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Abstract

Abstract

There still exists a considerable difference when comparing the design energy
consumption in buildings with the real consumption. The actual building energy
performance essentially depends on the building occupant’s behaviour, the real
performance of the installed energy systems and the in-use performance of the building
envelope. The thermal performance characterization of in-use building envelopes, based
on monitored data, represents a crucial step towards bridging the gap between the
designed and as-built energy performance of buildings. The main performance indicator
to analyse the performance gap of building envelopes is the Heat Loss Coefficient (HLC);
when measured, it commonly shows considerable differences when compared to the
design value. Therefore, this research goes further and proposes a method, based on
monitored data from in-use buildings, for the estimation and decoupling of the HLC of in-
use buildings into its transmission (UA) and infiltration and/or ventilation (Cv) heat loss
coefficients, in order to identify the origin of the heat losses. Achieving this will facilitate

our understanding of the performance gap.

Although there exists a wide range of methods to estimate the HLC in in-use buildings,
they are still far from being considered a general method. Therefore, this work further
develops an existing ‘average method’ by fully developing it from the energy conservation
principle applied to a generic in-use building. Furthermore, the uncertainty sources are
identified and limited through the mathematical development of the method. An
innovative solution to the problem of multizone buildings is also demonstrated, where
HLC values should be calculated for different floors and then aggregated to obtain the
entire building’s HLC. Furthermore, all these can be done without the need for a detailed
model of the building. The method’s applicability is tested in three different case studies:
A simple test box, two in-use residential buildings showing completely different
characteristics, and a rehabilitated four-storey occupied office building. All these case

studies have been widely monitored.

However, despite the fact that the developed average method to estimate the HLC value
in in-use buildings considers the effect of solar gains entering through the windows, the
solar gains through the opaque walls are completely ignored . However, for some HLC
estimation methods, disregarding the solar gains through the opaque walls can lead to an
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underestimation of the estimated HLC value. Therefore, in order to demonstrate that this
effect is negligible in the developed average method, a detailed analysis of the effect of
solar radiation on the inner surface heat flux of opaque elements has been performed.
Therefore, a fully monitored simple test box is used for this analysis, due to its extensive
solar radiation and inner surface heat flux data measured for each wall of the test box.
Different resistance-capacitance models are fitted for each opaque wall of the test box in
different periods. Then, the results are validated with the measured data and the known
thermal characteristics. Thus, the solar radiation is removed from the models and the
hypothetical inner surface heat flux is estimated without it. Therefore, the weight the solar
radiation has on the inner surface heat flux is mathematically quantified. This effect is
later transmitted to the HLC estimation in methods where the solar gains through opaque

walls are not considered, such as the average method developed before.

Having tested and demonstrated the fact that the developed average method is able to
estimate reliable HLC values of in-use buildings, it is possible to carry out the last step of
the work: the decoupling process. Therefore, only the multi-storey occupied office
building data has been used, since it is the only case study providing the necessary air
quality data for this analysis. The in-use HLC values for each floor, and for the whole
building, have already been estimated using the average method in the first part of this
Thesis. Then, based on the ASTM D6245-18 Standard, the decay method of the metabolic
CO2 of the building’s occupants has been applied in this work to obtain the Air Change per
Hour (ACHdecay) rates. These ACHdecay values have been used to decouple the estimated
HLC values into their transmission and infiltration and/or ventilation parts. Then, as
commented before, the origin of the heat losses is identified and this facilitates our

understanding of the performance gap and possible future optimal retrofitting solutions.
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Abbreviations

Abbreviations
ABBREVIATION DESCRIPTION UNIT
Aw Inner surface area of each wall of the Round Robin Box m?
A1 Aperture of the wall for the inner surface heat flux -
aor As Solar absorptivity of the corresponding wall -
Air Changes per Hour, or air change renovation rate of the .
ACH . h-1
considered volume
ACHbuitding The Air Change per Hour of the whole building hlorst
ACHuecay The Air Change per Hour estimated using the CO2 tracer gas Bt
decay method of the considered volume
ACHz The corresponding Air Change per Hour of the it zone of the jth W or s-1
floor
The corresponding Air Change per Hour estimated using the
ACHri decay CO2 tracer gas decgy method if trl)le ith zone of the jt floor ; hors?
The entire floor average Air Change per Hour estimated using
ACHdecay_aver the CO: tracer gas decay method for the whole considered h-1
testing period
The average Air Change per Hour estimated using the CO:
ACHaecay. aver v tracer gas decay method of the whole considered testing period Bt
- associated with each ‘1" volume portion of FO and F2,
respectively
The daily Air Change per Hour estimated using the CO: tracer
ACHueca, v gas decay method of the whole considered testing period bt
- associated with each of the ‘i’ volume portions of FO and F2,
respectively
AQ Air quality of the building ppm CO2
ARMAX Autoregressive-moving-average models -
ARX Autoregressive with exogenous terms model -
B Parameter used in order to estimate the equation of time, o
depending on the day of the year
The corresponding slope of the wall, the angle between the o
p plane surface and the horizontal
C Effective heat capacity MJ]/m2K or MJ/K
3
Cr Final indoor to outdoor concentration difference ppm, %IC::,%
Con 1 Final indoor to outdoor concentration difference for the whole molcoz Mo
building building " molyir " m3;,
Cr. . Final indoor to outdoor concentration difference of the ith zone molcoz Mo,
Fuj of the jth floor " molaiy " m3;
Ci Specific heat of the it incompressible material k] /kgK
C Initial indoor to outdoor concentration difference ' molco; ’@
molajr ~ my;.
Co Initial indoor to outdoor concentration difference for the whole molcoz Mo
building building " molyir " m3;,
Co. Initial indoor to outdoor concentration difference of the ith zone ppm molcoz Mo,
Fij of the jt floor " molyir " m3;
CO; Carbon dioxide -
Carbon dioxide concentration in each floor of the analysed
COZaver_Fn 1 3 ppm
building
Cpar Constant pressure specific heat of the air at the average indoor K /kgK
temperature
Cv Infiltration and/or ventilation heat loss coefficient kW/Kor W/K
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ABBREVIATION DESCRIPTION UNIT
c The entire floor average infiltration and/or ventilation heat loss KW/K
-aver coefficient for the whole considered testing period
Com Considers the envelope infiltration and/or ventilation heat loss KW/K
v Fiout coefficient going from the it zone of the jt floor to the exterior
Cv-inf Infiltration heat loss coefficient kV‘\//\{/KKor
Cv-vent Ventilation heat loss coefficient kV\\//v//KKor
Cw Specific heat of the water at the average flow and return temperatures k] /kgK
6 (Solar The angular position of the sun at solar noon with respect of the o
declination angle) | equator plane
AT Temperature difference between the Tin and the Tout K
At Time frequency at which each discrete measurement is done h
The difference between long-wave radiation incidence on surface
AR from sky and surroundings and radiation emitted by a blackbody at W/m?
outdoor air temperature
DHW Domestic hot water m3
Dsot (Diffuse solar | The global solar radiation part that enters the Earth’s surface and is W/m?
radiation) altered and disturbed
E The equation of time minutes
Eewv Total energy of the system K]
£ The corresponding emissivity of the wall -
E'sol Vertical east global solar radiation W/m?2
n Efficiency of the recovery system installed in the ventilation system -
Fij The ith zone of the jth floor in a building -
Fn Corresponding floor of the analysed building (FO (ground floor), F1 i
(first floor), F2 (second floor) and F3 (third floor))
g Gravity m/s?
g-value or solar Percentage of solar radiation incidence on a window or facade that is
factor transmitted to the interior of the building i
Surface azimuth angle, the angle between the normal to the surface o
Y and the local longitude meridian
Ggr 1 Ground reflected solar radiation W/m?
GMT timeframe Greenwich Mean Time (Longitude 0°0' 0") -
Gsol Global solar radiation W/m?
Thermal conductance of the corresponding wall layer. If there is more
H than one layer in the wall, H is presented as the thermal conductance | W/m2K
between two nodes. Then, it is called Hn-1-n
Enthalpy of the fluid in the inlet (subscript ‘i") or in the exit (subscript
h . k]/kg
e’) of the system
Nae Enthalpy of the returned air from the Control Volume k] /kg
hai Enthalpy of the supplied air to the Control Volume k]/kg
hcomb Combined heat transfer coefficient of the air (hconv+ hrad) W/m?2K
Rconv Convective heat transfer coefficient of the air W/m2K
HLC (Heat Loss Considers- th.e building trar.lsmis.sion heat losses .through envelope KW/K or
Coefficient) plus ventilation and/or infiltration per degree difference between W/K
indoor and outdoor temperatures. HLC = UA + Cy
Heat Loss Coefficient calculated as a whole unique building kW/K or
HLCbuilding W/K
HLCrij Heat Loss Coefficient of the ith zone of the jt floor kW/K
Heat Loss Coefficient calculated without considering the solar gains kW/K or
HLCsimpIe
W/K
HL Compte. iy Heat Loss ('Ioefficient without considering the solar gains of the ith KW/K
zone of the jt floor
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ABBREVIATION DESCRIPTION UNIT
Heat Loss Coefficient calculated as the sum of each individual thermal | kW/K or
HLCsum
zone HLC W/K
Hww (Horizontal - . ,
long wave .Lor.lg wave radlatl.on emitted from the sky and the Earth’s surface W/m?
e incident in the horizontal plane
radiation)
hrad Radiation heat transfer coefficient W/m2K
Hsol Horizontal global solar radiation W/m?
HVAC Heating, ventilation, and air conditioning technology -
Hw The total thermal conductance of the wall surface-to-surface W/m2K
hwe Enthalpy of the returned water from Control Volume k] /kg
Awi Enthalpy of the supplied water to the Control Volume k]/kg
lin [lluminance of the building lux
K All the other heat gains inside the building excluding solar gains KW or W
(SaVsol) and all heating system gains (Q). K = Kelectricity + Koccupancy.
k Thermal conductivity of the wall’s layer material W/mK
KE Kinetic energy of the system. The energy of an object owing to its K]
movement.
Ketectriciy He.at gains inside the building due to electricity consumed within the KW or W
building envelope
Ko All the other heat gains inside the it zone of the j® floor excluding KW
Y solar gains (SaVsol) and all heating system gains (Q)
Kighting Hegt .gains inside the building due to light consumed within the KW or W
building envelope
Koceupancy Heat gains inside the building due to metabolic generation of the KW or W
occupants
Key Performance Indicator, in this work referring to HLC, Sa (or gA),
keI SaVsol, UA and C.. )
l Determines the thickness of each of the wall’s layers m
Lioc Longitude in the location °
LORD Software for the modelling and calculation of thermal systems. i
LOgical R-Determination (LORD)
L Standard meridian for the local time, in this case the reference o
* meridian is Greenwich (Longitude 0° 0' 0")
mi The different mass types within the building kg
0 Mass flow rate of the fluid in the inlet (subscript i) or in the exit ke/s
(subscript ‘e’) of the system
Mgy Air mass flow rate kg/s
_— Mass flow rate of the air going from the ith zone of the j floor to other ke/s
FLi-Fuj ith zone of the same or a different jt floor &
Mass flow rate of the air going from the ith zone of the jth floor to the
Mpij—out exterior. In the case the air goes from the exterior to the ith zone of the kg/s
jt floor, it will be named as M,y —pi j
Myater Water mass flow rate within the heating system circuit kg/s
n Number of day of the year -
Nair The total number of moles of air within the whole building mol
n o The total number of moles of COz within the whole building at the end 1
COZF building of the decay analysis period (t = t [s]) mo
n o The total number of moles of COz within the whole building at the 1
cozlbuilding beginning of the decay analysis period (t = 0 [s]) mo
PE Potential energy of the system. There are several types of potential K]
energy. In this work we refer to the gravitational potential energy
® Latitude of the location, an angle that ranges from the Equator (0°) to o
the poles (90°)

11
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ABBREVIATION DESCRIPTION UNIT
w (Hour angle) The hour angle defines the angular distance between the observer’s o
meridian and the hour circle on which lie some celestial bodies
Pin Pressure inside the building bar
Pout Pressure outside the building bar
Q or Qneating All heating systems’ energy inputs inside the building kW or W
q Inner surface heat flux when considering the solar radiation effect W/m?
. Hypothetical inner surface heat flux when not considering the solar
q - W/m?
radiation effect
Qv The heat exchanged through the Control Volume kW or W
Qouw Gas used to heat the Domestic Hot Water W
Inner surface heat flux difference between the heat flux considering
qaif the solar radiation and the heat flux without considering the solar W/m?
radiation
Period averaged inner surface heat flux difference between the inner
qdif surface heat flux when not considering the solar radiation effect and W/m?2
the inner surface heat flux when considering the solar radiation effect
Qrij All heating systems’ energy inputs inside the i*h zone of the jt floor kW
Qinfiltration Heat losses of the building due to infiltrations kW or W
Qinf+vent Sum of Qinﬁltration and Qventilation kW or W
Heat exchanged between flow and return streams in a ventilation
Qrecovery ) kW or W
system’s heat recovery system
Sum of the gas used to heat the Domestic Hot Water and the space
Qroc heating w
Qtransmission Heat losses of the building due to transmission kW or W
Qventilation Heat losses of the building due to ventilation system kW or W
Thermal resistances of the envelope element, in this case Rcomb
R (Rconvenction+ Rradiation) and Reond (Rconduction) m? K/W
Ry (Beam radiation | Relation between corresponding tilted surface and the horizontal
ratio) surface i
RC models Resistance-capacitance models -
RH Relative humidity of the building %
RMSE (Root Mean | A measure of the error between two data sets, the measured data and
Square Error) the model estimated data i
RN Rain in the exterior of the building yes/no
ROLBS Randomly Ordered Logarithmic Binary Sequence -
Rsi Thermal resistance in the inner surface of the wall m2K/W
Rr Total thermal resistance of the wall surface-to-air m2K/W
Rw Total thermal resistance of the wall surface-to-surface m2K/W
par Density of the air at the building average indoor temperature and kg/m?
pressure
peor Density of the CO2z at the building average indoor temperature and kg/m?
pressure
Sa or gA (solar Equivalent surface of the building that allows the same solar energy 5
aperture) as to the whole building to enter m
SaVsol Corresponding solar gains of the building kW or W
(SaVsol)Fij Corresponding solar gains of the ith zone of the j* floor kW
(SaVsor)walis Corresponding solar gains of the building through the opaque KW or W
envelope elements
(SaVsot)windows Corresponding solar gains of the building through the windows kW or W
SFs Sulphur hexafluoride -
o Stefan-Boltzmann constant (5.67x10-8) W/m2K*
Solar time The solar time is based on the current motion of the sun minutes

12
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ABBREVIATION DESCRIPTION UNIT
Standard time A fixed time for places that share approximately the same longitude minutes
t Time, any variable with a ‘(t)’ is a time dependant variable S
t1 Time period’s first hour h
Temperature of the exhausted air after crossing the heat recovery o
Texh Kor°C
system
TFij Indoor temperature of the ith zone of the j* floor Kor°C
Tyround Ground temperature Kor°C
0z The zenith angle, the angle between the zenith and the sun position °
Tin Indoor air temperature Kor°C
Tin-bed Indoor air temperature in the bedroom Kor°C
Indoor air temperature measured in the lowest part of the Round o
Tin_down . . Kor°C
Robin Box (1/3 height of the box)
Tin-lounge Indoor air temperature in the lounge Kor°C
Tonap Indqor air tempergture measured in the highest part of the Round K or °C
- Robin Box (2/3 height of the box)
tv Time period’s last hour h
Tout Outdoor air temperature Kor°C
Tout_down Outdoor air temperature measured below the Round Robin Box Kor°C
Outdoor air temperature measured at the same height of the middle o
Tout middle . Kor°C
of the Round Robin Box
tp Duration of the COz concentration decay analysis h
Tsin Inner surface temperature Kor°C
Tsky Sky temperature Kor °C
Tsout Outer surface temperature Kor°C
Hypothetical outer surface temperature without considering solar o
TSout,nosolar . Kore°C
radiation effect
Tsup Temperature of the supply air after crossing the heat recovery system Kor°C
Tsurr Surrounding air temperature Kor°C
Tw Temperature of the water in the inlet (subscript 1) or in the exit K or °C
(subscript ‘e’) of the system
U or U-value Building envelope element transmittance W/m2K
UA or UA value Considered building envelope transmission heat loss coefficient kW/K or
W/K
Ui ground Con.siders the envglope transmission heat loss coefficient going from KW/K
i the ith zone of the jt floor to the ground
Considers the envelope transmission heat loss coefficient going from
UAFij-Fij the ith zone of the jt floor to other ith zone of the same or a different jth kW/K
floor
U rjout Con§iders the enV.elope transmission.heat loss coefficient going from KW/K
" the ith zone of the jt floor to the exterior
Internal energy of the system. It considers the energy gains and losses
Ui inside the system as a result of the changes that take place in the k]
internal state
v Velocity of the fluid in the inlet (subscript ‘') or in the exit (subscript m/s
‘e’) of the system
V or Vair totan) Volumetric airflow rate m3/h
v Exhausted air volumetric air flow rate after crossing the heat recovery 3
air(exh) system m /h
Vair (inf) Infiltration volumetric air flow rate m3/h
v Supply air volumetric air flow rate after crossing the heat recovery 3
air(sup) system m /h
Vair (went) Ventilation volumetric air flow rate m3/h

13
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ABBREVIATION DESCRIPTION UNIT
; Total volumetric air flow rate of the whole building m3/h or
Vbuilding m3/s
: The volumetric air flow rate of the ith zone of the jth floor m3/h or
Vrij m3/s
V.. The volumetric air flow rate estimated using the CO2 tracer gas decay | m3/h or
Fijdecay method of the it zone of the jt floor m3/s
. Volumetric air flow rate going from the ith zone of the jt floor to other | m3/h or
FLj-Fuj ith zone of the same or a different jt floor m3/s
Volumetric air flow rate going from the ith zone of the jt floor to the
, : ; : th m3/h or
Vi j—out exterior. In the case the air goes from the exterior to the ith zone of the
' th o : m3/s
j* floor, it will be named as V¢ _; ;
VIiP Vacuum Insulated Panels -
Viw (Vertical south . . ,
Long wave radiation emitted from the sky and the Earth’s surface
long wave o . W/m?
. incident on a south vertical plane
radiation)
Vn_sol Vertical north global solar radiation W/m?
Vol building The total volume of the building m?3
Vol Fij The volume of the ith zone of the jt floor m3
Vol fioor The volume of each floor m3
VoLi The volume portion of each floor m3
Vsol Vertical south global solar radiation W/m?2
WB West block -
W, The work exchanged through the Control Volume kW or W
The weight in percentage of the effect the solar radiation has on the
Whicw inner surface heat flux of the building envelope opaque elements with %
respect to the HLC term
ws Wind speed m/s
The weight in percentage of the effect the solar radiation has on the
w. inner surface heat flux of the building envelope opaque elements, o
SaVsol% regarding the solar gains through the semi-transparent elements of 0
the building envelope
Wsol Vertical west global solar radiation W/m?
, Elevation of the fluid in the inlet (subscript i’) or in the exit (subscript m
‘e’) of the system
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AIM AND STRUCTURE OF THE THESIS

One of the main problems found when working with buildings is that there still exists
a considerable performance gap between the real energy consumption and the design
energy consumption. This performance gap is a result of several sources affecting the
building performance, such as the performance of the systems installed inside the
dwelling, the effect of the behaviour of the occupants inside the dwelling, and finally, the
building envelope’s in-use performance. However, the in-use performance of the building
envelope is the key source affecting the performance gap. Through the estimation of a Key
Performance Indicator (KPI), such as the Heat Loss Coefficient (HLC), it is possible to

perform a proper building envelope energy performance characterization.

Therefore, the main objective of this Thesis is to develop a method that can estimate a
reliable HLC value for in-use buildings based on monitored data. This method must
consider all the uncertainty sources affecting the in-use HLC value and analyse their effect
in detail. Once this HLC has been accurately estimated, it will then be possible to carry out
the decoupling of the in-use HLC value into the transmission heat loss coefficient through
the envelope (UA [kW/K]) and the ventilation and/or infiltration heat loss coefficient (Cv
[kW/K]). Once both coefficients are known, it will be possible to analyse them separately
and study which of them is the most significant in the in-use building’s energy
performance. Thus, the real origin of the heatlosses can be identified and the performance

gap of the in-use building can be understood.
In order to develop this Thesis, several objectives have been fixed during the analysis:

- To mathematically develop a measured data-based average method, following
the energy conservation principle applied to a generic in-use building. There,
the identification and limitation of the uncertainty sources of the method will
be justified so as to obtain reliable HLC values for in-use buildings.

- To demonstrate a solution for the doubtful multizone building problem. It will
be proven that it is possible to estimate the total in-use HLC of the whole
building by estimating the HLC of each floor and adding them all, even if they

have different indoor air temperatures.
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- To estimate the uncertainty created by the sensors in the HLC value by an error
propagation method, since the rest of the errors have already been considered
when limiting the uncertainty sources.

- Totestthe robustness of the developed average method by testing it in different
types of widely monitored “buildings”. First, the method is applied to a simple
test box named the Round Robin Box. Having tested the simplest case, it is then
tested in two completely different in-use residential buildings; the first being a
well-insulated dwelling and the second, a poorly-insulated residential building.
Finally, it will be applied to a four storey occupied office building, before and
after being retrofitted.

- To analyse in detail the effect of the solar gains, one of the main uncertainty
sources, on the in-use HLC value. The developed average method used to
estimate the HLC value of in-use buildings only considers the effect of the solar
gains entering through the windows of the building. However, the effect that
solar gains through opaque walls have on the HLC estimated with different
methods, such as the average method, where the solar gains through opaque
walls are not considered, is also studied. Thus, it is possible to determine if their
effect is negligible or not when estimating the HLC value using the developed
average method.

- Finally, once the reliability of the method has been tested and demonstrated,
some of the estimated in-use HL.C values are decoupled, using the decay method,
from the metabolic COz of the building’s occupants. Therefore, the Air Change
per Hour (ACHdecay) rates are estimated due to infiltrations and/or ventilation
in the building. Once these ACHdecay values have been obtained, they are used to
estimate the corresponding Cy values. The estimated HLCs are then decoupled
into their transmission and infiltration and/or ventilation parts (UA and Cv
values). Thus, the origin of the heat losses can be identified, and this allows the
energy performance to be understood better and, consequently, the

performance gap of the in-use building.
The structure followed throughout the Thesis is explained below:
The introduction of the Thesis is outlined in chapter 1. This chapter describes one of
the main problems that exist when working with real in-use buildings, the performance
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gap. The current concern about this performance problem is demonstrated and the Heat
Loss Coefficient is presented as the main key performance indicator in carrying out the
in-use building envelope energy performance characterization. It is also shown that,
although there is a wide range of methods to estimate this HLC in in-use buildings, none
of them are considered to be a general method. Moreover, as far as the authors are
concerned, none of the existing methods for the HLC estimation in occupied buildings
have been developed further in order to perform the decoupling of the HLC. Therefore,
the average method that is developed during this work is presented. Moreover, the HLC
decoupling process used in this work to identify the main origin of the heat losses in order

to understand the energy performance gap is also presented.

Chapter 2 develops all the methodologies used to achieve the final objective, the
estimation and decoupling of the in-use HLC into the transmission heat loss coefficient
(UA) and the ventilation and/or infiltration heat loss coefficient (Cv). Therefore, the
development of the average method used to estimate the HL.C of an in-use building based
on monitored data is first presented. Then, since the solar gains through opaque walls
have not been considered during the average method development, a detailed analysis of
this variable has also been carried out. The weight that not considering this variable has
in the HLC estimate is also estimated through this analysis. The latter analysis has been
carried out using a simulation programme named LORD. Finally, the in-use HLC

decoupling methodology used is presented.

Chapter 3 presents all the case studies where the presented methodologies have been
applied. This chapter starts by presenting the Round Robin Box (a small scale building).
Then, the two in-use residential buildings studied are presented, showing completely
different characteristics; the house located in Gainsborough being a well-insulated
dwelling and the house located in Loughborough a poorly-insulated residential building.
Finally, the in-use Rectorate office building of the University of the Basque Country is
presented, where the data before and after the retrofitting have been analysed. Moreover,
their monitorisation systems and the data provided have also been presented and

analysed.

All the results are reported in chapter 4 and a discussion is developed for each of the

case studies in order to compare the results.
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Finally, chapter 5 presents all the conclusions taken from the previously shown results

and future work is proposed.
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1. INTRODUCTION

1.1- Background of the building energy efficiency

Climate change is one of the biggest challenges our society has to deal with. Global
warming due to greenhouse gas emissions is one of the major causes of its existence.
Therefore, in order to reduce these emissions, the Kyoto protocol [1] was adopted by the
governments of the most developed countries in 1997. However, it was not entered into
force until 2005. This protocol established targets in order to reduce emissions by 5 %
compared to 1990 levels between the years 2008 and 2012. However, a second
commitment period was adopted in 2012, the Doha Amendment to the Kyoto Protocol,
which was extended from 2013 to 2020. Meanwhile, the Conference of Climate (COP21)
was celebrated in Paris in 2015. The Paris Agreement [2] established aims to limit the
global ambient temperature to be below 2 °C in order to avoid dangerous global warming,.
One of the strategies of the European Union (EU) to achieve the objectives of the Paris

Agreement is the energy efficiency improvement.

According to H2020 Energy Efficient Buildings (EeB) [3], buildings are responsible for
40 % of energy consumption and 36 % of CO2 emissions in the EU. In order to solve this
problem, the European Union commitment to energy efficiency can be clearly seen in the
directives and objectives proposed for the years 2020, 2030 and 2050. The most recent
directive related to the energy performance in buildings is the Directive 2018/844 [4] of
“Energy Performance Building Directive” which was recast on 30 May 2018 modifying
Directive 2010/31/EU [5] on the energy performance of buildings and Directive
2012/27/EU [6] on energy efficiency. Nowadays, the energy saving and the energy

efficiency when constructing or rehabilitating a building are one of the main aims.

The first thermal regulation for buildings was introduced in Europe in the 1970s [7].
Since millions of buildings in Europe were constructed before then, in general, energy
efficiency was not considered a main issue in any of those buildings [7, 8]. Hence, a wide
range of buildings in Europe is energetically inefficient. Therefore, Buildings Performance
Institute Europe (BPIE) [9] has specified some principles in order to achieve a realistic

and sustainable net zero consumption. There can be found the promotion of the
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application of renewable energies, the maximum limit of energy demand and the limit on

the emissions and use of the primary energies.

Moreover, in order to solve the current energy efficiency problems in the building
sector, the International Energy Agency IEA-EBC Programme [10] has been developed.
This programme involves energy research and innovation in buildings with collaboration

from several countries.

1.2- Energy performance gap of buildings

Achieving an energy efficient building is not a simple task. Following one of the
requirements of directive [4], several countries in the European Union have developed
different energy performance estimation methods, where they use whole building
simulation software with thermal models [11]. These methods are commonly used for the
implementation of building energy certification schemes. However, energy saving
methods should be based on empirical methods instead of model estimations [12]. In
general, these models assume standard operation conditions and consequently, the
occupation and real heat requirements are not considered in these simulations.
Therefore, unless fed with monitored occupation and HVAC system data, simulation
models tend to overestimate the energy demand of old buildings and to underestimate it

in new buildings [12].

Several buildings designed to obtain a considerable reduction in energy consumption
have failed during this process. This is because an important “performance gap” [13, 14]
is observed when designed or simulated energy consumptions are compared to real ones.
A considerable number of studies have shown that the real energy consumption can be
up to two to five times higher than the predicted energy consumption [15, 16]. Therefore,
in order to address this “performance gap”, the in-situ measurements are considered

essential.

The energy performance difference, commonly known as the “performance gap”, has
numerous different causes. Some are due to such factors as the construction or operation
[13]; others derive from such data uncertainties as the climate conditions affecting the
building. Several analyses have been carried out to study how a specific climate can affect

the energy behaviour of the building [17]. Moreover, the shape of the building is also
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linked to its energy efficiency [18]. Hemsath and Bandhosseini [19] and Montazeri et al.
[20] have done research into how the relation between the height and the width of a
building can affect the heat transfer and energy consumption. However, there are three
main sources affecting the energy performance gap: The behaviour of the occupants [21,
22], the building systems [23, 24] and the building envelope [25, 26] (see Figure 1).
However, they are all correlated. If the efficiency of the building envelope is improved, it
would directly affect the two other sources, reducing considerably their energy
consumption. In other word, if the building envelope efficiency is high, the energy
consumption of the systems inside the building would be considerably reduced, since less
energy would be necessary to provide the same indoor comfort conditions in the building.
Moreover, if the systems of the building are performing correctly and the heat losses
through the envelope are reduced, the comfort inside the buildings increases and the
impact generated by the occupants behaviour in the energy consumption of the building
is generally reduced. Then, it can be concluded that the building envelope is the key source
in order to reduce the energy consumption and therefore, the main source for this
performance gap. Therefore, in order to accurately characterise the building envelope
energy performance using in-situ measurements, it is necessary to use Key Performance

Indicators (KPI).

4

Building energy
systems

\3 H"H
Figure 1. The three main sources affecting the performance gap: The behaviour of the occupants, the
building systems and the building envelope.
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1.3- Building envelope energy performance characterization

The most commonly used Key Performance Indicators for the building envelope energy
performance characterization are the Heat Loss Coefficient (HLC [kW/K or W/K]) and the
solar gains (SaVsol [W/day])[27]. However not all the measurement based methods used
to characterize the building envelopes are able to estimate the solar gains. Then, it can be

said that the HLC is the most commonly estimated KPI.

On the one hand, the Heat Loss Coefficient is the sum of two heat loss coefficients
representing two phenomena occurring through the envelope of the building; the
transmission and the infiltration and/or ventilation heat loss coefficient [28]. The first
coefficient is the transmission heat loss coefficient (UA), which considers the heat
transmission occurring through the envelope of the building. The transmission heat loss
coefficient is mainly dependent on the thermal conductivity and thickness of the building
envelope materials. It can be measured in-situ for such components as windows, walls,
roofs...[29, 30], as the U-value can be estimated by measuring the inner surface heat flux
and the outdoor and indoor temperatures. Despite the UA value can be slightly dependent
to the average temperature of the insulation layer, unless the building envelope is
damaged or deteriorated, it can be assumed to be constant after the building construction.
However, the proper and accurate in-situ measurement of the UA value for a complete
building envelope can be time consuming and quite expensive if the aforementioned

method is used [31].

The second coefficient that makes up the total heat loss coefficient is the infiltration
and/or ventilation heat loss coefficient (Cv), which depends on the airtightness and
ventilation system performance of the corresponding building. Infiltrations can be
defined as the uncontrolled air movements across the building through unintentional
openings or cracks, while ventilation is an intentional renovation of the indoor air through
outdoor airflows entering the building in order to improve the indoor air quality. The
ventilation can be natural (through window opening) and driven by the weather
conditions or mechanical ventilation (through a ventilation system) [32-34]. Therefore,
infiltrations are a consequence of the air pressure difference between the interior and
exterior, dependent on such climatic conditions as wind speed and temperature
difference between the interior and exterior [35]; while the behavior of the occupants,
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such as window and door opening and/or the performance of the ventilation system, will
be directly related to the ventilation part [36, 37]. The estimation of this heat loss
coefficient can be carried out by multiplying the volumetric airflow rate (V) by the air pair
and Cpair (the density and constant pressure specific heat of the air at the average indoor
temperature). This volumetric airflow rate is the multiplication of the Air Change per
Hour (ACH) and the volume of the analysed room or building [38, 39]. Note that, when
ventilation systems with heat recovery are present, the heat recovery efficiency must be
considered when calculating the ventilation part of the infiltration and/or ventilation heat

loss coefficient.

On the other hand, the building envelope’s solar aperture, as [40] explains, is “the heat
flow rate transmitted through the building envelope to the internal environment under
steady state conditions, caused by solar radiation incident at the outside surface, divided
by the intensity of incident solar radiation in the plane of the building”. The solar gains
are estimated by multiplying the solar aperture by the corresponding solar radiation
incident on the wall or window. However, although the global solar radiation can be
accurately measured, the solar aperture is not an easy parameter to estimate. The latter
can also be defined as the multiplication between the surface area hit by the solar
radiation and the solar factor (g-value). This solar factor represents the proportion of
incident solar radiation on a window or fagade that is transmitted to the interior of the
building [41]. This factor varies depending on the orientation of the building and the
position of the sun [42], which complicates considerably its estimation due to the
obstacles and shading that the sun can face before striking the building facades and
windows. Therefore, some researchers have tested different methods where a variable
solar aperture is considered and estimated over time, in order to study whether it
improves the accuracy of the results. From them can be concluded that, when the building
characteristics are well known, it is possible to perform suitable building
characterizations using just a constant gA value, been included as an unknown and

identifiable parameter in the models [29, 43].

Despite a wide range of methods exist in order to estimate the Heat Loss Coefficient
based on measurements, not all of them are able to estimate the solar gains. The main

methods used in order to estimate this HLC can be separated in two main groups: the
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dynamic or statistical methods used to estimate the stationary and dynamic thermal
properties of the building and the stationary or physical methods used in order to

estimate the stationary thermal properties of the building.

On the one hand, the most commonly used dynamic methods should be mentioned.
There can be found advanced mathematical modelling techniques, such as ARMAX [44-
46] (ARX) and Grey Box modelling (Stochastic state space models) [47-49]. These
methods have been used by different authors to identify the real energy behaviour of
building envelopes or building components based on measurements [50]. Some of those
methods even identify such building characteristics as U-values, thermal resistances and
thermal capacitances. They are also able to estimate the solar aperture using an unknown
identifiable constant value. Due to the limitations of installing sensors in in-use buildings,
the advanced mathematical modelling techniques, where physical-statistical approaches

are used, have become common [51].

When working with state space models, it is important to obtain some previous
physical knowledge of the building. The analysis consists of fitting several models,
starting from the simplest and going on to the most complex, comparing their log
likelihood values and residuals. Therefore, it is very important to obtain accurate results
on the diffusion term in order to verify the quality of the model [49, 50]. On the other
hand, when working with ARMAX models, single and multi-output models [44, 45] can be
developed. Comparing with the state space equation, the ARMAX models do not need
previous physical knowledge. Unfortunately, since the ARMAX models do not identify
steady state physical parameters, the results obtained are estimated by comparing the
ARMAX model and the steady state energy balance equation [50]. Unfortunately, these
two methods tend to work with complex models, which sometimes can complicate the

process of the HLC estimation considerably.

On the other hand, among the measured data based stationary methods, the most
known are the simple or multiple linear regression methods [27, 52, 53] and the averaging

method [54].

The most commonly used stationary methods are the regression methods. Among this
method, the well known co-heating method can be found [27, 52, 55]. The original co-

heating method introduces an electric heater, which provides a constant temperature of
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25 °C during a period that lasts between 1 and 3 weeks inside the dwelling (see an
example of the configuration in Figure 2). By measuring the amount of electrical energy
that is required to maintain the elevated mean indoor temperature each day, the daily
heat input (W) to the dwelling can be determined. The heat loss coefficient for the
dwelling can then be calculated by plotting the daily heat input against the daily difference
in temperature between the inside and outside of the dwelling (AT). The resulting slope
of the plot gives the Heat Loss Coefficient in W/K. This method is named as Siviour
method. This test is applied in unoccupied dwellings where effects of users (Koccupancy) are
avoided. As a result, only the heat supplied by the electrical heaters is going to be
transmitted through the walls of the dwelling plus infiltration losses. In order to calculate
the solar radiation [25] or the wind effects on the walls, extra calculations must be done.
Then, unfortunately, this method is not prepared for working in in-use buildings and the
experiment takes a long time to be performed, which means that the building needs to be

unoccupied during all the time.

Figure 2. Example of a typical co-heating configuration. [27]

However, unlike the original co-heating method, the average method can be used for
the HLC estimation of in-use whole buildings [54]. Note that, due to the method
applicability in in-use buildings, apart from the heat losses transmitted through the walls
of the dwelling due to transmission and infiltration heat losses, also the ventilation heat

losses are considered within the estimated HLC value. To apply the average method
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accurately, cold and cloudy periods of at least three days in a row are required. In this
short and cloudy periods it is possible to ensure high indoor to outdoor temperature
difference (low uncertainty in the indoor to outdoor air temperature measurement), high
heating consumption (high weight of the accurately measurable heat gains due to heating
in the total heat gains) and low solar gains (low weight of the not accurately measurable
heat gains due to solar radiation). Considering the period mean of the total heat gains
inside the building and dividing them by the mean indoor and outdoor temperature
difference, it is possible to obtain the building average HLC value. Within the mentioned
total heat gains inside the building, the space heating consumption of the building, the
total electricity consumption within the building and the solar heat gains of the building
are considered. The majority of this variables are usually measured using simple
monitoring system of actual in-use buildings. Unfortunately, this method is not able to
estimate the solar gains of the building. Therefore, it is necessary to fix an equivalent solar
aperture in order to obtain the solar gains of the corresponding building by multiplying
this solar aperture by the measured global solar radiation. Note that in cloudy periods the
solar radiation can be considered purely diffuse and similar in all the orientations of the
building, making possible to make reasonable accurate estimations of solar gains in those
cloudy periods where, furthermore, solar gains are very low in comparison with the space

heating accurately measurable heat gains.

Hence, despite the wide range of existing methods to estimate the HLC using
measurements, and also some of them able to estimate the corresponding solar gains
using an unknown identifiable constant parameter, they are still far from been a general
method. Unfortunately, in order to work with statistical methods such as the grey box
models or the ARMAX, it is necessary to have some previous knowledge about advanced
mathematical modelling techniques. If this knowledge is not acquired, the application of
the method can become complicate and time consuming. Therefore, the adaptation of a
stationary method would be the best solution in order to obtain a reliable simple and
accurate in-situ HLC estimation method for analysing in-use buildings. Thus, it would be
possible to continuously evaluate the building in its in-use conditions. Moreover, the
developed adapted method should be able to estimate accurate HLC results without the
need of an extensive monitoring system. Furthermore, this method should try to consider

and understand the main uncertainty sources existing in building physics in order to carry
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out a reliable energy characterization of an occupied building envelope. However, due to
the numerous knowledge gaps found in the estimation process of an accurate in-use Heat

Loss Coefficient value of the building envelope, it is a complex task.

1.4- Uncertainty sources affecting the Heat Loss Coefficient estimation

There are several uncertainty sources that must be considered and understood when
trying to obtain a reliable and simple HLC estimation method for in-use buildings.
However, one of the main sources creating a considerable uncertainty when estimating

the in-use HLC value are the previously presented solar gains.

Despite the majority of variables needed in order to estimate the HLC in in-use
buildings can be accurately measured, such as the space heating, the electrical
consumption and the indoor and outdoor temperatures, other heat gains affecting this
HLC estimation such as the solar gains cannot. Due to its difficulties to be accurately
estimated in in-use buildings, the solar gains are one of the main uncertainty sources
when estimating in-use HLC values [56]. It must be remarked that the solar radiation can
enter buildings through the windows and the opaque walls. In the case of the windows, a
part of the solar radiation incident to the glass part will be transmitted to the interior of
the building. Nevertheless, the solar radiation hitting the opaque elements will heat up
the outer surface and block the heat flux going to the exterior [57]. Depending on the
opaque wall’s thermal characteristics and the incident solar radiation, if the inner surface
temperature is lower than the outer, it is also possible to transmit heat flux through the
wall in the opposite direction (from the exterior to the interior). In some cases, the solar
gains through the opaque walls are negligible and are not considered in the building
characterization. In other cases, it is of the same importance and thus both must be
considered, since the building heat losses can be affected by both solar gains [58]. In these
cases, a sufficiently good building characterization can be done through an unknown
identifiable constant solar gain, where both the solar gains through windows and opaque
walls are considered. There are several studies where an unknown identifiable constant
solar gain value is considered. Among these studies, such research works as [45, 59] have
compiled a set of case studies that consider this parameter in order to characterize
components. Moreover, it has been dealt with in several building characterizations that
apply steady-state methods [29, 60, 61] and dynamic parameter identification methods
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[30, 48, 62, 63], where some methods presented in section 1.3 can be found. So this
coefficient enables a proper estimation of the HLC despite the solar gains are considerable
through the opaque walls. For example, several co-heating tests are described in [60]
considering the solar gains effect. Although some of them consider the solar gains as an
unknown identifiable constant parameter, one of the co-heating tests used considers a
fixed value of the solar gain coefficient obtained from the window area and the
transmittance of the glass. As done in this co-heating test, in simple methods that are not
prepared for estimating the solar gains such as the average method, it is assumed that a
rough estimate of the solar aperture of the building can be done considering only the
window area and its corresponding g-value or transmittance of the glass. Then, using this
rough estimate of the window solar aperture, it is possible to estimate the solar gains only
coming through the window of the building [64]. Due to the difficulties to roughly
estimating the solar gains through the opaque elements, they are commonly neglected in
this kind of methods. Then, when using these kinds of methods; if there were solar gains
through opaque walls, they would not be considered within the HLC estimation
calculations and thus, the HLC value would be underestimated. However, as far as the
authors are concerned, a method to quantify this error in the HLC value has not been

developed yet.

Moreover, it must be remarked that the majority of the authors using an unknown
identifiable constant solar gain value only focuses on the estimation of the U-value and g-
value (see some examples of this value estimations of [64] in Figure 3). It is proven that
the obtained g-values are extremely low, as compared to the g-values commonly obtained
in the windows. Moreover, these results are justified with the visual checking of the inner
surface temperature and the U-value estimation, also detailed in [29], where no
improvement is found in the U-value estimation when the solar radiation is included in
the models. Therefore, the researchers conclude that the corresponding effect would be
negligible in the energy balance of the surface. However, as far as the authors know, no
one has carried out a deeper analysis of the solar radiation effect on inner surface heat
flux. If the inner surface heat flux is analysed, it is possible to quantify the inner surface
heat flux blocked from going to the exterior. Thus, it is possible to quantify the effect the

solar radiation has in the inner surface heat flux and then, to estimate the corresponding
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weight it would have respect with the HLC value estimated using simple methods without

considering an unknown identifiable constant solar gains value.
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Figure 3. Some estimated average U and g values for opaque wall during the Annex 58 project. [64]

Therefore, in the way to estimate a reliable and simple HLC estimation method for in-
use buildings, it is important to know the weight the solar gains through the opaque walls
would have respect with the HLC value estimated without using an unknown identifiable
constant solar gain value. It must be verified that for methods applied during periods
where the solar gains are high through opaque elements, the avoidance of the estimation
of the solar gains through opaque walls could have a considerable weight in the error of
the HLC value. Therefore, in order to avoid this underestimation in the HLC results, the
solar gains uncertainty source, together with other uncertainty sources such as the
metabolic heat generation effect, heat accumulation term effect, ground temperature
effect and the indoor temperature variability effect, must be considered and limited
through several requirements stablished when developing the method. Unfortunately,
when a real in-use HLC value based on measured data is estimated from an in-use HLC
estimation method, due to the building’s “performance gap”, this estimated value usually

shows a considerable difference when compared with the design HLC value.

1.5- Gap between the real estimated and the design HLC values

When estimated, there commonly exist a considerable difference between the design
and real estimated HLC results. In [25], an analysis is carries out where the HLC of 25
houses located in the UK are estimated. There, the comparison of the predicted HLC (using

design values) is done against the real HLC (using in-situ measured data) values estimated
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using a co-heating method. The results of the article show that in every analysed house,
the real HLC value estimated by the co-heating method exceeds the predicted HLC value
(see Figure 4). Moreover, it is also proven that the difference between the HLC can vary

between 6 and 140 %, which in some cases means a considerable difference.
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Figure 4. Comparison between the predicted HLC against the real HLC values estimated using the co-
heating method. [25]

As commented in section 1.3, the Heat Loss Coefficient is the sum of the transmission
and infiltration and/or ventilation heat loss coefficient. As remarked there, the infiltration
and/or ventilation heat loss coefficient can be estimated using the Air Change per Hour
(ACH). The ACH is commonly studied by the researchers working in the Indoor Air Quality
field. The ACH [33] represents the total rate of outdoor air entering the building, normally
considering both the ventilation and the infiltration air rates. There are two main
techniques to estimate the ACH values of a building. Tracer gas techniques are based on
the mass conservation of a tracer gas, which is injected into the studied zone or building
and uniformly mixed. The injection method defines the tracer gas techniques, which are
concentration decay [65-67], constant injection and constant concentration techniques
[68]. Despite some analysis tent to compare the methods with each other [69-71], the
most commonly used method individually is the concentration decay method, since it
needs less tracer gas and is the easiest to perform. Moreover, the gases used for this
analysis are usually inert. The most commonly used gases are sulphur hexafluoride (SFe)
[68, 70, 71] or carbon dioxide (COz2) [69, 72, 73]. However, COz is the cheapest and most
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easily measurable tracer gas for in-use buildings, since it is also generated by the

occupants [65, 74].

The ACH measured using tracer gas techniques is the actual value in an enclosure for a
given set of conditions during the test: air infiltration characteristics, climatic influences,
ventilation system operation, etc. Therefore, when those conditions change, the ACH value
will also change. To overcome this drawback, one approach is to measure ACH under
different boundary conditions trying to cover a wide range of conditions; another

approach is to build a ventilation model.

The blower door test [32, 75, 76] does not measure the ACH in actual boundary
conditions of the enclosure, the ACH is measured for several indoor/outdoor pressure
differences of the building. The aim is to characterise the air permeability of the enclosure
envelope, and thus, to measure the airtightness of the building envelope, as done in [77]
to improve it after the rehabilitation. By the data obtained from the test and defining the
behaviour of the ventilation system, it is possible to build a ventilation model and, once

validated, to analyse the ACH under different sets of conditions.

Although the ACH and the HL.C [46, 78-80] are two parameters which have been widely
analysed separately, as far as the authors know, they have not yet been related to decouple
the HLC into its transmission (UA) and infiltration and/or ventilation (Cv) parts using in-
situ measurements on in-use buildings by means of basic monitoring systems. Thus,
knowing the corresponding heat loss value of each coefficient would be helpful for the

understanding of the main origin of the performance gap.

1.6- Aim of the Thesis

The main aim of the Thesis is to identify the real origin of the heat losses, in order to
make possible to understand as much as possible the HLC performance gap between the
real and the design value in in-use buildings. However, several indispensable steps need
to be followed in the process. The first step to follow is the obtaining of a simple and

reliable method in order to estimate the in-situ HLC value of in-use buildings.

Therefore, although there are some research works that estimate this Heat Loss
Coefficient in monitored in-use buildings, they are still far from being a general method.

