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Abstract: 11 
The performance gap between the design energy consumption of buildings and their 12 
real energy consumption has three main sources: the energy systems’ performance, the 13 
users’ behaviour and the buildings’ envelope performance. The latter should be 14 
characterized under in-use conditions by estimating their in-use Heat Loss Coefficient 15 
(HLC). This work further develops an existing ‘average method’ by fully developing 16 
it from the energy conservation principle applied to a generic in-use building. 17 
Furthermore, the uncertainty sources are identified and limited through the 18 
mathematical development of the method. An innovative solution to the problematic 19 
of multizone buildings is also demonstrated, where HLC values should be calculated 20 
for different floors and then aggregated to obtain the entire building’s HLC. 21 
Furthermore, all these can be done without the need of a detailed model of the building. 22 

The improved average method has been applied to an occupied, energetically 23 
monitored office building of the University of the Basque Country. The building was 24 
energetically rehabilitated during the summer of 2017. Therefore, the proposed method 25 
has been applied over the three winters prior to rehabilitation and then, to the winter 26 
after the rehabilitation. It has thus been possible to estimate a 28% reduction of the 27 
HLC for the post-retrofitted case, as compared to the pre-retrofitted one.  28 
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Abbreviations and units 37 

- ARMAX: Autoregressive–moving-average models. 38 
- ARX: Autoregressive with exogenous terms model. 39 
- ci: Specific heat of the ith incompressible material [kJ/kg K]. 40 
- cpair: Constant pressure specific heat of the air at the average indoor temperature [kJ/kg K]. 41 
- Cv: Infiltration and/or ventilation heat loss coefficient [kW/K].  42 
- Cv(vent): Ventilation heat loss coefficient [kW/K].  43 
- Cv(inf): Infiltration heat loss coefficient [kW/K].  44 
- cw: Specific heat of the water at the average flow and return temperatures [kJ/kg K]. 45 
- ΔT: Temperature difference [K]. 46 
- Ecv: Total energy of the system [kJ]. 47 
- Fi,j: The ith zone of the jth floor in a building. 48 
- g: Gravity [m/s2]. 49 
- g-value: Percentage of solar radiation incident in a window that is transmitted to the interior of the 50 
building [-]. 51 
- h: Enthalpy of the fluid in the inlet (subscript ‘i’) or in the exit (subscript ‘e’) of the system [kJ/kg]. 52 
- hae: Enthalpy of the returned air from the Control Volume [kJ/kg]. 53 
- hai: Enthalpy of the supplied air to the Control Volume [kJ/kg]. 54 
- HLC (Heat Loss Coefficient): Considers the building heat losses through envelope plus ventilation 55 
and/or infiltration per degree difference between indoor and outdoor temperatures. HLC = UA + Cv 56 
[kW/K]. 57 
- HLCbuilding: Heat Loss Coefficient calculated as a whole unique building. 58 
- HLCsimple: Heat Loss Coefficient calculated without considering the solar gains. 59 
- HLCsum: Heat Loss Coefficient calculated as the sum of each individual floor HLC. 60 
- Hsol: Horizontal global solar radiation [kW/m2]. 61 
- HVAC: Heating, ventilation, and air conditioning technology. 62 
- hwe: Enthalpy of the returned water from Control Volume [kJ/kg]. 63 
- hwi: Enthalpy of the supplied water to the Control Volume [kJ/kg]. 64 
- K: All the other heat gains inside the building excluding solar gains (Sa·Vsol) and all heating system 65 
gains (Q) [kW]. K = Kelectricity + Koccupancy. 66 
- KE: Kinetic energy of the system [kJ]. The energy of an object owing to its movement.    67 
- Kelectricity: Heat gains inside the building due to electricity consumed within the building envelope 68 
[kW]. 69 
- Koccupancy: Heat gains inside the building due to metabolic generation of the occupants [kW]. 70 
- KPI: Key Performance Indicator, in this work referring to HLC, Sa·Vsol, UA and Cv. 71 
- mi: The different mass types within the building [kg].  72 
- 𝑚̇𝑚: Mass flow rate of the fluid in the inlet (subscript ‘i’) or in the exit (subscript ‘e’) of the system 73 
[kg/s]. 74 
- 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎: Air mass flow rate [kg/s]. 75 
- 𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: Water mass flow rate within the heating system circuit [kg/s]. 76 
- η: Heat recovery system efficiency. 77 
- PE: Potential energy of the system [kJ]. There are several types of potential energy. In this work we 78 
refer to the gravitational potential energy. 79 
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- Pin: Pressure inside the building [bar]. 80 
- Pout: Pressure outside the building [bar]. 81 
- 𝑄̇𝑄𝑐𝑐𝑐𝑐: The heat exchanged through the Control Volume [kW]. 82 
- Q or Qheating: All heating systems’ energy inputs inside the building [kW]. 83 
- Qinfiltration: Heat losses of the building due to infiltrations [kW]. 84 
- Qinf+vent: Sum of Qinfiltration and Qventilation [kW].  85 
- Qrecovery: Heat exchanged between flow and return streams in a ventilation system’s heat recovery 86 
system [kW]. 87 
- Qtransmission: Heat losses of the building due to transmission losses [kW]. 88 
- Qventilation: Heat losses of the building due to ventilation system [kW]. 89 
- ρair: Density of the air at the average indoor temperature [kg/m3]. 90 
- Sa (solar aperture): Equivalent southern, vertical, perfectly transparent surface that allows the same 91 
solar energy as to the whole building to enter referred to the south vertical global solar radiation [m2]. 92 
- t: time, any variable with a ‘(t)’ is a time dependant variable [s]. 93 
- t1: Time period’s first hour [h]. 94 
- tN: Time period’s last hour [h]. 95 
- Texh: Temperature of the exhausted air after crossing the heat recovery system [K or ºC]. 96 
- TFi,j: Specific temperature of the ith zone of the jth floor [K or ºC]. 97 
- TG: Ground temperature [K or ºC]. 98 
- Tin: Indoor air temperature [K or ºC]. 99 
- Tout: Outdoor air temperature [K or ºC]. 100 
- Tsup: Temperature of the supply air after crossing the heat recovery system [K or ºC]. 101 
- Tw: Temperature of the water in the inlet (subscript ‘i’) or in the exit (subscript ‘e’) of the system [K 102 
or ºC]. 103 
- U: Internal energy of the system [kJ]. It considers the energy gains and losses inside the system as a 104 
result of the changes that take place in the internal state.   105 
- UA: Considered building envelope transmission heat transfer coefficient [kW/K]. 106 
- v: Velocity of the fluid in the inlet (subscript ‘i’) or in the exit (subscript ‘e’) of the system [m/s]. 107 
- 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎: Volumetric air flow rate [m3/s]. 108 
- 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣): Ventilation volumetric air flow rate [m3/s]. 109 

- 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖𝑖𝑖): Infiltration volumetric air flow rate [m3/s]. 110 

- Vsol: South vertical global solar radiation [kW/m2]. 111 
- 𝑊̇𝑊𝑐𝑐𝑐𝑐: The work exchanged through the Control Volume [kW]. 112 
- z: Elevation of the fluid in the inlet (subscript ‘i’) or in the exit (subscript ‘e’) of the system [m].  113 
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1. Introduction 114 

The European Union commitment to energy efficiency can be clearly seen in the directives and 115 

objectives proposed for the years 2020, 2030 and 2050 [1]. Energy saving and energy efficiency when 116 

constructing or rehabilitating a building is one of the main aims. According to H2020 Energy Efficient 117 

Buildings (EeB) [2], buildings are responsible for 40% of energy consumption and 36% of CO2 118 

emissions in the EU. The first thermal regulation was introduced in Europe in the 1970s [3]. Since 119 

millions of buildings in Europe were constructed before then, in general, energy efficiency was not 120 

considered a main issue in any of those buildings [3, 4].  121 

Several countries in the European Union have developed different energy performance estimation 122 

methods, where they use whole building simulation software with thermal models [5]. However, 123 

Summerfield [6] established that energy saving methods should be based on empirical methods instead 124 

of model estimations. Moreover, in general, these models assume standard operation conditions and 125 

consequently, the occupation and real heat requirements are not considered in these simulations. 126 

Therefore, unless fed with monitored occupation and HVAC system data, simulation models tend to 127 

overestimate the energy demand of old buildings and to underestimate it in new buildings [6].  128 

On the other hand, advanced mathematical modelling techniques, such as ARMAX [7, 8] (ARX) and 129 

Grey Box modelling (state space models) [9-11], have been used by different authors to identify the 130 

real energy behaviour of building envelopes or building components based on measurements [12]. 131 

Some of those methods even identify such building characteristics as U values, thermal resistances, 132 

thermal capacitances and solar apertures. Due to the limitations of installing sensors in in-use 133 

buildings, the advanced mathematical modelling techniques, where physical–statistical approaches are 134 

used, have become common [13].  135 

When working with state space models, it is important to obtain some previous physical knowledge of 136 

the building. The analysis consists of fitting several models, starting from the simplest and going on 137 

to the most complex, comparing their log likelihood values and residuals. Therefore, it is very 138 
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important to obtain accurate results on the diffusion term in order to verify the quality of the model 139 

[11, 12]. On the other hand, when working with ARMAX models, single and multi-output models [7, 140 

8] can be developed. Comparing with the state space equation, the ARMAX models do not need 141 

previous physical knowledge. Unfortunately, since the ARMAX models do not identify steady state 142 

physical parameters, the results obtained are estimated by comparing the ARMAX model and the 143 

steady state energy balance equation [12].  144 

Here, an important “performance gap” [14] is observed when designed or simulated energy 145 

consumptions are compared to real ones. Apart from the simulation error, there are such parameters as 146 

occupancy [15, 16], weather data [17], material uncertainty [18], etc., which are difficult to model 147 

accurately. Although the “performance gap” can be affected by the user behaviour and the buildings’ 148 

systems real energy performance [19], the building envelope also has a considerable influence on it. 149 

The most commonly used Key Performance Indicators (KPI) for the building envelope energy 150 

performance characterization are the Heat Loss Coefficient (HLC [kW/K], which considers 151 

transmission heat losses through the envelope (UA [kW/K]), plus ventilation and/or infiltration heat 152 

losses (Cv [kW/K])) and the solar gains, usually given on a daily basis in [kW/day] [20].  153 

Although there are some research works that estimate these Key Performance Indicators in monitored 154 

in-use buildings [21], it is still far from being a general method. Of the existing methods to estimate 155 

the building envelope Heat Loss Coefficient, the Co-heating method is the most developed, and it also 156 

includes specific testing procedures [20, 22, 23]. However, it is not prepared for working with in-use 157 

buildings, due to the difficulties when estimating such parameters as solar gains or occupancy [24, 25]. 158 

In this work, the average method presented in [26] to estimate the HLC of an in-use building is further 159 

developed. As a main novelty, in this paper, the whole mathematical demonstration, starting from the 160 

energy conservation equation, is developed in order to enable comprehension of the limits the method 161 

has when applied to in-use buildings. Thus, the period selection criteria for reliable HLC estimation 162 

by the average method has been defined in detail, for minimizing the HLC estimate uncertainty.   163 
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This method does not require to build a detailed physical model of the building to estimate its in-use 164 

HLC. Thus, it could be used within Building Management System’s programing in a general way, with 165 

the only need to be fed by the total window area of the building, the scheduled occupancy data and the 166 

already widespread energy monitoring data. The paper also focuses on the innovative demonstration 167 

of the summation properties of the HLC values when estimated floor by floor. Therefore, a multizone 168 

building is presented and the detailed heat and mass exchanges between the zones or volumes and 169 

adjacent surroundings are analysed to prove the HLC summation properties. Note that the reliable in-170 

use HLC estimation should be achievable by analysing the data sets obtained by already widespread 171 

building monitoring systems simply made up of indoor and outdoor temperatures, heating system 172 

energy inputs to the building, electricity consumption and weather data.  173 

Finally, the paper studies the pre- and post-retrofitting HLC values of an in-use office building. 174 

Therefore, the calculations are presented into two sections: Analysis of the data before retrofitting 175 

(between November 2014 and March 2017) and analysis of the data after retrofitting (between 176 

November 2017 and March 2018). Then, a comparison is carried out between pre- and post-retrofitting 177 

in-use HLC values, where a drop in the HLC value is expected after the retrofitting.  178 

 179 

2. Average method 180 

2.1. Origin of the method  181 

The origin of the method has been studied in detail in order to understand the method’s limits when 182 

used in dynamic problems such as an in-use building. Figure 1 shows the system to be analysed from 183 

the Thermodynamics Open System viewpoint. As can be seen in Figure 1, the building’s envelope is 184 

the Control Volume or the boundary of the system through which heat and mass can be exchanged 185 

with the surroundings and the ground. Eq. (1) states the energy conservation principle of a generic 186 

