper atdi me Sdawaiglhea i (85 °C) than in Berl:i
perwaxlbser ved.

A mat hemati cal mo d e | was introduced and e
[ 42 Watseal i zed tevapreatemti el gpedrfiowvemanityebroi
atcrondi ti oniwags sonyneet @ent.sdglet usitgeAdtewa mi di f i
t wot age pr ecedlaigreg remgd nweawme a loinz eod oicre sesn | y
gel desiccant wheel ( DW) .

In Zhu and|[ €8knoveélld4ma+wwiaseddasdirccamtdi ti oni
devel oped and studied; experimental tests
t he most signi foircsanotn itnhfel useynsctienny effafcitci enc
of parameters that maximize uti lkiozatri dnwoo f
stage system with compact size and good p
guaranteed bygy hemott heomaer teencerby the dies
empl oyed for the daily wuse. The cooling

contribution with the abundant seawater sc
A t-wtoage ot wo system that supplwasercowés a
designed, constructfdd]|&Empetrtemeatdabyr eaulkt
di fferent conditions revealed tha20th€ no\
with a thentmabf cpef f e0c nba nwcei-gagfa i@ . |3oena t s o

(solar air collectors). The specific therrt
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desiccant coolingOs9stemswdseriangunhide OpB8od.
water and dry air.
DWbased dehumidifiers are -matsed hBEHWNI Yy sol

My at [e8pralposed a second -bleodw daensail cycsa nst odf e hi

operating in batch matmhmepy i mi roirdiez attioo no ba
COP. The theowaegioodl rmencal Pyi sexperi ment al
compdtivevoe beds hwped ®Wrrangement of silica

alternatively one of thi®nesishéhadsdesbeb
al[. 4Py opgasemew multistage dehumidification
pump. Pl at es coated wwirdehr acdheggeidc ciamt t mat «
dehumi di fi gaeahkeont iaommmd aleternating respecti
coil s t hdatthec oenvsapiotruatteor and the condenser
of pl at es mauwedr imphdisceal 'y and alternately
The regenereathiyognr osfovamiac r made niudal at t emper

°C. A mat hemati cal model wasdoated wiot h oe x
opti mal s3wmi oh f@inceefal uate the influence
Bongs [e46&6Jtaddi ed experimentally and throu

nnovative compomeinti oonfi ngn sgist em event ua
ener gwaanl tevaporati vedo/atceodbd | @ndo sksenagpetr g x eahna
attrai r plate heat exchanger. The swdese of
coated with desiccant ma toeorgil alc e whainl ee vatp o1
cooling process with the aim ofThremeol ngi t
from a technicaldtphoei ndu polfi cvaitew,n roefq utilhree c
continuous operatieodoofntheagpd aby. 46% tht
absorbed and an enhancement o fonphaea eado dloi r¢
system without evaporative cooling.

I nternal cooling is simple to i mplement w
operation.

A new concept whisntesodecaad bhe®[ ABWdritshy
devcoelpder ate contedovoouwuelayi aedaai msot her ma
| waa desiccant wheel with a |liquid intern
tube heat exchanger. Anc oll eelr ndaahw® whekl
analyzed by Na4.& ]y Wintam red s paelc.t to an adi a
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dehumi di fi eabbyi cab&@ Rbeepemgdi ng on supply and
conditions.

Beccallfj2@&phnsildered a hybrid SDEC wHUein w
utilized, one to control the air supply t

and the odelheumitda fprda he prmheceases exzitre;d merad

el ectricheddild eregeareer ati on air. Moni torir
oper atere@dnaborated to calculate instantanec
i ndicators; al/|l i n all ay sEmenregy e$awitmg co K«

comparison to the reference conventional
reduction of the solar coll ecwerodbdrae ameidn
Sol ar Fraction sanvd nmgr ii ma rhyge ad & enegg gocptkidvaet | i yo

anal7%espectively.

In order to overcome some issues related
cooling and rotary heat exchanger and t
Finocchilad®f ceughatl .t,echni calU iimneoewa[tidgan se dt
The i ntroduction of a weda peater heapl ®ixt
evaporative cool i nger gryedduecmanngd tthoe tchoeo | d mig
el ectrical requirements. The el ectrical

appedo be about twice than the previous.
Wrobel [ 0O htadndad upiel oatt i iomstoafl la sol ar and g
desibaaeprtd air conditioning system. The b
convent iwasaslt ionmée,ed by a simul ati o# omagdel
conditions in diffeTlkaeatmaecogumpboohingdg oaa
reddirceespect i-82ty amowill %28 The energy benefits
annualwelrbesghler wlwarae gtrhearte r demand for d
i nstead the waalbway s weoonspyest.ol & v

Ei cker[ 28ty addtdtr eugh experi ment al test how
the performance of DW madel of-tili 6f iechendr m
of sgelli caan ec hlligtr.h iduem

TRNSYS siwmatpetrifomsned by 2BbDt epmpaee &ahe op
a SDEC plant equipped with two desi€cant
gel , titanium diemxi dlegc aitn ohbr eod (EiafsfterAs |
r eveedanilgher peahh osgmln;c a tdlhgwarantmaee®@or t empe

humi dity ratio.
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The main activities that scientifh&@sedksea
cooling sgsbems haported above. On the b
| ayouts of the simulated plants have bee
presented bel ow ar-ec dracsmidc ofne atshiebiirl i tt eg/c honn

facility taken as reference.

1.2 Experimental plant
In order to analyze the performance of an air conditiosiygiem equipped with DW
over the past few years, tidniversity of Sannio designed and built an experimental
plant(Figurel1.5) whose main mponents include

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

* a microcogeneratoff1]) fuelled by natural gas (MCHP),

* an electric akcooled water chiller (CH),

« anatural gas boiler (B),

» athermal eargy storageéank(TS).
This experimental plant was designed to handle outdoor air in summer conditions and
bring it in supply conditions, established in each time step on the basis of simulated
sensible and latent loads. All the components of the syste been designed
considering an outdoor air temperatofe80 °C and absolute humidity of 15 g/kg, with
a flow rate of 800 rith and the possibility of supplying air to the conditioned space at a
temperature variable between 13 °C and 19 °C and humidityldf g/kg. The thermal
and cooling powers exchanged in the heat exchangers can be adjusted in order to
achieve such design parameters. The desiccant wheel, in rated conditions, reduces the
air humidity by 7 g/kg. For the conditions described before, ¢égeneration process
requires 12 kW of thermal power that could be delivered by natural gas boiler and
MCHP. In the design conditions, the recovleat exchanger should exchange 5.7 kW,
and the coolingoil, a power of 7.5 kW (approximately equal to the ohthe chiller),
with the supply water temperatureldd °C and the return equal to 16.
The experimentalair handling unit is a hybrid system that operates in summer
configuration with thermal energy for regeneration purposes provided by the MCHP
andbr by the boiler and cooling energubtraced by the electric chiller. A certain
amount of electricity serves for the chiller and for the other auxiliary devices (pumps

and fans). This energy is supplied by the cogenerator and/or by the electric grid.
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Thermal energy from the MCHP can be either transferred directly to the heating coil 1
of the AHU or in the TS. The thermal recovery circuit of the MCHP is connected to the
internal heat exchanger (IHE) placed at the bottom of the TS (iHEhurel1.5).

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

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

In the following sectiors the main components included in teeperimental AHU and

the related processes that t@kacein themare discussed.

1.2.1 Desiccantbased AHU
Specificallythe AHU (Figure 1.6) handles three air flowgach one hang a nominal
flowrate of 800 rivh:

* regeneration aiwhich is heated through the hiegf coil 1 and 1-5-6) fed by
the MCHP and by the boilenn order to regenerate the D\&-7);

e cooling air which is cooled by a direct evaporativeoler (18), and
sulsequently passes through ttressflow recovery heat exchanger tr&-9) to
precoolthe process air;

» process aifri.e. the one sent to the room. As a fasinponent it meets the DW,
which reduces its specifitumidity and raises its temperature-ZL. In order to

ensure the correct therainygrometric conditions, thi'ow is then cooled in the
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recovery heat exchang&-3) and in the heat exchanger fed by the chilled)3
in both components at constant specific humidity.

Figure 1.6: The desiccantbased AHU.

These processes alksoreported in the psycrometric chaftFigurel.7.
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Figure 1.7: Psychrometric diagram with experimental desiccantbased AHU transformations.

The DW installed in the air handling unit of the experimeptaht is equipped with a
matrix composed of alteating layers of smooth and corrugated silica gel and metal
silicates sheets, chemicallpcorporated into a support a@forganic fibers. The so
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realized honeycomb structure maximizéee contact surface with air, reduces the
pressurarop and weight, and increases the structural strefighwheel has a weight
of 50 kg and its dimensionsear00-200 mm (diameter to thickness). The frontal area
of the wheel exposed to process and regeneration air flovehasacterized by a
diameter of about 600 mm (even if theminal diameter is 700 mm), because a circular
crown ofthe total area is obstried by the metallic frame of theheel cassette. The
rated rotation speed is 12 revolutigres hour. Also 60% of the cross section of the DW

is crossed by process air while the remaining 40% by regenegation

Figure 1.8: The desiccant wheel and the rotor matrix

1.2.2 Microcogenerator

The indalled MCHP(Figure 1.9) is equippedvith a 6.0 kWpermanent magnet typ&6

pole synchronous generatooupled with avater cooled, 952 d naural gasfuelled
internal combustion engine. Furthermore the system can supply a thermal power of 11.7
kW with a water flow rate of 33.5 I/min and an output temperature @560C. This

heat is recoverely flowing the engine coolant (45%Ylycol-ethylenemixture) through

a pipe heat exchanger, where thénaust gas is cooled down, amdough the engine

walls. In the above condition the electric, thermal and overall efficiency are 28.8, 56.2
and 85 % respectivel[p4].
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Figure 1.9: The microcogenerator.

1.2.3 Boiler
It is a natural gas boildiFigure 1.10) with a rated heating capacity 8#..1 kW and a

rated thermal efficiency of 90.2%.The boil@rovides eentual additional heat to the
fluid, pumpedfrom the tank, up to the temperature required for regenerdti@boiler
is activated only when the tank temperatisriower than the fixed sgtoint required to

drive theheating process.

Figure 1.10: The boiler.

1.2.4 Electric chiller
This is a vapor compression chiller that operates onfummer conditions. The rated

cooling capacity is 8.5 k\Wand the nominal COP is 3.0, with nominal supply/return
water temperatre of 7°C and 12°C respectively. Theefrigerant used is R407C.
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Figure 1.11 The chiller.

1.2.5 Thermal storage

The tank volume is 1000 dh{net volume 855 dr), it is made of stainless steel,
insulated witha layer of flexiblepolyurethane having a thickness of 100 mm and
thermal conductivity of 0.038 W/(mK). It is equipped with thraeternal heat
exchangers, two of which are connectedhe heat sources and the third omhich

extends along the whole haigof the tankis used for DHW preparation

Figure 1.12: The storage tank

1.3 From the test facility to the smulated plant
As stated in the previous sectiotte hybrid HVAC system in the test facilityf
Universita degli Studidel Sanniointeracts with a natural gas fuelled microcogenerator,
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an electric atcooled water chiller and a natural gas boiler. Moreover a storage tank was
introduced to better manage heat flows.

The system in theurrentconfiguraton is designed to operate only in cooling mode but

it can be exploited all year round, even in heating mode operatitroducing some
simple modificationgo the plant

In the performedsimulation activity heating mode operatiavas also simulated In
addition to the MCHPR different types of solar collectas were evaluated Furthermore
three alternative layosifor the standard desiccant based Aitereanalzed

As concern solafield, standardtype collectors flat plate and evacuated tube, and a
hybrid innovative one (a&ConcentratedPhotovoltaic/Thermal collector, CPVTyere
considered.

Regardingthe AHUh e i ntroduced modi fications conce

- the-hpaeéing of the regeneration air witdHl

- the-hpaéeing ofattbe aegemwen h heat recov

regenerati ofnl maw rha aat ae xaloasrmsger ;

- thecpoéing/ dehumidification of the proc
Finally, to compl ete the,caararliyesd so utheomn eas
basi s fort hahe pploandes t he coupl i,ngwasir
perfor med.

All the different simulated plant configurations and the obtained remdtiescribedn

the following chaptes:
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Chapter 2 Sol-assi BasidcltasnngidrHandl i ng
Un i t Assessmants for Different Italian

Climatic Conditions
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2.1 Introduction

A rarely studied subject is the influence of climatic conditions on destbeaed
systems for lItalian territory, nor a similar analysis is carried outgugimparametd
study.In this chapterthe hybriddesiccantbasedair handling unitoupledwith standard
solar thermal collectorss analyzed and results obtained in two Italian locations are
shown. Thesystem component@re modelled by meanef experimental tests aad

out at the test facility of Universita degli Studi del Sannio (ltaly), whereas energy,
environmental and economperformancereassessed throughe dynamic simulation
software, TRNSYSA parametric analysigmvolving the collectorgypes {lat-plate and
evacuated tubehesurface (about 20, 27 and 34)nthe tilt angle (in the range Z5°)

and the installation site (Benevento and Milan® performed comparing it with
conventional HVAC units. Thewvo cities taken into consideration are repredergaf

two climate zones of the Italian territory.

The results show that from an energy and environmental point of view innovative
systemsshouldalways be preferred tconventional ones, even when tmar thermal

energy surpluss fully dissipated.

2.2 Loads characterization

The thermal loads have been evaluated by modelimgj\ersity classroom of 63.5°m
located in Beneventand in Milanowith 30 seats and an occupancy schedule, expressed
as a percentagef the maximum capacity, with the daily trendosim in Figure 2.1.
Table 2.1 lists the dimensions and thermal insulatararacteristics of the opaque and

transparent component$ the building envelopg].

60% [

40%

Occupancy

0%

0% L L L 1 1 L )
a8 9 0 11 12 13 14 15 16 17 18 19 20
time [h]

Figure 2.1: Classroomattendance
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The air conditioning system is switched or0&t30 in the morning, half an hour before

the opening of the classroom, and it is turned off at 18:00 in the afternoon, when the
classroomis closed. The indoor air spbint temperature in winter and summer
operation are 20C and 26°C, respectively while the relative humidity is constantly

maintained at 50%.

Table 2.1: Building characteristics [9].

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

The endogenous loads are determined by considering the internal gains (occupants,
“seavedy | ight writing” degree of activit)
for the building are evaluated usingvat her data of Benevento (
N, 14° 46" E- Heating) DégredH Mais5]) and Milano (Northern Italy,
45°27" N, 9 ° 1 1[35]). Ehe sebhsible,dlatemt @dl electridahds are

reported inTable2.2.

Table 2.2: Building Gains and Loadsfor Benevento (BN) and Milano (Ml).

Gains per occupants Sensible [W] 65
(seatedi very light writing, ISO 7730) Latent [W] 55
Gain from artificial lighting )
[W/m] 10
(9:00-18:00)
Load Cooling Period Heating Period Intermediate Perioc
City BN Ml BN Ml BN M
Sensible [MWh]  1.54 1.31 2.90 4.94 - -
Latent [MWHh] 0.69 0.61 0.56 0.66 - -
Electric [M Wh] 0.44 0.44 0.56 0.75 0.50 0.31
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In Table2.3 the three main climatic variables (solar radiation, outdoor temperature and
humidity ratio) that affect the operation of the innovative air conditioning plant are
compared. The meiohed quantities differentiated on a monthly basis, were derived
from the climate data used in the simulations. The city of Benevento shows a higher
level of radiation thanMilano all year round. The outdoor air temperature is
significantly lower in Mila than in Benevento in the winter months while the two
values arevery close in the summer period. Finally Benevehtsa higher average

relative humidity than Milano.

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

Monthly average daily solar Monthly average Humidity Ratio

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

City BN M BN Ml BN MI
January 6.19 3.79 6.05 1.63 4.94 3.56
February 9.20 6.47 6.34 3.17 4.82 367
March 13.72 11.14 8.48 7.22 5.40 4.50
April 18.64 15.52 11.43 1049 6.62 6.04
May 22.10 18.81 16.02 15.61 8.87 8.09
June 24.89 21.50 19.65 19.16 11.12 10.14
July 25.00 21.82 22.78 2232 13.03 12.01
August 22.10 18.98 2276 21.73 1322 11.75
September 17.08 13.98 19.46 18.08 11.16 9.72
October 12.47 8.46 15.10 1229 8.58 7.13
November 7.31 4.30 9.65 5.98 6.33 4.89
December 5.85 3.20 7.38 2.16 5.36 3.75

In addition, during some periods of the year (especially in the intermesdiaserand

in the weekend days) excesses of solar thermal ermagyake place; in order to
optimize the operation of the system a certain production of domestic hot(vaitéf)

or thermal energy for oth@urposesan be obtained from the plant and transferred to a
use with a great demand of ifaqr examplea gym, aswimming pool, ahotel or a

university campus).