Of the presented methods in section 1.3 to estimate the building envelope Heat Loss
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Coefficient, the co-heating method is the most developed. However, this method is no able
to work in in-use buildings. Therefore, due to its simplicity and its applicability without
the necessity of an extensive monitoring system and a considerable advanced
mathematical technique knowledge, the average method is further developed in order to
estimate the HLC of in-use buildings in this work. The whole mathematical demonstration,
starting from the energy conservation equation, is developed in order to enable
comprehension of the limits the method has when applied to in-use buildings. Thus, the
period selection criteria for reliable HLC estimation by the average method has been
defined in detail, for minimizing the HLC estimate uncertainty. In other word, the method
has been developed in detailed step by step in order to understand and limit the main
uncertainty sources found when estimating the HLC. Within these main sources affecting
the HLC result in in-use buildings, the metabolic heat generation effect, the weather data
effect, the heat accumulated effect in the building, the effect of the uniformity of the indoor
temperature within the building, the ground temperature effect and the solar gains effect
can be found. Therefore, some requirements have been stablished in the method in order

to control the effect of the mentioned uncertainty sources.

This method does not require to build a detailed physical model of the building to
estimate its in-use HLC. Thus, it could be used within Building Management System'’s
programing in a general way, with the only need to be fed by the total window area of the
building, the scheduled occupancy data and the already widespread energy monitoring
data. The Thesis also focuses on the innovative demonstration of the summation
properties of the HLC values when estimated floor by floor. Therefore, a multizone
building is presented and the detailed heat and mass exchanges between the zones or
volumes and adjacent surroundings are analysed to prove the HLC summation properties.
Note that the reliable in-use HLC estimation should be achievable by analysing the data
sets obtained by already widespread building monitoring systems simply made up of
indoor and outdoor temperatures, heating system energy inputs to the building,

electricity consumption and weather data.

Furthermore, despite the average method is developed for a multi-storey office
building, the work studies the applicability of the average method in three different case

studies: a simple test box, two in-use residential buildings and a pre and post-
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rehabilitated occupied office building. The simple test analysis is based on the study of the
Round Robin Box, a widely monitored experimental box. However, the second test case
considers two in-use residential buildings, being one of them a very well insulated
building and the other a poorly insulated building. The final building is a rehabilitated
occupied four-storey office building, where both, the HLC results before and after the
rehabilitation are estimated. Since every case study presents completely different
characteristics and behaviour, and considering that the average method has been
developed for an office building, very interesting HLC results and conclusions will be

obtained from this work.

As commented before, the developed average method studies and limits a wide range
of uncertainty sources. Within them, the limitation of the solar gains effect through the
windows is considered. However, the effect the solar gains through opaque walls have in
the HLC value in in-use buildings is completely ignored. Nevertheless, as highlighted in
section 1.4, for methods where the solar gains through opaque walls are not considered,
the HLC value could be underestimated. Hence, the second part of the Thesis proposes an
experimental method for the analysis of the effect of the solar radiation affecting each of
the opaque faces of the Round Robin Experiment box [64] based on the analysis of the
inner surface heat flux using real in-situ measured data. Each opaque face of the Round
Robin Box is analysed one by one, considering how the solar radiation is affecting each of
the inner surface heat flux measurements. Since the Round Robin Box was monitored in
detail, it has been possible to obtain a very detailed dataset for each of the faces. Then,
apart from the inner surface heat flux and the wide solar radiation data, such variables as
the wind speed and the long wave radiation were also measured, which helped
considerably to increase the accuracy of the models. Moreover, all the thermal
characteristics of the Round Robin Box layers were also known, so a very exhaustive
theoretical analysis of the Round Robin Box envelope could be done. Once the solar
radiation effect on the inner surface heat flux of each face has been quantified, the analysis
is developed further in order to estimate how the solar radiation through opaque faces
affects the HLC value, when applying methods where an unknown identifiable constant

solar gain value is not used, such as the average method developed in this work.
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Thus, the aim of the analysis is to study the weight the solar radiation has on the inner
surface heat flux coming through the opaque walls of the Round Robin Box using in-situ
measured data. Once this weight has been estimated, it is transmitted to the estimation of
the HLC in methods where the solar gains through opaque walls are not estimated, as the
average method developed over this work. Through this analysis, the blockage that this
solar radiation creates in the opaque walls can be estimated. Therefore, based on RC
models, an estimation of the best representative models has been carried out using the
LORD software [81, 82]. A wide range of candidate models has been proposed where
several combinations of variables were fixed, considering in detail different physical
phenomena. From these candidate models, the real physical parameters are estimated in
order to compare them with the buildings’ physical values and see which model’s values
most closely approaches reality. Moreover, the residuals of the models are analysed. Once
the best fits are found, the effect of the solar radiation is removed in order to estimate the
real weight it has in the inner surface heat flux through the estimation of the hypothetical
inner surface heat flux. Then, once the weight the solar radiation has in the inner surface
heat flux had been quantified, it has also been possible to quantify the percentage weight
the solar radiation through opaque walls would have with respect to the HLC estimation,
when methods without an unknown identifiable constant solar gain value are used.
Finally, constant g-values have also been estimated for each of the walls; using the
difference between the inner surface heat fluxes from estimating it mathematically and
directly from the LORD software. Then, the analysis has been performed using two
different datasets, one in winter and one in summer, in order to the see the differences in
the results. Through the analysis of the winter dataset, where only cloudy and cold days
have been considered, the percentage weight the solar radiation through opaque walls
would have respect to the HLC estimated using the developed average method can be
estimated. However, when developing this average method, due to the requirements fixed
to limit the solar gains coming through the windows, it is assumed that this requirement
would also limit the solar gains effect through the opaque walls. Therefore, it is also
assumed that they would not have a considerable effect in the HLC value uncertainty and
they are considered negligible. Then, through this work, their negligibility will be
demonstrated. Nevertheless, through the analysis of the summer period, the percentage

weight the solar radiation through opaque walls would have respect to the HLC estimated
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using applicable method during sunny and warm periods is estimated, in order to

estimate the error their avoidance could generate in the HLC value.

Unfortunately, when considering uncertainty sources such as the solar gains and other
uncertainty sources presented before in the development of the in-use building reliable
HLC estimation average method, the obtained HLC results usually show a considerable
difference when compared with the design HLC values. As remarked in section 1.5, it is
common in measurement based HLC estimation methods. Therefore, this research goes
further and proposes a method, based on in-use buildings monitored data, for the
decoupling of the HLC of in-use buildings into its transmission (UA) and infiltration
and/or ventilation (Cv) heat loss coefficients in order to identify the origin of the heat
losses. Moreover, in the cases where the design values are provided, it would also be

possible to understand the disagreement with these two design values.

Thus, this Thesis is focussed on developing a new decoupling method that could be
implemented in real world scenarios through the use of simple sensors for monitoring in-
use buildings. Metabolic COz will be used as a tracer gas to estimate air infiltration and/or
ventilation rates by means of CO2 decay analysis. The CO2 concentration can be easily and
accurately measured by simple air quality sensors. This work is based on the
requirements described in the ASTM D6245-18 ‘Standard Guide for Using Indoor Carbon
Dioxide Concentrations to Evaluate Indoor Air Quality and Ventilation’ [83]. Although the
objective of this Standard is not to decouple the HLC, one of its by-products is the
estimation of the Air Change per Hour (ACH) of the analysed volume (usually a thermal
zone of a building). This ACH value can be used to estimate the infiltration and/or
ventilation heat loss coefficient (Cv) of the studied volume. Since HLC = UA + Cy, if HLC and
Cv are estimated, then the HLC may be decoupled into its transmission (UA) and

infiltration and/or ventilation (Cv) parts.

The application of the proposed decoupling method requires the estimation of the
HLCs of the different thermal zones or volumes to be analysed, where corresponding Cv
values will also be estimated. In this work, the volumes will be the four floors of the
rehabilitated office building mentioned before. The HLC values estimated by applying the
average method mentioned before will be used to decouple those already estimated HLC

values into the Cv and UA values.
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Thus, the final objective of this Thesis is to apply and test the proposed CO:
concentration decay method to decouple the in-use HLC into its UA and Cv values of an in-
use office building by means of monitored data. The decoupling of the HLC would allow a
clear identification of the main origin of the heat losses. In other words, it would be
possible to estimate which of the heat losses are higher; the transmission heat losses or

the infiltration and/or ventilation heat losses.

Moreover, it must be remarked that the HLC values of the in-use building are estimated
for two different periods, one before the building was rehabilitated and the other, after
been rehabilitated. Before rehabilitation, there was no ventilation system installed in the
building. So, the Cyvalues obtained during the pre-retrofitting winters will only consider
the infiltration heat losses of the building. However, after the rehabilitation, a ventilation
system was installed on each of the floors. Thus, the obtained Cv during the post-
retrofitting winter periods should consider both the infiltration and ventilation heat

losses.

To sum up, through this Thesis, it has been possible to develop an accurate method
based on measured data in order to estimate reliable HLC results for in-use buildings,
which later are decoupled into the transmission and infiltration and/or ventilation heat
loss coefficient. Thus, the work will help to identify the heat losses origin in order to better

understand the building energy performance gap.
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2. METHODOLOGY

This section describes all the methods and procedures carried out in order to obtain
the objective of the Thesis. The simulation programs used during the work are also

mentioned.

First of all, the methodology used to reliably estimate the HLC in in-use buildings is
explained. Therefore, the origin of the used average method has been deeply analysed and
described in section 2.1.1 and thus, the origin of the method requirements is detailed. This
section is followed by the analysis of the HLC properties in relation to a multizone building
in section 2.1.2. There, the cancelation of the internal heat and mass transfer effects
between the adjacent thermal zones is proven. Moreover, the used error propagation
method in order to estimate the uncertainties created by the sensors is also included in

section 2.1.3.

Once the average method is studied in detalil, it has been identified that one of the main
parameters creating uncertainties in the HLC value are the solar gains. However, during
the development of the average method in section 2.1.1, only the effect of the solar gains
through the windows has been studied and limited. Then, the effect of the solar gains
through the opaque elements has been completely ignored. Therefore, a method for a
deeper analysis of this effect is presented in section 2.2. Section 2.2.1 contains the
theoretical quantification of the solar factor and the effect the solar radiation has on the
inner surface heat flux of opaque walls under steady-state conditions. During the Thesis,
the theoretically presented method is applied to the measured data using different models
in the software LORD. Since not always the corresponding solar radiation data of each
orientation is measured, it has been necessary to estimate it. Therefore, section 2.2.2 also
includes the method followed in order to estimate the missing solar radiation data. So, as
commented before, once all the necessary data is estimated, it is possible to analyse the
solar gains effect on the inner surface heat flux using several different models in LORD.
Therefore, the structure and the theoretical thermal characteristics of all the models
tested are presented in section 2.2.3. The identified best models used to estimate the solar
gains effect on the inner surface heat flux and the procedure followed for obtaining these
values are also presented in section 2.2.4. Also the estimation of the g-values is included
in section 2.2.5. Finally, the effect the solar gains have through the opaque walls is
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transmitted to the HLC estimation method. Therefore, the theoretical procedure followed
in order to estimate the weight the not consideration of the solar gains through opaque
walls would have with respect to HLC value when estimated using HLC estimation method

such as the average method is also introduced in section 2.3.

Finally, once tested that all the main uncertainty sources are considered in the average
method development, and therefore, the obtained HLC results from this method are
considered reliable enough, it is possible to present and apply the last part of the work.
This is the decoupling of the in-use HLC value, which consist on separating the HLC into
its transmission and infiltration and/or ventilation heat loss coefficient. Thus, the
procedure performed for this decoupling is extendedly explained in section 2.4. Since the
studied building has been analysed before and after its rehabilitation, and during the
rehabilitation of the building, a mechanical ventilation system was installed, the method
has been adapted for both situations. Therefore, section 2.4.3 shows the method used in
order to estimate the infiltration heat loss coefficient before the rehabilitation of the
building and section 2.4.4 shows the method used in order to estimate the infiltration and

ventilation heat loss coefficient after the rehabilitation of the building.

2.1- Methodology for the HLC estimation

This section presents the development of an average method for the estimation of an
accurate in-situ HLC value of in-use buildings. The method development has been based

on a multi-storey occupied office building described later in section 3.3.

2.1.1- Origin of the average method

The origin of the method has been studied in detail in order to understand the method’s
limits when used in dynamic problems such as an in-use building. Figure 5 shows the
system to be analysed from the Thermodynamics Open System viewpoint. As can be seen
in Figure 5, the building’s envelope is the Control Volume or the boundary of the system
through which heat and mass can be exchanged with the surroundings and the ground.
Eq. 1 states the energy conservation principle of a generic Thermodynamic Open System

[84].
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A H . Viz . Vez
= Qey — Wep + Xy (hi + Y + gzi) — YTl (he + > + gze) [Workw] Eq.1

Each term of Eq. 1 is developed separately. So the first term represents the energy

accumulation in the system, including the Internal Energy (Uig), the Kinetic Energy (KE)

and the Potential Energy (PE). Since these last two terms are usually constant in a

building, their derivative over time will be zero. Therefore, only the Internal Energy is

relevant when estimating the energy accumulation term:

dEcy,

dU;g . dKE  dPE

dt

= = W or kW Eq. 2
2 T a dt ar  Workw] q

On the other hand, the second term in Eq. 1 takes into account all the pure heat

exchanges occurring through the Control Volume boundary (the building envelope). In

this case, the heat gained through the solar radiation entering the building and the

metabolic heat generated by the occupants of the building are considered to be inputs.

Nevertheless, the added negative inputs are transmission heat losses through the

envelope of the building.
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QCV = SaVsol + Koccupancy - UA(Tin - Tout) [W or kW] Eq.3

The next term, W,,, considers the pure work exchanged through the Control Volume.
In this case, the consumed electricity is considered as work. However, as the electricity is
converted into heat within the system, the considered negative work is presented as

positive heat gain:
_WCV = Kelectricity [Wor kW] Eq. 4

Finally, the last two terms in Eq. 1 consider the net energy exchanged by the system
due to the mass flow rates of the water (it could be other Heat Transfer Fluid) in the
heating system and the air mass flow rates of the ventilation and/or infiltration air
exchanges. Here, the heat provided by the heating system is considered in the energy
balance equation as flow and return hot water of the heating system circuit (Eq. 5). The
hot water for the heating system could be produced by different technologies. If electrical

heating is present, this would be considered in the Eq. 4 term.

If we have buildings with a ventilation system without heat recovery, then the terms
Vairwent)Pair Pair Tin — Tout) + Vair(int)PairCPair (Tin — Tour) ~ represents the heat
exchanged by the building with the outdoor ambient due to ventilation plus infiltration. If
no ventilation system is present in the building, the ventilation term disappears. Then, the
ventilation and/or infiltration heat losses can be calculated using the specific heat at
constant pressure of the air, cpair, and the indoor to outdoor temperatures (Eq. 5). Kinetic

and potential energy variations of both flows can be neglected.

. vZ . vZ . .
Xim; (hi + Py + gzi) — e, (he + Py + gze) = Myater (hwi = hwe) + Mgy (hgi — hge) =
mwatercw (Twi - Twe) - l./air(vent)pairCpair (Tin - Tout) - Vair(inf)paircpair (Tin - Tout) =
mwatercw (Twi - Twe) - CU(Tin - Tout) = Qheating - Qinf+vent [W or kW]

However, if the building is working on a ventilation system with heat recovery, the
term Vair(,,ent)paircpair(Tm — T,y:) of Eq. 5 should be calculated considering the heat

recovery system efficiency. In order to check how the recovery system affects our

calculations, it is necessary to develop the following equations. Figure 5 shows the
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schematic of the different temperatures involved in a generic heat recovery system for a

ventilation system.

The heat recovery system works with four main temperatures: The outdoor or ambient
temperature (Tout), the renewed or supply temperature (Tsup), the indoor temperature
(Tin) and the exhaust temperature (Texn). The supplied and exhaust temperatures are
those obtained after crossing the recovery system by both, the flow and return of the air
flows. The supply temperature is that obtained after the outdoor temperature crosses the
recovery system. In winter, this temperature will increase. Considering an adiabatic heat

exchanger and the same volumetric flow rates for supply and exhaust flows (Vair(sup) =

Vairtexn) = Vair(vent)), the heat from the exhaust stream will be used to heat up the cold
inlet stream. Thus, the temperature drop of the exhaust stream should be equal to the
inlet stream temperature increase across the heat exchanger. Therefore, the percentage

of heat recovered would be defined as in Eq. 6:

_ Tsup—Tout
n = —T' T Eq.6
in—lout

Eq. 7 represents the heat exchanged inside the heat exchanger, while Eq. 8 represents

the heat that the ventilation system will require for the building’s heating system.

Qrecovery = 'air(vent)paircpair ! (Tin - Texh) =Vair(vent)paircpair ’ (Tsup - Tout)
[W or kW]

Eq. 7

. Eq.8
Quentilation = air(vent)Pair CPair (Tin — Tsup) [W or kW]

Developing Eq. 6, a relation between Tsup, Tin, Tout and 1 can be obtained. Then,

combining Eq. 8 and Eq. 9, Eq. 10 would be obtain.

Tsup =1- 7]) *Tout + 1 Tin [°C] Eq.9

Quentitation = 'air(vent)paircpair((l =1 Tout + 1" Tin — Toue) [WorkWw] Eq. 10

Then, Quentilation €an also be presented as:

Quentitation = 'air(vent)paircpair(l =) (Tin — Tout) [Workw] Eq. 11
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Therefore, if the compensated ventilation system with heat recovery system is added

to the building, the previously presented Eq. 5 is converted into Eq. 13, where:

G, = Vair(vent)paircpair (1-n)+ Vair(inf)paircpair [W/Kor kW/K] Eq.12
2 . 4 . .
Zimi (hi + % + gzi) - Ze me (he + V? + gze) = mwater(hwi - hwe) + mair(hai - hae)n =

mwatercw (Twi - Twe) - Vair(vent)paircpair (Tin - Tout)(1 - 7]) - Vair(inf)paircpair (Tin - Eq' 13
Tout) = mwatercw(Twi - Twe) - Cv (Tin - Tout) = Qheating - Qinf+vent [W or kVV]

However, if the ventilation system is not compensated, and the supply volumetric flow
rate Vair(sup) is different to the exhaust volumetric flow rate Vair(exh), then it can be
proven, that Eq. 11 will have the form of Eq. 14. Then it will be necessary to measure in
the ventilation system at least the supply and return volumetric flow rates and the supply
(Tsup) and indoor (Tin) temperatures (See Figure 5). For those cases, the Cv value would

be estimated as in Eqg. 15.

(Vair(exh)paiGCairTin_Vair(sup)PaiGCairTsup)
Quentitation = (Tin—Tous) (Tin — Tour) [Wor kW] Eg.14

Cv - (Vair(exh)paiGCairTin_Vair(sup)PaiGCairTsup) + Va

(Tin—Tout) ir(inf) Pair CPair [W/KorkW/K] Eq.15

Then, Eq. 13 is converted into Eq. 16:

. vZ , Vg , ,
Ximy (hi + Py + gzi) — e, (he + Py + gze) = Myater (Mwi — hwe) + Mg (hai — hae)n =

(Vair(exh)PairCPairTin _Vair(sup)paiGCairTsup) (T
in

—T )—
(Tin=Tout) out)

mwatercw(Twi - Twe) - Eq 16

Vair(inf)paircpair (Tin — Toue) = MyaterCw (Twi — Twe) = CV (Tiy — Toye) = Qheating -
Qinf+vent [W or kW]

If we put together all the terms developed in Eq. 1, we then obtain the Eq. 17 expression
for the complete energy balance of the building at the time instant t. In this work, the heat
losses to the ground have been considered within the HLC value, as if they were working
against (Tin - Tout). Note that the long wave radiative heat exchange occurring in the
building envelope is again considered within the HLC value, as if they were working
against (Tin - Tout). These last two assumptions are also made in the original co-heating

method [27], where the UA and Cv values are also considered to be constant.
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dUjg(t)
% = SaVsol(t) + Koccupancy (t) —UA (Tin - Tout)(t) + Kelectricity (t) + Qheating (t) -

Cv (Tin - Tout)(t) [W or kW]

dug(t)
% = SaVsol(t) + Qheating (t) + Kelectricity(t) + Koccupancy (t) - (UA + CU) (Tin -

Toue)(£) [W or kW]

Eq.17

If Cv is defined as in Eq. 5, Eq. 13 or as in Eq. 15, then Eq. 17 is valid for any type of

ventilation system of a building and the HLC can be estimated by:

HLC = (UA + C,) [W/K or kW/K] Eq. 18

dUg(t
;Et( ) = SaVsol(t) + Qheating (t) + Kelectricity(t) + Koccupancy (t) - HLC(Tin - Tout)(t) Eq. 19
q.

[W or kW]

Analysing Eq. 19, it could be said that if the building’s HLC is to be estimated by means

of measurements, it would be necessary to make an instantaneous measurement of the

dUjg(t)
dt

energy rate being stored in the building ( ), the exact solar gains at the same instant

(SaVs0i(t)), the exact instantaneous heating gains (Qpeqting (t)), the exact instantaneous
internal gains due to occupants and electricity consumption (Kgectricity () +
Koccupancy (t)) and the exact indoor to outdoor temperature difference (Tiy, — Tyt ) (2).

Obviously, the instantaneous accumulation term is nearly impossible to measure
accurately and the exact instantaneous solar gains are also difficult to measure in an in-

use building. The rest of the terms can be measured accurately and instantaneously.
If Q(t) = Qneating (t) and K (t) as in Eq. 20, then reordering Eq. 19, we obtain the Eq.
21:
K(t) = Kelectricity (t) + Koccupancy (t) [W or kW] Eq. 20
dUg(t) _
—— T 0O + K@) = HLC(Tin — Toue) (t) = SaVsor(t) [Workw]  Eq.21
Since the internal energy is a property of the system and we consider the HLC to be

constant, making the integer over a period of time considered between t1 and tn, we can

convert Eq. 21 into:

— [N dUip(® + [N @(ydt + [N K(©)dt = HLC [ (Tiy = Tour) ©)dt = [ SyVo (£)dt

Eqg. 22
[ or k] 1
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= Y m (g, () = g () + [ Q@de + [N K (©)dt = HLC [N (T
Toue) ©)dt = [N SaVequ(B)dt [ or K]
Zaomici(Ti(t) = Ti(ty)) + [N (Ot + [ K(©)de = HLC [ (T —

Tout)(t)dt - f:lN SaVsol(t)dt U or k]]

where m;j are the different mass types within the building (the analysed system), such
as concrete, bricks, furniture, wood (the sum goes up to z different types of masses
present within the building), which might change their temperatures (and thus their
internal energy) when going from time instant t1 to tn. The ci represents the different
specific heats of the different masses within the system. For the air within the building,
the specific heat at constant volume should be used. Since monitoring systems make
discrete measurements every At, the integers of Eq. 22, would be converted into sums

fromk =1 (att1) to k=N (at tn):

Yioamici(Ti(t) — Ti(tn)) + Xi=1 QkAt + Xioy KAt = HLC X3y (Tin e — Tour i) At —

N Eq. 23
k=1(SaVso)kAt []J orKkJ]

Thus, if the thermal level is not equal at the start and end of the analysis period from
Eq. 23, we could solve for HLC as in Eq. 24. Note that At cannot be cancelled because the
thermal storage is a property that depends solely on the initial and final thermal level of
the building and not on the time dependant path as are the rest of the variables of the

equation:

HLC = Stz Mici(Tilt)=Titn) +Ei (QictKict (SaVso)i)At

z:1121—1(Tin k—Tout k)At [W/K or kW/K] Eq- 24

In Eq. 24, it can be seen that the longer the considered period is, the smaller the impact
of the difference in thermal level of the building on the HLC estimate. Since the internal
energy of the building is a property, it only depends on the initial and final states of the
building. While the denominator increases, the longer the period is. The accumulation
term is very hard to estimate accurately. The proposed average method is formed by
selected periods, where the initial indoor and outdoor temperatures (at t1) and final
indoor and outdoor temperatures (at tn) are equal. In other words, both indoor and
outdoor temperatures must be equal at the start and end of the periods. Thus, the average

temperature between the indoor and outdoor temperature will also be equal at t1 and tn.

58



CHAPTER 2: METHODOLOGY

If this is fulfilled, it can be assumed that there will be no accumulated heat in the building,
since the start and end points of the analysed period will have a similar thermal level.
Then, the energy accumulation inside the building will be negligible between these two
time instants and it will be possible to ensure similar conditions as in the stationary stage
for the selected period. Since the longer the period is, the smaller the impact of the
accumulation term, as proved in Eq. 24; if the period fulfils the same initial and final
thermal level conditions, applying the method to periods of at least 72 hours (three days),
the accumulation term effect on the HLC, by Eq. 28, will be negligible. Therefore, if it can

be assumed that T(t1) = T(tn) for a period, then Eq. 22 can be rewritten as:

TEamici(0) + [N Q(0)dt + [N K(©)dt = HLC [N (Tin = Tou) ©)dt — [ SaVeor (B)dt

[J or kJ] Eq. 25
[N et + [N K(©)dt = HLC [ (Tin = Tout) ©)dt = [V SyVeo1 ()t [J or K]

Since monitoring systems make discrete measurements every At, the integers of Eq. 25

would be converted into sums from k =1 (at t1) to k= N (at tn):
YR=1 QAt + Xy KAt = HLC B3 (Tink — Tout k)AL — XR=1(SaVso)kAt [Jork]]  Eq.26
Taking At as a common factor and cancelling it:
YR=1Qx + Xk=1 Kic = HLC TX=1(Tinse — Touts) = Xk=1(SaVsor)k [Workw] Egq.27

and, finally, reordering Eq. 27, we obtain Eq. 28:

HLC = Zh=1QitKitSaVsoDi)

N [W/K or kW/K] Eq. 28
Zk:1(Tin,k_Tout,k)

The second term introducing uncertainties in the method application are the solar
gains of Eq. 28. The method proposes using periods, not only with the same initial and
final temperature of the building, but also with cold and cloudy periods where solar
radiation is very low and could thus be considered purely diffuse [86]. For cloudy periods,
where the radiation can be considered purely diffuse, any orientation global radiation
measurement can be used since any of these measurements will be similar to a diffuse
solar radiation measurement. These periods can be easily found in countries or areas

where cloudy and cold days are common in winter. It must be possible to ensure that the
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solar heat gains for those periods compared to the rest of the heat gains (heating (Q) + all
internal gains excluding solar radiation (K)) of the building are less than 10 %. Then, if
these roughly estimated solar gains have an uncertainty as large as 100 %, their effect on
the HLC estimation would only be 10 %. Accurately measuring heating and internal gains
is possible, while measuring solar gains accurately is a hard task. However, if only cloudy
days are present in the studied period and it can be considered that only diffuse solar
radiation is affecting the whole building envelope, then it is possible to make a rough

estimate of the solar gains.

To make a rough estimate of the solar gains, it can be considered that multiplying the
total window area of the building envelope by a g-value of 0.5 [87], a rough estimation of
the solar aperture regarding the diffuse radiation can be obtained. Since diffuse radiation
can be considered to be similar in all orientations, if this value is multiplied by the solar
aperture, the internal gains created by the solar radiation can be estimated. Therefore, it
is reasonably easy to make rough estimates of the SaVsol term in cloudy periods. Hence,
due to the similarity between the results of SaVsol and SaHsol in cloudy periods, the method

could be applied using any of them indistinctly.

If the period is also cold, the weight of the solar gains in the energy balance is small and
enables us to make accurate estimates of the HLC, even though the solar gains are roughly
calculated. This work considers a period to be cold if the average indoor to outdoor
temperature difference is 10 °C or bigger. Thus, the uncertainty associated with the
indoor to outdoor temperature difference is limited. For example, a 0.5 °C uncertainty in
the indoor to outdoor temperature difference will only representa 5 % error in the indoor
to outdoor temperature difference. Furthermore, the method also proposes calculating
the HLC, assuming the SaVsol term to be zero, as shown in Eq. 29. Thus, the effect of the

solar gains of the period on the HLC can be analysed.

N
Yk=1(Qr+Kk)
ZQ’: 1 (Tin,k _Tout,k)

HLCsimple =

[W/K or kW/K] Eq. 29

Eq. 29 introduces errors up to 10-15 % in the estimated HLCs in the considered periods
of very low solar radiation, as compared to Eq. 28. However, Eq. 29, although slightly

underestimated, makes it simple to obtain quite a reliable HLC value of a building. From

60



CHAPTER 2: METHODOLOGY

now on, the HLC of Eq. 28 will be named HLC, while the HLC of Eq. 29 will be named
HLCsimple.

This proposed average method has some similar characteristics regarding the
mathematical estimation method used by the ISO 9869-1 method [88] for obtaining in-
situ U-values of walls. The method described by the ISO 9869-1 requires plotting the
accumulated average U-value during the periods considered valid for the estimation. On
those plots, a stabilization band of +2 % of the final estimate during the last 24 hours of
the testing period is required. Based on the mathematical development carried out in this
work for the whole building in-use HLC estimation method, due to the complexity of a
whole building when compared to a single wall analysis and considering the uncertainty
limits imposed, this band will be expanded to +10 %. In other words, the proposed
average method will also perform the HLC accumulated average plots for the selected
periods and should be able to provide stable HLC values within a +10 % during the last
24 hours in order to ensure a reliable HLC estimation. Some examples of HLC accumulated

average plots can be seen in Appendix A, B and C.

2.1.2- HLC application to a multizone building through the energy balance

In this section, the properties of the HLC estimation related to a multizone building are
analysed. As shown in section 2.1.1, several heat gains and losses have been considered
when estimating the Heat Loss Coefficient for a whole building enclosed in a control
volume. However, the demonstration only considers the HLC estimation for a whole
building with homogeneous indoor temperature. Section 2.1.2 explains how different
thermal zones next to each other, or on different storeys located above or under each
other, behave when considering the whole building HLC. It is proved how the internal heat
and mass transfer effects passing from one room to another can be cancelled out through

the following simple case:
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* GROUND *

Figure 6. Schematic of all heat and mass exchanges through the multizone building. [85]

Figure 6 shows the proposed simple toy model for a multizone building. Three different
zones, distributed on two floors (FO and F1), form the building. Each zone is affected by
different heat and mass exchanges, coming either from other zones, the ground or the
exterior. Thus, we aim to prove that for a building with L floors and M thermal zones per
floor, the building’s total Heat Loss Coefficient can be estimated by applying the following

formula:

HLCgyn = i1 2L 1 HLCpy Eq. 30

HLcsum = HLCFO,l + HLCFO’2+HLCF1’1 [W/K or kW/K] Eq 31

where each zone HLC can be estimated by applying Eq. 28 directly to each zone as if
they were only affected by (T Fij — Tout). For clarity, the sum from k =1 to k = N is not
shown in this section developments. The sum is only presented in the generalized

equations Eq. 44 and Eq. 49.

[QFo,1+KFo,1+(SaVso)Fo,1]
HLCpg, = =222 (TZZ?—T; 5" PoL [W/K or kW/K] Eq. 32

[QFo,2+KF0,2+(SaVsol)Fo,2]
HLCpg, = =2 (TF‘LZZ _TO‘L 5" 222 [W/K or kW/K] Eq.33

[QF1,1+KF1,1+(SaVsoF1,1]
HLCFl,l = Fi1 (Tl;-llt—Toitio Fi1 [W/K or kW/K] Eq 34
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In this example, two zones are on the ground floor and another one on the first floor.
Thus, the whole energy balance of each zone (Eq. 35 to Eq. 37) is presented considering

all transmission and infiltration exchanges for each of them:

Ground floor (zone F0,1):

QFO,l + KFO,l + (SaVsol)FO,l = UAFO,l—ground (TFO,l -

Tground) +UAFo1-Fo02 (TFO,l - TF0,2)+UAFO,1—F1,1(TF0,1 -

Eq. 35
TF1,1)+UAFO,1—out(TFO,1 - Tout)+VFO,1—F0,2paiGCair(TFO,l -
TFo,z)+VF0,1—F1,1PaiGCair(TF0,1 - TFl,l) + G, F0,1—out(TF0,1 - Tout) [W or kW]
Ground floor (zone F0,2):
Qro,2 + Kro2 + (SaVsor)ro.2 = UAFRo 2-ground (TFO,Z -
Tground)+UAF0,2—F0,1(TFO,Z - TFO,1)+UAFO,2—F1,1(TFO,2 - Eq. 36

TF1,1)+UAF0,2—out(TF0,2 - Tout)+VFO,2—F0,1paiGCair(TFO,Z -

TFO,l)+VF0,2—F1,1paircpair(TFO,Z - TFl,l) + G, F0,2—out(TF0,2 - out) [Wor kW]

First floor (zone F1,1):

Qr11 + Kr11 + SaVsor)r11 = UAFl,l—FO,Z(TFl,l - TF0,2)+UAF1,1—F0,1(TF1,1 -
TFO,1)+UAF1,1—0ut(TF1,1 - out)+VF1,1—FO,2paiGCair(TFl,l - Eq. 37

TFo,z)+VF1,1—F0,1PairCPair (TFl,l - TFO,l) + Cy F1,1-out (TFl,l - out) [Wor kW]

Since the average method considers periods with negligible energy accumulation
within the building, when Eq. 35 to Eq. 37 are summed, the energy transfers through
internal walls due to transmission and infiltration between the considered zones are
cancelled out. Then, only heat and mass transfers between indoor and outdoor air and

heat transfer between floor 0 zones and ground remain.

[Qro,1 + Kro,1 + (SaVsor)ro,1] + [Qro2 + Kro2 + (SaVso)ro2]H[QF1,1 + Kp11 +
(SaVsol)Fl,l] = UAFO,I—ground(TFO,l - Tground)+UAF0,1—out(TF0,1 - Tout) +
Cy Fo,1-out (TFO,l - Tout) + UAFO,Z—gTound(TFO,Z - Tground)+UAF0,2—out (TFO,Z - Tout) + Eq.38

Gy FO,Z—out(TFO,Z - 0ut)+UAF1,1—out(TF1,1 - Tout) + G, F1,1—out(TF1,1 - out) [Wor kW]

63



CHAPTER 2: METHODOLOGY

Taking (TFU — Tout) as the common factor for each zone:

[Qro,1 + Kro,1 + (SaVsot)ro,1] + [Qro2 + Kroz + (SaVso)ro2]H[QF1,1 + Kr11 +

(TFO,l_Tground)

(Troa=Tout) +UAFo,1-out + Cy F0,1—out) (Troq —

(Sa Vsol)Fl,l] = (UAFO,l—ground

(Tro2=Tground) Eq.39

(Tro2=Tout)

(UAFl,l—out + G, F1,1—out)(TF1,1 - out) [Wor kW]

Tout) + (UAFO,Z—ground +UAFpo2-out + Cy F0,2—out> (TFO,Z - Tout) +

Since HLCp;j = UApi j—our + Cy Fi,j—our» and reordering Eq. 39, we obtain Eq. 40:

[Qro1 + Kro1 + (SaVso)ro,1] + [Qroz + Kroz + (SaVsor)ro2]+[QF1,1 + Kp11 +

(SaVso)r1,1] = HLCpo 1 (TFO,l - Tout) + HLCro 2 (Tro2 — Tout) + HLCr11 (Tr11 — Tout) Eq. 40
[W or kW]

Eq. 40 proves that the only valid solution for any Tri; is the one provided by Eq. 32 to
Eq. 34 for each of the HLCrij of Eq. 40, where each HLCri;j has only the indoor to outdoor
UAgi j—out and Cy gy j_oye values within it. Remember that the HLCro, of the ground floor

(Troj=Tground)

also includes the UA value against the ground multiplied by the factor oo —Towd)
Fo,j —Tout

Thus, it has been proven that the whole building Heat Loss Coefficient can be estimated
by the sum of the individual zones HLCFi; as if they were only exchanging heat and mass

with the outdoor air:

[QFo,2%KFo,2+(SaVsoD) o,z
(Tro,2—Tout)

_ [QFO,l +KF0,1+(SaVsol)F0,1]

[QF1,1+KF1,1+(SaVso)F1,1] _
HLcsum B (TFO,l_Tout) -

(TF1,1_Tout)

+ +

Eq. 41
HLCFO,l + HLCFO,Z + HLCFl,l [W/K or kW/K]

Where the generic equation of each zone (or floor) can be presented as Eq. 42 for the

simple HLC and Eq. 43 for the HLC:

_ (QFij+KFij)

HLC; P = W/K or kW/K
simple Fi,j (Trij~Tout) W/ /K] Eq. 42
L i+KEi i+(SaVsoDFi i
HLCp; ; = 24 (T':l’] _(T;t;‘”)”’) [W/K or kW/K] Eq. 43
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Hence, generalizing the example to a building with L floors and M zones per floor, Eq.
41 can be written as Eq. 44. Considering Eq. 28 of section 2.1.1, it can be written as the

sum of N time step measurements for the period k=1 (att1) to k=N (at tn):

(Qijx*Kijr+(SaVsolijk)
(Ti,j,k_Tout,k)

HLCgyn = X1 211 HLCrj = Xica X1 Xki=1 [W/KorkW/K]  Eq. 44

From the previous analysis, it can be concluded that it is possible to develop a precise
estimation of the whole building HLC estimating the Heat Loss Coefficients for each
thermal zone and summing them, since the transmissions and infiltration through the
walls between the zones are cancelled out in this overall summation process. Moreover,
it must be commented that there is no physical meaning when measuring the HLCs of each
zone independently, since this parameter considers the heat transmitted from one room
to another. Those effects are only cancelled when all individual HLCs are summed for the
whole building. The individual HLC of each zone will only be physically meaningful when
the same indoor temperature is found in all the building’s zones. Only there, each zone
HLC will be representing the HLC regarding the indoor to outdoor exchange effects. For

this specific case, where all Trij=Tin, then Eq. 41 becomes Eq. 45:

HLC _ [QF0,1+KFo01+(SaVsol)Fo,1]+[QF0,2+KFo,2+(SaVso)Fo,2]+[QF1,1+KF1,1+(SaVso)F1,1] _

Eq. 45
HLCFO,l + HLCFO,Z +HLCF1,1 [W/KOFkW/K]

However, the proposed zone-by-zone development for the HLC estimation, as far as
concerned, has not been used in order to estimate the HLC of a whole building. Instead of
the HLCsum, in previous works, the HLCbuilding has usually been estimated considering the

whole building is a unique thermal zone.

In order to estimate the HLCbuilding, Eq. 48 must be used, here, the sum of all the input
parameters must be introduced (heating system’s heat, occupancy and solar gains) for the
whole building. Moreover, the indoor temperature must be calculated as a unique indoor
temperature. Usually two different methods are used: the average temperature method

(Eqg. 46) and the volume weighted average temperature method (Eq. 47).

Tpo1+Tpo2t+ T
Tin = F0,1TIFo2T I'F11 [K or °C]

3 Eq. 46
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T Tro1*VFo,1+Tr02*VEo2t Ty 1*VF11 (K or °C]
in = . or
i VroatVro2tVE11 Eq. 47

Using the simple average temperature method, the formula in order to obtain the

Figure 6 example building HLCbuilding is the following:

HLC _ [QF0,1+QF0,2+QF1,1]+[KFo,1+KFo,2+KF1,1]1+[(SaVsot)Fo,1+(SaVso)Fo,2+(SaVso)F1,1] _
building = ([TF0,1+TF0,2+TF1,1] B

3 Tout)

Eq. 48
[QF0,1+QF0,2+QF1,1]1+[KFo,1+KF0,2+KF1,1]+[(SaVsol)Fo,1+(SaVso)Fo,2+(SaVsol)F1,1] [W/K or kW/K]

(Tin—Tout)

Generalizing Eq. 48 to a building with L floors and M zones per floor, HLCbuilding can be
written as Eq. 49. Once again, considering Eq. 28 of section 2.1.1, it can be written as the
sum of N time step measurements for the period k=1 (att1) to k=N (at tn):

L M L M L M
[Zl=1 Z]:l Qi,j+zl=1 Z]=1 Ki,].+zl=1 Z]=1(5avsol)l.‘j]k

(Tin,k_Tout,k)

HLCpyiiging = Xi=1 [W/Korkw/K]  Eq.49

The estimation of an average unique indoor temperature can affect considerably the
final HLCbuilding estimation regarding the HLCsum estimation value. Information is lost due
to the indoor temperature averaging process. Therefore, the Eq. 44 should provide more

accurate results since each thermal zone has been analysed individually.

2.1.3- Error propagation

The existence of uncertainty due to measurements will be analysed in this section,
since uncertainty sources due to modelling have already been detected and limited in
section 2.1.1. In this section, all uncertainties, excluding the one related to the
disregarding of the accumulation term, are propagated to the estimation of the HLC. The
effect of the accumulation term on the HLC estimate is assumed to be close to zero,
considering the length of the period and the same thermal level condition to be

established at the start and end of the valid data periods, as described in section 2.1.1.

The error propagation method used in this section is based on the book [89]. The
propagation of errors has been applied to the already presented Eq. 28 Heat Loss

Coefficient formula, but using the period averaged values for all the variables:
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SN QEHKp+SaVsoDr) -
HLC = ket (@it Kict SaVso)) _ eI ST G4 R4SV 0l
leg=1(Tin,k_Tout,k) ZII¥=1(Tin,k‘Toui:,k) Tn—Tout
N

[W/KorkW/K] Eq.50

The propagation of error for the addition and subtraction in Eq. 50 should be estimated

first:

(Q+8Q) + (K£8K) + (SaVs501£85aVs01) — (Q+K+ SaVso1) £ (8Q+ 8K+854Vs01)
(Tint8Tin) — Tout+8Tout) (Tin— Tout)t 8T+ 8Tour)

HLC = [W/K or kW/K] Eg.51

In Eq. 51, all terms’ uncertainties are considered, including that of the roughly
estimated solar gains. Finally, the propagation error for the division in Eq. 51 must be
calculated in order to estimate the error propagation when estimating the HLC of the

building or of a thermal zone within the building:

(Q+E+ SaVsol) + (86+ 8R+85avsol ) —

HLC = — © =
(Tm_ Tout)i (8Tln+ STout)
((?"‘E"‘ SaVsol) + (Q*’E" SaVsol) . ( (8(_?_+ §R+85avsol ) (8E+ @)) [W/K or kKW/K] Eq. 52
(Tin— Tout) (Tin— Tout) [Q+K+ SqVsol ITin— Touel

2.2- Methodology to estimate the effect of the solar gains through opaque

walls in buildings

During the development of the average method in section 2.1.1 for a proper estimation
of the HLC in in-use buildings, the importance of the solar gains has been remarked.
Therefore, a specific requirement has been established for its weight when estimating the
HLC for in use-buildings. In order to reduce the uncertainties created by this parameter,
the method has established that the selected period should only consider cold and cloudy
periods where the effect of the solar radiation entering through the windows is

considerably low.

However, as commented in section 2.1.1, only the solar radiation entering through the
windows has been considered for the average method developed. However, it is
important to consider also the impact the solar gains though the opaque walls of the
building could have in the HLC results, since not considering them could create a
considerable error in the estimates. Despite it is assumed that the fixed requirement
regarding only considering cold and cloudy periods would also reduce the weight of the

solar gains through the opaque walls in the HLC value, it has not been demonstrated yet.
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Therefore, the description of the deep analysis performed in order to estimate the effect
the corresponding solar radiation has in the inner surface heat flux of each individual
opaque wall is presented in this section. Despite the methodology is applicable for any
opaque building envelope element facing solar radiation, the methodology has been
carried out based on the opaque walls of the well monitored Round Robin Box (a small

scale well monitored building, see Figure 7) presented later in section 3.1.

Figure 7. The small scale “building” named Round Robin Box.

2.2.1- Theoretical quantification of the solar factor and the effect of the solar
radiation on the inner surface heat flux of opaque walls under steady-state
conditions

Due to the heating effect of the solar radiation on the outer surface of opaque walls, the
inner surface heat flux going outwards through opaque walls is reduced. This effect is
mathematically quantified for a general opaque wall presented in Figure 8 under steady-
state assumptions. This mathematical development is also valid for any other opaque
building envelope element facing solar radiation. Finally, this inner surface heat flux
reduction effect is transferred to the estimation techniques of the Heat Loss Coefficient of
in-use buildings where an unknown identifiable constant solar gain value is not used, as

the average method developed in section 2.1.
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Figure 8. Energy balance representation in a massless control volume representing the outer surface of an
opaque wall.

Even if the opaque elements of building envelopes are subjected to a dynamic
behaviour, since they operate for very long periods of time, doing a steady-state analysis
can give very valuable results. For example, the Heating Degree Days method permits us
to obtain the annual heating demand of a building based on steady-state assumptions
[90]. However, depending on the thermal mass and level of insulation of the element, the
solar radiation effect on its outer surface will take more or less time to affect the inner
surface heat flux; so, for a long period analysis, the dynamic effects become negligible and
thus a steady-state analysis will be performed. Of course, the higher the insulation level
of the building element, the lower will the effect of the solar radiation be on the inner

surface heat flux.

In Figure 8, two inner surface heat fluxes are represented, the g, which is the real inner
surface heat flux considering the solar radiation effect, and ¢’, which is the hypothetical
inner surface heat flux without considering the solar radiation effect. The aim of this
mathematical development is to relate g with ¢’, based on the typical physical knowledge
on common opaque building envelope elements. Of course, since this development
assumes the steady-state assumption, the conduction heat flux will be the same in any
other position within the opaque wall, including the outer surface. Then, applying the
energy balance to the massless control volume representing the outer surface of the wall,
we obtain Eq. 53.
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. oT (L)
q=—k 9x = hconv(TSout - Tout) + 50(T4Sout - T4surr) — aGgo; [W/m?] Eq.53

Eq. 53 shows the three main terms related with three important phenomena that may
affect the outer surface of the wall. The solar radiation is one of them. The effect of this
phenomena is considered in the last term of the formula (aGg,;), where o represents the
outer surface solar absorptivity and Gsol represents the global solar radiation incident on

the outer surface of the wall.

The middle term, eo(T*s,,t — T*surr), considers the heat exchange due to the long
wave radiation on the outer surface of the wall. Tsout is the real outer surface temperature
of the wall, considering the solar radiation effect (see Figure 8). Furthermore, the
parameters € and o represent the emissivity of the wall’s outer surface and the Stefan
Boltzmann constant (5.67 x 10-8 [W/mZ2K#]), respectively. However, the temperature of
the surroundings Tsurr will vary, depending on the wall. As shown in Eq. 53, for the vertical
walls, Tsurr must be used. Nevertheless, for the ceiling and the floor, Tsky and Tground,
respectively, must be used. In this research, the surrounding temperature and the sky
temperature can be obtained thanks to the available measurements of the vertical south

(Viw) and the horizontal (Huw) long wave radiation.

_ 4 (Viw)?