Thermodynamic Open System [27]. 187 
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 188 
Figure 1. Schematic of all energy and mass exchanges through the control volume defined by the 189 

building envelope.  190 
 191 
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� 192 

𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑

=  𝑄̇𝑄𝑐𝑐𝑐𝑐 − 𝑊̇𝑊𝑐𝑐𝑐𝑐 + ∑ 𝑚̇𝑚𝑖𝑖𝑖𝑖 �ℎ𝑖𝑖 + 𝑉𝑉𝑖𝑖
2

2
+ 𝑔𝑔𝑧𝑧𝑖𝑖� − ∑ 𝑚̇𝑚𝑒𝑒 �ℎ𝑒𝑒 + 𝑉𝑉𝑒𝑒2

2
+ 𝑔𝑔𝑧𝑧𝑒𝑒�       𝑒𝑒 [kW]     Eq. (1) 

 

Each term of Eq. (1) is developed separately. So the first term represents the energy accumulation in 193 

the system, including the Internal Energy (U), the Kinetic Energy (KE) and the Potential Energy (PE).  194 

Since these last two terms are usually constant in a building, their derivative over time will be zero. 195 

Therefore, only the Internal Energy is relevant when estimating the energy accumulation term:    196 

𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

+ 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

             [kW]     Eq. (2) 

On the other hand, the second term in Eq. (1) takes into account all the pure heat exchanges occurring 197 

through the Control Volume boundary (the building envelope). In this case, the heat gained through 198 

the solar radiation entering the building and the metabolic heat generated by the occupants of the 199 

building are considered to be inputs. Nevertheless, the added negative inputs are transmission heat 200 

losses through the envelope of the building.   201 

 

 

Qventilation = V̇air(vent)ρaircpair ∙ (Tin − Tout)(1 − η)[kW] 

Qventilation = Cv(vent)(Tin − Tout)[kW] 

Qinfiltration = V̇air(inf)ρaircpair ∙ (Tin − Tout)[kW] 
Qinfiltration = Cv(inf)(Tin − Tout)[kW] 

Qtransmission = UA(Tin − Tout)[kW] 

Qinf+vent =  �V̇air(inf) + V̇air(vent) (1− η)� ρaircpair(Tin − Tout)[kW] 

Pin≠ Pout 

Tin > Tout 
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𝑄̇𝑄𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑈𝑈𝑈𝑈(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)   [kW] Eq. (3) 

The next term, 𝑊̇𝑊𝑐𝑐𝑐𝑐, considers the pure work exchanged through the Control Volume. In this case, the 202 

consumed electricity is considered as work. However, as the electricity is converted into heat within 203 

the system, the considered negative work is presented as positive heat gain: 204 

−𝑊̇𝑊𝐶𝐶𝐶𝐶 = 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒       [kW]  Eq. (4) 

Finally, the last two terms in Eq. (1) consider the net energy exchanged by the system due to the mass 205 

flow rates of the water (it could be other Heat Transfer Fluid) in the heating system and the air mass 206 

flow rates of the ventilation and/or infiltration air exchanges. Here, the heat provided by the heating 207 

system is considered in the energy balance equation as flow and return hot water of the heating system 208 

circuit (Eq. (5)). The hot water for the heating system could be produced by different technologies. If 209 

electrical heating is present, this would be considered in the Eq. (4) term.  210 

If we have buildings without a ventilation system or a ventilation system without heat recovery, then 211 

the term 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) + 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(inf)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)  represents the heat 212 

exchanged by the building with the outdoor ambient due to both phenomena. If no ventilation system 213 

is present in the building, the ventilation term disappears. Then, the ventilation and/or infiltration heat 214 

losses can be calculated using the specific heat at constant pressure of the air, cpair, and the indoor to 215 

outdoor temperatures (Eq. (5)). Kinetic and potential energy variations of both flows can be neglected.  216 

∑ 𝑚̇𝑚𝑖𝑖 �ℎ𝑖𝑖 + 𝑉𝑉𝑖𝑖
2

2
+ 𝑔𝑔𝑧𝑧𝑖𝑖� −𝑖𝑖 ∑ 𝑚̇𝑚𝑒𝑒 �ℎ𝑒𝑒 + 𝑉𝑉𝑒𝑒2

2
+ 𝑔𝑔𝑧𝑧𝑒𝑒�𝑒𝑒 = 𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(ℎ𝑤𝑤𝑤𝑤 − ℎ𝑤𝑤𝑤𝑤) + 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎(ℎ𝑎𝑎𝑎𝑎 − ℎ𝑎𝑎𝑎𝑎) =

𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤(𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤) − 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) − 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(inf)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) =

𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤(𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤) − 𝐶𝐶𝐶𝐶(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) = 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖+𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣   [kW] 

Eq. (5) 

However, if the building is working on a ventilation system with heat recovery, the term 217 

𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) of Eq. (5) should be calculated considering the heat recovery system 218 

efficiency. In order to check how the recovery system affects our calculations, it is necessary to develop 219 

the following equations. Figure 1 shows the schematic of the different temperatures involved in a 220 

generic heat recovery system for a ventilation system. 221 
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The heat recovery system works with four main temperatures: The outdoor or ambient temperature 222 

(Tout), the renewed or supply temperature (Tsup), the interior temperature (Tin) and the exhaust 223 

temperature (Texh). The supplied and exhaust temperatures are those obtained after crossing the 224 

recovery system by both, the flow and return of the air flows. The supply temperature is that obtained 225 

after the external temperature crosses the recovery system. In winter, this temperature will increase. 226 

Considering an adiabatic heat exchanger and the same volumetric flow rates for supply and exhaust 227 

flows, the heat from the exhaust stream will be used to heat up the cold inlet stream. Thus, the 228 

temperature drop of the exhaust stream should be equal to the inlet stream temperature increase across 229 

the heat exchanger. Therefore, the percentage of heat recovered would be defined as in Eq. (6): 230 

𝜂𝜂 =
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

 Eq. (6) 

Eq. (7) represents the heat exchanged inside the heat exchanger, while Eq. (8) represents the heat that 231 

the ventilation system will require for the building’s heating system.  232 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑒𝑒𝑒𝑒ℎ) = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) [kW] 

𝑄𝑄𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) [kW] 

Eq. (7) 

Eq. (8) 

Developing Eq. (6), a relation between Tsup, Tin, Tout and 𝜂𝜂 can be obtained. Then, combining Eq. (8) 233 

and Eq. (9), Eq. (10) would be obtain. 234 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = (1 − 𝜂𝜂) ∙ 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜂𝜂 ∙ 𝑇𝑇𝑖𝑖𝑖𝑖  [ºC] 

𝑄𝑄𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎((1 − 𝜂𝜂) ∙ 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜂𝜂 ∙ 𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)  [kW] 

Eq. (9) 

Eq. (10) 

Then, 𝑄𝑄𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 can also be presented as: 235 

𝑄𝑄𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(1 − 𝜂𝜂)(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)  [kW] Eq. (11) 

Therefore, if the heat recovery system is added to the building, the previously presented Eq. (5) is 236 

converted into Eq. (13), where: 237 

𝐶𝐶𝑣𝑣 = 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 · (1− 𝜂𝜂) + 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(inf)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎         [kW/K]    Eq. (12) 
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∑ 𝑚̇𝑚𝑖𝑖 �ℎ𝑖𝑖 + 𝑉𝑉𝑖𝑖
2

2
+ 𝑔𝑔𝑧𝑧𝑖𝑖� −𝑖𝑖 ∑ 𝑚̇𝑚𝑒𝑒 �ℎ𝑒𝑒 + 𝑉𝑉𝑒𝑒2

2
+ 𝑔𝑔𝑧𝑧𝑒𝑒�𝑒𝑒 = 𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(ℎ𝑤𝑤𝑤𝑤 − ℎ𝑤𝑤𝑤𝑤) + 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎(ℎ𝑎𝑎𝑎𝑎 − ℎ𝑎𝑎𝑎𝑎)𝜂𝜂 =

𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤(𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤) − 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(1 − 𝜂𝜂) − 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎(inf)𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) =

𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤(𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤) −  𝐶𝐶𝐶𝐶 (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) = 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖+𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  [kW] 

   Eq. (13) 

If we put together all the terms developed in Eq. (1), we then obtain the Eq. (14) expression for the 238 

complete energy balance of the building at the time instant t. In this paper, the heat losses to the ground 239 

have been considered within the HLC value, as if they were working against (Tin – Tout). Note that the 240 

long wave radiative heat exchange occurring in the building envelope is again considered within the 241 

HLC value, as if they were working against (Tin – Tout). These last two assumptions are also made in 242 

the original Co-heating method [20], where the UA and Cv values are also considered to be constant.  243 

 𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) + 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡) − 𝑈𝑈𝑈𝑈(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡) + 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) −

𝐶𝐶𝐶𝐶 (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡) [kW] 

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) + 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡) − (𝑈𝑈𝑈𝑈 + 𝐶𝐶𝐶𝐶)(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)  [kW] 

Eq. (14) 

If Cv is defined as in Eq. (5) or as in Eq. (13), then Eq. (14) is valid for any type of ventilation system 244 

of a building and the HLC can be estimated by:  245 

𝐻𝐻𝐻𝐻𝐻𝐻 = (𝑈𝑈𝑈𝑈 + 𝐶𝐶𝑣𝑣)  [kW/K] Eq. (15) 

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) + 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡) − 𝐻𝐻𝐻𝐻𝐻𝐻(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)  [kW]       Eq. (16) 

Analysing Eq. (16), it could be said that if the building’s HLC is to be estimated by means of 246 

measurements, it would be necessary to make an instantaneous measurement of the energy rate being 247 

stored in the building 







dt
tdU )( , the exact solar gains at the same instant ( ))(· tVS sola , the exact 248 

instantaneous heating gains ( ))(Qheating t , the exact instantaneous internal gains due to occupants and 249 

electricity consumption (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡) +  𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡)) and the exact indoor to outdoor temperature 250 

difference (𝑇𝑇𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡). Obviously, the instantaneous accumulation term is nearly impossible to 251 

measure accurately and the exact instantaneous solar gains are also difficult to measure in an in-use 252 

building. The rest of the terms can be measured accurately and instantaneously.  253 
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If 𝑄𝑄(𝑡𝑡) = 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡) and 𝐾𝐾(𝑡𝑡) in Eq. (17), then reordering Eq. (16), we obtain the Eq. (18): 254 

Since the internal energy is a property of the system and we consider the HLC to be constant, making 255 

the integer over a period of time considered between t1 and tN, we can convert Eq. (18) into: 256 

−∫ 𝑑𝑑𝑑𝑑(𝑡𝑡) +𝑢𝑢N
𝑢𝑢1

∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑 +𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ 𝐾𝐾(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)𝑑𝑑𝑑𝑑 −𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑁𝑁
𝑡𝑡1

       [kJ] 

−∑ 𝑚𝑚𝑖𝑖(𝑢𝑢𝑖𝑖(𝑡𝑡𝑁𝑁) − 𝑢𝑢𝑖𝑖(𝑡𝑡1))𝑧𝑧
𝑖𝑖=1 + ∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑 +𝑡𝑡𝑁𝑁

𝑡𝑡1
∫ 𝐾𝐾(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ (𝑇𝑇𝑖𝑖𝑖𝑖 −
𝑡𝑡𝑁𝑁
𝑡𝑡1

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)𝑑𝑑𝑑𝑑 −∫ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑁𝑁
𝑡𝑡1

    [kJ] 

∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖(𝑇𝑇𝑖𝑖(𝑡𝑡1) − 𝑇𝑇𝑖𝑖(𝑡𝑡𝑁𝑁))𝑧𝑧
𝑖𝑖=1 + ∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑 +𝑡𝑡𝑁𝑁

𝑡𝑡1
∫ 𝐾𝐾(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ (𝑇𝑇𝑖𝑖𝑖𝑖 −
𝑡𝑡𝑁𝑁
𝑡𝑡1

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)𝑑𝑑𝑑𝑑 −∫ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑁𝑁
𝑡𝑡1

 [kJ]    

Eq. (19) 

where mi are the different mass types within the building (the analysed system), such as concrete, 257 

bricks, furniture, wood (the sum goes up to z different types of masses present within the building), 258 

which might change their temperatures (and thus their internal energy) when going from time instant 259 

t1 to tN. The ci represents the different specific heats of the different masses within the system. For the 260 

air within the building, the specific heat at constant volume should be used. Since monitoring systems 261 

make discrete measurements every ∆𝑡𝑡, the integers of Eq. (19), would be converted into sums from k 262 