36



2.3 Innovative Plant Configurations

On the base of tohléniewepresriitme nd ead( BAHRHE wedn t od,e
Southern Italy) thne ciomrsoWatriede i VA The ssy scthea
experimental AHU in thecurrent configuration can operate only in summer mode

instead he simulatedplants can operate also during the winter season to meet the
sensible and latent loadof the conditioned spas, described before.Some
modifications have been implemented to the system and some new components have
been introduceth the simulationgor the winter operation.

The hybrid HVAC system in the test facility interacts with a natural gas fuelled
microcayenerator, an electric aiooled water chiller and a natural gas boiler. Moreover

a storage tank was introduced to better manage heat fliowise following analyses

the MCHP which is previously considerad a heaand an electrisource, is replaced

by solar thermatollectors whereas all the electricity is drown from the grid.

The details of the design condition and the characteristics of the main elements of the
air-conditioning system are described in Angrisani et al. Z88) and Calise et al.

2014[9]. In its current configuration, the plant was tested and studied to calibrate and
validate a model for its main componefi2], as well as to evaluate the infhee of

several parameter on the performaf&sj.

2.3.1 Cooling mode operation

The solar subsystenbéhind the red dashed line kigure 2.2) is constituted by the

solar thermal collectors (SC), the stordgek (TS), the heat exchangiat produces

hot water for sanitary use or for otHew temperature heatingurposegHW-HX) and

the circulation pumpsThe solar field is arranged in rows of collectors connected in
series as described Trable2.4. In particular the surface used in the following analyses

is the product of the number of collectors and the aperture area as indicated by the
manufacturers (2.25 Tror flat plate collectors, 3.43 hfor evacuated ones). In all the
analyed configurations, the maximum number of collectors in series, as established by
the manufacturer, is considered. Solar radiation is collected by the solar field all year
round, it heats the mixture of water and glycol that circulates in the solar lbep. T
circulation pump is switched on when solar collectors outlet temperature exceeds that
measured by the temperature sensor placed in correspondence of the heat ekxthanger
the tank. In order to avoisblar thermal energgissipation, the heat dissipatisgstem

conventionally installed in solar cooling systems, a dry cooldreisreplaced with a
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heat exchanger to proceidHW or, in general, to heat water for low temperature
applications. This thermanergyis assumed to be used-site (university camus) or
exploited by a nearby user with large demands for D&\ heatinguch as a gym or a
hotel. So the heat exchanger (FNX in Figure2.2) avoids that the fluid temperature in
the solar loop becomes too high but does notoperfa classical dissipative action,
making available domestic haater or heaat 45°C.

[

=

Solar subsystem

(]

- -

TS

SC
/ HW-HX —_—

[

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

Table24:Sol ar collectors configurations

Sol ar
Coll e Apertu
’ Arrangement Pump Pc
Type: Areal |

[ W]
1r owdood! | etn mwsso
ox2 . 28 . 200
coll ectors
FI -2t a
182 .25 . 3 rows otfords ¢ 300
152 . 383 . 3rowsdcofl ectc 375
6x3 . 23 . 2rowsScof |l ect c 200
Evacu g3.227%. 4r owcofl ectoc 300
Tube 2r ows3c o f | elrtoow4sc
103. B3A. 330
coll ectors
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The control strategy of the temperatumnethe solar loop, carried otiirough the heat
exchanger, changes between the days when tlu®mudlitioning system is switched on
(weekdays of thactivationperiod of heatingr coolingmode$ and those in which it is
switched off (the weekends and timermediate seasorjvhen the AHU is turneon
the HWHX is set to maximize the storage of the thermal energy in the tank, intervening
only to maintain the temperature in the solar loop below’@@®n appropriate amount
of water is circulated in theecondarycircuit of the heat exchanger to hawat waterat
45 °C and to maintain the solar loop temperature below the maximum value.
During weekend days and the intermediate season, when the air conditioning system is
turned off, the thregvay valve excldes the tank from the solar loop and only domestic
hot water or heat for other users is produtiesugh the HWHX. Somewater passes
continuously in the secondary circuit as longt@&sn be heatedp to 45°C, in this case
the temperature in the solaobpis slightly higher than thadf the heated water. khis
way all solar thermal energy excesses, wlaoh usuallydispelled, are exploited from
the user (for example, a gym, a hotel, or a university campus), ensuring optimized
operationof the systenall year round.
Thermal engyy stored in the tank is usead heat the regeneration air in the cooling
period and the process air the heatingone The control system, according to the
required temperature level of the regeneration air, reduces by raEanghreeway
valve the flow rate of the secondary fluid (water) to the heating coil, HC, when its
temperature is higher than necess@mn the contrary, the control systéorns on the
backup boiler, B, to provide an extra amount of thermal energy vifselemperature is
lower than necessary.
As regards the AHUbeyond the red dashed line iRigure 2.2) it handles three air
streams, each one with 806/mnominal volumetric flow rateFigure2.3):
- regeneration air it is outdoor air heated {8) through the heating coil (HC) in
order to regenerate the desiccant wheel (D\A§)(5
- process airit is outdoor air dehumidified at almost constant enthalpy in the DW
(1-2) and then cooled in the creftiew heat exchanger (CF) {3) and in the
cooling coil (CC) (34) fed by the chiller (CH); then it is supplied to the
university classroom for aconditioning purposes;
- cooling air, it is outdoor air cooled by evaporating water in the evaporative
cooler (EC) (17) before passing into the crefdsw heat exchanger {&) to pre

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

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

of auxiliaries equal to 1200 W.

Humidity ratio [g/kg]

35

30

25

20

" 0.850

D900 m /kgl

20 30 40 50 60

Temperature [°C]

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

2.3.2 Heating modeoperation

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

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

existing plant.Such modifications consist irFigure 2.4, only dark componentsand

devices are activgd]:

the use of only two ducts of the AHltkespectivelyfor the process airand the

recoveryone, the latter coming from the heated space and also using the duct of

the cooling air during summer,

by-passing the DW (in winter the prosesir has to be humidified, not
dehumidified); supplying the first coil in the process air du€@X in Figure2.4,

that was a&CC during summeperiod), with water from the tank and/or the boiler
and not from the chiller as occad during summer;

adding a wet pack humidifie(EC1) and an additional ato-water heat
exchangerHIC2) in the process air duct which is fed with hot water from the

tankand/or the boiler;
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» switching off the regeneration air fan, the chil{@H), the diret evaporative
cooler, EC, (that was active on the cooling air flow during summer period) and
the DW.

SC
/ HX-HV

TS

E==

%
|

e

CF HC1 EC1 HC 2

]

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

Speciically the AHU, when operating in heating modgndles two air flows in heating
mode, each one having a nominal flowrate of 86thm
» process airit is the flow of outdoor air which is pieeated (32-3), humidified
(3-4) and then podteated (46) as wuld happen in a conventional AH[1],
with the difference that in this caskermal energy is derived from the solar
subsystem;
» recovery air it is air expelled from the building that is used to-peat the
process air in therossflow heat exchanger {8).
These processes are shown on the psycrometric chague2.5.
In heatingoperation, the control system evaluatesttdmperature of the water coming
out from the tank suctihat when it is lower than the one required for the preheatind
postheating, the system turns on the auxiliaoyler (B) to heat the fluid.
By analyzing climatic data, the sensible and latent ldad,clear that it is not always

possible to ensure the desitedhpersures and humidity to the process air.
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The control system assesses at each step of the simulaicir states A, B and C
(Figure 2.5), that represent respectivetiie thermohygrometric conditions that the
processair has to rach after préneating, humidification angostheating processes to
ensure the comfort of the occupamtsthe classroom. It is observed that the most
commoncondition is certainly the previous one where hibenidity ratio required in the
process air is lgher thanthat of the outsideuf > wy) and also the process air
temperaturecoming out from the prleating coil is lower thathe required one ¢I<
Ta), (seeFigure2.5).
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Figure 2.5: Psychrometric diagram with AHU transformation in winter operation .

The simulation system of the AHU considers also ativerconditions:

* wc > iaand preheating process provides the desired condition before
humidification by the total or even patiuse of the recovery air. In this case the
conditions “2” and “3” coincide with *

and “5” coincide with Fgee2®.ecti vely “B”

* < pun order to balance the latent ¢tba would be necessary to dehumidify

the process air, however in this simple configuration, the simulated system

proceeds to balance the sensible load only €TTs and we < ), while

excluding the dehumidificatioprocess (seEigure2.7). However, it can be seen

thatc hangi ng the suppl y sthumidty if theoramge®* C” t

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

2.4 Conventional system

As r egaCodnsvtet beal CHiyst ¢eme ( summer peri od,

(Figurel.l)i n whi c h atihre ipsr orceecshsa ni cAgFigurgl2d e dmdhi di
t hen-hpat &4dFigyreAl.2) has $diemunl at ed. A vapor com
with a cooling capacity of 16 kW fed the
= 90. 2%) Hhedti e poorsdhrel.l. Thi s boil er has

characteristicsn oMi nttreat tihre tAH&J AS. t he san
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for t he souracresiosft shesaatl etl hya to (legutel2.8. bAlill er
electricity i1 s hatk ewa ffieso nrioeu coerdi dviarmd t he
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!
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JIRS I

Figure 2.8: Scheme of the simulated conventionadlant (heating mode)

2.5 Simulation softwareand performance assessmemhethodology

The dynamic simulatiofp8isof égrated TRINISIK St |
libraries[59] has beemsed to perform the simulations. The tistepwas chosen equal

to 1.5 min. According to a methodology widely used by several researchers in literature

[60], [61], [62], [16], [63], the validation of the whole plahtasnot beencarried out

because the test facility does not include the collectors. However, considering that all

the other compaents were previously and successfully validated against experimental

data, it can be assumed that the simulated results are highly reliRN&YS models

of the main components artieir most important parameteesse described in the

subsequent sections.

2.5.1 TRNSYS

TRNSYS (Transient System Simulation Program) is a dynamic simulation software
developed by the Solar Energy Laboratory (SEL, Solar Energy Laboratory) of the
University of Wisconsin and the Laboratory for Applications of Solar Energy at the
Universty of Colorado in 197(58].
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It is a complete andobust platform for the dynamic simulation of various systems,
including multizone buildings. Its used to simulate the behavior of the builejphant
system, enablinghe use to implement control strategiespmfort conditions of the
occupants, as well to allow the modeling of various alternative endrggeskystems.

It has an internal library of standard components for various applicati@iso allows

links to variousexternal programs (eg, Matlab and Excel), and the use of climate data in
standard or useatefined formats.

In addition to the default library, the distributor Thermal Energy System Specialists
(TESS,[59]) and others (STEC, HROGEMS) provide a wide range of additional
components that allow the modeling of hybrid integrated energy systems able to exploit
both renewableand conventionalenergy sources. Its modulastructure makes the
software very flexible, easy to use and abotlve addition of mathematical modéisit
arenotincludedin the preexisting libraries or modifyinghe existing ones.

Each component is represented byTgp¥, thatis configuable through a graphical
interface. EachTypé€' is described by a mathenzdl model and presents a series of
parameters, inputs and outputs required for its configuration.

A project in TRNSYS consists of a series of components, connected together in a
suitable manner according to the physical and logical connections thatear@exhtto
simulate. TRNSYS contains in & series of subroutines that contain models of system
componentsThe ypes arecharacterized by a number or by a number and a letter that
identifiesthemunivocaly.

For everystep of the simulation (the time steg set by the user) the software
(TRNSYS) simultaneously solves the system of equations associated with mathematical
models of the different components thatmposethe model (buildingsystem), and

returns the resudt

2.5.2 Mathematical Models

Ther ether ebcatsel ement s of model |l i nEAchnt YRAS"

I mpl ements a mat hemati celhdmoadel si enpl as et ¢

2.5.2.1 Solar thermal collector

FIl at pl ate and evacuated tub(t yspoel aXxb cand
respeca evbbhyed on a quadratic equation f ol
generalizatiwn lofer{ Rdjjutddti toel
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Or2
G

or
heo =hg +23y S ta, (2-1)

Nor malhley t emperature difference is the dif
working fluid and theur@ambofent heaawdrualpee i s
temperature between collector inlet and ou
The noaledul ates the performancosw of aobkbeéeat
Eacrhowan be in turn formed by a certain
efficiency otletbemsaokdr bfyi ehd hsmbgheof m
characteristics,tdhhifatt lae ebaviad umbddl| en cer
addi tion, it takes into account the Incid
par amet er ttshatth er eepfrfeescetns ornMd)bhet het eockptt
to aeroon angle of incidence of solar radia
Therefore, i1t iIis necessary to consider thr
- di fferemtf Vvdlowesrate of the working f

conditions

- number of identical ccollectors connecte
- nonero angle of incidence of solar radi
The evacuated tube collectors are not sym
doubl e I(AM draxuermrs al anids L oe gsiuEhbie2S). n a | I AM)

Table 2.5: Evacuated tube collectors IAM factors

Direction Transversal IAM  Longitudinal IAM

] [-] []

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

Table26a nTble27s how t he
beenolobnt ac mlelde d

evac ualtibeed | ect ovredTyreeys pleacu

dat as[sthte,e@ 6 ]
Table 2.6: Flat plate collectors parameters

Parameters Value Units

Fluid specific heat 3.84 kJ/(kg K)

Efficiency mode 1 -
Tested flav rate 40.36 kg/(h nf)

| nt ercepty € 0.673 -
Efficiency slope a 2.98 W/(m? K)
Efficiency curvature a 0.0078  W/(m?K?

Optical mode 2 2 -

1storder 1AM 0.072 -

2nd-order IAM 0 -

Table 2.7: Evacuated tube collectorgparameters

Parameters Value Units
Fluid specific heat 3.84 kJ/(kg K)
Efficiency mode 1 -
Tested flow rate 30.36 kg/(h nt)
Il ntercepty ef 0.676 -
1.15 W/(m? K)

Efficiency slope a

Efficiency curvature a 0.004 W/(m?* K?)

Logical unit of file containing

biaxial IAM data 222 .

Number of longitudinal angles fo . ]
which IAMs are provided

Number of transverse angles fa . ]

which IAMs are provided

2.5.2.2 Desiccant wheel
The DW with silica el adsorbent material is modeledth the type 1716 of TESS

library. From a mathematicgloint of view, the performance of the component is
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determinedusing the simplified Maclair€ross and Bankapproach67] that models
the dehumidification ycess, which is a combination ofass and heat transfer, in
analogy to a simple processtbérmal energy transfer in a heat exchanger.

The coupled equations that describe the two processeseduced to two uncoupled
differential equations witltwo indgpendent variables, called characteristic potenEkals
andF,, [68,69] The isopotentialines F; approximate constant specific enthalpy lines
while the constant potential,Hines approximate constant relatiti@midity curves in
the psychrometric chart. hE potentialfunctions depend on the thermohygrometric
propertiesof the air and on the thermophysical properties ofatisorbent material,
[70]. These relations haueeen expressed for the pair silica-gelby Jurinak[69], and

they are

- 2865
(t, +27315)"*

F, +4.344w, /1000°*** (2-2)

t, + 27315
6360

F,, = - 1.127(w, /1000 23)

where the” sudbfsers pto “t he g stateeof theair at Wwheclh mo h y ¢
the two potential arevaluated, wheest and¥ are the air temperaturéQ) and the

humidity ratio (g/kg) respectively.

The intersection of isopotential lines provides the outpuatitions of the process air in

the ideal case, in which bothe adsorption and the desorption process are isoenthalpic.

The Jurinak’s model a s s apu ares estimhtedtusingtwe ¢ o n
indices of efficiency of thevheel,dr1 anddg,, calculated in analogy with the efficiency

of a heat exchanger as:
hey =(Fp- Fra)/(Fus - Fra) (2-4)
hep =(Fop- Fo1 ) (Fog - Foy) (2-5)

where potential&; andF, must be evaluated in the states 1, 2 andFgifre2.3.
Speifically, dr1 represents the degree to which the proeggsoximates the adiabatic
one, whiledg, representshe degree of dehumidification. In addition the maelirns
the temperature of the process air exiting twmmponent. This model has been
calibrated and validatedh [52], theindices of efficiencyobtained are listed iable
2.8.
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Table 2.8: Desiccant Wheel parameters

Parameters Value Units
Effectivenes$g; 0.207 -
Effectivenes$ir, 0.717 -

2.5.2.3 Tank Storage

The tankis modeled by means of the type 60tlié TRNSYS standard library, which is

the most detailedhodel available in # software, used to simulate a stratiftedrmal

storage.

