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INTRODUCTION

The assessment of the energy performance of a building often relies on theoretical calculations. When the output of these calculations is compared to in situ measurements, the actual energy performance of a building often shows some discrepancy with the theoretical predictions (i.e., the so-called "performance gap", see [START_REF] Stafford | Building Confidence -A working paper[END_REF], [START_REF] Johnston | Quantifying the domestic building fabric a 'performance gap[END_REF] and references therein). The mismatch between the "theoretical" and the real performances of a building can be due to material differences, ageing, thermal bridging, moisture, quality of construction (e.g., poor detailing and/or workmanship), and other factors.

In order to address the issues behind the "performance gap", the overall energy performance of a building is not enough, we need to know the local thermal performance of the building assembly, i.e. the contribution of each building element (walls, windows, roof and floor) to the whole heat loss coefficient (HLC) must be determined.

A novel dynamic experimental method, called QUB/e, which addresses most of the shortcomings of the available methods, was recently proposed [START_REF] Meulemans | QUB/e -A novel dynamic experimental method for in situ measurements of the thermal transmission properties of building elements[END_REF]. The accuracy of the QUB/e method was assessed on a lightweight building in a real climate by comparison with calculations (i.e., in accordance with standards ISO 6946 (International Organization for Standardization, 2007) and DIN EN 673 (German Institute for Standardization, 2011)) and quasistatic measurements (i.e., in accordance with standard ISO 9869-1 (International Organization for Standardization, 2014)). The agreement between calculated and measured U-values was good (i.e., the differences were within the uncertainty bound of the methods).

The QUB/e method is promising but its validation is incomplete, i.e. its accuracy (vs. quasi-static measurements) remains to be fully assessed. The main objectives of this research were two-fold:

1. Whole building thermal performance (heat loss coefficient, HLC): to improve the accuracy and reduce the duration of QUB tests [START_REF] Mangematin | Quick measurements of energy efficiency of buildings[END_REF][START_REF] Pandraud | QUB: Validation of a Rapid Energy Diagnosis Method for Buildings[END_REF]Pandraud et al., 2013;[START_REF] Pandraud | Experimental optimization of the QUB method[END_REF][START_REF] Alzetto | Mesure rapide de la perte thermique des bâtiments[END_REF][START_REF] Bouchié | Short methodologies for in-situ assessment of the intrinsic thermal performance of the building envelope[END_REF]Alzetto et al., 2016a;[START_REF] Alzetto | Comparison of whole house heat loss test methods under controlled conditions in six distinct retrofit scenarios[END_REF]; 2. Local elements thermal performance (U-values): to validate the QUB/e method [START_REF] Meulemans | QUB/e -A novel dynamic experimental method for in situ measurements of the thermal transmission properties of building elements[END_REF] vs. steady-state measurements (i.e., in accordance with ISO 9869-1).

A comprehensive set of in situ measurements were carried out in a circa 1900 solid wall endterrace house located in an environmental chamber to evaluate the thermal performance of the building fabric and to validate the QUB/e method. For both the whole house HLC and U-values, the accuracy of the QUB/e method was assessed by comparison with steady-state measurements before and after a full retrofit programme of the test house.

This paper is organised as follows. The materials and methods used in this study are described in Section 2. The results obtained from in situ measurements are presented and discussed in Section 3. Concluding remarks can be found in Section 4.

MATERIALS AND METHOD

Salford Energy House

The Salford Energy House is a full scale pre-1919 solid-wall Victorian end-terrace house constructed inside an environmentally controlled chamber at the University of Salford. The construction of the Salford Energy House Test Facility was achieved by using reclaimed materials and methods of the time. A guard house is also present so that the effects of a neighbouring property can be explored during experiments. For more details, the interested reader should refer to [START_REF] Ji | Assessing the overheating of the UK existing dwellings -A case study of replica Victorian end terrace house[END_REF]), Farmer et al. (2015) and [START_REF] Alzetto | Comparison of whole house heat loss test methods under controlled conditions in six distinct retrofit scenarios[END_REF].

