iNSPiRe

Systemic energy
renovation of buildings

D36b-Report on AssesséE&dvehdpest
RenovakKiitosn

Development of Systemic Packages for Deep Energy Renovation of
Residential and Tertiary Buildings including Envelope and Systems

INSPiRe



iNSPiRe

Systemic energy
renovation of buildings

Project Title: Development of Systemic Packages for Deep Energy Renovation of
Residential and Tertiary Buildings including Envelope and Systems

Project Acronym: iNSPiRe

Deliverable Title:
Report on Assessed Industrialized Envelope Renovation Kits

Dissemination Level: PU
Lead beneficiary: FhG ISE

Bruno Bueno, Fraunhofer ISE
Stefano Avesani, EURAC
Francesco Besana, GIT-R&D
Paolo Bonato, EURAC

Sofia Camarena Covarrubias, Fraunhofer ISE
Christoph Cappel, Fraunhofer ISE
Samuele Dalmaso, GIT-OFF
Matteo DHURAC oni
Roberto Fedrizzi, EURAC

Gerrit Fueldner, FhG ISE

Olof Hallstrom, CCT

Johannes Hanek, Fraunhofer ISE
Thibault Pflug, Fraunhofer ISE

Date: 30.09.2016

www.inspirefp7.eu



iNSPiRe ™

Systemic energy
renovation of buildings

This document has been produced in the context of the INSPiRe Project.

The research leading to these results has received funding from the European Community's
Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 314461. All
information in this document is provided "as is" and no guarantee or warranty is given that
the information is fit for any particular purpose. The user thereof uses the information at its
sole risk and liability. For the avoidance of all doubts, the European Commission has no
liability in respect of this document, which is merely representing the authors view.

www.inspirefp7.eu



iNSPiRe

Systemic energy
renovation of buildings

Table of Contents

1
2

4

[0 o (1 Tox i o o RO PP PPPPPPPPPPPP 1

Kit 4: Compact air handling unit connected to a ventilated fenestration system.............. 2
2.1 MOUVALION.....coiiiii e 2
F A O o o T o1 S P S 2
P2 T o (0 (0117 o[PS 2
2.4 CONMrOl SrAtEOIES ....ccoieieiieeeeee e 5
2.5  Fagade integration ..........cooouiiiiiiiii 7
2.6 PerformancCe aSSESSMENL. .. ....uuui i e eeeieeeiiiee s e e e e e e ettt e e e e e e e e eaaea s e e e e e e e earrra e aees 8
2 A © 1 11 o o 20

Kit 5: Sorption collector and decentralized ventilation unit.............ccccceeeii i, 21
1 700 R /o 11172 o o PSPPI 21
K J N ©o ] o [o =] o | ST PP PPRRPPPPPRTIN 21
3.3 Background and ProtOtYPE ........eeeeiiieiiiiiiiiiiiiiiiiiiiiieee ettt ettt 21
IO = (o= (o [N 01 (=10 | = 11 o o RPN 34
3.5 Performance aSSESSMENT. ... .ciiiiiiiieeeiieie e e e e e et e e e e e e e ettt r e e e e e e e eaaeeea e e e aeeeeeane 42
G 70 T © 11 [ To | SRR 69

RETEIENCES. ....ceeeeeeeeeeeeeeee ettt 71

www.inspirefp7.eu



iNSPiRe

Systemic energy
renovation of buildings

1 Il ntroduction

This report is the second of a two-part deliverable that presents the facade-integrated
renovation kits that have been developed during the Inspire project. The report covers the
following two kits integrated into a metal-glass facade module for tertiary buildings:

1 Kit 4: Compact air handling unit connected to a ventilated fenestration system.

1 Kit 5: sorption collector and decentralized ventilation unit.

Prototypes of each facade-integrated kit are fabricated and experimentally tested. Laboratory
tests include facade heat transfer and noise performance, as well as the energetic efficiency
of the active systems installed. Measured data is processed to prove the product
effectiveness and to validate simulation models. Dynamic facade simulations are performed
taking into account the different functions of the facade in order to allow a realistic
optimization of the components and control strategies of the final prototypes. Stepping
forward from the state-of-the-art, the integration of such components is prefabricated off-site
att he industry partnerso6 f act omangasturinggptotessesi ng t he

Kit 4 consists of facade integrated air handling unit (AHU) connected with a ventilated
fenestration system. The advantages of this Kit are the reduced space requirements for
HVAC equipment, suitability for retrofits, potential to reduce energy consumption by using
smaller equipment and allowing more local control, and increased responsiveness to user
comfort. Up to five control modes are designed for the AHU, allowing the interaction with the
indoor and outdoor environments, as well as with the ventilated window gap. This chapter
details a new modeling approach specifically adapted to Kit 4, which is validated versus
experimental data from a test chamber built in Villafranca di Verona.