The model allows one to consider up to a maximafrthree internal heat exchangers

(the first of them isonnected to the solar loop). In addition, the watered in the tank

can be fed by two geric points ofits lateral surface (return connections) and taken

from two other points (supply connections). In order to simuldte thermal

stratification, the tank is divided intocertain number of fulimixed equal dimension

cylindrical sections (ndes) in which uniform temperatureassumed.

The tank model allows the insertion of different levelsirulation in its different

sections. Therefore an increasemefficient of loss is assigned to the node

corresponding tthe base of the tank, whighnot isolated from the ground.

The energy balance for the generic ndeigure 2.9, neglectinghe terms related to the

auxiliary electrical angdias heateroptions for the model, is as follows:

o)A g 6B e )
DK,y | DX,

+r#dowrppTi-1 - r#LpCpTi - r#dowrppTi - rﬂJpCpTiﬂ +UA Oy +UA LD, +UA DT o (2-6)

+m1inCpT1in - r#lmuthTi +m2inCpT2in - r#ZOuthTi

where the teirmempmme gthieinsl efdaenat gpygn hef node,

first two teinme orlpeleeentdgbti ve interacti
node wi ubpeh and | ower ostd;e thhee Dtwhiorsdds ets enre
surroundi;ngt haeembtieernms rf,e ¥ aatnedig, ar @ t he conve

ter ms d t hd ngemeairms, mar k e dhxX’wi ¢ phr etsheent s uk
contributions of the exchangers.

Thi s mo d e | has been wvalidated i d@n/ditjhceal i br
par ametiem st hes eTRAN'SeY Ss HTaplp?®. i n
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Figure 2.9: Generic node of a detailed stratified tank storage

Table 2.9: Tank parameters

N° Parameters Value Unit

1 Inlet pasition mode 2 -

2 Tank volume 986 L

3 Tank height 2.04 m

4 Tank perimeter -1 m

5 Height of flow inlet 1 1.37 m

6 Height of flow outlet 1 2.04 m

7 Height of flow inlet 2 1.76 m

8 Height of flow outlet 2 0.36 m

9 Fluid specific heat 4187 JI(kg K)
10 Fluid density 985 kg/m®
11 Tank loss coefficient 1.37  WI/(m?K)
12 Fluid thermal conductivity (water) 0.580 W/(mK)
13 Destratification conductivity 0.285 W/(mK)
14 Boiling temperature 127 °C
15 Auxiliary heater mode - -

16 Height of 1st auxiliary bater - m

17 Height of 1st thermostat - m

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

Maximum heating rate of element 1
Height of heating element 2
Height of thermostat 2
Set point tenperature for element 2
Deadband for heating element 2
Maximum heating rate of element 2
Overall loss coefficient for gas flue
Flue temperature
Fraction of critical timestep
Gas heater

Numberof internal heat exchangers
Node heights supplied
Additional loss coefficients supplied
Heat exchanger fluid indicatdr
Fraction of glycoll
Heat exchanger inside diameter
Heat exchanger outside diarael
Heat exchanger fin diametér
Total surface area of heat exchande!
Fins per meter for heat exchander
Heat exchanger length
Heat exchanger wall conductivity
Heat exchanger aterial conductivityl
Height of heat exchanger iniét
Height of heat exchanger outlkt
Heat exchanger fluid indicat@
Fraction of glycol2
Heat exchanger inside diameter
Heat exchangesutside diamete?
Heat exchanger fin diamet@r
Total surface area of heat exchange!
Fins per meter for heat exchanger
Heat exchanger length
Heat exchanger wall conductivig/

T = )

0.029

0.032

0.032
3.1

30.85
45
45

0.85
0.25

0.029
0.032
0.032
2.5
0
24.88
45

kw

°C
°C
kW
kW/K
°C

3 3 3

3!\)

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

3 3 3

3!\)

m
W/(m K)
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54 Heat exchanger material conductivizy = 45 W/(m K)

55 Height of heat exchanger inl&t 1.54 m

56 Height of heat exchanger outi2t 1.08 m

57 Heat exchanger fluid indicat& 1 -

58 Fraction of glycol3 0 -

59 Heat exchanger inside diameter  0.0254 m
60 Heat exchanger outside diame8er 0.0381 m

61 Heat exchanger fin diamet8r 0.0381 m
62 Total surface area of heat exchan8el 7.8 m?
63 Fins per meter for heat exchanger 0 -

64 Heat exchanger length 61 m

65 Heat exchanger wall conductivi8/ 160  W/(mK)
66 Heat exchanger material conductivBy 16.0  W/(m K)
67 Height of heat exchanger init 0.15 m

68 Height of heat exchanger outi@t 1.6 m

69 Height of nodel 0.0408 m

70 Additional loss coefficient for nodd 0 W/(m?K)

71-167 Node paameters

168  Additional loss coefficient for nod&0 17.55 W/(m*K)

2.5.2.4 Other components

The main components used for the simulatitimst have not been described before, the
related TRNSYS type, as well as the value of the main paramatetsrelated
references are listed in tlage reported iTable2.10. The library (standard or TESS) in

which each type can be found is also specified.

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

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

[52] efficiency




Nominal thermal

Natural gas boiler 24.1 kw
(52] 6  Standard power
Efficiency 0.902 -
Air-cooled chiller Rated capacity 8.50 kw
655 TESS
[52] Rated COP 2.98 -
_ . Liquid specific
Heating coil 4.190 kJ/(kgK)
52] 670 TESS heat

Effectiveness 0.864 -

. . Liquid specific
Cooling caoll 4.190 kJ/(kgK)
(52] 508 TESS heat

Bypass fraction 0.177 -

2.5.3 Assessment of energy, environmental and economic performance

The t-Beomomic analysis is based on the <co
annual basi s and sc odnesmadnedrsi,n gb eetquweaeln wuasne ri n |
Al ternative SystemneA®&l) socandalal erde fcearrwmenret i
since it ws$ dtehg mee di n ®tcdrindoghitoadidire i €St he t vy
based on the sepaehtetfpcioduyctheat and co
AS i s <char alcitgehé fzieadi ebnyc y deaxnpdi/todi mménpefwa b | e
energy, sbubygaesdsbi gher initial <cost.

From the energy point of Vi ew hteh ep rciommaprayr
engrgequirbwmeoabcul ating the Primary Ener

PES=(1- EAS/ESY) @)

where the primary energy of thEYaisernat

evaluated taking into account that the en
systdegm, (i ncluding transmis&2nj@agdfgdddst rick
using the boil erTadeRI0i @ 9 2lfbadditiorritespassunte@ tat i n
there is no primary energy associated to solar energy because it is a renewable energy
source, so CS and AS use the grid and a natural gas boiler for electricity and thermal
energy requirementespectively (in AS the bler is a backup system).Therefore a

similar equation, but with different electricity and thermal requirements, can be written

for the AS and the CS:

53



(E ASICS , £AS/ cs AS/
EAS/CS — \el chil eI aux
: (29)

To assess the positive effects on the envi
emi ssions of the two systemsawaieded | emiladi

are derived:

rco, =(1- cofS/ccfs) (-9

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

electricity and thermal requirementaccording to the above considerations regarding

the primary energy:
AS/CS A
O = (B0 + ELS/SS)g+ Fne % (210
B

wher b is the specific emission factasf primary energy related to natural gas
combustionequal to 0.207 kgC&kWhgy, ([74]) andyist he speci fi c emi ss
el ectricity dequwal 8t d gi@kOS®S]. gr i d

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

and is defined as:

N
SPB= Ec/ 3 F o1

k=1

whereN is the number of years to payback the investin.e. the number of years for
which the equation is verifieEC is the extra cost of the AS (desiccéwised AHU,
storage tank and collectors) with respect to the reference systésrthe cash flow for

the generic yedk

— CS AS
F, =0C®S- OC/ 212

where OGS and OC*® are the operating costs of the AS and CS; the foisngiven

by:

OCI?S = a VNG,r CNGr (Eel chil + EeI aux)Qel - Ia,tot
r (2-13)

where the following assumptions, according to Italian conditions, were considered:
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The Italian legislation recdly introduced a mechanism to incentivize the use of

Lower Heating Valuel(HV) of natural gas equab19.52 kWh/Nm;

the total volume of natural g&&c.: =@ Vner = Eth,B/(hB A.HV) should be
r

divided according to the bracketsTdble2.11, to which different unitary costs
(cna,) are associated;

unitary cost of electricityce) equal to 0.211 €/ k Wh;
extra cost of desiccailtased AHU with respect to the conventional one equal to
10,000 €;

i nvest ment cost of storage tank equal

t

specific cost Oforflacpll dtee tmalsl: efaBtédr £;/ m6 0 0

evacuatedollectors.

Table 2.11: Unitary costs.

Volume brackets [Nm*] cngr [ U/ °N

-

1 1-120 0.561
2 121-480 0.884
3 481-1560 0.912
4 1561-5000 0.943
5 5001- 80000 0.896

renewable energg ased technol ogi es t [@5] Inghe oadeuot e ”

solar collectors, the annual incentive is provided for only two yda&s, (2) if the

installed surface is lower than 5¢ and it can be evaluated as:

lagot =C B (2-14)

wherel, o IS the annual economic incentiv@,is a valorization coefficient depending

on

the type of p?lfam sotar c¢okng systdms) tar@lis thes FossE /

solar collectors area. To access the supmechanism, solar collectors must have a

m

thermal efficiency higher than a minimum value, depending on the type of collectors,

the average fluid temperature, the outdoor temperature and the total radiation.

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

incentives are included.
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2.6 Simulation and results
The operation of t he Al terhnaast i B e emomalnadt edo
considering three periods:

- Summéun é-Slesptt e mbAri-adbdht i oni nganf@ogtace ¢
watmgmoduction for further tthherrmell emeerr
surplus);

- Wi ntNeorv e(mb e+Malrbcthif @l sBene®eno lmekadAphs |
15fbr MiAlreowdi ti oni ng (hsopta cpea bheeuacttiinogn) f:

furthearl temernrmg(ys aleara ntdlser ma | energy sur f
- I nter medihadte wetrarofdpmr odurct hem t her mal €
onl y.
The I talian | egislation constrains only t|

provided restrigctsiemasonf orl nt thi csoalritn cl e i
heatindepeneddadly tloawse the samecicdoiogiinncge p
their summer weather conditions are very ¢
The el ectrical | oad of t hteo ciltasssopem ng Iso
The simulation par amatver sheeefna d cheer dcionngp otnce n
obtained from the experimental t&erss®t wher
on the basis of the rated values.

The rwesmdt aconresli deri-sgebhhr ees sdbfafneoruenntt i at
ot hermal energy surplus used.

When the solar ther malr &mer goyt hseuripsl eudst i fnogr

taken iIintdheaecddwedti mafa nist at haotni otnh epulad c e
performance .i sWhneonr,a itienvsiccdeeasdi, d er e &,c ethyaao i folsr -
50% andofiB®%sol ar t her mal e,ner @y p escutripvl eul s

assumed

Regarding the energy analysis fhde hBEESOI B
coll ector ,sl|Roipgeu raersd 2arld§or2.tlle amyb r2i.dl 4AHU
pl ate col IFecgtuorress andl 1f, ar2 . tllBe asmame2 . AHIU wi t
tube coll ectors.

As a generafFi gwomee 1iH.sl obskatvetdor al,l conf
wi t h a n dfurthei thehn@mluenergy demandsnnovati ve systems
pri mary energy than conventeidgndalheomes m@ak B

savingreases with the coltentagg eturfcatar
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energy ussdr.plIBEC pl ants wi t h evacuated s

performance, in term of PES, better than
opti mal tilt angle is shimsednsobowhtddgraea
comparison to those |l ocated in Benevento.
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Figure 2.10: Primary Energy Saving of the Alternative Systemawithout further energy thermal

demands andwith flat plate collectors in Benevento (BN) and Milano (MI).

As regards th-eongetabvonobngfonl ajrthe pri ma
for Milano installations that for Beneven
(Figure2.10) . TWwhidsena | y der iavcetsi \[datroinmmh, | duwrgierg t |
sea,son that thei makMilmamdoWBEBmlelke aitcdrn nati on
the between 45° and 50°. I n Benevento th

summeoro |l i ngt mower optimal tilt angl es.
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The trends ofraeéahei PES ftar vegstaems with e\
whesnol ar ther mal semeit gy axemigured#tl)o. aAcbcoouutnt a

doubling of peetiof man®Bdeniesenbseewhil e the
for Mi | ano. The minor i ncrease of the PES
because evacuated coll ectors ar e better

becomes cl eareendygmaradayzaaimdp btim i Miyl ano t hi
hi gher user demands, and so gr €8&ttlean pirn me
Benevento (18. 53 MWha mahosltaeralde moefr glydv. &bi0l avbnhl)
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Figure 2.11: Primary Energy Saving of the Alternative Systemswithout further thermal energy

demandsand with evacuated tube collectors in Benevento (BN) and Milano (Ml)

It follows that the benefitsidre heomme msg at
i's analyzed in greatecodsetdplyntfibe s$blkutia
34 ?onf coll ectors and a tilt angle of 40°,
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net sol ar t her mal

th f1
S c e n avi ifudiler thermal energy demands g h |l i gh't
p € rFfi grumaZrst 8). 12

(I mpr ov @ablenl®) ionf

|l osses) in comparison wi at plate

a mearnt k od

energy

Table 2.12: Net solar thermal energy in the plants with 34 rhof solar collectors 40° tilt angle

BN M
Flat Plate [MWh] 7.14 5.89
Evacuated TubgMWh] 8.67 7.42
Improvement [%] 2105 25.67
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Figure 2.12: Primary Energy Saving of the Alternative Systemswith 50% of solar thermal energy
surplus exploitedand with flat plate collectors in Benevento (BN) and Milano (M)
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Figure 2.14: Primary Energy Saving of the Alternative Systems withil00% of solar thermal energy

surplus exploitedand with flat plate collectors n Benevento (BN) and Milano (M)
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Figure 2.15: Primary Energy Saving of the Alternative Systems withl00% of solar thermal energy

surplus exploitedand with evacuated tube collectors in Benevento (BN) and Milano (Ml)
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Chapter 3

Desiccantbased AHU interacting with a
CPVT collector: Simulation of energy and

environmental performance
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3.1 Introduction

Desiccarbased Air Handling Units (AHU) provide significant technical and
energy/environmental advantages with respecbtiventional systems, especially when

the regeneration of the desiccant material is obtained by means of a renewable energy
source, such as solar energythis chapter one considers tllaérmal energyor DW
regenerationis provided by CPVT (Concentraty Photovoltaic/Thermal) collectors,
simultaneasly producing also electricity. These collectare considered one of the
most promising solar technologies. In fact, CPVT thermal energy can drive (integrated
by a naturalgas fired boiler) a desiccabhtisel AHU, since the silicagel wheel, used

for the dehumidification and included in that system, must be continuously regenerated.
The regenerationtemperature of the wheel @400 °C, depending on the
dehumidification required) is compatible with t#PVT outet temperature (800

°C). Simultaneously, the electricity produced by CPVT collectors can feed the auxiliary
devices of the plardnd balance the electric load of the buildikrgrthermore, the heat
supplied from the solar collector can be used foptigeand post heating of the process

air during winter operation.

3.2 Loads characterization

The sensible and latent lcatave beerdetermined by simulating the same building
described previously (Sectioh2) only in Benevento The occupancy scheduldhe
activities done, the temperature and humidity set moiate the sameThe only
difference from the simulations @&hapter 2concerns thair-conditioning operation
periodthat in this casestarts vith the opening of the classroorihe loadscalculated
on an annual basis are reported able3.1.

Table 3.1: Building loads.

Intermediate

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

In this paper, the MCHP which is considered as a heat saurte test facility is
replaced by CPVT collectors equipped with triplagtion cells Figure3.1). In order to

supply the system with a high amount of thermal energy through the renewable energy

source, two CPVT solar collectors are considered in the followirgpset

Solar subsystem

TS

L B N N - N
=]

CPVT

HW-HX

L.

L}

Figure 3.1: Scheme of the simulated plant in summer period.