The baseline house was uninsulated and had single glazing. The full retrofit programme involved the application of mineral wool internal wall insulation (IWI) to the external walls of the test house.

The IWI continued into the intermediate floor void and 400 mm along the party wall. The original windows were replaced by uPVC double glazed units (DGU). The loft was insulated with mineral wool quilt laid between and over the ceiling joists. PIR was installed between the joists of the suspended timber ground floor.

Monitoring equipment

Electrical heaters (i.e., fan heaters and heating carpets) were placed within the test house in order to provide a uniform heating source. Air circulation fans were used during the steady-state measurements in order to further homogenise the air temperature [START_REF] Johnston | Whole House Heat Loss Test Method (Coheating)[END_REF][START_REF] Farmer | Off-the-shelf solutions to the retrofit challenge: thermal performance[END_REF]. Heat flux plates (Hukseflux HFP01), type K thermocouples and PT100 resistance temperature detectors were used to monitor the heat flux densities on building elements and the air temperatures. A silicone paste was used to ensure a good thermal contact between the heat flux plates and the building elements. All sensors were connected to data loggers (Graphtek GL820 and dataTaker DT80). The data acquisition rate was set to one minute.

Static measurements

Whole house heat loss measurements (Heat Loss Coefficient)

A modified version of Leeds Beckett University's 2013 Whole House Heat Loss Test Method [START_REF] Johnston | Whole House Heat Loss Test Method (Coheating)[END_REF] was used to obtain measurements of the test house HLC during each steadystate measurement period [START_REF] Farmer | Off-the-shelf solutions to the retrofit challenge: thermal performance[END_REF][START_REF] Alzetto | Comparison of whole house heat loss test methods under controlled conditions in six distinct retrofit scenarios[END_REF].

The test house and chamber were left undisturbed for a minimum period of 72 hours during which data were collected at intervals of one minute. To ensure continuous heat flow through the building envelope to the test chamber, a temperature differential (∆T) between the internal and external environment of 15 K was selected for the steady-state measurements of whole house heat loss and in situ U-values. The test chamber HVAC equipment was set to maintain an air temperature of 5 (± 0.5) °C.

The internal environment of the test house and the guard house were heated electrically using fan heaters. A mean internal air temperature of 20 °C was maintained within the test house using thermostatic air temperature controls connected to each heater. A relatively homogeneous air temperature throughout the test house was facilitated by the use of air circulation fans, ensuring a similar temperature difference throughout the building envelope. Considerable care was taken to ensure that heat flux plates (HFPs) were not unduly influenced by excessive air movement by positioning fans in such a way that air was not blown directly on to the HFPs. A steady-state was considered to be achieved if the heat flux density or the total power input differed by less than ± 5% from the value measured in the previous 24-hour period.

The HLC was calculated using the following equation:

𝐻𝐿𝐶 = ∑𝑄 𝑗 /∑∆𝑇 𝑗 (1)
where Q j and ∆T j are, respectively, the electrical power input into the test house (in W) and the air temperature difference between the interior and exterior of the test house (in K) of the j th individual measurement. The calculation period was the last 24 hours of the steady-state measurement period. Q j was obtained by measuring the electrical power input to the test house for the heaters, fans and logging equipment. ∆T j was obtained by subtracting the arithmetic mean internal temperature of the house from the arithmetic mean chamber temperature.

The internal air temperature of the guard house was also maintained at 20 °C throughout each 72hour steady-state measurement period, this was to minimise inter-dwelling heat transfer across the party wall, as the party wall is considered a zero heat loss element in whole house heat loss calculations. HFPs were installed on the party wall to measure inter-dwelling heat transfer throughout each steady-state measurement period.

In situ U-value measurements

In situ U-value measurements were undertaken in accordance with ISO 9869-1 (International Organization for Standardization, 2014). In situ measurements of heat flux density, from which in situ U-values are derived, were taken at 49 locations on the thermal elements of the test house using heat flux plates (HFPs) as illustrated in Figure 1. Only measurements of heat flux density obtained from those locations that were considered not to be significantly influenced by thermal bridging at junctions with neighbouring thermal elements (typically at distances greater than 500 mm from the junction) were used in the calculation of the in situ U-values. One HFP was also placed at the centre pane of the window in the first bedroom, i.e. only the U g -value of this glazing could be derived from our measurements.

