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Abstract:
The performance gap between the design energy consumption of buildings and their
real energy consumption has three main sources: the energy systems’ performance, the
users’ behaviour and the buildings’ envelope performance. The latter should be
characterized under in-use conditions by estimating their in-use Heat Loss Coefficient
(HLC). 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 problematic
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 of a detailed model of the building.

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

Keywords: Building envelope energy performance, Heat Loss Coefficient (HLC), energy
monitoring, average method.
Highlights:

e In-use energy characterization of the building envelope
e Analysis of the validity of the HLC estimation method
e Estimation of the HLC reduction in an energetically retrofitted office building
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Abbreviations and units

- ARMAX: Autoregressive—-moving-average models.

- ARX: Autoregressive with exogenous terms model.

- ci: Specific heat of the i incompressible material [kJ/kg K].

- Cpair: Constant pressure specific heat of the air at the average indoor temperature [kJ/kg K.

- Cv: Infiltration and/or ventilation heat loss coefficient [kKW/K].

- Cywent): Ventilation heat loss coefficient [KW/K].

- Cuinn: Infiltration heat loss coefficient [KW/K].

- cw: Specific heat of the water at the average flow and return temperatures [kJ/kg K].

- AT: Temperature difference [K].

- Ecv: Total energy of the system [kJ].

- Fij: The i zone of the j* floor in a building.

- g: Gravity [m/s?].

- g-value: Percentage of solar radiation incident in a window that is transmitted to the interior of the
building [-].

- h: Enthalpy of the fluid in the inlet (subscript “i’) or in the exit (subscript ‘e”) of the system [kJ/kg].
- hae: Enthalpy of the returned air from the Control VVolume [kJ/kg].

- hai: Enthalpy of the supplied air to the Control Volume [kJ/kg].

- HLC (Heat Loss Coefficient): Considers the building heat losses through envelope plus ventilation
and/or infiltration per degree difference between indoor and outdoor temperatures. HLC = UA + Cy
[KWI/K].

- HLChuiding: Heat Loss Coefficient calculated as a whole unique building.

- HLGsimple: Heat Loss Coefficient calculated without considering the solar gains.

- HLCsum: Heat Loss Coefficient calculated as the sum of each individual floor HLC.

- Hsoi: Horizontal global solar radiation [KW/m?].

- HVAC: Heating, ventilation, and air conditioning technology.

- hwe: Enthalpy of the returned water from Control Volume [kJ/kg].

- hwi: Enthalpy of the supplied water to the Control VVolume [kJ/kg].

- K: All the other heat gains inside the building excluding solar gains (Sa-Vsoi) and all heating system
gains (Q) [kW]. K = Kelectricity + Koccupancy.

- KE: Kinetic energy of the system [kJ]. The energy of an object owing to its movement.

- Kelectricity: Heat gains inside the building due to electricity consumed within the building envelope
[kwW].

- Koceupancy: Heat gains inside the building due to metabolic generation of the occupants [kW].

- KPI: Key Performance Indicator, in this work referring to HLC, Sa-Vso, UA and C..

- mi: The different mass types within the building [kg].

- m: Mass flow rate of the fluid in the inlet (subscript “i’) or in the exit (subscript ‘e”) of the system
[ka/s].

- Mg+ Air mass flow rate [kg/s].

- My qter- Water mass flow rate within the heating system circuit [kg/s].

- 5. Heat recovery system efficiency.

- PE: Potential energy of the system [kJ]. There are several types of potential energy. In this work we
refer to the gravitational potential energy.
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- Pin: Pressure inside the building [bar].

- Pout: Pressure outside the building [bar].

- Q.- The heat exchanged through the Control Volume [KW].

- Q or Qreating: All heating systems’ energy inputs inside the building [KW].

- Qinfiltration: Heat losses of the building due to infiltrations [kW].

- Qint+vent: SUM of Qinfiltration aNd Qventilation [kW]

- Qrecovery: Heat exchanged between flow and return streams in a ventilation system’s heat recovery
system [kW].

- Qtransmission: Heat losses of the building due to transmission losses [KW].