Kit 5 integrates the CCT solar thermal collectors + storage components in a metal-glass
fagade for tertiary buildings. In this Kit, the facade plays the multifunctional role of building
insulation, energy storage and energy generation system, again reducing energy
dependency of the building from external sources and reducing peak loads. The use of the
solar active component as a sorption heat-pump/chiller is evaluated.
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2 Ki4: Compact air handl ing

2.1 Motivation

This Kit consists of a ventilated double-skin window with a movable shading system and a
compact fan-coil unit with a heat recovery unit (EnergyBox), all integrated in the fagade. The
integrated system allows a gain of ceiling space by avoiding false ceilings for air distribution.
The decentralized system brings also more flexibility to each room in terms of temperature,
hygrometry and airflow rate. The individual control of each device may thus lead to lower
heat consumption. The fagade Kit has then not only a structural function but it can also be
seen as an active element that participates to maintain indoor thermal and visual comfort.

2.2 Concept

The ventilated window and HVAC unit work together and interact according to a control
strategy with five different operating modes. In this approach, the system interacts with three
environments, the external and the internal one, as well as the ventilated window air gap.

In winter, the air is preheated by passing through the window before entering the HVAC unit.
In summer, the exhaust air is passed through the window in order to cool down the gap and
remove solar heat gains (Figure 2.1). During intermediate seasons, also free cooling and free
heating modes are foreseen.

Figure 2.1 - EnergyBox fagade kit - air flux in the heating (left) and cooling (right) season.

2.3 Prototype

In building the prototype for Kit 4, the goal was to have a decentralized heating, cooling and
air treatment system, integrated in the facade, and which allows several operating modes.
Only the hydraulic system remains centralized and allows a connection to a boiler for the
heating and a chiller for the cooling.

The HVAC system contains: heating and cooling coils, a Heat Recovery Unit (hereafter
HRU), two filters that allows the internal and external air treatment and two fans. One fan is

www.inspirefp7.eu Page2 of 71
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located in the suction branch and the other one in the exhaust one. In addition to this, eight
dumpers recirculate the airflow into the different paths, according to the operating mode
chosen.

The free space identified inside the facade kit sizes 1300mm x 900mm x 300mm. It means
that there are 0.351 m*to allocate all the components needed. The components distribution
in a narrow space cannot be reached at the expense of internal comfort, energy efficiency
and costs (Figure 2.2).
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Figure 2.2 - Energy Box components

The EneryBox (EB) is designed to cover the load of a small office (3m x 6m) with two
occupants, with the possibility to extend its capacity.

The main problems encountered during the design are related to the position of the
components and the path of the ducts. One of the critical points is the HRU due to its size
and to the four ducts that have to be joined there. Another issue is the indoor air outlet. When
the air flow enters EB from, three paths can be selected (outdoor, window gap and
recirculation). This means many dumpers in a small space.

With the first prototype of the EB, all the components and paths have been integrated in the
defined space and the device has worked properly (Figure 2.3). Once the device is put into
operation, two limits are highlighted: the device is noisy and the efficiency has to be
improved.

A second and a third prototype was constructed and measured (Figure 2.4). These
prototypes overcome the limitations of the previous version due to a new integration of the
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EB components. The new design includes pressure drop optimization and airflow adaptation,
in order to reduce the noise deriving from air movement.

Figure 2.3 - Energy Box first prototype. Test chamber installation.

Figure 2.4 - Development of the second prototype of Energy Box
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A diagram of the EnergyBox is presented in Figure 2.5. The five control strategies designed
for Kit 4 are summarized in Table 2.1.

ouT
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Figure 2.5 - Diagram of the EnergyBox in critical heating mode.

Table 2.1 - Control modes of the EnergyBox.