Tsurr - T (K] Eq. 54
4 [(Hew)?
Tsky = % [K] Eq.55

However, since no long wave radiation measurement is available for the ground
temperature estimation, a good approximation of the ground temperature is obtained,
assuming the ground temperature tends to the sol-air temperature defined in ASHRAE

[91]. Then, Eq. 56 is taken from ASHRAE [91] to estimate the ground temperature.

_ a X Ggsol & X AR
Tground = lout Tt (K] Eq.56

hcomb heomb

where Tout is the outdoor air temperature [°C], a is the absorptance of the ground
surface for the solar radiation [-], Gsol is the global solar radiation incident on the ground
surface [W/m?2], hcomb is the combined coefficient of heat transfer by long wave radiation

and convection at ground surface [W/m2K], € is the hemispherical emittance of the
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ground surface [-], and AR is the difference between the long-wave radiation incident on
the surface from the sky and surroundings and the radiation emitted by a blackbody at
outdoor air temperature [W/m?2]. Thus, Eq. 56 should provide very similar results to the

real temperature of the ground surface.

However, the use of these temperatures complicates the mathematical development
considerably. ASHRAE [91] remarked that for vertical walls, in common practice, it is
assumed that the AR term is 0. Then, the correction factor between the surrounding
temperature and outdoor air temperature equals 0. In conclusion, it can be assumed that
Tsurr ® Tout. In the case of the horizontal surfaces, the AR correction term is close to 4 °C.
However, due to the difficulties in estimating the horizontal long wave radiation and,
consequently, the sky temperature, it is common to assume that Tsky & Tout. The same
assumption is made for the floor case (Tground ® Tout). Despite the fact that these
assumptions are considered for the development of this mathematical development
section, the calculations carried out in section 2.2.3 are done using the measured
surrounding (Eq. 54) and sky (Eq. 55) temperatures and the estimated ground (Eq. 56)

temperature.

Finally, the last term (Rcony (Tsour — Tour)) can be used to introduce the effect of the
wind speed on the inner surface heat flux estimation. Therefore, a correlation between
the wind speed and the convection heat transfer coefficient (hconv) should be found and
fixed. However, the convection heat transfer coefficient can also be estimated without

considering the effect of the wind speed.

All the phenomena that are going to be studied in detail have been presented. Thus,
linearizing the radiation heat exchange term of Eq. 53 as done in [92], Eq. 58 is obtained.
Finally, combining the convection heat transfer coefficient (hconv) with the linearized
radiation heat transfer coefficient (hrad), the combined convection-radiation heat transfer

coefficient (hcomb = heonv + hrad) can be obtained, as represented in Eq. 59.

. aT (L)
q=—k 9% = Reony (TSout - Tout) + 50(T4Sout - T4out) — aGgo; [W/m?] Eq.57
. oT (L) _ 2
q= —k oax hconv(TSout - Tout) + hrad (TSout - Tout) - aGsol [W/m ] Eq. 58
. aT (L)
qg=—k ax hcomb(TSout - Tout) — aGgo; [W/m?] Eq. 59
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Since we assume the steady-state conditions, ¢ can also be calculated from the inner
surface temperature to outdoor surface temperature by means of Eq. 60. Reond represents
the sum of all the conduction resistances of the opaque wall, represented in Figure 8. Note
that the analysis could also be performed from the indoor air temperature by also
considering the inner surface convection-radiation heat transfer coefficient added to the
Rcond. As the models developed further; in order to avoid uncertainties associated to the
inner surface convection-radiation heat transfer coefficient, the equations consider the
inner surface as their boundary. Then, this mathematical development has been

performed from the inner surface instead of from the indoor air.

= —k oT (L) — (TSin_TSout

W/m?2 Eg. 60
- ol ) w/m?] q

Combining Eq. 59 and Eq. 60, we can solve for Tsout as done in Eq. 61.

Tsin=TSout 1
( Sim__Sou ) = (TSout - Tout) — aGgy;
Rcomb

Rcond 0
0=— Tsin + Tsout + Tsout _ Tout _ aGsol
Rcond Rcond Rcomb Rcomb
1 1 Tg; Tout Eq. 61
Toour — + =Sin 4 —out 4 46 q
Sout R R R R sol
cond comb cond comb
Tsin + Tout +aGgpy
T _ Recond Rcomb S0t TsinRcomb*Tout Rcond+@GsotRcond Rcomb [oc]
Sout — 1 1 -
G + Rcond + Rcomb

Rcond Rcomb

With Eq. 61, a mathematical expression of the real outer surface temperature has been
obtained, based on the inner surface temperature, the outdoor air temperature, the global
solar radiation incident on the outermost surface of the opaque wall and the typical
physical parameters known for a general opaque wall. Now, the real heat flux ¢, that
considers the solar radiation incident on the outermost surface of the wall, and the
hypothetical heat flux ¢’, that would occur in the absence of solar radiation on the
outermost surface of the opaque wall, are related. The form the hypothetical heat flux
g’ would have in the absence of solar radiation is shown in Eq. 62.

iy Tsin—Tout )
=|————) [W/m? Eq. 62
q (Rcond"‘Rcomb [ / ] 4

If the Tsout expression of Eq. 61 is introduced in the expression of Eq. 60, the right-hand
term of Eq. 62 must be searched for in the development. Once this term is found, it is
known that the rest of the terms that are not the right-hand term of Eq. 62 represent the

effect the solar radiation has on the inner surface heat flux of the analysed wall.
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Tei — (Tsichomb + Tout Rcond + aGsochond Rcomb)
q — sin Rcond + Rcomb —
Rcond

_ TSin(Rcond + Rcomb) = TsinReomb — Tout Reona — @GsorReona Reomp _ Eq. 63
Rcond (Rcond + Rcomb)

— TsinRcond—Tout Rcond+ TsinRcomb— TsinRcomb—~®GsotRcond Rcomb [W/mz]
Rcond (Rcond + Recomb)

. Tsin—Tout aGsol Rcomb Y aGsol Rcomb 2
q - ¢ = [W/m?]

(Rcond *+ Rcomb) (Rcond + Rcomb) (Rcond + Rcomb)

Analysing Eq. 63, it is found that the real heat flux on the inner surface of the wall ¢ is

equal to the hypothetical heat flux ¢’ as if there was no solar radiation, minus the term

aGsol Rcomb

, which represents the reduction effect of the global solar radiation on the
(Rcond + Rcomb)

inner surface heat flux. Thus, the theoretical quantification of the effect of the solar
radiation on the inner surface heat flux of opaque walls under steady-state conditions can

be obtained by means of Eq. 64.

7' q ! : aGsot Reomb
. q = W/m?2 Eq_ 64
if (Rcond Rcomb) [ / ]

If this term is big enough, it can make the inner surface heat flux negative; remember

that a negative inner surface heat flux is actually a heat gain to the interior of the building.

Note that, if the temperature simplification had not been done in Eq. 57, the hcomb could

not be obtained, since Eq. 58 would be as follows:

LT _

q =—k ax hconv (TSout - Tout) + hrad (TSout - Tsurr) - aGsol [W/mz] Eq. 65

Then, the corresponding Eq. 63, obtained from this Eq. 65, would be Eq. 66:

Tsin(Rconvt1+Rrad—RconvRrad)~ToutRrad TsurrRconv @Gsol RradRconv

(Rcond + Rrad+Rconv) (Rcond * Rrad*+Rconv)  (Rcond + Rrad+Rconv)

q

However, since this form does not permit the analytical solution, the form developed
in Eq. 63 will be used to show the relationship of the solar radiation effect on the inner
surface with the g-value. However, in the calculation carried out in section 2.2.3, the real

temperatures (Tsurr, Tsky and Tground) are considered.

Then, making a parallelism with the solar factor (g-value) concept for windows, the
solar factor of an opaque wall under steady-state conditions would have the following

expression:
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2Gsol Reomb
R +R a R
g _ value — ( cond comb) — comb ~ Eq. 67
Gsol (Rcond + Rcomb)

Of course, another way of obtaining the solar factor of the opaque walls would be the

use of Eq. 64 in Eq. 67, as shown in Eq. 68.

g —value = =4 [-] Eq. 68

It is important to have both Eq. 67 and Eq. 68, since Eq. 67 permits us to estimate the
solar factor of an opaque element based solely on physical parameters of the wall or roof.
The use of Eq. 67 has a problem; although Rcond can be obtained with a high accuracy based
on the typical construction material properties, the solar absorptivity («) values of the
outermost surfaces of the building components are not always known with a high
accuracy and, in real life, the combined convection-radiation heat transfer coefficient

(Rcomb) is time dependent. Many standards fix this Rcomb at 0.04 m2K/W [93].

Nevertheless, Eq. 68 would permit us to obtain the solar factor of the opaque element
based on in-situ measurements of the inner surface heat flux (q), the estimation of the
hypothetical inner surface heat flux (¢') in the absence of solar radiation and the incident
global solar radiation measurement on the outer surface of the opaque element. The use
of Eq. 68 has two problems; the first is the impossibility of measuring the hypothetical
inner surface heat flux (¢'), since it is not real. This problem can be overcome by means
of fitting a model of the opaque building envelope using measured data and system
identification techniques. Once the model parameters have been identified, they can be
fixed and the inner surface heat flux estimated by running the fitted model without
considering the solar radiation on the outermost surface of the opaque element. Thus, the

hypothetical inner surface heat flux (¢') would be obtained.

The second problem is the lack of steady-state conditions on in-situ opaque elements
in real life. The latter can be overcome by using sufficiently long period averaged values
for ¢, ¢' and Gsol [29]. That is, instead of using Eq. 68 with instantaneous values, periods
of several days should be analysed and the period averaged g, ¢’ and G, values should

be used, as in Eq. 69.

g —value = -4 [-] Eq. 69
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Finally, for long enough periods where the heat accumulation term within the wall
becomes negligible in comparison with the rest of heat exchanges within the wall, it is also
possible to check the period averaged effect the solar radiation has on the inner surface
heat flux of opaque building elements by using the period averaged form of Eq. 64
presented in Eq. 70.

aGsol Recomb

W/m? Eq. 70
(Rcond + Rcomb) [ / ] 9

§-i=

aGsol Rcomp

If the period d
e period average (Rcond + Reomb)

term is significant, neglecting the blocking effect

(or even inversion effects on the inner surface heat flux) created by the solar radiation, it
should be considered in the different techniques where whole building envelope Heat

Loss Coefficients are estimated.

Thus, the main aim of this research is to prove, on a practical basis, the validity of Eq.
69 and Eq. 70 by means of a real case. This real case is the Round Robin Box test (see
section 3.1), where a detailed monitoring has been carried out on the east, west, and north
opaque walls, as well as on the roof and ceiling of the Round Robin Box. All the monitoring
data used for the analysis is later presented in Table 3 of section 3.1.2. It shows that even
if many global solar radiation measurements are available for different orientations of the
Round Robin Box test; the east and west walls did not have measurements of the global
solar radiation incident on them. Thus, before presenting the method that will be used to
validate Eq. 69 and Eq. 70, the next section presents the method used to estimate those

vertical global solar radiations based on the available measurements.

2.2.2- Estimation of incident global solar radiation

During the Round Robin Box experiment, several solar radiation measurements
incident on the walls of the Round Robin Box have been measured. Among them, the
horizontal global solar radiation, the vertical south global solar radiation, the vertical
north global solar radiation, the ground reflected solar radiation and the diffuse solar
radiation have all been found. Using these values, it is possible to estimate the missing
solar radiation data for the walls, such as the vertical east global solar radiation and the

vertical west global solar radiation.
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In order to carry out the estimation of the missing solar radiation values, the beam
radiation ratio method has been used [86]. It must be remarked, that despite in this case,
the vertical west and east global solar radiation data is estimated, the method presented
in section 2.2.2.1 is valid for the estimation of any global solar radiation in any orientation.
In other words, if the horizontal global (the most commonly measured solar radiation)
and the diffuse solar radiation are measured, it is possible to estimate the solar radiation
data for any orientation of the building (or box in this case). Finally, in order to check the
reliability of the method, the vertical south global solar radiation has been estimated using
the beam radiation ratio method and then, it has been compared against the measured

vertical south global solar radiation.
2.2.2.1- Estimation of the global solar radiation with the beam radiation ratio method

In order to estimate any of the global solar radiation values using the beam radiation
ratio method [86], it is indispensable to correct the solar angle. The measured data is
given in GMT timeframe so, it is necessary to convert it into the current local time of the
area. The corresponding local time of Almeria is GMT+01:00 for winter and GMT+02:00

in summer, as corresponds to Central European Time.

Then, the first step needed in order to estimate the global solar radiation in a specific
orientation is to fix the number of the day of the year (1 <n < 365 days) that the first value
of the dataset represents. In this case, the first day for summer dataset was the 31st of May,
so it corresponds to the day number 151 of the year. The first parameter that needs to be
estimated is B. This parameter is estimated using Eq. 71 and it is indispensable in order

to estimate the equation of time (in minutes) E (Eq. 72).

360
365

B=(mn-1)=[] Eq.71

E = 229.2 (0.000075 + 0.001868 cos B — 0.032077 sinB — 0.014615 cos2B —

Eq.72
0.04089 sin 2B) [minutes] q

Once E is estimated, it is possible to estimate the solar time, where the solar noon is the
time the sun crosses the meridian of the observer. Since the sun takes 4 minutes to
transverse 1° of longitude, the difference between the solar time and the standard time is

estimated using Eq. 73:
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Solar time — standard time = 4 (Lg; — L;o.) + E [minutes] Eq.73

Where the Lst is the standard meridian for the local time and the Lioc is the longitude of

the location (2.35° West).

After this, the distance (in minutes) from each of the hours to the midday must be
estimated (solar time-midday time). Thus, it has been possible to estimate the hour angle
(w) since it is known that this angle displaces 15° every hour. Then, multiplying the
minute difference value between solar time and midday time by 15° and dividing it by 60

minutes (1 hour), the solar hour value can be estimated.

Apart from this parameter, also the solar declination angle must be estimated in order
to be able to obtain the beam radiation ratio. The solar declination angle is calculated

using Eq. 74:

8 = 23.455in(360 =) [ Eq. 74

The solar declination angle shows the angular position of the sun at solar noon with
respect of the equator plane, providing values between -23.45°< § <23.45. Then, once all
these parameters are estimated, it is possible to estimate the beam radiation ratio (Rv).

Eq. 75 shows the formula in order to estimate this parameter:

cosf@

b = cos0, [-] Eq. 75

Where cos 8 is

cos B =sind sin® cos B —sind cos @ sinf cosy + cos b cos P cos S cosw +

Eq. 76
cos § sin® sin S cosy cosw + cos § sin B siny sinw [°] q

Where 8 [°] is the slope of the wall, y [°] is the surface azimuth angle and @ [°] is the
latitude of the area. Eq. 76 is used to determine both parameters cos 6 and cos 6, since
cos 6 represents the tilted surface of the object and cos 6,, the horizontal surface. Then,

Table 1 shows the slope and surface azimuth angle each wall or ceiling has:
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SIDE OF THE WALL | SLOPE (B) SURFACE AZIMUTH ANGLE (y)

Horizontal surface 0° 0°

South vertical surface 90° 0°
East vertical surface 90° -90°
West vertical surface 90° 90°
North vertical surface 90° 180°

Table 1. Slope and surface azimuth angle results for each of surfaces.

If the estimated beam solar radiation ratio is multiplied by the estimated beam solar
radiation for the horizontal plane, the real beam solar radiation incident on the selected
surface will be estimated. The beam solar radiation of the horizontal surface can be
estimated by resting the measured diffuse solar radiation to the measured horizontal
global solar radiation. Once the beam radiation incident on the selected surface is
estimated, the diffuse radiation is summed in order to estimate the final global solar

radiation incident on the surface.
2.2.2.2- Validation of the proposed beam radiation ratio method

Since the vertical west and east global solar radiations have not been measured, they
have been estimated using the method presented on the section 2.2.2.1. In order to ensure
the methods reliability, an estimation of the vertical south global solar radiation has been
done using the method and then, it has been compared against the measured values. In
this way, it is ensured that the obtained vertical west and east global solar radiations are
reliable. Figure 9 and Figure 10 show the obtained results using the method compared to

the real vertical south global solar radiation.

600

radiation [W/m?]
3 8
8 8

Vertical south global solar
°

-200

2013-06-18 2013-06-19 2013-06-20 2013-06-21 2013-06-22 Date 2013-06-23 2013-06-24 2013-06-25 2013-06-26 2013-06-27

~—Vsol estimated with the method Measured Vsol Difference and esti solar radiation

Figure 9. Vertical south global solar radiation during period 1 (summer).
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Figure 10. Vertical south global solar radiation during period 2 (winter).

From Figure 9 and Figure 10 can be assumed that the method is able to obtain a close
approximation of the measured vertical south global solar radiation despite there still
exist a difference mainly when obtaining the highest values of solar radiation at midday.
The Root Mean Square Error (RMSE) value of this difference in summeris 40.2 W/m2 with
a standard deviation of 37.4 W/m? while RMSE value in winter is 23.7 W/m?2 with a
standard deviation of 35.6 W/mZ2. Then, since the obtained vertical south global solar
radiation results within this method seem quite similar to the measured values, it will be

used in order to estimate the vertical east and west global solar radiation results.

2.2.3- Fit and validation of the models

Once all the global solar radiation data have been made available for all the Round
Robin Box walls, roof and floor, the corresponding solar factor of each of these elements
must be estimated using the LORD software [81]. Since LORD is an estimation software
based on parameter identification in RC models, it is able to estimate the U-value and the
g-value of the wall drawing on the provided input data. Before developing the proposed
method, the provided data have been analysed in order to identify the missing values and
irregularities, as commented in section 3.1.3. Once the data has been checked and all the
variables have been identified, the data to be used has been selected. A part of this data
has been measured and it has been included in Table 3 of section 3.1.2 while the rest of
the data has been estimated. In this case, the variables selected to develop the analysis are
the inner surface temperature (Tsin), the inner surface heat flux (g), the outer surface
temperature (Tsout), the outdoor air temperature (Tout), the wind speed (WS), the
surrounding, sky or ground temperature (Tsurr, Tsky and Tground) and the corresponding
global solar radiation (Gsol) in each surface. The inner surface heat flux has been chosen

as the output parameter in all the models.
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2.2.3.1- Fit of the opaque walls, roof and floor models

Once all data has been checked and divided into smaller periods, the different models
can be tested using the LORD software by estimating the models’ parameters. These
models will consider every phenomenon mentioned in section 2.2.1. In order to make the
models behave as close to reality as possible, several limitations have been fixed from the

beginning for the models’ parameter estimations.

The first case to be fitted is the simplest, the surface to surface case (Model 1, M1),
shown in Figure 11(a). The only variables introduced in this model are the temperatures
in both surfaces (inner and outer) and the inner surface heat flux. The first node
represents the inner node, including the inner surface temperature and the inner surface
heat flux. The A1 value represents the aperture of the heat flux in this node, which in this
case, for all the models, corresponds to one, since the total heat flux on the inner surface
of the wall is actually measured and it is known that 100 % of it crosses the wall’s inner
surface. However, node five represents the outermost surface and is linked to the outer
surface temperature. In conclusion, this model represents the wall, without considering

any phenomena occurring in the internal and external environments.

As the thermal characteristics of the materials forming the wall are previously known,
it was easy to calculate the theoretical effective heat capacity (Ci) and thermal
conductance (Hi) of the total wall. Moreover, as justified in section 2.2.1, the outermost
surface node is assumed to be a massless node where the energy balance is carried out in
the outer surface. Thus, it is considered that the thermal capacitance at this node is equal
to 0 (Cs=0). Following physical laws, it must be fulfilled that the closest thermal resistance
(R4-5) to this node should also be very small. In other words, the higher the thermal
resistance Rs-s value is, the wider the layer of wall considered by this thermal resistance
should be. Then, the wider the Ras-s is, the higher the capacity Cs this layer should have
associated. Therefore, in order to limit R4-5 low enough to carry out the proposed energy

balance in node 5, this value has been limited to be 1 %, or lower than the total thermal
2
resistance of the wall (Rw), where the surface to surface Rw =1.93 m7K (estimated in

section 2.2.3.2). Therefore, the thermal resistance Rs-5 should not exceed the value of

2
0.0193 m7K The LORD software estimates thermal conductance (this is the inverse of the
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thermal resistance (Rw =1/HW)), which means that the thermal conductance should be

w

- as the lowest limit. For
m<K

high for Hs-s. Then, this parameter will be limited, fixing 51.8

the rest of the model conductances, a wide range has been imposed for their identification,
the lower limit being set as the theoretical thermal conductance of the whole wall. The

Model 1 fits the parameters under these conditions.

Once the surface to surface model provides reliable parameters (thermal capacitance
and conductance) and a proper fit of the inner surface heat flux, it is possible to start
working with new models, including the external phenomena affecting the outermost
surface. It is therefore necessary to include an extra node in the model, as shown in Figure
11(b), to include the external effects. This model (Model 2, M2) represents the case
without considering any of the outer environmental phenomena in detail. In other words,
the convection and the long wave radiation are considered as a constant conductance,

while the solar radiation is not considered at all.

This Model 2 shows six nodes. The first node is maintained as in the surface to surface
model. However, the link to the outer surface temperature is removed from node five and
the outdoor air temperature is included in node six. The thermal conductance and
capacitances obtained in the surface to surface model are fixed between nodes one and
five, since they should not vary depending on the external environment influence and they
already represent a proper approximation of the theoretical thermal properties of the
wall. Then, the only new parameter to be estimated is Hs-6, the combined heat transfer
coefficient of the wall (named hcomb in section 2.2.1). This parameter has also been
estimated based on the ASHRAE [91] where a theoretical value is obtained for this
parameter. Thus, a reasonable range of limits is provided for the estimation of this

parameter in LORD, following this standard value. Then, it is ready for model fitting.

The third model that has been tested is the one considering the influence of the solar
radiation on the outer surface (Model 3, M3). The only difference between this Figure
11(c), compared with the previously mentioned Figure 11(b), is the incorporation of the
global solar radiation (Gsol) in node five. Together with this variable, the software also
includes an extra parameter named As. This parameter represents the absorptivity of the

outer surface wall, which also needs to be estimated. Then, the only two parameters that
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need to be estimated in this Model 3 are the previously mentioned Hs.s combined
conductance (fixing the limits of this parameter following the ASHRAE standard value)
and the solar absorptivity (As). This solar absorptivity has been limited to between 0 and
1, always checking after the identification that the estimate has not gone to one of the

limits.

The next phenomenon analysed in detail is the wind speed. Therefore, the same model
structure as in Figure 11(c) is taken. However, in this case, instead of using the ASHRAE
fixed standard limits for the estimation of Hs-6 (or hcomb), a function section provided by
LORD software is used. The wind speed analysis is performed in two different manners;
as in Model 4 (M4, see Figure 11(d)), where Hs.s is estimated using a specific correlation
function representing solely the convection coefficient when there exist wind speed
(hconv) (see Eq. 77, taken from [94]) or as in Model 5 (M5, see Figure 11(e)), where Hs-6 is
estimated using an identifiable correlation function (h.ymp = x +y X WS), where during
the model fit, within the identifiable x and y parameters the long wave radiation and

convective effects (hcomb) can be considered.

heony = 2.8+ 3 X WS [W/m2K] Eq.77

Thus, in case of M4, since a pure convective coefficient is used, and there is not any
identifiable parameter for the Hs.s estimation, only the heat transfer due to convection
(hconv) has been considered in Hs-6, avoiding the heat transfer due to long wave radiation.
However, in M5, part of the long wave radiation effect will be considered within the x and
y parameters during their identification. During the analysis, both cases (M4 and M5) have
been tested and compared. Then, since for M4 only the solar absorptivity (As) is
estimated, it is possible that the model estimates the effect of the long wave radiation in
this parameter. However, as commented before, since in M5, apart from the solar
absorptivity (As), also the parameters of the correlation function are estimated, the long
wave radiation effect can be reflected in this x and y parameters. Thus, it has been possible
to estimate which case was providing better parameters (closer to the theoretical values)

and the best fit.

The next model (Model 6, M6) tested also considers the effect of the long wave

radiation together with the solar radiation and the convection. So a new branch has been
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included in Figure 11(c) as shown in Figure 11(f), where there is an extra branch between
the node 5 and the node 7 in the model. The surrounding temperature is included in node
7, which has been estimated using Eq. 54 as explained in section 2.2.1. Therefore, the
parameters estimated by the software when testing this model are the convective thermal
conductance (instead of the combined thermal conductance of Figure 11(c) between
nodes 5 and 6 (Hs-6), the long wave radiation thermal conductance between nodes 5 and
7 (Hs-7) and the solar absorptivity (As). The thermal conductance Hs.¢ and the solar
absorptivity are limited, as in the model in Figure 11(c). The conductance Hs.7
corresponds to the previously presented radiation heat transfer coefficient hrad in section

2.2.1. This hrad could be estimated using the following Eq. 78.
hraa = go_(TsoutZ + Tsurrz)(Tsout + Toyrr) [W/m2K] Eq.78

The emissivity (&) of the wall must also be fixed between 0 and 1. Therefore, the lowest
hrad value that can be obtained would be 0. However, the highest value would depend on
the measured variables. In this case, € would be one. Since the Stefan Boltzmann value (o)
is a constant value, the maximum hrad would depend on the surface temperature and the
surrounding temperature. In order to estimate this maximum value, the hrad value of each
hourly data of the total selected dataset is estimated. Thus, the highest limit of this Hs.7
will be different for each of the walls, since it depends on their surface and surrounding
temperature. In the case of the ceiling and the floor, the same procedure will be followed,

but instead of using the Tsurr, the corresponding temperature (Tsky or Tground) Will be used.

Once all the outer environmental phenomena have been presented in detail in the
previous models, two new models (Model 7, M7 and Model 8, M8) are proposed and
analysed, considering all the detailed phenomena together. The structure of the model
used for this case is the same as that used in Figure 11(f). However, instead of limiting the
convective thermal conductance Hs-¢ using the ASHRAE standard values, the effect of the
wind speed is introduced within the convection coefficient using the fixed correlation
(M7) of Eq. 77, or leaving the parameters of the correlation free (M8). Both cases will
again be analysed, but in this case together with the solar radiation and the long wave
radiation affecting the outer surface of the corresponding wall, as shown in Figure 11(g)
and Figure 11(h). Therefore, the common parameters estimated by LORD for these two

models will be the solar absorptivity (As) and the conductance Hs.7, limited in the same
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way as done in Model 6. Once again, if the model leaves the parameters free to estimate

the influence of the wind speed in the model, these parameters would also be estimated

by LORD.
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Figure 11. All the candidate models: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4, (e¢) Model 5, (f)
Model 6, (g) Model 7 and (h) Model 8.

It must be said that, in the development of section 2.2.1, the hconv and the hrad have been

considered together as hcomb in order to simplify the calculation. However, as shown in

this section, when implementing the models, each heat transfer coefficient has been

considered and estimated individually against their respective temperatures.

Finally, all the estimated parameters in each of the models are compared with the

theoretical values, as explained in the next section, and the best fits are selected by

comparing the estimated and measured inner surface heat flux values. The best-fit

selection is carried out using the Root Mean Square Error (RMSE). Thus, it is possible to

estimate the model that best represents the reality of the wall’s outermost surface and it

will be used for the inner surface heat flux analysis in section 2.2.4. This procedure has

been repeated for two periods (one in winter and one in summer).
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2.2.3.2- Validation of the fitted models

As commented in the previous section, in order to develop a proper validation of the
obtained model results, the thermal and geometrical properties of the Round Robin Box
have been used. Thus, it is possible to estimate the design transmittance (U-value) of the
walls, roof and ceiling. The information of the walls, roof and ceiling is detailed in [50].

Then, the U-value is estimated using the following formula:

1 1
U= r = [W/m2K]
Rsi+zk_li+Rcomb RsitRw+Rcomp

Eq.79

where li and kj are the thickness and thermal conductivity of the layers that form the
wall. Then, the thermal resistance of the whole wall is calculated using the sum of the

thermal resistance of each of the wall layers: Rw=XYN,(i/ki)=(l1/k1)
+(12/k2)+(13/k3)+...+(In/kn) [m721(] The variable i is the sum index to which an initial value

of 1 is given as the lowest limit and this will make up the range of all the integer values
until the upper limit N is reached. This N value will vary depending on the layer quantity
forming the wall. However, Rsi and Rcomb (which in [50] are presented as Rse) are,
respectively, the inner and outer surface thermal resistances of the wall. The Rsi and Rcomb

(Rconv and Rrad in parallel) values are standard constant values taken from [93]. The

w
m2K’

obtained U-value from Eq. 79 is 0.48 The fact that, in the tested basic model M1

considered in section 2.2.3.1, the internal first node is considered to be the inner surface
instead of the indoor air must be taken into account. Then, the estimated value from Eq.
79 will be an air to air value, while the value obtained from M1 is a surface to surface or a

surface to air value from the models M2 to M8 presented hereafter.

However, since LORD is able to provide the value of each of the thermal conductances

of the model, it is possible to calculate the thermal resistance (Rw) of the wall (since Rw

I 2| 1 1 1 mZK in usi

= /Hw = /H1—2 + /H2_3 + /H3_4+'"+ /HN—l—N [7]) again using the sum of
each of the layers’ thermal resistance from i=1-2 to i=N-1 - N, and comparing the results
of these thermal resistances with the design values. Then, the wall design thermal

resistance surface to surface can be calculated as in Eq. 80:
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Ry = Z% [m2K/W] Eq. 80

L

From Eq. 80, the theoretical value of the thermal resistance of the wall can be
calculated, since the thicknesses and the thermal conductivities of all the walls’ materials
are known. Then, using the sum of the thermal resistance of each of the wall layers, as

done for Eq. 80, it is possible to estimate the total wall thermal resistance. The estimated

2
Rw result is 1.93 m71< This value should be compared with the total thermal resistance

value obtained from Model 1 (M1) of section 2.2.3.1.

However, it is also possible to estimate the total thermal resistance of the best model
tested in section 2.2.3.1 theoretically, since the outer surface thermal resistance of the

wall is also known, as discussed previously. Therefore, Eq. 81 is used:

Li
Ry =) P + R omp [m2K/W] Eq.81

2
Thus, the design Rrvalue for this case would be 1.97 mTK, since the Rcomb value is taken

2
from [93] and its value is 0.04 m71< Then, the best estimated model, from all the models

presented in section 2.2.3.1, should be able to estimate a similar Rr result to the
theoretical Rt value. However, since Rcomb is a standard value, the estimations of LORD

could differ from the theoretical values.

The next sections will show that M7 and M8 are the models showing the best results.
As discussed previously, in the models, the convective and radiation heat transfer
coefficients have been estimated independently. In this case, unlike the rest of the
conductance inside the wall, these two conductances (hconv and hrad) are in parallel, as
shown in Figure 11(g) and Figure 11(h). Thus, in this case, both conductance values
obtained from LORD can be summed directly to estimate the hcomb (hcomb= Hs-6+Hs-7), and
the total Reomb is obtained as the inverse of this value. Thus, summing this Rcomb to the

previously estimated Rw, the total thermal resistance can be estimated.

Finally, it must be said that the rest of the physical parameters, such as the solar

absorptivity, have also been useful in the validation process of the models.
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2.2.4- Estimation of the hypothetical inner surface heat flux without considering
solar radiation

The estimation of the hypothetical inner surface heat flux will be carried out based on
the previous model fits (section 2.2.3.1) and the proper validation of the models (section
2.2.3.2). Following a deep analysis of the models presented in section 2.2.3.1, one of them
will be selected as the best at representing the reality for each of the walls. As shown in
section 4.1.2.2, Models 7 and 8 are the best for almost every wall. Then, these two models
will be used for the estimation of the solar radiation effect in the inner surface heat flux.
Thus, Figure 12(a) (the Figure 11(g) presented in section 2.2.3.1) and Figure 12(b) (the
Figure 11(h) presented in section 2.2.3.1) represent the new model (Model 9, M9 and
Model 10, M10) structures to estimate the inner surface heat flux without considering the

solar radiation.
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Figure 12. Best identified models modified for inner surface heat flux estimation without the solar
radiation effect: (a) Model 9 and (b) Model 10.

Only these two models have been tested without the effect of the solar radiation, since
they were the best in all the tested cases. Figure 12(a) and Figure 12(b) show the same
number of nodes, respectively, as the M7 and M8 of section 2.2.3.1. Moreover, the same H;
and Ci values estimated during the fit of these models will be used for each of them. The
rest of the parameters will also be fixed during the simulation. The only difference

between the models M9 and M10, as compared to the models M7 and M8 in section 2.2.3.1,
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is the lack of the solar radiation signal on node 5. Then, if solar radiation is not provided
for the model, it will be able to estimate the hypothetical inner surface heat flux (¢') for
the wall when subjected to the same inner surface temperature, the same outdoor air
temperature, the same surrounding/sky/ground temperature and the same wind speed,

but without solar radiation striking the outermost surface of the wall.

Finally, once both the inner surface heat fluxes have been estimated, the inner surface
heat flux considering the solar radiation (q) and the hypothetical inner surface heat flux
without considering the solar radiation ( g'), it is possible to estimate the effect of the
solar radiation on the inner surface heat flux using Eq. 70. Moreover, the effect of the solar

radiation has also been quantified as a percentage using Eq. 82.

qo, = % X 100 [%] Eq. 82

The results for both equations are shown in section 4.1.2.3.

2.2.5- Solar factor (g-value) estimation

The estimation of the g-value has been performed in two different manners; the
simplest case was using LORD, which automatically provides the g-value when fitting the
model. Then, the g-value obtained from the selected best model for each of the walls is

presented.

Then, the value estimated by LORD is compared with the g-value estimated using Eq.
69 for each corresponding wall. Therefore, the heat flux difference estimated in section

2.2.4 must be used.

2.3- Methodology to estimate the effect of the solar gains through opaque

walls in the HLC estimation

As shown in section 2.2, it is possible to quantify the effect of the solar radiation on the
inner surface heat flux of opaque walls. Then, it is also possible to quantify the percentage
weight the solar radiation through opaque walls would have respect to the HLC
estimation when methods without an unknown identifiable constant solar gain value are
used such as the average method developed in section 2.1.1, where the solar gains effect

though opaque walls are neglected.
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The fact that the solar radiation effect in opaque walls is not considered can create an
error in the estimation of the HLC for some estimation methods. For HLC estimation
methods where an unknown identifiable constant value for estimating the solar gains is
not used and the solar gains through opaque walls could have a considerable weight, the
HLC value tends to be underestimated. In order to understand this effect, the HLC

equation Eq. 50 (now called Eq. 83) achieved in section 2.1.3 must be observed.

SN QEHK+(SaVsoDi)

SN (Qr+Ki+(SgV Q+K+5,V
HLC: k11\$k k(asol)k)= - T,NT — T asol[w] Eq. 83
Zk=1(Tin,k_Tout,k) 2k=1Tink~Toutk) Tin—Tout
N

This Eq. 83, as explained in section 2.1, is obtained by applying the energy conservation
principle to a monitored in-use building during a 3 to 5 day cold and cloudy period. This
energy conservation equation analysis allows the HLC and the period averaged solar gains
(S4Vs01) to be related to the measurable variables. These variables are the period averaged
heating system energy supply (Q), all internal gains due to occupant metabolic heat
generation and electrical device consumption within the building envelope (K) and the
indoor to outdoor temperature difference (T,,, — T,,¢). In cold and cloudy periods, the
period averaged Q and (T,,, — T,,;) are usually high, so their measurement uncertainty is
minimum. On the other hand, in such cold and cloudy periods, the uncertain in-use solar

gains (S,V,,;) are low compared to the accurately measurable (Q + K).

When the outermost surface of the opaque elements of a building are heated by solar
radiation, the heating system would need to provide less heat inside the building (Q) to
maintain the same temperature. However, if the solar gains term (S,V;,,;) in Eq. 83 does
not consider the effect of the solar gains through the opaque walls, the term of the heat
gains inside the term (Q + K + S,Vs,;) would be lower than it is in reality. Therefore, the
HLC obtained by Eq. 83 would be underestimated. Since the solar gains term is the sum of
the solar gains through the semi-transparent envelope elements (windows) plus the solar
gains through the opaque envelope elements (walls, roof..) (SVso =
(SaVsoDwindows ¥ (SaVsor)wairs), the underestimation of the HLC due to not considering

(SaVsol)walls

the (S¢Vso1) wais Would be equal to —=—= :
(Tm_Tout)
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In this research work, the effect of the solar radiation on the inner surface heat flux has
already been estimated for the Round Robin Box opaque envelope, as explained in section
2.2.4 and the HLC of the Round Robin Box has also been estimated using the methodology

of section 2.1. Then, it is possible to analyse, on a practical basis, the weight the term

SaVsolwalls 145 ith respect to the Round Robin Box HLC. It is also interesting to analyse

(Tin—Tout)

the weight that the solar gains through the opaque envelope have with respect to the solar
gains through the window. To do so, Eq. 84 provides the weight in percentage that the
effect of the solar radiation has on the inner surface heat flux of the building envelope
opaque elements of the estimated HLC when estimated by means of Eq. 83. On the other
hand, Eq. 85 provides the weight in percentage that the effect of the solar radiation has
on the inner surface heat flux of the building envelope opaque elements regarding the

solar gains through the semi-transparent elements of the building envelope.

(SaVsoDwaiis (Z(ﬁdifXAW))
— _TunTour) — \Tin—Toup) 0 Eq. 84
Wisco Tou) 100 Toud) 100 (%]
(SaVsoDwalls Y(GaifxAw)
W. = —"—-X100 = ———— X% 100 [% Eq. 85
SaVso01% (SaVsoDwindows (SaVsoDwindows %] a

Then, considering the HLC and the window solar aperture (Sa) values estimated using
the average method of the Round Robin Box during the winter period, and using the mean

values of (T,,, — T,y:) and the V,, for each studied period, it is possible to estimate the

2(Gaif*xAw)

— term with respect to the HL.C (using Eq. 84)) and the (SaVsol)windows
(Tln_Tout)

weight of the

(using Eq. 85) terms. The same procedure can also be performed using the theoretical
HLC and window solar aperture (Sa) values of the Round Robin Box, provided in [64]. The
estimated HLC value for the winter period of the Round Robin Box is 4.1 W/K (very
similar to the theoretical value 4.08 W/K) and the Sa value for the window estimated
based on the average method requirements is 0.135 m2 (also close to the theoretical value
0.162 m?2), as remarked in section 3.1.1. Since the average method can only be applied in

cold and cloudy periods, it has been impossible to estimate the HLC value for the summer

2(GairxAw)
(H_Tout)

period. Then, in this case, the terms’ weight estimation would be done respect

to the theoretical values. Moreover, each wall G,;r value for each period must be

multiplied by the inner surface area of each of the walls (Aw), 96x96 cm? in this case, and
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then, all of them must be summed to get the total difference for the whole Round Robin

Box in W. Note that the solar gains through the thermal bridges are not considered.

Through this analysis, it is possible to analyse the reliability of the developed average
method in section 2.1. In other words, since the method is not considering the effect of the
solar gains through the opaque walls in the HLC estimation, it is possible to obtain
underestimated HLC results. However, due to the requirements fixed in order to limit the
solar gains effect through the windows, also the solar gains through the opaque walls are
affected. Then, it must be proved that since the solar radiations affecting the opaque walls
can be considered almost purely diffuse in all orientation in cold and cloudy periods, its
percentage weight respect to the HLC estimation when estimated with the average
method is considerably low. In this case, its effect could be considered negligible. If this
percentage weight would be considerable, it should be considered when developing a
reliable HLC estimation method. Once the reliability of the developed average method is
tested and demonstrated, it is possible to present and apply the last methodology of the
Thesis, the decoupling process. As commented in section 1.6, through this process, it
would be possible to identify the origin of the heat losses in order to better understand

the performance gap.

2.4- Methodology for the HLC decoupling

Once an accurate and reliable HLC estimation method has been developed for in-use
buildings, it is possible to implement the methodology in order to carry out the HLC
decoupling process. The developed average method is able to estimate the in-use floor-
by-floor Heat Loss Coefficients, as already shown in section 2.1, their sum being the HLC
of the whole building. Since this decoupling methodology will be implemented in the same
multi-storey rehabilitated office building, the HLC values are necessary in order to
perform the HLC decoupling process of this section. As described later in section 3.3, after
the rehabilitation, a ventilation system with heat recovery was installed in each of the
floors of the building. So this section describes the metabolic CO2 decay method applied
to estimate thermal zone’s Air Change per Hour (ACH), and then the infiltration (before
rehabilitation, without ventilation system installed) or infiltration and/or ventilation
(after rehabilitation, with ventilation system installed) heat loss coefficient (Cv).

Therefore, the methodology is detailed for the case of a complex building with multiple
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thermal zones and the consideration of the infiltration and ventilation heat losses are
included. Finally, considering the HLC estimated previously and the Cv estimated during
this study, the HLC decoupling method used is also described in detail. Then, although in
this case the methodology has been implemented for a multi-storey rehabilitated office
building, it is also applicable to any building that fulfils the fixed requirements of the
method.
2.4.1- Mass balance equation applied to in-use buildings with multiple thermal
zones

The strict metabolic CO2 concentration homogeneity requirements presented in
section 2.4.2 to obtain the infiltration/ventilation heat loss coefficient, makes it nearly
impossible to obtain them in a whole building basis. Thus, it is needed to obtain them in a
thermal zone basis. Of course, there might be heat and mass transfer between thermal
zones within a building. This is why, in this subsection, since the key aspects regarding
the heat exchanges between thermal zones of the building have already been the analysed
in section 2.1.2, the key aspects regarding the mass exchanges between thermal zones

within a building are related to the HLC estimation and decoupling.

OouT
Tou

Concentration_F1,1

- F1,1 —

TmFl,l
Concentration_F0,1 Concentration_F0,2
- & .
TinFO,l TinFD,z

L
GROUND

Figure 13. Schematic of all energy and/or mass exchanges in a building composed of multiple thermal
zones.

93



CHAPTER 2: METHODOLOGY

The demonstration presented in section 2.1.2 is crucial for the proposed HLC
decoupling method feasibility since it gives a powerful tool to deal with the huge
variations on internal temperature that might occur within a multi-storey occupied
building where important temperature variations within the different building thermal
zones are usual. Now a similar development will be performed using the same toy model
presented again in Figure 13 to prove that the building’s total infiltration plus ventilation
rates can be estimated by applying the following formula, where the Air Change per Hour
(ACH) values of each thermal zone are obtained directly from the analysis of the decay

curve of the anthropogenic COz in each of those thermal zones:

Vbuilding = VFO,l_decay + VFO,Z_decay+VF1,1_decay -
ACHbuildingVol_building = ACHFO,l_decayVol_FO,l + ACHFO,Z_decayVol_FO,Z + Eq. 86

ACHFl,l_decay Vol_Fl,l [m3/5]

To prove Eq. 86, it is necessary to start applying the mass balance to the three thermal
zones represented in Figure 13. The accumulation of the mass within a building or a
thermal zone within a building can be considered negligible. Otherwise, if even a small
amount of air would be accumulated within a thermal zone of a building, its pressure
would change considerably.

Ground floor (volume Fo,1):

0= (mout—FO,l+mF1,1—F0,1+mFO,2—FO,1) - (mFo,1—out+mFo,1—F0,2+mFo,1—F1,1)

Eq. 87
[kg/s]
Ground floor (volume Fo2):
0= (Thout—FO,Z +1Mp1,1-r0,2 +mFO,1—FO,2) - (mFO,Z—out+mFO,2—FO,1+mFO,2—F1,1) .
q.
[kg/s]
First floor (volume (F1,1)):
0= (mout—Fl,l +mF0,2—F1,1+ThFO,l—F1,1) - (Thpl,l—out+mp1,1—1~"o,1+mF1,1—Fo,2) £ 89
q.

[kg/s]

Furthermore, in the building sector, the pressure within the building and the
temperature within the building is usually quite homogeneous regarding their possible

effect on the variation of the density of the air within a building, thus the air density can
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be considered constant. Note that for the HLC estimation a 5 °C variation between thermal
zones is an important variation since the indoor to outdoor temperatures used for HLC

estimation usually range between 10 °C to 20 °C. Otherwise, a 5 °C variation on the air
produces a negligible variation on its density. Then, since 1,;, = Vpg;, and the density

of the air (p,;-) can be considered as a constant value, Eq. 87 to Eq. 89 are converted into:

0= (Vout—F0,1+VF1,1—FO,1+VFO,2—F0,1) - (VFO,l—out+VF0,1—FO,2+VF0,1—F1,1) [m3/s] Eq.90

0= (Vout—FO,Z +VF1,1—F0,2+VF0,1—FO,Z) - (VFO,Z—out+VFO,2—F0,1+VFO,2—F1,1) [m3/s] Eq.91

0= (Vout—Fl,l +VF0,1—F1,1+VF0,2—F1,1) - (VF1,1—out+VF1,1—F0,2 +VF1,1—F0,1) [m3/s] Eq.92

Analysing Eq. 90 to Eq. 92, we can relate the total infiltration/ventilation rates of each

thermal zone with its corresponding total ACH as follows:

ACHFO,lvol_FO,l = VF0,1 = (Vout—F0,1+VF1,1—F0,1+VF0,2—F0,1) =

(Vroa—out+Vro,1-ro2+Vroa-r1,1) [M3/s] e
ACHpo2Vorroz = Vo2 = (Vout-ro2+Vr11-ro2+Vro1-ro2) = Eq. 94
(Vro,2-out+Vro2-ro,1+Vro2-F1,1) [M3/s]
ACHp11Vorr11 = Vria = (Vour-r11+Vroa—r11+Vro2-F11) = Eq. 95

(VFl,l—out+VF1,1—FO,2 +VF1,1—F0,1) [m3/s]

Applying the mass conservation principle (assuming (p,ir) as a constant value) to the

control volume enclosing the whole building we get:

0= (Vout—FO,l +Vout—FO,2+Vout—F1,1) - (VFO,l—out+VFO,2—out+VF1,1—out)

Eq. 96
[m3/s]
ACHbuildingVol_building = (Vout—F0,1+Vout—F0,2+Vout—F1,1) = Eq.97
(VFO,l—out+VFO,2—out+VF1,1—out) [m3/s]

Making the sum Eq. 90 to Eq. 92, reordering and applying the equivalences of Eq. 93 to

Eq. 97, the following expression is obtained:

ACHpyi1dingVor buitaing = ACHpo1Vor po,1 + ACHpo 2V po2 + ACHpy 1V p11
[m3/s]

Eq. 98
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Unless the thermal zones within a building are completely airtight between them, the
ACHFro,1_decay of Eq. 86 will not be equal to the ACHro,1 of Eq. 98. However, the application
of the HLC decoupling method only requires to prove that the ACHbuildingVol_building of Eq.
86 and the ACHbuildingVol building of Eq. 98 are equal. For that, the following demonstration
is done. As detailed in section 2.4.2, when applying the ASTM D6245-18 to a thermal zone
of a building, the measured final concentration of CO2 (Cr) of a thermal zone is related to
the measured initial concentration (Ci) and to the ACHdecay with the following formula:

- 3
Cp = CreACHdecay tp [ppm,,, Mooz Meon) Eq. 99

)
molgir = Mgy

Ifthere are mass interactions between thermal zones with different CO2 concentrations
together with mass interactions with the outdoors ambient, the ACHdecay will be different
to the ACH values as calculated in Eq. 93 to Eq. 95. However, when the mass balance of
COz is done for the whole building of Figure 13 during a decay analysis period between t

=0 [s] to t = t [s], we get the following equation:

(CIF0,1 - CFF0,1)V01_F011 Pcoz T (C’Fo,z - CFFO,z)Vol_FO.Z Pcoz T (C1F1,1 - CFF1,1)V01_F1.1 Pcoz =

Nc02,1,building _ NCO2,F building _ _ o
( i i ) Vol_bulldmg p(;oz - (Clbuilding CFbuildL'ng) Vol_bulldmg pcoz [kg]

Eq. 100
(CIF0,1 - CFF0,1)V01_F0,1 + (CIFo,z - CFFO,Z)VOZ_FO,Z + (C1F1,1 - CFF1,1)V01_F1,1 =

("COZ,I,building NCO2,F building

) Vol_building = (Clbuilding - CFbuilding) Vol_building [m3]

Nair Nair

Note that assuming Amagat Model [92] using the molar fraction or the volume fraction
is equivalent to express the concentration. The Amagat Model assumes that the total
volume of a mixture of ideal gases, is the sum of the partial volumes of each of the
components of the mixture as if they were at the same total pressure and temperature as
the mixture. Those partial volumes are proportional to the molar fraction its species has
in the gas mixture. Assuming the total volume is the building volume and that the building
indoor air total pressure and temperature have small variations regarding the density
calculation of each of those partial volumes, the CO2 density associated to the partial
volume occupied by the COz at the beginning of the decay period analysis and at the end
of the decay period analysis can be considered constant. Thus, the mass balance, the molar

balance and the volume balance of the COz are equivalent in Eq. 100. This is a valid model
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when the working gas behaves as an ideal gas, and the air, in usual building indoor
conditions, behaves as an ideal gas. In Eq. 100 n¢o2 1 puitding and Mcoz F puilding are the total
number of moles of CO2 within the whole building at t = 0 [s] and at t = t [s], respectively.
While ng;, are the total number of moles of air within the whole building (it can be
considered constant during the decay method application period unless huge

temperature and/or pressure variations occur within the building). Thus, the term

(Clbuizding - Cpbuilding) Vo builaing represents the net amount of CO:z that has been

transferred from the building to the exterior during the decay period.