=1 (at t1) to k = N (at tN): 263 

 ∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖(𝑇𝑇𝑖𝑖(𝑡𝑡1) − 𝑇𝑇𝑖𝑖(𝑡𝑡N))𝑧𝑧
𝑖𝑖=1 + ∑ 𝑄𝑄𝑘𝑘∆𝑡𝑡 + ∑ 𝐾𝐾𝑘𝑘∆𝑡𝑡𝑁𝑁

𝑘𝑘=1 = 𝐻𝐻𝐻𝐻𝐻𝐻 ∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)∆𝑡𝑡𝑁𝑁
𝑘𝑘=1 −𝑁𝑁

𝑘𝑘=1

∑ (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘∆𝑡𝑡𝑁𝑁
𝑘𝑘=1     [kJ]     

Eq. (20) 

Thus, if the thermal level is not equal at the start and end of the analysis period from Eq. (20), we could 264 

solve for HLC as in Eq. (21). Note that ∆𝑡𝑡 cannot be cancelled because the thermal storage is a property 265 

that depends solely on the initial and final thermal level of the building and not on the time dependant 266 

path as are the rest of the variables of the equation: 267 

𝐻𝐻𝐻𝐻𝐻𝐻 = ∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖(𝑇𝑇𝑖𝑖(𝑡𝑡1)−𝑇𝑇𝑖𝑖(𝑡𝑡𝑁𝑁))𝑧𝑧
𝑖𝑖=1 +∑ (𝑄𝑄𝑘𝑘+𝐾𝐾𝑘𝑘+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘)∆𝑡𝑡𝑁𝑁

𝑘𝑘=1
∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁
𝑘𝑘=1 ∆𝑡𝑡

        [kW/K]  Eq. (21) 

𝐾𝐾(𝑡𝑡) =  𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡) +  𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡)   [kW] Eq. (17) 

−𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

+ 𝑄𝑄(𝑡𝑡) + 𝐾𝐾(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡) − 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)  [kW] Eq. (18) 
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In Eq. (21), it can be seen that the longer the considered period is, the smaller the impact of the 268 

difference in thermal level of the building on the HLC estimate. Since the internal energy of the 269 

building is a property, it only depends on the initial and final states of the building. While the 270 

denominator increases, the longer the period is. The accumulation term is very hard to estimate 271 

accurately. The proposed average method is formed by selected periods, where the initial indoor and 272 

outdoor temperatures (at t1) and final indoor and outdoor temperatures (at tN) are equal. In other words, 273 

both indoor and outdoor temperatures must be equal at the start and end of the periods. Thus, the 274 

average temperature between the indoor and outdoor temperature will also be equal at t1 and tN. If this 275 

is fulfilled, it can be assumed that there will be no accumulated heat in the building, since the start and 276 

end points of the analysed period will have the same thermal level. Then, the energy accumulation 277 

inside the building will be negligible between these two time instants and it will be possible to ensure 278 

similar conditions as in the stationary stage for the selected period. Since the longer the period is, the 279 

smaller the impact of the accumulation term, as proved in Eq. (21); if the period fulfils the same initial 280 

and final thermal level conditions, applying the method to periods of at least 72 hours (three days), the 281 

accumulation term effect on the HLC, by Eq. (25), will be negligible. Therefore, if it can be assumed 282 

that T(t1) = T(tN) for a period, then Eq. (19) can be rewritten as: 283 

    ∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖(0)𝑧𝑧
𝑖𝑖=1 + ∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑 +𝑡𝑡𝑁𝑁

𝑡𝑡1
∫ 𝐾𝐾(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)𝑑𝑑𝑑𝑑 −𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑁𝑁
𝑡𝑡1

  [kJ] 

∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑 +𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ 𝐾𝐾(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)(𝑡𝑡)𝑑𝑑𝑑𝑑 −𝑡𝑡𝑁𝑁
𝑡𝑡1

∫ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡𝑁𝑁
𝑡𝑡1

  [kJ]      
Eq. (22) 

Since monitoring systems make discrete measurements every ∆t, the integers of Eq. (22) would be 284 

converted into sums from k =1 (at t1) to k = N (at tN): 285 

   ∑ 𝑄𝑄𝑘𝑘∆𝑡𝑡 + ∑ 𝐾𝐾𝑘𝑘∆𝑡𝑡𝑁𝑁
𝑘𝑘=1 = 𝐻𝐻𝐻𝐻𝐻𝐻 ∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)∆𝑡𝑡𝑁𝑁

𝑘𝑘=1 − ∑ (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘∆𝑡𝑡𝑁𝑁
𝑘𝑘=1

𝑁𝑁
𝑘𝑘=1     [kJ]     Eq. (23) 

Taking ∆t as a common factor and cancelling it: 286 

   ∑ 𝑄𝑄𝑘𝑘 + ∑ 𝐾𝐾𝑘𝑘𝑁𝑁
𝑘𝑘=1 = 𝐻𝐻𝐻𝐻𝐻𝐻 ∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁

𝑘𝑘=1 − ∑ (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘𝑁𝑁
𝑘𝑘=1

𝑁𝑁
𝑘𝑘=1   [kW]     Eq. (24) 

and, finally, reordering Eq. (24), we obtain Eq. (25): 287 
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𝐻𝐻𝐻𝐻𝐻𝐻 = ∑ (𝑄𝑄𝑘𝑘+𝐾𝐾𝑘𝑘+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘)𝑁𝑁
𝑘𝑘=1
∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁
𝑘𝑘=1

       [kW/K]   Eq. (25) 

The second term introducing uncertainties in the method application are the solar gains of Eq. (25). 288 

The method proposes using periods, not only with the same initial and final temperature of the building, 289 

but also with cold and cloudy periods where solar radiation is very low and could thus be considered 290 

purely diffuse [28]. For cloudy periods, where the radiation can be considered purely diffuse, any 291 

orientation global radiation measurement can be used since any of these measurements will be similar 292 

to a diffuse solar radiation measurement. These periods can be easily found in countries or areas where 293 

cloudy and cold days are common in winter. It must be possible to ensure that the solar heat gains for 294 

those periods compared to the rest of the heat gains (heating (Q) + all internal gains excluding solar 295 

radiation (K)) of the building are less than 10%. Then, if these roughly estimated solar gains have an 296 

uncertainty as large as 100%, their effect on the HLC estimation would only be 10%. Accurately 297 

measuring heating and internal gains is possible, while measuring solar gains accurately is a hard task. 298 

However, if only cloudy days are present in the studied period and it can be considered that only diffuse 299 

solar radiation is affecting the whole building envelope, then it is possible to make a rough estimate of 300 

the solar gains.  301 

To make a rough estimate of the solar gains, it can be considered that multiplying the total window 302 

area of the building envelope by a g-value of 0.5 [29], a rough estimation of the solar aperture regarding 303 

the diffuse radiation can be obtained. Since diffuse radiation can be considered to be similar in all 304 

orientations, if this value is multiplied by the solar aperture, the internal gains created by the solar 305 

radiation can be estimated. Therefore, it is reasonably easy to make rough estimates of the (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠) 306 

term in cloudy periods. Hence, due to the similarity between the results of SaVsol and SaHsol in cloudy 307 

periods, the method could be applied using any of them indistinctly. 308 

If the period is also cold, the weight of the solar gains in the energy balance is small and enables us to 309 

make accurate estimates of the HLC, even though the solar gains are roughly calculated. This work 310 

considers a period to be cold if the average indoor to outdoor temperature difference is 10ºC or bigger. 311 
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Thus, the uncertainty associated with the indoor to outdoor temperature difference is limited. For 312 

example, a 0.5ºC uncertainty in the indoor to outdoor temperature difference will only represent a 5% 313 

error in the indoor to outdoor temperature difference. Furthermore, the method also proposes 314 

calculating the HLC, assuming the (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠) term to be zero, as shown in Eq. (26). Thus, the effect of 315 

the solar gains of the period on the HLC can be analysed. 316 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∑ (𝑄𝑄𝑘𝑘+𝐾𝐾𝑘𝑘)𝑁𝑁
𝑘𝑘=1

∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁
𝑘𝑘=1

   [kW/K]         Eq. (26) 

Eq. (26) introduces errors up to 10-15% in the estimated HLCs in the considered periods of very low 317 

solar radiation, as compared to Eq. (25). However, Eq. (26), although slightly underestimated, makes 318 

it simple to obtain quite a reliable HLC value of a building. From now on, the HLC of Eq. (25) will be 319 

named HLC, while the HLC of Eq. (26) will be named HLCsimple.  320 

This proposed average method has some similar characteristics regarding the mathematical estimation 321 

method used by the ISO 9869-1 method [30] for obtaining in-situ U-values of walls. The method 322 

described by the ISO 9869-1 requires plotting the accumulated average U-value during the periods 323 

considered valid for the estimation. On those plots, a stabilization band of ± 2% of the final estimate 324 

during the last 24 hours of the testing period is required. Based on the mathematical development 325 

carried out in this paper for the whole building in-use HLC estimation method, due to the complexity 326 

of a whole building when compared to a single wall analysis and considering the uncertainty limits 327 

imposed, this band will be expanded to ± 10%. In other words, the proposed average method will also 328 

perform the HLC accumulated average plots for the selected periods and should be able to provide 329 

stable HLC values within a ±10% during the last 24 hours in order to ensure a reliable HLC estimation 330 

(see Appendix B examples).  331 

2.2. Application to a multizone building 332 

In this section, the properties of the HLC estimation related to a multizone building are analysed. As 333 

shown in Section 2.1, several heat gains and losses have been considered when estimating the Heat 334 

Loss Coefficient for a whole building enclosed in a control volume. However, the demonstration only 335 
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considers the HLC estimation for a whole building with homogeneous indoor temperature. Section 2.2 336 

explains how different rooms next to each other, or on different storeys located above or under each 337 

other, behave when considering the whole building HLC. It is proved how the internal heat and mass 338 

transfer effects passing from one room to another can be cancelled out through the following simple 339 

case: 340 

 341 
Figure 2. Schematic of all heat and mass exchanges through the multizone building. 342 

 343 
Figure 2 shows the proposed simple case for a multizone building. Three different zones, distributed 344 

on two floors (F0 and F1), form the building. Each zone is affected by different heat and mass 345 

exchanges, coming either from other zones, the ground or the exterior. Thus, we aim to prove that for 346 

a building with L floors and M zones per floor, the building’s total Heat Loss Coefficient can be 347 

estimated by applying the following formula: 348 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑚𝑚 = ��𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹,𝑗𝑗

𝑀𝑀

𝑗𝑗=1

𝐿𝐿

𝑖𝑖=1

 Eq. (27) 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,1 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,2+𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹1,1    [kW/K] Eq. (28) 
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where each zone HLC can be estimated by applying Eq. (25) directly to each zone as if they were only 349 

affected by �𝑇𝑇𝐹𝐹𝐹𝐹,𝑗𝑗 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�. For clarity, the sum from k = 1 to k = N is not shown in this section 350 

developments. The sum is only presented in the generalized equations Eq. (41) and Eq. (46). 351 

𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,1 = [𝑄𝑄𝐹𝐹0,1+𝐾𝐾𝐹𝐹0,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1]
�𝑇𝑇𝐹𝐹0,1−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

 [kW/K] 

𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,2 = [𝑄𝑄𝐹𝐹0,2+𝐾𝐾𝐹𝐹0,2+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2]
�𝑇𝑇𝐹𝐹0,2−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

 [kW/K] 

𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹1,1 = [𝑄𝑄𝐹𝐹1,1+𝐾𝐾𝐹𝐹1,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1]
�𝑇𝑇𝐹𝐹1,1−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

 [kW/K] 

Eq. (29) 

Eq. (30)  

Eq. (31) 

In this example, two zones are on the ground floor and another one on the first floor. Thus, the whole 352 

energy balance of each zone (Eq. (32) to Eq. (34) ) is presented considering all transmission and 353 

infiltration exchanges for each of them: 354 

Ground floor (zone F0,1): 355 

𝑄𝑄𝐹𝐹0,1 + 𝐾𝐾𝐹𝐹0,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1 = 𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝐺𝐺�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝐺𝐺�+𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝐹𝐹0,2�𝑇𝑇𝐹𝐹0,1 −

𝑇𝑇𝐹𝐹0,2�+𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝐹𝐹1,1�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝐹𝐹1,1�+𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�+𝑉̇𝑉𝐹𝐹0,1−𝐹𝐹0,2𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹0,1 −

𝑇𝑇𝐹𝐹0,2�+𝑉̇𝑉𝐹𝐹0,1−𝐹𝐹1,1𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝐹𝐹1,1� + 𝐶𝐶𝑣𝑣 𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�   [kW]  

Eq. (32) 

Ground floor (zone F0,2): 356 

𝑄𝑄𝐹𝐹0,2 + 𝐾𝐾𝐹𝐹0,2 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2 = 𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝐺𝐺�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝐺𝐺�+𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝐹𝐹0,1�𝑇𝑇𝐹𝐹0,2 −