For an easier understanding of the operation of the system, it can be divided into two
subsystems: which are the solar subsystem, and the coehigh subsystem. The
solar subsystem includes: solar collectors, pump, heat exchanger for the domestic hot
water and thermal storage tank. The cooling/heating subsystem instead includes: the
chiller (only in summer operation), the boiler and the air hagdinits. As regards the

solar subsystem, CPVT collectors all year long collect solar radiation and convert it
simultaneously in thermal and electrical energies. Thermal energy, available as hot
water, is stored in the tank. The circulation pump of thardoop is switched on only

when the solar collectors outlet temperature is higher than the inlet one. In addition, the
plant control system regulates the flow rate of the pump in the sola(floop 10% to

100% of its rated powerh order to achieve thCPVT sefoint outlet temperature (80

°C during the summer period and 8C during the winter). However, when solar

radiation is particularly high and/or heat demand is scarce, CPVT outlet temperature
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may exceed the fixed set point. In this case, theégature of the fluid is reduced by a
heat exchanger simultaneously producing domestic hot water. The heat exchanger is
therefore a further tool for the control of the temperature of the heat transfer fluid
which, unlike the classical dissipation systerasdiin solar cooling plants (dry coolers),
allows one to convert exceeding solar energy into useful energy (domestic hot water).
Moreover, in order to improve CPVT thermal production also when theoaditioning
system is switched off (intermediate seasand weekend days), a thieay valve is set

to bypass the tank, using only the heat exchanger to continuously produce dbotestic
water instead of maintaining the collectors out of focus. In this period, the control
system tries to maintain the heatnsr fluid at a temperature of 80° For example,
considering the energy needs given in Italian Standards (UNI TS 11300) for sports
centers, the system is estimated to be able to meet entirely the demand for DHW of a
sports center equipped with 18 showdd0 Il/(shower day)). As regards the
cooling/heating subsystem, the AHU supplies air to the conditioned space in order to
maintain comfort conditions. During the summer period the thermal energy, taken from
the tank, is used to regenerate the hygroscopterial (silicagel) of the desiccant
wheel, this process is necessary for the dehumidification of the outdoor air. The
temperature at which the regeneration process takes place depends on the amount of
moisture to remove from the outdoor air. The cordgatem compares the tank and the
regeneration temperatures and if the former is lower it turns the boiler on. After this
dehumidification process, the chiller provides cooling energy to the process air to also
balance the sensible load. The processesidagiace in the AHUhave alreadybeen
described indetail in Sectior2.3.1 During the winter, the thermal energy stored into
the tank is exploited to heat the outdoor air, however if storage temperaturdas too
when compared to that required for the processeshthat beerdescribed in Section

2.3.2 then the natural gas boiler supplies the missing energy. The electricity produced
by the CPVT collectors drive theumps, the AHU auxiliaries, the electric chiller and
satisfies as far as possible the electric load. When the electricity production is low
compared to the amount required to operate the system, further electric power is taken
from the electric grid; inst&l, when the production exceeds the demand, the exceeding
part is fed into the griddereinafter, the main componesftthe systemthe CPVT solar
collector, not previously describe@lfapter AndChapter 2, is briefly described
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3.3.1 Concentrating Photovoltaic/Thermal Solar Collector[76]

The idea of CPVT considered in this study is based on the work of Berjraidand
Bernardo et al[78] and on a prototype that has been recently commercidlized9].

The CPVT Figure 3.2) consists of a parabolic trough concentrator and aasise
tracking system that useke same operating principle of solar thermal Parabolic
Trough Collectors RTC) [80-82]. The collector is placed horizontally with its axis
North—South oriented, whereas the tracking system follows the solar azimuth angle. In
solar thermal PTC, an evacadttube for heating the fluid is installed at the focus of the
parabola while in the considered CPVT system the focus of the parabola is equipped
with a triangular receiveiHgure3.2). A metallic substrate is used between theutar

fluid channel and the external surfaces (PV layer and top surf&igure3.2) in order

to allow conductive heat transfer.

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

be heated flows.
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A ~ / pd
,/"l \\\ e // /," : /
v ‘.\ # /// _
/ L Va /_,,7' / \\\\‘
WA sl
g el
/ 'C'\A_;/ / /
e p .
i ' /S Fluid Channel
7R 4
r *\ [/ N\ " Substrate
\ \ ) \
\ . Concentrator ~
iy d ; / ~PV layer
g Receiver PV layer /

Figure 3.2: CPVT layout [76].

Therdore, the solar irradiation collected is converted simultaneously into electricity by
the PV layer and into thermal energy by the heated fluid. In summary, the system
considered in this work is basically the samehasane shown in the referendé3-78],
with only two main differences:

a) there is no covering glass;

b) the PV layer is based on InGaP/InGaAs/Ge tfjptection solar cell$83].
These two modifications increase significantly #lectrical efficiency of the system
with respect to the values reportedr@ierenceg77-78]. In fact, the covering glass is

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

the variation of the opetiag temperature.

3.4 Mathematical models

In this chapterthe presentedsimulations arealso performed using the commercial
software TRNSYS 1758] integrated with the TESS librari§s9]. The projechas been
developed, implementing some models taken from TRNSYS libraries. Additional
models were developed W@alise et al.[76], during their research activities. Such
models was implemented in Fortran and linked to the TRNSYS simulation
environment. All the models included in TRNSYS library are considered highly reliable
by the scientific community. Thenodels of the used componemsre previously
validated by experimental data, as shown in references.

The valdation of the whole plarttasnot beencarried out because the experimental set
up, unfortunately does not include the CPVT collectors. However, considering that all
the components were previously and successfully validated against experimental data, it
can be assumed that the simulated results are highly reliable. The model of the CPVT
collector is described belovithe other componentsre the same ones of the system
described in the previous chapter, therefore, are not described again.

The performancessessmentf the proposed system carried out by calculating the
energyand environmental indices introduced in Secti®®b.3 however, it should be
noted that in this case there are bidirectional flows of electnaity the electric grid

and sahe primary energyH,) of the alternative system is evaluated taking into account
that theenergy efficiency of the Italian national electric systémluding transmission

and distribution losses is 4280, equivalent emission i8.573 kgCQkWhe) when

the energy is taken from the grid, 43.5% ¢C@quivalent emission is 0.550
kgCO./kWhe) when the energy is fethto the grid (since transmissiolosises are
avoided)The economic analysisannotbe performed because the solar cotiecs not

yet commercialized

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

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

The thermodynamic and therppbiysical properties of the fluids, namely air and water,
are calculatedusing the appropriate routine included in TRNSYS. The concentration
ratio is defined as the ratio between the afegy, of the two PV triangular sides of the

receiver, and the aperture ar@g,, of the concentrator:

Covr = App/ Povr (3-1)

The optical efficiency dy,) Of the concentratofs assumed being constaf4].

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

As it is commonly done in concentrating systems, only the beam incident radlgtion (

is considered in the previous equation. Such radiation is corrected considering both the
optical efficiencyof the receiver and the Incidence Angle ModifiekNly,) [64], that

takes ino account that the radiation decreases when the angle of incidence increases.
The IAMy, related to the thermal production is evaluated on the bésiseodata
experimentally calculated by Bernardo efar,78].

Simultaneously, additional thermal energy is absorbed by the suAggeof the top

thermal absorber whose absorptandéo'bs

ﬁop = AopGatop (3-3)

The radiative heat transfer between the top absorber and the sky can be calculated as
follows [64]:

@op sky = Aopetops (Tt§p - Tsiy) (3-4)
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Here, the sky equivalent temperatufe. is calculated sing TRNSYS routineTp, is
the temperature of the top surfadfgp is its emittance and is the StefarBolzmann
costant.

Similarly, the radiative heat transfer between the PVT and the conceféetor

(ﬁPVT- conc — ADVTS =y (TP4VT - Tc‘(l)nc) (3-5)

whereTpyrandTeoncare respectively PVT and concentrator surfaces temperatures.

The convective heat transfegtiveen the PVT and the air is calculated as foll[8&8&

(ﬁcon\(F’VT = ADVT hc,PVT (TPVT - Ta) (3-6)

whereh pytis the convective heat transfer coefficient between lateral absorber and the
air.

The convection heat transfer between the top absorber and thi88ir is
@on\mp = Aophc,top(Ttop - Ta) (3_7)
wherehc iopis the convective heat transfer coefficient between top absorber and the air.

The gross electrical power produced by thNel&er is:

|:)PVT,gross = C:PVT APVT I bhopthV IAM el (3-8)

The electrical efficiency of the tripleinction PV €pv) is experimentally relatetb the

concentration ratio and to the tempera{&4:

Moy =0.298+00142n(Coy; ) +[ - 7.15+0.697In(Cpr, )] QO (Toy, - 298)

Note that this equation returns uHmgh values of electrical efficiency, also
appraching 406, as usual in IV PV cells. TheAMg, is also evaluated on the basis of

the experimental data provided by Bernardal §t77,78]

The net power produced by the system is reduced by the amount of electricity lost in the
module connections and the inverter, considering the corresponding efficiendgs: (
andd.) [84]:

I:)PVT,net = PVT,gros!Imodhinv (3_10)

Finally, the heat absorbed by the cooling fluid is:

@ = i, (hf out™ Ny ,in) (3-11)
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Therefore, the overall energy balance on a control volume that included the entire

triangular receiver is:

APVT l bCPVThoptIANI th t AopGatop = f#l (hf out - hf in )+CPVT APVT l bhopthV IAM el +
APVT l bhoptlAI\/I th r PVT + A\opetops (Ttgp sky)+ AopePVTs (TP4VT Tc‘:)nc) APVT hc,PVT (TPVT - Ta)+ (3'12)
Aophc,top(Ttop - Ta)

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

consideration, the NTU numbex: i

Q
NTU = M aL+r5ub8 (3-13)

fpf—

wherersyp is the thermal resistance of the metallic substratgs the fluid mass flow

rate anck, ¢ its specific heat.

The energy balance for the considered heat exchanger is:
r#lf (hf out hf ,in) 3# C ( sub” Tln) (3-14)

whereTsypis the temperature of the metallic substrate
The third of the required five equations is derived from an energy balance on a control

volume including the PVT layer, and the metallic substrate.

g1t fn” &

sub — sub top
= = (hf out” h; ,in)+ Aop (3-19)
rPVT-sub rtop

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

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

Toup™ T
Aop = -+ Aop top Ao top top Aop tops( top sky)+ AOPthOIO( tOP ) (3-16)

top

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

parabolic concentrator.
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APVTS Svr (TF?VT - TcAc;nc)+GAtoncaconc = Aboncs @oncback(Tc‘:)nc_ TSA[(y)-I- (3-17)
A%onbc,concfront(Tconc_ Ta)+ AhOﬂJ]C,Concback(Tconc' Ta)

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

The overall performance of the CPVT is often evaluatdguthe welknown thermal

and electrical efficiencies, which are conventionally related to the incident beam

radiation and to the collector aperture area:

hCPVTth = r#f (hout - hn )/Aapl b (3-18)
hCPVT,eI = C:PVT ADVT I bhopﬁPV IAM el /Aapl b (3-19)

CPVT design parameters are reportedTable 3.2 [77,78,84,87,88] For the design

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

Table 3.2 CPVT design parameters

Parameter Symbol Value Unit
CPVT agerture area Agp 12 m’
Top absorber area Aop 060 m?
PV layer area Apyt 1.2 m?
Fluid channel diameter d 0.03 M
Fluid specific heat Cosf 4.19  kJ/(kgK)
Rated fluid flow rate . 0.15 kg/s
Top surface absorptance Uop 0.90 -
Concentator absorptance onc 0.03 -
Back  surface concentratc Qonc 0.30 -
emissivity

Top surface emissivity Chbp 020 -
PV reflectance ypvr 0.03 -
PV emissivity Ghyr 020 -
IAM electrical coefficient Boer 0.28 -
IAM thermal coefficient Botn 0.14 -
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3.5 Simulation and results

As stated abovethe air conditioning system is switched on only during the summer
(J une-Slesptt e mb and in thé witterN o v e mb e+Malr 5cthh [t3sloff t

on weekend days and during intermediate perfqati 1st—May 3GhandSept e mber
16 tNov e mb d.rThe kithulationhave beercarried out using a time step of 1.5
min. The design parameters of the components have been set according to the values
obtained from the experimental tests, when they are available. In allhdecases the
design parametergereset on the basis of the rated values of the components. As CS in
the summer period, a standard AHU in which the process air is mechanically
dehumidified and then poekeated, was simulated. A vapor compression chiiéh a
cooling capacity of 16 kW fed the cooling coil whereas the 24 kW bajier ©0.2%)

fed the posheating heat exchanger. In winter the CS and the AS are the same except
for the source of heat that consists solely of the boiler in the CS. All electricity in the
building-plant system is taken from the grid and DHW is producék thie boiler.

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

The simulation tool developed in this paper allows one to analyze thisres any

time basis desired. In fact, simulations return both dynamic temperature and powers
plots and such results may be integrated on whatevetasis (hours, weeks, months,
year, etc.). As a consequence, each simulation returns a huge amoatat w$eful for

the designer of the system. For the sake of brevity in this analysis, dynamic plots will be
shown only for two representative summer and winter days. Conversely, monthly
integrated results will begresented in order to show the variations tbE main
parameters during the year. Finally, the overall performance of the system under
investigation is analyzed presenting the yearly values of the selected parameters.
Results of simulations on a daily (with reference to a typical summer day and one
winter), monthly and annual basis will be reported and analyzed below.

Figure3.3 shows the thermal (a) and electrical powers (b) of a typical summer day (July
27th). Here, it is clearly shown that the load dramatically dependseopresence of
people in the classroontn particular, the latent loadFigure 3.3 a, gray line,Q)

shows a trend similahatof the occupancyHigure2.1).
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Figure 3.3: Typical summer weekday powers (27/07)

Concerning the combined production of electric energy and heatasagasonable to
expect, the solar collector has higher efficiency in the thermal conversion than in the
electric one. As exrted, CPVT thermal and electrical poweQcHyn Pcpvi)
dramatically depend on the availability of beam radiafigh The figure also shows

that the thermal flow produced by the CPVT is digantly higher than the electrical

one. This is due to thedathat the thermal efficiency of the CPVT under investigation
fluctuates around 50%, whereas the electrical efficiency is typically close to 20%. Such
values, calculated with respect to the incident beam radiation, show excellent
performance of the proped CPVT from both thermal and electrical points of view.

For the selected summer day, the thermal energy stored is adequate to regenerate the
DW. In fact, the auxiliary power demanded to the boiler gigible (Qg, magenta line)

and the curve represemg the energy taken from the tar@® {) covers perfectly that of

the regenerationQeg). The CPVT thermal energy productioRdevy) starts in the early
morning when there is no heat demand from DW regenera@ag).(During this

period, CPVT heat is sted in the tank and a significant production of DH@bw)

takes place in the last part of this period (81@000). Further on, when the AHU is
activated, CPVT thermal productio®d{py7) is sometimes higher than regeneration
demand Q.g). As a consequercand in this circumstance, the tank is charged.
Conversely, when CPVT thermal power is lower than DW regeneration demand, some
heat is taken from the tank, which is discharged. For the selected summer day, a certain

amount of thermal energy remains stoirethe tank (3.31 kWh).
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Figure 3.3 (b) also shown that CPVT electric energy in the early morning is almost
entirely fed into the gridRcpyrd 4P This happens until the atonditioning system

stays off, whereas in the central part of the day same power is taken from th& grid (
since CPVT electrical production is lower than system denR&d <P oaq)-

As regards the winter day (Felary 14th), Figure 3.4 (a)) one observes that the solar
subsystem provides the majority of the thermal energy to theaptepostheating of

the process air; the contribution of the boil@g)is limited to the initial and fingpart

of the day.In particular, the pre and pelséating thermal energy (79 kWh) is balanced
for about 83% by the tank energy and for the remaining 17% by the boiler energy. Here,
CPVT thermal energy produced in the early morning (B:@D) is stored irthe tank

and then is used in the afternodfigure 3.4 (a) also shows that after 3:00 in the
afternoon and up to about 5:00 pm solar thermal production is lower than the load of
pre- and postheating Qcpvr < Qpre + Qpos) and tien becomes nulln this case, the

tank is discharged, reducing its temperature, and provides a part oethended
thermal power Qe + Qpos). The additional amount of heat is produced by the boiler

(Qs, magenta curve).

=
I

Power [KWw]

n
I

=
I

P ower [KW]

n
I

February 14th
o iy
0 2

time [h]

Figure 3.4: Typical winter weekday powers (14/02).

For the selected winter day, CPVT solar thermal energy production (64.0 kWh) is
slightly lower than the energy taken from the tank (65.4 kVWh DHW production is

not significant Qpnw)-

The electrical load of users is lower than CPVT generatigqy& Pcpyr) because the

electric chiller is off, however between 16:00 and 18:00, some power is taken from the
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grid (Prg), and in the remaining part of the day there is always an amopotefr @)

fed into the grid (10.7 kWh)Fgure3.4 (b)).