The decay method only considers the measured C,Fl.j and the measured CFFL.]. to

estimate the corresponding thermal zone ACHFij_decay. Obviously, unless the thermal zones
are completely airtight between them, the ACHFri; decay in general will be different to the
ACHFij calculated as in Eq. 93 to Eq. 95. For example, if FO,1 has the same indoor
concentration as F0,2, even if there are infiltration exchanges between F0,1 and F0,2, the
decrease on the concentration of F0,1, will only be due to the mass exchange of the F0,1
with the outdoors air. Then, in this case, even if the ACHri;j considers both mass exchanges
(with the outdoor air and with F0,2), the decay analysis will only identify the part of the
mass exchange that generates a concentration variation, this is, the exchange with the

outdoors represented by ACHFij_decay.

Including Eq. 99 into Eq. 100 the following expression is obtained:

- —ACHF0,1_decay t ) ( — —ACHF02_decay t )
(CIFO,I CIFO,le -ecay e VOl_FO,l + CIFO,Z CIFO,Ze -ecay e VOl_FO,Z +

_ —ACHF11_decay t,,) — _ —ACHpyiding tp o Eq. 101
(CIFLI ClFl,le VOl_Fl,l C’building Clbuildinge VOl_bullleIg q

[m?]

Since Eq. 101 fulfils the net CO2 mass balance during a decay analysis test for the whole
building, the Eq. 86 must also fulfil the air balance on the whole building basis. Of course,
when the infiltration exchanges between thermal zones tend to zero, the individual

ACHFi;_decay values of Eq. 86 will tend to be equal to the ACHri; of Eq. 98.

Resuming, when all the thermal zones of a building have the same indoor air

temperature, if the HLC of those thermal zones is estimated, they will represent the HLC

97



CHAPTER 2: METHODOLOGY

value of those thermal zones regarding the outdoors air. Thus they will be meaningful in
the sense that they do not consider energy exchanges with other thermal zones within the
building. If the thermal zones have different temperatures, then the individual HLCs of the
thermal zones will not represent the HLC of those thermal zones with the outdoors air.
But even if individually they are not meaningful, when we aggregate all the HLCs of all the

thermal zones, they represent the total HLC of the whole building envelope.

On the other hand, when the infiltration plus ventilation mass flow rates are estimated
by means of the ACHdecay values obtained by means of the anthropogenic CO2z decay
analysis, they will only represent the total air flow exchange of the analysed thermal zone
when the occupied thermal zones are completely airtight between them. In those cases,
they will represent the mass exchange with the outdoors. However, if we sum all the
infiltration plus ventilation rates of all the thermal zones of a building estimated by means
of the ACHdecay values, the total building infiltration plus ventilation rates with the

outdoors are obtained even if the thermal zones are not airtight between them.

In other words, only when all the building thermal zones have the same indoor air
temperature and are completely airtight between them, the individual HLCs have physical
meaning and could be decoupled maintaining the physical meaning with the estimated

ACHdecay values.

Nevertheless, due to the similarity of the measured indoor temperatures in the
different floors of the analysed four storey office building, the obtained individual thermal
zones HLC results are meaningful. Furthermore, the thermal zones considered in the
analysed building are separated by continuous concrete slabs, thus, the considered

thermal zones are assumed to be airtight between them.

After the above demonstration regarding the infiltration and ventilation estimations,
in order to develop further the estimation of the HLC done in section 2.1 using the average
method, the next section describes the metabolic CO2 decay method applied to estimate
the thermal zone’s Air Change per Hour (ACHdecay) and then the infiltration and/or
ventilation heat loss coefficient estimation method (Cv). Finally, considering the HLC
estimated previously, and the Cv estimated during this study, the decoupling method used

is also described in detail.
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2.4.2- Air Change per Hour (ACHdecay) estimation method by means of metabolic CO2
decay analysis

The metabolic CO: of the building’s occupants has been used as tracer gas to estimate
air infiltration and/or ventilation rates by means of CO2 concentration decay analysis.
This is shortly how the concentration decay method works [95]: if a fixed quantity of
tracer gas is uniformly distributed into a space, its concentration will reach a peak level.
Subsequently, as the seeded air becomes diluted with incoming air, the concentration of
tracer gas will gradually decay. The decay in tracer gas concentration is logarithmic, with
the air exchange rate being directly related to the decay gradient. Therefore, the air
change rate is given by the logarithmic gradient of the tracer gas decay concentration
curve. This could be readily determined by plotting the tracer gas concentration decay

over time on logarithmic paper.

The use of CO2 generated from occupants as a tracer gas to determine air change rates
in buildings is described in ASTM D6245-18, the ‘Standard Guide for Using Indoor Carbon
Dioxide Concentrations to Evaluate Indoor Air Quality and Ventilation’ [83]. According to
this guide, and together with the ASTM E741-11 Method [96], air change rates (or Air
Changes per Hour, ACH in [h-1]) can be estimated using the tracer gas decay technique in
which occupant-generated COz: is used as a tracer gas if the measurements are conducted

after the occupants leave the building.

These are the requirements established by the ASTM D6245-18 guide affecting to the

in-use office building analysed in this Thesis:

e Section 9.3.1 of the guide: The decay technique is based on the assumption that there
is no source of tracer gas in the building, which in the case of CO2 means that the
building is no longer occupied. In practice, an occupancy density of one person per
1000 m? or less will not impact the measurement results. To fulfil this requirement
in the analysed office building, data from 18:00 to 20:00 hours has been used,
shortly after the end of the working day.

e Section 9.3.2.: The tracer gas decay technique, as described in the Test Method ASTM
E741-11, assumes that the outdoor tracer gas concentration is zero, which is not the
case with CO2. However, if the outdoor concentration is constant during the decay

measurement, then the tracer gas decay technique can be used by substituting the
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difference between the indoor and outdoor concentrations for the indoor
concentration in the analysis contained in the Test Method. Analysing the data sets
and having Figure 14 as an example, it can be stated that the background CO:
concentration changes very little. The variation is within 3-5 ppm (minimum
individual measurement 395 ppm), thus the background or outdoor concentration
is considered constant as 400 ppm.

Section 9.3.3.: The concentration measurement uncertainty must be better than
+5 % during the decay analysis period. When using CO: as a tracer gas, this precision
requirement must be applied to the difference between the indoor to outdoor CO2
concentrations. As shown in the experimental set-up section of this study, the
monitoring system used in this study fulfils this requirement if the 350 ppm
condition established in section 9.3.4 is fulfilled.

Section 9.3.4.: The indoor CO2 concentration when the building is finally unoccupied
depends on the concentration in the building when the occupants start leaving, the
amount of time it takes them to leave, and the air change rate of the building.
Depending on the values of these parameters, the indoor CO2 concentration may be
too low once the building is unoccupied to perform a reliable tracer gas decay
measurement. It is proposed an initial minimum acceptable value of the decay
should be 350 ppm (the difference between the indoor and outdoor concentrations)
to avoid low concentration values at the end of the measurements that could reduce
the reliability of the measurements. This minimum initial value permits the section
9.3.3 uncertainty requirement to be fulfilled at the end of all the periods analysed in
this work. This minimum value has been fixed following a procedure that permits
the £5 % accuracy stated in section 9.3.3 to be complied with, even at the end of the
decay curve. The previously mentioned Eq. 99 (now Eq. 102) can be used to estimate
the final indoor to outdoor concentration difference:

— 3
CF = Cle ACHdecay tp [meCOZ:mOlCOZ @] Eq. 102

)
molgjr = Mgy,

where Cr is the final indoor to outdoor concentration difference [ppm], Ciis the
initial indoor to outdoor concentration difference [ppm] (350 ppm is assumed to be
the initial minimum possible value), ACHdecay is the Air Change per Hour [h-1] and t,,
is the time [h] (2 hours in our analysis). Then, fixing the initial minimum indoor to
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outdoor concentration difference Ci and considering the maximum ACHdecay value
obtained for all the identified valid days for analysis, it is possible to check whether
the selected Ci value is high enough to fulfil the 9.3.3 uncertainty requirement for all
the estimated Cr values. Therefore, Eq. 103 is used to check if the lowest estimated

Cr value provided by Eq. 102 fulfils the +5 % accuracy stated in section 9.3.3:

Total measurement error
Cr

Relative error = Xx100=<5% Eq. 103

where the “Total measurement error” is the ((Cr+ 400ppm) x error of the sensor

(1 % in this case)). Then, if this lowest possible Cr is lower than 5 %, it would be

possible to fulfil the section 9.3.3 uncertainty requirement for all the measurements

carried out in this work. Then, the selected minimum of 350 ppm for the Ci value
would be a proper initial indoor to outdoor concentration difference for all cases.

e Section 9.3.5.: The Test Method ASTM E741-11 requires that the indoor tracer gas

concentration at multiple points (at least three) within the analysed thermal zone

(a floor of the analysed in-use building in this case) differs by less than 10 % of the

average concentration in the floor (at least at the beginning and end of the sampling

period). When using CO2, this concentration uniformity requirement should be

applied to the difference between the indoor to outdoor concentrations.

Due to the different spatial distributions of the ground floor and the second floor (FO
and F2) of the office building presented in section 3.3.3, the last requirement has never
been fulfilled for these two floors for any of the days of the analysed period. Since these
floors are formed by smaller office rooms, it is impossible to homogenise the CO: in the
whole floor. Therefore, for these two floors, the last requirement has been substituted by
the following proposed extra-requirement to ensure acceptable results for some days of

the analysed period:

e To ensure no windows are opened, the maximum acceptable value of outdoor daily
average temperature has been established at 10 °C, assuming the building’s users
will not open windows with such low outdoor temperatures. In fact, the not opening
of windows is only required for the period 18:00 to 20:00, when the decay analysis
is applied. If a window is opened, for example from 16:00 to 17:00, there will be a

sudden drop of the CO2 and it will make it more difficult to fulfil the 9.3.4 and 9.3.5
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criteria in the subsequent period 18:00 to 20:00. In this work, the decay analysis has
been done manually for each of the daily regressions. The opening of windows has
been detected visually in the monitored data by representing the CO2 ppm over time,
as in Figure 14, where the sensor ‘S3’ has a sudden drop from 16:00 to 17:30 on the
first day (9th February 2015). This is a clear window opening of the office where the
sensor ‘S3’ is installed. If this type of disturbance were present in any of the floor
sensors between 18:00 to 20:00, the data of the corresponding day would have been
discarded. In any case, on cold days, the opening of windows was not detected after
18:00. It is thus possible to ensure similar window opening behaviour in all the
different compartmentalised offices. Thus, measuring only CO2 concentrations in a
few of them would be sufficient, since the infiltration behaviour can be assumed to
be similar for all of them. On hotter days, it is possible to have different window
opening behaviours between compartmentalised offices and, thus, measuring CO2
in a few of them will lead to erroneous results. Although this time the window
opening check has been done visually, it seems feasible to be able to automatically
detect window openings by analysing the CO:2 concentrations over time, as

discussed above.
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Figure 14. Minute by minute measured air quality data of each sensor of the first floor (F1) from 9t to 15t

of February 2015 over time.

After the rehabilitation, as later explained in section 3.3.3, a ventilation system with

recovery was installed in the building. Due to the ventilation system, the CO:2

concentration inside the building will be considerably lower than the CO2 concentration

without it (see Figure 15). Figure 15 shows the measured CO2z data for a week in February
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as analysed in Figure 14, but after the rehabilitation. There can be seen, as compared with
Figure 14, that the maximum indoor CO:2 concentration inside the first floor is
considerably lower than before. Then, it would be more complicated to find days where

all the requirements of ASTM D6245-18 are fulfilled, especially section 9.3.4.
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Figure 15. Minute by minute measured air quality data of each sensor of the first floor (F1) from 12t to
18t of February 2018 over time.

The Air Changes per Hour (ACHdecay in [hl]) of each day fulfilling the above
requirements have been estimated for each floor, using the available minute CO2
concentration data in [ppm] before and after the rehabilitation. The average ACHdecay_aver
of each floor for each considered winter period is therefore the average of the ACHdecay
values for those days that meet all the above requirements within the analysed winter.
Then, for each analysed winter period, the ACHdecay aver of each floor is used for the
estimation of the floor-by-floor infiltration (before rehabilitation) or infiltration and/or

ventilation (after rehabilitation) heat loss coefficient (Cv).

2.4.3- Air infiltration heat loss coefficient (Cy) estimation method before
rehabilitation

When analysing the data of the considered winters before the rehabilitation, no
ventilation heat losses need to be considered, since there was no ventilation system
installed in the building during these winter periods. Then, based on the ACHdecay values
estimated using the section 2.4.2 methodology, it is possible to estimate the air infiltration

heat loss coefficient ((Cv) in [KW/K]) of each analysed floor using Eq. 104.

G, = Cv—inf = Vol_floorACHdecay_averpairCpair [kW/K] Eq. 104
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where Vol fioor is the volume of each floor [m3], ACHdecay aver is the floor average Air
Change per Hour for the whole considered testing period in [h1], pair [kg/m3] and Cpair
[k]/kg°C] are the density and the constant pressure specific heat of the air at the average
indoor temperature, respectively. Note that, in this equation, it is necessary to convert

ACHdecay_aver to [s1] to obtain the Cy in [kKW/K].

For the ground and second floors, an extra calculation has been made to guarantee
appropriate results. Taking into account the distribution of these two floors and the
location of the air quality sensors, each sensor has been assigned a portion of the total
volume of each floor (see Figure 44), and the Cy of the ground floor and second floor have
been estimated using both Eq. 104 and Eq. 105. The results obtained by Eq. 104 and Eg.

105 have then been compared.
C, = Cv—inf = Zlivzl(vol_i X ACHdecay_aver_Vi)pairCpair [kW/K] Eq. 105

where Voriand ACHdecay_aver vi are the volume portions and the average Air Change per
Hour of the considered period associated with each volume portion, respectively, and N

is the number of divisions made in the total volume of each floor (see Figure 44).

2.4.4- Air infiltration and ventilation heat loss coefficient (Cv) estimation method
after rehabilitation

During the rehabilitation carried out, the building was dotted with a ventilation system
together with its recovery system in each of the floors. Therefore, unlike in section 2.4.3,
section 2.4.4 must consider the effect of the ventilation losses in the building. Then, based
on the ACHdecay values estimated using the methodology presented in section 2.4.2 for the
period after rehabilitation, it is possible to estimate the air infiltration and ventilation heat
loss coefficient ((Cv) in [kW/K]) of each floor. Therefore, it is necessary to have a proper
measurement of the volumetric airflow rate of the ventilation system for each of the
floors. Moreover, it is possible to estimate the average total volumetric airflow rate of each
floor (Vair (torany) Of the building by the multiplication between the average ACHdecay_aver
estimated using the methodology of section 2.4.2 for data after the rehabilitation for each

of the floors and the volume of each floor as shown in Eq. 106:

Vair (total) = Vol_floorACHdecay_aver [m3/h] Eq. 106
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where Vol floor is the volume of each floor [m3] and ACHdecay_aver is the floor average Air

Change per Hour for the whole considered testing period in [h-1].

Then, if the average total volumetric airflow rate is calculatedo estimate the average

infiltration volumetric airflow rate (V4 (in)). It can be estimated using Eq. 107:
Vair(inf) = Vair(total) - 'air(vent) [m3/h] Eq. 107

Once the average ventilation volumetric airflow rate and the average infiltration
volumetric airflow rate are known, it is possible to estimate the corresponding ventilation
and infiltration heat loss coefficients. In order to estimate these two coefficients, Eq. 108

and Eq. 109 need to be applied.

Co—vent = Vair(vent)paircpair (1 —1n) [kW/K] Eq. 108

Cv—inf = Vair(inf)paircpair [kW/K] Eq. 109

where, Vyirventy and Vgirng) are the average ventilation and infiltration volumetric
airflow rates respectively [m3/s], pair [kg/m3] and Cpair [k]/kgK] are the density and the
constant pressure specific heat of the air at the average indoor temperature respectively.
For estimating the ventilation heat loss coefficient, it is necessary to consider the
efficiency (n) of the recovery system installed in the ventilation system. Note that it is
necessary to convert ACHdecay_aver to [s'1] to obtain Cv in [kKW/K]. Eq. 108 and Eq. 109 are
valid for compensated ventilation systems where supply and exhausted volumetric flow

rates are equal.

Finally, both heat loss coefficients are summed in order to estimate the infiltration and

ventilation heat loss coefficient (Cv) as shown in Eq. 110:

Cy = Cy—vent + Cv—inf [kW/K] Eq. 110

2.4.5- Estimation of the transmission heat loss coefficient (UA) before and after the
rehabilitation

Section 2.4.2, 2.4.3 and 2.4.4 have already described the method used, based on the
ASTM D6245-18 guide, to estimate the infiltration and infiltration/ventilation heat loss

coefficient of the analysed in-use office building. However, in order to achieve the aim of
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this work, it is necessary to use these results together with the previously estimated HLC
values using the methodology presented in section 2.1 to estimate the transmission heat
loss coefficient for winters before and after rehabilitation. Thus, it would be possible to
know which of the coefficients, the transmission heat loss coefficient or the infiltration or
infiltration/ventilation heat loss coefficient, is the main responsible factor for the energy
losses regarding the building envelope. Therefore, the average floor-by-floor infiltration
and/or ventilation heat loss coefficient value for each of the winters is subtracted from
each floor HLC value of the corresponding winter. The same is done with the sum of all
the floors in order to estimate the total results for the whole building. This procedure is

carried out using Eq. 111.

UA = HLC — C, [kW/K] Eq. 111
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3. CASE STUDIES

This chapter presents three different case studies, each of them providing different
input data and different characteristics. Despite that, and although the average method
was developed based on the multi-storey occupied office building, all the cases will be
tested in order to estimate their HLC, since all of them provide input data that enables its
estimation. However, depending on the rest of the measured variables they provide, each
of the case studies will be used in order to demonstrate the validity of the rest of the
methodologies presented in section 2. For instance, due to the wide range of solar
radiation data measured in the Round Robin Box, it is perfect for the application of the
methodology presented in section 2.2. However, only the measurements of the air quality
data inside the office building presented in section 3.3 enable the application of the HLC

decoupling methodology presented in section 2.4.

In order to justify the application of each methodology for each case study, their
characteristics and their monitoring systems are detailed in this section. The three case
studies used in the Thesis are, the Round Robin Box, two in-use residential buildings and

a rehabilitated multi-storey occupied office building.

3.1- The Round Robin Box

3.1.1- Description of the Round Robin Box

Unlike common study cases, when applying the energy characterization in buildings,
the proposed analysis is not carried out in a real building, but in a test box representing a
building in miniature. This Round Robin Box has been built by KU Leuven and shipped to
different countries in order to test its behaviour under different climate conditions. The
Round Robin Box has been monitored by several participants in different countries and
the obtained data has been distributed to different members taking part in the

International Energy Agency (IEA) Annex 58 project [50].

The test box has an exterior volume of 120x120x120 cm3 and all the walls, floor and
ceiling have the same thickness of 12 cm. Thus, the dimensions of the inner surface of the
Round Robin Box are 96x96x96 cm3. There is a wooden window of 71x71 cm? located in

one side of the Round Robin Box with a glazed part of 52x52 cm?. Moreover, the Round
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Robin Box is not in contact with the floor in order to avoid the effects of the ground on the
Round Robin Box’s behaviour. The test box can be seen in Figure 16, located in CIEMAT’s

Solar Plataform in Almeria (Spain).
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Figure 16. The Round Robin Box during its experiment in Almeria.

Moreover, the theoretical values for the HLC and the Sa of the window were also
calculated in [64]. Then, the theoretical HLC value is 4.08 W/K and the theoretical Sa for

the window is 0.162 m?2.

3.1.2- Monitoring system of the Round Robin Box

As introduced in section 3.1.1, the Round Robin Box experiment has been carried out
in several locations in Europe. However, only the data regarding the tests carried out at
CIEMAT’s Solar Plataform in Tabernas (lat. 37.09°, long. -2.35°), Almeria (Spain), has been
analysed during this study due to the availability of multiple extra sensors included in the
experimental set up. Moreover, Almeria receives a high solar radiation during both
summer and winter, so the obtained solar radiation measurements are valid for carrying

out the proposed study.

110



CHAPTER 3: CASE STUDIES

During the Round Robin Box test, a wide range of variables were measured. On the one
hand, there is enough data for the estimation of the HLC using the average method. All the
measured values used for the estimation of this performance indicator are shown in the

following Table 2:

SENSOR MEASUREMENT ‘ DESCRIPTION UNIT ‘ UNCERTAINTY
Indoor temperature
measured in the lower part
Indoor air temperature of the Round Robin Box
(Tin) (1/3 height of the box) and °C 0.1°C
PT100, 1/10 DIN, 4 wire connection in the higher part of the
Round Robin Box (2/3
Temperature height of the box).
Outdoor temperature
Outdoor air temperature measured below the Round
(Tout) Robin Box and at the same °C 0.1°C

PT100, 1/10 DIN, 4 wire connection | heightas the middle of the
Round Robin Box.

Heating power

Heating Q Heating power in the
system Power transducer, model SINEAX Round Robin Box w 0.25 %
y DME 440 manufactured by Camille
Bauer Ltd.

Vertical south global solar
radiation (plane of the

. Vertical south global solar
S(_)Ia_r glazing) radiation (plane of the W/rn2 3%
radiation (Vso) glazing)

Pyranometers, model CM11
manufactured by Kipp and Zonen.

Table 2. Sensors used for measuring the variables required for the HLC estimation.

For the estimation of the HLC, in order to make a rough estimate of the solar gains
entering through the window of the Round Robin Box, the vertical south global solar
radiation has been multiplied by the solar aperture of the window of the Round Robin
Box. The Round Robin Box only have one window, which has been orientated to the south
during the analysed period. Therefore, it can be assumed that the vertical south global
solar radiation is the main responsible of the solar gains entering through the window.
Then, the window solar aperture has been roughly estimated by multiplying the window
area and a 0.5 g-value proposed in section 2.1.1. Then, the obtained window solar
aperture was 0.135 mZ2. Moreover, it must be commented, that there have not been
considered any electrical heat gains or metabolic heat gains apart from the heating power

in the HLC estimation since the Round Robin Box was unoccupied.

Furthermore, Table 2 also shows the accuracy of each of the used sensors. This
information is provided since the propagation of the uncertainty of the sensors has been

considered when estimating the HLC error bands as explained in section 2.1.3. It must be
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remembered that the other uncertainty sources related to the assumptions made by the
method are not propagated to the HLC estimations carried out in this work. Despite the
solar aperture is considered unknown, the error estimated for this value was a 10 %. Since
the accuracy of the pyranometer measuring the vertical south global solar radiation was

of 3 %, the total uncertainty considered for the solar gains was 13 %.

On the other hand, the Round Robin Box is also used to perform the solar gains analysis
through the opaque walls. Therefore, in order to carry out a deeper analysis of the solar
gains through the Round Robin Box’s different opaque faces (east, north and west walls,
roof and ceiling), each of the faces was analysed individually. The Round Robin Box walls
are named as follows: the glazing wall (the one with the window and orientated to the
south), the east wall (the opaque wall orientated to the east), the west wall (the opaque
wall orientated to the west), the north wall (the opaque wall orientated to the north), the
ceiling wall (the opaque wall orientated to the sky) and the floor wall (the opaque wall
orientated to the ground). However, the glazing wall is excluded from the analysis, since
only the effect of the solar radiation in opaque walls is analysed. Among the several
measurements carried out during the Almeria Round Robin Box test, Table 3 shows only
the variables measured within the Round Robin Box experiment that will be used during
the proposed analysis of the solar gains through the opaque walls of the Round Robin Box.

A full description of the experiment set up is included in the final report of Annex 58 [64].
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NAME MEASUREMENT DESCRIPTION UNIT ACCURACY
Indoor temperature measured in
Ind irt t (Tin) the lower part of the Round Robin
ndoor air empelja ure n Box (1/3 height of the box) and in °C 0.1°C
PT100, 1/10 DIN, 4 wire connection the higher part of the Round
Robin Box (2/3 height of the box).
Outdoor temperature measured
Outdoor air temperature (Tout) | below the Round Robin Box and °oC 0.1°C
PT100, 1/10 DIN, 4 wire connection at the same height as the middle '
of the Round Robin Box.
Inner surface temperature
Temperature (Tsin) Inner surface temperature
Analogous sensors and connections as measured in the centre of each of °C 0.1°C
those used for air temperature, the walls
embedded in the corresponding
surface.
Outer surface temperature
(Tsout) Outer surface temperature
Analogous sensors and connections as | measured in the centre of each of oC 0.1°C
those used for air temperature, the walls
embedded in the corresponding
surface.
Heat flux in the inner surface The heat flux measured in the
q centre of each of the walls, gluing
Heat flux HFPO1 manufactured by Hukseflux, the sensor in the centre of each W/m? 5%
voltage measured directly by inner face and covered with the
differential connection. same colour type.
Vertical south global solar
radlatlor} (plane of the Vertical south global solar w 2 3 o
glazing) (Vsol) radiation (plane of the glazing) /m 0
Pyranometers, model CM11
manufactured by Kipp and Zonen.
Horizontal global solar
radiation (Hso) Horizontal global solar radiation | W /m? 3%
Pyranometers, model CM11
manufactured by Kipp and Zonen
Diffuse solar radiation (Dsol)
Pyranometers, model CM11 Diffuse solar radiation W/m2 3%
manufactured by Kipp and Zonen.
' Ground reflected solar
Solar iati
L. radiation (Ggr 1) Ground reflected solar radiation W/m2 3%
radiation Pyranometers, model CM11
manufactured by Kipp and Zonen
Vertical north global solar
radiation (Vn_so1) Vertical north global solar W/m2 39
Pyranometers, model CM11 radiation
manufactured by Kipp and Zonen
Horizontal long wave
radiation (Hww) Hori -
orizontal long wave radiation m?2 20
Pyrgeometers, model CGR-4 & W/ %
manufactured by Kipp and Zonen.
Vertical south long wave
radiation (Viw) Vertical south long wave W/m?2 0
e m 2
Pyrgeometers, model CGR-4 radiation / %
manufactured by Kipp and Zonen.
Wind speed (WS)
Wind WindSonic manufactured by Wind speed m/s 2%
GILL INSTRUMENTS LTD

Table 3. Sensors used for measuring the variables required for the solar gains analysis through opaque
walls.
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Table 3 shows only the sensors used for this second part of the Round Robin Box
analysis. As shown, some of the variables used in Table 2 for the HLC estimation are also
used for the solar gains analysis in opaque walls. Due to the comprehensive set of solar
radiation measurements performed in the Round Robin Test in Almeria, it has been
considered a perfect candidate to perform the proposed analysis. However, two of the
solar radiations needed for this analysis are not measured by sensors. They are the
vertical west (Wso1) and east (Esol) global solar radiation, which are estimates as detailed

in section 2.2.2.1.

The experiment in Almeria was conducted over eight months; including a first period
under summer conditions and a second period under winter conditions. The summer
dataset considers the period from 31st May 2013 until 2nd July 2013. During the summer
period, two different tests were performed: constant indoor air temperature set point and
Randomly Ordered Logarithmic Binary Sequence (ROLBS) power sequence [97]. This
dataset has been divided in 5 different series. The measurements of the first three series
(from 31st May 2013 to 17t June 2013) were considered reliable but the test conditions
were not completely optimized. However, the two last series (from 18th June 2013 to 2nd
July 2013) were fully optimized. From 18t June 2013 to 26th June 2013, a controlled 100
W incandescent lamp was used as heating power. During that series, a set point of 40 °C
was fixed for the indoor air temperature, with a dead band of 0.8 °C for the first day and
0.5 °C for the rest of the days. The series from 28th June 2013 to 21d July 2013 corresponds
to ROLBS power sequence where a 60 W incandescent lamp was used as heating power.
However, the winter dataset considers the period from 6t December 2013 until 7th
January 2014. During this winter period, three different tests were performed: two co-
heatings with constant indoor air temperature set point and a ROLBS power sequence.
There, during the first series from 6th December 2013 to 17th December 2013, the ROLBS
power sequence test was performed where a 100 W incandescent lamp was used as
heating power. However, in the other two series the co-heating test was performed with
a set point and a dead band for the indoor temperature. In the case of the second series
(from 18th December 2013 to 26t December 2013) a set point of 35 °C and a dead band
of 0.5 °C were fixed. Moreover, in the case of the third series (from 27th December 2013
until 7th January 2014) a set point of 21 °C and a dead band of 0.8 °C were fixed. For both

cases, a 100 W incandescent lamp was used as heating power. Then, once both datasets
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had been individually analysed by plotting each of the measured data and comparing
them in order to find any irregularity, as done in section 3.1.3, summer and winter
datasets were divided into shorter periods for analysis. Due to the requirements
stablished in section 2.1.1, the average method is only applicable in cold and cloudy
winter periods. Therefore, for that analysis, only the winter data will be used. Despite the
analysis of the solar gains through opaque walls is also applied to the winter data in order
to test whether the HLC already estimated using the average method without considering
them has a negligible uncertainty, also the summer data has been analysed. Thus, a
comparison between two extreme cases will be performed in order to test these solar

gains weight in the HLC value for both situations.

3.1.3- Representation of the useful input data of the Round Robin Box

In order to ensure a proper analysis when working with measured data, the visual
checking of the input data is an indispensable first step of the process. Therefore, the
analysis of the estimation of the HLC is not an exception. Then, this section shows
graphically represented all the input data used for the proper estimation of the HLC and

also, the input data used for the estimation of the solar gains effect in opaque walls.

As commented is section 3.1.2, all the useful data needed for the HLC estimation
provided for this case study is shown in Table 2 and plotted in the following Figure 17,
Figure 18, Figure 19 and Figure 20. Despite a winter and a summer dataset are provided
for the Round Robin Box test, the heat loss coefficient estimation analysis, due to the
requirements stablished in section 2.1.1, can only be carried out during the winter period,

between the 6th December 2013 and the 7t January 2014.
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Figure 17. Indoor air temperature measured in the lower part (Tin_down) of the Round Robin Box (1/3
height of the box), in the higher part (Tin_up) of the Round Robin Box (2/3 height of the box) and the
average (Tin_average) Of both of the winter period. Note: The two measured temperatures, and of course, the
average temperature value, overlap perfectly during the whole winter period.
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Figure 18. Outdoor air temperature measured below (Tout down) the Round Robin Box and as the same
height of the middle (Tout middie) of the Round Robin Box and the average (Tout average) Of both of the winter
period. Note: The two measured temperatures, and of course, the average temperature value, overlap
perfectly during the whole winter period.
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Figure 19. Heating power and vertical south global solar radiation (plane of the glazing) of the winter
period.
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Figure 20. Estimated solar gains through the window of the winter period.

From this figures, it is possible to take a considerable amount of initial conclusions.
First of all, it is possible to find the missing data and check if the measured data makes
sense. Moreover, the visual checking enables the possibility to find periods that fulfil the
requirements of section 2.1.1 such as the one related with the solar radiation or the
minimum indoor to outdoor temperatures difference. An example of this can be seen in
Figure 21 and Figure 22, where the period 1 of section 4.1.1 later analysed is marked

fulfilling all these requirements.
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Figure 21. Indoor air temperature (Tin average P1), outdoor air temperature (Tout average p1) and air
temperature difference (Tin_p1- Tout_p1), (a) for the whole winter dataset, (b) for period 1.
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Figure 22. Space-heating systems’ heat input (Q p1) and vertical south global solar radiation (VsoL_p1), (a) for
the whole winter dataset, (b) for period 1.

As said before, it can be normally easy to identify or to take an idea of where the useful
periods for HLC estimation by means of the average method could be by visual checking.
For example, in this case, it is possible to identify in Figure 21 that the useful period could
be between the 18t of December and the 27t of December, since the temperature
difference is quite high there. If also the solar gain requirement is considered in Figure 22,
it is obvious that the lowest solar gains are obtained between the 18t of December and
the 22nd of December, which coincides with the period selected as the one with the highest
temperature difference. Then, it must be numerically analysed and the rest of the
requirements fulfilment must be also ensured. However, this first steps considerably

helps in the period selection process.

However, in order to carry out the solar gains analysis in opaque walls, it is necessary
to analyse other input data also shown in Table 3 of section 3.1.2. Moreover, as explained
in section 2.2.1, some other data must be also calculated such as the sky, the surrounding
and the ground temperature shown in Figure 27 and Figure 33 using some input data

presented in Table 3. These values will be also useful for the later solar gains analysis
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through the Round Robin Box opaque walls. All this data (the measured and the

calculated) is plotted in the following Figure 23 to Figure 34 where both, summer (from

31st May 2013 until the 2rd July 2013) and winter (from 6t December 2013 until the 7t

20

2013-05-31 2013-06-04 2013-06-08 2013-06-12 2013-06-16 2013-06-20 2013-06-24 2013-06-28 2013-07-02

January 2014) periods are shown.
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Figure 23. Inner surface temperature in the west (Tsin_west), north (Tsin_north), €ast (Tsin_east), ceiling
(Tsin_ceiling) and floor (Tsin_fioor) of the Round Robin Box and indoor air temperature measured in the lower
part (Tin_down) of the Round Robin Box (1/3 height of the box), in the higher part (Tin_up) of the Round
Robin Box (2/3 height of the box) and the average (Tin_average) of both of the summer period.
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Figure 24. Outer surface temperature in the west (Tsout west), north (Tsout north), €ast (Tsout_east), ceiling
(Tsout_ceiting) and floor (Tsout floor) of the Round Robin Box and outdoor air temperature measured below
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Round Robin Box and the average (Tout average) Of both of the summer period.
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Figure 25. Inner surface heat flux in the west (§_west), north (g_north), east (g_east), ceiling (g _ceiling) and floor
(g_foor) of the Round Robin Box in the summer period.
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Figure 26. Solar radiation on the west (Wso1), north (Vn_so1), east (Eso1), ceiling (Hso1) and floor (Ggr 1) of the
Round Robin Box in the summer period.
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Figure 27. The outdoor average (Tout average) air temperature, the sky temperature (Tsky), the surrounding
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Figure 28. Wind speed (WS) for the summer period.
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Figure 32. Solar radiation on the west (Wso1), north (Vn_so1), east (Eso1), ceiling (Hso1) and floor (Ggr 1) of the
Round Robin Box in the winter period.
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Figure 33. The outdoor average (Tout average) air temperature, the sky temperature (Tsky), the surrounding
temperature (Tsur) and the ground temperature (Tground) for the winter period.
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Figure 34. Wind speed (WS) for the winter period.

It is very important to check one by one the variables that are going to be used later in
the models. Then, the first step is to find periods where the data is missing. If these values
are not removed from the datasets, the software might provide problems. Moreover, in
order to identify periods where the models could provide the best fits, the correlation
between the variables and the alterations these variables could suffer must be analysed.

In this case, since the inner surface heat flux is the used output variable, it is the first
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variable that must be studied. Then, if the inner surface heat flux for summer is analysed
in Figure 25, it can be seen that the period where this variable remains more stable during
a long period of time is between the 18t and the 26t of June. Then, the selected period
would probably be within this period. However, since the period in winter is consciously
selected to have the lowest solar radiation in a row, the data of Figure 32 must be carefully
analysed first. Since the winter period has already been analysed for the HLC estimation,
the period with the lowest solar radiation in a row has already been selected. Then, this
period will be also used for the solar gains analysis in order to test the relevance of the
solar gains through opaque walls in the HLC when estimating this parameter using the
average method presented above. Then, the inner surface heat flux and the rest of the

parameters must be analysed one by one for both selected periods.

Moreover, as commented previously, the data plotted in Figure 27 and Figure 33 has
been calculated using the measured long wave radiation data of Table 3 as presented in
section 2.2.1. Since the average outdoor air temperature and the average surrounding
temperature commonly show similar values, it is common to use the outdoor air
temperature instead of the surrounding temperature in order to avoid complex
calculations without a considerable accuracy improvement. However, despite the
development of section 2.2.1 also considers that the sky temperature and the ground
temperature can be replaced by the outdoor air temperature in order to avoid complex
calculation, these graphs show that it is important to consider the corresponding sky
temperatures when implementing the models. In the case of the ground temperature, it is
considerably higher than the outdoor air temperature during the day. However, at night,
it is similar to the outdoor air temperature. Then, it is important to consider this ground
temperature effect in the models mainly during the day hours in order to obtain the most
accurate model representations considering all the heat transfers effects. Nevertheless,
the most notorious difference is observed when the outdoor air temperature and the sky
temperature are compared. In general, the sky temperature shows considerably lower
values than the rest of the measured or estimated temperatures. During the day, the effect
of this sky temperature might not affect considerably the Round Robin Box outer surface
temperature due to the high effect of the horizontal global solar radiation. However,
during the night, there is no solar radiation influence, so the effect of this sky temperature

would affect considerably the outermost surface temperature of the Round Robin Box.
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Then, the heat exchanges due to long wave radiation are important to be estimated during
the night period mainly in the ceiling models in order to obtain the most accurate fits.
Therefore, mainly for the ceiling case, it is important to consider both, the convection and

the radiation heat transfer when estimating the best model fits.

3.2- Residential buildings

After the test box, the HLC estimation experiment goes further with the analysis of two
residential buildings located in Gainsborough and Loughborough in the UK (Figure 35).
In this case, the data from the residential buildings is provided by the International Energy
Agency-Energy in Buildings and Communities (IEA-EBC) Annex 71 [98] project called
“Building Energy Performance Assessment Based on In-situ Measurements”. This Annex
is the step that follows the previously developed IEA-EBC Annex 58 titled “Reliable
building energy performance characterization based on full scale dynamic

measurements”, where the Round Robin Box test was developed.

In this case, the buildings monitored where located in the UK. It must be remarked, that
the summers in this area of the UK are commonly cloudy, short and comfortable while the
winters are considerably long, very cold, windy and mostly cloudy. These are perfect
characteristics for the average method application. Moreover, these two buildings show
very different characteristics due to their insulation level and building behaviors. Thus,
these two cases are considered suitable for this Thesis, since they represent the extreme

opposite situations for testing the average method in the residential building level.

() (b)
Figure 35. (a) North side of Gainsborough house [99] (b) Front side of Loughborough house [100].
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The monitoring systems of each given building measured different parameters. A
combination of smart meters and dedicated sensors were used in both buildings to
monitor each of the parameters in Table 4 with at least a 5 min frequency. The monitoring
system of Gainsborough is described in detail in [99], while the monitoring system of
Loughborough is described in detail in [100]. However, the input data provided were
filtered in order to obtain common input parameters for both houses, as shown in Table
4 of section 3.2.3. The filtering procedures were not the same due to the different

characteristics of the monitoring systems.

3.2.1- Highly insulated residential building
3.2.1.1- Description of the building

The first residential building is located in Gainsborough (UK) (see Figure 35(a)) and is
a well-insulated, occupied building. It is one of the four social houses monitored in [99]
and the HLC ‘theoretical value’ given by the Annex 71 is 49.9 W/K. The latter value is
estimated based on the building design characteristics. The Gainsborough case represents
a not very detailed monitoring system of a real in-use house, but with a very long

monitoring period of three years.
3.2.1.2- Input data and monitoring system of the building

For the Gainsborough house, only the total gas consumed by the boiler was provided.
However, the mains water consumption of the house was also provided. The boiler was
providing heat for both the space heating and the DHW (Domestic Hot Water). The
Gainsborough boiler is a Potterton Promax combination boiler with an efficiency of 91 %
regarding the SAP procedure, according to the manufacturer [101]. Like most
conventional boilers, it does not produce DHW in parallel with space heating. Thus, when
DHW is required, the boiler stops the space heating supply and all the heat produced by
the boiler is used for DHW production. In order to estimate the gas consumed by the space
heating from the total gas consumption, the following assumption was considered: If
there was gas consumption at the same time as there was mains water consumption, all
this consumed gas was considered as gas consumption solely for DHW. In other words,
only the gas consumption while no mains water was consumed was considered as space

heating. This filter was applied on a five minute basis.
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Moreover, for the Gainsborough building, only the electricity consumption was
considered when estimating the internal gains (K). The occupancy heat created by the
occupants’ metabolic generation was neglected (part of K), as not enough information was
provided to make an estimation. Different occupants lived in this building over the three
winters of the data provided. Due to this, achieving occupancy patterns of the inhabitants

to estimate the metabolic heat gain they produced was very complicated.

3.2.2- Poorly insulated residential building
3.2.2.1- Description of the building

The second residential building is located in Loughborough (UK) (see Figure 35(b))
and it is inhabited by synthetic occupants. Moreover, it is a traditional uninsulated
semidetached residential building. This house has already been tested through the co-
heating method in [100] and the HLC ‘theoretical value’ is 382 W/K. The dataset used for
the house analysed in Loughborough can be found in [100], where the house 1 (HT1) files
were studied. The Loughborough case represents a very detailed monitoring system of a

synthetic occupants’ in-use house, but with a short monitoring period of one month.
3.2.2.2- Input data and monitoring system of the building

The Loughborough house is a traditional uninsulated building occupied by monitored
synthetic occupants. This means that the house behaves as if real people were living
inside. Thus, the metabolic heat gain produced by these synthetic users was also
considered as a heat gain. All the internal heat gains, including the metabolic generation
of the synthetic occupants, were measured by means of several watt meters that
measured all the electrical consumptions occurring within the building. Moreover, for the
Loughborough house, the heat output of the boiler to the space heating system was
directly measured. In other words, it was not necessary to use the boiler efficiency or split
the space heating and the DHW consumptions. Moreover, accurately measured synthetic
profiles were added to simulate the occupants’ behaviour. Therefore, all heat gains (Q +

K), as well as the thermostat settings, were accurately known.
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3.2.3- Common input data and monitoring system of the buildings

Despite the different monitoring systems used in each of the houses, there are also
some common variables. One common variable used for both houses analysis is the solar
radiation, which has been obtained from the Waddington weather station. In order to
obtain a rough estimate of the solar aperture, a g-value of 0.5 could be multiplied to the
total window area of the building, as specified in section 2.1.1. The corresponding
measured total window area of Gainsborough is 15.66 m? and Loughborough 20.70 m?.
Then, this roughly estimated solar aperture must be multiplied by the corresponding
solar radiation in order to estimate the solar gains of the building. Once this roughly
estimated solar gains are obtained for both buildings, they can then be compared to the
averaged (Q + K) value of the selected periods to see whether the averaged period solar
gains are below 10 % as compared to the averaged period (Q + K). Then, the HLC estimate
would mainly be dependent on the measured Q and K that can be accurately measured

when compared to solar gains.

Then, it has been possible to filter all the input data from section 3.2.1.2 and section

3.2.2.2 and achieve common input variables for both buildings as shown in Table 4:

SENSOR MEASUREMENT DESCRIPTION UNIT ‘
Measured in different rooms of the house. In
order to achieve a unique temperature for
the building, a non-weighted average
Indoor air temperature temperature has been estimated using the °oC
(Tin) following formula:
Temperature
o Tini + Tinz+ -+ Tinn
mn — n
Outdoor air temperature On-site outdoor air temperature °C
(Tout)
When required, the gas consumption has
Boiler heat output been converted by boiler efficiencies to
otle eal outpu space heating system kWh supply. Hot kWh
Heating Queating water energy supply is not considered in
this term.
system Total el .
otale eCtr.lClty Measured for the whole building or in each KWh
consumption of the rooms of the house.
Kelectricity
Soarradiation | Obianed o e Wadingionweate
Solar i :
o [horlzpntal-global solar method, it has been converted into vertical W/rn2
radiation irradiance) south global solar radiation (Vso1) applying
Hsol the method of section 2.2.2.1.

