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Abstract—The paper reports the main developments and Among the first calls within the Horizon 2020 EU
results achieved so far within the EU-funded H2020 program, one was specifically devoted to face asides
XERIC project, which is aimed at developing a new the issue represented by the limited autonomy rafge
climate control system that is able to increase Badry BEVs by means of, but not limited to, innovative
Electric Vehicles (BEVs) autonomy thanks to its hig  approaches to the onboard thermal management system
energy efficiency. The XERIC system combines a The EU project “XERIC” (Innovative Climate-Control
traditional Vapor Compression Cycle (VCC) with a Liquid System to Extend Range of Electric Vehicles andrav
Desiccant Cycle (LDC), by taking advantage of an comfort) is one of the three H2020 funded projedthin
innovative component, called Three-Fluids Combined the “Green Vehicles” call on optimized and systémat
Membrane Contactor (3F-CMC). The two experimental energy management in electric vehicles. The devsop
setups arranged to test LDC alone and the overall KRIC of a small-scale prototype of an energy-saving afén
system are presented. Then, the experimental resslt . ;
obtained in the first test campaign are given andidcussed. g?mmr(?fl tsg:t;rgé?é Ep)\r/c?jggtrr?r?(tjlge%n tgse I?; iwﬁhgnn;ﬁ:;
Finally, the numerical tool developed in the ) ' ! L
Matlab/Simulink environment for the evaluation of the  MOSt _energy_-(_jemandlng system on board is represbyite

the air-conditioning system, which can absorb upl@e

performance of the overall XERIC system is introdued 0 . . "
and a preliminary comparison between numerical res)s ~ 60% Of the available energy in summer conditioms. |

and experimental measurements is provided. detail, XERIC system will:

S . _ 1. reduce more than 50% the energy used all ower th
Keywords— XERIC project; Hybrid systems for air  yea for heating, cooling and dehumidifying air qared

conditioning; liquid desiccant cycle; innovative i, existing systems:

membrane contactors; energy-efficient electric 2 reduce” more than 30% the energy used for air

vehicles; AC mobile system. cooling/dehumidifying in extreme summer conditi¢is.,
external air at T=30 °C and RH=60%) to guarantee
. INTRODUCTION comfort in the passenger cabin (i.e.z25 °C and
RH~50%);

According to the recent trends in scientific resbar 3. guarantee the after-project easy industriakesopland
automotive market leanings and grants by Europege customization of system:;

Commission, a wide diffusion of Battery Electrichiges 4. guarantee an adequate Working ||fe,

(BEVs) is highly investigated and promoted, sincean 5. withstand the different external air temperanareges
noteworthy help improving energy savings angcross Europe;

environmental sustainability. However, some majore, profitably use the components currently insthlie
drawbacks are delaying the market penetration &WSBEEys:

against traditiona! Ir_1terna| Combustion Engine ¥&¥ 7 guarantee a reasonable cost (to OEM), whichriispe
(ICEVs). The main issues that have to be facedtt@e mainly on car size, when produced at industriatllev

limited driving range of BEVs, the small availatyliof The ambitious goal reported above is pursued by the
charging stations, the long time needed for adhlirge XERIC system by avoiding the waste of energy impose
and the high purchase cost compared to ICEVs. by a traditional Vapour Compression Cycle (VCC) in
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order to dehumidify air. Indeed, air dehumidificatiin The air flow through 3F-CMC1 can be excluded by a
this cycle is obtained by first cooling the airttee dew second door when the desiccant cycle does not vwAwk.
point temperature and then by undercooling it utité shown in the sketch, downstream the fan the aw ftan
desired specific humidity is reached [1]. XERICtsys is be partially or totally conveyed to the heat excdearHE1

a hybrid system in which air can be dehumidifietheiit through a third door, whereas further doors mayresid
the need to be cooled below the dew-point thankhi¢o the air flow to cabin vent, to windscreen defrost @o
combination of a Liquid Desiccant Cycle (LDC, whicltabin floor.

deals mainly with the latent load) with a tradiabivVCC

(which faces the sensible load) [2, 3].

In the present paper, the two experimental setups
arranged to test the Liquid Desiccant Cycle andbtrezall
XERIC system are presented together with the main
technological advancements involved. Then, the
experimental results obtained in the first test jgaign are
shown and discussed. Finally, the numerical tool
developed in the Matlab/Simulink environment foe th
evaluation of the performance of the overall XERIC
system is introduced and a preliminary comparison

between numerical results and experimental measunsm _ _
is given. Fig.1a — CAE design of the 3F-CMC.

