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ABSTRACT

In Europe, the criteria for designing new buildirege regulated by a set of European Directivesraatidnal laws
having as a goal the creation of net zero energigihgs by the year 2020. Moreover, according td@G1/EU
Directive after 31 December 2018, new buildingsupied and owned by public authorities must be yezato-
energy buildings. The low energy consumption mesabcompanied by well-defined thermal charactesstif the
building envelope (both opaque and transparent coems) and HVAC systems, and must ensure acceptabl
internal thermal comfort conditions.

An interesting case study, proposed in this waskiepresented by the elderly nursing building “R&E which
hosts dependent people who require 24-hour spassistance and medical care. Designers focusebeomdoor
environmental quality as the main goal of the mbjend the HVAC system has been designed purstiag t
maximum integration with the building and its atelsture.

The aims of this paper are to (1) describe the rdasign characteristics of the RelaXXI building) éhalyze the
results obtained by dynamic simulation of heatimgl @ooling energy demands, and (3) present thdtsest
performance monitoring completed to date.

1. INTRODUCTION
Buildings account for 40 % of total energy consuomin the European Union (Directive 2010/31/EUheTsector
is expanding, which is bound to increase its eneaysumption. Therefore, reduction of energy consion and
the use of energy from renewable sources in thidihgi sector constitute important measures neededduce the
Union’s energy dependency and greenhouse gas emsssiogether with an increased use of energy from
renewable sources, measures taken to reduce ecmmgymption in the European Union would allow thedd to
comply with the Kyoto Protocol to the United NatioRramework Convention on Climate Change (UNFC@G3J,
to achieve its commitment to reduce, by 2020, dvgraenhouse gas emissions by at least 20 % b&890 levels,
and by 30 % in the event of an international agesgrbeing reachedtaly approved several decrees in order to make
the application of the European Directives sinc@52@vhen the regulations required by the previoufean Directive
2002/91/EC (Directive 2002/91/CE) entered into &r®uring the last 10 years the new ltalian butdirare
characterized therefore by significantly reducedergyn use achieved with a high-quality envelope axdellent
performance of the HVAC systertn buildings, the energy used for cooling and heasystems accounts for a
substantial part of the total energy consumptiarthe proposed case study, the considerationsngliat the energy
performance of the building are complicated bydkesignated building use and occupancy (it is aarsidursing
home): the indoor environmental quality is requigd?7. As a consequence, HVAC system choice shkdl into
account the IEQ requirements and the primary enlenggt shall accomplish the National and Europeandards.
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Based on these considerations, the building dettigripgic of the operation, management and coofrtdte HVAC
system shall be carefully examined; moreover thdanteaance of the building will be carefully planned
Measurements of energy use and peak demand thomliglation of the utility bills and collection ofaic building
characteristics are the foundation for better ustdeding building performances (ASHRAE, 2012). @deption of
a protocol for energy measurement can help to wéhié building performance, the functioning modetteérmal
plant and can provide an opportunity to identifygutial improvements.

The aim of this paper is to describe the main desigaracteristics of the new building, to analye tesults
obtained by dynamic simulation of the energy penfamce of the building.

2. THE BUILDING

2.1 The building envelope characteristics

The RelaXXI building is located in Noale (a littewn 20 km away from Venezia, Italy), in Northemaly in
typical humid subtropical climate Cfa, accordingkdppen climate classification. It is a skilled sing facility
designed to house 160 elderly residents who redq@drbour special assistance and medical care. Tiidiry
configuration is a U-Shaped, 3-story building, Beven inFigure 1. The area of each floor is about 7400and the
conditioned volume is 23,680°m

The ground floor hosts the main public activitiesis as offices, kitchen, gym and ambulatories. BEast and West
wings of the second and third floors contain théepd rooms, a large central living room and twaing rooms
(one per wing). Each patient room is provided aittoilet.

The main thermal parameters of the building envela listed in Table 1.

=R it T P
1 O 00 it T P

b)
Figure 1: The RelaXXI building: a) External view, b) Sectiview

Table 1: Main thermal parameters of the building envelope

Category Specification U-Value [W/fK)] SHgF():tIF?l parameti,-rs [
» Vis L~
Slab-on-grade 0.29 ) )
Opaque construction floor
paqu UCHONS ™ E s ternal wall 0.23 - -
Roof 0.18 - -
Windows Glass 0.6 0.43 0.66
Frame 1.3 - -

2.2 The HVAC system

One of the possible technical solutions for buiddinthat contribute to a reduction of the energysaomption is an
active chilled beam system (Loudermilk, 2009), ¢#fs et al.,2009), (Alexander and O’'Rourke, 2008), (REHVA,
2007), (Rothet al., 2007). Actually this system, if correctly deséghand installed, can reduce energy consumption
and can provide a comfortable indoor climate watl coustic signatures.