Critical heating Free heating Neutral mode Critical cooling Free cooling

Condition Tin < Tsp,heat Tin < Tsp,heat Tspheat < Tin < | Tin > Tsp,cool Tin > Tsp,cool
T

Tout < Tin+2 Tout > Tin+2 sp.cool Tout < Tin-2 Tout > Tin-2
Air extracted | Yes Yes No No No
from the VF
Heat exchanger | No Yes No No Yes
bypassed in
supply
Air exhausted to | No No No Yes No
the VF
Heat exchanger | No Yes No No Yes
bypassed in
return
Recirculation Yes No No Yes No

Critical heating Free heating Neutral mode Critical cooling Free cooling

Description

Outdoor air is

Activated when

Indoor air

Outdoor air is

Activated when

preheated the interior room | temperature is | precooled the interior room
through the | air temperature | acceptable. The | through the | air temperature
facade and then | is below the | heating and | HRU before | is above the
heated again in | aimed one and | cooling coils are | entering the CC | aimed one and
the HRU before | the exterior airis | off. The outdoor | and being | the exterior air is
entering the HC | warm  enough | airflowr is set to | supplied to the | cold enough
and being | (>Troom+2). the  minimum. | room. Fresh | (<Troom-2). Fresh

www.inspirefp7.eu
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supplied to the | Fresh airflow | The HRU is still | exterior airflow | airflow rate is
room. Fresh | rate is set to the | activated. rate is set to the | set to the
exterior airflow | maximum. The hygienic maximum. The
rate is set to the | HRU is minimum. Both | HRU is
hygienic bypassed and the power of the | bypassed and
minimum. Both | there is no cooling coil and | there is no
the power of the | recirculation. the recirculated | recirculation.
heating coil and airflow rate are
the recirculated modulated. The
airflow rate are exhaust air is
modulated. redirected to the
facade to cool
the glass and
decrease the
fa-adeds
value.
Advanced To avoid glare, | The fan speeds | The facade To avoid glare, | The fan speeds
control the blinds are | are set to the | could also be the blinds are | are set to the
automatically maximum as | ventilated for automatically maximum as
rolled down if |long as the | preheating. rolled down if |long as the
the total | room relative the total | room relative
irradiance on | humidity is irradiance on | humidity is
the fagade is | within comfort the facade is | within comfort
superior to 150 | limits. If the superior to 150 | limits. If the
W/m2. If the | room relative W/mz, room relative
irradiance on | humidity is humidity is
the fagcade is | below comfort above comfort
lower than 50 | limits, the fan limits, the fan
W/m2, outdoor | speed is set to speed is set to
air is not | the  maximum the  maximum
extracted from | only if the only if the
the facade. If | humidity ratio of humidity ratio of
the facade is | the exterior airis the exterior air is
ventilated and | above the below the
the fagade outlet | humidity ratio of humidity ratio of
temperature is | the room air. the room air. If
superior to the the irradiance of
exhaust air the facade is
temperature, the above a certain
HRU is limit the facade
bypassed. can be
ventilated  with
exhaust air to
cool it.
Critical heating Free heating Neutral mode Critical cooling Free cooling
Possible The lower The lower
optimization irradiance limit irradiance limit
for the activation for the activation
of the blinds can of the blinds can
be optimized be optimized
either to prevent either to prevent
glare or to glare or to
improve solar improve solar
gains in winter, gains in winter,
while minimizing while minimizing
artificial lighting artificial lighting
demand. demand.
www.inspirefp7.eu Page6 of 71
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2.5 Facade integration

The EnergyBox (EB) is integrated in a Double Skin Fagade module. The dimensions of the
HVAC module are, therefore, limited.

I The width of the module, defined as the distance between the axes of the vertical
elements (mullions).

The height of the module, defined as lower to upper pavement distance.
The depth of the module.

Concerning width, a specific limitation does not exist. T 0 s 0 n i 6 enceéanxcprin walls
allows identifying some typical measurements depending on the reference market with which
the buildings are built (in the EU but not only). The most common axis-to-axis distances are
1350 mm for the French market and 1450 mm for the Italian one. To maximize the viability of
this technology, the first option is chosen. Considering a value of 1350 mm for the axis-to-
axis distance and a mullion width of 25 mm, the horizontal maximum dimension of the device
should be 1300 mm. On the other hand, the Italian regulation identifies a room height of 3 m
for tertiary buildings. This means that, considering the floor slab, the floating floor and the
suspended ceiling, a typical floor-to-floor distance that can vary between 3.8 m and 4.5 m.