- Quentilation: Heat losses of the building due to ventilation system [KW].

- pair: Density of the air at the average indoor temperature [kg/m?].

- Sa (solar aperture): Equivalent southern, vertical, perfectly transparent surface that allows the same
solar energy as to the whole building to enter referred to the south vertical global solar radiation [m?].
- t: time, any variable with a *(t)’ is a time dependant variable [s].

- to2 Time period’s first hour [h].

- tn: Time period’s last hour [h].

- Texn: Temperature of the exhausted air after crossing the heat recovery system [K or °C].

- Trij: Specific temperature of the i zone of the j™ floor [K or °C].

- Te: Ground temperature [K or °C].

- Tin: Indoor air temperature [K or °C].

- Tout: Outdoor air temperature [K or °C].

- Tsup: Temperature of the supply air after crossing the heat recovery system [K or °C].

- Tw: Temperature of the water in the inlet (subscript “i’) or in the exit (subscript ‘e’) of the system [K
or °C].

- U: Internal energy of the system [kJ]. It considers the energy gains and losses inside the system as a
result of the changes that take place in the internal state.

- UA: Considered building envelope transmission heat transfer coefficient [KW/K].

- v: Velocity of the fluid in the inlet (subscript “i”) or in the exit (subscript ‘e’) of the system [m/s].

- V,ir: Volumetric air flow rate [m®/s].

- Vair(vent): Ventilation volumetric air flow rate [m?/s].

- Vair(mf): Infiltration volumetric air flow rate [m®/s].

- Vsol: South vertical global solar radiation [kW/m?].

- W,,: The work exchanged through the Control Volume [kW].
- z: Elevation of the fluid in the inlet (subscript “i’) or in the exit (subscript ‘e’) of the system [m].
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1. Introduction

The European Union commitment to energy efficiency can be clearly seen in the directives and
objectives proposed for the years 2020, 2030 and 2050 [1]. Energy saving and energy efficiency when
constructing or rehabilitating a building is one of the main aims. According to H2020 Energy Efficient
Buildings (EeB) [2], buildings are responsible for 40% of energy consumption and 36% of CO-
emissions in the EU. The first thermal regulation was introduced in Europe in the 1970s [3]. 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 [3, 4].

Several countries in the European Union have developed different energy performance estimation
methods, where they use whole building simulation software with thermal models [5]. However,
Summerfield [6] established that energy saving methods should be based on empirical methods instead
of model estimations. Moreover, 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 [6].

On the other hand, advanced mathematical modelling techniques, such as ARMAX [7, 8] (ARX) and
Grey Box modelling (state space models) [9-11], have been used by different authors to identify the
real energy behaviour of building envelopes or building components based on measurements [12].
Some of those methods even identify such building characteristics as U values, thermal resistances,
thermal capacitances and solar apertures. 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 [13].

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
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important to obtain accurate results on the diffusion term in order to verify the quality of the model
[11, 12]. On the other hand, when working with ARMAX models, single and multi-output models [7,
8] 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 [12].

Here, an important “performance gap” [14] is observed when designed or simulated energy
consumptions are compared to real ones. Apart from the simulation error, there are such parameters as
occupancy [15, 16], weather data [17], material uncertainty [18], etc., which are difficult to model
accurately. Although the “performance gap” can be affected by the user behaviour and the buildings’
systems real energy performance [19], the building envelope also has a considerable influence on it.
The most commonly used Key Performance Indicators (KPI) for the building envelope energy
performance characterization are the Heat Loss Coefficient (HLC [kW/K], which considers
transmission heat losses through the envelope (UA [KW/K]), plus ventilation and/or infiltration heat
losses (Cv [kW/K])) and the solar gains, usually given on a daily basis in [kW/day] [20].

Although there are some research works that estimate these Key Performance Indicators in monitored
in-use buildings [21], it is still far from being a general method. Of the existing methods to estimate
the building envelope Heat Loss Coefficient, the Co-heating method is the most developed, and it also
includes specific testing procedures [20, 22, 23]. However, it is not prepared for working with in-use
buildings, due to the difficulties when estimating such parameters as solar gains or occupancy [24, 25].
In this work, the average method presented in [26] to estimate the HLC of an in-use building is further
developed. As a main novelty, in this paper, 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.
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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 paper 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.