Dynamic measurements

The QUB/e method [START_REF] Meulemans | QUB/e -A novel dynamic experimental method for in situ measurements of the thermal transmission properties of building elements[END_REF] was used to measure the whole house heat loss coefficient and local U-values. The QUB/e method is based on both the QUB and the heat flowmeter (HFM) (International Organization for Standardization, 2014) methods. The principle of the QUB method is based on a single resistance and capacity model [START_REF] Mangematin | Quick measurements of energy efficiency of buildings[END_REF][START_REF] Pandraud | QUB: Validation of a Rapid Energy Diagnosis Method for Buildings[END_REF]Pandraud et al., 2013), and describes the temperature evolution as a single decaying exponential. By using two different constant powers in two different phases (respectively noted 1 and 2) the whole heat loss coefficient (HLC) of a building can be evaluated in one night [START_REF] Pandraud | Experimental optimization of the QUB method[END_REF]Alzetto et al., 2016a).

Figure 1 -Photograph of bedroom 1 in the test house showing HFPs (red discs) on the thermal elements

With the QUB/e method, heat flux densities and nearby air temperatures for each building element of interest are monitored during a QUB test. The QUB analysis procedure is then used to derive the U-values of each building element:

𝑈 = (𝑎 2 𝑞 1 -𝑎 1 𝑞 2 )/(𝑎 2 ∆𝑇 1 -𝑎 1 ∆𝑇 2 ) (2) 
where q i , a i and ∆T i are, respectively, the mean heat flux density, the slope of the inside air temperature and the inside/outside air temperature difference at the 'end' of the i th phase (defined here as t i -min(t i /2,τ) where t i is the duration of the i th phase and τ = 2 h). The evolution of the heating power, the air temperatures and the heat flux passing through a building element during a QUB/e test is illustrated on Figure 2.

The error on the estimated HLC with the QUB method depends on a dimensionless parameter called the α-criterion [START_REF] Pandraud | Experimental optimization of the QUB method[END_REF]Alzetto et al., 2016a):

𝛼 = 1 -𝐻𝐿𝐶 𝑟𝑒𝑓 ∆𝑇 0 /𝑃 ℎ (3) 
where HLC ref , P h and ∆T 0 are a reference heat loss coefficient (in W.K -1 ), the heating power (in W) and the initial temperature difference (in K) between the internal and external environment (i.e., at the beginning of a QUB test), respectively. The HLC obtained from the steady-state measurements was used as a reference value here .HLC was studied for different heating duration: 0.5 h, 1 h and 4 h. The total duration of each test corresponds to twice these values (i.e., total time = heating time + free cooling time).

While the influence of the α-criterion on the estimation of the HLC with the QUB method was already reported in a previous project undertaken at the Energy House [START_REF] Pandraud | Experimental optimization of the QUB method[END_REF]Alzetto et al., 2016a), shorter durations were investigated in this project. Since the indoor air temperature was not kept constant during the QUB/e test, there was a temperature difference across the party wall separating the test house and the guard house. Since the heat fluxes were monitored during the QUB/e tests, the heat losses at the party wall could be accounted for. The HLCs were thus corrected in order to report only heat losses to the exterior environment and have a sound comparison with the static measurements (in that case, there were no heat losses at the party wall since both houses were kept a constant indoor air temperature of 20 °C).

The corrected HLC was computed with the following equation:

𝐻𝐿𝐶 𝑐𝑜𝑟𝑟 = 𝐻𝐿𝐶 𝑟𝑎𝑤 -𝑈 𝑝𝑎𝑟𝑡,𝑒𝑓𝑓 × 𝐴 𝑝𝑎𝑟𝑡 (4) 
where HLC corr , HLC raw , U part, eff and A part are the corrected HLC (in W.K -1 ), the raw HLC (in W.K -1 ) obtained from the standard QUB analysis, the effective U-value of the party wall (in W.m -2 .K -1 ) obtained from the QUB/e method and the area of the party wall (in m²), respectively.

