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Abstract. There exists a building energy performance gap between theoretical
simulations and the actual energy usage as measured. One potential reason for
this gap might be a mismatch between predicted and measured values of the heat
flux ¢ through the building envelope. There is therefore a need to develop accu-
rate and more cost-efficient methods for measurement of g.

The standard ISO 9869-1 states that, at the outdoor surface, ¢ = hy(Ts — Tony),
where h,, is the overall heat transfer coefficient, including both convective and
radiative components, T,,,,, is the environmental temperature, and Ty is the tem-
perature of the building surface. It has previously been shown that the sol-air
thermometer (SAT) could be used for convenient measurement of Ty, under
dark conditions. In the present work, two SAT units, one heated and the other
unheated, were employed for accurate outdoor measurements of h,, in cold win-
ter climate. Validation was performed by comparison of results from the new
method against measurements, where previously established methodology was
used. With current operating conditions, the measurement uncertainty was esti-
mated to be 3.0 % and 4.4 %, for &, equal to 13 and 29 Wm2K!, respectively.
The new SAT steady-state method is more cost-effective compared to previous
methodology, in that the former involves fewer input quantities (surface emissiv-
ity and infrared radiation temperature are unnecessary) to be measured, while
giving the same A, results, without any sacrifice in accuracy.

SAT methodology thus enables measurement of both 7en and /o, which charac-
terizes the building thermal environment, and supports estimation of g.

Keywords: Heat transfer coefficient, sol-air thermometer, environmental tem-
perature, building energy performance gap.

1 Introduction

It is widely recognized, that there is often a gap between predicted and measured energy
performance of buildings [1, 2]. Several different causes has been suggested for this
energy performance gap. One possible cause is the use of inaccurate or inadequate input
data for model predictions. Data which describes the thermal environment of the build-



ing is often of importance both at the design stage, for modelling of heat transfer be-
tween the building and its surroundings, and at the operational stage, as input to the
heating (or cooling) control system. For evaluation of the energy performance gap, it is
necessary to acquire relevant and accurate on-site measurement data for comparison
against predicted values. In the present work, we developed a new measurement
method, which can be used for accurate characterization of the building outdoor thermal
environment. We start by showing how the thermal environment of the building could
be described by a linear thermal network model, and how its parameters could be esti-
mated, using the sol-air thermometer (SAT).

The heat flux g (Wm2) between the outer surface of the building envelope and the
surrounding outdoor thermal environment could be modelled as:

q = ho(Ts — Tsa) (1

, Where £, is the heat transfer coefficient, 7y is the building surface temperature, and T,
is the sol-air temperature [3]. The heat flux ¢ consists of three components: convective
and net infrared radiative heat transfer, and incoming absorbed solar irradiation. Fig. 1
illustrates how ¢ could be expressed as in Eq. (1), by simplification of a linear thermal
network model of the thermal environment, and applying the Thevenins” theorem of
the circuit theory [4]. In this model, T, is the equivalent temperature of the thermal
environment of the building surface, and is expressed as:

alg

Tsq = Teny + h_o

2
, Where T, is the environmental temperature, « is the solar absorptivity, and /; is the
solar irradiation (Wm2). T, consists of the weighted sum of the air temperature 7, and
the mean radiant temperature 7, (longwave infrared radiation). The weights include the
convective heat transfer coefficient /. and the radiative heat transfer coefficient 4, re-
spectively. With h, = h. + h,., we obtain:

_ ReTa+hy Ty

Teny = h—o . 3)
Under dark conditions, /; =0, and Ty, = T,y -

The SAT was originally designed for measurement of Ty, [5, 6], and its performance
for that purpose has been evaluated [7, 8]. The SAT simply consists of a metal plate,
with its back and side surfaces thermally insulated, i.e. there is ideally no conductive
heat loss through the insulation material. The SAT is inserted into the building enve-
lope, with the building surface aligned to the SAT front surface. These two surfaces are
thereby exposed to the same thermal environment. The temperature of the SAT plate,
Tsar, is measured, often by insertion of a temperature probe into the plate. By applying
Eq. (1) to the SAT front surface, we obtain:

q=ho(Tsar —Tse) =0 “4)

, where ¢ = 0 due to the insulation layer. We now see that Tg,p = Ty, i.e. the SAT
measures the sol-air temperature.