𝑇𝑇𝐹𝐹0,1�+𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝐹𝐹1,1�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝐹𝐹1,1�+𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�+𝑉̇𝑉𝐹𝐹0,2−𝐹𝐹0,1𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹0,2 −

𝑇𝑇𝐹𝐹0,1�+𝑉̇𝑉𝐹𝐹0,2−𝐹𝐹1,1𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝐹𝐹1,1� + 𝐶𝐶𝑣𝑣 𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�   [kW]  

Eq. (33) 

First floor (zone F1,1): 357 

𝑄𝑄𝐹𝐹1,1 + 𝐾𝐾𝐹𝐹1,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1 = 𝑈𝑈𝑈𝑈𝐹𝐹1,1−𝐹𝐹0,2�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝐹𝐹0,2�+𝑈𝑈𝑈𝑈𝐹𝐹1,1−𝐹𝐹0,1�𝑇𝑇𝐹𝐹1,1 −

𝑇𝑇𝐹𝐹0,1�+𝑈𝑈𝑈𝑈𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�+𝑉̇𝑉𝐹𝐹1,1−𝐹𝐹0,2𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝐹𝐹0,2�+𝑉̇𝑉𝐹𝐹1,1−𝐹𝐹0,1𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎�𝑇𝑇𝐹𝐹1,1 −

𝑇𝑇𝐹𝐹0,1� + 𝐶𝐶𝑣𝑣 𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�            [kW] 

Eq. (34) 

When Eq. (32) to Eq. (34) are summed, the energy transfers through internal walls due to transmission 358 

and infiltration between the considered zones are cancelled out. Then, only heat and mass transfers 359 

between indoor and outdoor air and heat transfer between floor 0 zones and ground remain.  360 
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[𝑄𝑄𝐹𝐹0,1 + 𝐾𝐾𝐹𝐹0,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1] + [𝑄𝑄𝐹𝐹0,2 + 𝐾𝐾𝐹𝐹0,2 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2]+[𝑄𝑄𝐹𝐹1,1 + 𝐾𝐾𝐹𝐹1,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1] =

𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝐺𝐺�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝐺𝐺�+𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + 𝐶𝐶𝑣𝑣 𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + 𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝐺𝐺�𝑇𝑇𝐹𝐹0,2 −

𝑇𝑇𝐺𝐺�+𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + 𝐶𝐶𝑣𝑣 𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�+𝑈𝑈𝑈𝑈𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� +

𝐶𝐶𝑣𝑣 𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�  [kW] 

Eq. (35) 

Taking �𝑇𝑇𝐹𝐹𝑖𝑖,𝑗𝑗 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� as the common factor for each zone: 361 

[𝑄𝑄𝐹𝐹0,1 + 𝐾𝐾𝐹𝐹0,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1] + [𝑄𝑄𝐹𝐹0,2 + 𝐾𝐾𝐹𝐹0,2 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2]+[𝑄𝑄𝐹𝐹1,1 + 𝐾𝐾𝐹𝐹1,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1] =

�𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝐺𝐺
�𝑇𝑇𝐹𝐹0,1−𝑇𝑇𝐺𝐺�
�𝑇𝑇𝐹𝐹0,1−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

+𝑈𝑈𝑈𝑈𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐶𝐶𝑣𝑣 𝐹𝐹0,1−𝑜𝑜𝑜𝑜𝑜𝑜� �𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� +

�𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝐺𝐺
�𝑇𝑇𝐹𝐹0,2−𝑇𝑇𝐺𝐺�
�𝑇𝑇𝐹𝐹0,2−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

+𝑈𝑈𝑈𝑈𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐶𝐶𝑣𝑣 𝐹𝐹0,2−𝑜𝑜𝑜𝑜𝑜𝑜� �𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + �𝑈𝑈𝑈𝑈𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜 +

𝐶𝐶𝑣𝑣 𝐹𝐹1,1−𝑜𝑜𝑜𝑜𝑜𝑜��𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�       [kW] 

Eq. (36) 

and, reordering Eq. (36), we obtain Eq. (37): 362 

[𝑄𝑄𝐹𝐹0,1 + 𝐾𝐾𝐹𝐹0,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1] + [𝑄𝑄𝐹𝐹0,2 + 𝐾𝐾𝐹𝐹0,2 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2]+[𝑄𝑄𝐹𝐹1,1 + 𝐾𝐾𝐹𝐹1,1 + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1] =

 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,1 �𝑇𝑇𝐹𝐹0,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,2 �𝑇𝑇𝐹𝐹0,2 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜� + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹1,1 �𝑇𝑇𝐹𝐹1,1 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�      [kW] 
Eq. (37) 

Eq. (37) proves that the only valid solution for any 𝑇𝑇𝐹𝐹𝐹𝐹,𝑗𝑗 is the one provided by Eq. (29) to Eq. (31) for 363 

each of the 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹,𝑗𝑗 of Eq. (37), where each 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹,𝑗𝑗 has only the indoor to outdoor UA and Cv values 364 

within it. Remember that the 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,𝑗𝑗 of the ground floor also includes the UA value against the ground 365 

multiplied by the factor  
�𝑇𝑇𝐹𝐹0,𝑗𝑗−𝑇𝑇𝐺𝐺�
�𝑇𝑇𝐹𝐹0,𝑗𝑗−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

 . 366 

Thus, it has been proven that the whole building Heat Loss Coefficient can be estimated by the sum of 367 

the individual zones 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹,𝑗𝑗 as if they were only exchanging heat and mass with the outdoor air: 368 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 =  [𝑄𝑄𝐹𝐹0,1+𝐾𝐾𝐹𝐹0,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1]
�𝑇𝑇𝐹𝐹0,1−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

+ �𝑄𝑄𝐹𝐹0,2+𝐾𝐾𝐹𝐹0,2+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2�
�𝑇𝑇𝐹𝐹0,2−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

+ [𝑄𝑄𝐹𝐹1,1+𝐾𝐾𝐹𝐹1,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1]
�𝑇𝑇𝐹𝐹1,1−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�

 = 

𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,1 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,2 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹1,1  [kW/K] 
Eq. (38) 

Where the generic equation of each zone (or floor) can be presented as Eq. (39) for the simple HLC 369 

and Eq. (40) for the HLC: 370 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐹𝐹𝑖𝑖,𝑗𝑗 =
(𝑄𝑄𝐹𝐹𝑖𝑖,𝑗𝑗+𝐾𝐾𝐹𝐹𝑖𝑖,𝑗𝑗)

(𝑇𝑇𝐹𝐹𝑖𝑖,𝑗𝑗−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)
 [kW/K] Eq. (39) 
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𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝑖𝑖,𝑗𝑗 =
(𝑄𝑄𝐹𝐹𝑖𝑖,𝑗𝑗+𝐾𝐾𝐹𝐹𝑖𝑖,𝑗𝑗+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹𝑖𝑖,𝑗𝑗)

(𝑇𝑇𝐹𝐹𝑖𝑖,𝑗𝑗−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)
 [kW/K] Eq. (40) 

Hence, generalizing the example to a building with L floors and M zones per floor, Eq. (38) can be 371 

written as Eq. (41). Considering Eq. (25) of Section 2.1, it can be written as the sum of N time step 372 

measurements for the period k =1 (at t1) to k = N (at tN): 373 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = ∑ ∑ 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹,𝑗𝑗𝑀𝑀
𝑗𝑗=1

𝐿𝐿
𝑖𝑖=1  =  ∑ ∑ ∑

(𝑄𝑄𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘+𝐾𝐾𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘)

(𝑇𝑇𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)
𝑁𝑁
𝑘𝑘=1

𝑀𝑀
𝑗𝑗=1

𝐿𝐿
𝑖𝑖=1  [kW/K] Eq. (41) 

From the previous analysis, it can be concluded that it is possible to develop a precise estimation of 374 

the whole building HLC estimating the Heat Loss Coefficients for each zone and summing them, since 375 

the transmissions and infiltration through the walls between the zones are cancelled out. Moreover, it 376 

must be commented that there is no physical meaning when measuring the HLCs of each zone 377 

independently, since this parameter does not consider the heat transmitted from one room to another. 378 

The individual HLC of each zone will only be physically meaningful when the same internal 379 

temperature is found in all the building’s zones. Only there, each zone HLC will be representing the 380 

HLC regarding the indoor to outdoor exchange effects. For this specific case, where all 𝑇𝑇𝐹𝐹𝐹𝐹,𝑗𝑗 = 𝑇𝑇𝑖𝑖𝑖𝑖, 381 

then Eq. (38) becomes Eq. (42): 382 

However, the proposed zone-by-zone development for the HLC estimation, as far as concerned, has 383 

not been used in order to estimate the HLC of a whole building. Instead of the 𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠, in previous 384 

works the HLCbuilding has usually been estimated considering the whole building is a unique zone.  385 

In order to estimate the HLCbuilding, Eq. (45) must be used, here, the sum of all the input parameters 386 

must be introduced (heating system’s heat, occupancy and solar gains) for the whole building. 387 

Moreover, the internal temperature must be calculated as a unique indoor temperature. Usually two 388 

different methods are used: the average temperature method Eq. (43) and the volume weighted average 389 

temperature method Eq. (44).  390 

𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = [𝑄𝑄𝐹𝐹0,1+𝐾𝐾𝐹𝐹0,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1]+[𝑄𝑄𝐹𝐹0,2+𝐾𝐾𝐹𝐹0,2+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2]+[𝑄𝑄𝐹𝐹1,1+𝐾𝐾𝐹𝐹1,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1]
(𝑇𝑇𝑖𝑖𝑖𝑖−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)

=  

 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,1 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹0,2 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹1,1       [kW/K] 
Eq. (42) 
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𝑇𝑇𝑖𝑖𝑖𝑖 = 𝑇𝑇𝐹𝐹0,1+𝑇𝑇𝐹𝐹0,2+ 𝑇𝑇𝐹𝐹1,1
3       [K or °C] Eq. (43) 

𝑇𝑇𝑖𝑖𝑖𝑖 =
𝑇𝑇𝐹𝐹0,1∗𝑉𝑉𝐹𝐹0,1+𝑇𝑇𝐹𝐹0,2∗𝑉𝑉𝐹𝐹0,2+ 𝑇𝑇𝐹𝐹1,1∗𝑉𝑉𝐹𝐹1,1

𝑉𝑉𝐹𝐹0,1+𝑉𝑉𝐹𝐹0,2+𝑉𝑉𝐹𝐹1,1
  [K or °C] Eq. (44) 

Using the simple average temperature method, the formula in order to obtain the Figure 2 example 391 

building HLCbuilding is the following: 392 

𝐻𝐻𝐻𝐻𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = [𝑄𝑄𝐹𝐹0,1+𝑄𝑄𝐹𝐹0,2+𝑄𝑄𝐹𝐹1,1]+[𝐾𝐾𝐹𝐹0,1+𝐾𝐾𝐹𝐹0,2+𝐾𝐾𝐹𝐹1,1]+[(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1]

�
[𝑇𝑇𝐹𝐹0,1+𝑇𝑇𝐹𝐹0,2+𝑇𝑇𝐹𝐹1,1]

3 −𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�
=  

[𝑄𝑄𝐹𝐹0,1+𝑄𝑄𝐹𝐹0,2+𝑄𝑄𝐹𝐹1,1]+[𝐾𝐾𝐹𝐹0,1+𝐾𝐾𝐹𝐹0,2+𝐾𝐾𝐹𝐹1,1]+[(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,1+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹0,2+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝐹𝐹1,1]
(𝑇𝑇𝑖𝑖𝑖𝑖−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)

     [kW/K] 

Eq. (45) 

Generalizing Eq. (45) to a building with L floors and M zones per floor, HLCbuilding can be written as 393 

Eq. (46). Once again, considering Eq. (25) of Section 2.1, it can be written as the sum of N time step 394 

measurements for the period k =1 (at t1) to k = N (at tN): 395 

𝐻𝐻𝐻𝐻𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = ∑
[∑ ∑ 𝑄𝑄𝑀𝑀

𝑗𝑗=1
𝐿𝐿
𝑖𝑖=1 𝑖𝑖,𝑗𝑗

+∑ ∑ 𝐾𝐾𝑀𝑀
𝑗𝑗=1

𝐿𝐿
𝑖𝑖=1 𝑖𝑖,𝑗𝑗

+∑ ∑ (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)
𝑀𝑀
𝑗𝑗=1

𝐿𝐿
𝑖𝑖=1 𝑖𝑖,𝑗𝑗

]𝑘𝑘

(𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)
𝑁𝑁
𝑘𝑘=1  [kW/K] Eq. (46) 