Note that the thermal and electrical performance of the CPVT dramaticallsvari
between the selected summEiglre3.3) and winter Figure3.4) day.This is due to the

fact that the selected CPVT collector is particularly sensitive to the availability of beam
radiation. As a consequence, during the winter both CPVT thermal and electrical
performance dramatically dease.

The monthlyintegrated resultgh terms of thermal energgre shown irFigure 3.5, in
Figure 3.6 electrical energy is reported

As expected, CPVT thermal enerdgyi(cpvy IS very low in the monthsfalanuary,
February, November anDecember, significantly lowethan half of the heating
requirements of prand posteating Epre+pos) and DHW Ewnpnw). Particularly in

January and December, CPVT thermal energy is scarce and the majority of the
demandd heat is provided by thioiler (Etﬁ,i). This is due to dramatic decrease of
CPVT thermal performance during the winter, previously discussed. In the other three
months, the availability of the solar source increases and the AHU thenmaye

demand Epre+pos) decreases simultaneously. As a consequence, a higher amount of
DHW is also produceds pyw)-
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Figure 3.5: Monthly thermal energies of the conventional and alternative system.
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Moving on to the intermediate periodigure 3.5 shows that there is a high availability
of solar thermal energ¥(, cpvy), Which is converted mainly in DHWE(, pyw) Since no

thermal demand comes from DW regeneratig).

4000

b

+EeI‘CPVT
”'X"‘Eel‘t‘g il
= df--E

: : — @ -t
3000 | smm b s e g A R e s e e T ®-E

3500

elfg

gDl TN ST s e e s S

Energy [kKWh]
)
=
=
=]
I

18I0 e oo - ST e e, T R R R R R

Figure 3.6: Monthly electric energies of the conventional and alternative system.

The production of DHW decreases in the summer period @Beptember) since the
load of regeneratiorE,y grows and the tharal energy of CPVTH cpvy is primarily

used in the AHU. Approximately 2/3 of regenerative energy is drawn from the solar
storage tank (pink curveky,¢7) during the hottest months of July and August.
Comparing, the reference system and the one pesbénthis paper, it is noted that the

cooling energy supplied from the chiller in the reference system (dashed dark green

line, ESY)) is higher than that of the novel ondofted gey line, EZ> ), while the

cool

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

of regenerationH.g). In fact, the contribution of the boiler in the reference system

E[ﬁﬁ > En.pnw) is slightly higher than that due to the DHW.
The electridoad (including the user) of the proposed systé&ifi>() proves to be always

higher than the one of the reference syst&f°j except in the summer months when

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

(Eeirg for the proposed novel system is always lower thahdhshe reference one (
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ES®). The peak of electricity fed into the grife(;g occurs in the intermediate season

and not in the summer period when electricity demand of the auxiliary components of
the system increases and consequeh#yonsite consumption grows.

The results concerning the electricity are showifrigure 3.7 andin Figure 3.8. The
electricity fed into the gridHe g exceeds the one taken from He(;g). In paticular,

during weekend days the majority of the electrical energy (except for the consumption
of the solar circuit pump) is fed into the grid. In addition, the energy fed into the grid
decreases from the intermediate season, through the summer andvinténgoeriod.

However, during the cooling period the energy taken from the grid is at its maximum.

Total
elly

Weekdays (3_40,=103 KWWh) Weekend days
Eel,t,u thit,y
(1.78°10% kWh) (1.62"10% kWh)
24% 5
% 0%
5%
1%
14%' 62%
17% 5
I Summer 0%
I vinter
[ Intermediate seasan

Figure 3.7: Electric energy fed into the grid.

Total
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Weekdays (2_22*103 KWWh) Weekend days
elrhy

(2.2110° kWh)
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F 8.49 kWh)
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41%

I Summer
I vinter
[ Intermediate seasan

Figure 3.8: Electric energy taken from the grid.

The majorityof the DHW thermal productiorE{, puw) occurs during the weekdays and
the intermediatseaons since there is no thermal energy demand by the plant, while the
summer season provides the greatestritrtion in the weekend dayBigure3.9).
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Figure 3.9: DHW energy production.

Considering the operation of the system in heating mbdgiie 3.10), it is clear that
most of the electrical energy produced by the CPVT is consumsdeo(Ee onsite) and

this amount can balance about 40% of the total demand of the bypldingsystem (
EZ®). As regards the thermal energy producedhgysolar collectorB, cpvy), less than

15% is used for DHWH;, pnw), While the remaining part is storeBy{; 7). Regarding
the heat required by the AHEfe+post= 5.86*10 kWh), the contribution of the boiler (

ne) is slightly hicher than the other contributionS(s, Ein,red-

E (8.28°10% kWh)

el,CPYT EL® (1.34*10% kwh)

43%
- E
e1g - Eel,nn-sile
- Eel.on—site l:l EEI,l,g
a7%
=43 x4 43
Ey cpyr &17710° kWh) E proupoct (5:86710° KiWh)
14% 7%
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tht,T e
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Figure 3.10: Seasonal results in heating mode operation.
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Considering the operation of the system in cooling méttyre 3.11 shows that the
majority of the electrical energy produced by the CP¥d dpvy) is consumed osite

(Eeronsite) @nd this amount can balance over 50% of the total demand of the building
plant system ES°). Regarding the thermal engrgroduced by the solar collector

(Encpvy @ greater percentage compared to winter is used for the production of DHW

(Empnw). Regarding the thermal energy required for the DW regenerdfigy the
contribution of the boiler E[ﬁé) is slightly higher than 40%, this means that the solar

fraction (the contribution taken from the storage tdfak; ) is about 60%.

=105 AS 103
EeI,CPUT {1.88"10" kWwh) Eel (2.76™10" kwh)
i
- EEI.f.g - Eel,on-site
- Eel.on-site 52% l:l Eel.t,g
48%
TT%
=107 (3
Eth,CPUT (4.98°10" kWwh) Ereg (5.17°10" kwh)

B

E
[ B
7%

Figure 3.11: Summer energy distribution.

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

high electrical efficiency.

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

emissions avoided for about 85% are an excellent result for the innovative plant,
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although the DHW is not considered. This additional quantity furtheneases the
energy and the environmental benefits achievable. The exploitation of solar collectors
all year long (intermediate period, Saturday and Sunday) enhances these benefits though
arguably the improvement is more impressive if the primary enesiggesonsidered. As

a matter of fact, the primary energy of the traditional system passes from f.80¢f0

to 3.04*1d kwh, whether the DHW produced with the solar system is considered or
not, instead that of the AS remains at 3.344%Wh.

52% ! ! , !

90%

88%

BE%

PES, AC02

4%

82%

i i i I
0% 20% 40% 60% 80% 100%
DHW usage

0%

Figure 3.12 PES andnCO, as a function of DHW usage.
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Chapter 4

Solar-assisted Desiccanbased Air Handling

Unit: Alternative Scenarios

84



4.1 Introduction

In the | ast few years the Desiccant and E
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perfor mand¢ e oodaytsishecerw e elvead uat edatenst dati n

excesses of solar ther mal eoepygex glbagi tbheed c
Her ei naf ttehrr,e ei nadAtiddardnay o wtes ar e i nvestigat
environment al aamd nttecoend mMmbesoriem.d However t

devel oped considering fl at pl ate and evac

surfaces, a range of vpkeueehvoagalhero ftiH drena
energy sur pFloursean usmaglicer | mmeldi at e ident i f
alternative configurations, blehn oowr de hetyo wi

an I mmeadmmdcef srbehed et i vi ng tfarnamrtdh epd danmodi f
al so the performancentugueat ofChhialp8 ecaira@mnida
s ho.wn

The first analyzed alternative scengi8cenario Bprovides the use of the heat rejected

by the condenser of the chiller to great the regeneration air flow. In the second
alternative senario(Scenario B)pre-heating oftheregeneration air is realized with the

warmer regeneration air exiting the desiccant whigekhe thirdalternativescenario

(Scenario D) precooling of the process air before entering the desiccanteelhs
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considered. Theethreemodificationslead to a reduction of the required thermal energy
for regenerationwith respect to a reference systerModifications involving
regeneration aipre-heating determine very similar performance increases, while wi
the third solution(process air preooling) the benefitsin terms of energy, emissions

and economic analysiare greater.

4.2 Loads characterization

As sensible and latent loads the energy demands ainikersity classroonocated in
Benevento are coitered in the following analyses. Detailed information of the
building features and occupancy are described in Se2t@dnMoreover, also in this
case, further low temperature uskthe solar thermal energy surpluses arertakéo

account.

4.3 Alternative layouts for the innovative system

Starting from the standard dcFgard22)g urtetrieen
alternativer sbhaeticomaneagproperosaedomand des
| nsttelaed, heating | ayout r e ma(Figuse 2.4). h eT hseasnee
modi fications of t hiemp rnonwer ags y ¥ytee MHpe rafi omr
alternative scenario (Scenaheéat Bnejcontsa &t
condenser of 4Hhkeat chihlel ere,gen@er pteon air-r f
(Scenario C) c dhrexait s tng o trreggemercati on a
regeneration air eXhe ilnags tt hsec adneigshi vcacl ayn& € enhia
prcecool ing of the process air before enterdi
These alternative aAiWwanad ayauns camfowt t gon«
conditioned space.

With regard to the sdcCharptseaba®yaslt emrr asge
di fferenti atteydadfelbpyltaatred | evtbovated tubes), (
(approximately 920and27t ia5ts° d3ndplree [ si der
arrangementsare then combined with the three ait&ive previouslyintroduced

scenaris.
The AHU technical and operationabcdmsani 0s
in the following subsections.
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4.3.1 Desiccantbased AHU with heat recovery from chiller condenser
(Scenario B)

In hybrid desiccantasedplants it is convenient taiseintegratel heat pump systems:
cooling energyrom the chiller (evaporator) is used far accurateontrol ofthe supply
air temperature anthermal energy (condenser) is used totprat the regeneration air
flow.

In the standard configuratio(Scenario A, Figure 2.2), the chiller suppliescooling
energyonly, to control the temperature of the process @hmermal energy of the
condensation phase (rejected heatylissipated in the environnmerTherefore a first
modification to thestandardplant consists in recovering part of the condensation heat
by using ashareof the condenser air flow rate (3308/h) as regeneration air.

As regards the process and coolingflaws, the AHU (Figure4.1) remains unchanged
compared to the standard configurafiasmereasfor the regeneration air a pheating
process with heat recovery from chiller condenser appeafs) (Educing the
contribution fromthe heating coil (HC) (56), that is useanly to ensure the required

temperature for the regeneration process)(&igure4.2.

=

SC TS

/ HW-HX ;

Figure 4.1: Scheme of the simulated Desiccaittased AHU with heat recovery from chiller

condenser (cooling operation, Scenario B).
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Humidity ratio [g/kg]

Temperature [°C]

Figure 4.2: Psychrometric diagram with air transformation of the AHU with heat recovery from

chiller condenser (cooling peration, Scenario B.

4.3.2 Desiccantbased AHU with crossflow heat recovery unit (Scenario C)

In the hybrid AHU, the highest temperature level is reached by the regeneration air
before passing through the desiccant wheel; at the outlet of this componexit, stile

has a temperature greater than the outside one, therefore it can be advantageously used
to preheat the regeneration air flow, drawn from the outside.

Several devices exist for heat recovg®p]. In this case @& othercrossflow heat
exchanger, CF2ZFigure4.3), is used, and simulated using experimental results for the
cross flow heat exchanger of the test facility (CF) to calibrate and validate the model.
Therefore, the regeneration air is greated (15) in CF2, further heated in HC-@®

with the thermal energy supplied by solar subsystem, then it proceeds to regenerate the
DW (6-7) and passes through the recuperative heat exchanger @&j2Hgure 4.4.

The HC has the task of ensuring the desired regeneration temperature.

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

ducts remain identical to those of the standard plant.
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Figure 4.3: Scheme of the simulated Desiccafiased AHU with crossflow heat recovery unit

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

recovery unit (cooling operation Scenario Q.
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4.3.3 Desiccantbased AHU with pre-cooling of process air (Scenario D)
Precooling/dehumidification of the process air before dehumidification with desiccant
wheel has two advantages:

1) allows the operation even in places characterized by very humid clif@ates

2) reduces the regeneration temperature for a given value of the desired humidity

ratio reductior{53].

Analyzing the simulated and experimental results of the standard configuration, one
notes that thehilled water temperature after the heat exchange in the CC is still lower
than that of the outside air, so the possibility of employing acpodéing coil (CC2)
(Figure 4.5) can be evaluated. In some climatic conditions (hightike humidity), a

slight predehumidification process can also occur in thisqueling coil.

i

Eoan

HC
[ ] - £
|2 ~ R = |
CF CC
X
7@

Figure 4.5: Scheme of the simulated Desiccafiiased AHU with pre-cooling coil (ooling operation,

Scenario D).

In this scenario, the transformations of the regeneration and cooling air remain
unchanged with respect to standard configuration, instead the process air is fiestly pre
cooled (32), then dehumidified by adsorption-82, ooled in CF (24), and finally
cooled in CC (4), .
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Figure 4.6: Psychrometric diagram with air transformation of the AHU with pre -cooling coil

(cooling operation, Scenario D)

4.4 Models and performance assessent methodology

Dynamic simulations with a time step of 1.5 min have been carried out using the
software “TRBNSIXERgrhT®ed wit h[59.Alke mbdelE® S” |
the main plant amponentsare described and characterized in detailthe works of
Angrisani et al.[52], [71] and reportedin Chapter 2 Energy, environmental and
economic performancesre assessed by evaluating the Primary Energy Saving (PES,
eq.2-7),theequivalent CQa v oi de d e mjeg.29) and thd S(pI® Pay Back
period (SPBeq. 211).

The components parameters have been chosen on the basis of experimental values,
when available, or according to the rated values otherwise Céepter 2. The new
components included in the modified configurations are chosen with the same
characteristic of those already used in the experimental plEmerefoe the
mathematical models are ri#scribed again.

4.5 Simulation and results

The operation of the alternative and conventional systems is simulated considering
Space cooling energy demands during weekdays of summer season (June 1st

September 15th); spaceedting energy demands during weekdays of winter period
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(November 15th— March 31st); hot water production for further thermal energy

demands (with solar thermal energy surplus) all year long.

The electrical devices of the classroom are turned on duringetsng hours.

Three further swscenarios are considered: 0%, 50% and 100% of the hot water

produced from solar surplus is effectively used for furthermal energgemands.