Fig. 1. Thermal network model for building surface and its environment. Thermal environment
modelled (a) by solar irradiation, air temperature, and mean (infrared) radiant temperature, or
(b) by the sol-air temperature, as driving forces for heat transfer.

At dark conditions, the SAT should enable direct measurement of 7,,. The standard
ISO 9869-1 claims that direct measurement of 7.,, cannot be performed (cf. section
A.3.11in [3]). However, we have recently used the SAT to directly measure 7., under
dark and stable winter conditions [8].

SAT methodology could also be used for measurement of 4, at steady-state heat
transfer. For this purpose, two SAT units (SAT1 and SAT0) were employed, and posi-
tioned side by side to expose them to the same thermal environment. These SAT units
were heated electrically using resistive heater foils, and the supplied heater powers were
p1 and po (Wm2), respectively. The energy balances for these units were:

P1 = ho(Tsar1 — Tsa) (5)
Po = ho(Tsaro — Tsa)- (6)
Solving Egs. (5) and (6) for 4, yields:

h = P1—Po

®  (Tsari-Tsaro) )
Eq. (7) is the basis for the new SAT method for measurement of /4, presented in this
work (here named “SATss”, the steady-state SAT method). The SATss method is a
slight modification of the method used by Ito et al. [9] for measurement of the convec-
tive heat transfer coefficient 4., given as:

h. = P1—Po—&50(TSar1~Tar0) (8)
¢ (Tsar1—Tsato)

, where & is the emissivity of the SAT surface, and o is the Stefan-Boltzmann constant
(0=5.67x10" Wm2K*). We notice that, with the SATss method for measurement of
ho (Eq. 7)), there is no need for an estimate of &, as is necessary for measurement of /.
using Eq. (8). In the present work, we selected py to be zero (for measurement of T,
or Ten under darkness), i.e. SATO was left unheated.



In the present work, the objective was to demonstrate the accurate measurement of
ho, using two SAT units, and the SATss method expressed by Eq. (7). For validation of
the SATss method, we performed simultaneous measurement of /4, using previously
established methodology (here named the “ItoHr” method). In the ItoHr method, 4, was
obtained as the sum h, = h. + h,., where s, was measured using the Ito method (Eq.
(8)) and A, was estimated as follows [3]: The infrared radiative heat flux ¢, at the SAT
front surface is given as:

qr = SSO-(TStlT - Tr4) = hy(Tsar — T7) ©

By linearization of the T* terms around the average temperature Ty, = (Tgur + 1) /2,
we obtain:

h, = 4e,0T3 (10)

The measurement of /,, using Eq. (10), thus requires estimates of both & and 7. In the
present work, Ts4r9 was used in T, of Eq. (10).

Fig. 2. Cross-sectional schematic view of the SAT pair, embedded in the insulation plate
(grey). The arrow points to the heater foil (shown only for the heated SAT, but present in both).
The black dots shows the positions for the SAT temperature sensors.

2 Experimental

A SAT unit, used in the present work, consisted of two circular copper plates, with 80
mm diameter, and with 12 mm and 1.5 mm thickness for the top and bottom plates
respectively (see Fig. 2). A 0.3 mm thick resistive heater foil (polyimide Thermofoil™,
Minco, Mineapolis, USA; 50.8x50.8 mm?) was placed in between the plates, with ther-
mal contact ensured by application of thermal paste (Wacker, paste P12). The heater
resistance R; was nominally 661 Ohm. The R;, and its temperature dependence, was
accurately determined in separate experiments.

The SAT unit was inserted into plates of extruded polystyrene insulation material
(Sundolit XPS300BE, Sunde Group, Norway). The thermal conductivity of the insula-
tion plate was ca 0.035 Wm™'K!, and its thickness was 100 mm. Since the SAT front



surface was aligned with the surface of the insulation plate, there was a 86 mm thick
insulation layer at the rear side of the SAT.