The estimation of an average unique internal temperature can affect considerably the final HLCbuilding 396 

estimation regarding the HLCsum estimation value. Information is lost due to the internal temperature 397 

averaging process. Therefore, the Eq. (41) should provide more accurate results since each zone (or 398 

floor) has been analysed individually. 399 

2.3.  Error propagation 400 

The existence of uncertainty due to measurements will be analysed in this section, since uncertainty 401 

sources due to modelling have already been detected and limited in Section 2.1. In this section, all 402 

uncertainties, excluding the one related to the accumulation term, are propagated to the estimation of 403 

the HLC. The effect of the accumulation term on the HLC estimate is assumed to be close to zero, 404 

considering the length of the period and the same thermal level condition to be established at the start 405 

and end of the valid data periods, as described in Section 2.1. 406 

The error propagation method used in this section is based on the book [31]. The propagation of errors 407 

has been applied to the already presented Eq. (25) Heat Loss Coefficient formula, but using the period 408 

averaged values for all the variables: 409 
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𝐻𝐻𝐻𝐻𝐻𝐻 = ∑ (𝑄𝑄𝑘𝑘+𝐾𝐾𝑘𝑘+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘)𝑁𝑁
𝑘𝑘=1
∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁
𝑘𝑘=1

=
∑ (𝑄𝑄𝑘𝑘+𝐾𝐾𝑘𝑘+(𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠)𝑘𝑘)𝑁𝑁
𝑘𝑘=1

𝑁𝑁
∑ (𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑘𝑘)𝑁𝑁
𝑘𝑘=1

𝑁𝑁

= 𝑄𝑄�+𝐾𝐾�+𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠���������

𝑇𝑇𝚤𝚤𝚤𝚤����−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������  [kW/K]        Eq. (47) 

The propagation of error for the addition and subtraction in Eq. (47) should be estimated first: 410 

𝐻𝐻𝐻𝐻𝐻𝐻 = (𝑄𝑄�±δ𝑄𝑄�) + (𝐾𝐾�±δ𝐾𝐾�) + (𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������±δ𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������)
(𝑇𝑇𝚤𝚤𝚤𝚤�����±δ𝑇𝑇𝚤𝚤𝚤𝚤�����) − (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������±δ𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������)

= (𝑄𝑄�+𝐾𝐾�+ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������) ± (δ𝑄𝑄�+ δ𝐾𝐾�+δ𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠���������� ) 
(𝑇𝑇𝚤𝚤𝚤𝚤�����− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������)± (δ𝑇𝑇𝚤𝚤𝚤𝚤�����+ δ𝑇𝑇𝑜𝑜𝑢𝑢𝑢𝑢������)

            [kW/K] Eq. (48) 

In Eq. (48), all terms’ uncertainties are considered, including that of the roughly estimated solar gains. 411 

Finally, the propagation error for the division in Eq. (48) must be calculated in order to estimate the 412 

error propagation when estimating the HLC of the building or of a zone within the building: 413 

𝐻𝐻𝐻𝐻𝐻𝐻 =
(𝑄𝑄� + 𝐾𝐾� +  𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠��������)  ±  (δ𝑄𝑄� +  δ𝐾𝐾� + δ𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑜𝑜𝑜𝑜�������� ) 

(𝑇𝑇𝚤𝚤𝚤𝚤���� −  𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�����) ±  (δ𝑇𝑇𝚤𝚤𝚤𝚤���� +  δ𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜�����)
 

= (𝑄𝑄�+𝐾𝐾�+ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������)  
(𝑇𝑇𝚤𝚤𝚤𝚤�����− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������)

± �(𝑄𝑄
�+𝐾𝐾�+ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������)  

(𝑇𝑇𝚤𝚤𝚤𝚤�����− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������)
� · � (δ𝑄𝑄�+ δ𝐾𝐾�+δ𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠���������� )

|𝑄𝑄�+𝐾𝐾�+ 𝑆𝑆𝑎𝑎𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠����������|
+ (δ𝑇𝑇𝚤𝚤𝚤𝚤�����+ δ𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������)

|𝑇𝑇𝚤𝚤𝚤𝚤�����− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜������|
� [kW/K]        

 

Eq. (49) 

 414 

3. Building description 415 

The previously proposed and explained method is now applied and developed in a real in-use building. 416 

The analysis has been done in a public building of the University of the Basque Country. The building 417 

is located on the Leioa University Campus, close to Bilbao, in the north of Spain.  418 

For the analysis of the building HLC, it is indispensable to know about the climate of the area. Leioa 419 

has a humid oceanic climate with a predominance of the westerly winds, which softens the 420 

temperatures and favours a temperate time throughout the year. Due to the proximity to the sea, the 421 

climate is mild, however, it contrasts with the very marked temperature difference between seasons: 422 

8ºC of average temperature in winter and 20ºC in summer. Hence, while the summers are comfortable, 423 

the winters are long, cold, wet and windy and it is partly cloudy all year round. 424 

As detailed in section 2, the proposed HLC estimation method requires data periods with very specific 425 

weather conditions. As an example of a suitable period fulfilling those requirements, the data from 426 

period 2 of winter 2014-2015 is analysed here (period from 15/1/20 to 15/1/23). This period’s data is 427 

plotted in [26], where the internal and external temperature are shown in Fig. 3 and the horizontal and 428 

vertical global solar radiation are shown in Fig. 5. Moreover, Table A.1 and Table A.3 from Appendix 429 
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A show the average values of each of the main variables of all the selected periods. These values can 430 

be used directly to estimate the HLC values using the Eq. (49) form for HLC estimation (in this 431 

equation the variables are introduced as the average of the selected period). Thus, if the Tout column of 432 

Table A.1 and the SaVsol column of Table A.3 are observed, for the period 2 example, a low external 433 

temperature (6.23 ºC) and low solar gains (8.76 kW) average values can be observed. These weather 434 

conditions permit the high indoor to outdoor temperature difference and the low solar gains conditions 435 

required by the method to be fulfilled. 436 

3.1. Description of the building before the retrofitting 437 

The building presents a complex geometry, with an irregular façade and projecting parts on different 438 

levels. The building is formed by three different blocks, but only the west block has been considered 439 

in the energy characterization. The whole building has the same heating system. Each block has four 440 

storeys and has a narrow layout with a structure of concrete pillars and grid concrete slabs. The 441 

distribution of the floor is explained in [26], where F1 and F3 are open areas, while different smaller 442 

rooms and offices make up F0 and F2. The building has a centralized heating system, but before 443 

retrofitting, it did not have ventilation or air conditioning facilities.  444 

 445 
Figure 3. Left: generic building schematic used for method demonstration. Centre: from the generic 446 

building schematic to the schematic of the studied building. Right: photo of the studied building after 447 
retrofitting.  448 

 449 
The building was constructed in the 1970s without insulation. During its life, it has been modified 450 

several times. Regarding the opaque walls, the majority of the façade was built with precast concrete 451 
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panels without an air gap. There were three kinds of window in the building; wooden frame and single 452 

glazed windows, aluminium frame (without thermal break) and double glazed windows and, finally, 453 

aluminium frame (with thermal break) and double glazed windows. Some of the windows had 454 

concrete-sunshades to reduce solar gains during summer. Moreover, the roof was partially insulated. 455 

Section 2.2 demonstrates that the HLC estimation of the building can be done as if each of the analysed 456 

zones are exchanging heat and mass only with the outdoors. The heat and mass exchange between the 457 

internal walls and ceilings are cancelled out when performing the Eq. (41) sum. Then, the considered 458 

energy exchange schema of the presented building is shown in Figure 3 (centre). Therefore, four HLC 459 

values will be calculated, one for each floor of the building.     460 

3.2. Description of the building after the retrofitting 461 

The retrofitting works were designed during the year 2015, and the works were started in summer 462 

2016. A monitoring study was carried out before these works in order to make a diagnosis of the 463 

building and this was taken into account to define the optimal retrofitting actions.  464 

The main objective of the retrofitting was to decrease the building’s energy consumption. Therefore, 465 

the first step carried out to achieve this aim was to reduce the energy demand through the reduction of 466 

the building’s envelope energy losses. Furthermore, improvements in the energy systems of the 467 

building were also considered.    468 

Thus, several actions were carried out to reduce the energy consumption and CO2 emissions of the 469 

building. The first action developed was the retrofitting of the façade, which has been insulated by 470 

adding vacuum insulated panels (VIPs) within a ventilated façade. Moreover, a new lighting system 471 

has been installed, where natural and LED lights were combined as well as a control system for it. 472 

Some windows have also been replaced by a new type of reversible window and others by market 473 

available high performance windows with different solar behaviour, depending on the orientation.  474 

In addition, a ventilation system with recovery has been installed for each floor, with its control system 475 

and thermostatic control valves on the hot water radiators in order to improve the control capacities.      476 
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3.3. Description of the monitoring system of the building 477 

Different types of sensors have been located all around the building, depending on the distribution of 478 

each plant (see Table 1). Three different types of monitoring systems have been installed: sensors 479 

measuring the external conditions, sensors measuring the indoor conditions and, finally, sensors 480 

measuring the building’s energy consumption. The external measurements include the brightness level 481 

on the roof, temperature (two sensors), relative humidity (two sensors), wind speed, wind direction 482 

and horizontal global solar radiation. One outdoor CO2 concentration sensor has been installed after 483 

the retrofitting. The interior sensors are also able to measure the brightness level, temperature, relative 484 

humidity and air quality (CO2 concentration). Finally, the energy consumption of the heating systems 485 

is obtained, since the heating water flow rate, the flow temperature and the return temperature are 486 

measured for each floor. On the other hand, it is also possible to obtain the electricity consumption by 487 

measuring the active power consumption in each floors’ electrical board.  488 

Although most of the data has been obtained by the sensors directly, some parameters have been 489 

estimated for the HLC estimation. The estimation of the total solar aperture of the building 490 

(Sa = 230.15 m2) is justified in [26]. The distribution of the solar aperture through the different floors 491 

has been done proportionally to the total window area of each floor: the ground floor has 16%, the first 492 

floor has 36%, the second floor 23% and the third floor 25% of the whole solar aperture. As shown in 493 

Table 1, the measured solar radiation is the Global Horizontal Solar Radiation (Hsol). 494 

 495 

 496 

 497 

 498 
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Sensors Accuracy Measure Type 
7 Calorimeter: Kamstrup Multical 
602 for heating; F0 1 calorimeter; 
F1, F2 and F3 2 calorimeters per 
floor  

ET ± (0.4 + 4/ΔT)% 
for the set sensors Heating system 

Energy 
consumption 4 Electricity Power Meter: 1 ABB 

EM/S 3.16.1 meter, 3 ABB A43 
meters (1 per floor) 

±2% for all Lighting system 

13 Illuminance sensors: Siemens 
5WG1 255-4AB12 - Illuminance (lux) 

Indoor 
Conditions 13 Air quality, Temperature and 

Humidity Sensors: ARCUS 
SK04-S8-CO2-TF 

±1% Measurement Error Air Quality (ppm CO2) 

±0.5 °C Temperature (°C) 
±3% RH Relative Humidity (%) 

1 Weather Station on roof: 
ELSNER 3595 Sun tracer KNX 
basic 

±35% at 0…150,000 lux Illuminance (lux) 

Weather 

±0.5 °C Temperature (°C) 
±25% at 0…15 m/s Wind Speed (m/s) 

- Rain (yes/no) 

1 Outdoors Temperature and 
Humidity Sensor on roof  
ARCUS SK01-TFK-AFF 

±0.5 °C Temperature (°C) 

±3% RH Relative Humidity (%) 
1 Pyranometer on roof: ARCUS 
SK08-GLBS ±5% Global Horizontal Solar 

Radiation (W/m2) 
 499 

Table 1. Summary of the analysed building’s sensors. 500 
 501 
During this study, the internal gains have been estimated as in [26] in order to estimate the occupancy 502 

heat created by people’s metabolic generation and the heat generated by the computers. This procedure 503 

is applied floor by floor, considering the people and computers working on each of them. The 504 

considered occupancy scheduled for each floor has been estimated by means of interviews and by 505 

analysing the measured lighting consumption data sets. 506 

 507 

4. Results and discussion 508 

The presented in-use office building was monitored from November 2014 to March 2018; every 509 

November-April period were studied. Within each of these four winter periods, useful data periods (at 510 

least 72h sub-periods) were identified in which the Section 2 requirements are completely fulfilled. 511 

Once all these sub-periods had been detected, the proposed accumulated average method was applied 512 
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floor by floor, and for the whole building, to all of them. Then, those values were compared to check 513 

the variation of the estimated HLCs and demonstrate the reliability of the method. If the method is 514 

valid, the HLC of the whole building should not vary much over time. Note that the estimated HLCs 515 

are independent of each other, since different periods of data are used within the same winter and, in 516 

the pre-retrofitting case, even the HLCs estimated in different winters are comparable. 517 