In order to obtain reliable values, we repeated QUB/e measurements and derived representative values based on a statistical analysis. The mean values and standard deviations were reported for both HLCs and U-values. The U-values estimated in situ with the QUB/e method were compared with measured U-values using the static method described above.

RESULTS AND DISCUSSION

Whole building thermal performance

Figure 3 shows the heat loss coefficients obtained with the QUB method for different heating durations. The HLCs are plotted against the α-criterion calculated with a reference value taken from the steady-state measurements: 238.8 (± 9.3) W.K -1 and 59.3 (± 2.0) W.K -1 for the baseline and retrofit stages, respectively. The experimental tests covered values of the α-criterion between 0.2 and 0.8.

For the baseline stage, comparison with static measurements suggested that the HLC derived from dynamic measurements could be slightly underestimated (around 10%). However, the use of air circulation fans during the static measurements in order to homogenise the inside air temperature led to higher convective losses. For uninsulated (or poorly insulated) buildings (or building elements), the R-value is very sensitive to internal surfaces resistances (both internal and external).

The discrepancy between the mean R-values derived from static and "long" dynamic measurements (i.e. 4-hour QUB tests) was approximately 0.07 m².K.W -1 . This value corresponds to a difference of air velocity of a few meters per second in the vicinity of the building elements (e.g., see International Organization for Standardization ( 2007) and references therein) consistent with the use of air circulation fans. The 'true' HLC of the building should therefore lie between both values.

Another source of discrepancy arose from the effective heat losses at the party wall. The guard house was heated at a constant air temperature of 20 °C during the tests. For the static measurement performed at 20 °C, there were no heat losses through the party wall. Since the temperature was not kept constant during the dynamic tests, effective heat losses or gains at the party wall should be accounted for in the calculation of the HLC value derived from QUB test. An effective U-value was derived. However, there was a great dispersion in the obtained value and only 5 locations were monitored in our analysis.

The effective heat losses attributed to the party wall during the QUB/e tests were prone to uncertainty reflecting the non-uniformity of the party wall (e.g., chimney breast vs. cavity wall).

For "short" durations (i.e., 0.5 h and 1 h), the HLC values estimated with the QUB method depended on the value of the α-criterion (cf. Figure 3). The HLC was under-estimated (i.e., up to 50%) for "low" values of the α-criterion (i.e., smaller than 0.35). It should be noted that it was not possible to reach high values of the α-criterion (i.e., greater than 0.7) at the baseline stage due to constraints on the available heating power. The 4-hour QUB tests did not exhibit any influence of the α-criterion although the values tested remained around 0.5 (i.e., between 0.45 and 0.70).

For the retrofit stage, the observed over-estimation of the HLC (up to 70%) for "short" durations (i.e., 0.5 h and 1 h) was attributed to α-criterion values larger than 0.7 (cf. Figure 3). The 4-hour QUB tests did not exhibit any influence of the α-criterion although the values tested remained around 0.5 (i.e., between 0.45 and 0.65). Unlike the baseline stage, the static measurements were not impacted by the use of air circulation fans because the sensibility to surface thermal resistances was almost nil. The associated uncertainty in the estimated HLC values with (very) "short" heating durations (i.e., 0.5 h) could be largely due to dispersion in the estimated HLC for single QUB tests (cf. Figure 3). For a single (very) "short" QUB test (i.e., 0.5 h), the estimated HLC might exhibit a relative difference up to 40% (vs. the reference value) even for an α-criterion within the recommended range (i.e., between approximately 0.4 and 0.7 (Alzetto et al., 2016a)). This lack of robustness might be linked to the bias of the QUB method and should be further investigated.

For a single QUB test, the minimum heating duration needed to yield an accurate HLC value (i.e., relative difference with the value estimated with the steady-state method smaller than 10%) was 1 h, provided great care was taken for the choice of the α-criterion (i.e., values within the recommended range). This is consistent with previous findings [START_REF] Pandraud | Experimental optimization of the QUB method[END_REF]Alzetto et al., 2016a).

