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parallel and homogeneous layers, being characterized by a monodimensional thermal flux
which allows to evaluate the thermal transmittance with analytical models. These
procedures are well established and they lead to reliable results; however, it is important
to verify the actual performance with in situ thermal transmittance measurements. This

Iﬁi’xﬁgs' analysis~is more important when the wall performance is high, being closely linked to
Green buildings economic assessments.

U-value The paper presents the results of a measurement campaign of in situ thermal
Heat flux measurements transmittance, performed in some buildings in the Umbria Region (Italy), designed
Infrared thermography implementing bio-architecture solutions. The analyzed walls were previously monitored
Performance gap with thermographic surveys in order to assess the correct application of the sensors.

Results of the investigation show that in situ thermal transmittance measurements and

theoretical calculated U-value are not in perfect agreement. The mismatch becomes

important for monolithic structures such as walls made of thermal blocks without

insulating layers.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Thermal insulation in buildings is a key factor to achieve the thermal comfort of the occupants and the reduction of heat
losses, so diminishing the energy requirement for heating and cooling. The main ways of heat transfer, conduction, radiation
and convection, can be reduced through appropriate construction techniques and materials selection.

The growing attention to energy savings in the building sector has led to more and more performing walls characterized
by very low values of thermal transmittance. This parameter describes the insulating capacity of a wall; it depends on its
global layout and on the characteristics of the single layers. The thermal properties of multilayer walls can be deduced from
the declared data of heat transmission of the single layers given by the manufacturers (ISO, 2007). Such declarations, issued
on the basis of current regulations, report values obtained by laboratory measurements (ISO, 1991, 1994a; Asdrubali et al.,
2010; Asdrubali and Baldinelli, 2011) or numerical simulations (ECSS, 2012). The values of thermal conductivity for highly
insulating layers are generally well established and often supported by experimental evidences; on the contrary, the
situation is less defined for other components of the vertical walls such as bricks and tiles, whose thermal properties can be
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evaluated only through complex analyses (Kus et al., 2013; Morales et al., 2011). Therefore, in situ thermal transmittance
measurements become strategic to evaluate the correctness of masonry installation and to determine its behavior during the
use of the building. This phase is definitely the most energy consuming of the entire life cycle of a building (around 80%), as
shown in (Asdrubali et al., 2013a).

The paper presents the results of some in situ thermal transmittance measurements performed on selected buildings,
located in central Italy. The buildings construction was partially funded by the Umbria Region, through various tenders, in
order to diffuse good practices of energy efficient buildings. The study is part of a wider monitoring activity involving
construction site inspections, energy-environmental assessments (monitoring of actual energy consumption and proper
operation of the plants) and field measurements of hygrothermal, acoustic and lighting parameters (Asdrubali et al., 2013b).
The buildings were built between 2007 and 2008 and monitored between 2010 and 2013.

2. Methodology for in situ thermal transmittance measurements

The thermal transmittance of opaque walls is the main parameter to assess building efficiency during the heating season,
while during the warm period other parameters (above all mass and heat capacity) have to be taken into account because of
the dynamic behavior of the structure. Generally, this parameter is measured by laboratory tests with steady-state
conditions on the surfaces of the wall in compliance with EN 1934 (ECS, 1998). During the test, the temperatures of the two
wall surfaces have to be kept as constant as possible in order to avoid fluctuations, generating consequently a stable and
adequate flux through the sample. The hot box apparatus allows to create these conditions and the measurement results can
be compared with the outputs of numerical simulations, as shown in (Wakili and Tanner, 2003). Although the laboratory
assessment is a robust methodology that allows standard comparisons between different opaque structures, it is still useful
to evaluate the thermal transmittance of walls in real conditions, viz. on existing buildings. Different techniques can be
employed to measure in situ thermal transmittance such as, for instance, thermographic surveys (Albatici and Tonelli, 2010;
Fokaides and Kalogirou, 2011); however, the common in situ methodology is the one that uses thermal flux sensors (Peng
and Wu, 2008; Desogus et al., 2011), described in the present paper.

Measurements of in situ thermal transmittance have to be performed according to the Standard ISO 9869 (ISO, 1994b),
which gives the measurement methodologies, the equipment to be used and the data processing procedures, considering the
variability of the measured phenomenon. The measure consists in the acquisition of the values of heat flux density passing
through the sample and of the (surface or air) temperature values of the measurement area defined in the internal and external
sides. At least one heat flux sensor and two temperature probes on each side of the system under test are required; temperature
probes are usually installed on the surface of the sample in order to obtain the conductance value of the masonry.

A thermographic analysis is performed to properly install the sensors, hence avoiding singularities (such as thermal
bridges or other defects) that could bring to incorrect results (Asdrubali et al., 2012).

Furthermore, the wall should not be irradiated by sunlight during the measurement; if this is not possible, a proper
protective screen should be employed. The occurrence of a variable regime, mainly due to external conditions, requires a
long measurement time period, in order to consider the transient effects related to energy absorption and release.

Measurements reported in the present paper were carried out with a wireless instrumentation and processed using the
progressive average procedure: the acquisition time is three days if the indoor temperature is stable, otherwise, the time
interval must be extended to seven days.

In order to take into account of the above mentioned transient effects, the values of heat flux density and temperature
averaged on an adequately long time period must be used in the calculation of the thermal resistance R in place of the
instantaneous values (Eq. (1)):

R _ JolTsi(t) — Tse(t))dt
Jeq(tyde

where T, (t) is the function of indoor surface temperature vs. time; Ts(t) is the function of outdoor surface temperature vs.
time; q(t) is the function of heat flux passing through the unit area of the sample vs. time.

Once the experimental data measured at finite and equal time intervals are collected, Eq. (1) is discretized by calculating
the ratio between the sum of the differences of surface temperatures and the sum of the heat flux per unit area, acquired for
the considered period (Eq. (2)):
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where Ty; is the indoor surface temperature at jth instant; Ty is the outdoor surface temperature at jth instant; g; is the heat

flux passing through the unit area of the sample at jth instant.
The thermal conductance A in non-steady state can be calculated in the same way using Eq. (3):
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