Table 4. List of input parameters for applying the average method. [102]
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In Table 4, due to the high homogeneity of indoor temperatures during the analysed
periods, the indoor temperature is considered as the non-weighted average of all the
measured indoor temperatures. A full development of the properties of the HLC,
regarding its estimation in buildings comprising different thermal zones with different
indoor temperature set points, is mathematically developed and demonstrated in section
2.1.2. There, the requirements to be able to estimate the whole building HLC by means of
the sum of the zone HLCs are described. Such needs are basically to know individually
each zone heat gain (Q + K + SaVso1) and each zone Tin. In both of the one family residential
buildings analysed in this work, it was only possible to consider one thermal zone, as the
internal heat gains (Q + K + SaVso1) could not be accurately split between the different
rooms that make up the dwelling. Most of the internal gains were measured only on the
whole building level. Furthermore, for each individual temperature measurement, the
period averaged value has been compared to the period average of the non-weighted
average indoor temperature. For all the analysed periods, the indoor temperature
homogeneity of the buildings has been so high that the difference between the period
averaged values of individual indoor temperatures and the non-weighted indoor

temperatures have been within the sensor error band.

Moreover, the propagation of the uncertainty of the sensors was also considered when
estimating the HLC error bands. The provided sensor accuracy for the monitoring systems
of the two houses can be seen in Table 5. Note that, as detailed in section 2.1.3, other
uncertainty sources related to the assumptions made by the method are not propagated
to the HLC estimations carried out in this work. In the case of the solar gains uncertainty,
apart from the accuracy of the pyranometer (considered 5 % for this analysis), the solar
aperture uncertainty was also considered. Despite the solar aperture (Sa) being unknown,
a 10 % error was considered for the latter. Thus, the total uncertainty considered for the

solar gains of both buildings was 15 %.

Measurement Gainsborough uncertainty Loughborough uncertainty

Indoor temperature +/-0.25 °C +/-0.2 °C
Outdoor temperature +/-0.5 °C +/-0.2 °C
Gas meter +/-2 % +/-2%

Not provided
(+/-2 % assumed)

Electricity consumption +/-2%

Table 5. List of measurements and provided uncertainty for applying the average method. [102]
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Finally, it must be commented that the data monitorization period of the two houses
was different. While the houses in Gainsborough was monitored for three winter periods
(1st November 2012 until 30t April 2015), the house in Loughborough was only
monitored for a month (16t February 2014 to 15t March 2014).

3.2.4- Representation of the useful input data of the two houses

Once all the monitored data is listed in the tables, it is very important to perform a
visual checking analysis of the measured data. Therefore, each of the useful variables
presented in Table 4 are plotted in different graphs in order to understand their

behaviour and compare them between both houses.

Therefore, the following Figure 36, Figure 37, Figure 38 and Figure 39 show the indoor
and outdoor air temperatures, the boiler heat output, total electricity consumption and

the solar gains for both houses, Gainsborough and Loughborough.
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Figure 36. Indoor air temperature (Tin), outdoor air temperature (Tout) and air temperature difference
(Tin-Tout) for Gainsborough.
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Figure 37. Space-heating systems’ heat input (Q), total electricity consumption (K) and solar gains (SaVsoi)
in Gainsborough.
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Figure 38. Indoor air temperature (Tin), outdoor air temperature (Tout) and air temperature difference
(Tin-Tout) for Loughborough.
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Figure 39. Space-heating systems’ heat input (Q), total electricity consumption, including synthetic
occupants’ generation (K), and solar gains (SaVso), for Loughborough.

As commented in section 3.2.3 and shown in Figure 36 to Figure 39, the dataset of
Gainsborough is much longer than the dataset of Loughborough. Thus, it can be concluded
that probably, it will be easier to find suitable periods to estimate the HLC that fulfil the
average method requirements. Moreover, a first analysis of the temperature difference
can be also done for both of the buildings in Figure 36 and Figure 38. Moreover, from
Figure 37 and Figure 39, it is possible to make an idea of the solar gains effect in the
building and how their effect can be compared with the space heating system

consumption and the rest of the internal gains in the building.

Finally, considering all the data presented before, an example of a selected period in
order to apply the average method is shown. Figure 38 shows the evolution over one
month of the indoor and outdoor air temperatures for the Loughborough building. There,
the temperature difference between the interior and the exterior is also plotted. From this
Figure 38, it can be concluded that the temperature difference between the exterior and
interior is considerably high during the selected period shown in the new Figure 40(a). A
zoom-in of period 1, used later to apply the average method, is also presented in Figure

40(b). Figure 39 shows the evolution of the solar gains (SaVso1), the space heating systems’
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heat input (Q) and the total electricity consumption, including the synthetic occupants’
generation (K) for the Loughborough building, again including Figure 41(a) with a zoom-
in on period 1 in Figure 41(b). If Figure 41(a) is analysed, it can be seen that it is not
possible to find a three day period where the solar gains remain below 10 % when
compared to the rest of the measurable heat gains (Q + K). Finally, as an example, Figure
42 shows the accumulated average plot of the HLC for period 1 in Loughborough. It can
be seen how the accumulated average of the HLC value stabilises along the duration of the

period and remains within the 10 % bands over the last 24 hours.
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Figure 40. Indoor temperature (Tin), outdoor temperature (Tout) and temperature difference (Tin-Tout): (a)
for the whole dataset in Loughborough, (b) for period 1 in Loughborough. [102]
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Figure 41. Space-heating systems’ heat input (Q), total electricity consumption, including synthetic
occupants’ generation (K) and solar gains (SaVsol): (a) for the whole dataset in Loughborough, (b) for

period 1 in Loughborough. [102]
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Figure 42. Evolution of the accumulated average of the Heat Loss Coefficient for period 1 in
Loughborough. [102]
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3.3- Rectorate in-use office building

The last HLC estimation analysis and its decoupling process is performed in a public
building of the University of the Basque Country. The building is located on the Leioa

University Campus, close to Bilbao, in the north of Spain.

For the analysis of the building HLC, it is indispensable to know about the climate of
the area. Leioa has a humid oceanic climate with a predominance of the westerly winds,
which softens the temperatures and favours a temperate time throughout the year. Due
to the proximity to the sea, the climate is mild, however, it contrasts with the very marked
temperature difference between seasons: 8 °C of average temperature in winter and 20 °C
in summer. Hence, while the summers are comfortable, the winters are long, cold, wet and

windy and it is partly cloudy all year round.

3.3.1- Description of the building before retrofitting

The building presents a complex geometry, with an irregular fagade and projecting
parts on different levels. The building is formed by three different blocks, but only the
west block (WB) has been considered in the energy characterization. Since the WB
thermal zones are separated by “always closed” fire doors, the air mass exchanges with
the central block can be considered negligible. Furthermore, both blocks have similar
indoor temperature settings, so the energy exchange between blocks can also be
considered insignificant. Thus, the west block has been treated as if it was completely
isolated from the central block. Moreover, the whole building has the same heating
system. The west block has four storeys and has a narrow layout with a structure of
concrete pillars and grid concrete slabs. The distribution of the floor is different for each
of them (see Figure 44), where the first floor (F1) and the third floor (F3) are mainly large,
open offices, while different smaller rooms and offices make up the ground floor (F0) and
the second floor (F2). The building has a centralized heating system, but before
retrofitting, it did not have ventilation or air conditioning facilities. The structure of the

floors is important when it comes to the heat loss coefficients estimation.
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~ GROUND GROUND

Figure 43. Left: generic building schematic used for method demonstration. Centre: from the generic
building schematic to the schematic of the studied building. Right: photo of the studied building after
retrofitting. [85]

The building was constructed in the 1970s without insulation. During its life, it has
been modified several times. Regarding the opaque walls, the majority of the facade was
built with precast concrete panels without an air gap. There were three kinds of window
in the building; wooden frame and single glazed windows, aluminium frame (without
thermal break) and double glazed windows and, finally, aluminium frame (with thermal
break) and double glazed windows. Some of the windows had concrete-sunshades to

reduce solar gains during summer. Moreover, the roof was partially insulated.

Section 2.1.2 and section 2.4.1 demonstrate that the HLC and Cvestimation of the whole
building can be done as if each of the analysed thermal zones are exchanging heat and
mass only with the outdoors. This sections demonstrate that the heat and mass exchange
between the internal walls and ceilings are cancelled out when calculating the sum of all
the floors heat loss coefficients. Then, the considered energy exchange schema of the
presented building is shown in Figure 43(centre). Therefore, four HLC and Cv values will

be calculated, one for each floor of the building.

3.3.2- Description of the building after retrofitting

The retrofitting works were designed during the year 2015, and the works were
started in summer 2016. However, the majority of the works where carried out during
summer 2017. A monitoring study was carried out before these works in order to make a
diagnosis of the building and this was taken into account to define the optimal retrofitting

actions.

The main objective of the retrofitting was to decrease the building’s energy

consumption. Therefore, the first step carried out to achieve this aim was to reduce the
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energy demand through the reduction of the building’s envelope energy losses.

Furthermore, improvements in the energy systems of the building were also considered.

Thus, several actions were carried out to reduce the energy consumption and CO2
emissions of the building. The first action developed was the retrofitting of the facade,
which has been insulated by adding vacuum insulated panels (VIPs) within a ventilated
facade. Moreover, a new lighting system has been installed, where natural and LED lights
were combined as well as a control system for it. Some windows have also been replaced
by a new type of reversible window and others by market available high performance

windows with different solar behaviour, depending on the orientation.

In addition, a ventilation system with recovery has been installed for each floor, with
its control system and thermostatic control valves on the hot water radiators in order to

improve the control capacities.

3.3.3- Monitoring system of the building

Different types of sensors have been located all around the building, depending on the
distribution of each plant (see Table 7). Three different types of monitoring systems have
been installed: sensors measuring the outdoor conditions, sensors measuring the indoor
conditions and, finally, sensors measuring the building’s energy consumption. The
outdoor measurements include the brightness level on the roof, temperature (two
sensors), relative humidity (two sensors), wind speed and horizontal global solar
radiation. One outdoor CO2 concentration sensor has been installed after the retrofitting.
The indoor sensors are also able to measure the brightness level, temperature, relative
humidity and air quality (CO2z concentration). Finally, the energy consumption of the
heating systems is obtained, since the heating water flow rate, the flow temperature and
the return temperature are measured for each floor. The distribution of the sensors
installed inside the building is shown in Figure 44. On the other hand, it is also available
the lighting electricity consumption by measuring the active power consumption in each

floors’ electrical board.
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Figure 44. Distribution of monitoring devices within the considered thermal zones of the building for (a)
FO and F2 and (b) F1 and F3. RED DOT: locations where brightness level, air quality (COz ppm),
temperature and relative humidity have been measured. GREEN DOT: calorimeter positions.
Representation of volume partitions considered in FO and F2 for Cy calculation purposes are also

Total volumes of the monitored areas (see green contour line of Figure 44) are shown
in Table 6.

Table 6. Monitored total volumes for each thermal zone (floors in this case) and for the building.
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Although most of the data has directly been obtained by the sensors, some parameters

have been estimated for the HLC estimation. The estimated total window solar aperture

of the building is Sa=230.15 m?2 [103]. This values seem logical since the total south

window area of the west block is 158.6 m2, the east facade window area is 106.7 m? and

the north fagade window area is 195 m?; assuming 230.15 m? of solar aperture since a g-

value of 0.5 is considered as already explained in section 2.1.1. The distribution of the

solar aperture through the different floors has been done proportionally to the total

window area of each floor: the ground floor has 16 %, the first floor has 36 %, the second

floor has 23 % and the third floor has 25 % of the whole solar aperture. As shown in Table

7, the measured solar radiation is the global horizontal solar radiation (Hsol).

SENSOR MEASUREMENT DESCRIPTION UNIT  UNCERTAINTY
Heating system (Q) ET + (0.4 +
7 Calorimeter: Kamstrup Multical 4/AT)%
602 for heating; FO 1 calorimeter; Heating system kW
! for the set
F1, F2 and F3 2 calorimeters per
Energy floor sensors
consumption Lighting system (Kiighting)
4 Electricity Power Meter: 1 ABB . . 0
EM/S 3.10.1 moter. 3 ABE A3 Lighting system kW +2 % for all
meters (1 per floor)
[lluminance (Iin)
13 Illuminance sensors: Siemens [lluminance lux -
5WG1 255-4AB12
Indoor Air quality, temperature PP 1%
.. and relative humidity (AQ, Air Quali Measurement
Conditions ty (AQ Quality CO2
Tin and RH) Error
13 Air quality, Temperature and Temperature °C +0.5 °C
Humidity Sensors: ARCUS SK04-S8- - . )
CO2-TF Relative Humidity % +3 % RH
Mlumi 1 +35 % at
Illuminance, temperature, uminance ux 0..150,000 lux
wind speed and rain Temperature °C +0.5°C
(Tin, Tout, WS and RN) ) +25 9% 3t 0...15
1 Weather Station on roof: ELSNER Wind Speed m/s ]
3595 Sun tracer KNX basic a 2
Rain yes/no -
3 o + o
Weather Temp(.ar.ature and relative Temperature C 0.5 °C
humidity (Tout and RH)
1 Outdoors Temperature and : . 1. 0 0
Humidity Sensor on roof Relative Humidity %o +3% RH
ARCUS SKO1-TFK-AFF
Global Horizontal Solar _
Radiation (Hsor) Global Hor¥zo‘ntal W/m? +5 0
1 Pyranometer on roof: ARCUS Solar Radiation
SK08-GLBS
Volumetric ventilation ]
Ventllatlon airﬂow rate (V . ) YOh%metI:lC
air (vent) ventilation airflow m3/h =
system 4 volumetric air flow rate sensors: e
TROX TR-EASY

Table 7. Summary of the analysed building’s sensors.
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Therefore, in order to estimate the HLC of the in-use building, variables such as the
indoor and outdoor air temperatures, the heating system, the lighting system and the
solar radiation have been considered from Table 7 marked in blue. Moreover, in order to
perform the HLC estimation as accurate as possible, the internal gains of the building have
been estimated in order to consider the occupancy heat created by people’s metabolic
generation and the heat generated by the computers in the analysis. Heat gains due to
people occupancy have been estimated assuming between 90 W to 215 W of metabolic
heat generation per person during occupation. This estimation is based on chapter 8
(Thermal Comfort) of the [91] handbook where office activities generate between
55 W/m? (reading, seated) to 120 W/m? (lifting/packing) of metabolic heat depending on
the office activity and where 1.8 m?2 is considered the average skin surface area of an adult.
In the studied building, the main office activity is ‘typing’ (65 W/m?2, see [91]), making
117 W of metabolic heat generation per person. Moreover, a 150 W equipment heat
generation have been estimated per person. There are 145 working places and 105
computers (with different timetables) in the studied building. This procedure is applied
floor by floor, considering the people and computers working on each of them. The
considered occupancy scheduled for each floor has been estimated by means of

interviews and by analysing the measured lighting consumption data sets.

Apart from the mentioned variables, also the air quality of the building was measured.
These measurements become this building the most appropriate building in order to
apply the HLC decoupling process detailed in section 2.4. Therefore, within these comfort
parameters, only the air quality (CO2 concentration marked in green in Table 7)
measuring sensor is indispensable for the estimation of the Cv. According to the ASTM
D6245-18 guide and the Test Method ASTM E741-11 presented in section 2.4, in order to
estimate the Air Change per Hour of a certain thermal zone, it is necessary to measure the
CO2 concentration in at least three points of the analysed thermal zones or floors. In this
work three or four measurements points have been installed per analysed thermal zones

(see Figure 44).

Data from weather measurements sensors located on the roof of the building were also
available. Although a wide range of data was also measured in the roof for the estimation

of the HLC, the only variables needed for this HLC decoupling study are the outdoor air
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temperature and wind speed (also marked in green in Table 7). Then, despite these data
are not used in the Cv calculation, they are still needed to filter the data or check the
correlation between the estimated ACH values and wind speed. Moreover, for the analysis
after the rehabilitation, also data measured inside the ventilation system has been used.
There, the only required data measured for this analysis has been the ventilation
volumetric airflow rate (marked in green in Table 7) on each floor heat recovery

exchanger.

Finally, it must be commented, that all these variables and parameters presented in
this section have been measured and estimated for four winter periods in a row, three of
them before the retrofitting of the building (between November 2014 and March 2017)
and one of them, after the retrofitting of the building (between November 2017 and March
2018). All data has been measured minutely.

3.3.4- Representation of the useful input data of the office building

Once all the data that is going to be used for the office building HLC analysis and its
decoupling has been presented in section 3.3.3, it will be also shown graphically in order
to study it before the methods are applied. Then, it is possible to filter the data and take
some initial ideas. Therefore, the data measured and/or estimated for the HLC estimation
is the indoor and the outdoor air temperature (shown in Figure 45, Figure 47, Figure 49
and Figure 51, together with their temperature difference), the heating system
consumption, the internal heat gains and the solar gains (shown in Figure 46, Figure 48,
Figure 50 and Figure 52). Thus, in order to estimate the most accurate HLC value, the total
internal heat gains of the building must be considered. As commented in section 3.3.3, the
occupancy heat created by people’s metabolic generation and the heat generated by the
computers is also included as internal heat gain (Koccupancy). Therefore, the total internal
heat gains (K= Kiignting + Koccupancy) would include the occupancy heat created by people’s
metabolic generation, the heat generated by the computers and the lighting system
electrical consumption. Moreover, the solar radiation would be multiplied by the solar
aperture, in order to obtain the solar gains, and, as commented before, the results are
shown, together with the heating system and the total internal heat gains, in the following
Figure 46, Figure 48, Figure 50 and Figure 52. Note that the solar gains estimations are

only valid in cloudy days where there is purely diffuse solar radiation. On those days
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where there is only diffuse radiation, it can be considered that the radiation is similar in

all the orientations of the building.

Moreover, despite in this section only the whole building variables and parameters are
shown for each available winter period (each winter period starting from November 2014
to March 2018), it has been indispensable to repeat this process for each of the floors one
by one. Due to the long and extensive monitorization carried out in this case study, there
have been several problems with the sensors. There were periods where some data was
not collected for some floors sensors while the data was correctly collected for the rest of
them. Therefore, it has been very important to analyse accurately each floor data
individually in order to obtain the useful periods where a proper estimation of HLC of
each floor and consequently, also of the whole building could be carried out. However, in

order to simplify this section, only the whole building data has been plotted here.
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Figure 45. Indoor temperature (Tin), outdoor temperature (Tout) and temperature difference (Tin- Tout) for
the in-use whole office building during winter 2014-2015 before the rehabilitation.
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Figure 46. Space-heating systems’ heat input (Q), total electricity consumption, including the occupancy

heat created by people’s metabolic generation and the heat generated by the computers (K), and solar
gains (SaVsal) for the in-use whole office building during winter 2014-2015 before the rehabilitation.
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Figure 47. Indoor temperature (Tin), outdoor temperature (Tout) and temperature difference (Tin- Tout) for
the in-use whole office building during winter 2015-2016 before the rehabilitation.
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Figure 48. Space-heating systems’ heat input (Q), total electricity consumption, including the occupancy
heat created by people’s metabolic generation and the heat generated by the computers (K), and solar
gains (SaVsal) for the in-use whole office building during winter 2015-2016 before the rehabilitation.
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Figure 49. Indoor temperature (Tin), outdoor temperature (Tout) and temperature difference (Tin- Tout) for
the in-use whole office building during winter 2016-2017 before the rehabilitation.
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Figure 50. Space-heating systems’ heat input (Q), total electricity consumption, including the occupancy
heat created by people’s metabolic generation and the heat generated by the computers (K), and solar
gains (SaVsal) for the in-use whole office building during winter 2016-2017 before the rehabilitation.
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Figure 51. Indoor temperature (Tin), outdoor temperature (Tout) and temperature difference (Tin- Tout) for
the in-use whole office building during winter 2017-2018 after the rehabilitation.
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Figure 52. Space-heating systems’ heat input (Q), total electricity consumption, including the occupancy
heat created by people’s metabolic generation and the heat generated by the computers (K), and solar
gains (SaVsol) for the in-use whole office building during winter 2017-2018 after the rehabilitation.

Once all the whole buildings’ data is plotted, it is possible to take some initial
conclusion considering only the visual checking. As commented before, it is very
important to also analyse each of the floors data individually in order to ensure a proper
estimation of their HLC values. However, from these graphs as well as for the individual

floor graphs, it is possible to find the temperature difference variations and consider the
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periods where it takes the highest values. Moreover, the solar gains can also be compared
with the rest of the internal gains and the heating system consumption (Q+K), in order to
make an idea of where the solar gains could be low enough for the analysis. Moreover,
several gaps can be found in the figures due to the failure of the sensors or acquisition
systems of the whole building during some periods. Moreover, it must be commented that
several data was missing when analysing the ground floor during the whole winter 2016-
2017 period. In consequence, ground floor data has been removed from the graphs and
thus, the shown result in Figure 49 and Figure 50 may show different results to the
expected ones. This is more notorious in the Figure 50, when analysing the space heating
data and the total internal heat gains. When they should show similar values to the values
from winters 2014-2015 and 2015-2016, they show in general lower values. Moreover, if
the internal heat gains before and after the rehabilitation are compared (excluding the
winter 2016-2017), it can be seen that after the rehabilitation they are lower than before.
This is mainly due to the replacement of old lighting system by a low energy consuming
LED lighting system. Then, once an idea of the behavior of the data is obtained, the data is
ready for been analysed with the average method developed in section 2.1 in order to

estimate the HLC in this in-use building.

As an example of a suitable period fulfilling those requirements, the data from period
2 of winter 2014-2015 is analysed here (period from 2015-01-20 to 2015-01-23). This
period’s data is identified in Figure 45 and Figure 46 and marked in the new Figure 53(a)
and Figure 54(a). Then, a zoom of period 2 is also plotted in Figure 53(b) and Figure 54(b).
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Figure 54. Space-heating systems’ heat input (Q), total electricity consumption, including synthetic
occupants’ generation (K), and solar gains (SaVso1) for the office building during winter 2014-2015 before
the rehabilitation for (a) the whole period, (b) for period 2.

Moreover, Table D.1 to Table D.4 from Appendix D show the average values of each of
the main variables of all the selected periods. These values can be used directly to estimate
the HLC values using the Eq. 50 (in this equation the variables are introduced as the
average of the selected period). Thus, if the Tout column of Table D.1 and the SaVsol column

of Table D.3 are observed, for the period 2 example, a low outdoor temperature (6.23 °C)
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and low solar gains (8.76 kW) average values can be observed. These weather conditions
permit the high indoor to outdoor temperature difference and the low solar gains

conditions required by the average method to be fulfilled.

After the data for the HLC estimation is analysed, it is necessary to take a look to the
useful data for the HLC decoupling process. Therefore, the CO2 concentration, the outdoor
temperature and the wind speed presented in Table 7, must be graphically represented

for each of the winters in Figure 55-Figure 62.
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Figure 55. COz concentration in the ground (COzaver ro), first (COzaver 1), second (COzaver r2) and third
(COzaver r3) floor during winter 2014-2015.
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Figure 57. COz concentration in the ground (COzaver ro), first (COzaver r1), second (COzaver r2) and third
(COzaver r3) floor during winter 2015-2016.
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Figure 59. COz concentration in the ground (COzaver ro), first (COzaver 1), second (COzaver rz) and third
(CO2aver r3) floor during winter 2016-2017.
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Figure 60. The outdoor temperature (Tout) and the wind speed (WS) during winter 2016-2017.
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Figure 61. CO2 concentration in the ground (COzaver ro), first (COzaver r1), second (COzaver r2) and third
(COzaver r3) floor during winter 2017-2018.
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Figure 62. The outdoor temperature (Tout) and the wind speed (WS) during winter 2017-2018.

The figures shown above are able to provide very interesting information. For example,

due to the missing data, the winter 2016-2017 must be discarded from the analysis. It can

be seen that there are very long periods where no data is available, which limits

considerably the possibility to estimate reliable results. Moreover, there was also some

missing wind speed data during winter 2015-2016 (this cannot be distinguish clearly in

the graphs since a long extension minutely data is plotted). However, since this is only a

variable used for finding correlation with other parameters, the HLC decoupling analysis
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can be carried out despite this data is missing. Finally, it is also possible to compare the
data before the rehabilitation and after it, where a considerable drop can be observed in
the CO2 concentration in the majority of the floors. However, it can be assumed that
something weird happens in the ground floor if Figure 61 is observed, since it is not

reducing its concentration value as the rest of the floors are doing.

Moreover, after the rehabilitation, a ventilation system was installed in each floor of
the building where a constant airflow rate was fixed for each of them. However, despite
the ventilation volumetric airflow rates were measured for each of the floors, due to the
illogical and unreliable values measured and provided in the dataset, they have not been
plotted here. Then, from this issue can also be concluded that it is not possible to perform

a suitable HLC decoupling process in the winter after the building rehabilitation.

Thus, once all the data is filtered and analysed, it is possible to apply the methods
explained in section 2.4 for winters 2014-2015 and 2015-2016.
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4, RESULTS AND DISCUSSION

In this chapter, the three different case studies already presented in section 3 have
been analysed. However, as commented before, not all of them were useful for the
application of all the methodologies detailed in section 2. Despite the average method has
been applied to the three case studies in order to estimate the HLC, the solar gains analysis
in opaque walls was only applied into the Round Robin Box presented in section 3.1 and

the decoupling method, in the in-use office building presented in section 3.3.

Then, all the results obtained for each of the analysis are shown in the following section.
First of all, all the results obtained for the Round Robin Box are presented in section 4.1.
There, the section 4.1.1 shows the results obtained during the HLC estimation analysis
while section 4.1.2 shows the results obtained for the solar gains analysis in opaque walls.
Section 4.1.3 relates the results of the HLC analysis of the section 4.1.1 with the results of
the solar gains analysis in opaque walls of section 4.1.2. Finally, section 4.1.4 contains the
discussion of the previously obtained results in section 4.1.1, section 4.1.2 and section
4.1.3. Then, all the results obtained for the two residential buildings are shown in section
4.2. There, only the average method analysis has been carried out in order to estimate the
heat loss coefficient for both residential buildings, the well insulated one in section 4.2.1
and the poorly insulated one in section 4.2.2. A discussion section 4.2.3 is also included
for this case study. Finally, the four-story in-use office building is analysed in section 4.3.
As done for the rest of the case studies, also the HLC is estimated applying the average
method before and after the rehabilitation of the building in order to estimate the pre-
retrofit and post-retrofit HLC in sections 4.3.1 and 4.3.2, respectively. Finally, these HLC
values are decoupled into the transmission and infiltration and/or ventilation heat loss
coefficient in section 4.3.3 before the rehabilitation and in section 4.3.4 after the
rehabilitation. A general discussion is included for the four-story in-use office building in

section 4.3.5.

4.1- The Round Robin Box results

4.1.1- HLC estimation results

In this section, the previously developed average method is applied to the simplest case

study, the Round Robin Box. The method requirements have only permitted to find one
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useful period for the HLC estimation between 6th December 2013 and 7t January 2014.
This period starts the 18t of December at 21:00 and ends the 22nd of December at 5:00.
In order to estimate this period HLC, after the first data analysis by visual checking done
in section 3.1.3, the data has been studied mathematically in detail. There, the fulfilment
of the requirements has been ensured and the obtained results are shown in the following

Table 8.

PERIOD (Eq. 50)

Per‘lod‘ 2013-12-18 BN 2013-12-22 41+021

1 22:59 4:59

Table 8. HLCsimple and HLC estimation through the average method.

The obtained results have been compared with the results obtained with some
simulation programs such as CTSM-R and LORD during the summer course of Dynastee
[105]. [106] shows the results obtained with CTSM-R for the same dataset, where very
similar HLC results are obtained applying the Grey Box modelling method.

Moreover, the obtained results are also compared with the design HLC value. There,
the design value of the whole Round Robin Box is estimated to be 4.08 W/K. This value
has been estimated assuming constant standard heat transfer coefficients for the inner
and outer surface heat transfer coefficients. However, since in this case study a well-
sealed test box is tested and the occupants behaviour is avoided since the Round Robin
Box is not occupied, all the heat losses regarding infiltration and ventilation are avoided.
Then, since in this case, the estimated HLC value is only considering the UA part, and this
value barely changes after the building construction, the estimated HLC result using the

average method is very close to the design value (it differs by only a 0.5%).

Once the HLC of the Round Robin Box has been estimated, the weight the not
consideration of the solar gains through opaque elements could have respect to this
performance indicator must be estimated, since this effect has not been considered when
fixing the requirements of the average method. Therefore, it is first necessary to estimate
the effect the solar gains through opaque walls have in the inner surface heat flux and
then, transmit this weight to the estimated HLC value. The results obtained by applying

this methodology are presented in the following section 4.1.2.
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4.1.2- Results of the solar gain effect through opaque elements in the inner surface

heat flux

Once the HLC has been estimated for the Round Robin Box, the analysis goes deeper in
order to find the solar gains effect in the inner surface heat flux of the opaque walls of the
Round Robin Box. Despite the average method is only applicable for winter period, the
analysis has been performed for two different periods, one summer period and one winter

period, as shown in Table 9.

PERIOD SUMMER

2013-06-18-> 2013-06-26

PERIOD WINTER
Period 2 2013-12-19-> 2013-12-21

Table 9. Selected periods for summer and winter.

Obviously, the summer period will show higher solar radiation values than the winter
period. Moreover, for the winter period, the period with the lowest solar radiation in a
row has been consciously selected in order to test two extreme periods. Moreover, this
winter period coincides with the period selected for applying the average method in the
previous section. Thus, in the first instance, it could be considered that the effect this low
solar radiation has on the opaque walls’ inner surface heat flux would be low. Thus, most
likely, disregarding this effect in the HLC value estimation would not be creating a
considerable uncertainty in the final HLC result. However, unlike in the winter period, the
effect the solar radiation could have in the inner surface heat flux of the opaque walls
during the summer period could be considerable. Therefore, its percentage weight in the

HLC value has also been estimated in this section.
4.1.2.1- Solar radiation estimated results

In section 2.2.2, the method used to estimate the missing global solar radiation was
introduced. Then, the measured vertical south global solar radiation values have been
compared with the results obtained from the proposed method in order to check their
reliability. Once observed that the method was providing accurate results checking their
RMSE, the estimated solar radiation values for east and west walls for the selected periods
have been estimated and plotted in this section. They are shown in the following figures

(Figure 63 and Figure 64) in order to show their meaningful behaviour.
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Figure 63. Vertical east and west global solar radiation results for period 1 (summer).
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Figure 64. Vertical east and west global solar radiation results for period 2 (winter).

The vertical east and west global solar radiations estimated for both periods show
logical, and thus reliable behaviour. During the summer morning, the vertical east global
solar radiation increases and it decreases during the afternoon, while the vertical west
global solar radiation shows just the opposite behaviour. However, during the winter
period, both the vertical east global solar radiation and the vertical west global solar
radiation show quite similar low results, since a very cloudy period has been selected and

the solar radiation is almost purely diffuse and thus similar in all the orientations of the
Round Robin Box.

4.1.2.2- Results of the validation of the models

As explained in section 2.2.3, in order to perform the best model selection, it has been
necessary to carry out an exhaustive analysis of the residuals of the models and the U-
value, together with the rest of the physical parameters (such as the solar absorptivity),
estimated for each of the walls. Therefore, the first step of the model selection carried out

has been the analysis of the model residuals through the RMSE. Since the inner surface
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heat flux has been used as the output of all the models, the unit of all the presented RMSE
values is [W/m?2]. All the obtained RMSE values for each of the models are presented in
Table 10. All these values have been analysed one by one in order to find the lowest

residual results.

| RMSE SUMMER

| PERIOD 1

WALL | M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8
Ceiling | 0.53 | 2.62 | 1.61 [ 2.92 | 2.04 | 1.09 | 0.94 | 0.76
Floor | 0.40 | 1.27 | 0.60 | 0.72 | 0.53 | 0.60 | 0.60 | 0.53
East | 0.44 | 2.09 | 0.65 | 1.32 | 0.63 | 0.58 [ 0.73 | 0.58
North | 0.30 | 0.81 | 0.49 | 1.26 [ 0.49 [ 0.39 | 0.49 | 0.39

West | - |2.03]038]1.02]0.37]038]0.58]0.37
| RMSE WINTER

| PERIOD 2

WALL | M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8
Ceiling | 0.29 | 0.74 | 0.72 | 1.34 | 0.72 [ 0.45 | 0.51 | 0.41
Floor | 1.03]0.97 | 0.97 | 1.02 [ 0.96 | 0.97 | 1.03 | 0.97
East |0.91]0.99 | 0.89 | 1.07 | 0.89 | 0.86 | 0.90 | 0.86
North | 0.26 | 0.55 | 0.35 | 0.60 | 0.34 [ 0.35 | 0.39 | 0.34
West | 0.83]0.98]0.87 | 1.12]0.87]0.86 | 0.97 | 0.86

Table 10. The RMSE residual values for the corresponding model and wall for the selected periods in
summer and winter.

As can be seen in Table 10, despite the difference in the obtained residual values
between the models in general being low, the lowest residuals were obtained for the M8
model. However, in some of the walls, the same value obtained for Model 8 was also
obtained for Model 5 or Model 6. Then, although it seems that several models can be
considered suitable for the same wall, since Model 8 is the model representing the closest
convective and radiative effects to reality occurring on the external surface of the wall, for
this research, it is considered as the best approach. In other words, Model 8 is the model

representing every detail occurring in reality, so it is considered as the best one.

However, in order to justify the fact that Model 8 is providing the closest values to
reality, we have also included a comparison between the obtained physical parameters
from the model fitting and the theoretical ones. So, it is necessary to compare the U-values
estimated in each of the models with the theoretical values to carry out the model
validation. However, as remarked in section 2.2.3.2, since the estimation in the models

has been obtained between the inner surface temperature and the outdoor air
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temperature, the estimated theoretical U-value will not be directly comparable to the
value provided by LORD. So the thermal resistance (R) values are compared. If
mathematically calculated, the obtained Rw value for the surface to surface wall is
1.93 m2K/W. Moreover, the surface to outdoor air theoretical Rt value has been estimated
and the obtained value is 1.97 m2K/W. Therefore, all the thermal resistance values
obtained for each of the models and their corresponding differences with respect to the

theoretical value in percentages (R%) are shown in Table 11.

Thermal

SUMMER

PERIOD 1
M1 M2 M3 M4 M5 M6 M7 M8
Rw R% Rw R% Rw R% Rw R% Rw R% Rw R% Rw R% Rw R%
Ceiling 187 | 31 | 188 | 46 | 188 | 46 | 192 | 25 | 188 | 46 |[191 | 31 |191| 31 |1.89 | 41

resistance

WALL

Floor 194 | 05 | 197 | 00 | 199 | 10 |198] 05 |196 | 05 | 199 | 1.0 | 197 | 00 | 196 | 0.5
East 193] 00 | 193 | 2.0 [ 194 | 15 | 197 | 00 | 194 | 15 [196 | 0.5 | 196 | 05 | 1.95| 1.0
North 202 | 47 | 203 | 31 | 204 | 36 | 207 51 | 204 | 36 |205]| 41 |206]| 46 |2.05]| 41
West -* - 197 | 0.0 | 192 | 25 |193 | 20 [193 | 2.0 | 194 | 15 | 192 | 25 | 192 | 2.5

Thermal
resistance

WINTER

PERIOD 2
M1 M2 M3 M4 M5 M6 M7 M8
Rw R% Rw R% Rw R% Rw R% Rw R% Rw R% Rw R% Rw R%
Ceiling 204 | 57 | 204 | 36 | 204 | 36 | 208]| 56 | 204 | 36 |207 | 51 |207] 51 |[2.05]| 41

WALL

Floor 205 | 62 | 227 | 152|226 | 147 | 209 | 61 | 218 | 10.7 | 2.26 | 147 | 209 | 61 | 213 | 8.1
East 222 | 150 | 2.25 | 142 | 2.24 | 13.7 | 227 | 152 | 2.24 | 13.7 | 2.27 | 15.2 | 2.26 | 14.7 | 2.27 | 15.2
North 204 | 57 |209]| 61 | 207 | 51 |208]| 56 |2.05]| 41 | 207 | 51 |207] 51 |2.06]| 4.6
West 201 | 42 | 204 | 36 | 202 | 25 |205| 41 | 202 | 25 [2.02| 25 | 2.04| 3.6 |2.03 | 31

Table 11. The thermal resistance in [m2K/W] values for the corresponding model and wall and their
corresponding differences with respect to the theoretical value in percentages for the selected periods in
summer and winter.

* Since there were no reliable outer surface temperature measurements for the west wall during the period of summer, it has been
impossible to estimate the thermal resistance of the M1 case. However, it has been possible to estimate the rest of the values.

Therefore, the results of the models previously marked in Table 10 showing the lowest
residuals are again in bold in Table 11. Interesting results are shown in this table. First of
all, in general, the thermal resistance between all the models varies slightly, as happens
with the residuals. Therefore, in some cases, it is quite complicated to select the best
model based only on the thermal resistance value. As commented before, in order to fit all
the models from M2 to M8 presented in section 2.2.3.1, the thermal resistances estimated
in M1 have been fixed and LORD only needed to estimate the thermal resistances between

the outer surface and the outdoor environment.
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Having estimated the thermal resistances for each wall and model, it is now possible to
estimate the corresponding U-values for each of them. Thus, using the inner surface to
outdoor air thermal resistances estimated for each model in Table 11 and the standard
inner surface thermal resistance [93], with a value of 0.13 m2K/W, the air to air U-values

shown in Table 12 are obtained.

U-value SUMMER
PERIOD 1
WALL |[M1| M2 | M3 | M4 | M5 | M6 | M7 | M8
Ceiling | - | 0.50 | 0.50 | 0.49 | 0.50 | 0.49 | 0.49 | 0.50
Floor - 10481047 1047 ]0.48 | 0.47 | 0.48 | 0.48
East - 1049048 048] 048 | 0.48 | 0.48 | 0.48
North - 1046|046 | 0.45| 0.46 | 0.46 | 0.46 | 0.46
West - 10481049 | 049 | 0.49 | 0.48 | 0.49 | 0.49
U-value WINTER
PERIOD 2
WALL |[M1| M2 | M3 | M4 | M5 | M6 | M7 | M8
Ceiling| - | 046 | 0.46 | 0.45| 0.46 | 0.45 | 0.45 | 0.46
Floor - 1042042 |045|0.43 | 0.42 | 045 | 0.44
East - 10421042 1042|042 | 0.42|0.42 | 0.42
North | - | 0.45| 0.45 | 0.45 | 0.46 | 0.45 | 0.45 | 0.46
West - 10461047 | 046 | 0.47 | 0.47 | 0.46 | 0.46

Table 12. The U-values in [W/m2K] for the corresponding model and wall for the selected periods in
summer and winter.

Then, considering all this information, it is possible to continue with the analysis of the
model fits. Since the residuals were the lowest for Model 8 and the thermal resistance
values (or U-value) obtained do not show irregularities, Model 8 can be selected as the
best. However, it is also interesting to check the solar absorptivity provided by the model
fit. Unfortunately, the theoretical solar absorptivity value of the walls’ outermost material
was not provided. However, considering that the outermost wall of the Round Robin Box
is formed by fiber cement, it is possible to check the general properties of this material
and find the solar absorptance reference value for it. In general, the solar absorptance of
this material should be around 0.6 [92]. Therefore, this value can be used as reference to
discard values that are too far from it. Moreover, in order to follow physical laws, it can
be ensured that the estimated solar absorptivity values should not be too close to zero or

one and that they should provide similar values in all the facades. Therefore, Table 13
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shows the solar absorptivity values obtained for the selected bold models in the residual

Table 10.

SUMMER WINTER

SURFACE PERIOD 1 PERIOD 2

As for As for As for As for

M5orM6 | M8 | M5or M6 | M7 or M8
Ceiling - 0.47 0.48 0.49
Floor 0.34 0.60 - 0.65
East 0.56 0.60 0.34 0.40
North 0.54 0.54 0.87 0.60
West 0.31 0.42 0.97 0.60
AVERAGE 0.44 0.52 0.67 0.55

Table 13. The solar absorptivity in [-] values for the corresponding model and wall for the selected periods
in summer and winter.

For the M8 ceiling case in summer, the obtained value is not too far from 0.6 and it is
quite far from the limits, so it is directly considered as the best model. The same procedure
must be followed with the rest of the models in summer. For example, in the case of the
floor and the west walls, Model 8 is selected as the best, since the obtained solar
absorptivity in this model is closer to the reference value as compared to the other
models, as shown in Table 13. However, in the case of the east and the north, very similar
results are obtained for both models 6 and 8. Therefore, as commented before, since
Model 8 is the most detailed model and it provides good and logical results for all, Model

8 will be selected for all the walls for the rest of the calculations in the summer period.

However, if winter results are analysed, it can be seen that there is a considerable
difference between the thermal resistance values in the floor results in Table 11.
Therefore, although the best residuals were obtained for models 2, 3, 5, 6 and 8, the
thermal resistance values obtained for these models, together with the solar absorptivity,
were illogical. Therefore, since Model 7 was the only model providing thermal resistance
and solar absorptivity results similar to the theoretical values and the obtained residuals
are not far from the lowest residuals of the rest of the models of the wall, it has been
selected as the best model. In the rest of the walls, the model selection has been performed
considering the solar absorptivity value as reference. In other words, the models
providing solar absorptivity values too close to the limits (0 as the lowest and 1 as the
highest) were discarded. Once again, the selected best models are the most detailed ones,

Models 7 and 8. Thus, it can be concluded that the most detailed models also show the
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best residuals and the closest physical parameters to reality. Then, the finally selected
model thermal resistance values are shown in the following Table 14. Moreover, further
insights concerning the best-fitted models are graphically presented in Appendix E. There,
the ceiling and north wall model cases are plotted as the most representative models
(Figure E.1, Figure E.3, Figure E.5 and Figure E.7 ) showing the best fit obtained for each
of the walls in the summer and winter periods and their RMSE values. The rest of the

graphical model fits are also shown in Appendix E.

SUMMER WINTER
SURFACE PERIOD 1 PERIOD 2
Rt for M8 Rt for M7 Rt for M8
[mZK/W] [mZK/W] | [m?K/W]
Ceiling 1.89 - 2.05
Floor 1.96 2.09 -
East 1.95 - 2.27
North 2.05 - 2.06
West 1.92 - 2.03
AVERAGE 1.95 2.09 2.10

Table 14. The obtained thermal resistances (R values) for the selected periods in summer and winter.

Therefore, for the selected models, the estimated thermal resistance average for the
summer period is 1.95 m2K/W for M8. As can be seen, all values are very close to the
theoretical value, 1.97 m2K/W. Moreover, if the results are analysed independently, it can
be observed that the lowest thermal resistance value is 1.89 m2K/W and the highest is
2.05 m2K/W. The lowest value is obtained from the surface most exposed to the sun, the
ceiling of the Round Robin Box. However, the highest value is obtained in one of the walls
least exposed to the sun, the north wall. Moreover, it is well known, as proven for example
in [107] that the average temperature of the insulation layers of a wall can affect its
thermal resistance value. It is proven that if the average temperature of the insulation
layer increases, its thermal conductivity also increases. Thus, the thermal resistance will
be reduced. Then, since the average temperature of the insulation layer can increase due
to the direct effect of the solar radiation on the ceiling, the thermal resistance value can

be reduced slightly. However, the opposite happens when analysing the north wall.

The same occurrence happening in this north wall can also be seen when analysing the

winter results. The colder temperatures tend to cool down the average temperature of the
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insulation layer of the wall. Thus, their insulation layer thermal conductivity is reduced
slightly and, consequently, their thermal resistance value increases. However, the
obtained results are very close to the theoretical estimated values, since the average value

of the best estimates of the surface to air models is 2.10 m2K/W.
4.1.2.3- Inner surface heat flux difference results

Having proven that the model selected as the best representation of reality for each of
the walls for the summer and winter periods is able to provide a proper fit of the inner
surface heat flux and a good validation of the thermal physical parameters, it is then
possible to carry out the rest of the calculations mentioned in section 2.2.4. Thus, the
models fitted and selected in the previous section 4.1.2.2 for each of the walls are taken
and, once all the parameters are fixed, the solar radiation is removed from the model.
Therefore, the model is then able to estimate the hypothetical inner surface heat flux (c’?’)

without considering the solar radiation effect.

It has thus been possible to carry out a deeper analysis of the solar radiation effect on
the inner surface heat flux. So, the total heat flux difference between the estimated heat
flux considering the effect of the solar radiation and without considering its effect can be
estimated. Moreover, the percentage of difference between them has also been estimated
in order to see whether the solar radiation effect on the inner surface heat flux is negligible
or not. Even if we have the real inner surface heat flux measurement, for this comparison,
both inner surface heat fluxes have been obtained from the model, so any disturbance
generated by the model will be identical in both heat fluxes and will not affect the

difference calculation.
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MEAN HEAT
FLUX WITH
SOLAR
RADIATION
[W/m?]
d

SURFACE

HYPOTHETICAL
MEAN HEAT
FLUX WITHOUT
SOLAR RADIATION
[W/m?]

HEAT FLUX
DIFFERENCE
AVERAGE
[W/m?]
Jair = (¢ — q)

PERCENTAJES
[%]

i -

4y = =2 x 100
q

SUMMER
Ceiling 8.51 11.33 2.82 33.1%
Floor 7.76 8.42 0.66 8.5 %
East 7.56 9.25 1.69 22.4 %
North 8.20 8.82 0.62 7.6 %
West 7.20 8.76 1.56 21.7 %
PERIOD 2
Ceiling 11.96 12.46 0.50 4.2 %
Floor 10.87 11.09 0.22 2.0 %
East 10.46 10.92 0.46 4.4 %
North 10.67 10.96 0.29 2.7 %
West 10.84 11.21 0.37 3.4 %

Table 15. The mean heat fluxes, the heat flux difference and the corresponding percentage results for the
best models.

The first and the second columns of Table 15 show the analysed period mean heat flux
both considering and not considering the solar radiation. In the first column, it can be seen
that almost all the mean heat fluxes show similar results for the same period. In the case
of period 1 in summer, all the average values are around 8 W/m?2. However, in the case of
period 2 in winter, almost all of them are close to 10.5 W/m?, except the ceiling model.
This is slightly higher with a mean heat flux value of 11.96 W/m?2. However, in the second
column, the ceiling shows a considerable difference if compared to the rest of the walls in
summer. Nevertheless, during the winter period, the obtained mean value for the ceiling
is slightly higher than the rest of the values, but the difference is not that considerable.
This effect is mainly due to the low sky temperatures occurring during the clear nights in
the test site during the summer period. These low night sky temperatures mainly affect

the ceiling’s outermost surface.

The third column shows the period averaged inner surface heat flux difference
between the estimated average inner surface heat flux with and without considering the
solar radiation. For the summer case, interesting conclusions can be taken from this table.

As expected, since the ceiling is the most exposed to solar radiation, it is the model that
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shows the highest heat flux difference due to this effect. After the ceiling, the east and west
models show lower values which are quite similar to each other. Finally, the north wall
and the floor are the least exposed to solar radiation; so, in consequence, the difference
between considering or not the solar radiation is the smallest. The winter case is quite
different compared to the case in summer. Since the sun’s altitude is lower during winter,
the difference between the ceiling, east and west models is very small. Furthermore, the
selected winter period consists of cloudy days where mainly diffuse solar radiation is
present. Remember that diffuse solar radiation can be considered similar for all

orientations.