-
e
;—’/
//
e g,
//
9‘/

-
e
e
-
e
P
e
=
-

ll.  LIQUID DESICCANTCYCLE | e— -

The XERIC system combines a traditional Vapor
Compression Cycle (VCC) with a Liquid Desiccant leyc
(LDC), by taking advantage of an innovative compine
called Three-Fluids Combined Membrane Contactor (3F
CMC) [4, 5]. This component is an innovative head a
mass exchanger, which works simultaneously witleehr
fluids: air, liquid desiccant and refrigerant. Thkiapour
present in moist air can be removed (absorbed)hby t :
liquid desiccant through a semi-permeable membrane,
which can be crossed by vapour but not by liqumist Fig.1b — The small-scale prototype of the 3F-CMC.
allowing a physical separation between air andcdasi.

Figure 1a shows the 3D CAE design of the 3F-CMC and

Figure 1b the small-scale prototype of it, i.e.rat@type L| ‘
that is able to treat about one third of the @wfrate that <o Nuw | N |
is conveyed to the cabin for a C-segment car. Bedhiout
the patented 3F-CMC can be found in [4].

As sketched in Figure 2, the architecture of thaRKE
system is obtained by simply adding the few comptme
constituting the LDC to the usual components of GCV Py
In the XERIC system [5] there are two 3F-CMCs: filhst =X
one, 3F-CMC1, dehumidifies and partially cools the 5
process air, while the second one, 3F-CMC2, acta as
regenerator to re-concentrate the desiccant dikmédion
exiting the 3F-CMC1. An intermediate heat exchanger ...«
(HE), operating between the cold and the warm wolsf o et
reduces the parasitic heat transfer enhancing the
performance of the LDC. Lastly, a small pump isdesk
to move the desiccant solution within the closed an
sealed loop between 3F-CMC1 and 3F-CMC2.

The 3F-CMC1, set on the renewal air path, handliss t The further presence of a 4-ways valve permits the
air flow before it mixes with the recirculated 8ow from systemto actas a heat_pump_ in wintertime, tﬂowadg a
the cabin (see the recycle door set before thardfig.2). noteworthy energy-saving with respect to directcteie

.............

Fig.2 — The XERIC system architecture.
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heating. Moreover, some 3-ways valves allow theesys the components currently installed in EVs, anddineent
to fulfill different tasks, as described in [5]: aimg & fan in particular, the design aimed at containiihg t
dehumidification, dehumidification only, heating &pressure drop below 100 Pa. Figure 5 shows thdtresu
dehumidification and heating only. obtained when an air flow rate of 67/mis considered.

The performance of the LDC in terms of water vapo 3nce the total air ﬂOW- rate to the cabin is ab D-400

; . : /h, and 100-200 fh is recirculated from the cabin, the

absorption ‘and desorption from/to air have be ull 3F-CMC treats about 200 ¥h. Thus a small-scale
investigated, both experimentally and numericafigure ‘

. . rototype, which is one third of the full size,&te about
3 shows the scheme of the experimental setup eelalar b .
these tests campaign in the TICASS laboratory. 67 ni/h of renewal air. The measured pressure drop, 86

Pa, is lower than the limit, confirming a propesida of
™ e the component.

‘ - !T. ;(B'jl
L AT
desiccant loop
T Fig.4 — Experimental setup for testing LDC.
B e maTermT
| | The experimental campaign consisted in severas test
\ | e on both absorption and desorption performance ezhrri
| | oo sowonr o | out by measuring air temperature and R.H., upstiaaan
‘ @ RO ) | downstream the 3F-CMCS. B_efor(_e the te_sts, all _senso
| & wmoumorsu | were (_:arefully _callbrat(_ed against fixed points elfative
Labsorpn’on E —— i humidity obtained with LICL and NaCl saturated
— T e e solutions [6].
Fig.3 — Conceptual scheme of the experimental setup As an example, Figure 5 shows the vapour absorption
testing LDC performance. obtained by 3F-CMCL1. In the tested conditions, ntbas

500 g/h of vapour is removed from air by 3F-CMCt fo
square meter of membrane, with a dependence on the
Since the aim of these experimental tests was ynailifjuid desiccant concentration adopted.
evaluating the performance of the 3F-CMCs and (b€ L