In this section, the change of the Heat Loss Coefficient value for the pre- and post-retrofitting is also 518 

studied. Therefore, two different sections are presented. The first section analyses the HLC of the 519 

public building before retrofitting. Thus, it can be checked whether the HLC values have been 520 

changing over time or whether they are similar, since the building did not undergo any known 521 

improvement or deterioration during this period. On the other hand, the second section studies how 522 

the HLC value has changed after the retrofitting of the building. The value is expected to decrease due 523 

to the improved insulation and new ventilation systems with heat recovery being installed in the 524 

building.  525 

4.1. Pre-Retrofitting HLC Results 526 

The results obtained for the valid sub-periods of the three winters between November 2014 and April 527 

2017 are analysed in this section. In order to estimate the Heat Loss Coefficients of the building 528 

envelope before the retrofitting, Eq. (25) has been used to estimate the HLC, while Eq. (26) has been 529 

used to estimate the HLCsimple. In total, eight valid periods have been found for the three winters, as 530 

shown in Table 2 and Table 3, where estimated HLCsimple and HLC for each valid period are presented. 531 

Appendix A shows the average value of each of the terms of Eq. (25) and Eq. (26) applied to each 532 

period, while Appendix B shows the ±10% stabilization bands of some period’s accumulated average 533 

with respect to the final HLC estimate. Moreover, the calculations have been done floor by floor and 534 

for the whole building. Thus, it is possible to compare the difference when estimating the HLC directly 535 

for the whole building’s averaged data (HLCbuilding) or as a sum of the floor by floor HLCs (HLCsum). 536 
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𝑯𝑯𝑯𝑯𝑯𝑯𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 =
∑ (𝐐𝐐𝐤𝐤 + 𝐊𝐊𝐤𝐤)𝐍𝐍
𝐤𝐤=𝟏𝟏

∑ (𝐓𝐓𝐢𝐢𝐢𝐢,𝐤𝐤 − 𝐓𝐓𝐨𝐨𝐨𝐨𝐨𝐨,𝐤𝐤)𝐍𝐍
𝐤𝐤=𝟏𝟏

 

 
[kW/K] Eq. (26) 

 

FLOOR 0  
Eq. (39) 

FLOOR 1  
Eq. (39) 

FLOOR 2  
Eq. (39) 

FLOOR 3  
Eq. (39) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐒𝐒𝐒𝐒𝐒𝐒 
Eq. (27) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁 
Eq. (46) 

Winter From To Total 
Hours 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 

2014-
2015 

14/12/2/ 
16:00 

14/12/5/ 
20:00 77 0.82 ± 0.08 1.36 ± 0.12 0.97 ± 0.08 1.16 ± 0.10 4.32 ± 0.38 4.34 ± 0.38 

15/1/20/ 
10:00 

15/1/23/ 
8:00 72 0.95 ± 0.08 1.46 ± 0.12 1.06 ± 0.08 1.27 ± 0.10 4.74 ± 0.39 4.76 ± 0.39 

15/1/26/ 
19:00 

15/1/30/ 
20:00 99 1.06 ± 0.12 1.55 ± 0.17 1.05 ± 0.10 1.30 ± 0.13 4.96 ± 0.52 4.97 ± 0.52 

15/2/3/ 
6:00 

15/2/7/ 
1:00 93 0.97 ± 0.08 1.40 ± 0.11 0.98 ± 0.07 1.19 ± 0.09 4.53 ± 0.35 4.54 ± 0.34 

2015-
2016 

15/11/24/ 
19:00 

15/11/27/ 
22:00 76 0.97 ± 0.13 1.60 ± 0.15 1.11 ± 0.11 1.34 ± 0.13 5.02 ± 0.51 5.10 ± 0.52 

16/1/6/ 
20:00 

16/1/9/ 
8:00 61 0.98 ± 0.17 1.44 ± 0.23 0.99 ± 0.16 1.30 ± 0.21 4.72 ± 0.77 4.75 ± 0.77 

2016-
2017 

16/12/19/ 
12:00 

16/12/22/ 
6:00 67    1.34 ± 0.13 0.98 ± 0.09 1.20 ± 0.11 3.51 ± 0.34 3.51 ± 0.34 

17/1/9/ 
18:00 

17/1/12/ 
7:00 62    1.07 ± 0.13 0.91 ± 0.10 1.08 ± 0.13 3.05 ± 0.36 3.05 ± 0.36 

 537 
Table 2. HLCsimple results before retrofitting. 538 

 539 

𝑯𝑯𝑯𝑯𝑯𝑯 =
∑ (𝑸𝑸𝒌𝒌 + 𝑲𝑲𝒌𝒌 + (𝑺𝑺𝒂𝒂𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔)𝒌𝒌)𝑵𝑵
𝒌𝒌=𝟏𝟏

∑ (𝑻𝑻𝒊𝒊𝒊𝒊,𝒌𝒌 − 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐,𝒌𝒌)𝑵𝑵
𝒌𝒌=𝟏𝟏

 
 

[kW/K] Eq. (25) 
 

FLOOR 0  
Eq. (40) 

FLOOR 1  
Eq. (40) 

FLOOR 2  
Eq. (40) 

FLOOR 3  
Eq. (40) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 
Eq. (27) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 
Eq. (46) 

Winter From To Total 
Hours 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 

2014-
2015 

14/12/2/ 
16:00 

14/12/5/ 
20:00 77 0.91 ± 0.10 1.53 ± 0.16 1.08 ± 0.11 1.28 ± 0.12 4.80 ± 0.49 4.83 ± 0.49 

15/1/20/ 
10:00 

15/1/23/ 
8:00 72 1.04 ± 0.09 1.64 ± 0.15 1.18 ± 0.09 1.39 ± 0.12 5.25 ± 0.45 5.28 ± 0.45 

15/1/26/ 
19:00 

15/1/30/ 
20:00 99 1.14 ± 0.14 1.70 ± 0.20 1.14 ± 0.12 1.40 ± 0.16 5.38 ± 0.61 5.40 ± 0.60 

15/2/3/ 
6:00 

15/2/7/ 
1:00 93 1.03 ± 0.08 1.54 ± 0.12 1.07 ± 0.08 1.28 ± 0.10 4.93 ± 0.38 4.94 ± 0.38 

2015-
2016 

15/11/24/ 
19:00 

15/11/27/ 
22:00 76 1.04 ± 0.14 1.73 ± 0.17 1.19 ± 0.12 1.42 ± 0.14 5.39 ± 0.66 5.47 ± 0.57 

16/1/6/ 
20:00 

16/1/9/ 
8:00 61 1.06 ± 0.19 1.60 ± 0.27 1.09 ± 0.18 1.41 ± 0.24 5.17 ± 0.89 5.20 ± 0.90 

2016-
2017 

16/12/19/ 
12:00 

16/12/22/ 
6:00 67    1.49 ± 0.16 1.08 ± 0.11 1.31 ± 0.14 3.87 ± 0.42 3.87 ± 0.43 

17/1/9/ 
18:00 

17/1/12/ 
7:00 62    1.13 ± 0.14 0.95 ± 0.11 1.12 ± 0.13 3.20 ± 0.36 3.19 ± 0.39 

 540 
Table 3. HLC results before retrofitting. 541 

 542 
As expected, from the above tables, it can be concluded that the HLC value has barely changed during 543 

the independent periods considered in three consecutive winters, since all the estimated HLCsimple 544 

values are close to the average value 4.75 ± 0.49 kW/K with a standard deviation of 0.28 kW/K.  For 545 

the HLC, the average value is 5.18 ± 0.56 kW/K with a standard deviation of 0.25 kW/K.  546 
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There is a lack of data on the ground floor during the winter of 2016-2017, which made it impossible 547 

to estimate its HLC during the two valid periods considered during this winter. However, the 548 

estimation has been carried out for the rest of the floors. Since the indoor average temperature of all 549 

the periods is similar on all the floors (see Appendix A), it is possible to estimate an HLC value for 550 

the ground floor for the winter of 2016-2017. The average value of 0.96 ± 0.11 kW/K for the HLCsimple 551 

and 1.04 ± 0.12 kW/K for the HLC of the ground floor is obtained by averaging the 6 available periods 552 

of the winters 2014-2016. Thus, an average value of all the HLCsum of 4.25 ± 0.46 kW/K for the 553 

HLCsimple and 4.56 ± 0.53 kW/K for the HLC for the winter of 2016-2017 would be obtained. These 554 

are within the error bands of the total HLC average values obtained for the winters 2014-2016. 555 

However, the latter estimated values cannot be considered as completely reliable, since during the 556 

summer of 2016 the ground floor’s false ceiling was insulated.  557 

Moreover, the HLC values are higher than the HLCsimple values estimated without considering the solar 558 

gains. On the other hand, the difference is below 10%, since low solar radiation periods have been 559 

considered to avoid a considerable error in the results due to roughly estimated solar gains, as detailed 560 

in Section 2.1. 561 

It should also be mentioned that the difference between the summed HLC (HLCsum in Table 2 and 562 

Table 3) and the total HLC values (HLCbuilding in Table 2 and Table 3) have similar values. Since the 563 

Tin is uniform on the different floors for all periods, the deviation between HLCsum and HLCbuilding is 564 

negligible. Nevertheless, since the measurements floor by floor can be obtained, the results obtained 565 

from these will always be more accurate than the result obtained for the whole building. Therefore, the 566 

HLCsum value should be taken as reference. 567 

To sum up, the HLC value of 5.18 ± 0.56 kW/K is considered the best estimate for the HLC of the 568 

building before the retrofitting.  569 
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4.2. Post-Retrofitting HLC Results 570 

The same procedure is followed to estimate the HLCsimple and the HLC for the winter of 2017-2018. 571 

These calculations have been carried out after the energy retrofitting of the public building. Since the 572 

building use has been kept identical in the post-retrofitting case, the same occupancy estimation as for 573 

Section 4.1 has been assumed for occupancy heat gains. Thus, since the building has been insulated 574 

properly, the HLC should have decreased considerably.  575 

𝑯𝑯𝑯𝑯𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 =
∑ (𝐐𝐐𝐤𝐤 +𝐊𝐊𝐤𝐤)𝐍𝐍
𝐤𝐤=𝟏𝟏

∑ (𝐓𝐓𝐢𝐢𝐢𝐢,𝐤𝐤 − 𝐓𝐓𝐨𝐨𝐨𝐨𝐨𝐨,𝐤𝐤)𝐍𝐍
𝐤𝐤=𝟏𝟏

 
 

[kW/K] Eq. (26) 
 

FLOOR 0  
Eq. (39) 

FLOOR 1  
Eq. (39) 

FLOOR 2  
Eq. (39) 

FLOOR 3  
Eq. (39) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐒𝐒𝐒𝐒𝐒𝐒 
Eq. (27) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁 
Eq. (46) 

Winter From To Total 
Hours 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 

2017-
2018 

17/11/6/ 
18:00 

17/11/10/ 
9:00 88 0.60 ± 0.07 0.94 ± 0.09 0.64 ± 0.06 0.66 ± 0.08 2.83 ± 0.31 2.85 ± 0.30 

17/11/26/ 
21:00 

17/12/2/ 
12:00 136 0.60 ± 0.05 1.06 ± 0.09 0.63 ± 0.06 0.70 ± 0.07 2.99 ± 0.26 3.00 ± 0.27 

17/12/20/ 
9:00 

17/12/23/ 
9:00 73 0.62 ± 0.06 1.06 ± 0.10 0.63 ± 0.06 0.78 ± 0.08 3.10 ± 0.29 3.10 ± 0.29 

18/1/17/ 
4:00 

18/1/20/ 
6:00 75 0.63 ± 0.06 1.06 ± 0.10 0.69 ± 0.06 0.87 ± 0.08 3.25 ± 0.30 3.27 ± 0.30 

18/2/6/ 
17:00 

18/2/10/ 
7:00 87 0.57 ± 0.04 0.94 ± 0.08 0.64 ± 0.05 0.71 ± 0.06 2.86 ± 0.23 2.85 ± 0.23 

 576 
Table 4. HLCsimple results after retrofitting. 577 

 578 

𝑯𝑯𝑯𝑯𝑯𝑯 =
∑ (𝑸𝑸𝒌𝒌 + 𝑲𝑲𝒌𝒌 + (𝑺𝑺𝒂𝒂𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔)𝒌𝒌)𝑵𝑵
𝒌𝒌=𝟏𝟏

∑ (𝑻𝑻𝒊𝒊𝒊𝒊,𝒌𝒌 − 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐,𝒌𝒌)𝑵𝑵
𝒌𝒌=𝟏𝟏

 
 

[kW/K] Eq. (25) 