The front surface of the SAT was coated with a 0.1 mm thick layer of matt black
paint (Nextel-Velvet coating 811-21; Mankiewicz Gebr., Hamburg, Germany). The
emissivity of this Nextel coating has previously been determined to equal & = 0.943
[10]. The temperature of the SAT was measured by insertion of a Pt-100 probe (4-wire,
class A, 4 mm diameter, Jumo, Fulda, Germany) into a hole in the side of the top SAT
plate.

The heat supplied (p;) to the SAT1 unit was obtained by measuring the electrical DC
voltage U supplied to its heater, and applying:

u?

P1 (11

" AsarRn
, where As4r (m?) is the SAT front surface area. In Eq. (11), R), was corrected to its value
at the Tsyr; temperature. 7, was measured using a pyrgeometer (Hukseflux, model
IR20-T1, Netherlands), while the absence of daytime levels of solar radiation was con-
firmed by measuring the solar irradiation /; using a pyranometer (Hukseflux, model
SR11) (see Fig. 3).

Fig. 3. Experimental setup. Three SAT units shown as black circle areas to the right in the fig-
ure, with SAT1 (heated) at the top and SATO (unheated) at the middle position). (The third
SAT shown was not used in this work.) To the left side, the pyrgeometer (top) and the pyra-

nometer (bottom) are seen.



All measurements (7s4z0, Tsari, Tr, I, and U) were performed simultaneously using
a data acquisition system (CompactDAQ and Labview software; National Instruments,
USA), at a 0.02 Hz sampling frequency. Further details of the measurement system is
given in [8, 11].

The series of measurements were performed outdoors on a roof terrace at Umea Uni-
versity campus, Sweden, during the period from December 2016 to January 2017 (the
present measurement series is identical to the one used as basis for work in ref. [8]).
The insulation plate, with the two SAT units separated by a distance of ca 300 mm, was
mounted side by side with the pyranometer and the pyrgeometer. These four measure-
ment devices were all exposed to the same thermal environment (see Fig. 3).

The measured quantities (Ts4r0, Tsari, T, and U) were all estimated as the average
value over a sampling period of time Az, where environmental steady-state conditions
prevailed. The criteria for selection of At also included a constant wind speed (measured
at an on-site weather station, assuming that wind speed is constant also at the SAT
surfaces), and the absence of daylight and precipitation (snow or rain). We also required
that the Af to always be larger than the time constant 7 of the SAT, to allow time for its
approach to a steady-state heat balance with its surroundings.

To ensure fulfillment of this requirement, we estimated t, using a thermal network
model. In this model, the SAT thermal capacitance C was estimated as:

C = pcyV = peyLAgur (12)

, where pis the SAT plate density (kg m), ¢, is its specific heat capacity (J kg"'K™"), L
its thickness, and V its volume. The network model of SAT, and its thermal environ-
ment, then consists of the capacitor C in series with the resistance R = 1/(Agarh,),
and with the time constant given by:

T=RC (13)

In the present work, the SAT plate was made of copper, with o = 8.93-10% kg m> and
¢p = 385 J kg''K'! (material property data obtained from [12]), and had V = 6.78-10°
m?. Finally, C was estimated to the value equal to 233 J KL,

3 Results and Discussion

Several series of measurements were performed outdoors under various winter weather
conditions, and under darkness (cf. [8], where also wind speeds and weather observa-
tions are given). From these series, run sequences were extracted from time periods
where measured temperature and radiation levels were constant, and where there was
no precipitation (rain or snow). Table 1 lists the average temperature values obtained
from each of 13 such runs, along with the heat supplied in each instance. Based on these
data only, 4, was predicted by the SATss method (Eq. (7)), where two SAT units were
used.

For purpose of method validation, 4, results from using the SATss method were
compared against results obtained by using the ItoHr method (see section 1). In addition



to the measurement results shown in Table 1, the [toHr method requires measured val-
ues for 7,, and an estimate of & (see Table 2).