Looking at the vertical distance between the horizontal beams of the fagade module, three
different areas are identified: a lower opaque area, where the device is installed; an
intermediate transparent area; an upper opaque area, intended to hide the floor slab and the
facade utilities (e.g. tents engine, ventilation fans, etc.). These three areas have different
front glasses. The connection among EB, ventilated window and external environment are all
located in the interface between these 3 areas. Another limitation on the opaque and
transparent fagade areas is related to the ratio between the transparent area and the interior
office area that has to be at least 1/11 according to the norm. Considering an office depth of
6m, in accordance to the Manensd reliminary study of the project and a minimum width of
1.350 m, the office area is 8.1 m?. It follows that the transparent area should be at least 0.74
m? and the minimum glass height should be at least 0.57 m.

However, the maximization of the glazing area is a requirement for curtain wall designers.
From an architectural point of view, a good compromise could be achieved considering the
visual effect of the device on the office occupants. If the opaque part of the fagade is below
the desktop level, the occupants feel as the facade is fully transparent. The work plane level
for non-adjustable desks should be 74020 mm from the ground (EN 527-1:2011). Moreover
with a floating floor of 100£20 mm the maximal height results to be 720+80=800 mm.

Looking at the depth of the facade module, the technical solutions already on the market vary
from a very thin 100 mm window to a very deep one, up to 800 mm. Since EB provides the
forced ventilation to the ventilated window, thinner solutions could be chosen. Moreover,
thinner ventilated windows are better from both technical and economical points of view. The
compromise between thin facade and the needed space for all the components and
connections of the EB guides the design on a facade module with an overall deepness of
310 mm with 220 mm window air cavity.

During the preliminary design, Manens suggests to avoid a horizontal airflow outlet in the
room. This is because a small part of the device has to be extended into the room, in order to
allow a vertical or at least diagonal air distribution. The final EB depth is 300 mm. This
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dimension grants sufficient space for the device components and for the connections with the
facade and the internal environment.

The Energy Box facade kit is mounted in Officine Tosoni plant and sent to the construction
site where it is installed and connected to the electrical and hydraulic systems.

Figure 2.6 - Energy Box connections to the facade (left) and to the external environment (right).

2.6 Performance assessment

Current tools for performance assessment of facades are not flexible enough and limited in
the simulation of solutions which integrate the combination of a double-skin fagcade and a
ventilation device. Monolithic building simulation codes alone do not allow detailed analysis
of these systems. More extensible system modeling platforms do not have direct support for
modeling of complex fenestration systems (CFS) and are non-ideal for building simulation.

This study details a new modeling approach specifically adapted to Kit 4, which is validated
versus experimental data from a test chamber constructed and managed by GIT in
Villafranca di Verona. The installed system is modelled by developing sub-models for the key
components, which are then dynamically coupled for complete thermal analysis.

2.6.1 Ventilated window

The ventilated window is implemented in Python 3.4.1, which is an object-oriented
programming language. The main function in this code calculates the center-of-glazing heat
transfer, the surface temperatures of each solid layer and the air temperature at the outlet of
the cavity based on the ISO 15099 (2003).

Inside the model, functions are called to calculate:
1 the properties of a gas at a given temperature,

9 the properties of a gas mixture at a given temperature,
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 the internal and external convective heat transfer coefficients,
9 the convective heat transfer coefficient in a closed cavity,
9 the convective heat transfer coefficient in a ventilated the cavity.

The solar energy absorbed in each layer at each time step is calculated by FENER algorithm
(Bueno, et al.,, 2015). FENER is a Radiance-based modelling approach developed at the
Fraunhofer Institute. FENER performs detailed calculations of complex fenestration (CFS)
systems in offices from an energetic and daylighting point of view. The algorithm is based on
the three-phase method (3PM) and on bi-directional scattering distribution functions (BSDF).

2.6.2 EnergyBox

The model of the HVAC is an air-flow network type, written in the Modelica (v. 3.2) language
with sub-models developed for both the Modelica Standard Library and the Modelica
Buildings Library (Wetter, et al., 2014).

The modelled airflow network of the unit is in Figure 2.7. To approximate each of the desired
HVAC states (i.e., fan power, supply air power, district power), the pressure must be
determined at each of the identified nodes.