FLOOR 0  
Eq. (40) 

FLOOR 1  
Eq. (40) 

FLOOR 2  
Eq. (40) 

FLOOR 3  
Eq. (40) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 
Eq. (27) 

𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 
Eq. (46) 

Winter From To Total 
Hours 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐅𝐅𝐅𝐅 𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 ± 𝐞𝐞𝐇𝐇𝐇𝐇𝐇𝐇𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 

2017-
2018 

17/11/6/ 
18:00 

17/11/10/ 
9:00 88 0.77 ± 0.09 1.29 ± 0.17 0.88 ± 0.11 0.96 ± 0.15 3.90 ± 0.52 3.92 ± 0.52 

17/11/26/ 
21:00 

17/12/2/ 
12:00 136 0.71 ± 0.06 1.28 ± 0.10 0.77 ± 0.06 0.86 ± 0.08 3.61 ± 0.30 3.62 ± 0.32 

17/12/20/ 
9:00 

17/12/23/ 
9:00 73 0.75 ± 0.08 1.32 ± 0.15 0.80 ± 0.09 0.97 ± 0.12 3.84 ± 0.44 3.85 ± 0.44 

18/1/17/ 
4:00 

18/1/20/ 
6:00 75 0.76 ± 0.08 1.33 ± 0.15 0.86 ± 0.10 1.07 ± 0.13 4.03 ± 0.46 4.04 ± 0.46 

18/2/6/ 
17:00 

18/2/10/ 
7:00 87 0.65 ± 0.05 1.11 ± 0.10 0.74 ± 0.07 0.83 ± 0.08 3.32 ± 0.30 3.32 ± 0.30 

 579 
Table 5. HLC results after retrofitting. 580 

 581 
In Section 4.1, the obtained average values were 4.75 ± 0.49 kW/K for the HLCsimple and 5.18 ± 0.56 582 

kW/K for the HLC. On the other hand, the obtained average values during the winter 2017-2018 583 

periods are 3.01 ± 0.27 kW/K for the HLCsimple with a standard deviation of 0.18 kW/K and 3.74 ± 584 

0.41 kW/K for the HLC with a standard deviation of 0.28 kW/K. Thus, the reduction has been 585 
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considerable for the HLC value, considering that the façade has been insulated and some of the 586 

windows changed, while the ventilation system with heat recovery has increased the ventilation rates. 587 

The combined effect is a reduction of 28% in the HLC.  588 

To sum up, the HLC value of 3.74 ± 0.41 kW/K is considered the best estimate for the HLC of the 589 

building after the retrofitting. 590 

4.3. Discussion 591 

The whole building’s HLC results are plotted in the following figures: 592 

  593 
 Figure 4. HLCsimple values before retrofitting (winter 2014-2015 and winter 2015-2016). 594 

 595 

  596 
Figure 5. HLCsimple values after retrofitting (winter 2017-2018). 597 

 598 



30 
 

  599 
Figure 6. HLC values before retrofitting (winter 2014-2015 and winter 2015-2016). 600 

 601 

  602 
Figure 7. HLC values after retrofitting (winter 2017-2018). 603 

 604 
As commented in the previous section, several conclusions can be drawn from the graphics. First of 605 

all, it is important to check that all the periods, before and after retrofitting, show similar results. From 606 

these figures, it can be concluded that almost all the individual HLCsimple or HLC estimates are within 607 

the corresponding average value, plus or minus the error band.  608 

Only the fifth period of winter 2017-2018 (Figure 7) was not able to reach the error band limits of the 609 

estimated HLC average value. However, this estimate is not differing considerably from the rest of the 610 

values since the lower error limit is 3.36 kW/K while the fifth period HLC estimate is 3.32 kW/K.  611 
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Moreover, the values obtained by estimating the HLC with and without considering the solar radiation 612 

do not differ by much. While the average value for the pre-retrofit HLCsimple was 4.75 kW/K, the HLC 613 

value considering solar radiation increases to 5.18 kW/K. These two results only differ by 8.3% thanks 614 

to the proposed data period selection procedure described in Section 2.1. It is very difficult to estimate 615 

the real solar gains entering the building due to the unmeasurable effects of such elements as blinds or 616 

curtains located in windows, which are the main obstacle when making an estimation of solar gains. 617 

Therefore, by selecting cloudy and cold days, the unreliable in-use solar gain effect on the HLC 618 

estimate can be limited to below 10%, which would be the limiting case of not considering the solar 619 

gains effect, as in Eq. (26). By using Eq. (25), although roughly estimating the solar gains, the 620 

uncertainty effect on the HLC will be below 10%. However, solar gains effects in the post-retrofitted 621 

HLC estimation are higher, while the HLCsimple value was 3.01 kW/K, the HLC increased until 3.74 622 

kW/K. These two values differ by 20%. As expected, for correctly insulated buildings, the solar gains 623 

effect on the HLC is greater. In insulated buildings, the heating demand decreases and thus, the same 624 

amount of solar gains will produce a bigger difference between the HLCsimple and the HLC. 625 

Finally, as commented previously, when estimating the HLC before and after the retrofitting, a 626 

considerable drop can be observed. If all valid period average HLCsum values are compared, it can be 627 

seen that the HLCsimple, when not considering solar radiation, has decreased by 1.74 kW/K (36%), 628 

while the HLC, considering solar gains, has decreased by 1.44 kW/K (28%). 629 

As detailed in Section 2.1, the HLC = UA + Cv and thus it considers: transmission (UA) plus infiltration 630 

(Cv as in Eq. (5)) for the periods considered in the pre-retrofitting case; while for the post-retrofitting 631 

case, the HLC considers the transmission effects (UA) plus infiltration plus ventilation with heat 632 

recovery effects (Cv as in Eq. (13)) for the post-retrofitted case. The UA value can be considered 633 

constant for all pre-retrofitted periods and it can also be considered constant for all the post-retrofitted 634 

periods.  635 
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During the pre-retrofitted periods, the Cv value only considers the infiltration effects and these effects 636 

might vary mainly due to wind speed and indoor to outdoor temperature difference variations. Note 637 

that using the proposed method, the estimated HLC value considers the average Cv value of each of 638 

the studied periods; so Cv values between periods might be different. Thus, part of the noise in the 639 

HLC estimates of the pre-retrofitted case might be due to variations in the Cv part of each independent 640 

period. It is very important to develop procedures to decouple the HLC into UA and Cv values. For the 641 

estimation of the infiltration Cv detailed in Eq. (5), the use of metabolic CO2 decay analysis might be 642 

a cost-effective option. 643 

For the post-retrofitted case, the new UA value can be assumed to be constant for all the studied 644 

periods. However, the ventilation plus infiltration Cv value will be dependent on both: the regulation 645 

of the ventilation system and the behaviour of the infiltrations, which are mainly dependent on the 646 

wind velocity and indoor to outdoor temperature variations. Again, the method provides an HLC value 647 

that embeds the period averaged Cv value for the analysed period. Here, the decoupling process would 648 

be harder, since we have both infiltrations plus ventilation with heat recovery. For such cases, the heat 649 

recovery system should also be monitored to measure the inlet and outlet flow rates, together with the 650 

supply temperature and the temperature of the air leaving the heated space. With these values, it would 651 

be possible to calculate the part of the Cv due to the ventilation system for the analysed period. For the 652 

infiltration part, the metabolic CO2 decay method could be applied to obtain the total ventilation rates. 653 

Then, the ventilation system’s ventilation rate could be subtracted from the total ventilation rate to 654 

obtain the infiltration part of the total ventilation rate. Thus, the Cv part due to the infiltrations could 655 

also be estimated and the total Cv value, presented in detail in Eq. (13), could be estimated.  656 

However, for both the pre-retrofit (5.18 kW/K ± 10.8%) and post-retrofit (3.74 kW/K ± 10.9%) cases, 657 

all independent periods have estimated the HLCsum values within the corresponding error band, as 658 

compared to the average of all estimated HLCsum. This leads us to conclude that the infiltration 659 

behaviour has been similar for all the periods analysed during the pre-retrofit case and the infiltration 660 
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plus ventilation behaviour have also been similar for all periods analysed in the post-retrofitting case. 661 

The latter can be partially corroborated, since the ventilation part has been operating on the same 662 

schedule, with constant ventilation rates for all the working days of the winter of 2017-2018. The 663 

method leads us to use periods where heating gains are high and thus, indirectly, all selected periods 664 

consider only working days where the heating system is ON and the ventilation system patterns are 665 

similar.  666 

Finally, in order to verify the results, it was in mind the possibility to compare the average method 667 

results with the results of an established method. Therefore, it was considered that the Co-heating 668 

method [20] could play an important role in this comparison. However, due to the size and the 669 

geometry of the building, it has been unfeasible to apply the Co-heating method in the analysed 670 

building. Furthermore, since winter period is not a holyday period, it was inviable to empty the whole 671 

building during one month in any of the studied winters for applying the Co-heating method. However, 672 

this average method has been tested by the paper research team within the IEA-EBC ANNEX71 673 

‘Building energy performance assessment based on in situ measurements’ of the EBC (Energy in 674 

Buildings and Communities Program) of the IEA (International Energy Agency) to estimate the HLC 675 

of the Loughborough single zone case study house. The HLC estimate of the UPV/EHU team for the 676 

Loughborough case under in-use conditions have been 367 ± 28W/K while the Co-heating HLC value 677 

[32] was 382 W/K. 678 

 679 

5. Conclusions   680 

This paper proves the validity of the proposed average method by developing it from the First Law of 681 

Thermodynamics in order to provide the method with the suitable assumptions to work with in-use 682 

buildings. The proposed method has then been applied to an in-use building monitored over four years 683 

to estimate its Heat Loss Coefficient in all the independent periods suitable for the method’s 684 

application. 685 
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Following the method’s indications, a successful estimation of the Heat Loss Coefficient has been 686 

achieved for both; the pre-retrofitted building and the post-retrofitted building. The periods between 687 

November 2014 and April 2017 were first studied. During this period, the building had not yet been 688 

retrofitted, so the obtained averaged results were 4.75 ± 0.49 kW/K for the HLCsimple and 5.18 ± 0.56 689 

kW/K for the HLC. However, during the summer of 2017, the building was retrofitted and the envelope 690 

of the building insulated. Furthermore, a ventilation system with heat recovery was also installed. 691 

Therefore, a considerable drop can be observed in the HLC, since the values attained between 692 

November 2017 and March 2018 were 3.01 ± 0.27 kW/K for the HLCsimple and 3.74 ± 0.41 kW/K for 693 

the HLC. The values considered most reliable are those obtained from the floor by floor sum (HLCsum), 694 

since they consider more accurate data, rather than a single estimated HLC value for the whole building 695 

(HLCbuilding). Hence, the HLC has decreased 28% after the retrofitting from the pre-retrofit case of 5.18 696 

kW/K to the post-retrofitted case of 3.74 kW/K.  697 

Moreover, it can be also concluded that all the individual estimates of HLCsimple and HLC were able 698 

to obtain similar results for winters before and after the retrofitting. The method itself is able to provide 699 

accurate results without the requirement of a physical model of the building. 700 

After the retrofitting, some extra sensors were installed in the building. One of these sensors was the 701 

total electricity consumption measurer per floor. This means that it is currently possible to measure the 702 

electricity demand of each occupant (computers, own electrical devices…). However, it is still 703 

necessary to estimate the person’s metabolic generation, since it is hard to measure this on site. 704 

Therefore, the proposal for further research is to estimate the Heat Loss Coefficient using the measured 705 

total electricity consumption and to compare the final results with those obtained in this paper. The 706 

difference is expected to be small, since the weight of the occupancy heat gains is small during the 707 

cold and cloudy periods considered in this work for HLC estimations, where heating demands are 708 

highest. Moreover, the development of HLC decoupling methods will have to be developed so as to 709 

be able to obtain the UA value embedded in the estimated HLC values. Then, the UA values could be 710 
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compared with the design ones. This could lead to more realistic energy certificates in buildings in so 711 

far as the building envelope is concerned. 712 

 713 
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I. Appendix A 803 

The average values of all the required variables over the analysed periods have been calculated as in 804 

Eq. (47) and Eq. (48). The considered uncertainty of each variable is shown in Section 3.3 Moreover, 805 

the obtained results have been collected and reported in the following tables, floor by floor, for each 806 

period: 807 

 808 

Before Retrofitting Out FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 Building 

Winter From To Tout 
[ºC] 

Tin  
[ºC] 

Tin-Tout 
[K] 