Although active chilled beams are an in-room spamlitioning device, they are also the room aifudibn device,

so sizing and locating the beams is vital to prmgdacceptable levels of occupant thermal comferestablished

by thermal comfort standards, such as ASHRAE 55HRAE, 2013). A chilled beam system can be an dffect
method for providing cooling and heating to a spabde promoting a high level of occupant comfandeenergy
efficiency. The system integrates hydronic coolamgl heating with the primary ventilation systeme®nhanced
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heat capacity of water reduces the required trabhgpergy in comparison to all-air systems, resglth a reduction
in fan energy use. A dedicated outdoor air syst&®®AS) delivers the required minimum ventilation flaw
quantity along with any required dehumidificatidrhis hybrid air/water system allows primary airfloates to be
reduced while also providing high indoor air quatitie to the 100% outdoor air system.
Active chilled beams can be selected to removeelargounts of sensible heat while substantially ecgduprimary
airflow requirements. However, this must be donéhweonsideration of the occupant thermal comfod apace
dehumidification. While primary airflow reductiorpportunities are an inherent characteristic ofletiibeams, the
reduction of such should be limited to that reqaiite provide adequate space humidity control. Allsystems
almost always deliver a sufficient amount of drytai satisfy the space sensible load; thereforgineers often do
not consider space latent loads in their selectimfividual space latent loads should be considerdeen designing
chilled beam systems.
The main items and characteristics of the HVACeysare described in the following list:
- 2 multifunctional air-to-water heat pumps:
o Nominal cooling capacities: 340 kW and 235 kW wit@P of 2.94 and 2.96, respectively
o Nominal heating capacities: 264 kW and 176 kW \@tP of 2.96 and 3.24, respectively
- 1 Gas condensing boiler: to meet peak loads anctémvery purposes
- Photovoltaic system:
o Total installed nominal capacity: 95 kWp
o Placed on the roof
- Airloop:
o 3 air handling units whose main characteristicdiated inTable 2.
0 Heat exchangers in the air handling units of thestded East wings:
= Rotary air-to-air enthalpy wheels
= Heat recovery efficiency: sensible 71%, latent 65%
o Each floor is equipped with 4 VAV boxes, two pengi
o In winter, according to field surveys, VAV boxe9sgly into the room two levels of air flow rates,
manually scheduled: 2700%h per VAV box during the day and 600°/m per VAV box during
the night.
- HVAC terminal units: 4-pipe constant flow activeilldd beams, with air induction ratio equal to 3
- Shading control:
o In patient rooms, on the external side of the wimsloacting on the upper half section
o0 Reference external maximum level of light: 3000 haeasured on an horizontal surface with an
external light sensor placed on the roof

Table 2: Main characteristics of the installed airhandling units

Two simulation methods are compared in the franthisfpaper:
- A detailed method based on dynamic building enemgulation tool EnergyPlus
- A quasi-steady state method aimed at energy aatiidin in Italy.
In the following subsections detailed informatidsoat the simulation procedures is provided.

3.1 Climatic data

Supply Air | Exhaust Air| Supply Fan Return Fan | Supply Fan| Return Fan
Flow Rate | Flow Rate | Pressure Head Pressure Heag Power Power
[m%h] [m%h] [Pa] [Pa] [kw] (kW]
East Wing AHU 17000 15300 800 800 13.7 7.3
West wing AHU 13000 11700 800 800 9.5 5.5
Kitchen AHU 8000 - 500 - 3.7 -
3. METHODS

The test reference year of the nearest weatheorstéfreviso) was used for the analysis annual biehaf the
building and HVAC system. For the comparison witkasured data, an hourly weather data file was pedpa
starting from real weather data collected durirgfttst months of 2014, from January to March.
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3.2 Detailed simulation model
The RelaXXI building consists of 290 rooms: 64 e ground floor, 113 on the first floor and 113the second
floor. For building energy simulation purposes, tbems mentioned above were grouped into therma¢zadbasing
on thermal loads and HVAC system analogies. Ovegallthermal zones were considered. The followiagid
principles of thermal zoning were observed:

0 Same setpoint temperatures
Same window orientation
Thermal zones have window area equal to the suimeofvindow areas of the pertaining rooms
Thermal zones have floor area equal to the surheofibor areas of the pertaining rooms
Similar HVAC terminal units
Similar internal loads

O oO0Oo0OOo0o

The simulation model was achieved through DesiglilBui(envelope and first draft of the HVAC systeand
EnergyPlus (fine tuning of the simulation) simubatitools. The modelled geometry and HVAC systensamvn in
Figure 2.