The last column shows the difference of the solar radiation effect on the inner surface
heat flux during both the summer and winter in percentages. During summer, in walls
such as the ceiling, the east and the west, the effect this solar radiation has on the inner
surface heat flux is considerable. However, in the rest of the walls, the percentage shows
quite low values. In general, this percentage is low in all the walls during winter. Figure
F.1, Figure F.2, Figure F.3 and Figure F.4 of Appendix F graphically show the most
representative model’s inner surface heat flux evolution (with and without solar
radiation) in order to see the difference visually. The inner surface evolution of the rest of

the models are also shown in Appendix F.

Note that this percentage of the last column of Table 15 is directly proportional to the
temperature difference between the outer and inner surfaces. If the temperature
difference is reduced, the percentage effect of the solar radiation on the inner surface heat

flux would increase. The inner surface heat flux, when considering the solar radiation, is

estimated by ¢ = Tsn—TSout \hile the hypothetical inner surface heat flux, without

cond

. . . =, Tsm—T
considering the solar radiation, is estimated by g’ = = ;"“t’""s"l”. Here, due to the solar
cond

radiation effect, the Tsout tends to be considerably higher than Tsout,nosolar, Which results in
the c?’ being higher than ¢, as already shown in Table 15. The rest of the parameters used
in the equations (Tsin and Rcond) are the same for both inner surface heat flux estimations.
However, the variation of the inner surface temperature in both equations can result in
the weight the solar radiation has in the inner surface heat flux varying considerably. An

example will be performed to see this effect. If the inner surface average temperature of
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the wall is 40 °C, the outer surface average temperature of the wall is 20 °C and the

thermal resistance of the wall is 2 m2K/W, the obtained ¢ value would be 10 W/m2. Then,

if the Tsoutnosolar is 18 °C, the (;’ value obtained would be 11 W/m?2. Thus, the weight the
solar radiation would have in the inner surface heat flux, estimated using Eq. 82, is 10 %,
since the ¢’ — § value is 1 W/m? and ¢ is 10 W/m2. However, if the inner surface

temperature is reduced to 30 °C, the temperature difference is also reduced, while the

new g and c;’ are reduced to 5 W/m2 and 6 W/m?, respectively. Then, despite the ¢’ —
value still being 1 W/m?, the q is considerably reduced to 5 W/m2, which results in the
effect the solar radiation has on the inner surface heat flux increasing to 20 %, double the
previous case. So, it is proved that the variation of the inner surface temperature has also
a considerable influence on the solar radiation percentage effect in the inner surface heat

flux.
4.1.2.4- g-value estimation results

Once the rest of the calculations had been carried out, it was possible to compare the
g-value results of all the opaque walls using two different methods. As explained in section
2.2.5, one of the results is obtained directly from the software used for model fitting and

simulation named LORD, while the other results are obtained from Eq. 69.

SUMMER WINTER

SURFACE PERIOD 1 PERIOD 2

LORD Eq. 69 LORD Eq. 69

g-value [-] | g-value [-] | g-value [-] | g-value [-]
Ceiling 0.010 0.008 0.010 0.009
Floor 0.016 0.013 0.033 0.030
East 0.009 0.009 0.009 0.009
North 0.007 0.006 0.014 0.013
West 0.009 0.009 0.007 0.007

Table 16. The obtained g-values for each of the periods using model M8 (LORD) and Eq. 69.

From Table 16, it can be concluded that, in general, the solar factor in the opaque
elements seems quite low compared to the typical solar factor values obtained for such
semi-transparent components as windows, where the solar factor is usually between 0.2
to 0.7. This has already been tested in [64]. For the winter case, in the floor, the g-value

shows quite high values compared to the rest of the values. This alteration in the results
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could be due to the extremely low solar radiation values striking the outermost surface of

the floor, which means the results will be estimated with a considerably high uncertainty.

However, it has already been proven that despite the g-values being low, the effect the
solar radiation has on the inner surface heat flux can be considerable for some of the cases.
Finally, it must be mentioned that the results obtained using LORD and from Eq. 69 are

very similar for all the selected models.

4.1.3- Results of the estimation of the effect of the solar gains through opaque walls

in the HLC estimation

Through Eq. 84 and Eq. 85, it has been possible to quantify the weight the term

2(GaifxAw)

e has in the Round Robin Box HLC estimation and the weight the solar gains
in~— fout

through the opaque envelope have over the solar gains through the Round Robin Box
window. These two figures are extremely important for HLC estimation methods, where
the solar gains are not estimated with an identifiable constant value. As already
commented, one cloudy, cold winter period and one sunny, warm summer period have

been analysed.

For the winter period, for the Round Robin Box, it is estimated that the weight of the

2(daif*Aw)

term —
(Ttn_Tout)

with respect to the estimated HLC term using the average method is of

1.7 % and the solar gains through the opaque envelope are 13.6 % with respect the solar
gains through the window (estimated using the average method). If compared with the
theoretical values, the results of the weights are 1.7 % and 11.3 % respectively, very
similar to the weights values obtained respect to the estimated values. Thus, it is
demonstrated that for methods such as the average method, where the energy balance
was applied in cold and cloudy periods in order to estimate the HLC of in-use buildings,
the effect of the solar gains through the opaque walls can be neglected in the calculation
without generating a considerable error in the HLC estimates. For the Round Robin Box
HLC estimation, in the analysed winter period, only considering the solar gains through
the glazed part of the Round Robin Box, the error in the estimated HLC will be of just
1.7 %.
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2(GaifxAw)
(Tin—Tout)

However, in the summer period, it is estimated that the weight of the term

with respect to the HLC term is 8.9 % and the solar gains through the opaque envelope
are 37.2 % with respect to the solar gains through the window. As expected, the weight of
the solar gains through the opaque envelope is considerably higher in sunny, summer
periods than in cloudy, cold winter periods. So, it has been demonstrated that, for cases
where the HLC is estimated in sunny periods without considering the solar gains through
the opaque building envelope, the underestimation of the HLC could be considerable. To
avoid this underestimation of the HLC estimate during sunny periods, the use of more
complex methods that introduce the effect of the solar gains through the opaque walls by

means of an identifiable constant solar aperture parameter should be used.

4.1.4- General discussion about obtained results

Once the HLC estimates and the solar gains effect through opaque walls results have
been estimated, a general discussion is carried out in order to analyse them deeper.
Therefore, the useful period obtained when applying the average method during
December 2013 is first analysed. Using this period for the HLC estimation using the
average method, as commented above, shows very similar results to the HLC values
obtained applying different methods. For example, [106] presents the results obtained
during the summer school using the same dataset for CTSM-R. During this analysis, two
periods were analysed where the obtained results were 4.1 * 0.11 W/K and 4.2 *
0.09 W/K. As can be seen, they are very close to the value obtained with the average
method 4.1 + 0.21 W/K, which demonstrates the robustness of the developed average
method. As also commented before, the obtained results are also similar to the design
values provided in [64]. Since in this case, there are not infiltration and ventilation heat
losses in the Round Robin Box, the obtained real and design HLC values show very similar
results. Moreover, the accumulated average plot for the period is also shown in Figure A.1
of Appendix A, where the estimate HLC is stabilized within a + 10 % band over all the last
24 testing hours.

However, as commented in section 2.1.1, the developed average method only considers
the effect of the solar gains entering through the window. Apart from this, the period

selected by this method only consider cloudy and cold days where the solar radiation in
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all the orientations of the Round Robin Box can be considered purely diffuse and thus,
similar in all orientations. Then, the uncertainties the solar radiation effect can create in
the HLC estimated are very low. Therefore, by the analysis of the solar radiation effect
through opaque walls, it has been proven that the effect is negligible in the HLC estimation
in periods where the average method is applicable. In other words, since the solar
radiation effect in the inner surface heat flux of opaque walls is very low for the winter
periods selected by the average method, it has been demonstrated that not considering
the solar radiation effect through opaque walls is creating a negligible uncertainty in the
HLC estimation. Then, the HLC results obtained in the section 4.1.1 (and also the rest of
the section 4.2.1, 4.2.2, 4.3.1 and 4.3.2, where the HLC is estimated using the average
method) can be considered reliable despite the solar gains through opaque walls are not
considered. However, during summer, the situation is quite different. In summer, not
considering this effect can create a considerable error in the estimation of the HLC for
these cases as demonstrated in section 4.1.3. Then, for the summer period, if a HLC value
would be estimated through a method where an identifiable constant value is not used to

estimate the solar gains, the HLC value could differ considerably from the real value.

4.2- Residential buildings results

In this section, the estimation of the HLC of the two residential buildings is performed.
As previously commented in section 3.2.3, the two houses presented have not been
monitored for the same data periods. The house in Loughborough [100] was only
monitored from 16 February to 15 March 2014. Unfortunately, the electrical consumption
data started to be collected on 25 February, which limits the opportunity to find a suitable
period within the provided data. The house in Gainsborough was monitored from 1
November 2012 until 30 April 2015. Thus, since a longer monitoring period was provided,
it was easier to find suitable periods to estimate the HLC that fulfil the average method

requirements.

As explained in section 2.1.1, the average method is able to estimate the HLC of a
building using short time periods (at least 72 h periods). However, due to all the
requirements demanded by the average method from the periods for analysis, finding
suitable periods when short data series are provided is not always possible. In this case,

it was necessary to ease some of the method requirements, taking more flexible
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limitations for the solar gains 10 % weight requirement, and this relaxation effect on the

HLC estimation was analysed.

In the next two subsections 4.2.1 and 4.2.2, both building data series are analysed
separately. In order to demonstrate the reliability of the method, several useful
independent periods should be found during the study of each building’s data sets. Thus,
the individual results obtained for each period will be independent from each other and
can then be compared for the same building. Then, an average HLC estimation value was
calculated for each of the houses. Considering the characteristics of each house, the

reliability of the results are also discussed.

4.2.1- HLC results of the highly insulated residential building

Since a large dataset was provided for the house in Gainsborough, three consecutive
winters are available to find suitable cold and cloudy periods to apply the average method.
Thus, six useful periods that fulfil most of the average method requirements were found,

see Table 17 and Table 18.

P . A A
PERIOD Tout Tin Tin'Tout 6 I_( Q + K SaVsal
[°C¢] | [°C] [°C] (W] | W] | [W] (W]

. 2012-12-03 2012-12-07

Period 1 18:02 > 902 2.6 21.2 186 | 10665 | 119 | 10784 | 491.7
. 2012-12-11 2012-12-14

2012-2013 | Period 2 16:02 > 102 -04 | 169 17.3 767.9 | 226 | 790.5 | 3809
. 2012-12-18 2012-12-22

Period 3 23:02 > 8:02 5.9 16.9 11.0 5447 | 93 | 5540 | 1107

Period 4 | 20131127 5 20131130 1 5 | 517 | 147 | 3268 |4592| 786 | 3369

2013-2014 2:02 8:02

. 2013-12-13 2013-12-17

Period 5 21:02 > 302 9.5 21.7 12.2 393.8 | 453.7 | 8475 | 2820

2014-2015 | Period 6 201§f()121'26 > 2013_'0121'30 8.7 21.9 13.2 322.7 | 3538 | 676.5 | 1394

Table 17. Necessary period averaged variable values to estimate the HLCsimple (Simple Heat Loss
Coefficient, Eq. 29) and HLC (Heat Loss Coefficient, Eq. 28) for Gainsborough. The variables included are
the outdoor temperature (Tout), the indoor temperature (Tin), the temperature difference (Tin—Tout), the

space heating heat input (Q), the electrical heat gains (K), the total internal heat gains (Q + K) and the solar
gains (SaVsol). [102]
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OUTPUT DATA
RIOD HLCsimple HLC
[W/K] [W/K]
Period 1 579+35 84.4+85
2012-2013 Period 2 459+29 68.0 +7.2
Period 3 50.2 +4.4 60.2 + 6.6
Period 4 53.6 +3.8 76.6 + 8.4
Period 5 69.6 + 5.7 92.7+ 10.6
2014-2015 Period 6 51.4+39 61.9 +6.1

2013-2014

Table 18. The HLCsimple (simple Heat Loss Coefficient, Eq. 29) and HLC (Heat Loss Coefficient, Eq. 28)
estimated values for Gainsborough. [102]

The average value of the six HLCsimple estimations presented in Table 18 is 54.8 +
4.1 W/K, and 74 + 8.1 W/K for the HLC. As a comparison reference, the Annex 71 has
provided a “theoretical HLC value” of 49.9 W/K. Note that the Gainsborough theoretical
value only considers the envelope design transmittance values and design
infiltration/ventilation characteristics, so it is not the “true” HLC value. However, as
proven by [25], when design HLC values are compared to co-heating experimental HLC
values, the co-heating HLC values are usually considerably higher than the design HLC
values. These differences have been proven to be up to 100 % higher in the co-heating
HLC when compared to the design HLC values. Thus, the obtained results follow this
proven trend of having higher experimental HLC values when compared to the design HLC

values.

In order to analyse the spread and reliability of the estimated in-use HLC results for
Gainsborough, it is indispensable to carry out a more detailed study of the data. As
explained in section 3.2.1.2, Gainsborough’s gas consumption is not only providing space
heating, but also DHW. Then, although a filter is developed to estimate the gas
consumption for space heating and DHW production (see Table 19), this issue introduces
an important uncertainty. The order of magnitude of the estimated energy dedicated to
DHW is of the order of the estimated space heating requirements. However, periods 2 and

3 had no main water consumption and give very interesting information.
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PUT DATA
Q Qpuw Qrot %Qpuw
[W] (W] W] W]
Period 1 1066.5 406.0 1472.5 27.6
2012-2013 Period 2 767.9 0.0 767.9 0.0
Period 3 544.7 0.0 544.7 0.0
Period 4 326.8 404.7 731.6 55.3
Period 5 393.8 431.6 825.5 52.3
2014-2015 Period 6 322.7 46.6 369.2 12.6

2013-2014

Table 19. Space heating (Q), DHW consumption (Qonw), total (Qrot = Q + Qouw) and corresponding
DHW percentage of the total (%Qpnw) for the analysed periods in Gainsborough. [102]

If Table 19 is analysed, it can be seen how the second and third periods show null DHW
consumption (actually they have null mains water consumption), while the space heating
continues to work. Table 20 shows the individual indoor temperature measurements of

the bedroom and lounge of the Gainsborough house.

P DATA

R PERIOD Tout Tin-bed Tin-lounge Tin-average Tin'Tout

[°C] | [°C] [°C] [°C] [°C]

Period1 | 2.6 | 21.2 21.3 21.2 18.6

2012-2013 | Period2 | -0.4 | 18.3 15.4 16.9 17.3
Period3 | 59 | 185 15.4 16.9 11.0

Period4 | 7.0 [ 213 22.1 21.7 14.7

20132014 175 riods | 95 | 215 | 219 21.7 12.2
2014-2015 | Period 6 | 8.7 21.3 22.6 21.9 13.2

Table 20. Indoor temperature (bedroom, lounge and both average temperatures), outdoor temperature
and temperature difference for the analysed periods in Gainsborough. [102]

From Table 20, for the second and third periods, the obtained indoor temperature is
quite low in comparison to the rest of the indoor temperatures. Therefore, it can be
concluded that the occupants are not at home during these two periods; this might
provide accurate results of the HLC. Since there is no occupancy in the house during these
two periods, it can be stated that there is no metabolic heat generation and no uncertainty
in the space heating supply energy estimation due to DHW splitting, since 100 % is used
for space heating purposes. During these two periods, the boiler is working for security

reasons to avoid excessive cooling of the house while vacant.

Another issue to take into account is the low heating consumption (Q) in the well-
insulated Gainsborough building. This leads to several difficulties when searching for
valid periods to apply the average method. On the one hand, the internal heat gains (Q +
K) of the house are probably underestimated since, when splitting the space heating and

the DHW consumption, some space heating heat is probably not considered. Furthermore,
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as shown in Table 17, for the last three periods, the heat generated by the electricity
consumption is higher than the heat provided by the space heating. Note that period 1 has
a very low electrical consumption for an occupied building. This phenomenon is not
common in older, worse insulated buildings, since the space heating is usually the
dominant internal heat gain in cold and cloudy periods. On the other hand, although cold
and cloudy periods with low solar radiation have been selected, due to the low space
heating requirements, the percentage of solar radiation as compared to the rest of the
heat gains (Q + K) increased to an average of 35.1 % for all the periods (35.1 % X (Q + K)
= (S4Vso1))- It must be highlighted that none of the periods can provide values that fulfil
the requirement of having just 10 % weight of solar gains as compared to the other
internal heat gains (Q + K). However, periods 3 and 6 are the two closest to fulfilling the

10 % weight requirement, since both are around 20 % of weight.

There is a final issue to remark concerning the possible user behaviour regarding the
ventilation system control and/or window opening. The individual HLC values estimated
for the Gainsborough house in the unoccupied periods 2 and 3 and the occupied period 6
are very close to each other. While occupied periods 1, 4 and 5 have higher HLC values as
compared to the unoccupied periods 2 and 3. It might be that the users were opening
windows or increasing the ventilation system set points during periods 1, 4 and 5, thus
increasing the ventilation rates and, consequently, the in-use HLC values during those
periods. During period 6 (the one with the lowest weight of solar gains together with
period 3), the building was also occupied, but the HLC is similar to the unoccupied periods

2 and 3.

Remember that the HLC of a building is the sum of two different coefficients (HLC = UA
+ Cv); the transmission heat loss coefficient (named the UA value), which considers the
heat losses transmitted through the whole building envelope (including the thermal
bridges), and the infiltration and ventilation heat loss coefficient (named Cv). The user
behaviour can affect the part of the HLC term related to Cv by interfering in the ventilation
system and/or by means of window opening. However, it cannot affect the UA value part,
since the UA value can be considered constant throughout the life of the building, unless

the building envelope is refurbished or the building envelope insulation layer is damaged
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by mould growth, humidity problems, etc. Therefore, a considerable part of the HLC value

will remain constant and could not be modified due to the users’ behaviour.

Considering that the main issues for the Gainsborough house are related to the
uncertainties created by the solar gains and the occupants of the building, the closest HLC

result to the fulfilment of the original method is provided by period 3.
4.2.2- HLC results of the poorly insulated residential building

The Loughborough house provided shorter periods for the dataset. In this case, only
one month’s data was provided, so it was more difficult to find suitable periods that fulfil
all the average method requirements. In this case, only two periods were found fulfilling

almost every requirement (see Table 21 and Table 22).

2013-2014

P DA A
PERIOD Tout Tin Tin'Tuut Q K Q + K SaVsol
[°C] [°C] [°C] (W] (W] (W] (W]
Period | 2014-02-27 2014-03-03
1 23:59 > 7.59 3.5 16.8 13.3 2999.5 | 445.2 | 3444.7 | 1059.2
Period | 2014-03-05 2014-03-09
2 22:59 > 0:59 7.9 17.7 9.8 2410.6 | 442.3 | 28529 | 1032.6

Table 21. Necessary period averaged variable values to estimate the HLCsimple (simple Heat Loss Coefficient, Eq. 29)
and HLC (Heat Loss Coefficient, Eq. 28) for Loughborough. The variables included are the outdoor temperature
(Tout), the indoor temperature (Tin), the temperature difference (Tin—Tout), the space heating heat input (Q), total

electricity consumption, including synthetic occupants’ generation (K), the total internal heat gains (Q + K) and the

solar gains (SaVso1). [102]

WINTER PERIOD HLCsimple HLC
(W/K] (W/K]
2013.2014 | Period1 | 2584+144 | 337.9+27.2
Period2 | 290.2+21.4 | 395.2+37.6

OUTPUT DATA

Table 22. The HLCsimple (simple Heat Loss Coefficient, Eq. 29) and HLC (Heat Loss Coefficient, Eq. 28)
estimated values for Loughborough. [102]

The obtained average value for the HLCsimple is 274.3 + 18.2 W/K, and for the HLC, 366.6

+ 32.9 W/K. The latter value is close to the HLC “theoretical value” given by Annex 71 of
382 W/K. Note that this theoretical value was obtained through the co-heating method.
Since the analysed data for the Loughborough case has synthetic occupancy, and it is
known that the windows have not been opened and no mechanical ventilation system is

present, the co-heating HLC values and the average method HLC estimations are
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performed with a very similar use of the building. Thus, the average method HLC and the

co-heating method HLC should be comparable.

From Table 21, it can be concluded that none of the selected periods fulfil the
requirement of having a lower solar gain weight than 10 % as compared with the rest of
the internal gains (Q + K). In Loughborough, the solar gains are 30.75 % of (Q + K) for the
first period and 36.19 % of (Q + K) for the second. Therefore, the average percentage for
both periods is 33.47 %. If longer periods of data had been available, for example, a whole
winter period, it is very possible, in northern areas such as Loughborough, to find two to
four cloudy and cold periods per winter, where more suitable periods for the average

method application could have been found.

4.2.3- General discussion about obtained results

In order to analyse the spread and reliability of the estimated HLC results, a detailed
discussion has been developed for each of the residential buildings of section 4.2.1 and
4.2.2. Remember that the average method was developed for its application to an
occupied office building and some of the original method requirements were eased to
make it applicable to the two different tested residential buildings. Therefore, it was
important to observe each house individually, since they are not affected by the same

characteristics.

The analysis shows some variation between the individual HLC estimates of both
buildings (see Table 18 and Table 22). For the Gainsborough building case, this variability
is probably caused by the uncertainties due to the space heating estimations based on
total gas consumption measurements, unknown metabolic heat generation of the
occupants, unknown window opening behaviour, and/or ventilation system operation by
the occupants and on the uncertainties related to the solar gains. For the Loughborough
house; however, due to the availability of only one month’s monitoring data, it was not
possible to have proper cold and cloudy periods for analysis, so the main uncertainty
comes from the uncertainty associated to the solar gains estimation. Then, the common
main issue responsible for the spread between the individual HLC for both houses is

probably the uncertainty related to the solar gains estimation.
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The weight of the solar gains in the HLC estimates can be analysed in detail by
comparing the HLCsimple against the HLC. For Gainsborough, not considering the solar
gains in the HLC estimation leads to an average HLCsimple value of 54.8 + 4.1 W/K; while
the consideration of the solar gains increases the average HLC estimation to 74 + 8.1 W/K.
Although, in absolute values, the effect of considering the solar gains is just 19.2 W/K, in
well-insulated buildings such as the Gainsborough case, not considering them leads to an
approximate deviation over the HLC estimate of 26 %. In contrast, for Loughborough, not
considering the solar gains in the HLC estimation leads to an average HLCsimple value of
274.3 * 18.2 W/K; while the consideration of the solar gains increases the average HLC
estimation to 366.6 + 32.9 W/K. Although, in absolute values, the effect of considering the
solar gains is much higher, 92.3 W/K; in poorly insulated buildings, such as the
Loughborough case, it leads to a deviation of about 25 % over the HLC estimate. Note that,
for the Loughborough case, the availability of longer monitoring periods could have
provided periods for analysis with much lower solar gains and the latter deviations for

the HLC due to solar gains would have been considerably lower.

Moreover, as commented before, it was impossible to ensure that the roughly
estimated solar gains (SaVsol) are less than 10 % compared to the rest of the internal gains
(Q + K) in the houses, even if the short periods with the lowest solar radiation were
considered for analysis. Besides, considering that the weight of solar gains as compared
to the rest of the heat gains (Q + K) were, on average, 35.1 % for Gainsborough and
33.47 % for Loughborough, it could be considered that the 10 % solar gains weight
requirement in the HLC estimation should be extended to about 40 % for these two
residential buildings. Since the accurate estimation of the solar gains is a hard task to
perform, this extension on the solar gains weight requirement can increase the

uncertainty and spread in the estimated HLC values.

However, despite the uncertainties created by several sources, interesting results were
obtained. As commented in section 4.2.1, period 3 provided the most reliable results for
Gainsborough, since it is not affected by the occupants behaviour, thus several uncertainty
sources are avoided. The estimated HLC value for this period is 60.2 W/K, which is close
but higher than the “theoretical value” 49.9 W/K provided by the Annex 71. These two

values differ 17 %. However, as commented in the mentioned section, the “theoretical
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value” only considers the design values, so it tends to underestimate the real in-use HLC.
However, it can be used for comparison. Thus, the obtained value with the third period
seems logical and promising. In the case of Loughborough, despite the solar gains, there
are not any other uncertainty sources. Moreover, the provided “theoretical value” is
estimated using the co-heating methods, so both HLC values are comparable. In this case,
while the average estimated HLC value for both periods is 366.6 + 32.9 W/K, the co-
heating HLC value is 382 W/K. These two values only differ by 4 %, which means that,
despite the non-fulfilment of the solar gains requirement, the difference between the two

values remains low. Thus, these results can also be considered reliable.

Finally, it must be commented that the accumulated average graphs where the HLC
estimates are stabilized within a +10 % band over the last 24 testing hours are shown in
Appendix B. The results for Gainsborough are plotted in Figure B.1 and the results for
Loughborough in Figure B.2.

4.3- Rectorate in-use office building results

The presented in-use office building was monitored from November 2014 to March
2018; every November-March period has been studied. Within each of these four winter
periods, useful data periods (at least 72h sub-periods) were identified in which the
section 2.1.1 requirements are completely fulfilled. Once all these sub-periods had been
detected, the proposed average method was applied floor by floor, and for the whole
building, to all of them. Then, those values were compared to check the variation of the
estimated HLCs and demonstrate the reliability of the method. If the method is valid, the
HLC of the whole building should not vary much over time. Note that the estimated HLCs
are independent of each other, since different periods of data are used within the same
winter and, in the pre-retrofitting case, even the HLCs estimated in different winters are

comparable.

In this section, the change of the Heat Loss Coefficient value for the pre- and post-
retrofitting is also studied. Therefore, two different sections are presented for the
estimation of the HLC in the building. There section 4.3.1 analyses the HLC of the public
building before retrofitting. Thus, it can be checked whether the HLC values have been

changing over time or whether they are similar, since the building did not undergo any
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known improvement or deterioration during this period. Moreover, the section 4.3.2
studies how the HLC value has changed after the retrofitting of the building. The value is
expected to decrease due to the improved insulation and new ventilation systems with

heat recovery being installed in the building.

After the HLC estimation, its decoupling process has also been carried out. This
decoupling analysis has been carried out using the same dataset used for the HLC
estimation of the monitored in-use building between November 2014 and March 2018.
There, the same four individual winter periods can be found, 2014-2015, 2015-2016 and
2016-2017, before the rehabilitation of the building and 2017-2018, after the
rehabilitation. Unfortunately, due to the lack of data concerning monitoring problems, it
has been impossible to analyse the winter 2016-2017. So, the minute by minute air quality
data (CO2 ppm) from December 2014 to March 2018 (without considering winter 2016-
2017) of the metabolic CO2z of the building’s occupants is used to estimate air change rates

by means of the CO2 concentration decay analysis presented above.

Plotting and applying the linear regression to the tracer gas (in this case the indoor to
outdoor CO2 concentration in ppm) concentration decay over time in [h] (from 18:00
hours to 20:00 hours) on a natural logarithmic basis, the Air Change per Hour rates
(ACHgecay) of each floor have been calculated for every day of the abovementioned period.
Then, only the ACHdecay values of those days that fulfil the aforementioned requirements
have been taken into consideration for the Cy estimation. Finally, for each winter period,
the floor-by-floor estimated Cv values have been subtracted from the HLC estimates of
each corresponding winter period to estimate each floor-by-floor transmission heat loss

coefficient.

Then, this section will be divided into 5 subsection. Section 4.3.1 and 4.3.2 show the
HLC estimated results for before and after the rehabilitation of the building. After that,
section 4.3.3 and 4.3.4 show all the results obtained during the decoupling process in
order to achieve the UA results for before and after the rehabilitation of the building.

Finally, section 4.3.5 shows the final discussion of the in-use office building analysis.
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4.3.1- HLC results of the building before retrofitting

The HLC results obtained for the valid sub-periods of the three winters between
November 2014 and March 2017 are analysed in this section. In order to estimate the
Heat Loss Coefficients of the building envelope before the retrofitting, Eq. 28 has been
used to estimate the HLC, while Eq. 29 has been used to estimate the HLCsimple. In total,
eight valid periods have been found for the three winters, as shown in Table 23 and Table
24, where estimated HLCsimple and HLC for each valid period are presented. Appendix D
shows the mean value of each of the terms of Eq. 28 and Eq. 29 applied to each period,
while Appendix C shows the *10 % stabilization bands of all period’s accumulated
average plots with respect to the final HLC estimate. Moreover, the calculations have been
done floor by floor and for the whole building. Thus, it is possible to compare the
difference when estimating the HLC directly for the whole building’s averaged data

(HLCbuilding) or as a sum of the floor by floor HLCs (HLCsum).

N
_(Qe+K
Zice1(Qu + K [KW/K] FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 HLCg,

N
ZR=E(T";§ ~ Touts) Eq. 42 Eq. 42 Eq. 42 Eq. 42 Eq. 30
q.

HLCSimple =

HLC HLChuiai
WINTER PERIOD HLCro * enrcpy | HLCpy & €prcpy | HLCpz & eqrcp, | HLCps T epicys + ellsl:::um + e"l:':l:’“i'l::i“g
Period | 2014-12:02 20141205 | 77 | ggy 4 008|136 + 012|097 + 008|116 + 010|432 + 038 |434 + 038
1 16:00 20:00
Perzlod 20150120 5 20100231 70 095 & 008|146 + 012|106 + 008|127 010|474 * 039 |476 + 039
20142015 [ 20150130
erio 0126 oy 99 | 1.06 + 012|155 + 017|105 + 010|130 * 013|496 + 052 | 497 *+ 052
3 19:00 20:00
pe:;od 2012-_83_03 > 2013—8;-07 93 097 =+ 008|140 * 011098 + 0.07|119 = 0.09 |453 + 035 |454 = 034
persnod 0t 5 200027 76 1097 + 043 (160 + 015|111 % 011|134 *+ 013|502 + 051 |510 + 052
2015-2016 150 0d [ Z016-01-06 2016-01-09
6 2000 > e00 61 [098 + 017|144 = 023|099 + 016|130 * 021|472 + 077 |475 + 077
Period | 2016-12-19 20161222 [ 134 + 013]098 + 009|120 + 011|351 *+ 034 [351 + 034
7 12:00 6:00
2016-2017 m— 2017-01-12
I A 62 107 + 013091 + 010|108 * 013|305 + 036 |305 * 036

Table 23. HLCsimple results before retrofitting. [85]
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Th-1(Qi + Ky + (SaVsoD)k)
HLC = == [KW/K] FLOORO  FLOOR1  FLOORZ  FLOOR3
Zkzl( ink out,k)

Eq.43 Eq. 43 Eq. 43 Eq.43
Eq.28

HLC HLCpuitai
WINTER PERIOD HLCro + enicpy | HLCr1 £ euicpy | HLCrz £ enicy, | HLCra  epices £ Cxtgun ieﬂl:-‘;ll:l::ing
Period | 201412:02 20141205 | 77 | 097 4 010|153 + 016|108 + 011|128 + 012 |480 + 049 483 = 049
1 16:00 20:00
Perzlod 201150-.([))%-20 N 201;-(())(}'23 72 |1.04 + 009|164 *+ 015|118 * 009|139 * 012|525 * 045 |528 * 045
20142015 1T 017 20150130
erio 0126 -01- 99 | 114 + 014 [170 + 020|114 * 012|140 * 016 538 + 061 |540 * 060
3 19:00 20:00
Pel;:od 20150203 5 201302071 93 103 + 008|154 + 012|107 * 008|128 = 010493 = 038 |494 = 038
Peg()d isAtat 5 2027 76 | 104 + 014 (173 £ 017|119 + 012|142 = 014|539 = 066 |547 = 057
2015-2016 Period 2016.0106 2016.0109
0106 poe 61 |106 + 019|160 * 027|109 * 018|141 * 024 [517 + 089 |520 * 090
6 20:00 8:00
Period | 2016-12-19 ,  201612:22 | 149 + 016 108 + 011|131 = 014 [387 + 042 (387 043
7 12:00 6:00
2016-2017 150 0q | 20170100 2017-01-12
“5 I 62 113 + 014|095 + 011|112 *+ 013|320 + 036 |319 * 039

Table 24. HLC results before retrofitting. [85]

As expected, from the above tables, it can be concluded that the HLC value has barely
changed during the independent periods considered in three consecutive winters, since
all the estimated HLCsimple values are close to the average value 4.75 * 0.49 kW /K with a
standard deviation of 0.28 kW/K. For the HLC, the average value is 5.18 = 0.56 kW /K with
a standard deviation of 0.25 kW/K.

There is a lack of data on the ground floor during the winter of 2016-2017, which made
it impossible to estimate its HLC during the two valid periods considered during this
winter. However, the estimation has been carried out for the rest of the floors. Since the
indoor average temperature of all the periods is similar on all the floors (see Appendix D),
the floor-by-floor estimated HLC are considered physically meaningful. This means, that
the HLC of the ground floor for winters 2014-2015 and 2015-2016 is only representing
the HLC between the indoor and the outdoor. Since in winter 2016-2017, the indoor
temperature is again similar in all the floors, it can be assumed that the HLCs of the ground
floor are also representing the HLC between the indoor and the outdoor, and that the
floor, is not affected by the heat exchanges with the rest of the thermal zones (or floors)
of the building. Therefore, it is possible to estimate a HLC value for the ground floor for
the winter of 2016-2017. The average value of 0.96 + 0.11 kW /K for the HLCsimple and 1.04
+ 0.12 kW/K for the HLC of the ground floor is obtained by averaging the 6 available
periods of the winters 2014-2016. Thus, an average value of the HLCsum of 4.25 %
0.46 W/K for the HLCsimple and 4.56 * 0.53 kW/K for the HLC for the winter of 2016-2017
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can be obtained. These are within the error bands of the total HLC average values obtained
for the winters 2014-2016. However, the latter estimated values cannot be considered as
completely reliable, since during the summer of 2016 the ground floor’s false ceiling was

insulated.

Obviously, the HLC values are higher than the HLCsimple values estimated without
considering the solar gains. On the other hand, the difference is below 10 %, since low
solar radiation periods have been considered to avoid a considerable error in the results

due to roughly estimated solar gains, as detailed in section 2.1.1.

It should also be mentioned that the summed HLC (HLCsum in Table 23 and Table 24)
and the total HLC values (HLCbuilding in Table 23 and Table 24) have similar values. Since
the Tin is uniform on the different floors for all periods, the deviation between HLCsum and
HLCbuilding is negligible. Nevertheless, since the measurements floor by floor can be
obtained, the results obtained from these will always be more accurate than the result

obtained for the whole building. Therefore, the HLCsum value should be taken as reference.

To sum up, the HLC value of 5.18 + 0.56 kW /K is considered the best estimate for the
HLC of the building before the retrofitting.

4.3.2- HLC results of the building after retrofitting

The same procedure is followed to estimate the HLCsimple and the HLC for the winter of
2017-2018. These calculations have been carried out after the energy retrofitting of the
public building. Since the building use has been kept identical in the post-retrofitting case,
the same occupancy estimation as for section 4.3.1 has been assumed for occupancy heat
gains. Thus, since the building has been insulated properly, the HLC should have
decreased considerably. Appendix C also shows the +10 % stabilization bands of all
period’s accumulated average plots with respect to the final HLC estimate for this winter

period.
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N
_(Q+K
Zic1 (U + Ki) [KW/K] FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3

Yx-1(Tink — Toutk) Eq. 42 Eq. 42 Eq. 42 Eq. 42
Eq. 29

HLCSimpIe =

HLCgym HLCyuilding

WINTER PERIOD HLCro + enicpy | HLCr1 * enicyy | HLCrz  epicp, | HLCrs & €nices * enicoum £ @HLChuilding

Perli"d 2ATAL06 5 2017101 g8 | 060 = 0.07 [094 * 009|064 + 006|066 + 008|283 + 031 285 + 030
Pe‘;"d 2007AV26 5 2007AX021 136 | 060 + 005|106 = 009|063 006 (070 = 007 [299 = 026 [300 % 027
2017-2018 Per;"d 20179220 5 20174223 | 73 | 062 + 006|106 + 010|063 * 006|078 £ 008|310 * 029 |310 = 029
Pe‘:"d 21807 5 201801200 75 1063 + 006|106 = 010|069 * 006 (087 = 008|325 = 030 [327 % 030
Persi"d 20130206 5 201802101 g7 1057 + 004|094 £ 008|064 * 005|071 = 006|286 + 023 |285 = 023

Table 25. HLCsimple results after retrofitting. [85]

Th-1(Qu + Ky + (SaVsod)i)
HLC = == — > [KW/K] FLOORO | FLOOR1 FLOOR 2 FLOOR 3
Zk:l( ink out,k)

Eq. 43 Eq. 43 Eq. 43 Eq. 43
Eq. 28

HLCgum HLCyyilding

WINTER PERIOD HLCro  eprcpy | HLCr1 £ enicey | HLCrz & epic, | HLCrs £ enices + eHLCoum £ €HLChuiding

Perli"d 2ATAL06 5 20170101 g8 | 077 + 009129 + 017[088 + 011|096 * 015|390 + 052 |392 * 052
Perzi"d 20074026 5 200712021 136|071 & 006 128 * 010|077 + 006|086 + 008|361 + 030 |362 + 032
2017-2018 Pe;i"d 20079220 5 201792231 73 |o75 + 008|132 + 015 (080 * 009|097 + 012384 + 044 |385 * 044
Pef:"d 20180117 5 201800201 75 076 + 008|133 + 015|086 + 010|107 + 013|403 = 046 404 * 046
Pegi"d 20180206 5 201802101 g7 |065 + 005|111 + 010|074 = 007|083 = 008|332 = 030 [332 % 030

Table 26. HLC results after retrofitting. [85]

In section 4.3.1, the obtained average values were 4.75 * 0.49 kW /K for the HLCsimple
and 5.18 + 0.56 kW/K for the HLC. On the other hand, the obtained average values during
the winter 2017-2018 periods are 3.01 + 0.27 kW/K for the HLCsimpie with a standard
deviation of 0.18 kW/K and 3.74 + 0.41 kW/K for the HLC with a standard deviation of
0.28 kW/K. Thus, the reduction has been considerable for the HLC value, considering that
the facade has been insulated and some of the windows changed, while the ventilation
system with heat recovery has increased the ventilation rates. The combined effect is a

reduction of 28 % in the HLC.

To sum up, the HLC value of 3.74 + 0.41 kW/K is considered the best estimate for the
HLC of the building after the retrofitting.
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4.3.3- HLC decoupling results of the building before retrofitting

Once all the HLC values have been estimated for each winter (before and after the
retrofitting of the building) floor-by-floor and for the whole building, it is possible to

perform the decoupling process of the HLC values.

The first part of the decoupling analysis has been carried out using data provided from
the monitored in-use building between November 2014 and March 2017. Three
individual winter periods can be found, 2014-2015, 2015-2016 and 2016-2017, before
the rehabilitation of the building. As previously mentioned in section 3.3.4, due to the lack
of data concerning monitoring problems, it has been impossible to analyse the winter
2016-2017. So, the minute by minute air quality data (CO2 ppm) from December 2014 to
March 2016 of the metabolic CO2 of the building’s occupants is used to estimate air
infiltration rates by means of the CO2 concentration decay analysis presented in section

2.4.

4.3.3.1- Air Change per Hour (ACH) calculation

In Figure 14, the air quality data for each sensor has been plotted for F1 from 9th to 15t
February 2015. In the example shown in Figure 14, the charging and discharging periods
of CO2 concentration can be clearly seen, with an exponential discharge coinciding with
the end of the working day (about 17:00). This exponential discharge resembles a straight

line when plotted on a logarithmic basis.

Table 27 shows an example of the calculations for the whole month of February 2015
for the first floor (F1). Non-working days (red lines) have very low indoor to outdoor
concentrations because the building is empty from Friday afternoon until Monday
morning. Thus, by Saturday 18:00 hours, there are already very similar CO:2
concentrations to the outdoor one and both the indoor to outdoor initial and final
concentration values are very low and similar to each other. Of course, none of those non-
working days fulfil the ASTM D6245-18 requirements and so are not considered in Table
29 for the later Cv estimations. Those days where the CO2 concentration at any of the
sensors (S1, S2 or S3, see Table 27 and Figure 44 for sensor codes) within the floor differs
by more than 10 % of the average concentration in the floor at the beginning or end of the

sampling period (grey lines) have been rejected. Again, none of those days fulfil the ASTM
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D6245-18 requirements and are not considered in Table 29 for the later Cv estimations.
In addition, those days where the initial value of the measured CO2 concentration (Ci) of
any of the sensors was less than [outdoors 400 ppm + 350 ppm] have also been discarded.
Note that initial and final values of the concentrations of Table 27 show the difference
between the indoor to outdoor concentrations.

Difference from the
average (%)

Initial COz concentration Difference from the
(ppm) average (%)

Final CO2 concentration (ppm)

0.20 701.3 648.0 653.0 803.0 -7.6 -6.9 14.5 479.7 452.0 458.0 529.0 -5.8 -4.5 10.3
4 0.59 355.3 372.0 336.0 358.0 4.7 -5.4 0.8 98.7 104.0 83.0 109.0 5.4 -15.9 10.5
0.41 263.0 264.0 257.0 268.0 0.4 -23 1.9 127.7 146.0 107.0 130.0 14.4 -16.2 1.8

| |
| |

16 0.71 471.2 500.0 484.5 429.0 6.1 2.8 -8.9 116.3 171.0 113.0 65.0 47.0 -2.9 -44.1

17 0.34 224.0 246.0 217.0 209.0 9.8 -3.1 -6.7 114.7 127.0 114.0 103.0 10.8 -0.6 -10.2

23 0.41 315.0 413.0 370.0 162.0 311 17.5 -48.6 142.0 169.0 170.0 87.0 19.0 19.7 -38.7
24 0.71 214.3 264.0 229.0 150.0 23.2 6.8 -30.0 61.7 79.0 57.0 49.0 28.1 -7.6 -20.5
25 0.56 138.3 169.0 142.0 104.0 22.2 2.7 -24.8 46.2 55.5 45.0 38.0 20.2 -2.5 -17.7
26 0.47 449.0 474.0 483.0 390.0 5.6 7.6 -13.1 178.3 241.0 203.0 91.0 35.1 13.8 -49.0
27 0.27 107.7 135.0 111.0 77.0 254 3.1 -28.5 63.3 78.0 60.0 52.0 23.2 -5.3 -17.9

Table 27. Data for the calculation of ACHdecay values that fulfil the ASTM D6245-18 requirements in February 2015 for the
first floor. Note that the initial and final values of the concentrations show the difference between the indoor to outdoor
concentrations.
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Figure 65 shows a couple of examples of the ACHdecay values calculated for two of those
days of February 2015 fulfilling the ASTM D6245-18 requirements for the first floor.
Logarithmic concentration values have been used to obtain a linear relationship between
the logarithm of the tracer gas concentration [LN(measured CO2 ppm - outdoors CO2
ppm)] and the time in [h]. Next, the ACHdecay of each day was calculated via linear
regression analysis, since the ACHdecay value corresponds to the slope of the estimated
straight line. The rest of the ACHdecay results, regression equations and R2 values of the

February 2015 days that fulfil the requirements are shown in Table 28.

y =-0.1899x + 9.9724 -07- y =-0.2751x + 11.045
02-02-2015 i 06-02-2015 R?=0.979

6.6

oa AN
\ —4—CO2Decay_1F
6.2

~ —— Lineal
(CO2Decay_1F)

6.2

6
—o—CO2Decay_1F
5.8
5.6 \ —— Lineal

Y (CO2Decay_1F)

values

values

Logarithmic metabolic CO, concentration

6 T T T 1 5.4 T T T 1
17.00 18.00 19.00 20.00 21.00 17.00 18.00 19.00 20.00 21.00

Time [h] Time [h]

Logarithmic metabolic CO, concentration

Figure 65. Two examples of the ACHdecay values obtained by linear regression for February 2015 fulfilling all
ASTM D6245-18 requirements for the first floor. y-axis: Logarithmic metabolic COz concentration values
[LN(measured indoor COz ppm - outdoors 400 CO2 ppm)]; x-axis: time in [h].

Day ACH Regression equation‘ R2

10 |015 ] y

-0.1514x+9.2406 | 0.9858

12 ] 0.18 | y=-0.1770x+9.7566 | 0.9962

18 | 0.18 | y=-0.1775x+9.6071 | 0.9924

19 | 0.20 -0.1952x+9.7323 | 0.9845

<
1)

20 o019 ] y

-0.1894x+9.3324 | 0.9877

Table 28. The rest of the ACHdecay results, regression equations and R? values of February 2015 fulfilling
the ASTM D6245-18 requirements for the first floor.
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DATE ACHdecay WS [m/s] DATE ACHdecay WS [m/s]
2014-12-04 0.19 0.59 2014-12-02 0.19 0.54
2014-12-11 0.18 0.58 2014-12-04 0.29 0.59
2014-12-15 0.23 0.30 2014-12-09 0.19 0.70
2015-01-08 0.24 0.34 2014-12-15 0.19 0.30
2015-01-09 0.21 0.55 2014-12-18 0.25 1.75
2015-01-12 0.20 3.86 2015-01-05 0.17 0.33
2015-01-15 0.23 1.45 2015-01-07 0.16 0.50
2015-02-02 0.19 1.01 2015-01-08 0.22 0.34
2015-02-06 0.28 2.57 2015-01-09 0.20 0.55
2015-02-10 0.15 0.75 2015-01-12 0.21 3.86
2015-02-12 0.18 0.94 2015-01-13 0.19 1.65
2015-02-18 0.18 0.50 2015-01-15 0.16 1.45
2015-02-19 0.20 0.41 2015-01-19 0.20 1.81
2015-02-20 0.19 3.83 2015-01-22 0.30 2.54
2015-03-02 0.13 1.25 2015-01-23 0.19 0.30
2015-03-05 0.19 1.36 2015-01-26 0.16 1.76

- - - 2015-01-27 0.23 1.72
- - - 2015-02-02 0.24 1.01
- - - 2015-02-06 0.24 2.57
- - - 2015-02-10 0.17 0.75
- - - 2015-02-11 0.20 2.40
- - - 2015-02-12 0.16 0.94
- - - 2015-02-17 0.27 4.02
- - - 2015-03-02 0.19 1.25
- - - 2015-03-03 0.11 0.18
- - - 2015-03-11 0.18 0.42
- - - 2015-03-16 0.25 2.83
- - - 2015-03-23 0.34 1.37
0.20 0.21
AVERAGE +0.018 - AVERAGE +0.019 -
(ACHdecay_aver) (ACHdecay_aver)

Table 29. The daily ACHdecay and average wind speed (WS [m/s]) values of all days fulfilling ASTM D6245-
18 requirements for F1 and F3. The last row presents the average ACHdecay aver values for F1 and F3 for the
selected period (December 2014 - March 2015). 95 % confidence intervals are presented for the averaged
values using the t-student distribution.