Due to the compact nature of the device and routing of air flow paths there may exist
inadvertent heat exchange surfaces and fixed flow resistances. Inadvertent heat exchange
surfaces have not been explicitty modelled, but an unspecified fixed flow resistance is
considered.

The pressure drop across and mass flow rate through the fixed flow resistances is modelled
via the duct flow equation as described in (Walton, et al., 2005), in which the mass flow rate
is a non-linear function of the pressure drop and a loss coefficient. Empirical duct loss and
fitting parameters are lumped into the single empirical parameter, for which direct
approximation from nominal mass flow rates and nominal pressure differences can be found.
In case of variable flow resistors, pressure drop and mass flow rate follow the damper model
defined by Haves et al. (1998) and referenced by Wetter et al. (2014).

VF

ouT

out .-*—o i P —
—0 \ 7 *
FAN2 s3 F2
s1' |
VF

Figure 2.7 - Detailed flow resistance network.
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The cooling coil is modelled using an instance of the class Buildings.Fluid.HeatExchangers.
WetCoilCounterFlow, which is a coil model that accounts for condensation of liquid water out
of the moist air. There are five model parameters to specify: nominal air mass flow rate,
nominal chilled water mass flow rate, nominal air pressure drop, nominal chilled water
pressure drop, nominal UA value and the nominal ratio of air-side heat transfer coefficient to
water-side heat transfer coefficient. The heat transfer coefficients on both the water and air
side are functions of the mass flow rate through the heat exchanger. The nominal UA value
of the coil must be calculated from the data sheet. The formula is:

Yo ——,

where LMTD is the log-mean temperature difference for a counter-flow heat exchanger, "O is
a co[rection factor for a cross-flow heat exchanger with one mixed and one un-mixed fluid,
and v s the total rated capacity of the coil.

The heating coil is modelled as a heat exchanger without condensation. The amount of heat
transferred between the fluids follows the UNTU method. The effectiveness Uis a function of
the NTUs, operating point and configuration. When implemented in the model
Buildings.Fluid.HeatExchangers.DryEffectivenessNTU, the UA nominal and operating values
are calculated from the nominal and operating inlet temperatures, mass flow rates and heat
transfer rate.

The HRU is a cross-flow type heat exchanger with both fluids mixed. This unit is modelled as
a mass exchanger due to the slight latent effectiveness of the unit. Product data is provided
for two seasons: summer and winter. However, the HRU is modelled via a simple average
over the design seasons.

Both the supply and return fan are centrifugal type fans. Two sets of data as a function of air
volume flow rate are supplied to the model: motor current and static pressure rise. While the
static pressure data may be supplied directly to the model, the electric power curve is derived
from the motor current draw data. To approximate the power factor, which is a time varying
function of the load, manufacturer data for maximum electric power consumed at nominal
conditions is used. The power factor is modelled as a constant uncertain parameter, which
has impacts on the model predicted fan power consumption therefore it is multiplied by a
calibration factor. The model is implemented via the Buildings Library v.1.5 and simulates fan
performance based on manufacturer data.

2.6.3 Co-simulation

In order to simulate the fan coil unit integrated with the ventilated facade, the two models
must communicate with each other in a common simulation interface. The Functional Mock-
Up Interface Specification for Co-Simulation v. 1.0 defines a general method for coupling
input and outputs across simulation tools. The airflow network model of the EnergyBox was
exported as a Functional Mock-Up Unit (FMU) through Dymola 2014 based on this
specification. The FMU can then be simulated within Python by using the package pyfmi.

To run an FMU with pyfmi in python, the following steps are required:
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from pyfmi import load_fmu

model = load_fmu('name.fmu’, log_file_name="MyLog.txt', log_level=[1-7]) # Load the fmu model
model.set('input_parameter’, value) # Set the inputs

model.initialize( ) # Initialize parameters

status = model.do_step(model.time,step time) # Simulation

model . get ( 6r e #@dt the (esalt) wmest er )

32 Heat flux from the window to the interior 40 . Air gap outlet t'empera‘ture .
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Figure 2.10 - g-value with and without airflow in the facade.