In order to have an immediate view of the advantages deriving from the plant

modification also the performance curves of the standard configuration, Scenario A,

(Chapter 2 are shown below. Regarding the energy analysis, the PES index, as a

function of the solar collector slope and area, is reportddguare 4.7, Figure4.9 and
Figure4.11 for the hybrid AHU with flat collectors and iRigure4.8, Figure4.10 and

Figure4.12for the same AHU with evacuated tube collectors. The results reveal that:

1) the PES is always positive, therefore ASs are always energetically convenient

with respect to CS;

2) the energy performance, as expected, improves with incgeasllector area

except for Scenario D whefi% of solar thermal energy surplus used is

consideredKigure4.7d);
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3) the systems with evacuated tube collectors are generally more efficient than
those wih flat-plate collectors: there is a difference of about ten percentage
points in the standard configuration (ScenarioFfigures 4.7aand4.8g and in
those with the prbeating process (Scenarios B and-@ures 4.B, cand 4.80,

C); Six percentage pds in the system with the pmoling coil (scenario D,
Figures 4.d and4.80);

4) modifications to the AHU when it is coupled to evacuated tube collectors

provide lower improvements in the annual operatiBigyre 4.8 b, c), in fact

there is an increase of only®percentage points in the scenarios that involve
pre-heating of the regeneration air (ScenaBoand C) compared to the standard

system (Scenario A). With flat plate collectors, the increase is slightly higher, 3

5 percerage pointsKigure4.7 b, c);

5) although the trends of Scenario D and A are not similar, the Scenario D

associated with evacuated collectors provides an average smaller percentage

improvements to the Scenario A with respect to #maesconfiguration coupled

with flat plate collectorgFigures 4.7 and.11 d)
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Figure 4.8: Primary Energy Saving of the Alternative Systems with 0% of solar thermal energy

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

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

93



6) Scenario D shows some anomalies widén of solar thermal energy surplus
usedis consideredFigures 4.7 and 4.8dit allows to get the best perfoance
but it is also the least affected by the increase of collectors area, confirming the
fact that with the process air pceoling less energy is required to regenerate the
desiccant wheel,

7) Scenario B and C witB% of solar thermal energy surplus usgtbw similar
performance, the second one is slightly more effe¢iigures 4.7and 4.8b, c);

8) With 0% of solar thermal energy surplus usaad flat plate collectors, the
maximum PES is obtained for a tilt angle of 40°, except than in Scenario D
(Figure4.7), while with evacuated tube collectors the optimum tilt angle is 40
45° (Figure4.8);

9) for Scenario D witlD% of solar thermal energy surplus ugedyures 4.7d and
4.8d)the maximum PES occurs at @ihgles of 485° as the energy benefits are
especially derived from the winter exploitation of solar energy when the sun is
lower on the horizon, while the regeneration energy is significantly reduced;

10)if a certain amount of solar thermal energy surplussexd, a homogenization of
PEScurves appears and for all the analyzed solutions the optimal tilt angle is
35° (Figures 4.94.12) Becauseof the long periods (intermediate season and
weekends) in which the AHU is off and the solar energy is not explfoteair
conditioning, the amount of energy associated with the solar surplus becomes
preponderant with respect to the other thermal energy flows;

11l)even if only 50% of thesolar thermal energy surplus is used, a huge
performance improvement appears, thet lsedution (34 rf of collectors and
pre-cooling coil, scenario D) ensures a PES of about 50% with flat plate
collectors Figure 4.9d), that grows over 61% with evacuated tube collectors
(Figure4.10d);
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12)taking into account 100% use of solar thermal energy surplus, the maximum
PES always occurs in Scenario D and with a tilt angle of 35° p&hermance
grow up to a PES of over 63%iure 4.11d) and about 74%Hgure 4.12d)
with the maximum surface of flat plate and evacuated tube collectors,
respectively;

13)in scenario D, with flat plate delkctors and tilt angles up to 45%igure 4.7d),
the system is more efficient with lower absorbing surfaces. This situation arises
from the fact that with0% of solar thermal energy surplus uséte annual
increase in electricitgemand Ep e wp,su Ep.etwowi Ep.eling Ep,elwepin terms of
primary energy), due to the operation of the solar loop, is not accompanied by a
sufficient reduction of the thermal enerds, (wo,sdn terms of primary energy)
required by the AHU irthe summer (for example sé&gure4.13). In fact the
summer solar fraction (the percentage of thermal energy for regeneration
supplied by the solar subsystem) is very high, about 85%, even wittf 80 m

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

angle and 0% of sadr thermal energy surplus used.
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14)Scenario D with 27 fm of evacuated tube collectors shows the worst
performance(Figures 4.8d and 4.14admong the investigated surfaces. The
curves for 20 and 34 mlmost overlap, as, moving from the former to the latter,
the increase in electricity demand of the solar subsystem balances the increased
availability of thermal energy on an annual basis. The summer solar fraction is
greater than 94% with 207of collectors.
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Figure 4.14: Annual primary energy and equivalent CO, emission associated with seasonal electric
and thermal demands for the plant with pre-cooling coil (Scenario D), evacuated tube collector, 40°

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

With regard to the equivalent G@missions, the results are in part different from the
energetic ones. In particular:
1) Scenario D with flat plate collectors operate always better with smaller
collecing surfacesKigure4.15d),
2) Scenaio D with evacuated tube collectorgigure 4.16d) and acollecing
surface of 27 rhhas higher emissions, it is better with 34 amd even better
with 20 nf,
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energy surplus used and with flat plate collectors in the four alternative configurations: a)
Scenario A, b) Scenario B, ¢) Scenario C, d) Scenario D.
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3) Scenarios B and C with flat plate collectoFSglure 4.16 b, ¢) show that, by
increasing the absorbing surface from 27 to 34 emissions benefits decesa
with respect to the increastom 20 to 27 M On the contrary, the
environmental performance of systems with 20 and 27frevacuated tube
collectors are very similaF{gure4.16 b, c).

For the sake of brevity the curves of the avoided equivaleate@@ssions in the case

of total and partial (50%) use of solar thermal energy surplus are not shown. Their
trends, as a function of the tilt angle and of the collectors surface, are similar to those of
PES.

In order to find the energy demands that mainly affect energy and eneintam
performance, irFigures 4.13, 4.14 and 4.17e different shares of primary energy and
CO, emissions are shown. The subscrigisand th indicate the primary energy
associated respectively to the electrical and thermal demands of the plant. Ashieming
emission factors as inChapter 2 (0.207 kg of equivalent CGQare emitted into the
atmosphere per kwWh of primary energy due to natural gas consumption and 0.241 kg of
equivalent CQare emitted per kWh of primary energyedio electricity), it is observed

that:

1) the primary energy and the equivalent {&ission associated with the summer
electrical requirements of the system {fwp suand CQ e wp,s) iS always the
largest amount and increases with the absorbing surface

2) the primary energy and the equivalent L£@mission associated with the
electrical requirements of the periods when the air conditioning is turned off
(Epeiint EpetwepandCOs e1in; CO2ewen iNCrease with the collectors area, but
represent a sire less important than the other electrical loads;

3) the primary energy demand of the boiler in wint&g« wo,w) iS higher than in
summer Ep th,wo,sunh

4) the primary energy and the equivalent £gnission associated with the heat
supplied by the boilem the winter period &, i wpowi and CO;mwpw) has a
decreasing trend with the surface of the solar field;

5) the thermal enesg provided by the boiler duringsummer Ephwo,sun
insignificantly contributes to the total primary energy and equivalent CO
emissions when referring to systems with evacuated tube collEigrsres
4.14 and 4.17)
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Figure 4.17: Annual primary energy and equivalent CO, emission associated with seasonal electric
and thermal demands for the plant with crossflow heat recovery unit (scenario C), evacuated tube

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

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

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

If 50% of surplus solar thermal energy is exploited, the SPB period ranges between 20
and 7 years, with the lowest valwbtained when the maximum flat plate sola
collectors surface (about 34%moptimal tilt angle and preooling/dehumidification

coil (Scenario D) are chosen. The largest value, instead, occurs for the standard system
(Scenario A) worse tilt angle and a solar field of Z0ofrflat plat collectos.

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

the various scenarios reduce, and the most influential factor becomesllgwtors
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surface. SPB ranges between 9 yeScefarioA, 20 nt of flat collectors and opnal

tilt angle) and 3 years (system with fmeoling and 34 rof flat plate collectors). The

SPB period for plants with evacuated tube collectors remains 9 years in scenario A with
20 nt of collectors and optimal tilt angle, while a minimum value of &rgds obtained

in scenario D with 34 fof collectors.

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

and 4.2s h ow P E,and SBBJ@ the four analyzed scenarios with 0, 50 and 100%
use of the solar thermal energyrplus, when the optimal configuration (surface and tilt
angle) are chosen respectively for plants with flat plate and evacuated tube collectors.
The SPB values for cases with 0% use of the solar thermal energy surplus are not

reported because they exddabe useful life of the plant.

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

Scenario Scenari o
Su-b PES ACQ SPB PES ACQ SPB
scen [ %] [%] [yl [ %] [% I[vyl
0% 9.7 7.3 - 12.¢(10. 2 -
50% 43.:40.:. 8 45. ' 42. . 7
1009 58.  55. ¢ 4 60. :«:57. ¢ 4

Scenario Scenario
Sub PES ACQ SPB PES ACQ SPB
scen [ %] [%] [yl [ %] [% I[vyl
0 % 13.:10.¢ 19.:17.C -
50% 45.°  42.: 7 49. 0 45. 7 7
1009 60. ¢ 57.¢%t 4 63.«60.: 3

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

Scenario Scenario
Sub PES ACQ SPB PES ACQ SPB
scen [ %] [%] [yl [ %] [% I[vyl
0 % 20. « 17. . - 22..18. ¢ -
50% 58.:54.7 10 59.:56.( 10
1009 71.¢68.¢ 5 72.'69.¢t 5
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Scenario Scenari o

Sub PES ACQ SPB PES ACQ SPB
scen [ %] [% [yl [ % [% [yl

0 % 22.018.¢ - 24. .21. 7 -
50% 59.156.( 9 61.(57.¢ 9
1009 72.¢69. ¢ 5 73.¢71.(C 5
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Chapter 5 Micro-trigeneration system with a desiccant
based air handling unit in Southern Italy

climatic conditions
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5.1 Introduction

The aim of thisChaper, starting from experimental tests carried out in a test facility

| ocated at “‘*Universita degl i deScribhecnd del
investigate the technical feasibility of &icro CombinedCooling, Heating andower
(MCCHP) system, mimly consisting of a hybrid AHU and a microcogenerator. The
system provides the agonditioning service tahe weltknown lecture room(see
previous Chapter$ during summer and winter periods. Furthermore, over the whole
year, the cogeneration plant proes thermal energy for DHW production, to a nearby
user (a multifamily house, MFH). The MCCHP systeattefnativesystem,AS) is
compared with a system based on a traditional AHU and on separate electric, thermal
and cooling productioncpnventionalor reference systemCS). Experimental and
manufacturers’ data are used to calibrate
and energy conversion devices. These models are used to simulate both systems by
means of the TRNSYSoftware [58,59] in order to evhate operational data and
performance parameters. Simulation models taking into account the transient nature of
building and loads, the paidad characteristics of devices and the system energy
management and control are applied. Furthermore, a seysanalysis is performed,

to analyzethe effect of the share of cogenerated electricity consumesitemn the

overall techneeconomic performance.

5.2 Loads characterization

The 30 seatdecture roomis considered again as the building-@nditioned by the
desiccanbased AHU(seeChapter 2. It is assumed thdhe lecture room habe same
characteristics described in the previous chapters battration schedulef the air
conditioning service from Monday to Saturd&ym 8:30to 19:00 during summer and
winter periodg57].

In addition the DHW demands of the MFHs simulated.Jordan and Vajen have
developed a tool to generate readistomestic hot water load dies in the framework

of IEA/SHC Task 26[91,92] Those load prfdes can be used with TRNSYS. Each
profile consists of a value of water flow rate for every time step; the values of the flow
rate and the time of occurrence of every incidemegeselected by statistical means. A
requirenent of 1200 | per dawasset, corresponding to a MFH with 30 persons, with
an average requirement of 40 l/(persiaty). As an examplefigure 5.1 shows the

domestic hot water demand profile in the time scale of 1 min during.a&dagidering
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the domestic hot water supply temperature of@%and simulatinghe temperature of
cold water from the mainghe annual energy requirement for DHW productioh8<2
MWh/year.
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Figure 5.1: Profile of domestic hot water draw

5.3 Plant configuration and operation
The simulated planit this case is arranged a manner more similar the actua test
facility. The maincomponentsre Figure5.2):

» theAHU equipped with a DW,

» the microcogeneratof1]) fuelled by natural gag@MCHP),

» theelectric aircooled water chille(CH),

» thenatural gas boileB),

» thethermal energy storagé%).
The air handling unit ishe hybrid systemthat operates in summer configuration with
thermal energy for regeneration purposes provided by the MCHP and/or by the boiler
and cooling energy provided by the electric chiller. A certain amount of electricity
serves for the chiller and for the other giaxy devices (pumps and fans). This energy
is supplied by the cogenerator and/or by the electric grid. Thermal energy from the
MCHP can be either transferred directly to the heating(Effil) of theregeneration air
duct or in the B. The thermal recoverircuit of the MCHP is connected the internal
heat exchanger placed at the bottom of tBe T
In the situation depicted iRigure5.2, thelower heat exchanger of the tank and the first
heating coil of the AHU are connectedttee MHCPR. The second heating cqiHC3) in
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the air handling unit directly interacts in open circuit with the fitmred in the : hot
water is drawn from the upper part of ttenk, further heatedp by the boiler (if
necessary to achieve thequiredregeneration temperature) and sent to the heating coil.
Then the water returns to the TES in the lower part of the tank.

As regards the air handling unitansformations of the process and coolamgremain
the samghoweverthose ofthe regeneration mchanges with respect to the sedliven
plants In particular, the heatingrocesss performedif necessaryin two phases(see
Figurel.7): (1-5) in the heatingoil (HC) and (56) in thecoil HC3. The DW requires a
certain regeneration temperatureainly depending on the desired humidity ratio
reductionof moist air. If thermal energy from the storage is not enoughetd the
regeneration air up to the required temperature, the bpiterides further thermal

energy at theequired temperature level

B TS DHW

| < MCHP

]
|

Figure 5.2: The layout of the desiccantbased AHU.

During the summer air conditioning service, 3 pumps and 3denactive, with a total
electric requirements of auxiliaries equal1d410 W. When the electric power from the
MCHP is low comparetb the amount required, further electric power is taken from the
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electric grid; on the contrary, when the power from the microcogenerateeds use,
thesurplus is fed into the grid.

The main energy flows of the trigeneration system during suropemation are shown
in Figure 5.3. Specific superscript@and subscriptsreferring to energy conversion

devices involvedn an energy fhw and to energy vectgrhave been used.
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Figure 5.3: Main energy flows of the trigeneration system during summer operation

During winter operation, to meet the sensible and latent loati®e lecture om, the
simulated innovativéHU of Figure5.2 is modified asdescribed in Sectio.3.2 The
two heating coil (HC1 and HC2) ofelprocess air duetre fed with the water stored in
the tank(Figure5.4).
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Figure 5.4: Layout of the AHU in the PS for winter operation.
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The control system evaluates the temperature of the wateing out from the TES,
when it is less than that required tbe preand postheating processes, it turns on the
auxiliary boilerto heatup the fluid to the correct temperature level.

In this layout, the wet pack humidifier operates on the pramiesisat goes to the indoor
conditioned ambient, therefore the qualiythe sprayed water should be periodically
controlled to avoidany problem related to the occurrence of Legionella bacteria; if
necessary, the supplied water has to be filtered and disinfectedhe humidifiehas

to be periodically cleaned.

During the winter air conditioning service, 2 pumps and 2 famsactive, with a total
electric requirements of auxiliaries equab#D W.

When the AHU is switched off, the thermal energy requiremargsrelated to the
DHW demand only. In this case, electriasyused to activate the MCHP pump (150 W)
and the electric appliances$the lecture room.

Over the whole year, a certain amount of the stored thermal eiseugged for DHW
production for the MFH. Cold water congifrom the mains is heated in th& Through
the internal heagxchanger (in botkigure5.2 andFigure5.4) and supplied to the end
userat 45°C. To meet the DHW demands, a thigay valve operateso hat the right
amourt of mains water byasses the § and mixes with the hot fluid exiting the
storage, to reach the desinennperature of 48C. If the temperature of DHW exiting
the tankis lower than 45C, a heating system (boiler), installed in therpisesof the
MFH, is assumed to provide for the shortage.

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

and satisfies the electric load of the lectuem.
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The MCHP system is controlled with a thermal ldalflowing operation; the unit
operates according to a temperature sigoating from a thermostat placed on the TS
near the inlet of thenternal heat exchangeonnected to the microcogeneratior both
Figure5.2 and

Figure5.4): when this temperature is lower than %3, the unit is activatedyhen this
temperature is higher than 8G, the unit is turnedff. The electricity generation is a
by-product and any unused exced<slectricity is sent to the gridhat is also used to

coverthe peak load.

5.4 Mathematical models

The software and then the models used to simulate the compohdmits plantare the
samedescribed in the previous chaptefhie approach followed to simulate the DHW
demand of the MFHandto manage the lecture room electric lo#tte model of the
MCHP, that have not been hitherto introducede specifically describedbelow.
Furthermore a different mechanism of financial support is considdoed

microcogeneration with respect to those ofgdbkar systems

5.4.1 Loads and external factors

The building has an electricity requirement (é@mputers, lightig, appliances, etc.) of
139 kWh/mlyear (8.83MWh/year), that is a typical value of electric energy
consumptionin office applicationd93]. Electricity hourly demangrofiles of the user
were not defined inhere but a sensitivityanalysiswas performed with respect to the
parameter electric surpldégctor, defined af94]:

— EMCHP/EI\I/ICHP (51)

elt,g

that represents the ratio between the share of electricity froM@héP exportedo the

grid (EJ") and the overall outpdteY'“"™").

elt,g

As regardghe energydemanddor DHW of the MFHthey are evaluated in TRNSYS
starting fromthe DHW profile that consists of a value afater flow rate for every time

step(Section5.2). The corresponding thermal power related to DHW draw is:

(ﬁDHW = r#DHWCp (Ts - Tm) (5-2)
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where #,,,, is the mass flow rate of DHW drawg, is the specifiteat capacityTn is

the temperature of cold water from the maiastering the TS. It has been evaluated
considering the profilelefined by theType 156 (included in TRNSYS library)Ts is
the temperature of the hot water supplied to the-eser (45°C). The annual energy
requirement for DHW production 3.2MWh/year.