The average ACHdecay aver for the first analysed winter (December 2014 - March 2015)

of each floor is the average of all the ACHdecay values of those days that meet all the

requirements presented in the previous section 2.4.2 (see Table 29). Now, the ACHdecay

values of F1 and F3 of the second winter period analysed (December 2015 - March 2016)

are presented in the following Table 30.
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FLOOR 1 FLOOR 3

DATE ACHdaecay | WS[m/s] | DATE ACHdecay | WS [m/s]
2015-12-01 0.10 - 2015-12-04 0.36 -
2015-12-03 0.33 - 2015-12-14 0.25
2015-12-04 0.05 - 2016-01-08 0.16
2015-12-09 0.09 - 2016-01-12 0.34
2015-12-10 0.09 - 2016-01-13 0.34
2016-01-08 0.12 - 2016-02-23 0.13
2016-01-13 0.36 - 2016-02-25 0.20
2016-01-14 0.22
2016-02-22 0.36
2016-02-25 0.22
2016-03-01 0.17
2016-03-14 0.14
2016-03-15 0.12
2016-03-17 0.11
2016-03-18 0.12 - - -
0.17 0.25
AVERAGE +0.056 - AVERAGE +0.086 -
(ACHdecay_aver) (ACHdecay_aver)

Table 30. The daily ACHdecay and average wind speed (WS [m/s]) values of all days fulfilling ASTM D6245-

18 requirements for F1 and F3. The last row presents the average ACHdecay_aver values for F1 and F3 for the

selected period (December 2015 - March 2016). 95 % confidence intervals are presented for the averaged
values using t-student distribution.

Only F1 and F3 have several winter days that completely fulfil the ASTM D6245-18
requirements. The uniformity requirement established by the Standard could not be
fulfilled on any of the days in the analysed period on FO and F2. However, as mentioned
in section 2.4.2, the uniformity requirement has been substituted by a proposed one
(maximum limit of 10 °C for the daily average outdoor temperature) in order to accept
some daily ACHdecay values for these floors. Furthermore, as shown in Figure 44, each
sensor on those floors has been assigned a portion of the total volume of each floor, while
the infiltration heat loss coefficient (Cv) for each floor has been estimated using both Eq.
104 and Eq. 105. Note that in FO, the considered volume partitions do not complete the
full volume. In this case, the Cv value obtained by Eq. 105 has been extrapolated to the

complete volume of the floor (green contoured area in Figure 44).

Table 31 shows the ACHdecay values of each volume portion of both floors and the
average ACHdecay values associated to each whole floor. The daily ACHdecay.vi shown in
Table 31 are calculated using the CO2 ppm values measured by each independent sensor
located in each of the considered sub-volumes of each floor. These ACHdecay vi values are
then averaged per column (see last row of Table 31) and the ACHdecay_aver vi values to be

used in Eq. 105 are obtained. On the other hand, for FO and F2 in Table 31, a column titled
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‘Daily ACHdecay Average’ is also presented. These values are calculated daily, as for F1 and
F3, using the averaged CO2 concentration of the different sensors located in each floor.
The last value of the column ‘Daily ACHdecay Average’ is the ACHdecay aver to be used in Eq.

104, obtained by averaging all the values of this column, as done for F1 and F3.

DOR 0 OOR

ACH ACH AcH | Daily | ey ACH ACH Aacu | Daly | g

DATE Tout ACHuecay ACHiecay
decay_V1 decay_V2 decay_V3 average decay_V1 decay_V2 decay_V3 decay_V4 average [m/ S]

2014-12-03 | 8.88 - - - - 0.04 0.06 0.29 0.37 020 0.44
2014-12-04 | 8.65 0.06 0.07 0.46 0.25 0.09 0.06 0.19 0.25 0.13 0.59
2014-12-05 | 835 026 031 0.47 0.37 } } } } - 3.22
2014-12-09 | 9.38 0.06 011 0.41 0.25 0.07 0.08 0.25 0.18 0.13 0.70
2014-12-15 | 10.06 ; } } } 0.08 0.08 0.21 0.24 011 030
2015-01-07 | 9.26 0.23 0.19 036 0.25 0.05 0.07 0.13 0.14 0.09 050
2015-01-08 | 9.65 0.21 0.30 0.40 0.29 0.06 0.06 0.07 0.03 0.06 034
2015-01-20 | 6.19 0.25 0.20 033 0.25 0.09 0.10 0.20 0.07 011 0.70
2015-01-22 | 656 0.14 0.34 0.59 0.43 013 0.09 0.24 0.22 0.16 2.54
2015-01-23 | 6.78 0.11 0.15 036 021 ; - - - - 030
2015-01-26 | 7.92 0.08 0.07 0.40 0.21 0.08 0.09 0.14 0.10 0.09 1.76
2015-01-27 | 9.13 0.24 0.15 0.47 0.33 011 0.10 0.23 026 0.15 1.72
2015-01-30 | 8.88 0.12 0.10 0.33 0.19 } } } } - 0.92
2015-02-02 | 655 0.16 0.15 0.25 0.19 0.12 0.10 0.14 0.06 0.10 1.01
2015-02-03 | 449 - - - - 0.12 0.09 0.25 013 013 423
2015-02-06 | 151 0.19 0.16 0.42 0.29 - - - - - 2.57
2015-02-10 | 633 0.25 027 0.39 0.29 0.08 0.08 0.19 0.07 0.09 0.75
2015-02-17 | 8.78 - - - - 015 013 0.20 023 0.17 4.02
2015-02-18 | 830 - } } } 0.09 0.06 0.32 0.17 0.13 050
2015-02-19 | 832 } } } } 0.06 0.08 0.28 0.33 0.16 041
2015-03-05 | 8.84 ; } } } 0.02 0.04 0.09 0.17 0.08 136
2015-03-16 | 8.71 033 0.28 0.41 0.33 0.06 0.07 0.09 017 0.09 2.83
2015-03-23 | 638 - - - - 0.12 0.06 0.29 0.36 0.16 137
2015-03-24 | 7.71 } - ; ; 0.19 0.18 0.48 021 0.22 3.05

0.18 0.19 0.40 0.28 0.09 0.08 0.21 0.19 0.13
Average | - | 0046 | £0.050 | 20043 | £0.038 20019 | £0.014 | £0.045 | £0.046 | £0.019 [

(ACH (ACH (ACH (ACH (ACH (ACH (ACH (ACH (ACH

decay_aver V1) decay_aver v2) decay_aver v3) decay_aver) decay_aver V1) decay_aver v2) decay_aver v3) decay_aver V4) decay_aver)

Table 31. ACHdecay values of each volume portion and average wind speed (WS [m/s]) of FO and F2, and
the average ACHdecay values associated to each whole floor for the selected period (December 2014 -
March 2015). 95 % confidence intervals are presented for the averaged values using the t-student
distribution.

Moreover, the Daily ACHdecay average values of FO and F2 of the second winter period
(December 2015 - March 2016) can be seen in the following Table 32. There, only the
ACHdecay aver has been estimated, as done in F1 and F3. As shown in the following section,
for the winter period 2014-2015, there was not a wide difference between the Cv values
estimated using Eq. 104 and Eq. 105. Then, the simplest case is used for the rest of the

winter analysis, only using Eq. 104 for the Cv estimation.

185




CHAPTER 4: RESULTS AND DISCUSSION

010):41 010)2
Daily Daily
DATE | Tou | ACHuw | Voo | ACHuw | Wp
avera [m/s] [m/s]
ge average
2015-12-01 7.37 - - 0.14
2015-12-02 9.00 0.15 - -
2016-01-11 10.92 - - 0.18
2016-01-12 7.98 - - 0.12
2016-01-13 8.35 - - 0.16
2016-01-14 10.58 0.18 - -
2016-02-25 9.48 0.33 - 0.14
2016-03-07 6.20 - - 0.18
2016-03-08 6.99 0.34 - 0.27
2016-03-11 8.67 0.20 - -
2016-03-14 8.22 0.23 - 0.10
2016-03-15 10.13 0.27 - 0.10
0.24 0.16
Average +0.069 ] +0.040
(ACH (ACH
Wer) M,aver)

Table 32. The “daily ACHdecay average” and average wind speed (WS [m/s]) of FO and F2. Last row presents
the average ACHdecay_aver values for FO and F2 for the selected period (December 2015 - March 2016). 95 %
confidence intervals are presented for the averaged values using the t-student distribution.

Finally, it must be commented that the daily ACHdecay values and average wind speed
in the same period (18:00 hours to 20:00 hours) of those days fulfilling the ASTM D6245-
18 requirements are correlated. The ACHdecay values depend on the indoor to outdoor
temperature difference and on wind direction, but mainly on wind speed. In general, from
Table 29 and Table 31, it can be concluded that the higher the average wind speed, the
higher the ACHdecay values. Unfortunately, from Table 30 and Table 32 can be concluded,
that despite there was some wind speed measured data for this winter as shown in Figure
58, when analysing the data accurately it could be observed that there was excessive
missing data to perform an accurate analysis. Then, it has been impossible to find a

correlation between the ACH and the wind speed for this winter period.
4.3.3.2- Infiltration heat loss coefficient (Cv-inf) calculation

Once the ACHdecay values for the days fulfilling the ASTM D6245-18 requirements have
been estimated, it is possible to estimate the corresponding Cv (or Cv-infin this case) values
for each of those days, as shown in Table 33 and Table 34. Moreover, using the averaged
ACHdecay aver Values in the last row from Table 29 to Table 32, the infiltration heat loss
coefficients of each floor can be estimated for the whole winter. Then, using Eq. 104 for
F1 and F3 and both Eq. 104 and Eq. 105 (only for the winter of 2014-2015) for FO and F2,
it is possible to estimate the infiltration heat loss coefficient for each floor, as shown in

the last row of Table 33 and Table 34.
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FLOOR 1 FLOOR 3 FLOOR 0 FLOOR 2
DATE Cv [kW/K] DATE Cv [kW/K] DATE Cv [kW/K] DATE Cv [kW/K]
2014-12-04 0.11 2014-12-02 0.10 2014-12-04 0.10 2014-12-03 0.13
2014-12-11 0.10 2014-12-04 0.16 2014-12-05 0.15 2014-12-04 0.08
2014-12-15 0.13 2014-12-09 0.10 2014-12-09 0.10 2014-12-09 0.08
2015-01-08 0.14 2014-12-15 0.10 2015-01-07 0.10 2014-12-15 0.07
2015-01-09 0.12 2014-12-18 0.14 2015-01-08 0.11 2015-01-07 0.06
2015-01-12 0.11 2015-01-05 0.09 2015-01-20 0.10 2015-01-08 0.03
2015-01-15 0.13 2015-01-07 0.09 2015-01-22 0.17 2015-01-20 0.07
2015-02-02 0.11 2015-01-08 0.12 2015-01-23 0.08 2015-01-22 0.10
2015-02-06 0.16 2015-01-09 0.11 2015-01-26 0.08 2015-01-26 0.06
2015-02-10 0.09 2015-01-12 0.11 2015-01-27 0.13 2015-01-27 0.09
2015-02-12 0.10 2015-01-13 0.10 2015-01-30 0.08 2015-02-02 0.07
2015-02-18 0.10 2015-01-15 0.09 2015-02-02 0.08 2015-02-03 0.08
2015-02-19 0.11 2015-01-19 0.11 2015-02-06 0.11 2015-02-10 0.06
2015-02-20 0.11 2015-01-22 0.16 2015-02-10 0.11 2015-02-17 0.11
2015-03-02 0.08 2015-01-23 0.10 2015-03-16 0.13 2015-02-18 0.08
2015-03-05 0.11 2015-01-26 0.09 - 2015-02-19 0.10
- - 2015-01-27 0.12 - 2015-03-05 0.05
- - 2015-02-02 0.13 - 2015-03-16 0.06
- - 2015-02-06 0.13 - 2015-03-23 0.10
- - 2015-02-10 0.09 - 2015-03-24 0.14
- - 2015-02-11 0.11 - -
- - 2015-02-12 0.09 - -
- - 2015-02-17 0.15 - -
- - 2015-03-02 0.10 - -
- - 2015-03-03 0.06 - -
- - 2015-03-11 0.10 - -
- - 2015-03-16 0.14 - -
- - 2015-03-23 0.19 - - -
0.11 0.11 0.11 0.08
AVERAGE +0.010 AVERAGE +0.011 AVERAGE +0.015 AVERAGE +0.012
(Cv_aver) (Cv_aver) (Cv_aver) (CV_EIVCI‘)

Table 33. The daily Cy values estimated using Eq. 104 for all the floors. The last row presents the average
Cv_aver values for all floors for the selected period (December 2014 - March 2015). 95 % confidence

intervals are presented for the averaged values using the t-student distribution.
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FLOOR 1 FLOOR 3 FLOOR 0 FLOOR 2
DATE Cv [KW/K] DATE Cv [kW/K] DATE Cv [KW/K] DATE Cv [KW/K]

2015-12-01 0.06 2015-12-04 0.19 2015-12-02 0.06 2015-12-01 0.09

2015-12-03 0.19 2015-12-14 0.13 2016-01-14 0.07 2016-01-11 0.11

2015-12-04 0.03 2016-01-08 0.09 2016-02-25 0.13 2016-01-12 0.08

2015-12-09 0.05 2016-01-12 0.18 2016-03-08 0.13 2016-01-13 0.10

2015-12-10 0.05 2016-01-13 0.18 2016-03-11 0.08 2016-02-25 0.09

2016-01-08 0.07 2016-02-23 0.07 2016-03-14 0.09 2016-03-07 0.12

2016-01-13 0.20 2016-02-25 0.11 2016-03-15 0.11 2016-03-08 0.17

2016-01-14 0.12 2016-03-14 0.07

2016-02-22 0.20 2016-03-15 0.07

2016-02-25 0.13

2016-03-01 0.10

2016-03-14 0.08

2016-03-15 0.07

2016-03-17 0.06

2016-03-18 0.07 - - -
0.10 0.14 0.10 0.10

AVERAGE +0.032 AVERAGE +0.047 AVERAGE +0.027 AVERAGE +0.025

(CV aver) (CV aver) (CV aver) (CV aver)

Table 34. The daily Cy values estimated using Eq. 104 for all the floors. The last row presents the average
Cv_aver values for all floors for the selected period (December 2015 - March 2016). 95 % confidence
intervals are presented for the averaged values using the t-student distribution.

As commented before in section 2.1.2, considering the building as a thermodynamic
system, the HLC value is an extensive property of the system; thus, the sum of the
individual HL.C values of all floors is the HLC of the building. The same happening with the
HLC happens also with the Cv. Then, the building infiltration and/or ventilation heat loss
coefficient could also be precisely estimated by summing all the Cv values of all the
thermal zones of the building. As proven in section 2.4.1, when estimating the building Cv
as the sum of the Cy values of the different thermal zones of the building, the effects of the
mass exchanges due to infiltration through the walls/floors/ceilings between the
different thermal zones are cancelled out in the summation process. Nevertheless, unless
the analysed thermal zones are completely airtight between them in the whole building,
the individual Cv values estimated for each thermal zone (floors in this case) have no
physical meaning, since they are also considering the mass transmission between the
floors. However, since for this analysed building, the thermal zones were different floors
separated by continuous concrete slabs, the infiltration exchanges between floors can be
considered to be very low, which means that the considered individual thermal zone Cv
values are mainly due to the indoor to outdoor infiltration effects. Furthermore, the

indoor temperature is homogeneous between floors, making internal heat exchange
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effects low compared to the indoor to outdoor heat exchanges, thus also making the

individual thermal zones HLC, Cv and UA value estimates meaningful.

Table 35 shows that similar Cv_aver values are obtained by means of both equations for
FO and F2. Although using Eq. 105 is a better approach for FO and F2, using and

programming Eq. 104 is easier in practice.

Winter 2014-2015 FLOOR 0 ‘ FLOOR 1 ‘ FLOOR 2 ‘ FLOOR 3 BUILDING

(o |20 4 DR 2 0.11 +0.015 | 0.11+0.010 | 0.08£0.012 | 0.11+0.011 | 0.41 +0.048
Cv.aver [KW/K] Eq. 105 [ EUETXEE - 0.08 + 0.014 - -

Table 35. Cv_aver values for each floor by means of both Eq. 104 and Eq. 105 and the whole building Cv_aver
value for the winter of 2014-2015.

As commented before, since the difference is negligible for this case, only Eq. 104
values are considered for the second winter analysed in this work, as presented in Table

36.

Winter 2015-2016  FLOORO = FLOOR1 | FLOOR2
(P | R0 RO 0.10 +0.027 | 0.10 £0.032 | 0.10 0.025

FLOOR 3
0.14 +0.047

BUILDING
0.44 +0.131

Table 36. Cv_aver values for each floor by means of Eq. 104 and the whole building Cv_aver value for the
winter of 2015-2016.

Although the obtained Cv aver results do not differ greatly between the two different
winter periods, it can be seen that the confidence intervals are wider for the winter of
2015-2016. This is due to the higher variability between the daily estimated ACHadecay
values in the second winter and due to a lower number of daily estimates within the
winter. These daily ACHdecay values could be affected by the wind speed effects. However,
as commented in section 4.3.3.1, since there are no enough measured values for wind

speed during this second winter period, it cannot be proved.
4.3.3.3- Transmission heat loss coefficient (UA) calculation

In Table 37, decoupled UA and Cv (or Cv_aver) values are shown for each floor and for the
whole building for the two analysed winters. Once the floor-by-floor HLC and Cv have been
estimated, the decoupling of the HLC is carried out by applying Eq. 111. The measurement
errors were propagated until the UA values have been obtained. In Table 37, the HLC, UA
and Cv values are calculated and, in Table 38, the values per floor area have also been

estimated.

189



CHAPTER 4: RESULTS AND DISCUSSION

FLOORO FLOOR1 FLOORZ2 FLOOR3  BUILDING |
HLC | | 03.0102 | 16040158 | 112+0.100 | 1342 0.124 5.00 + 0.484
[kW/K]
Winter G 0.1 £0.015 | 0.11£0.010 | 0.08+0.012 | 0.11+0.011 ,
20142015 IR0 0 D (6.9%) (7.1%) ©20) | 041%0.048(8.1%)
UA | 09220087 | 1.4920.148 | 1.04+0.088 | 1.23+0.113 4.68 £ 0.436
kW/K] | (893%) (93.1%) (92.9%) (91.8%) (91.9%)
HLC | 05 .0164 | 1660221 | 11440148 | 142+0.191 5.27 + 0.724
[kW/K]
Winter Cv 0.10%0.027 | 0.10+0.032 | 0.10%0.025 | 0.14 + 0.047 0.44 £0.131
AN kw /K] | 95%) (6.0%) (8.8%) (9.9%) (8:3%)
UA | 09520137 | 1.56£0.189 | 1.04%0.123 | 1.28+0.144 |  4.83+0.593
kw/K] | ©905%) (94%) (91.2%) (90.1%) (91.5%)

Table 37. HLC, Cy and UA values for each floor and for the whole building for the two winters. The error
was propagated until the UA values have been estimated. The percentage of the weight of the UA and Cv on
the HLC are also presented.

HLC

Cv

UA

[m?]  [W/Km?] [W/Km?] [W/Km?]
FLOORO | 391.65 2.63 0.28 2.35
VIS FO0OR1 | 456.32 3.51 0.24 3.27
VST FLOOR2 | 604.61 1.85 0.13 1.72
FLOOR3 | 45851 2.92 0.24 2.68
BUILDING | 1911.09 2.66 0.21 2.45
FLOORO | 391.65 2.68 0.26 2.43
N FLOOR1 | 45632 3.64 0.22 3.42
SWEEO FLOOR2 | 604.61 1.89 0.17 1.72
FLOOR3 | 458.51 3.10 0.31 2.79
BUILDING | 1911.09 2.76 0.23 2.53

Table 38. HLC, Cy and UA values per unit floor area for each floor and for the whole building. For clarity,
errors have not been included.

4.3.4- HLC decoupling results of the building after retrofitting

The second part of the decoupling analysis has been carried out using data provided
from the monitored in-use building between November 2017 and March 2018, after the

rehabilitation of the building.
4.3.4.1- Air Change per Hour (ACH) calculation

The same procedure applied in section 4.3.3.1 has been also used in this section.
However, as commented in section 2.4.2, due to the ventilation system installed in the
building after the retrofitting, the concentration of COz in the building is considerably
lower than the CO2 concentration analysed in section 4.3.3.1. This can be seen in Figure
15 in section 2.4.2. The ventilation system is working with a constant airflow during the

whole winter period and, in consequence, the CO2 concentration barely reaches the
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minimum fixed value in the requirements since the building is ventilated during the whole
day. Therefore, it is quite complicate to fulfil the requirement 9.3.4 of section 2.4.2, since
only a few days during the whole winter period achieve the difference concentration of

CO2 to be higher than the minimum fixed value of 350 ppm.

Apart from this, the rest of the requirements are easily fulfilled as in section 4.3.3.1.
The ACHdecay aver values obtained for this data set for all the floors can be seen in Table 39

(F1 and F3) and Table 40 (FO and F2).

FLOOR 1 FLOOR 3

DATE ACHdecay DATE ACHdecay
2018-01-15 0.32
AVERAGE 0:32 AVERAGE ]
(ACHdecay_ave r) (ACHdecay_aver)

Table 39. The daily ACHudecay of all days fulfilling ASTM D6245-18 requirements for F1 and F3. Last row
presents the average ACHdecay_aver value for F1 and F3 for the selected period (December 2017- March
2018).

Then, also the ACHdecay_aver values for FO and F2 are estimated for this winter period
after rehabilitation. In this case, also the “Daily ACHq..y average” has been estimated

directly as done in winter 2015-2016.

010):40 OOR
DATE Tout | Daily ACHdecay average | Daily ACHdecay average
2018-01-10 - 0.36 -
2018-01-11 6.49 0.48
2018-01-12 8.53 0.26
2018-01-15 8.78 0.31
2018-01-16 | 13.30 0.24
2018-01-19 | 10.10 0.34 -
2018-01-22 | 12.15 0.21 0.27
2018-01-25 9.50 0.27 -
2018-01-30 | 8.81 - 0.28
2018-02-01 6.22 0.37 -
2018-02-02 4.61 0.40 -
2018-02-05 4.76 - 0.42
2018-02-14 | 11.32 0.27 -
2018-02-16 | 13.48 0.23
2018-02-23 - 0.32 -
2018-02-26 - 0.31 0.27
2018-02-27 - 0.32 -
2018-03-01 - 0.32 -
Average 0.32 + 0.04 0.31+0.16
(ACHdecay_aver) (ACHdecay_aver)

Table 40. The “daily ACHdecay average” of FO and F2. Last row presents the average ACHdecay_aver value for
FO and F2 for the selected period (December 2017- March 2018). 95 % confidence intervals are presented
for the averaged values using t-student distribution.
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Due to the low number of ACHdecay values obtained, the estimation of the average
airflow rate cannot be considered a representative value. For example, as shown in Table
39, there is not any valid day for the third floor fulfilling all the requirements fixed by the
ASTM D6245-18 guide for the whole winter period. Moreover, there is only one valid day
for the first floor. The rest of the floors are able to provide some extra results, but not as

much as before the rehabilitation.

Then, in order to obtain some extra ACHdecay results, the requirement 9.3.4 has been
modified. Therefore, using Eq. 102 and Eq. 103 of the procedure carried out to fix the
minimum indoor to outdoor concentration value in section 2.4.2, it has been reduced to
the minimum value as far as the method permits with the given sensor uncertainty. From
this analysis can be concluded that it is possible to reduce the initial minimum indoor to
outdoor concentration difference value from 350 ppm to 300 ppm for the first and the
third floor in order to obtain some extra valid results without overcoming the permitted
maximum concentration measurement uncertainty. The obtained extra values can be

seen in Table 41 (F1 and F3) and Table 42 (FO and F2) in italics typing.

| FLOOR 1 | FLOOR 3
DATE ACHdecay DATE ACHdecay
2018-01-15 0.32 - -
2018-01-23 0.22
2018-01-29 0.31
0.28 £ 0.14 -
AVERAGE (ACHdecay_aver) AVERAGE (ACHdecay_aver)

Table 41. The daily ACHdecay of all days fulfilling ASTM D6245-18 requirements for F1 and F3, where the
minimum initial COz concentration difference value has been reduced to 300 ppm. Last row presents the
average ACHdecay aver value for F1 and F3 for the selected period (December 2017- March 2018). 95 %
confidence intervals are presented for the averaged values using t-student distribution.

Then, the same procedure is also performed for estimating the ACHdecay values for FO

and F2 in this winter period after rehabilitation.
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OOR 0 OOR
DATE Tout | Daily ACHdecay average | Daily ACHdecay average
2018-01-10 - 0.36 -
2018-01-11 6.49 0.48
2018-01-12 8.53 0.26
2018-01-15 8.78 0.31 -
2018-01-16 | 13.30 0.24 0.24
2018-01-19 | 10.10 0.34 -
2018-01-22 | 12.15 0.21 0.27
2018-01-25 9.50 0.27 -
2018-01-30 8.81 - 0.28
2018-02-01 6.22 0.37 0.29
2018-02-02 4.61 0.40 -
2018-02-05 4.76 - 0.42
2018-02-12 4.21 - 0.28
2018-02-14 | 11.32 0.27 -
2018-02-16 | 13.48 0.23
2018-02-23 - 0.32 -
2018-02-26 - 0.31 0.27
2018-02-27 - 0.32 -
2018-03-01 - 0.32 -
Average 0.31 + 0.04 0.29 + 0.07
(ACHdecay_aver) (ACHdecay_aver)

Table 42. The “daily ACHdecay average” of FO and F2, where the minimum initial CO2 concentration
difference value has been reduced to 300 ppm. Last row presents the average ACHdecay_aver value for FO and
F2 for the selected period (December 2017- March 2018). 95 % confidence intervals are presented for the

averaged values using t-student distribution.

Thus, it has been possible to obtain two new ACHdecay values for the first floor and three
new values for the second floor. This can facilitate the estimation of the total volumetric
airflow rate, and in consequence, the estimation of the total Cv value in some of the floors.
However, when using this method, the number of estimated ACHdecay values is still very
low for some of the floors, as for example, the first and the third floor. Then, the use of
ACHdecay aver estimated value of the first floor in this case, could provide erroneous Cy
results in the decoupling process. Despite that, the obtained average ACHdecay aver values

are shown in Table 43.

Winter 2017-2018 FLOOR O ‘ FLOOR 1 FLOOR2 FLOOR3

ACHdecay_aver [h'I] 0.31+0.040 | 0.28 £0.143 | 0.29 £ 0.070

Table 43. Average ACHdecay_aver values for each floor for winter 2017-2018.

Another way to test the methods’ applicability in the winter after the rehabilitation is
through the reduction of each decay test duration. In section 4.3.3.1, it has been proven
that a two hour testing period fixed in the requirement 9.3.1 is a proper decay period
length for the ACHdecay estimation for the winters before the building rehabilitation, where

no ventilation system was installed in each floor of the building. However, this section has
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demonstrated that the decay testing period length of two hours is too long once a
ventilation system has been installed in each floor of the building. Then, the same test has
been performed reducing the daily test duration to one hour (from 18:00 to 19:00)
instead of two hours (from 18:00 to 20:00). Moreover, in order to obtain some extra
ACHdecay results, the ASTM D6245-18 requirement 9.3.4 has been again modified. Once
again, using Eq. 102 and Eq. 103 of the procedure carried out to fix the minimum indoor
to outdoor concentration value in section 2.4.2, it has been reduced to the minimum value
as far as the method permits with the uncertainty of the sensors used in this research. In
this case, it has been possible to reduce the initial minimum indoor to outdoor
concentration difference value from 350 ppm to 200 ppm for the ground, first and second
floors. However, due to higher ventilation/infiltration rates, it has been reduced from
350 ppm to 250 ppm for the third floor. For all the floors, the reduction has been
performed without overcoming the permitted maximum concentration measurement
uncertainty. The obtained new results can be seen in the following Table 44 (F1 and F3)

and Table 45 (FO and F2).

FLOOR 1 | FLOOR 3

DATE ACHdecay DATE ACHdecay
2018-01-11 0.49 2018-01-11 0.64
2018-01-12 0.24 2018-01-16 0.33
2018-01-15 0.35 2018-01-23 0.32
2018-01-16 0.31 2018-01-29 0.41
2018-01-17 0.25 2018-02-08 0.43
2018-01-23 0.35 2018-02-12 0.48
2018-01-24 0.38 2018-02-14 0.25
2018-01-29 0.32 2018-02-15 0.37
2018-02-01 0.41
2018-02-05 0.57
2018-02-07 0.33
2018-02-12 0.32
2018-02-26 0.29
2018-02-27 0.29
2018-03-22 0.31 -

0.35%0.05 0.40 +0.10
AVERAGE (ACHdecay_aver) AVERAGE (ACHdecay_aver)

Table 44. The daily ACHdecay in a reduced decay testing period of one hour of all days fulfilling ASTM
D6245-18 requirements for F1 and F3, where the minimum initial CO2 concentration difference value has
been reduced to 200 ppm in the first floor and to 250 ppm in the third floor. Last row presents the average
ACHdecay_aver value for F1 and F3 for the selected period (December 2017- March 2018). 95 % confidence
intervals are presented for the averaged values using t-student distribution.
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010)241 OOR
DATE Tout | Daily ACHdecay average | Daily ACHdecay average
2018-01-10 - 0.41 -
2018-01-11 | 6.49 0.51 0.46
2018-01-12 | 8.53 0.29 -
2018-01-15 | 8.78 0.35 -
2018-01-16 | 13.30 0.29 0.15
2018-01-17 | 9.22 0.46 -
2018-01-18 | 8.78 0.30 -
2018-01-19 | 10.10 0.29 -
2018-01-22 | 12.15 0.31 0.24
2018-01-23 | 13.16 0.65 0.32
2018-01-24 | 12.16 0.43 -
2018-01-25 | 9.50 0.28 -
2018-01-26 | 7.46 0.78 -
2018-01-30 | 8.81 - 0.24
2018-01-31 | 8.22 0.67 -
2018-02-01 | 6.22 0.33 0.24
2018-02-02 4.61 0.39 -
2018-02-05 | 4.76 0.61 0.35
2018-02-06 | 4.70 0.41 -
2018-02-07 | 2.82 0.46 0.23
2018-02-08 | 3.16 0.36 0.27
2018-02-12 | 4.21 - 0.30
2018-02-13 | 5.18 - 0.28
2018-02-14 | 11.32 0.39 -
2018-02-19 | 10.35 0.66 0.30
2018-02-21 | 7.25 0.47 -
2018-02-22 - 0.53 -
2018-02-23 - 0.33 -
2018-02-26 - 0.37 0.23
2018-02-27 - 0.38 -
2018-03-01 - 0.33 0.24
2018-03-05 - 0.25
2018-03-19 - 0.40 -
2018-03-22 | 9.08 - 0.23
Average 0.43 +0.05 0.27 £ 0.04
(ACHdecay_aver) (ACHdecay_aver)

Table 45. The “daily ACHdecay average” in a reduced decay testing period of one hour of FO and F2, where

the minimum initial CO2 concentration difference value has been reduced to 200 ppm. Last row presents

the average ACHdecay_aver value for FO and F2 for the selected period (December 2017- March 2018). 95 %
confidence intervals are presented for the averaged values using t-student distribution.

As can be seen in Table 44 and Table 45, the quantity of the obtained ACHdecay values
has increased considerably when reducing the testing period length. While for a testing
period of two hours, the obtained ACHdecay values where only three for the first floor and
zero for the third period, they have increased until fifteen and eight values respectively
applying this testing period reduction. Moreover, in general, the obtained average
ACHdecay_aver values seem reasonable, since they are around double the ACHdecay_aver values
obtained before the rehabilitation for each corresponding floor. This results seem logical
since the installation of the mechanical ventilation systems has increased the air

renovation inside the building, and then, the ACHdecay results have increased considerably.
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Unfortunately, the obtained results are not fulfilling the ACHdecay values requirements
established in the ASTM E741-11 method guide. The guide stablishes that for the test
duration of 1 hour, the obtained ACHdecay values should be around 1 h-1. Since in this case,
the mean ACHadecay value of every floor is closer to 0.5 h-1, it means that the testing period
duration should be of 2 hours. Then, despite the reasonable results obtained, the method
is not applicable to these data with the uncertainty provided by the sensors used in this

research. Despite that, the obtained ACHdecay_aver values are shown in Table 46.

Winter 2017-2018 FLOORO FLOOR1 FLOOR2 FLOOR3

7:\oj PR | SB[ 0.43 +0.05 | 0.35£0.05 | 0.27 £0.04 | 0.40 £0.10

Table 46. Average ACHdecay aver values for each floor for winter 2017-2018 for a reduced decay testing
period of 1 hour length.

4.3.4.2- Infiltration and ventilation heat loss coefficient (Cv) calculation

Once all the average ACHdecay aver values have been estimated in Table 46 for every floor,
considering the above mentioned issues with the uncertainty of the Cv estimation, it is
possible to estimate their corresponding total average volumetric airflow rate using Eq.

106. These results are shown in the following Table 47.

Winter 2017-2018 ‘ FLOORO FLOOR1 ‘ FLOOR2 FLOOR3

Vair (totary m*/h]

Table 47. Total average volumetric airflow rate values for each floor for winter 2017-2018.

Unfortunately, despite the estimation of the total volumetric airflow rate could have
been performed correctly, there was not reliable ventilation system airflow rate data
measured for any of the floors. During this winter, despite the sensors were installed and
the ventilation systems were working with a constant airflow rate, the measured data
from these sensors was not providing proper results. Then, it has been impossible to
estimate the infiltration volumetric airflow rate subtracting the measured ventilation
volumetric airflow rate from the estimated total volumetric airflow rate. In other words,
despite the results obtained in section 4.3.4.1 would have been reliable, the ventilation air
flow rates were not measured correctly. In consequence, anyway, it would be impossible
to estimate the corresponding Cv value for each of the losses, ventilation and infiltration,

for this winter period.
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4.3.4.3- Transmission heat loss coefficient (UA) calculation

Since due to several reasons, the estimation of the infiltration and ventilation heat loss
coefficient was not possible after the rehabilitation, it has been impossible to estimate the

corresponding UA value for each floor and the whole building.

4.3.5- General discussion about obtained results

Once the HLC estimates and the decoupling results have been obtained for both cases,
before and after the rehabilitation, a general discussion is carried out in order to analyse
them deeply. Therefore, the whole building’s HLC results are firstly plotted in the

following figures from Figure 66 to Figure 69 and then discussed.

E [Kw/
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ue before retrofitting

nple error

«Jpper limit of HLCsimple error

Figure 66. HLCsimple values before retrofitting (winter 2014-2015 and winter 2015-2016). [85]
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Figure 67. HLCsimple values after retrofitting (winter 2017-2018). [85]
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Kw/K]
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Figure 68. HLC values before retrofitting (winter 2014-2015 and winter 2015-2016). [85]

Figure 69. HLC values after retrofitting (winter 2017-2018). [85]

As commented in the sections 4.3.1 and 4.3.2, several conclusions can be drawn from
the graphics. First of all, it is important to check that all the periods, before and after
retrofitting, show similar results. From these figures, it can be concluded that almost all
the individual HLCsimple or HLC estimates are within the corresponding average value, plus

or minus the error band.

Only the fifth period of winter 2017-2018 (Figure 69) was not able to reach the error
band limits of the estimated HLC average value. However, this estimate is not differing
considerably from the rest of the values since the lower error limit is 3.36 kW /K while the

fifth period HLC estimate is 3.32 kW/K.

Moreover, the values obtained by estimating the HL.C with and without considering the

solar radiation do not differ by much. While the average value for the pre-retrofit HLCsimple
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was 4.75 kW/K, the HLC value considering solar radiation increases to 5.18 kW /K. These
two results only differ by 8.3 % thanks to the proposed data period selection procedure
described in section 2.1.1. It is very difficult to estimate the real solar gains entering the
building due to the unmeasurable effects of such elements as blinds or curtains located in
windows, which are the main obstacle when making an estimation of solar gains.
Therefore, by selecting cloudy and cold days, the unreliable in-use solar gain effect on the
HLC estimate can be limited to below 10 %, which would be the limiting case of not
considering the solar gains effect, as in Eq. 29. By using Eq. 28, although roughly
estimating the solar gains, the uncertainty effect on the HLC will be below 10 %. However,
solar gains effects in the post-retrofitted HLC estimation are higher, while the HLCsimple
value was 3.01 kW/K, the HLC increased until 3.74 kW/K. These two values differ by 20 %.
As expected, for correctly insulated buildings, the solar gains effect on the HLC is greater.
In insulated buildings, the heating demand decreases and thus, the same amount of solar

gains will produce a bigger difference between the HLCsimple and the HLC.

When estimating the HLC before and after the retrofitting, a considerable drop can be
observed. If all valid period average HLCsum values are compared, it can be seen that the

HLC has decreased by 1.44 kW /K (28%).

In order to verify the results, it was in mind the possibility to compare the average
method results with the results of an established method. Therefore, it was considered
that the co-heating method [27] could play an important role in this comparison.
However, due to the size and the geometry of the building, it has been unfeasible to apply
the co-heating method in the analysed building. Furthermore, since winter period is not a
holyday period, it was inviable to empty the whole building during one month in any of
the studied winters for applying the co-heating method. However, this average method
has been previously tested in section 4.1.1, 4.2.1 and 4.2.2 and compared to “theoretical
values”. Since the rest of the cases have been able to provide reliable and logical results,

it can be concluded that the results obtained in this section so are.

Note that, as detailed in section 2.1.1, the HLC = UA + Cv and thus it considers:
transmission (UA) plus infiltration (Cv as in Eq. 5) for the periods considered in the pre-
retrofitting case; while for the post-retrofitting case, the HLC considers the transmission

effects (UA) plus infiltration plus ventilation with heat recovery effects (Cv as in Eq. 13)
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for the post-retrofitted case. Then, in order to find the main responsible of the heat losses
of the in-use office building, the decoupling of the already estimated HLC values is

performed winter by winter for each floor and for the whole building.

As commented along the section 4.3.3 and 4.3.4, several aspects of this method and the
corresponding results in the tables can be discussed. For example, Table 29 and Table 31
for the winter of 2014-2015, as well as the Table 30 and Table 32 for the winter of 2015-
2016 and Table 44 and Table 45 for the winter of 2017-2018 show a large variation in the
daily ACHdecay values, depending on the day. In other words, the in-use HLC is not constant
over time, since the Cy part can vary greatly from day to day. It is important to remark that
these Cv values have been obtained based on the ACHdecay values estimated by means of
the application of the ASTM D6245-18 guide, so they generally fulfil the reliability criteria
stated in the guide. Then, converting the ACHdecay values to Cv values before the
rehabilitation of the building, only requires them to be multiplied by the volume of the
corresponding floor, the density of the air and the constant pressure specific heat of the
air. Thus, the Cy values can be considered as reliable as the calculated ACHdecay values that
fulfil the ASTM D6245-18 guide. However, once the ventilation system has been installed,
apart from the infiltration heat losses considered before in the Cy, also the ventilation heat
losses need to be considered. Unfortunately, as shown in Table 44 and Table 45 for the
winter of 2017-2018, the method was not able to obtain reliable enough ACHdecay values
after the rehabilitation. Since during the rehabilitation, the building was dotted with a
ventilation system in each of the floors, the COz concentration has decreased considerably
in the whole building. Then, it has been complicated to find days fulfilling the minimum
indoor concentration requirement. Therefore, due to the low quantity of valid ACHdecay
values obtained in some of the floors when applying the decay testing period duration of
two hours as before the rehabilitation, the obtained results cannot be considered reliable
enough. Moreover, after applying the same method reducing the testing period length
from two hours to one hour, it was impossible to fulfil the final ACHdecay value requirement
according to the guide ASTM E741-11. Then, the obtained results of this analysis can
neither be considered reliable enough. Hence, it is concluded that the metabolic CO2 decay
method, with the typical sensor accuracy of CO2 concentration sensors used in the
building sector, is not valid to apply to well mechanically ventilated buildings. Using more

accurate CO2 sensors could permit the correct application of the ASTM E741-11guide,
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however, finding CO2 sensors with a better accuracy than a 1 % of the measure is not easy

unless laboratory quality sensors are used for the measures.

Therefore, before the rehabilitation, the ACHdecay estimations for F1 and F3 are reliable,
since they completely fulfil the ASTM D6245-18 guide. However, since not all the building
floors where structured equally, not all the requirements were fulfilled in FO and F2. For
FO and F2, the 10 % uniformity criteria has not been fulfilled and has been replaced by a
no window opening criteria, according to an outdoor low temperature criteria and visual
checking of disturbances in the COz concentration measurements. If we analyse the
ACHdecay values for FO in Table 31, it can be seen that Vi and V2 have very similar
behaviour, while V3 has nearly double the ACHdecay values compared to V1 and V2. If V1 and
V2 (those volumes are close to each other) have similar ACHdecay values, it means that the
CO2 decay was not due to air exchanges between them. On the other hand, the V3 of FO has
an old door that permits the children in the nursery to go out to the garden. This door is

probably responsible for the much higher infiltration rates of Vs.

If the F2 ACHdecay rates are analysed in detail, two different behaviours can clearly be
observed. V1 and V2 represent the north face offices and common north space that are
connected by doors. If ACHdecay aver vi and ACHdecay aver v2 are compared, they are very
close, meaning that this subspace of F2 made up of V1 plus V2 has a similar ACHdecay
behaviour. The same happens if ACHdecay aver v3 and ACHdecay_aver v4 are analysed. In fact,
there is a continuous brick wall separating both subspaces (north and south) and,
logically, they have different behaviour. Since V1 + V2 ~ V3 + V4, if those two subspaces
were treated separately, the Cy value calculated by Eq. 105 of Table 35 would be obtained.
In this work, two options have been calculated for FO and F2, as shown in Table 35, but
since the difference is very small compared to the uncertainties we are working with, the
easier to program Eq. 104 has been used for the decoupling calculations. Although the
uncertainties associated to the estimations of the ACHdecay values of FO and F2 might be
bigger as they do not fulfil the 10 % uniformity criteria, after the above analysis and after
checking the results, we consider them reliable enough to carry out the decoupling

process of the HLC.

Despite it has been concluded that the metabolic CO2 decay method, with the accuracy

of the CO2 concentration sensors used in this research, is not valid for the ACH estimation

201



CHAPTER 4: RESULTS AND DISCUSSION

in buildings with high ventilation and/or infiltrations, the obtained ACHdecay results after
the rehabilitation will be analysed. Then, regarding the ACHdecay analysis carried out with
the data after the retrofitting, it must be commented that despite it has been complicate
to find days where the CO2 concentration difference between the interior and the exterior
was higher than 350 ppm at the beginning of the decay analysis, in general, the rest of the
requirements have been successfully and easily fulfilled as done with data sets before
retrofitting. However, for some of the floors, it has been possible to reduce this CO2
concentration minimum difference limit to 300 ppm fulfilling the requirement of
maintaining the concentration measurement accuracy lower than 5 %. This provided
some extra results for the first and second floor of the building. However, they are still
quite limited for considering them reliable enough. Therefore, in order to obtain more
values, the same method has been applied and tested again but instead of using a two hour
length decay testing period, reducing it to only one hour. Despite in this case, the quantity
of the obtained ACHdecay results has increased considerably, the results are not fulfilling
one of the requirements established in the guide ASTM E741-11. The guide says that for
a testing period of 1 hour length, the obtained ACHdecay results should show similar values
to 1 h-1. However, it can be concluded that despite the ACHdecay aver results obtained after
the rehabilitation reducing the testing period length are not reliable enough, they make
sense if compared against the results before rehabilitation. For this analysis, while the
average ACHdecay aver value for all the floors before retrofitting is 0.20 * 0.04 [h1], the
average ACHdecay aver value for all the floors after retrofitting is 0.36 + 0.06 [h-1]. Since after
the rehabilitation of the building, maintaining the same occupation patterns as before
rehabilitation, the CO:2 concentration is considerably reduced, it means that the
ventilation has increased in the building. Due to the installed mechanical ventilation
system in each floor of the building, the CO2 concentrations after the rehabilitation does
not reach the same CO2 concertation levels as before the rehabilitation. A 50 % increase
of the volumetric airflow rate has been enough to reduce the CO2 concentration inside the
building to values below 950 ppm. Then, it was not necessary to increase too much the
ACHdecay values to improve the air quality of the building. Moreover, after the
rehabilitation, probably part of the infiltrations that were present in the building before
rehabilitation have been fixed and avoided. However, despite the obtained results seems

logical, as commented previously, due to the limited ACHdecay results obtained after the
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rehabilitation or the not fulfilment of the guide requirement when reducing the testing
period, more accurate CO2 concentration sensors should be used or another method
should be found to reliably perform the HLC decoupling process in buildings where
properly working mechanical ventilation system are installed based on CO2 concentration

measurements.

Therefore, as concluded from section 4.3.3 and section 4.3.4, the reliable estimation of
the Cv value has only been possible for data before rehabilitation. However, the two
winters analysed before the rehabilitation have shown very interesting Cv results. In
general, the third floor should be the one that shows the highest Cv results, since it is the
floor most exposed to the wind. Moreover, it is logical that the floors that have
distributions with big open spaces connecting internally north and south facades, such as
F1 and F3, should have bigger Cv values, since it is easier for the air to enter, for example,
from the north face and exit through the south face. This effect is usually lower for such
floor distributions as FO and F2, where there are many partition walls that hinder the
indoor movement of the air. If the results are observed, it can be seen that the third floor
is the one providing the highest Cv values. This effect can be more clearly seen in Table 38

where the Cv values are presented per floor area.

Furthermore, the results shown from Table 33 to Table 36 lead to very interesting
conclusions. If the individual daily Cy results are observed in Table 33 and Table 34, it is
possible to find a considerable variation between the results obtained for the same floor.
However, if the average Cv results are compared from Table 35 and Table 36 for the two
winter periods for the whole building, the results only differ by 7 %. So it can be concluded
that, despite the variability of the obtained daily results, the final obtained values for the

whole winters are stable and similar between the two winters.