Finally, the paper studies the pre- and post-retrofitting HLC values of an in-use office building.
Therefore, the calculations are presented into two sections: Analysis of the data before retrofitting
(between November 2014 and March 2017) and analysis of the data after retrofitting (between
November 2017 and March 2018). Then, a comparison is carried out between pre- and post-retrofitting

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

2. Average method

2.1. Origin of the 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 1 shows the system to be analysed from
the Thermodynamics Open System viewpoint. As can be seen in Figure 1, the building’s envelope is
the Control VVolume 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 [27].
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CONTROL VOLUME:

The Building Envelope

Figure 1. Schematic of all energy and mass exchanges through the control volume defined by the
building envelope.
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dEcy
dt

. . 2 : 2
= ch - Vch + Zimi (hi + V? + ng') - Ze me (he + V? + gZe) [kW] 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 (U), 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:

dE., _ dU

dt  dt

dKE
dt

dPE _
dt

au

T [kw]

Eg. (2)

On the other hand, the second term in Eq. (1) takes into account all the pure heat exchanges occurring
through the Control VVolume 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 = SaVsor + Koceupancy = UA(Tin = Tour) [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:

~Wey = Ketectricity kW] Eq. (4)

Finally, the last two terms in Eqg. (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 without a ventilation system or a ventilation system without heat recovery, then
the term  VuirwentyPair CPair (Tin — Tout) + VairinpPair CPair (Tin — Tour)  Tepresents the heat
exchanged by the building with the outdoor ambient due to both phenomena. 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 (Eqg. (5)). Kinetic and potential energy variations of both flows can be neglected.

. VvZ . v . .
Zimi (hi + ry + gzi) _Ze me (he + Py + gze) = mwater(hwi - hwe) + mai‘r(hai - hae) =

mwater Cw (Twi - Twe) - Vair(vent)paircpair (Tin - Tout) - Vair(inf)paircpair (Tin - Tout) = Eq (5)
mwater Cw (Twi - Twe) - CV(Tin - Tout) = Qheating - Qinf+vent [kW]

However, if the building is working on a ventilation system with heat recovery, the term
Vair(vent)paircpair(Tin — T,,e) 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 1 shows the schematic of the different temperatures involved in a

generic heat recovery system for a ventilation system.
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The heat recovery system works with four main temperatures: The outdoor or ambient temperature
(Tout), the renewed or supply temperature (Tsup), the interior 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 external 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, 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
== 5 Eq. (6)

Ti - Tout
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.

Qrecove‘ry = .air(vent)paircpai‘r *(Tin = Texn) = Vair(vent)paircpair ' (Tsup — Tour) [kW] Eq. (7)
Qventilation = ‘ai‘r(vent)paircpair ' (Tin - Tsup) [kW] Eq‘ (8)
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.

Toup = (1= 1) " Toye + 1+ Ty [°C] Eq. (9)
Quentitation = Vairwent)Pair Pair (1 =1 * Toue + 1+ Tin — Toye) [KW] Eqg. (10)
Then, Quentitation Can also be presented as:
Quentitation = Vairwent)Pair Pair (1 = M (Tin — Toue) [KW] Eq. (11)
Therefore, if the heat recovery system is added to the building, the previously presented Eq. (5) is

converted into Eq. (13), where:

Cy= Vair(vent)paircpair 1-m+ Vair(inf)paircpair [kW/K] Ed. (12)
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. v? . vZ , ,
Zimi (h’l + 7 + gzi) _Ze me (he + 7 + gze) = mwater(hwi - hwe) + mair(hai - hae)n =
mwater Cw (Twi - Twe) - Vair(vent)paircpair (Tin - Tout)(l - 77) - Vair(inf)paircpair (Tin - Tout) = Eq' (13)
mwatercw (Twi - Twe) - Cv (Tin - Tout) = Qheating - Qinf+vent [kW]