700 1

the refrigerant was replaced by a high flow ratefufied . Test 1: absorption .
water through 3F-CMC1 (warm water in 3F-CMC2), i R \
produced by means of thermostatic water baths. TheZ*™

trend line

&~
1=}
15}

adopted desiccant is Lithium Chloride (LiCl) aqugou
solution. A titanium coaxial heat exchanger allewheat

exchange between the cold and the warm LiCl saistio
Different external air conditions in terms of both
temperature and relative humidity were considergd b

w
=
15}

vapour flux: estimated uncertainty <+ 8%

LiCl concentration: estimated uncertainty <+ 2 %
200 A

Absorbed vapor flu

RH%in [T [°C]airin| x [g/kga] | RH% out [ T [°C] air out | Qair[m®/h] | T refr[°C] Q LiCl [kg/h|
63,0 30,5 17,4 89,7 19,3 66 15,1 20

=
Q
=]

acting on an inlet air heater made by electricstances ‘n ms 3 ms . ms 3 @5
and a specifically designed vapour inlet contréajuFe 4 Licl [mass %]

shows the actual experimental setup configuration, rig 5 _ vapour absorption test for warm and misindet
together with the pc devoted to data acquisitiom an conditions.

elaboration. The desiccant flow rate, measuredigigat ) ] ] )
flowmeter, is circulated by a Flui-o-Tech® gear Figure 6 shows the time trend of the LiCl concditira

micropump. for the full LDC under given test conditions: atsliaed
] _ equilibrium value is finally reached, confirmingath3F-
One of the first test made was about the air pressgMC2 is properly re-generating the diluted desitcan
drop across the 3F-CMC. Indeed, in order to prioftaise solution coming from 3F-CMC1. The LiCl concentratio
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was measured by probes sensible to the electricFigure 8 shows the overall XERIC system, which is
conductivity of the solution (BC Electronics ST3214

23.5 1
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composed by the VCC (items 1/2/3) and by the LDC
(items 4/5/6/7). Desiccant solution is flowing nhsithe
circuit by means of a dedicated gear pump (7) and a
recuperator (6) allows to control the parasitictlwaning
from the two 3F-CMCs (4/5). The condenser (2) dma t
evaporator (3) of the VCC are taken from a C-segmen
electric car and their frontal area have been reditc 1/3,
according to the adoption of small-scale prototygpie3F-
CMCs. The other components (1) of the VCC are the
compressor (rotary type, moved by a BLDC motor) and
the inverter system controlling the BLDC motor (reaxf
two main components, the power module and the alontr
module).

Fig.6 — Time trend of the desiccant concentration.

lll.  XERIC SYSTEM

Besides the tests on LDC, the overall XERIC system
undergoing a campaign of experimental tests in atitn
chamber to determine the performance in compatis@n
traditional AC system for BEV set as referencedétail,
the Reference Climate-Control System (RCCS) empdoys
VCC to cool and to dehumidify the air in
summer/intermediate seasons while performs thangeat
action in winter by means of an electric heatere Th
conceptual scheme of the experimental setup fainges
the XERIC system is shown in Figure 7.
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Fig.8 — XERIC system components.

The experimental setup prepared in the FRIGOMAR

) @ laboratory allows the management of two independent
<j ambient conditions in one single room, one simatathe

il oo Il cabin conditions, the other one recreating the amrtd
ambient conditions. The outdoor thermal hygrometric
conditions are obtained in the climatic chamberubing
, 5 = L an air handling unit (AHU) and a heating resistance
.. ] ﬂ Lo | humidifier. The indoor cabin thermal hygrometric
$T 2 [N~ Tourswr conditions are obtained by means of a dedicatededuc
AHU.

The aim of these preliminary tests is to check the

proper control of extreme summer conditions (oetsid
temperature 30°C, outside relative humidity 60%y an

Fig.7 — Conceptual scheme of the experimental detujgsting simultaneously to verify the proper working of XERI

XERIC system performance.

system. Please note that further tests about the

The refrigerant circuit used for XERIC system iperformance of the XERIC system are in progresstlaad
slightly different from a standard VCC because twesults will be the topic of an upcoming paper. The
electronic expansion valves set in parallel aredusae preliminary results show that the desiccant cirisugitable,
controls the refrigerant flow rate towards the erafor, as proved by constant concentration and temperafuhe
the other one towards the 3F-CMCs. The tuning ef thesiccant, which means that the vapor mass floe rat
electronic control system that operates the vakvesw in absorbed during the dehumidification process isaktu
progress. the vapor mass flow rate desorbed during the
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concentration process. Moreover, the EEVs contnel t =] e e
refrigerant flow rates towards the evaporator dred 3F- —