DHW LOOP

AN
=
KITCHEN AIR LOOP < ) ~—
]
e
“||||II||| —1 ‘ e {
|-| LLLIN ) — g L% GERERATRON SYSTEM
RADIATOR WATER LOOP WEST WING AIR LOOP 7!. H 1 *i; |
3 e L] EAST WING AIR LOOP
= LT M
a) b)

Figure 2: The simulation model: a) envelope; b) HVAC system

Three main kinds of terminal units were identifamtt associated to the related thermal zones:
- Direct air terminal units: kitchen
- Radiators: toilets
- Active beams: all other zones

In order to provide the full simulation of the aatiwontrol system and heat pump performance, thértggcooling
generators in the EnergyPlus simulation consifisfrict Heating and District Cooling, in order ¢get the heating
/cooling loads to be met by the actual multifuneéibheat pumps, fully simulated by means of a postessing
model. The characteristics of the simulated aiptoare briefly summarized as follows.

Table 2 - Main characteristics of the simulated ailoops

Supply Heating coil| Cooling coil | Supply|Return Heat
Design [Yes/No] [Yes/No] fans recovery
Volume Flow [Yes/No|Yes/No]| [Yes/No]
Rate
[m¥s]
Kitchen 2.22 Yes Yes Yes|No No
West wing 4.7 Yes Yes Yes|Yes Yes
East wing 3.6 Yes Yes Yes|Yes Yes

Two water loops were simulated:
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o High temperature water loop serving the radiatossalled in the toilet zone. A gas-fired boilerteys
provides the related heating energy.
o0 Heating/cooling water loop supplying hot/chilledtesato the AHUs and active beams.
As far as Domestic Hot Water (DHW) is concerne@®HW loop was modelled, considering a daily wateedef
90 l/day per bedroom, with a 25 K temperature diffee between supply and return and arranged imwi8
supply periods:
- two hours in the morning
- two hours in the afternoon
- two hours in the evening.
The resulting maximum hot water flow rate is 1000 |

Active beams were modelled in detail by means af &mergyPlus object Four Pipe: Induction Unit pesomn,
providing the sum of supply air flow rates desigf@deach room included in the thermal zone.
Finally, the generation system was considered tailde a post-processing calculation proceduree TOP and
EER of the two multifunctional heat pumps were gldted in detail at specific part load and operationditions.
The information provided by the manufacturer hasnb@herent to the capacities and efficiencies weéference to
both units and at the conditions specified below:
- Heat pump air-to-water running; technological waterduced at +45°C:
o External air from -5°C to 25°C step 5°C and fulidb(4 compressors on)
o External air +5°C and load at 75% (3 compresso)s on
o External air +5°C and load at 50% (2 compresso)s on
o External air +5°C and load at 25% (1 compressor on)
- Chiller air-to-water running; technological watepguced at +8°C:
o External air from +15°C to +35°C step 5°C and foéld (4 compressors on)
o External air +35°C and load at 75% (3 compresso)s 0
o External air +35°C and load at 50% (2 compressn)s o
o External air +35°C and load at 25% (1 compressdr on
- Multifunctional water-to-water running; technologicheating water produced at +45°C and cooling wate
produced at +8°C simultaneously and full load.
The variation of the performances on the outsideperature has been successfully approximated by roéa
polynomials of third or fourth order; the coeffinoie have been obtained by approximation to the WedjLeast
Squares.
According to design data and field surveys, acaratual heating and cooling setpoints were considerethe
simulation. A summary of the main setpoint and aetttemperatures, during the whole year, is redartdable 3.

Table 3 —Heating and cooling setpoint temperatures

Locker | Patient Church, Gy"ﬁ'. : Office | Entrance
Ambulatories, Dining, | Toilets
Room Room s Room Hall
Living
Heating set[eg]nt temperature o 20 22 20 23 23
Cooling setpoint teronperature 28 o5 26 20 26 o8
temperature [°C]