If we put together all the terms developed in Eq. (1), we then obtain the Eq. (14) expression for the
complete energy balance of the building at the time instant t. In this paper, 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 [20], where the UA and Cy values are also considered to be constant.

du(t)

T = SaVsol(t) + Koccupancy (t) - UA(Tin - Tout)(t) + Kelectricity(t) + Qheating (t) -

Cv (Tin — Toue) (1) [KW] Eq. (14)

au(t)

dt = SaVsol(t) + Qheating (t) + Kelectricity (t) + Koccupancy (t) - (UA + Cv) (Tin - Tout) (t) [kW]

If Cy is defined as in Eq. (5) or as in Eq. (13), then Eq. (14) is valid for any type of ventilation system
of a building and the HLC can be estimated by:

HLC = (UA + C,) [KWIK] Eq. (15)

du (o)
dt

= SaVsol(t) + Qheating (t) + Kelectricity (t) + Koccupancy (t) - HLC(Tin - Tout)(t) [kW] Eq (16)
Analysing Eq. (16), 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 energy rate being

stored in the building [dl;(t)j the exact solar gains at the same instant (Sa'Vsol (t)), the exact
t

Q

instantaneous heating gains ( heating (t)) , the exact instantaneous internal gains due to occupants and
electricity consumption (Kejectricity (t) + Koccupancy (t)) and the exact indoor to outdoor temperature
difference (T;, — T,u:)(t). 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.

10



254 If Q(t) = Qneating (t) and K(¢) in Eq. (17), then reordering Eq. (16), we obtain the Eq. (18):

K(t) = Kelectricity (t) + Koccupancy(t) [kW] Eq. (17)

_au@)
dt

+ Q) + K(©) = HLC(Tin — Toue) () = SaVsor(£)  [KW] Eq. (18)
255  Since the internal energy is a property of the system and we consider the HLC to be constant, making
256  the integer over a period of time considered between t; and tn, we can convert Eq. (18) into:

—[Nau@ + [N ede + [[Y K(©)dt = HLC [ (Tin = Toue) (Ot = [ SqVeqr (Ot [K]]

= XEymy(u(ty) — w(8)) + [ Q@) de + [N K(©)dt = HLC [ (Ty, —

Tout) )t = [N SV (D)t [KI] Eq. (19)

Ty mici(Ti(t) = To(t)) + J;N Qe + [ K(t)de = HLC [ (T —

Tout) )t = [N SaVeqr (B)dt [KI]
257  where m; are the different mass types within the building (the analysed system), such as concrete,
258  bricks, furniture, wood (the sum goes up to z different types of masses present within the building),
259  which might change their temperatures (and thus their internal energy) when going from time instant
260  t1 to tn. The ci represents the different specific heats of the different masses within the system. For the
261  air within the building, the specific heat at constant volume should be used. Since monitoring systems
262  make discrete measurements every At, the integers of Eq. (19), would be converted into sums from k
263 =1 (att1) tok =N (attn):

Y mic(Ti(ty) — T;(tN)) + Xi=1 QuAt + Xioy KAt = HLC 3oy (Tin e — Tout ) At —
Eqg. (20)
Ilgzl(savsol)kAt [kJ]

264  Thus, if the thermal level is not equal at the start and end of the analysis period from Eq. (20), we could
265 solvefor HLC as in Eq. (21). Note that At cannot be cancelled because the thermal storage is a property
266  that depends solely on the initial and final thermal level of the building and not on the time dependant

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

HLC = Zf:l miCi(Ti(H)‘Z;i(tN))+ZI]g=1(Qk+Kk+(SaVsol)k)At [kW/K] Eq (21)
Zk=1(Tin,k_Tout,k)At