A cooling scenario was defined for the co-simulation test. A criterion of interest for designing
facade-integrated ventilation systems is the g-value of the fenestration system, which the
total energy transmitted for wavelengths 300 to 2500 nm to the room via the CFS expressed
as a percentage of incoming energy. Therefore, by exhausting room air through the cavity,
we expect to see a reduction in g-value as the interior facing surface temperature is reduced
thus reducing longwave transmission. To test this each sub-model uses an outdoor
environmental condition and a specified internal air state of 24°C and 50%RH. The HVAC
controls are configured such that outdoor air is drawn in, passes through the HRU and is
then cooled at the cooling coil. Air is exhausted from the HRU through the air cavity. At each
time interval, the mass flow rate of air and cavity entering air temperature are calculated by
the HVAC FMU and passed to the ventilated window sub-model (Figure 2.8 and Figure 2.9).
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Airflow in the cavity is driven by the exhaust fan in the HVAC. Impact on the g-value is shown
in Figure 2.10.

2.6.4 Validation
Experimental setup

A test chamber was built and installed in Villafranca di Verona, Italy by the industrial group
Gruppo Industriale TOSONI (GIT). The test chamber is divided in two identical rooms. The
only difference is the heating and cooling installed system: in one of the room the EnergyBox
is installed (EB room), in the other room (reference room) a standard fan coil is installed
(noEB room). Each chamber is designed to satisfy the heating and cooling demand of two
modules. Each of them presents a surface of 18 m2 and is 2.7 m high.

Figure 2.11 - Images of the experimental setup in Villafranca di Verona.

. / . _
{¥ 7
7
Outside / Inside
?
7 ®
?
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| 2 LT
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Figure 2.12 - Schematic diagram of the ventilated window showing the position of the layers.
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The facade is south oriented. The ventilated window consists of three glazing layers whose
composition is detailed here:

1 On the internal side, a double glass unit composed of 8 mm clear glass, 16 mm argon
and an 8 mm glass with low-E property on the external side of the inner glazing.

1 On the external side, an 8 mm thick simple glazing, with a 220 mm thick ventilated air
cavity.

1 In the middle of the ventilated cavity, between the two glass panes, standard Warema
lamella blinds are installed.

Table 2.2 - Properties of the window's layers.

Layer Description Thickness [mm] | Thermal conductivity
[W/m-K]
1 External Clear glass 8 1.0
- Air 110 -
2 (optional) Warema lamella blinds 3 160
- Air 110 -
3 Middle Clear glass 8 1.0
- Argon 16 -
4 Internal Simple glass with Low-e 8 1.0
property on the external side

The EnergyBox is included in the fagcade integrated ventilation system. An air-to-air cross-
flow type Heat Recovery Unit (HRU) allows either pre-heating or pre-cooling of the supply air.
Heating and cooling coils are powered by 4 water tubes. The EnergyBox does not provide
humidification in winter. All the regulation devices and the valves are inside the EnergyBox.
Figure 2.13 describes the schematic hydraulic diagram of the installed system.

The measurement campaign took place on the test chamber in Villafranca Di Verona, Italy
from 6 August 2014 to the 18 September 2014. The timestep used for measurements is 5
minutes. Different configurations were tested: several positions of the dampers, different
airflow rates, blinds rolled up or down, downward and upward flow direction, etc. A number of
parameters were measured, including surface and air temperatures, relative humidity, global
radiation, diffuse radiation, wind speed and direction, heat flux from the window to the room.
The measured temperature positions in the facade and their denominations are summarized
in Figure 2.14. Surface temperature sensors are indicated by green points and air
temperature sensors by red squares.
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Figure 2.13 - Hydraulic diagram and sensor layout of the analyzed FIV system.
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Figure 2.14 - Temperature and heat flux sensors layout in the ventilated cavity.
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The HVAC performance tests were run for the critical heating and cooling regimes in order to
characterize simultaneously the fagade and each of the components: heating and cooling
coils, heat recovery unit and air recycle bypass. The airflow rate is not being directly
measured on the fans, but rather with anemometers. Correlations were established allowing
determining the airflow rate knowing the pressure difference, although the anemometers
could not measure the differential pressure for a velocity above 10 m/s. Some of the
established correlations were less precise and could not be used. The airflow rate was
determined with significant uncertainties, so its value cannot be considered as precise.

Table 2.3 - Some measured variables and uncertainties.