5.4.2 Reciprocating internal combustion engine cogeneration model

To simulate themicrocogenerator operation, the TRNSYS Rt€ciprocating internal
combustion) engine moddias beerused by means of the type 907 of the TESS
(Thermal Energy System Specialistagditional library. It employs a table of
performance data tdetermine th@utputs of the engine, given a set of input conditions.
The model relies on an external data file which contains effici¢ipoth mechanical
and electrical) and heat transfer détaction of total thermal power recovered and the
fraction dissipatedo the environment) as a function of the intake temperaocethe
part load ratio (PLR, actual power over rated power). ftospossible to measure the
mechanical power transferred frothe engine to the electric generator in the test
facility; therefore, a constant value of 0.95 has been assumed for the electrical
efficiencyof the generator.

The performance of the engine are reportedTable 5.1 [95,96] The MHCP is
modelled by three components, that are the &i@ine, a platbeat exchanger (type 5),
used to transfer the recovertdtermal power to a secondary fluid (i.e. water), and a
threewayvalve (type 11), that mixes the part of solution flow rate gasses through
the plate heat exchanger and the one that is bypassedd the engine. A control
system that manages the thermatovery circuit of the microcogenerator is also
modelled.

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

To validate the MCHP model, a comparison between meaauckdxperimental values
of water temperature at the outlet of theat exchangeisécondary circuit- cold side)
was performedh [54].

No values are outside the £5% error band; furthermore, a RfR8& Mean Standard
Error) of 0.714°C was obtained.
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Table 5.1: Performance data for the internal combustion engine.

PLR (-) 0.170 0.342 0.512 0.676 0.840 1.000
Electrical rate (kW) 1.02 205 3.07 4.06 5.04 6.00
Primary energy rate (kW) 103 12,7 151 174 196 21.7
Total waste heat rate (kW) 930 10.7 120 134 145 157
Waste heat recovered rate (kW) 6.60 780 890 990 108 11.7
Electrical efficiency () 0.100 0.161 0.203 0.233 0.257 0.276
Mechanical efficiency ) 0.102 0.170 0.214 0.246 0.271 0.291

Fraction of waste heat recovered-f 0.710 0.729 0.742 0.73® 0.745 0.745

Fraction of the waste heat to
_ 0.290 0.271 0.258 0.261 0.255 0.255
environment (-)

The validation was also based on an energy balance apmoddb this aim a specific
test was carried out. It had a duratioh75 min, during which the ettrical power
output of the microcogeneratevas increased fra 2 to 6 kW with steps of 1 kW.
Simultaneously, the temperature of water entering the plateekelagdnger was linearly
increased from 40 to 5&.

The same forcing functions were also applieé TRNSYS simulatiomf the MCHP;
the error between measured and simulatgides are 4.71% and 3.98%, in terms of
overall thermal energy producexhd overall primary energy required, respectively.
Resultsare considered satisfactotgking into accournthat theanalyzednodeldoes not

evaluatdaransient effects.

5.4.3 Assessment of economic performance
The assessment of the SPB period is performed considerisighsidy on gagrice, a
CHP generation bonus and an investment subbidhis sectiorarealsoconsidered
* anunitary price of electricity from grid, that is reference system for electricity
supply (ratio of electric energy cost to delivered electric enegy¥y 0.211
€ | kdY]; an average value fdine three time slots currently adopted in ltaly
is assumed,
e anunitary price of natural gas (ratio of natural gas cost to its volume) in Italy,
cne= 0. 9m’I97]€£/ N
» feedin tariff for electricity exported to the ltalianigrFIT= 0. 0 8 B9It €/ k W

was evaluated considering the average of the three time slots of the economic
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value of electricityexported to the grid, according to the net metering scheme,
introduced by Italian Authority for Electricity and Gas (AEEG) fogeneration
plants with electric power up to 200 kj\88].
As regardghe subsidy on gas price for CHP, the support mechai@édhand related
subsequent additions) states that 01#2of gasper kWh of generated electricity can
access a reduced excise fa¥ . 000 £49Beducned t o’ifhordtlad 1347 9
70%of cogenerated electricity is consumed on site); the remaamrgynt of consumed
natural gas can access, in the case of trigenersygirms, the excise tax for industrial
uses (0. %, thatdsIn8ch BWenthan the one for civil uses (from 0.12 to 0.15
€ / *mlepending on the range of annual consumption). Thereforeeshking reduced
unitary price of natural gas for both the MCldRd the boiler in th&S is cy,= 0.771
€ / N[@7], [100].
As regards the CHP generation bonus, it was evaluated by calculaéingvenues
related to the white certificates achieved by M@HP, according with the Ministerial
Decree 65 September 201101].
As regards the investment subsidy, the same Decree fortsgeefor highefficiency
cogenerators, the white certificates mechangan be combined with guarantee or
revolving funds, as well asvith other public grants not exceeding 40% of the
investment costor plants with electric power up to 200 kW. Therefore, a reduafon
40% of theinvestment cosvasassumedor the MCHP unit.
As regards maintenance costs, the following value®assumed:
e MCY" maintenance cost [fO2¢)fr the MCHP (0.
« MC.®, maintenance cost of the gas boilerinA® (80 €/ vy) ;

« MCZ;, maintenace cost of the chillerinthe® ( 150 €/ vy) ;
«  MCS®, maintenance cost of the gas boiler in the reference systera 0 €/ y ) ; i

higher than theMC/®, as theB in the CS has anigher size than the one in the
AS;

MCSS, maintenance cost of the chiller in t68  ( 2/\8; & is igher than the

MCZS, as the chiller in the € has a higher sizBan the one in thas.

Finally, the following investment costs of the equipm&ateassumed:
e MCHP: 18,000 €, wi th a@&mO0i rEv, e stt theetn t r esdu
i nvest ment cost to 10, 800 €,
o storagetank: 8 00 € ;
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e gashboiler:r 500 € fo000Q@ h& C®&r, t3he
* major cost of the desiccabaised AHU AS) with respect to theonventional
oneCsS): 10,000 ¢€£;
e chiller:3000 € ASor 600ROCE for the
Ther esul ting extra cost (EC) is 19,300 €.

5.5 Simulation and Results

The microtrigeneration system is installed in Benevento (Soutkagn mean annual
temperature 13.8C), for which the corresponding* Met eonor m’ ' c¢cl i mat i
in the simulationBenevento belongs to Italian climatic zone C, with 13iBD and a
heating period from November 15th to March 3astdefined by Italian legislation. The
length of the cooling period isot specified in Italy, but the activation period of the air
conditionirg service for the lecture room was assumed from June 1st to Septsttoer

A time step of 1 min was us&dthe simulations

The CS, both in summer and winter periods, has to ensursahme akconditioning
service and electricity demand to the lectirem and the same DHW production to the
MFH provided by thgroposed one. For summer air conditioning purposesCges
equipped with a standard configuration of the Atéide Sectiori.1.]). A conventional
boiler is usedn sunmerto provide thermal energy to the systémth for postheating
and DHW), while electrical energy tactivate the appliances of the lecture room, the
chiller and the auxiliariesf the AHU is taken from the grid.

The AHU of the reference system in thanter season has tlsame configuration of the
one in the proposed system, with the differetig the heating coils for piand post
heating are fed by

the boiler only, that provides thermal energy for DHW tBmally, also for theCS,
when the AHU isswitched off, the onlyhermal energy requirements are related to the
DHW demand.

First of all, the energy productian a yearly basis of the energy conversion devices of
the AS (MCHP and boiler), as well as electric (chiller, auxiliaries and electric
appiances)and thermal energy requirements (DW regeneration, wsgace heating
and DHW) are reported ihable5.2.

Thermal energy consumption is lower than production, the differ€a&MWhly,
about 7.8% of the production) ise energyosses of the TS. Thermal energy for DHW
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production (16.0MWhabout 88% of the overall requirement) is provided by the MCHP

only.
Table 5.2: Annual energy balance for the equipment of théS.
Primary Thermal Thermal Net o
o Electricity
energy energy energy electricity ,
Componeants ) _ ) _ consumption
consumption production consumption production (MWhy ]
[MWh/y] [MWh/y] [MWh/y] [MWh/y] Y
MCHP 54.0 30.0 - 14.3 -
Boiler 2.17 1.96 - - -
Chiller - - - - 1.40
Auxiliari es - - - - 2.58
Electric
) - - - - 8.83
Appliance
DW
. - - 6.95 - -
regeneration
Space
P ) - - 6.51 - -
heating
DHW - - 16.0 - -
Total 56.2 32.0 29.5 14.3 12.8

The data related to the microcogenerator allow to calculatesrenal efficiency of
55.6%, a netelectric efficiency of 26.5% andn overall efficiency (PER, primary
energy ratio) of 82.1%. Thesdfficiency values allow to calculate the electric allocation
factor[94] as:

X, = ANCHP [(pMCHP 4 pMCHP) = 0,323 53

The allocation factors are used to partition the input of a prgcesprimary energy) to
one or more outputs (i.e. electric and thereraérgy). If an engy vector leaves the
boundary system (e.g. i$ fed into the electrical or thermal grid), the corresponding
primary energy demand has to be evaluated, in order to obtain the prenargy
demand related to the products which remain withirsglséem. Irtheanalyzedcase, as
the MCHP is healed, a share othe electric energy output can exit the system;
therefore, only thelectric allocation factor is calculated, while the thermal one is zero.
Taking into account the allocation and surplus factors,efifective primary energy
consumption to ascribe to the MCHH%4]:

115



E* MCHP _ EFI\)/ICHP(l_ Xeyel) (5.4)

p

where E}“"F= 54.0MWh (Table5.2), x, = 0.323 andy, has beervaried in the

range 1880%, according to a sensitivity analysis, descrilaéet.

The overallprimary energy consumption 8fS is therefore:

*

AS _ MCHP AS AS
Ep - Ep + ED,B + /hel,ref (5-5)

1.f.9

where ESE: 2.17MWh (Table5.2), while the electricity drawifrom the grid, that is

the sum of the amounts required by the chiltte auxiliaries and the net energy

provided to the final usefEgT, = ESTqeni + Edtgau T Ecneug Figure5.3), depends

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

electricity productior{ EX'“""= 143 MWh, Table5.2) is sold to theyrid (Elr. " = 114

elt,g

MWh) and 20% is consumed ite (2.86 MWh). As the overall electricity
consumption in théS is12.8 MWh (Table5.2), thereforeE/}S. = 12.8— 2.86 MWh =

el,f,g
9.94MWh and E}°= 65.9MWh.

The eqiivalent CQ emissions of th&S are evaluated as:

AS __ * MCHP AS AS
COZ - (Ep + Ep,B)b + Eel,f ,gg (5-6)
Finally, the operating costs of teS are evaluad as:

OC = (" + B3 Jesi + X5 40 - EN" (CHP_Bonus-
AS ©7)

EMCHP CFIT + MCMCHP (':'D]MCHP + MCQS + MCCh”

elt.g

whereh"“"" is the number of operating hours of the MCHP (2562)CHP_Bonuss
the bonus related to white certificates achidvedthe CHP.

The necessary condin to obtain white certificateaM(C), the subsidy on gas price,
investment subsidies and the access tongtemetering scheme, is that the MCHP is
recognized as high efficiencgs defined by103]. For a microcogenerator witlectric
power lower than 50 kW the criterion for high efficiency certificatias that primary

energy savingRESiec) > 0. This index is evaluatexs:

PES—EC = 1_ E?)ACHP/(Ee'\IACHP/heI,ref + Et';l/ICHP/hth,ref) (5-8)

116



where E}“"

coincides with the overall electricity produced onlytlie PER of the

MCHP is higher than a certain value (75% for intecwhbustion engindased units).

This effectively occurs in this casas PER is 82.1%%,, . and A, . are the reference

electric and thermakfficiency, respectively{104]. In particular, the value of the
referenceelectric efficiency depends on some factors, sucmstsllation yearof the
cogeneration unit, fuel, climatic conditionslectricity used ossite and avoided grid

losses due to decentralizpdoduction. Reference thermal efficiency, instead, depends

on thetype of fuel and the way the available thermal energy is expl(iieect use of
exXxhaust gases or ‘° pr oWith cctpecbto thé MCHIP unisst e a m/

considered, the evaluation BES:ec has bee carried out considering that:

thermal energy recovered by MCHP is used to produceaieatr;

« itis fuelled wih natural gas/, .. = 90%);
* itisinstalled during 2013 (baseline value/gf ., is 52.5%);

* the average Italian ambient temperature is 16.0 °C (@di¥i reduction of

h,, .« With respect to a reference temgieire of15 °C);

* itis connected to the low voltage grid (<400 V).

The correction factor ofr,, . for avoided grid losses, besides ttutage level, depends

on the shares of electricity exported to grel and consumed esite. It is 0.25 if all
electricity is exported).860 if all electricity is consumed esite.

To evaluateCHP_Bonusfirst of all the methodology defined Itlye Ministerial Decree
of 5 September 201[1101] to calculate thevhite certificats that an MCHP unit can
obtain has been applied:

NS = Eel\|/ICHP / hel ref + E['f\'l/ICHP / h

MCHP
thref ~ Ep

(5-9)

whereNSis the net saving in toe. The numbeMdC to which thesystem isentitled is

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

whereK is a correction facr depending on the size of the MCH#jual to 1.4 for

MCHPs, andt = 0.086 toe/MWh is the conversidactor from MWh to toe. The related

revenues can be evaluatednsidering a specific value for th&C o f 106. 03 €/t
[105], while CHP_Bonusds simply the ratio between these revenues and the electricity

production.
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PES NSandCHP_Bonusare shown as a function of the electugplus factor irFigure

5.5. The primary energy saving is higher tiam all cases, therefore the investigated

cogenerator is a high efficienewit and it can access the support mechanisms. All the

indicesachieve the maximum value for the lowest electric sur@a®r, asn this case

the correction factor ofr

el ref

for avoided gridosses is the minimum.

17— 0.0098
16 S — g - 0.0096 =
2 15 -, TR 000043
2, . —* 0.0092
5 14 ~ 0092,
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—% -PES =+ ‘NS === .CHP_Bonus

Figure 5.5: Primary energy saving, net saving and CHP generation bonus as a function of the

electric surplus factor.

The energy production on a yearly basis of the boiler inABeas well as electric

(chiller, auxiliaries and electric appliances) ahdrmal energy requirements (summer

air postheating, wintespace heating and DHW) are reported able5.3. In this case,

thermalenergy production coincides with consumption, as no stdosges are present.
DHW production is the same of the MCHP in gireposed system (16NWh).

The overall primary energy consumptionGs is:

E°=E s +Ej5,/h

el ref

= 26.6MWh+135MWh=587MWh

The equivalent C@emissions of th€S are evaluated as:

Cs
I.f.9

CO°=E b+ g=132t/y

Finally, the operating costs of tiiS are evaluated as:

S _ CSs CSs
OCC - Ep,BCNG + Eel,f ,gCeI

The SPB is therefore:

+MCS® +MCSS

(5-11)

(5-12)

(5-13)
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SPB=EC/(0C®s- oc*) (514
Table 5.3: Annual energy balance for theequipment of theCS.
. Thermal Thermal o
Primary energy Electricity
_ energy energy _
Components consumption _ ) consumption
production  consumption
MWhly MWh/y
MWhly MWhly
Boiler 26.6 23.9 - -
Chiller - - - 3.1
Auxiliaries - - - 1.55
Electric
) - - - 8.83
Appliance
Air post-
) - - 1.41 -
heating
Space heating - - 6.51 -
DHW - - 16.0 -
Total 26.6 23.9 23.9 13.5

The performance of th&S strongly depend on several operatogditions, first of all

the matching between the electric demand production profiles, #t influences the

electric surplus factor.

The results of the sensitivity analysis, with the surplus factor vargitige range 04

0.8, are shown ifrigure5.6.
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Figure 5.6: The results of the thermaeconomic analysis as a function of the electric surplus factor.
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The best case is achieved with the minimum valug &f that corresponds to the
maximum share of cogenerated electricity useesite; whenye = 0.1, 10% of the
cogeneated electricity is exportetb the grid and no electricity is drawn from the grid
for electricappliances, chiller and auxiliaries; in this cdB3ES= 7.70%,qC0O, = 15.3%
andSPB= 16.9 years.

The performance of th&S then reduces whan, increases;n particular, to obtain both
primary energy and emissions savirfgsm the investigated trigeneration system, a
surplus factor lowethan about 40% has to be considered, i.e. about 60% of cogenerated
electricity has to be consumed-site.