11
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In Eqg. (21), 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 t; and tn. 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 the same 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. (21); 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. (25), will be negligible. Therefore, if it can be assumed
that T(t1) = T(tn) for a period, then Eq. (19) can be rewritten as:
TEamic(0) + [N Q(Odt + [N K(©)dt = HLC [N (Tin = Toue)(©)dt = [N SaVeo (0dt [KI]
Eq. (22)
Y Q@dt + [N K(@©)dt = HLC [N Ty = Tou) )t = [N SaVeqr (B)dt [K]]
Since monitoring systems make discrete measurements every At, the integers of Eq. (22) would be
converted into sums from k =1 (at t1) to k = N (at tn):
Yh=1 Qult + oy KAt = HLC TR_ 1 (Tinge — Tour k) At — Zk=1(SaVso)rAt  [KJ] Eq. (23)
Taking At as a common factor and cancelling it:
YR=1 Qx + Xk=1 K = HLC X1 (Tinie — Tours) — Zi=1(SaVso)x [KW] Eq. (24)

and, finally, reordering Eq. (24), we obtain Eqg. (25):
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Y r=1(Qr+Ki+(SaVsoDk)
HLC =
leg=1(Tin,k_Tout,k)

[KWI/K] Eq. (25)

The second term introducing uncertainties in the method application are the solar gains of Eq. (25).
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 [28]. 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 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 [29], 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 (S,Vs01)
term in cloudy periods. Hence, due to the similarity between the results of SaVsol and SaHsor 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.
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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 represent a 5%
error in the indoor to outdoor temperature difference. Furthermore, the method also proposes
calculating the HLC, assuming the (S,V;,;) term to be zero, as shown in Eq. (26). Thus, the effect of

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

_ _ Zk=1(Qu+Ky)
HLCsimple - Zlg:l(Tin,k—Tout,k) [kW/K] Eqg. (26)

Eq. (26) introduces errors up to 10-15% in the estimated HLCs in the considered periods of very low
solar radiation, as compared to Eq. (25). However, Eg. (26), although slightly underestimated, makes
it simple to obtain quite a reliable HLC value of a building. From now on, the HLC of Eq. (25) will be
named HLC, while the HLC of Eq. (26) will be named HLCsimple.

This proposed average method has some similar characteristics regarding the mathematical estimation
method used by the ISO 9869-1 method [30] 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 paper 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
(see Appendix B examples).

2.2. Application to a multizone building

In this section, the properties of the HLC estimation related to a multizone building are analysed. As
shown in Section 2.1, 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
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considers the HLC estimation for a whole building with homogeneous indoor temperature. Section 2.2
explains how different rooms 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:

* GROUND *

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

Figure 2 shows the proposed simple case 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 zones per floor, the building’s total Heat Loss Coefficient can be

estimated by applying the following formula:

L M
HLCogn = ) > HLCri, Eq. (27)
i=1j=1
HLcsum = HLCFO,I + HLCFO'2+HLCF1'1 [kW/K] Eq. (28)
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349  where each zone HLC can be estimated by applying Eq. (25) directly to each zone as if they were only
350 affected by (TFi,j — Tout). For clarity, the sum from k = 1 to k = N is not shown in this section
351  developments. The sum is only presented in the generalized equations Eq. (41) and Eq. (46).

_ [QFo,1*+KFo,1+(SaVsol)Fo,1]
Mo = ) LK Eq. (29)

HLCFO,Z — [QFO,Z+KF0,2+(SaVsol)FO,Z] [kW/K] Eq (30)

(TFO,Z _Tout)

Eq. (31)

HLCFl,l = [QF1,1+(I;I;11,11‘iiau‘Sol)F1,l] [kW/K]