Variable name Unit | Uncertainty
Irradiance W/m2 | £10%
Exterior and room air temperature °C +0.2K
Exterior and room air relative humidity - 2%
Glass panes temperature °C + 06K
Ventilated cavity air temperature °C + 0.6K
Room internal surfaces temperature °C + 0.6 K
PTAC internal temperature sensors °C + 0.05 K

Some measurement issues occurred like loss of data which can be observed on some
graphics in the following sections. It has also been assumed that there were probably some
leakages, thermal bridges or connections between the facade and the EnergyBox which
affected the sensors and leaded to inaccurate measurements. The measurement issues
have to be taken into consideration.

2.6.4.1 Validation of the ventilated window

The ventilated window model has both internal and external boundary conditions. Measured
external air temperature, wind velocity and direction above the roof, as well as the measured
horizontal diffuse and global irradiance on the roof were used for the outdoor boundaries. It
was assumed that the mean radiant temperature of the surrounding environment (e.g.,
ground, building, sky) was equal to the measured external air temperature. Similarly, the
measured internal air temperature was used for the interior boundaries. The measured
surface temperatures of each room interior surface were weighted by their surface area to
calculate an equivalent radiative room temperature.

Validation of the ventilated window model was separated into two stages: downward airflow
(i.e., pre-heating) from 8 August 2014 12:00 to 18 August 2014 12:00 and upward airflow
(i.e., glass cooling) from 18 August 2014 12:00 until 28 August 2014 12:00.

For validation purposes, the ventilated window model considers only the height of the
window enclosed between 25 cm from the top of the cavity and 25 cm from the bottom of the
cavity. At these distances, air temperatures measurements can be directly use as input and
output of the model, without the interference of edge effects (not included in the model) and
possible differences between the air temperature measured at the rooftop weather station
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and the actual inlet temperature at the facade due to microclimate effects (e.g., solar
irradiance absorbed near the facade). The effective dimensions of the glazed area for the
validation were then 1.340*1.655 m2.

The blind was completely up in both cases, resulting in a 22.2 cm wide ventilated cavity.
Simulated and measured values were compared over a three weeks measurement period
from 8 August 2014 12:00 to 28 August 2014 12:00. Two statistical indicators where used to
compare the simulated and measured data: Root Mean Square Error (RMSE) and the Mean
Bias Error (MBE). Three simulated temperatures are validated against the measured data:

1 Center of glazing surface temperature of the outer glass pane (important for the
calculation of heat transfer to the exterior) (Figure 2.15).

1 Center of glazing inner surface temperature of the inner glass pane (important for the
comfort indexes and heat transfer to the interior) (Figure 2.15).

1 Air cavity outlet temperature (important for coupled simulation) (Figure 2.16).

As can be seen in Table 2.4, the ventilated window model slightly underestimates the
temperature of the outer glass pane under solar radiation. This could be due to an
overestimation of the convective heat transfer coefficient on either side (e.g., to the air cavity
or to the exterior). Protective measures such as aluminum tape were not completely
effective, this tape is not perfectly reflecting, and the absorbed solar energy on the sensor's
surface could lead to a measured value which is slightly higher than the real glass surface
temperature.

The model is more accurate in the case of the interior glass pane temperature, which is less
sensitive to the cavity and outdoor boundaries due to the insulating double glazing unit. This
particular sensor, however, was inoperable from 19 August 2014 to 26 August 2014. The
cavity exit temperature was also slightly underestimated by the model. In the upward airflow
case (i.e., cooling configuration), the underestimation of the outlet temperature during night
time may be due to an underestimation of the heat transfer coefficient in the cavity. During
daytime, however, overheating of the measurement sensor could explain the differences.

Table 2.4 - Statistical comparison between measured and calculated temperatures 8 August 2014 12:00 to 28
August 2014 12:00.

RMSE MBE
Front glass pane centre of 2.03 K -0.72 K
glazing outer temperature
Inner glass pane centre of 1.88K -0.01 K
glazing inner temperature
Cavity air outlet temperature  1.56 K -1.10K
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Figure 2.15 - Center of glazing (left) outer and (right) inner surface temperature of the outer glass pane
(calculated vs. measured).
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Figure 2.16 - Air gap outlet temperature (calculated vs. measured).