CMCs properly, since the compressor inlet tempegatu wee 0
remains constant. ACC) R
(%) 8 ()

IA (%)

IV. NUMERICAL TOOL

As a parallel activity to the experimental study, a —*

numerical tool that can simulate the XERIC system
functioning and forecast its energy performance bieen
developed. The software has been implemented in the
Matlab/Simulink environment (©Mathworks), sincecén
easily handle complex systems made by several “™ aF-uCT B teel)
components, as is the case for XERIC system.sikémn as _. - .

a succession of separated models, each beingdakiaa '9-92 — Simulink blogk OI thte d3'i'CM%%’ with inpiata (left)
code, which are able to exchange information toiftbe and output data (right).
other connected models. Each Simulink block cartsii
the model of a component can be easily connected tc [R———/swen
simulate more complex systems. Every block neegigtin 2222
variables and delivers outlet variables; output amdt
variables are linked together by means of the gongr
equations describing the physical behavior of the
component itself. Each component (3F-CMCs, heat
exchanger, evaporator, condenser, compressor, gigpan 2t
valves, etc.) has been modeled alone under thewfioly
main simplifying assumptions: steady-state regime;
unidirectional and not compressible air flows; iggle o8 (1
heat transfer with the external environment; abseoic
uneven flow distributions within the components.eTh aF-owc2 B kgt
main heat and mass transfer Coeffl.Clen.tS need#teiiD Fig.9b — Simulink block of the 3F-CMC2, with inpdta (left)
model of the 3F-CMC (e.g., air side heat transfer and output data (right).

coefficient) have been obtained by 3D accurate micale
simulations made by means of commercial CFD so#iwe |
packages (Fluent by Ansys and Comsol Multiphysigs =] | e o |
COMSOL) or determined through theoretical analyiges = . .
8]. The Simulink models of evaporator, condenser 2
CMC can work relying on expressions taken from tt
literature [9] for determining fluid properties agll as on
the experimental data enclosed in the REFPROP
software by NIST [10].

€xiB (%)

tB(*Cl

Figure 9 shows the Simulink blocks simulating tie 3 :
CMCs: Figure 9a refers to the 3F-CMCL1 in absorptio S
while Figure 9b to the 3F-CMC2 in desorption.

The overall Simulink scheme of the XERIC system is  Fig9.10 — Simulink scheme of the XERIC system.
depicted in Figure 10. The big red block at theteeof
the figure contains several other linked blocks,iciwh _
simulate the VCC and the LDC. Moreover, the grayckl The _numerlcal t_ooI has been used also to evalhate t
evaluates the real cabin heat and mass balance @pgpPrption/desorption performance of the 3F-CMCs.
determines the Predicted Mean Vote (PMV) and tfédure 11 shows the experimental results (poimiggther
Predicted Percentage of Dissatisfied (PPD) accgrn with the numerical ones (line) for an absorpticst.te
Fanger's theory [11] in order to account for therthal
comfort inside the cabin. As known, the goal islbain a
PPD as close as possible to 5%, as shown in theefig
(5.8%)
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Fig.11 — Comparison between experimental and naaderi 2
results for an absorption test.

(3]

As can be inferred from the figure, the numerical
results are in good agreement with experimentas:otte (4]
predicted trend is the same, whereas the predickes
are slightly underestimated, which can be easily tduthe
values of the membrane properties adopted in thgemo
Studies are under progress to identify this difieesand [5]
then allow the fine-tuning of the numerical model.

V. CONCLUSION [6]

In the present paper, the two experimental setups
developed to test the innovative XERIC climate oaint [7]
system for enhancing driving range of Battery Elect
Vehicles are presented. In detail, the setups tefehe (8]
Liquid Desiccant Cycle and the overall system,
respectively. The numerical tool developed in ortder [9]
predict the performance of each component of theegy
and the system itself is also presented. The sesiithe
first experimental campaign are shown and comptoe
the numerical data. The experimental results confire
expected performance of the XERIC system and the
comparison with the numerical predictions substigti
validates the numerical tool. Further tests arprogress
and will be presented in a next paper.

[10]
d [11]
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