The internal heat gains considered in the simulagi® listed below:
- Occupancy:
o Patient rooms: 2 people per room
o Other rooms: set according to field surveys
- Lights:
o Patient rooms: 1.6 W/mfrom 7:00 to 9:00, from 13:30 to 15:00 and frofh3D to 21:00
o Toilets: 8.5 W/, from 7:00 to 8:00, from 13:00 to 14:00, and fr@fn00 to 22:00
o Kitchen: 12.5 W/rf, from 7:00 to 16:00 and from 18:00 to 21:00
o Office: 9.4 W/nf, from 9:00 to 13:00 and from 14:00 to 18:00
o Emergency lights: always on, 24 hours per day
Plug loads:
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o Kitchen: 50 W/M, due to washing machinery, microwave ovens ancerotiipical kitchen
equipment used during the day, measured duringetleegy monitoring campaign currently in
progress

o Offices: 5 W/nf

3.3 Quasi steady state simulation model

A Quasi-steady state model was used for prelimiaasessments. The building was modeled as one shayimal
zone. The simulations were performed using, asamutdonditions, hourly monthly average conditiosgpeoposed

by Italian National Research Council (CNR, 1982)sifple computer code using the transfer functiethmd
(McQuistonet al., 1992) was adopted for calculation; 24-hour peofdr a design day are considered as sinusoidal
functions. The internal loads are evaluated onwthele internal floor area; the scheduling is dedit®ur by hour.
The hourly performance of cooling equipment is eatgd by means of its efficiency as a functionhef tefrigerant
temperatures. The various operating conditions hasen calculated according to the relations puétsin
(Cavallini, 1995):

ogcop 0COP_ d EER 0 EER_
Heating mode: 0Ts 0 Tq ; Cooling mode:a s 0 Tong
CoP COP . EER EER . .

The approximations specified above are acceptaltténna limited range of temperature referring be tstandard
conditions (i.e. £+ 5 ° C) (Scarpa, 2010). Howeube approximation has been extended to the whalgeraf
expected operation conditions.

4. RESULTS AND DISCUSSION
In the following sections the results of the twmslation models are presented. A first comparispairest field
measurements is shown as well.

4.1 Quasi steady state method results
Using the load profiles of the building and the typwperformance curves of the equipment, it wassjiide to
calculate the hourly energy consumption profiles, @s a consequence, the whole energy consumption.
« Energy consumption for air conditioning and hatter production: 458073 kWH year
« Energy consumption for lighting services: 2108¥2h,, / year
« Natural gas consumption for air conditioning &tdW: 14492 Nm3 / year
Figure 3a and 3b show the thermal capacity vandto typical days in January and July

kW
300

200

N~ —

~——
_—
0
1 3 5 7 9 11 13 15 17 19 21 23

hour

Figure 3a: Thermal capacity (red line = heating; blue lineoeling) variations during a typical day in January

3" International High Performance Buildings Confereat Purdue, July 14-17, 2014



3365, Page 7

KW,
300

S ~—— \
200

100

1 3 5 7 9 11 13 15 17 19 21 23

hour [h]
Figure 3b: Thermal capacity variation during a typical daylidy

4.2 Dynamic simulation results

A first simulation performed in the frame of thi®omk analyzed the building energy consumption relatedesign
conditions in which multifunctional heat pumps algvays on and provide heating or cooling accordimghe
building demand, no matter what the season is. |[Regtnourly thermal capacity and electricity povege visible in
Figure 4. The district heating and cooling capaeisjble inFigure 4arepresents the ideal heating and cooling need
of the building, this value doesn’t account for HEZ4lant and multifunctional heat pumps efficienciesroducing
the heat pump characteristics by means of the legilcn and assumptions explained above, the etégtrise of the
whole HVAC system can be estimated and it is visiblFigure 4b. Peak hourly values of around 70 kW are visible
for the winter period at the end of the year. Plealirly values of around 70 kW are visible for thensner period.
As it is possible to see a minimum value of 6 k\Wmaintained along the summer period due to muitifional
fans. The total simulated annual energy demanthisHVAC system is around 203 MWh/year correspogidnan
energy performance indicator equal to 33 kWhyear.

300 80

250

e

E : ”’ MW
B m JI il w MM

50 i [J"[I “ ‘ M

1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991
— District Cooling Rate  — District Heating Rate 1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991

a) b)
Figure 4: Hourly Capacity during the whole year. a) District heatimgl district cooling energy demand,
b) Multifunctional heat pump demand

A more realistic behavior of the building is shownFigure 5. The heating plant is considered offirty the
summer season and the cooling plant is considdifedudng the winter period. This behavior is catent with
actual building usage as revealed by the fieldeygvPeak values are very similar to the firstisassf simulations
(always on), but the total energy demand alonguhele year is reduced to 175 MWh/year (28 kWH/¢ear)).
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However, even under these operating conditionsrdabe occupancy comfort must be preserved. In tegathis,
Figure 6, reporting the calculated air temperatira reference patient room at the second floawshthat comfort
conditions are maintained in both cases.