2.6.4.2 Validation of the EnergyBox

The HVAC model included sensors to match those installed in the experimental chamber as
diagrammed in Figure 2.13. For this validation, the output variables of interest were the
power removed by each coil, the fan power consumed by each fan, temperatures before and
after each fan and the supply air temperature. Six model parameters were calibrated prior to
the validation: low fan speed, medium fan speed, high fan speed, fan current draw scaling
parameter b, nominal cooling coil capacity and nominal heating coil capacity. Model
boundary conditions were specified from measured data for the exterior, interior and VDF air
cavity outlet. The experimental data included normalized damper position, water mass flow
rate and temperature, and fan power consumption, but not the normalized fan speed.
However, each experiment was done with the fans at a defined speed (e.g., low, medium,
high) therefore the fan speed could be derived from the fan power consumption.

First, the b parameter, low fan speed, medium fan speed, and high fan speed were calibrated
for the period 26 August 2014 17:05 to 28 August 2014 12:00. Fan power data was provided
by the manufacturer as current draw versus air flow rate. This data is characteristic of the fan
model, but may not represent the actual installed fan's consumption. The b parameter,
assumed constant for both supply and return fan, was added as a coefficient to the current
draw data to provide a shift either up or down of the data. The low, medium and high speeds
were assumed to be different for the return and supply fan, which resulted in six parameters

www.inspirefp7.eu Pagel7 of 71



iNSPiRe

Systemic energy
renovation of buildings

of speed. The objective to minimize was the sum of the simulated versus measured return
fan power consumption and supply fan power consumption.

Next, using the identified fan parameters, the cooling coil nominal capacity was calibrated for
the period 26 August 2014 17:05 to 28 August 2014 12:00. Then the heating coil capacity
was calibrated for the period 3 September 2014 12:00 to 5 September 00:00. The objective
to minimize was the sum of the RMSE of simulated versus measured coil power and supply
air temperature. The differential evolution algorithm of Storn and Price (1997) as
implemented in SciPy 0.15.0 was used for each minimization problem.

Validation for cooling was completed based on measured data from 25 August 2014 12:00 to
26 August 08:00, while the validation period of measured data for heating was 5 September
2014 12:05 to 6 September 12:00. The identified parameters were applied to the model FMU
with measured data from each validation period. Goodness of model fit is assessed via the
two statistical measures previously introduced (i.e., RMSE and MBE) with results in Table
6.5 while validation plots are shown for cooling coil power and heating coil power (Figure
2.17).

The values of the calibrated parameters are shown in Table 2.5. The cooling coil simulation
has strong agreement for thermal power, temperature and fan power. There are some
experimental values that are not captured in the modelling such as a negative temperature
rise at times across the supply fan, which was most likely due to uncharacterized heat
transfer surfaces. The greatest model discrepancies occur when the power flow meter
registers no power flow to the water. Calibration results, which are not shown, however, had
better agreement with the fan power consumption.

Heating coil validation is not as strong as the cooling coil results (Table 2.6). The calibration
data suggested that the under-prediction of supply air temperature was due largely to issues
with the model's ability to predict the fan air temperature rise. However, the validation data
suggests that there may be sensor discrepancies that were unaccounted for. The objective
function during calibration was equally weighted to reduce both the heating power and supply
air temperature RMSE. This resulted in a higher heating coil power rating than minimizing
RMSE of power alone because the simulated supply air temperature was much lower than
measured. Internal leakage and fan speed specification also contribute to the discrepancies
shown in the validation. Finally, the HYAC model over-predicts the coil thermal power at low
flow rates, which is seen for both the cooling and heating coils. This issue may be systematic
and again could be due to experimental setup, flow limitations of the power sensors or too
much thermal capacitance in the simulated coils.
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Initial Final
Fan Speed Low Return 0.33 0.575
Supply 0.33 0.575
Fan Speed Medium  Return 0.67 0.72
Supply 0.67 0.67
Fan Speed High Return 1 0.77
Supply 1 0.82
(04] 1 2.18
0 R 2640 W 3693 W
0 i 1730 W 1259 W

Table 2.6 - Statistical comparison of measured PTAC states versus simulated over the respective measurement
periods. Heating coil validation period 3 September 2014 12:00 to 5 September 00:00. Cooling coil validation

period 25 August 2014 12:00 to 26 August 08:00.

RMSE MBE
Supply air HC 0.76 K -0.052 K
CcC 1.65K 0.037 K
Post supply fan HC 3.07K -0.004 K
CcC 1.71 K 0.017 K
HC Power HC 345 W -2.69 W
CC Power CC 56.2 W

Figure 2.17 - Thermal power (left) removed by the chiller water in cooling coil and (right) added by hot water in
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heating coil.
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