As regards the smnomic analysisthe SPB parameteris the mostsensitive to the
variation ofye, as it drastically increases with tleéectric surplus factor, becoming
negative for values oy greaterthan 0.3 (not shown ifrigure 5.6). At the current
energy prices andhstallation costs of the devices, the economic ilbdégyg of the
investigated micrdrigeneration system cannot be achieved, élvigrcan access all the
support mechanisms introduced by Italikeygislation for small scale gas fuelled
trigeneration systems: a lowtxation on gas price, the white ced#tes mechanism,
aninvestment subsidy (up to 40% of the investment cost) andethmetering scheme.
In fact, the SPBis considerablyong for thistype of installations, even in the best case

(minimum electricityexport).
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Conclusions

Theinnovative desiccarbasedair handling unit{AHU) are a very interesting solution

for air conditioning ofbuildingsin the residential and tertiary sector as tloperate

with low temperature thermal energpheseHVAC systemsc a n ufea theamal”
energ source, such as waste heat recovered fromceocogeneratoor especiallysolar
energy

In recent years there has been a rapid growth in demands for air conditioning and indoor
air quality both in industrialized and emergng Countries, the sgalledsolarcooling
systems are an excellent choicditoit energy and environmental isswugriving from

the massive spread electricallydriven air conditioners.

Solar radiation is widely available in summer and simultaneously there are the greatest
demand for cooling, but solar energy can be used advantageously also to balance the
winterthermalload. Thereforetypically, solar heating and cooling systeare realized

In the most common configurationgesiccant cooling system are equipped with a
desiccat whee) in which moist air is dehumitied by the adsorbent material and then
cooled down by the evaporation of water andfomough an electric chiller (hybrid
plants).

These alternative plantsllow a more accurate humidity control, a better indoor ai
quality, a significant reduction in GOemissions, primary energy and electricity
savings

A hybrid air conditioning device witlsilica-gel desiccant wheels installed in the
laborataies of theUniversita degli Studi del Sanniand currently operaoupled with

a microcogenerator and a natural gas boiler. The system in its actual configuration can
operate only in cooling mode.

In this thesis the operation of teeperimentahir handling unit couple@ith different

types of solar collectorand thre AHU modified layoutdave beerevaluated through
dynamic simulationperformed withthe commercial software TRNSY$/. In addition,

in order toallow the systenoperation even in wintenode, suitablenodifications have

been identifiecand implemented ithe model.

Experimental da acquired in the test facilityas well as data provided by
manufacturer, were used to calibrate and validawelels of the main componerdaad
energy conversion deviceShese models were used to simuldie operation of the
innovative systenmand thatof a conventionh systemin order to evaluate operational

data angerformance parameters.
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With the results of the simulationthe comparisonof proposed and conventional
systens isperformed on an energy environmi@ and economic basis. Primasyergy

saving (PES, equivalent CQ avoided emissiorfgp C £ and simple pay lbck period

(SPB were evaluated

Theseair conditioningsystens were used to balance the sensible and lateatl of a

63.5 nf university classrom. Moreover, diring the intermediate period, in the
weekends and wheneuvere is a surplus of thermal enetbg possibility of exploihg

this energy in exceder further heating purpose is considered

First of all the coupling ofthe experimentatlesiccant based air handling yrand a

solar field consisting of flat plate and evacuated tube collectoas investigated.
Simulationswere performed for two different cities: Benevento (Southern Italy) and
Milan (Northern ltaly) in order to asses®timfluence of the collectors tyg#at plate,
evacuated tubejollecting surfac¢20, 27, 34 rf) and tilt anglg(20-55°) on the energy,
environment and economic performance of the plakhtsirther analysis is performed,
considering different percentaig0, 50 and 100%) of the solar thermal energy surplus,
that is the solar energy not used for air conditioning purposes and that can be used for
other heating purposes, for example domestic hot water and/or low temperature heating
of a gym, a universityampus, a swimming pool, et€he exploitation of this surplus
becomes fundamental for the achievement of acceptable SPB periods, even in presence
of economic incentives.

Considering the air conditioning operation only, with the best configuration and flat
plate solar collectors, a primary energy savings of abO%t ih Benevento and over

11% in Milan is obtained. Evacuated tube collectors give greater improvements in
installations with colder climates although this is not evident when considering a
relative index, sch as the Primary Energy Saving primary energysaving of
approximately 20% is reached. The exploitation of solar thermal energy that is not used
for the regeneration of the desiccant wheel in summer and for the heating in winter
increases very significantly the energy performance index. For an etjploibf 50%,
optimum solar collectors inclination and widest surface of the solar field, PES becomes
equal to a maximum of about 44 and 58%, respectively, with flat plate and evacuated
tube collectors in Benevento and of about 31 and 45% in Milano. Tihexploitation

of solar thermal energy surplus brings those values to about 59, 72, 43 and 58%.

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

considered. Systems with evacuated tube collectors are preferable frormnamiec
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point of view when there is little space available for the solar field &pwmile with
larger collecting surfaces (27 and 34)rflat plate collectors are advantageous. The
shortest SPB periods are 4 and 6 years for Benevento and Milano, ivetpect
Another type of solar collector considered for the coupling withitnevative air
handing unit isa novel CPVTcollector, consisting of a parabolic trough concentrator
and a lineatriangular receiverThis kind of collector is equipped with trie junction
PV cells, capable to achieve ulinggh electrical efficiencies.
The solar field in this case provides thermal enengy electricity Electrical energyis
used topower theauxiliariesof the AHU, the chiller andurther electricloads, while
thermal energy is employed to heat the regeneration air flow during the summer period
and the process air in the winter. Electricity in excess is sold to the grid, whereas the
thermal energy surplus exploied fa domesic hot water(DHW). Integrations of
electricity and thermal energy are provided by the electric grid and byfaeghboiler,
respectively.
Annual energy and environmental performance ofaberall system are evaluated in
terms of Primary Engy Saving and emission reduction with respect to a reference
case. The heat provided by the CPVT is about 60%efegeneration energy and 30%
of the energy needetbr pre and postheating of the process air. The electricity,
instead, is consumed onesfior more than 70%. Gen annual basis the analyzed system
obtains a Primarfnergy Savings between 81% and 89% dependirigeoBDHW used.
Suitable modifications to the standard layofitthe desiccarbased air handling unit
can deliver significant perfmance improvements and cost reductions.
The hybrid AHU was modelled in TRNSYS, both in the standard configuration and
applyingsome modifications to reduce the thermal energy required for regeneration of
the desiccant wheel. The introduced modificaticorscern:
- the preheating of the regeneration air with heat recovery from chiller condenser;
- the preheating of the regeneration air with heat recovery from the exhaust
regeneration air in a cro$l®w heat exchanger;
- the precooling/dehumidification of thprocess air.
Moreover for each configuration, different collector types (flat plate, evacuated tube),
surface (~20, 27, 34 nand tilt angle (2665°) wereconsidered.
Simulations of the innovative AHU, coupled to a solar field, were carried out intorder

developathermeeconomic assessment.
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The obtained results show that the evacuated tube collectors improve the energy and
environmental performance of the hybrid desiccant systems compared to conventional
ones (up to 24% of primary energy saving vaftimal tilt angle and surface) but they
are more expensive than figliate collectors, that can provide primary energy savings
up to 19%, with optimal tilt angle and surfad#&/ith regard to the equivalent GO
avoided emissions, they ranges between 2.6801&4% in the scenarios with flat plate
collectors and between 12% and 22% with evacuated tube collectors.

For both collector types, the best plant modification is thecpoding of the process air
Also theanalysis, considerinthree sukscenarios0, 50 and 100% of the solar thermal
energy surplusise wagerformed If 50% of solar thermal energy surplus is used, the
SPB period ranges between 20 and 7 years (for the standard configuration witbf20 m
flat plate collectors and the poeoling modificaion with 34 nf of flat plate collectors,
respectively, the optimal tilt angle is assumed in the best case).

The best energy, environmental and economic results reached in the innovative plants
(in particular in Scenario D) with flat plate and evacuatée twollectors when 100% of
solar thermal energy surplus is used #&S-63%, qC0,=60%, SPB-3 years and
PES=74%,qC0O,=71%,SPB=5 years respectively.

Finally, a system similar to the test facility was considetfedonstitutesa small scale
trigeneration system, in whichthe heatled microcogenerator interacts witthe
desiccanbased air handling unit, The system provjdesxe agaitthe airconditioning
service to a lecture room during summer and winter perasdgell as the domestic hot
water service to a Mti Family Housethrough alltheyear.

During the summer season, the AHU operates as a destmzaimtg system, the siliea
gel rotor balances the latent load of gvecess air, while an electric chiller manages the
sensible loadThe MCHP provides thermal energy to regenerate the degivbeel, by
means of a thermal energy storage; a peak load biniédied with natural gas, provides
thermal energy integration. Electricityom the cogenerator is used to drive the electric
chiller, theauxiliaries of the AHU and of the MCHP itselfa(fs and pumps) agell as
further electric appliances of the lecture room.

During the winter season, the MCHP and the boiler prothéemal energy for space
heating purposes. Electricity is suppliedauxiliaries and electric appliances. When the
AHU is inactive, cogenerated electricity is only supplied to electric appliancebeof
lecture room and thermal energy is only used for domkstieater purposes.

This trigeneration system is compared vitiereference system
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In particular, a sensitivity atysis hadeen performed, considering different values of
the electric surplugactor, that represents the share of electricity from the MCHRsthat
exported to the grid.

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

» desiccant cooling is a very interesting technology, as it can achieve a reduction
of both energy consumption agceenhouse gasmissions;

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

e a sensitivity analysis showed that the energy, environmental and economic
performance of the system strongly depend on the share of cogenerated
electricity used ossite, in particular in terms of economic feasibility with
respect to a reference system; the best value®PB&= 7.70%,00 C £©= 15.3%
andSPB= 16.9 years;

* the thermal ancelectric load profiles of the users should match so that the
minimum amount of electricity is exported to tped by the heated MCHP;

» the investment costs for this equipment (mainly MCHP and desiccant cooling
system) are still quite high at the momeahd it cannot achieve economic
feasibility even if all the supporhechanisms introduced by Italian legislation
for small scalegas fuelled trigeneration systems are exploited. A reduction of
the installation cost is therefore desirable, to benefit frowm energy and
environmental advantages of midr@enerationsystems based on desiccant
cooling.

At the conclusion of this work one can say thadesiccanbased air handling unit fed

with a renewable energy source such as solar ermmgyadvantageousliyeplace a
conventional air conditioning systems with electricaltiriven vapor compression
cooling unitsif only energy and environmental performance are taken into account
However economic feasibility is still hard to obtalor the considered applitam
economic benefits do not occur together with the advantages mentioned above, although
one considers incentives for the production of thermal energy from a renewable source

Only if the use of solar therm& maximizedconsideing other low temperaturkeating
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purposegfor example domestioot water or swimming pools heating) in addition to the
air conditioning economiadvantages can take place.
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Nomenclature

A

di

dp

bo

Cc

Co

C
Cevr
CHP_Bonus
CO,
d

E
EC
Ep
F1

|a,tot

IAM

LHV

Area [nf]

Efficiency slope [W/(MiK)]

Efficiency curvature [Win? K?)]

IAM curve coefficient-]

Unitary %oer [ €/ KWwh]
Specific Heat [J/(kg K)]

Val ori zation?)coefficient [€/m
Concentration rati¢-]

Bonus related to enefgy savings of
Equivalent CQ emissionkgly]

Fluid channel diameter [m]

Energy [kWhly]

Extra cost [ €]

Primary Energy [KWh/y]

F1 Potential[-]

F, Potential[-]

Cash flow per year [ €/ y]
Feedi n t arigf f [ €/ k Wh
Conversion factor from MWh to tep [tep/MWh]

Total Incident Radiation [W/Aj

Incident radiative flow [W/rfi

Total solar energy transmittancé

Number of operating houfs]

Convective heat transfer coefficient [WA )]
Convective heat transfer coefficient of the fluid [W()]
Annuali ncenti ve [ €/ vy]

Beam radiation [W/r]

Incident Angle Modifier-]

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

Correction factor for white certificates calculatieh
Lower Heating Value [kKWh/Nrj

Mass of node [kg]
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MC

Hyoun
i,
Py
ot
b,
hout

oC

PER
PES

Tlin
T2in

wC

Acronyms
AHU

AS

B

BN

CcC

CF

CH

CHP

Maintenancecogt € / h] or [ €/ y]

Fluid mass flow rate [kg/s]

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

Mass flowrate entering at inlet 1dis]

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

Number of year§-]

Operating costs [ €/ vy]
Eledric power [W]

Primary Energy Ratie]

Primary Energy Savinf]

Thermal power [W]

Area specific thermal resistance#iw]

Gross solar collector area fm

Temperature [°C]

Temperature [K]

Temperature of the fluid enteringiatet 1 [K]
Temperature of the fluid entering at inlet 2 [K]
Total loss coefficient [W/(fK)]

Volume [NnT/y]

White Certificatd -]

Air Handling Unit
Alternative System

Boiler

Benevento

Cooling Coill

CrossFlow heat exchanger
Chiller

Combinedheat and power
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COP
CPVT
CS
DEC
DHW
DW
EC

HC
HC2
HDD
HVAC
HW
HW-HX
I AM
IHE
LHV
MCCHP
MCHP
MFH
Ml

PLR
PV
PVT
R-HX
RMSE
SC
SDEC
SPB
TS

Coefficient of performance

Concentrating Photovoltaic/Thermal

Conventional System

Desiccant and Evaporative
Domestic Hot Water

Desiccant Wheel

Evaporaive Cooler

Heating Coill

PostHeating Coill

Heating Degree Day

Heating, Ventilation and
Hot Water

Hot Water Heat Exchanger

inci danmgdnedi fi er

internal heat exchanger

Lower Heatingvalue

Micro combinedcooling, heat and power

Micro combined heat and power

Multifamily house

Milano

Partial load ratio

PhotoVoltaic cell

PhotoVoltaicthermal collector

Rotary heat exchanger

Root mean standawror

Solar Thermal Collectors

Solardriven Desiccant and Evaporative Cooling system
Simple Pay Back

Tank Storage

Greek symbols

-

U
b

Absorptance

Al

r

Cooling

Condi t i

specific emission factor for primary related to natural gas combustion

[kgCO/kWhe]
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a0,

T

Plin

PG +1vVi
OXi-1 vi

djnv
dmw
Clopt

w.g,l,ﬁl

—

PVT

< < (C Lo

Subscripts

a

ap
aux

back

chil

conc

specific emission factor of electricity supplied by the grid [kg®@ he|]
Equivalent CQavoided emissioft]

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

Temperature difference [K]

Logarithmic mean temperature difference [K]
Distance between node i and the node below it (i+1) [m]
Distance between node i and the node abovelit [(in]
Additional loss coefficienfw/(m?K)]

Emittance-]

Efficiency|[-]

Boiler efficiency[-]

Collector efficiency[-]

Italian national electric system efficiengy

Inverter efficiency-]

Module efficiency-]

Optical efficiency-]

PV efficiency|-]

Intercept efficiency-]

Allocation factor|-]

PVT reflectancg-]

StefanBolzmann costarftV/(m?K*)]

time [s] or [h]

Surplus factdr]

Air humidity ratio [g/kg]

Ambient

Aperture

Auxiliaries

Boiler

Back surface

Cross section area of the node
Chiller

Concentrator
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conv
cool
CPVT
DHW

el

front
Fi1

f,.g
fT

gross
HC
HEC

lat
load

m
on-site
net
NG
out
pre
post
PVT

Rec

ref

Convective

Cooling
Concentrating Photovoltaic/Thermal
Domestic Hot Water
Electrical

Fluid

Front

F, Potential

F, Potential

From the grid

From the tank

Grid

Gross

Heating coil

High efficiency cogeneration
Heat exchanger
Generic node

Inlet

Intermediate season
Generic air state
Generic year

latent

Load

Cold water from the mains
On-site mnsumption
Net

Natural gas

Outlet

Preheating
Postheating
Photovoltaic/Thermal
Generic bracket
Recovery

Reference value
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reg

sen
sky
Su
sub
tank
th
top
tot
tg

WD
WED
Wi

Superscripts
*

AS

CS

MCHP

Regeneration

Hot wate supplied to the endser
Surface of the node
sensible

Sky

Summer period
Metallic substrate
Storage tank
Thermal

Top surface

Total

To the grid

To the tank

Week days
Weelend days
Winter period

Related to effective primary energy consumption of MCHP

Alternative System
Conventional System

Micro combined heat and power
With subsidy
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