300 80

250

200 \‘IH | | H

.W\H

100 M
Al | ! | II
[

: W Moy

1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991
— District Cooling Rate  —District Heating Rate 1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991

|

fkw]
g

a) b)
Figure 5: Hourly profiles of heating/cooling capacities (agaHVAC electricity consumption (b) during the whol
year, in case of heating and cooling are availahlg in winter and summer respectively.

30 30

10 10

0 0
1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991 1 800 1599 2398 3197 3996 4795 5594 6393 7192 7991

a) b)
Figure 6: Indoor airtemperatures for the assessment of comfort acaéptad case of heating/cooling always
available (a) and heating and cooling available amwinter and summer (b), respectively.

The photovoltaic system (nominal capacity: 95 kVifptalled on the building provides about 95 MWhiyeé
electricity production, contributing to lower thpegific electric energy needs for heating/coolimgvd to about 13
kWh/n? year, which is a very good energy demand considettiis particular kind of building, approaching th
Near Zero Energy Building definition of 2010/31/Birective (Directive 2010/31/EU).

4.3 First simulation comparison against measured da

The electric energy monitoring of the facility isreently in progress, thus the first comparisonsvbeen simulation
results and monitored values can be performed tifisrpurpose we refer to the period between Ma@h ghd
March 25", 2014. In particular, measured room air tempeestiare compared against the simulated ones, with
reference to two differently exposed representatv@ns. Figure 7 shows that largest differencesomm air
temperatures are around 2 K. However, in both cdsesoom air temperature is properly controlletiveen the
heating and cooling setpoint temperatures equ20t€ and 25°C, respectively.
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30 30

s 25
—_— T AN~ A N T T T T TR T <

20 20

T1s Oi1s

10 10

> 5

0 0
036 9121518210 3 6 9121518210 3 6 9121518210 3 6 9 12151821 0369121518210 3 6 9121518210 3 6 9121518210 3 6 9 12151821

21/03/2014 22/03/2014 23/03/2014 24/03/2014 21/03/2014 22/03/2014 23/03/2014 24/03/2014
—SimulatedRoom53 —MeasuredRoom53 —SimulatedRoom54 —MeasuredRoom54
a) b)

Figure 7: Simulated vs. measured indoor air temperatureSeapnd floor, East room, b) Second floor, West room

More comparisons were carried out about internati$oand auxiliary devices such as pumps and fdgsare a

represents the first comparison of internal loafisneasured lights and plugs against the simulategs.oThe
general behavior of such loads is followed. Someztdakity consumption peak values around 12:0000.3nd
15:00 are under investigation and they are probdidyto some kitchen equipment activatiBigure b shows good
correspondence in the comparison of the measurkes/af electric energy consumptions of water purapd
AHUs fans against the simulated ones. In the cutBfAC system management, the air flow rates araualy

controlled and probably the amount of outdoor ailstrbe aligned according to manual variations rdepto get a
better accuracy in the simulation results.

5
0 0
0 3 6 9121518210 3 6 9121518210 3 6 9121518210 3 6 912151821 3 6 9121518210 3 6 9121518210 3 6 9121518210 3 6 912151821
21/03/2014 22/03/2014 23/03/2014 24/03/2014 21/03/2014 22/03/2014 23/03/2014 24/03/2014
----Simulated_Lights&Plugs ~ ——Measured_Lights&Plugs ----Simulated_Fans&Pumps ~ ——Measured_Fans&Pumps
a) b)

Figure 8 - Simulated vs. Measured electric consumptions bftigaind plug loads (a) and fans and pumps (b)

5. CONCLUSIONS

For a large building energy design, quasi-stataukitions allow for a first evaluation of the buiidi and HVAC

system behavior, i.e. if heating and cooling loassatisfied by the designed equipment and ifitgeaind cooling
loads are needed at the same time. Dynamic sironfatillowed a more detailed description of theding and

HVAC system.

First detailed simulation results seem to highlight intensive use of cooling equipment and critieigctrical

energy consumption even if the specific valuesotdltenergy demand are acceptable. Indoor corngarpératures
seem to be in line with the design data. Futuraukitions shall try to analyze the indoor air hurtyidiariation and
the IAQ. However, the data obtained from the fisldasurements provides evidence of the necessity bmtter
comprehension of HYAC management system operatiogemif a good correspondence in the comparisahef
measured values of electric energy consumptionsadér pumps and AHUs fans against the simulated bias
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been obtained, some peak values of electric ermrggumptions aren’t justified by the time schedylirf lighting
and equipment.

The most important aim of this work will provide portant feedback for validation of model inputsgdannce
validated, will allow the model to be used to assée sensitivity of the system to various paramsetelated to
controls (set points, dead bands) and operatidth, avview to monitoring the performance on thddfimo often
neglected.
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