Finally, regarding the HLC decoupling, if the results of Table 37 are observed, it can be
seen that, floor by floor, the infiltration losses range is between 6.0 % and 10.7 % of the
total heat losses for both winters. Thus, transmission losses range between 89.3 % and
94 %. This table provides highly valuable information about the effect of the retrofitting
of the studied building. It is clear that, for this building, more than 90 % of heat losses are
transmission losses, which suggests that the building should be better insulated to reduce

the UA value. Moreover, Table 38 also shows very interesting results. From the results per
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unit area, it can be demonstrated that since the second floor is the one with the least wall
area exposed to the exterior, the loss results obtained per floor square meter are the
lowest. If the ground floor did not have a ventilated false ceiling, the first floor would have
shown similar results as the second floor. However, due to the heat losses created by this
ventilated false ceiling located between the ground floor and the first floor, the first floor
shows the highest total losses, followed by the third floor, the floor most exposed to the

wind effect.
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5. CONCLUSIONS AND FUTURE WORK

5.1- Conclusions about the average method

This Thesis proves the validity of the proposed average method to estimate the HLC of
in-use buildings by developing it from the First Law of Thermodynamics in order to
provide the method with the suitable assumptions to work with in-use buildings. The
method has been tested from the simplest to the most complex case studies in order to
demonstrate its applicability in buildings considering different characteristics and
behaviours. This Thesis shows that the results obtained for the Round Robin Box, the two
residential buildings and the four-storey in-use office building are reliable. However,
despite that, each of them has provided individual conclusions, from which some general

conclusions can also be drawn.

The Round Robin Box was the first case study to be tested in this work and the

conclusions taken for this simplest case study are set out below:

¢ In this case study, it has been impossible to obtain more than one valid period due
to the limited data provided (only one month’s data from one winter period).

e Despite that, the results obtained are reliable, since they have been compared to
other results obtained by applying other methods and with the theoretically known
HLC value. The obtained HLC result is 4.1 + 0.21 W/K (very close to the theoretical
value, 4.08 W/K).

e The method was directly applicable to the data provided. In other words, no
adjustment to any requirement of the method was necessary to obtain the HLC
estimate.

e This case study was not a real building as in the rest of the cases. Therefore, it is a
well sealed miniature building that completely avoids heat losses due to
infiltrations. Moreover, the Round Robin Box was unoccupied and there was no
ventilation system installed inside, so the heat losses regarding ventilation were also
avoided. Thus, the obtained HLC value can be assumed to be equal to the UA value
of the Round Robin Box. As commented previously, this value is maintained constant
after the building’s construction, so both the theoretical and estimated values must

show very similar results, as happens in this case study.
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The second case study to be tested were the two residential buildings showing
completely different characteristics. For these two cases, a common conclusion drawn is
that it was necessary to ease one of the requirements of the average method. Despite that,
promising results could be obtained for both buildings. So the individual conclusions from

each of the houses are noted below:
The main conclusions for the Gainsborough house analysis are:

¢ Since the house is a well-insulated building, the reduced space heating consumption
inside the building, due to the proper insulation, reduces the possibilities of finding
periods with a solar radiation weight below 10 % of the other measurable internal
gains.

e Despite the wide range of the results obtained in the Gainsborough building, the best
HLC estimate value is considered to be 60.2 + 6.6 W/K of period 3. However, some
of the results obtained for this house do not differ considerably from this value, such
as periods 2 and 6, which are the two periods least affected by the uncertainties.
However, the HLC estimates of periods 1, 4 and 6 differ by more than 20 % from the
period 3 HLC estimate, affected mainly by the occupants’ behaviour and the solar
gains effect.

e The theoretical HLC value based on design data is 49.9 W/K. Usually, as commented
before, the HLC theoretical value tends to show lower HLC values than the real HLC
values, as also happens in this case study. So it can be concluded that the obtained

HLC result seems logical.
The main conclusions taken for the Loughborough house are:

e The house is a poorly insulated building, so the estimated HLC results are
considerably higher than in Gainsborough.

e The results obtained for Loughborough in the two periods where the HLC has been
estimated are very similar and the average HLC result of both HLC values is quite
similar to the “theoretical value” estimated with the co-heating method. The average
HLC estimate value for both periods is 366.6 + 32.9 W/K, while the HLC estimated
using the co-heating method is 382 W/K.
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e Due to the bad insulation, the accurately measurable space heating needs are high
in order to keep the house warm, which makes the average method more insensitive
to the uncertainties associated to the method. Moreover, this building considers
synthetic profiles to simulate the occupants’ behaviour, so occupancy heat gains
inside the building can be estimated accurately. Thus, it has been easier to provide
good HLC estimation results for the two analysed periods identified for the average
method’s application.

e However, due to the short period of monitoring data provided (only one month’s
winter data were available), it was not possible to find more suitable periods that
fulfilled all the average method requirements. The latter would have permitted the

uncertainty of the solar gains in the Loughborough HLC estimations to be reduced.

The developed method was finally applied to the last case study; the four-storey office
building, both before and after its rehabilitation. The conclusions taken from this case

study are presented below:

e Following the method’s indications, a successful estimation of the Heat Loss
Coefficient has been achieved for both the pre-retrofitted building and the post-
retrofitted building. The averaged HLC result obtained before the rehabilitation was
5.18 + 0.56 kW/K. However, a considerable drop can be observed in the HLC after
the rehabilitation, since the value attained was 3.74 + 0.41 kW/K. The values
considered most reliable are those obtained from the floor by floor HLC sum
(HLCsum), since they consider more accurate data, rather than a single estimated HLC
value for the whole building (HLCbuilding). Hence, the HLC has decreased 28 % after
the retrofitting from the pre-retrofit case of 5.18 kW/K to the post-retrofitted case
of 3.74 kW/K.

e All the individual HLC estimates were similar for the different periods considered in
both winters before retrofitting. A similar behaviour has been found for all
individual estimates of the HLC after the retrofitting. Note that each individual
period within a winter estimates an independent HLC. The method itself is able to
provide accurate results without the requirement of a physical model of the

building.
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Then, from these individual conclusions taken for each of the case studies, several
general conclusions can be highlighted. Even if the method only seems applicable to
northern countries, it has been proven that the method is also applicable in northern
areas of such countries as Spain where the weather is, in general, warmer than in northern
countries. Therefore, it must be concluded that the majority of countries in Europe would
be able to fulfil the weather related requirements of the presented method, excluding
solely the southern areas of Mediterranean countries. Despite the fact that the method
was applied to the Round Robin Box in Almeria, it must be remarked that in real building
conditions it would not be applicable, since the winter periods in this area do not provide
sufficiently low temperatures as those required for the method’s application. So it is
complicated to fulfil the minimum temperature difference requirement. Moreover, the
low solar radiation requirement would also be complicated to fulfil. However, in this case,
since the Round Robin Box was heated up to a considerably high indoor temperature
(during the tests the box’s indoor air temperature reached 40 °C), it was possible to obtain

a suitable period.

Moreover, this research has also shown that the application to buildings with
considerably low space heating and internal electric/occupation gains (Q + K), such as the
very well insulated Gainsborough residential building, makes it hard to find suitable
periods for HLC estimation. However, even using periods with a higher weight of solar
gains than 10 % of (Q + K) has provided some HLC estimates within a decidedly narrow
range for different independent periods. Furthermore, it is obvious that the better
insulated the residential building is, the harder it will be to obtain periods where the solar
gains become negligible as compared to (Q + K), since the space heating (Q) will be very
low, even in cold and cloudy periods. Thus, the need to accurately measure and/or
estimate the other internal heat gains (K) and solar gains (SaVso1) will become crucial for
accurate HLC estimation using the average method in well-insulated buildings. Once a
method for accurate solar gains estimation has been developed, the 10 % criteria for the
solar gains could be made more flexible, to the extent that the accuracy of the solar gains
estimation techniques permit. Accurate metabolic heat generation estimation techniques,
based on anthropogenic CO2 decay analysis, or artificial vision techniques, will also help

to improve the accuracy of the average method to a great extent.
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Moreover, it must be stated that the need to measure the real space heating provided
to the house is also a major issue regarding the method’s accuracy. If only gas
consumption is available, too many assumptions regarding the efficiency of the boiler and
the percentage of heat used for space heating versus DHW have to be applied.
Calorimeters in the head of the space heating circuit could be a good option to accurately

measure the real space heating provided to the house.

Another factor that considerably eases the application of the average method is the
length of the dataset provided. If a longer dataset had been provided for a case study such
as the Loughborough house, it would certainly be possible to find more valid periods to

estimate the HLC that fulfil all the average method requirements.

Furthermore, it can be concluded that the proposed method can be applied to different
building types. In this case, the method has been able to provide promising results for a
test Round Robin Box, two residential buildings and an occupied office building. Despite
the complexity of each of the case studies, the method has been adapted to each of them,
analysing them as a unique zone (as in the Round Robin Box and the two residential
buildings) and as in both cases, the individual analysis of the floors together with the
unique zone analysis (as in the office building). Although the requirements were eased in
some cases, all the cases were able to provide logical HLC estimates. Nevertheless, for
some cases, the variation between the individual HLC estimates should be reduced to
make the average method robust enough to be able to energetically certify the in-use

behaviour of building envelopes.

Furthermore, it is also important to remark how the occupant’s behaviour and the
weather conditions affect the real HLC results. Unlike in the rest of the cases of the study,
in the Round Robin Box there were no occupants and the box was well sealed. So it has
been possible to obtain very similar results to the design HLC. However, in real buildings
such as the two residential building and the office building, the obtained real HLC results

show considerably higher values than the design values when these are provided.

Finally, it can be concluded that during this work it has been possible to develop a
simple average method that can make considerably accurate estimates of HLC results for

in-use buildings without the necessity of an extensive monitoring system. During its
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development, the main uncertainty sources found have been identified and limited
successfully, in order to minimize the uncertainty they could create in the final HLC
estimates of in-use buildings. Within the considerations of these uncertainty sources, the
effect of the metabolic heat generation, the heat accumulated in the building, the
uniformity of the indoor temperature within the building and the ground temperature,
have all been studied and limited whenever possible. Moreover, another assumption also
considered was the solar gains effect through windows. However, the effect of the solar
gains through opaque walls in the HLC value is not considered within the average method.
Therefore, although it could be assumed that their effect will be low, the method has been
developed further in order to estimate the uncertainty that the avoidance of the
estimation of these solar gains could have in the HLC value and the final conclusions

drawn are presented in the following section 5.2.

5.2- Conclusions about the solar gains effect through opaque walls and its

relation to the HLC estimation method

The conclusions taken from the average method analysis led us to analyse in depth one
of the main uncertainty sources of the HLC; the solar gains. Despite the average method
developed in the work having already considered the effect of the solar gains through the
windows, the solar gains through opaque walls were neglected. Since the application of
the average method requires periods formed by cloudy and cold days, it was assumed that
the solar gains through opaque building envelope elements would not have a considerable
effect on the estimated HLC; however, an estimate of their effect on the inner surface heat
flux of opaque elements and the transmission of their weight to the HLC value has not yet
been demonstrated. So this research also proves the validity of the proposed
experimental method to estimate the solar radiation effect on the inner surface heat flux
and the g-value estimation of opaque building envelope elements by an application to a
real case. This real case is the opaque elements of a carefully monitored Round Robin Box
that represents a building on a small scale. Furthermore, this inner surface heat flux
reduction effect (or solar gains through the building envelope opaque elements) has been
transferred to the estimation techniques of the Heat Loss Coefficient of in-use buildings,

where the solar gains effect through opaque walls in buildings is not taken into account.
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During the analysis of the Round Robin Box’s opaque walls, roof and floor, two very
different periods have been tested. The first started on 18t June 2013 and ended on 26t
June 2013. As expected, the solar radiation was high during this summer period. However,
the second period started on 19t December 2013 and ended on 21th December 2013. This
period was selected consciously so as to be able to consider a cloudy period with the
lowest possible solar radiation. Thus, it could be ensured that the solar radiation was
almost purely diffuse and similar in all orientations, as in the periods selected to apply the
average method. In other words, two extreme periods were selected. Then, despite the
average method only being applicable to cloudy and cold winter periods, the effect of the
solar gains through opaque walls has also been estimated for HLC estimation methods not
considering the solar gains through opaque walls during sunny periods. Thus, the

difference between these two extreme cases can be compared.

To estimate the effect of the solar radiation on the inner surface of the analysed opaque
elements, thermal resistance-capacitance models of each of the analysed envelope opaque
elements have been fitted using monitored data. Once the models had been validated, they
were run without the consideration of the solar radiation and the hypothetical inner
surface heat flux was obtained. The difference between the inner surface heat flux, with
the solar radiation effect, and the hypothetical inner surface heat flux, without the solar
radiation effect, has been considered as the solar gains through the analysed opaque

building elements.

If the g-values obtained for the summer period are observed, it can be seen that the
results are very low compared to the typical solar factors estimated for windows.
However, if the effect of the solar radiation on the inner surface heat flux is observed, it
can be concluded that its effect cannot be neglected for some of the opaque envelope
elements. In the case of the Round Robin Box’s ceiling, the reduction of the inner surface
heat flux due to solar radiation was 33.1 %. Moreover, the obtained effect on the east and
west walls is also considerable, with 22.4 % and 21.7 %, respectively. As the north wall
and the floor are the least exposed to solar radiation, the effect in these is considerably

lower.

However, in the case of the winter period, the results are completely different if

compared to the summer case. Despite the g-values obtained also being low, as in the
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summer period, the effect of the solar radiation on the inner surface heat flux is
considerably lower. In this case, the effect obtained in winter for the ceiling is of 4.2 %,
very similar to the east and west wall results, 4.4 % and 3.4 %, respectively. In this case,
the lowest values are also obtained for the floor and the north wall, with effects of around

2 %.

If the effect of the solar radiation on the inner surface heat flux is significant, as happens
in some opaque envelope elements during the summer period, not considering the
blocking effect of the outwards heat flux leads to an underestimation of the Heat Loss
Coefficients estimated by methods where the solar gains are not estimated as an
identifiable constant value. Then, it has been quantified that the Round Robin Box HLC
would be underestimated by 1.7 % if the solar gains through the opaque building
envelope were not considered in the analysed cold and cloudy period. On the other hand,
in the analysed sunny summer period, the HLC would be underestimated by 8.9 % if the

solar gains through the opaque building envelope were not considered.

Finally, when comparing the weight of the solar gains through the opaque building
envelope of the analysed Round Robin Box with respect to the theoretical solar gains
through the window of the Round Robin Box, they represent 11.3 % in the analysed
winter period, and 37.2 % in the sunny, summer period. Thus, the weight of the solar gains
through the opaque building envelope in the analysed sunny, summer period are
significant when compared to the theoretical solar gains through the window of the
Round Robin Box. It can therefore be concluded that not considering the solar gains effect
through the opaque walls in cold and cloudy periods can be considered negligible in the
estimation of the HLC through the average method. However, this is not true for sunny

periods.

To sum up, it must be remarked that although the solar gains through opaque walls
could create a considerable error in the estimation of the HLC when the solar radiation is
high, this is not happening when it can be assumed that only purely diffuse solar radiation
affects the building envelope. Then, the estimated HLC value using the average method

could be reliable enough, since it would barely be affected by this issue.

However, when working with real in-use buildings, as demonstrated for some case

studies such as Gainsborough, the obtained HLC values using the average method tend to
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show higher values if compared with the estimated theoretical ones based on the design
values. In order to understand the gap between these two values, this work has also
carried out the decoupling of the in-use office building’s HLC values and the final

conclusions are shown in the next section 5.3.

5.3- Conclusions about the HLC decoupling into the transmission (UA) and

infiltration and/or ventilation (Cv) heat loss coefficients

Having proved that the estimated HLC values were reliable enough, since the solar
gains through opaque walls barely affect them, the last part of the research was carried
out; the in-use HLC decoupling process. This last part tests the internal validity of the
decoupling of previously estimated floor-by-floor HLC values into their transmission heat
loss coefficients (UA) and infiltration and/or ventilation heat loss coefficients (Cv) by
using the occupants’ metabolic COz2 concentration decay analysis to estimate the Cv. Then,
since HLC = UA + Cy, obtaining the value of the UA is straightforward once the HLC and the
Cv are known. The method proposed in this work has been tested in an in-use office
building, but it can also be considered valid for residential buildings. However, in that
case, the COz decay analysis should probably be done in the morning when the residential

buildings have just been vacated by their occupants.

The proposed method is considered much more appropriate and suitable for this
analysis than the blower door test, since the ACHdecay values are calculated in many
different short testing periods over a long period and under real operating conditions.
Unlike the blower door test, this method only needs the installation of simple air quality

sensors (ppm of CO2).

The decoupling analysis has only been performed for the in-use office building. The air
quality sensors were distributed in different rooms of each floor, making it possible to
estimate the infiltration and/or ventilation heat loss coefficients of the different thermal
zones of the building. Last but not least, since the tracer gas is COz, it is not necessary to
inject any gas into the building, which makes the method considerably more affordable in

comparison to the blower door test or using other tracer gases.

The study was conducted using winter period data, when windows are usually closed

(minimal air infiltrations). Thus, analysing the occupational CO2 decay curves, the in-use
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infiltration Air Change per Hour (ACHdecay) rates have been estimated before the
rehabilitation and the in-use infiltration and ventilation Air Change per Hour (ACHdecay)
rates after the rehabilitation. These ACHdecay values have been used to calculate the Cv
values for each floor and for the whole building, making it possible to obtain the building

envelope UA value using the following expression: UA = HLC - Cy.

Although the objective of the ASTM D6245-18 Standard is not to decouple the HLC into
its UA and Cy parts, it provides a proven method to estimate the ACHdecay values of an
occupied volume by means of metabolic CO2 concentration measurements. As proven in
this work, these ACHdecay values allow the Cv value of the studied volumes or thermal
zones to be calculated before the rehabilitation of the analysed in-use office building.
Depending on the distribution of the studied area, it is not easy to fulfil all the
requirements established in the ASTM D6245-18 guide, in particular, those concerning
the concentration uniformity throughout the whole studied area. However, analysing the
floor-by-floor characteristics, acceptable ACHdecay results could be ensured, as proven in

the calculation section, only for the pre-rehabilitation case.

However, after the rehabilitation, apart from the infiltration heat losses considered
before, the ventilation heat losses also needed to be estimated. This means that the
ventilation and infiltration heat loss coefficients cannot be directly estimated by the
estimated ACHdecay values. Nevertheless, due to the low quantity of ACHdecay values
estimated using the metabolic CO2 decay method for some of the floors, the method with
the actual typical building sector air quality sensor accuracy, in its current form cannot be
considered a suitable method for ACH value estimation when the building is well
ventilated using a mechanical ventilation system. Then, in order to increase the quantity
of ACHdecay values estimated using the metabolic CO2 decay method, the method has been
modified for analysing the data after rehabilitation. In this case, instead of using a decay
testing period of two hours, the testing period has been reduced to only one hour.
Unfortunately, the obtained ACHdecay results were far from the period length
corresponding reference value established in the guide ASTM E741-11. Thus, the results
can neither be considered reliable enough. Therefore, higher accuracy air quality sensors
or a new method should be proposed for future work for buildings where the ventilation

and infiltration rates are high. Hence, using typical accuracy of the air quality sensors used
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in the building sector, the proposed metabolic CO2 decay method would only be suitable
for buildings where the infiltration and/or ventilation rates are low, such as buildings

without mechanical ventilation systems installed.

Finally, together with the average method, this HLC decoupling method, when
applicable, can provide the in-use HLC, UA and Cv values that could be used to obtain
energy certificates for buildings in a more realistic approach. Then, the theoretical UA
value of the building could be compared against the in-use UA value in order to know
whether the construction has been carried out as designed. A similar comparison could
be made between the in-use Cv value and the design Cv value. If the method is correctly
integrated in the building’s automation systems, it could be a cheap and non-disturbing
method for the building users to understand the real behaviour of their building
envelopes. In addition, once the in-use HLC (and both UA and Cyv values) are available,
decisions on where and how to optimally improve the building’s energy performance can
be made. This energy characterization of the building is a key point for the retrofitting
process of existing buildings, since it allows the retrofitting needs to be evaluated, while
still being aware of the impact of the retrofitting actions, and finally evaluating the savings
and improvements obtained once the retrofitting has been accomplished. If the in-use
HLC infiltration and/or the ventilation part (Cv) is too high, the window frames could be
checked and improved if necessary, ventilation patterns could be optimized and window
opening and closing patterns defined. If the UA must be reduced, optimized energy

retrofitting strategies of the building envelope can be performed.

To sum up, through this Thesis, it has been possible to develop a method that could
help to identify the real origin of the heat losses of in-use buildings. In the analysed in-use
office building case, it could be seen that the main heat losses of the building were created
by the building envelope transmittance. However, they could not be compared with the
design UA value. Since the analysed building is old, the thermal characteristics of the
building envelope were not available. However, should the design UA and Cv values have
been available, it would have been possible to understand the HLC performance gap
through the comparison between the real and the design value. Moreover, if the design

transmission and infiltration and/or ventilation heat losses had also been available for
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the building after its retrofitting, whether the retrofitting has been performed as designed

could have been analysed.

5.4- Future work

Although much work has been developed during this Thesis, much more research can
be done in the future to strengthen the work presented here. Therefore, several proposals
are mentioned in this section relating to the different methods developed and presented

within this study.

The first proposed future work is related to the HLC analysis of the four-storey in-use
office building. After the retrofitting, some extra sensors were installed in the building.
One was the total electricity consumption measurer per floor. This means that it is
currently possible to measure the total electricity demand (computers, electrical
devices...). However, it is still necessary to estimate the person’s metabolic heat
generation, since it is hard to measure this on site. Therefore, the proposal for further
research is to estimate the Heat Loss Coefficient using the measured total electricity
consumption and to compare the final results with those obtained in this Thesis. The
difference is expected to be small, since the weight of the occupancy heat gains is small
during the cold and cloudy periods considered in this work for HLC estimations, where

heating demands are dominant.

Moreover, related to the estimation of the HLC of in-use buildings, it would also be
interesting to analyse the same case studies with other methods, such as a simple or
multiple regression method or a more complex method, such as the grey box modelling.

Then, the results could be compared and their validity justified, if possible.

Moreover, with respect to the solar gains analysis through opaque walls, it would be
interesting to apply the same methodology in a different fitting-simulation program.
During the Thesis, the same procedure has also been followed using CTSM-R software.
However, due to lack of time, it has been impossible to obtain as good results as with the

LORD software. Then, the continuation of this work is also proposed for the future.

The last proposal concerns the decoupling of the in-use HLC of the study.
Unfortunately, as proven during the Thesis, the proposed metabolic CO2 decay method,

which has provided very interesting results when applied to the building before
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rehabilitation, is not fully valid once the building has been rehabilitated using the air
quality sensors selected for this research. Due to the low quantity of valid ACHdecay values
obtained from some of the floors, the results cannot be considered reliable enough.
Moreover, despite modifying the method in order to increase the quantity of ACHdecay
values by reducing the method’s decay test duration, the obtained results can neither be
considered reliable enough. Then, for buildings where a high infiltration and/or
ventilation rate is found, air quality sensors with higher accuracy than the typical one
used in the building sector or new method should be applied for the total ACH estimation.
This method would also be based on the metabolic CO2 data analysis. However, a different
CO2 analysis method should be used, which must be combined with an accurate
occupancy estimation method, together with the building user’s metabolic activity
information. Therefore, it would be interesting to analyse the artificial intelligence,
artificial vision, counting... techniques in order to accurately estimate the occupancy of
the building. Once the number of occupants of the building and their metabolic rates are
known, it is possible to estimate the total CO2 that the occupants of the building generate.
From this data, an accurate metabolic CO2 balance could be performed. Through this
balance, the total (ventilation plus infiltration) rates could be estimated for a longer
period of time than the period analysed using the metabolic CO2 decay method. Moreover,
if the ventilation rates are well measured, it would be possible to perform the infiltration
and ventilation ACH estimation correctly and to estimate reliable Cv results using the
procedure presented in section 2.4.4. Thus, it would also be possible to estimate the UA
values for the post-rehabilitation winter and compare them with the UA values before the
rehabilitation in order to estimate the reduction created due to the better insulation of

the building.

Finally, it would also be interesting to implement this work in another building where
the average method and the HLC decoupling process could be implemented and also
where the UA and Cv design values were available. Then, apart from the identification of
the heat loss origin, it would also be possible to find which of them is further from the

design value.
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APPENDIX A

I. APPENDIX A

In order to fulfil all the requirements of the average method, it must be ensured that
the accumulated average HLC value of the selected period is inside the +10 % stabilization
band during the last 24 hours of the period. Then, the accumulated HLC graph of the

selected period has been plotted in the following Figure A.1.

6
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§ Lower limit
ot
- ) ——The accumulated HLC
==The accumulated HLC
during the last 24h
0
0 10 20 30 40 50 60
TIME [H]

Figure A.1. Evolution of the accumulated average of the Heat Loss Coefficient for the whole Round Robin
Box.

As shown in previous Figure A.1, the accumulated average HLC value barely changes
during the whole period. Therefore, it can be assumed that despite the period is shorter
than the period length proposed in the section 2.1.1, the obtained final HLC result can be

considered stable and reliable.
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II. APPENDIX B

APPENDIX B

In order to justify the stabilization band requirement of the average method, where the

estimated HLC value should be within a 10 % error band in the accumulated average plots

over the last 24 hours of the selected periods, all the graphs have been plotted in Figure

B.1 for Gainsborough and Figure B.2 for Loughborough.
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Figure B.1. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1, (b) period 2,
(c) period 3, (d) period 4, (e) period 5 and (f) period 6 in Gainsborough. [102]
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Figure B.2. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1 and (b)

period 2 in Loughborough. [102]
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III. APPENDIXC

Since one of the method requirements is that the stabilization band of the selected
periods in the accumulated average plots should be #10 % as compared to the HLC
estimate during the last 24 hours of the period, the accumulated HLC graphs have been
plotted for all floors and for the whole building in all the analysed periods. All the cases

have been plotted below:
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Figure C.1. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1, (b) period 2, (c)
period 3 and (d) period 4 for the whole building for all periods in 2014-2015. [85]

241



APPENDIX C

Figure C.2. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
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floor 2, (d) floor 3 and (e) the whole building for period one in 2014-2015. [85]
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(e)
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Figure C.3. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)

floor 2, (d) floor 3 and (e) the whole building for period two in 2014-2015.
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Figure C.4. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
floor 2, (d) floor 3 and (e) the whole building for period three in 2014-2015.

2.0 3.0
——Upper limit ——Upper limit
25
15
g Lower limit g 2.0 Lower limit
: ~— : N ~——
£ 10 £ 15
] —The S —The
T accumulated T 10 accumulated
0.5 HLC HLC
0.5
==The ==The
0.0 accumulated 0.0 accumulated
20 a0 60 80 100  HLCduring the 0 20 a0 60 80 100  HLCduringthe
last 24h last 24h
TIME [H] TIME [H]
(a) (b)
2.0 2.5
——Upper limit ——Upper limit
15 20
i Lower limit = Lower limit
> = 15
3 ~——— ~_——
& 10 T § \
S —The S 1o —The
X I
accumulated accumulated
0.5 HLC 05 HLC
——The ——The
0.0 accumulated 0.0 accumulated
20 a0 60 80 100  HLCduring the 0 20 a0 60 80 100  HLCduring the
last 24h last 24h
TIME [H] TIME [H]
(c) (d)
10.0
——Upper limit
8.0
g oo /\ Lower limit
S °
< N ~_———
S a0 —The
T accumulated
20 HLC
——The
0.0 accumulated
0 20 20 60 80 100 IHL‘t: ::':'"g the
as
TIME [H]

(e)

Figure C.5. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
floor 2, (d) floor 3 and (e) the whole building for period four in 2014-2015.
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Winter 2015-2016
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Figure C.6. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1 and (b)
period 2 for the whole building for all periods in 2015-2016. [85]
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Figure C.7. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
floor 2, (d) floor 3 and (e) the whole building for period one in 2015-2016.
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(e)
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Figure C.8. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
floor 2, (d) floor 3 and (e) the whole building for period two in 2015-2016. [85]
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Winter 2016-2017
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Figure C.9. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1 and (b) period 2 for
the whole building for all periods in 2016-2017. [85]
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Figure C.10. Evolution of the accumulated average of the Heat Loss Coefficient for (a) floor 1, (b) floor 2, (c) floor
3 and (d) the whole building for period one in 2016-2017.
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Figure C.11. Evolution of the accumulated average of the Heat Loss Coefficient for (a) floor 1, (b) floor 2, (c) floor
3 and (d) the whole building for period two in 2016-2017.
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Figure C.12. Evolution of the accumulated average of the Heat Loss Coefficient for (a) period 1, (b) period 2, (c)
period 3, (d) period 4 and (e) period 5 for the whole building for all periods in 2017-2018. [85]
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Figure C.13. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
floor 2, (d) floor 3 and (e) the whole building for period one in 2017-2018.
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Figure C.14. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
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floor 2, (d) floor 3 and (e) the whole building for period two in 2017-2018. [85]

Figure C.15. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)
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floor 2, (d) floor 3 and (e) the whole building for period three in 2017-2018.
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Figure C.16. Evolution of the accumulated average of the Heat Loss Coefficient for (a) ground floor, (b) floor 1, (c)

floor 2, (d) floor 3 and (e) the whole building for period four in 2017-2018.
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floor 2, (d) floor 3 and (e) the whole building for period five in 2017-2018.

As shown in previous figures, the variation of the accumulated average HLC is

considerable until it reaches the last 24 hours. Therefore, it is important to consider only

long periods where the accumulated average HLC value is stable during the last 24 hours.

A proof of this conclusion can be clearly seen in Figure C.8, where the estimated period is

shorter than 72h and not long enough to be stabilized during the last 24 hours. However,

during this analysis, the obtained HLC value is considered correct, since it is really close

to the HLC values obtained with other periods and it is very close to the minimum period

length requirement of 72 hours. On the other hand, the rest of the periods do not show

noteworthy issues.
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IV. APPENDIX D

The average values of all the required variables over the analysed periods have been
calculated as in Eq. 50 and Eq. 52. The considered uncertainty of each variable is shown

in section 3.3.3. Moreover, the obtained results have been collected and reported in the

following tables, floor by floor, for each period:

Before Retrofitting ‘ Out ‘ FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 Building

WINTER PERIOD °C] [°C] K] [oc] K] [TE?] K] [°C] (K] [°C] (K]

Perli‘)d 01225 20041251 g7 |223| 136 | 244 | 157 |247| 159 |248| 161 | 241 | 153
Jo1a. Perzi‘)d 2015120 5 2054231 62 |21.6| 154 | 235 | 17.2 |23.6 | 174 |237| 172 | 231 | 169
2015 Persi‘)d 2015126 5 20151501 99 |21.6| 116 | 231 | 132 |235| 136 |237| 138 | 23 | 13.0

Peii"d 201323 5 201327 | 30 1209| 17.8 | 226 | 195 |228]| 197 |228| 198 | 223 | 19.2
Jo1s. Peg‘)d 2011%101' > 2] 123 |209| 85 | 240 | 117 |242| 118 |238| 115 | 232 | 109
2016 Per6i°d 200006 5 2006191 137 |205| 68 | 217 | 80 |216| 79 |214| 80 | 213 | 7.6
Y016 Per7i0d 2011216%22 > HE 1 90 232 | 141 [234 | 143 |233| 142 | 233 | 142
2017 Peg‘)d 200709 5 202 101 211 | 112 | 216 | 11.7 |21.1| 112 | 213 | 114

Table D.1. Average temperatures of each analysed period for winters 2014-2015, 2015-2016 and 2016-
2017 before retrofitting.

FLOOR 1 FLOOR 2 FLOOR 3 Building

WINTER ey e rd | W e | R ed | W rd | R ra |k
Peiod 2017k 5 20N oe | 95 | 233 | 137 | 242 | 147 [237| 141 [213| 118 | 231 | 136
Petlod | aoin > 2079221 62 | 232| 17 | 241 | 179 |245| 183 [235| 173 | 238 | 176
2L | Perod] maraz 5 2L 190 239 | 149 | 246 | 156 |249| 159 |241| 151 | 244 | 154
Perlod | 201517 5 20180201 95 | 236 | 144 | 245 | 153 [247| 155 [239| 147 | 242 | 15
Persi"d 20126 5 20192101 38 1233 | 195 | 236 | 198 |243| 205 (228 19 | 235 | 197

Table D.2. Average temperatures of each analysed period for winter 2017-2018 after retrofitting.
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. . SaVsol ~ SaHsol Tin-Tout HLC
Winter ‘ Before Retrofitting (kW] K] [KW/K]
Floor0 | 81 3.0 11.1 1.2 13.6 0.9
Floor1 | 134 7.9 21.4 2.7 15.7 1.5
Perlod 1 Floor2 | 11.2 43 15.5 1.7 15.9 1.1
2014-12-02 16:00- | Floor3 | 13.4 53 18.6 1.9 16.0 13
2014-12-05 20:00 | HiCam | 46.1 205 66.6 7.5 153 4.8
HLChuang |  46.1 20.5 66.6 7.5 15.3 4.8
Floor0 | 116 3.1 14.6 1.4 15.4 1.0
LN . Floor1 | 16.7 8.4 25.1 3.2 17.2 1.6
— Period 2 Floor2 | 140 44 18.4 2.0 17.4 1.3
) 2015-01-20 10:00- | Floor3 | 16.6 5.4 22.2 2.2 17.2 1.4
2015-01-23 8:00
e\ HLCoum | 589 21.3 80.3 8.8 16.8 53
. HLChuiaing | 58.9 21.3 80.3 8.8 16.9 53
< Floor0 | 93 3.1 12.4 0.9 11.6 11
Floor1 | 11.9 8.5 20.4 2.0 13.2 1.7
v q
o Period 3 Floor2 | 100 43 14.2 13 13.6 1.2
N 2015-01-26 19:00- | Floor3 | 124 5.3 17.9 1.4 13.8 1.4
2015-01-30 20:00 HLCam | 43.6 21.2 64.9 5.6 13.0 5.4
HLChuiaing | 43.6 21.2 64.9 5.6 13.0 5.4
Floor0 | 141 3.1 17.2 1.1 17.8 1.0
. Floorl1 | 188 8.5 27.4 2.5 19.5 15
Period 4 Floor2 | 150 44 193 16 19.7 1.1
2015-02-03 6:00 - Floor3 | 180 5.5 23.5 1.7 19.8 13
2015-02-07 1:00 HLCom | 659 21.5 87.4 6.9 19.2 4.9
HLChuiaing | 65.9 21.5 87.4 6.9 19.2 4.9
Floor0 | 58 2.4 8.3 0.5 8.5 1.1
O . Floorl | 112 7.6 18.7 1.1 11.7 1.7
— Period 1 | roor2 | o2 4.0 132 0.7 118 1.2
o 2015-11-24 19:00- | Floor3 | 10.4 4.9 153 0.6 11.5 1.4
~ 2015-11-27 22:00 HLCoum | 36.6 18.9 55.5 2.9 10.9 5.4
: HLChuiging | 36.6 18.9 55.5 2.9 10.9 5.5
Floor0 | 43 2.4 6.7 0.5 6.8 1.1
LN . Floorl1 | 57 5.8 11.6 1.3 8.0 1.6
— Period 2 Floor2 | 48 3.1 7.9 0.8 7.9 1.1
o 2016-01-06 20:00- | Floor3 | 5.7 43 10.0 0.9 8.0 1.4
[Q\| 2016-01-09 8:00 HLCum | 205 15.6 36.2 35 7.7 5.2
HLChuiging |  20.5 15.6 36.2 3.5 7.6 5.2
Floor 0 |
) Floor1 | 117 7.2 18.9 1.7 14.1 15
2 Period 1 Floor2 | 99 41 14.0 1.1 14.3 1.1
o 2016-12-19 12:00:00- | Floor3 | 12.0 5.0 17.0 13 14.2 13
~ 2016-12-22 6:00:00 | HLCew | 33.6 16.3 49.9 4.1 14.2 3.9
. HLChuiaing | 33.6 16.3 49.9 4.1 14.2 3.9
Floor 0 |
O
— . Floor1 | 56 6.4 11.9 0.8 11.2 1.1
o Period 2 Floor2 | 69 3.7 10.6 0.5 11.7 1.0
17-01-09 18:00:00- | Floor3 | 7.6 45 12.2 0.5 11.2 1.1
AN 17-01-12 7:00:00 HLCam | 20.1 14.6 34.7 1.8 11.4 3.2
HLChuiaing | 20.1 14.6 34.7 1.8 11.4 3.2

Table D.3. Main variables period averaged values for winters 2014-2015, 2015-2016 and 2016-2017

before retrofitting.
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. S K +K  Savsol~SaHsol Tin-Tout HLC

Winter ‘ After Retrofitting [k%] ‘ (kW] ‘ ?l(w] [kw] K] [KW/K]
Floor 0 6.2 2.0 8.2 23 13.7 0.8
Floor1 | 76 6.1 138 5.2 14.7 13
Period 1 Floor 2 ] 5.5 3.6 9.0 3.3 14.1 0.9
2017-11-06 18:00- | Floor3 | 3.1 4.6 7.7 36 118 0.9
2017-11-10 9:00 HLCum | 224 16.3 38.7 14.4 136 3.9
HLCwiang | 224 163 387 14.4 13.6 3.9
Floor 0 \ 8.1 2.0 103 1.8 17.0 0.7
Floorl | 128 6.2 18.9 4.0 17.9 13
Period 2 Floor 2 ] 7.8 3.8 11.5 2.5 18.3 0.8
2017-11-26 21:00- Floor 3 | 7.2 49 12.1 2.8 17.4 0.8
2017-12-02 12:00 HLCum | 359 16.9 52.8 11.1 17.7 36
0 HLCouiang | 35.9 16.9 52.8 11.1 17.7 36
— Floor 0 \ 6.9 23 93 18 14.9 0.8
- Floorl | 109 5.7 16.6 41 15.6 13
CT] Period 3 Floor2 | 65 3.6 10.1 2.6 15.9 0.8
2017-12-20- 9:00 - Floor3 | 66 5.2 11.7 2.9 15.0 0.9

O~ 2017-12-23- 9:00

— HLCwn | 309 168  47.7 11.4 15.4 3.8
(@) HLCoutang | 30.9 16.8 47.7 11.4 15.4 3.9
N Floor 0 \ 7.0 2.2 9.2 18 14.4 0.8
Floorl | 107 56 16.3 41 15.3 13
Period 4- Floor 2 | 7.4 33 10.7 2.6 15.5 0.9
2018-1-17- 4:00 - Floor 3 | 8.0 4.8 12.8 2.9 14.7 1.0
2018-1-20-6:00 HLCum | 331 15.9 49 11.4 15.0 4.0
HLChuiang | 33.1 15.9 49 11.4 15.0 40
Floor 0 \ 6.9 23 9.3 1.8 14.9 0.8
Floorl | 109 5.7 16.6 41 15.6 13
Period 5 Floor 2 | 6.5 3.6 10.0 2.6 15.9 0.8
2018-2-6- 17:00- Floor3 | 66 5.2 11.8 2.9 15.1 0.9
2018-2-10-7:00 HLCum | 30.9 16.8 477 11.4 15.4 38
HLCoiws | 309 168  47.7 11.4 15.4 3.9

Table D.4. Main variables period averaged values for winter 2017-2018 after retrofitting.

As can be seen, the period averaged solar gain values are quite low in comparison with
the rest of the heat gains inside the building (Q+K). During the last winter, the solar gains
weight increased in comparison with the rest of the heat gain inside the building. The
method was also able, however, to provide suitable results. Moreover, it can also be seen
that, when checking the temperature difference between the interior and the exterior, the

obtained value is usually around 15 °C.
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V. APPENDIX E

As explained in section 2.2.3.1, several models have been tested. These models have
been used to analyse two periods (one in summer and one in winter) in order to estimate
which is able to best fit the inner surface heat flux measured signal and represent the
reality the outermost surface of the Round Robin Box is suffering. Therefore, the software
LORD was used to fit the models. Thus, all the models from M1 to M8 have been tested for
the period in summer and the period in winter and some of the results are shown below.
Since there are plenty of models, first, the most representative ones are shown and
explained in this section. Among them, the ceiling models, which are the most affected by
all the analysed phenomena due to its exposition to them, and the north wall models,
which is one of the least exposed walls to the solar radiation, are presented. Moreover,
the corresponding input inner surface temperature, outer surface temperature, outdoor
air temperature, sky or surrounding temperature and the global solar radiation signals

are plotted for each of the most representative walls in the selected periods.

Ceiling best model (M8)
20
15
10
5
0

Heat flux [W/m?]

-5
2013-06-18 2013-06-19 2013-06-20 2013-06-21 2013-06-22 2013-06-23 2013-06-24 2013-06-25 2013-06-26 2013-06-27

Date

Estimated with solar radiation from LORD Measured data Residuals

Figure E.1. The best ceiling model fit for the inner surface heat flux considering the solar radiation in period 1
(summer). The fit residuals are also present.
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Figure E.2. The best ceiling model’s inner surface temperature, outer surface temperature, outdoor air
temperature, sky temperature and horizontal global solar radiation signals in period 1 (summer).
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Figure E.3. The best north wall model fit for the inner surface heat flux considering the solar radiation in period
(summer). The fit residuals are also present.
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Figure E.4. The best north model’s inner surface temperature, outer surface temperature, outdoor air
temperature, surrounding temperature and vertical north global solar radiation signals in period 1 (summer).
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Ceiling best model (M8)
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Figure E.5. The best ceiling model fit for the inner surface heat flux considering the solar radiation in period 2
(winter). The fit residuals are also present.
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Figure E.6. The best ceiling model’s inner surface temperature, outer surface temperature, outdoor air
temperature, sky temperature and horizontal global solar radiation signals in period 2 (winter).
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Figure E.7. The best north wall model fit for the inner surface heat flux considering the solar radiation in period 2
(winter). The fit residuals are also present.
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Figure E.8. The best north model’s inner surface temperature, outer surface temperature, outdoor air
temperature, surrounding temperature and vertical north global solar radiation signals in period 2 (winter).

The model selection has been carried out by the estimation of the RMSE of the
residuals. Then, the fits with the lowest RMSE value and logical physical validation results
(the thermal resistance and the solar absorptivity) have been selected as the best models.
In this case, Figure E.1 shows the best fit for the ceiling case for the period in summer
where the estimated RMSE value was 0.76 W/m?2. Figure E.3 shows the best fit obtained
for the north wall case in summer with an RMSE value of 0.39 W/mZ2. The same procedure
is also followed to estimate the best models for the winter period. In this case, the
corresponding best fits are Figure E.5 for the ceiling case and Figure E.7 for the north wall
case. The obtained RMSE values are 0.41 W/m? for the ceiling and 0.34 W/m? for the
north wall. The rest of the RMSE values for the rest of the walls and models are shown in

Table 10.

Moreover, Figure E.2, Figure E.4, Figure E.6 and Figure E.8 show the corresponding
input inner surface temperature, outer surface temperature, outdoor air temperature, sky
or surrounding temperature and the global solar radiation signals for each of the extreme
behaving walls in the selected periods. As previously shown in section 3.1.3, there can be
seen that the period average outdoor air temperature and the period average surrounding
temperature are quite close for the period in Figure E.4 (21.5 °C vs. 19.6 °C) and Figure
E.8 (10.2 °C vs. 7 °C). However, this is not happening when the sky temperature and the
ground temperature are compared. If the sky temperature is checked in Figure E.2 and
Figure E.6, there can be seen that the period average outdoor air temperature and the
period average sky temperature are quite far for the period in Figure E.2 (21.5 °C vs.
5.8 °C) and Figure E.6 (10.2 °C vs. -1 °C). Then, even though the effect of the long wave

radiation can be not so notorious during the day due to the high solar radiation effect on
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the outermost horizontal surface of the Round Robin Box, its effect can be considerable
during the night period. Therefore, when implementing the models, it is important to
consider these heat exchanges due to the long wave radiation, mainly on the outer
horizontal surface of the wall, together with the outdoor air temperature effect, in order

to obtain the most accurate fits.

The fits of the rest of the models for summer and winter are also shown in the following
figures. The obtained corresponding residuals have also been calculated using the RMSE

and can be seen in Table 10.
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Figure E.9. The best floor model fit for the inner surface heat flux considering the solar radiation in period 1
(summer). The fit residuals are also present.
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Figure E.10. The best east wall model fit for the inner surface heat flux considering the solar radiation in period 1
(summer). The fit residuals are also present.
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West wall best model (M8)
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Figure E.11. The best west wall model fit for the inner surface heat flux considering the solar radiation in period
1 (summer). The fit residuals are also present.
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Figure E.12. The best floor model fit for the inner surface heat flux considering the solar radiation in period 2
(winter). The fit residuals are also present.
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Figure E.13. The best east wall model fit for the inner surface heat flux considering the solar radiation in period 2
(winter). The fit residuals are also present.
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West wall best model (M8)
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Figure E.14. The best west wall model fit for the inner surface heat flux considering the solar radiation in period
2 (winter). The fit residuals are also present.
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VI. APPENDIXF

As explained in section 2.2.4, once the best fits have been selected and the models
validated, it is possible to analyse the effect the solar radiation has in the inner surface
heat flux. Therefore, the best fits are selected and, once every parameter is fixed, the solar
radiation is removed from the model. Then, the software is able to obtain the hypothetical
inner surface heat flux the model would have if there was no solar radiation. All the
numerical results have already been summarised in section 4.1.2.3. However, in order to
show them graphically, the same representative models selected in Appendix E are also
plotted here in order to show the difference between the inner surface heat flux estimated
by the software considering the solar radiation effect and the inner surface heat flux

estimated by the software without considering the solar radiation effect.
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Figure F.1. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
ceiling in the summer period.
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Figure F.2. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
north wall in the summer period.
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Ceiling best models with and without solar radiation (M10)
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Figure F.3. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
ceiling in the winter period.
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Figure F.4. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
north wall in the winter period.

As concluded in section 4.1.2.3, it is now possible to see graphically how notorious the
effect of the solar radiation is in the ceiling case during summer in Figure F.1. However,
the effect decreases considerably for the north wall in summer in Figure F.2. Despite the
effect of the ceiling case in winter in Figure F.3 being slightly higher than the effect of the
north wall in the Figure F.4, it is by far much lower than the difference between the ceiling
case in summer and winter. Thus, this visual check helps to corroborate the results
obtained in section 4.1.2.3 and to justify the discussion explained there. Moreover, the

rest of the wall graphs are shown below:
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Floor best models with and without solar radiation (M10)
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Figure F.5. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
floor in summer period.
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Figure F.6. Inner surface heat flux simulation with the best model fit with and without solar radiation for the east
wall in summer period.
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Figure F.7. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
west wall in summer period.
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Floor best models with and without solar radiation (M9)
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Figure F.8. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
floor in winter period.
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Figure F.9. Inner surface heat flux simulation with the best model fit with and without solar radiation for the east
wall in winter period.
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Figure F.10. Inner surface heat flux simulation with the best model fit with and without solar radiation for the
west wall in winter period.
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