Tin 
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

2014-
2015 

14/12/2/ 
16:00 

14/12/5/ 
20:00 8.74 22.30 13.55 24.39 15.65 24.69 15.94 24.79 16.05 24.05 15.33 

15/1/20/ 
10:00 

15/1/23/ 
8:00 6.23 21.60 15.37 23.46 17.23 23.59 17.36 23.72 17.23 23.09 16.86 

15/1/26/ 
19:00 

15/1/30/ 
20:00 9.93 21.57 11.64 23.08 13.15 23.50 13.57 23.70 13.77 22.96 13.03 

15/2/3/ 
6:00 

15/2/7/ 
1:00 3.04 20.86 17.82 22.56 19.52 22.77 19.73 22.84 19.80 22.26 19.23 

2015-
2016 

15/11/24/ 
19:00 

15/11/27/ 
22:00 12.32 20.85 8.53 24.00 11.68 24.15 11.83 23.81 11.49 23.20 10.88 

16/1/6/ 
20:00 

16/1/9/ 
8:00 13.68 20.45 6.77 21.69 8.01 21.62 7.94 21.39 8.01 21.29 7.61 

2016-
2017 

16/12/19/ 
12:00 

16/12/22/ 
6:00 9.00     23.23 14.11 23.39 14.28 23.32 14.20 23.31 14.20 

17/1/9/ 
18:00 

17/1/12/ 
7:00 10.14     21.14 11.20 21.63 11.70 21.12 11.20 21.30 11.36 

 809 

Table A.1. Average temperatures of each analysed period for winters 2014-2015, 2015-2016 and 810 
2017-2018 before retrofitting. 811 

 812 

Before Retrofitting Out FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 Building 

Winter From To Tout 
[ºC] 

Tin  
[ºC] 

Tin-Tout 
[K] 

Tin 
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

Tin  
[ºC] 

Tin-Tout  
[K] 

2017-
2018 

17/11/6/ 
18:00 

17/11/10/ 
9:00 9.54 23.28 13.74 24.20 14.66 23.65 14.11 21.34 11.81 23.12 13.58 

17/11/26/ 
21:00 

17/12/2/ 
12:00 6.22 23.21 16.99 24.11 17.90 24.50 18.28 23.54 17.33 23.84 17.62 

17/12/20/ 
9:00 

17/12/23/ 
9:00 9.02 23.88 14.86 24.64 15.61 24.90 15.87 24.12 15.09 24.38 15.36 

18/1/17/ 
4:00 

18/1/20/ 
6:00 9.20 23.64 14.44 24.53 15.33 24.70 15.50 23.86 14.66 24.18 14.98 

18/2/6/ 
17:00 

18/2/10/ 
7:00 3.81 23.27 19.46 23.57 19.76 24.33 20.52 22.80 18.99 23.49 19.68 

 813 
Table A.2. Average temperatures of each analysed period for winter 2017-2018 after retrofitting. 814 

 815 
 816 
 817 

 818 
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Winter Before Retrofitting Q 
[kW] 

K 
[kW] 

Q+K 
[kW] 

SaVsol ~ SaHsol 
[kW] 

Tin-Tout 
[K] 

HLC 
[kW/K] 

20
14

 - 
20

15
 

Period 1 
14/12/02  16:00 -  
14/12/05  20:00 

Floor 0 8.08 3.02 11.10 1.18 13.55 0.91 

Floor 1 13.43 7.92 21.35 2.67 15.65 1.53 

Floor 2 11.23 4.27 15.50 1.70 15.94 1.08 

Floor 3 13.34 5.31 18.65 1.85 16.05 1.28 

HLCsum 46.07 20.52 66.59 7.41 15.30 4.80 

HLCbuilding 46.07 20.52 66.59 7.41 15.33 4.83 

Period 2 
15/01/20  10:00 - 

15/01/23  8:00 

Floor 0 11.55 3.05 14.61 1.40 15.37 1.04 

Floor 1 16.69 8.44 25.13 3.16 17.23 1.64 

Floor 2 13.95 4.44 18.40 2.02 17.36 1.18 

Floor 3 16.74 5.40 22.14 2.19 17.23 1.39 

HLCsum 58.94 21.34 80.28 8.76 16.80 5.25 

HLCbuilding 58.94 21.34 80.28 8.76 16.86 5.28 

Period 3 
16/01/26  19:00 - 
15/01/30  20:00 

Floor 0 9.26 3.09 12.35 0.90 11.64 1.14 

Floor 1 11.90 8.46 20.36 2.02 13.15 1.70 

Floor 2 9.95 4.27 14.23 1.29 13.57 1.14 

Floor 3 12.51 5.36 17.87 1.39 13.77 1.40 

HLCsum 43.62 21.18 64.81 5.60 13.03 5.38 

HLCbuilding 43.62 21.18 64.81 5.62 13.03 5.40 

Period 4 
15/02/03  6:00 - 
15/02/07  1:00 

Floor 0 14.09 3.11 17.20 1.10 17.82 1.03 

Floor 1 18.92 8.46 27.38 2.47 19.52 1.54 

Floor 2 14.95 4.35 19.30 1.57 19.73 1.07 

Floor 3 17.97 5.55 23.52 1.71 19.80 1.28 

HLCsum 65.93 21.47 87.40 6.85 19.22 4.93 

HLCbuilding 65.93 21.47 87.40 6.85 19.23 4.94 

20
15

 - 
20

16
 

Period 1 
15/11/24  19:00 - 
15/11/27  22:00 

Floor 0 5.82 2.44 8.25 0.47 8.53 1.05 

Floor 1 11.23 7.50 18.72 1.05 11.68 1.73 

Floor 2 9.17 3.98 13.15 0.67 11.83 1.19 

Floor 3 10.40 4.94 15.34 0.73 11.49 1.43 

HLCsum 36.62 18.85 55.47 2.92 10.88 5.39 

HLCbuilding 36.62 18.85 55.47 2.92 10.88 5.48 

Period 2 
16/01/06  20:00 - 

16/01/09  8:00 

Floor 0 4.26 2.38 6.65 0.56 6.77 1.06 
Floor 1 5.74 5.84 11.57 1.26 8.01 1.60 
Floor 2 4.81 3.09 7.90 0.80 7.94 1.10 
Floor 3 5.70 4.33 10.03 0.87 8.01 1.41 
HLCsum 20.51 15.64 36.15 3.49 7.69 5.17 
HLCbuilding 20.51 15.64 36.15 3.49 7.61 5.21 

20
16

 - 
20

17
 Period 1 

16/12/19  12:00:00 - 
16/12/22  6:00:00 

Floor 0       

Floor 1 11.68 7.17 18.85 1.74 14.11 1.49 

Floor 2 9.88 4.07 13.96 1.11 14.28 1.08 

Floor 3 12.05 5.01 17.06 1.21 14.20 1.31 

HLCsum 33.61 16.25 49.87 4.07 14.20 3.87 

HLCbuilding 33.61 16.25 49.87 4.07 14.20 3.87 

Period 2 
17/01/09  18:00:00 - 

17/01/12  7:00:00 

Floor 0       

Floor 1 5.58 6.36 11.94 0.76 11.20 1.13 

Floor 2 6.92 3.71 10.63 0.49 11.70 0.95 

Floor 3 7.58 4.50 12.08 0.53 11.20 1.12 

HLCsum 20.08 14.57 34.65 1.78 11.37 3.20 

HLCbuilding 20.08 14.57 34.65 1.78 11.36 3.19 

Table A.3. Main variables period averaged values for winters 2014-2015, 2015-2016 and 2017-819 
2018 before retrofitting. 820 
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Winter After Retrofitting Q 
[kW] 

K 
[kW] 

Q+K 
[kW] 

SaVsol ~ SaHsol 
[kW] 

Tin-Tout 
[K] 

HLC 
[kW/K] 

20
17

 - 
20

18
 

Period 1 
17/11/06  18:00-  
17/11/10  9:00 

Floor 0 6.16 2.04 8.20 2.31 13.74 0.77 

Floor 1 7.64 6.12 13.77 5.20 14.66 1.29 

Floor 2 5.46 3.58 9.03 3.32 14.11 0.88 

Floor 3 3.11 4.63 7.74 3.61 11.81 0.96 

HLCsum 22.37 16.37 38.74 14.44 13.58 3.90 

HLCbuilding 22.37 16.37 38.74 14.44 13.58 3.92 

Period 2 
17/11/26  21:00- 
17/12/02  12:00 

Floor 0 8.13 2.14 10.27 1.77 16.99 0.71 

Floor 1 12.75 6.18 18.92 3.97 17.90 1.28 

Floor 2 7.77 3.75 11.52 2.54 18.28 0.77 

Floor 3 7.24 4.86 12.10 2.76 17.33 0.86 

HLCsum 35.88 16.93 52.81 11.04 17.62 3.61 

HLCbuilding 35.88 16.93 52.81 11.04 17.62 3.62 

Period 3 
17/12/20/ 9:00 - 
17/12/23/ 9:00 

Floor 0 6.93 2.31 9.25 1.82 14.86 0.75 

Floor 1 10.86 5.69 16.55 4.11 15.61 1.32 

Floor 2 6.47 3.60 10.06 2.62 15.87 0.80 

Floor 3 6.66 5.17 11.82 2.85 15.09 0.97 

HLCsum 30.92 16.76 47.68 11.40 15.36 3.84 

HLCbuilding 30.92 16.76 47.68 11.40 15.36 3.85 

Period 4 
18/1/17/ 4:00  - 
18/1/20/ 6:00 

Floor 0 6.99 2.17 9.16 1.84 14.44 0.76 

Floor 1 10.72 5.58 16.30 4.13 15.33 1.33 

Floor 2 7.42 3.30 10.72 2.64 15.50 0.86 

Floor 3 8.03 4.77 12.80 2.87 14.66 1.07 

HLCsum 33.16 15.82 48.98 11.49 14.98 4.03 

HLCbuilding 33.16 15.82 48.98 11.49 14.98 4.04 

Period 5 
18/2/6/ 17:00- 
18/2/10/ 7:00 

Floor 0 6.93 2.31 9.25 1.82 14.86 0.75 
Floor 1 10.86 5.69 16.55 4.11 15.61 1.32 
Floor 2 6.47 3.60 10.06 2.62 15.87 0.80 
Floor 3 6.66 5.17 11.82 2.85 15.09 0.97 
HLCsum 30.92 16.76 47.68 11.40 15.36 3.84 
HLCbuilding 30.92 16.76 47.68 11.40 15.36 3.85 

 821 
Table A.4. Main variables period averaged values for winter 2017-2018 after retrofitting. 822 

 823 
As can be seen, the period averaged solar gain values are quite low in comparison with the rest of the 824 

heat gains inside the building (Q+K). During the last winter, the solar gains weight increased in 825 

comparison with the rest of the heat gain inside the building. The method was also able, however, to 826 

provide suitable results. Moreover, it can also be seen that, when checking the temperature difference 827 

between the interior and the exterior, the obtained value is usually around 15°C.   828 



41 
 

II. Appendix B 829 

Since one of the method requirements is that the stabilization band of the selected periods in the 830 

accumulated average plots should be ± 10% as compared to the HLC estimate during the last 24 hours 831 

of the period, the accumulated HLC graphs have been plotted for all floors and for the whole building 832 

in all the analysed periods. However, only the most interesting cases have been plotted below: 833 

 834 
Winter 2014-2015 835 

 836 

837 

 838 
Figure B.1. The accumulated HLC for the whole building for all periods in 2014-2015. 839 
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840 

841 

 842 
Figure B.2. The accumulated HLC for period one in 2014-2015. 843 

Winter 2015-2016 844 
 845 

 846 
Figure B.3. The accumulated HLC for the whole building for all periods in 2015-2016. 847 
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848 

849 

 850 
 Figure B.4. The accumulated HLC for period two in 2015-2016. 851 

Winter 2016-2017 852 
 853 

 854 
Figure B.5. The accumulated HLC for the whole building for all periods in 2016-2017. 855 

 856 
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Winter 2017-2018 857 
 858 

859 

860 

 861 
Figure B.6. The accumulated HLC for the whole building for all periods in 2017-2018. 862 

 863 
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864 

865 

 866 
Figure B.7. The accumulated HLC for period three in 2017-2018. 867 

 868 
As shown in previous figures, the variation of the accumulated average HLC is considerable until it 869 

reaches the last 24 hours. Therefore, it is important to consider only long periods where the 870 

accumulated average HLC value is stable during the last 24 hours. A proof of this conclusion can be 871 

clearly seen in Figure B.4, where the estimated period is shorter than 72h and not long enough to be 872 

stabilized during the last 24 hours. However, during this analysis, the obtained HLC value is 873 

considered correct, since it is really close to the HLC values obtained with other periods and it is very 874 

close to the minimum period length requirement of 72 hours. On the other hand, the rest of the periods 875 

do not show noteworthy issues. The rest of the plots are also available under request to the main author. 876 
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