In situ U-values

The U-values measured in situ with the QUB/e and the steady-state (i.e., ISO 9869-1) methods are plotted against each other in Figure 5. Each symbol corresponds to the in situ U-value of each HFP placed on the different elements of the building (walls, glazings, roof and floor) for different heating durations (i.e., 0.5 h, 1 h or 4 h). The mean values and the associated standard deviations computed over the different QUB/e tests are given.

Figure 5 shows that there was little (or no) influence of the heating duration on the estimated Uvalues with the QUB/e method. The main difference lay in the associated uncertainties (i.e., standard deviations): the shorter the test, the higher the uncertainty. The main source of uncertainty in the QUB/e method arose from the determination of the slopes at the end of each phase (heating and free cooling) since the external air temperature was kept constant at 5.5 (± 0.5) °C during the tests. For (very) "short" durations (i.e., 0.5 h), the number of data points available to determine the slopes was much less hence the greater uncertainty in the reported values.

The U-values measured in situ with the QUB/e method were in good agreement with the steadystate (ISO 9869-1) values (i.e., the relative differences were within the uncertainty bound of the measurement methods) except for the glazing and the roof at the baseline stage. The QUB/e method was thus deemed validated by comparison with reference U-values measured in accordance with ISO 9869-1. The observed difference for the single glazing can be attributed to different internal surface thermal resistances during the tests. As previously mentioned, air circulation fans were used for the steady-state measurements and the internal surface thermal resistance was thus greater than the one during the QUB/e tests (no air circulation fans were used). For uninsulated (or "poorly" insulated) elements, the U-value is highly sensitive to the surface resistances (both external and internal). The observed difference for the roof at the baseline stage should be further investigated. 

CONCLUSIONS

A comprehensive set of in situ measurements were carried out in a circa 1900 solid wall endterrace house located in an environmental chamber to evaluate the thermal performance of the building fabric and to further improve/validate the QUB/e method. The following conclusions were drawn from the analysis carried out:

1 The measurement of the HLC with the QUB method for heating durations down to one hour yielded accurate results (i.e., the relative differences with the value estimated with the steady-state method were smaller than 10%) provided the αcriterion lay within the recommended range (i.e., between approximately 0.4 and 0.7). 2 The measurement of the HLC with the QUB method for very "short" heating durations (i.e., down to half an hour) yielded highly dispersed HLC values (i.e., relative differences with the value estimated with the steady-state method up to 40% even for values of the α-criterion within the recommended range). 3 The QUB/e method was deemed validated by comparison with reference U-values measured in accordance with ISO 9869-1 (i.e., the relative differences were within the uncertainty bound of the measurement methods).

It should be stressed out that these findings apply to measurements performed in a controlled exterior environment (i.e., constant exterior air temperature, no wind, no rain, no solar gains) at the Salford Energy House Test Facility. For measurements in the field, variability in the exterior environment as well as the likely unavailability of reference (measured) values makes it more challenging to reach a similar level of accuracy with the same confidence level.
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 2 Figure 2 -Evolution of temperatures, heating power and heat flux density during a 4-hour QUB/e test -Baseline: whole house heat loss coefficient (left) and in situ U-value of an internal wall of bedroom 1 (right). The red, blue and black solid lines correspond to the heating phase, the free cooling phase and the linear regressions used to derive the quantities used in the QUB formula, respectively.
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 3 Figure 3 -Heat loss coefficient (HLC) vs. α-criterion: baseline (left) and retrofit (right). Symbols: QUB tests, solid line = reference value. Grey-shaded area corresponds to 10% and 20% around the reference value, respectively. The reference value was taken from the steady-state measurements.
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 4 Figure 4 -Heat loss coefficient -dynamic vs. static measurements

Figure 5 -

 5 Figure 5 -Local U-values -dynamic vs. static measurements: baseline (left) and retrofit (right). For comparison, the y = x reference curve is plotted for each case (dashed black lines).
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