The method comparison is shown in Fig. 4. An ordinary linear regression yielded
the equation h, 3¢ = 1.000 - Ay, ;op, + 0.43, with standard errors equal to the values
0.008 and 0.16, for slope and intercept, respectively. The conclusion is here that %, can
be accurately measured, using the SATss method, except for a small constant bias,
which is barely significant at the 95 % confidence level.

Table 1. Prediction of /o, using the SAT steady-state (SATss) method (Eq. (7)), with po=0.

Run Tsaro (K) Tsar: (K) D1 (Wm‘z) hom (Wm'zK")
1 254.49 262.99 123.85 14.57
2 269.42 284.30 245.11 16.47
3 272.28 281.85 245.19 25.63
4 275.21 286.66 245.03 21.39
5 273.91 282.69 245.17 27.95
6 269.28 282.19 245.19 19.00
7 267.54 279.64 245.29 20.27
8 268.23 278.51 245.31 23.87
9 272.78 283.83 245.16 22.18
10 272.84 282.08 245.22 26.54
11 273.19 282.69 245.20 25.83
12 273.60 282.69 245.12 21.28
13 256.71 274.39 245.54 13.89

Table 2. Prediction of /., using the ItoHr method, where 4, = A + hr, and data consisting of
measured values of T, in addition to measured values given in Table 1. & = 0.943.

Run T, (K) he (WmZK™) h, (Wm2K™") hoitonr (Wm2K")
1 244.82 10.86 3.33 14.19
2 264.99 11.93 4.08 16.01
3 261.14 21.08 4.06 25.14
4 274.74 16.65 4.45 21.10
5 272.40 23.34 4.36 27.70
6 257.57 14.52 391 18.43
7 255.49 15.89 3.83 19.71
8 255.10 19.50 3.83 23.33
9 269.08 17.57 4.25 21.83
10 259.86 21.97 4.04 26.01
11 259.69 21.24 4.05 25.29
12 273.06 16.61 4.37 20.98
13 255.74 9.88 3.60 13.48

The advantages with the SATss method for measurement of /4, in comparison to the
established ItoHr method are that, in the former, 7, and & need not to be known. Since
the estimation of these two quantities requires use of extra resources, there is cost re-
duction associated with changing to the SATss method. Note also that here, for both



the SATss and ItoHr methods, the power supplied to the heater was measured electri-
cally, and not by using a heat flow meter, as has previously been performed with the
Ito method [9]. This probably improve the accuracy of the estimate of the supplied
power, for both methods.

We here expressed measurement uncertainty following the GUM standard [13]. The
relative measurement uncertainty for /4,, as estimated from the Egs. (7) and (11), was
equal to 3.0 % and 4.4 % for the lower and upper values, respectively, as shown in Fig.
4. At the lower end, the measurement uncertainty was limited by the uncertainty in
estimation of 4s4r, while, at the upper end, the uncertainty in the measurement of SAT
temperature difference was the limiting factor.

The time constant 7 was estimated to equal between 28 min and 56 min, for the
range of 4, values spanned by the 13 runs. The sampling time period At was always >
T, with an average value of 3.6-1.
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Fig. 4. Comparison of predicted values of 4., obtained using the new SAT steady-state method
(ho.ss), against predictions obtained from using previously established methodology (%o,ionr; the
ItoHr method). An ordinary linear regression line is also given (dashed line).

4 Conclusions

We have designed a new and accurate method (named SATss) for measurement of
ho, using two SAT units. The SATss method requires less number of input data, com-
pared to what was necessary using previously established methodology (ItoHr method),
and could therefore be considered as more cost-efficient. Although the SATss method
is simpler in its design, there is no sacrifice in accuracy.
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SAT methodology now enables accurate measurement of both 7e,, and 4,. These two
quantities together give an improved characterization of the building thermal environ-
ment, in terms of the simple network model, with the driving temperature (7.,,) con-
nected to the building surface by one single resistance (R = 1/(Agarh,)). By providing
accurate on-site measurement data, the SAT methodology has potential to reduce the
building energy performance gap.
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