352 Inthis example, two zones are on the ground floor and another one on the first floor. Thus, the whole
353  energy balance of each zone (Eq. (32) to Eq. (34) ) is presented considering all transmission and
354 infiltration exchanges for each of them:
355  Ground floor (zone FO,1):
Qro1 + Krox + (SaVso)ro1 = UAroi—6(Troa — Te)+UAro1-ro2(Tron —
TF0,2)+UAFO,1—F1,1 (TFO,l - TF1,1)+UAFO,1—out(TFO,1 - Tout)+VF0,1—F0,2paiGCair(TFO,l - Eq. (32)
TF0,2)+VF0,1—F1,1,0aiGCair (TFO,I - TFl,l) + Cy Fo,1-out (TFO,l - Tout) [kw]
356  Ground floor (zone F0,2):
Qroz + Kroz + (SaVso)ro2 = UAroz—c(Troz — Te)+UAro—ro1 (Tro —
TF0,1)+UAF0,2—F1,1(TFO,2 - TF1,1)+UAF0,2—out(TF0,2 - Tout)+VF0,2—F0,1paircpair(TFO,Z - Eqg. (33)
TFO,l)+VFO,2—F1,1paiGCair (Tro2 = Tr,1) + Co ro2-out (Troz — Tout) [kw]
357  First floor (zone F1,1):
QFl,l + KFl,l + (SaVsol)Fl,l = UAFl,l—FO,Z (TFl,l - TF0,2)+UAF1,1—F0,1(TF1,1 -
Tro1) FUAr11-out(Tri1 — out)+VF1,1—F0,2paircpair(TFl,l - TFO,Z)+VF1,1—F0,1paiGCair(TFl,l - Eq.(34)

TFO,l) + G, Fl,l—out(TFl,l - Tout) [kwW]

358  When Eq. (32) to Eq. (34) are summed, the energy transfers through internal walls due to transmission
359  and infiltration between the considered zones are cancelled out. Then, only heat and mass transfers

360  between indoor and outdoor air and heat transfer between floor 0 zones and ground remain.
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365

366

367

368

369

370

[Qro1 + Kro1 + (SaVsor)roa]l + [Qroz2 + Kroz + (SaVsor)ro2]H[Qr1,1 + Kr11 + (SaVso)r11] =
UAFO,l—G(TFO,l - TG)+UAF0,1—out(TFO,1 - Tout) + G, FO,l—out(TFO,l - Tout) + UApoz—¢ (TFO,Z -

Eg. (35)
TG)+UAF0,2—out(TF0,2 - Tout) + G, FO,Z—out(TFO,Z - Tout)+UAF1,1—out(TF1,1 - Tout) +

CV F1,1—out(TF1,1 - Tout) [kW]

Taking (TFL.J. — Tout) as the common factor for each zone:

[QFO,I + KFO,I + (SaVsol)FO,l] + [QFO,Z + KFO,Z + (SaVSOI)FO,2]+[QF1,1 + KF1,1 + (SaVsol)Fl,l] =

Tro1~T
(UAFO,I—G ((FO';G)‘*UAFOJ—out + G, FO,l—out) (TFO,l - Tout) +
Eqg. (36)
Tro2—T
(UAFO,Z— M+UAFO,2—out + Cv FO,Z—out) (TFO,Z - Tout) + (UAFl,l—out +

CV Fl,l—out)(TFl,l - Tout) [kW]
and, reordering Eq. (36), we obtain Eq. (37):

[QF0,1 + Kpo1 + (SaVsol)FO,l] + [QFO,Z + Kpo2 + (SaVsol)F0,2]+[QF1,1 + Kp11 + (SaVsol)Fl,l] =
Eq. (37)
HLCpo1 (TFO,I - out) + HLCpo, (TFO,Z - Tout) + HLCpq 4 (TFl,l - Tout) [kw]

Eq. (37) proves that the only valid solution for any T ; is the one provided by Eq. (29) to Eq. (31) for
each of the HLC; ; of Eq. (37), where each HLCp; ; has only the indoor to outdoor UA and Cy values
within it. Remember that the HLCr, ; of the ground floor also includes the UA value against the ground

(TFo,j—Tc)

multiplied by the factor (Tro;—Toud)

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

the individual zones HLCp; ; as if they were only exchanging heat and mass with the outdoor air:

HLC.. = QroatKroa+(SaVsodroal | [Qroz+Kroz+(SaVsoDroz] 4 [QF11+KF11+(SaVsolF1al _
sum (TFO,l_Tout) (TFO,Z_Tout) (TF1,1_Tout)

Eq. (38)
HLCFO,l + HLCFO,Z + HLCFl,l [kW/K]

Where the generic equation of each zone (or floor) can be presented as Eq. (39) for the simple HLC
and Eq. (40) for the HLC:

Eqg. (39)

(QF; j+KF; ;)

(TFi,j_Tout)

HLCsimple,Fi‘]- = [kW/K]
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HLCFU _ (QFL]-+KFi,j+(5aVsol)Fi']-)

[KW/K] Eq. (40)

(TFi'j_Tout)
Hence, generalizing the example to a building with L floors and M zones per floor, Eq. (38) can be
written as Eq. (41). Considering Eq. (25) of Section 2.1, it can be written as the sum of N time step

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

(QFi,j,k+KFi,j,k+(SaVSOl)Fi,j,k)

HLCsum = iL:1 27:1 HLCFi,j = Z%zl Z?il legzl [kW/K] Eq- (41)

(T j = Tout k)
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 zone and summing them, since
the transmissions and infiltration through the walls between the zones are cancelled out. Moreover, it
must be commented that there is no physical meaning when measuring the HLCs of each zone
independently, since this parameter does not consider the heat transmitted from one room to another.
The individual HLC of each zone will only be physically meaningful when the same internal
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 Tg; j = Tip,

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

HLC _ [QF0,1*tKF0,1+(SaVso)Fo0,1]+[QF0,2+KF0,2+(SaVsol)Fo,2]+[QF1,1tKF1,1+(SaVsoDF1,1] _
sum (Tin_Tout)

Eq. (42)
HLCFO,l + HLCFO,Z + HLCFl,l [kW/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 HLCj,,,, in previous
works the HL Chuilging has usually been estimated considering the whole building is a unique zone.

In order to estimate the HLChuiiding, EQ. (45) 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 internal temperature must be calculated as a unique indoor temperature. Usually two
different methods are used: the average temperature method Eq. (43) and the volume weighted average

temperature method Eq. (44).
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T = TF0,1+TF?(>),2+ Tr11 [K or °C] Eq. (43)

_ Tro1*Vro1+Tro2*VEo2t Ty 1*VF11

in = ° Eq. (44
Tin Vro1tVro2+Vr11 [Kor*C] a- (44)

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

building HL Chuilding is the following:

HLC _ [QF0,1+QF0,2+QF1,1]+[KF0,1+KFo02+KF1,1]+[(SaVsol)Fo,1+(SaVso)Fo,2+(SaVso)F1,1] _
building -

- [TF0,1+TF0,2+TF1,1] T
3 —lout

Eq. (45)

[QF0,1+QF0,2+QF1,1]+[KFo1+KFo2+KF1,1]+[(SaVsol) Fo,1+(SaVsol)Fo,2+(SaVso)F1,1] [kW/K]
(Tin_Tout)

Generalizing Eq. (45) to a building with L floors and M zones per floor, HLChyuiiding can be written as
Eq. (46). Once again, considering Eq. (25) of Section 2.1, it can be written as the sum of N time step
measurements for the period k =1 (at t1) to k = N (at tn):

L M L M L M
[Xi=1 Zj:l Qi,j+2i=1 Zj:l K[.J.‘*‘Zi:l Zj:l(SaVsol)i' Ik

J [KW/K] Eq. (46)

HLChyitaing = Xk=1 Tone—Towed)
The estimation of an average unique internal temperature can affect considerably the final HL Chuilding
estimation regarding the HLCsum estimation value. Information is lost due to the internal temperature
averaging process. Therefore, the Eqg. (41) should provide more accurate results since each zone (or

floor) has been analysed individually.

2.3. 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. In this section, all
uncertainties, excluding the one related to 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.

The error propagation method used in this section is based on the book [31]. The propagation of errors
has been applied to the already presented Eq. (25) Heat Loss Coefficient formula, but using the period

averaged values for all the variables:
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N Qp+KE+(SaVsoDi)

le¥= (Qk"‘Kk"‘(SaVsol)k) Q'H?"'Savsol
HLC = ==L = N == KW/K Eq. (47
legzl(Tin,k_Tout,k) le¥=1(Tin,k_Tout,k) Tin—Tout [ ] CI( )
N

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

(Q£68Q) + (K+8K) + (SqaVs01£8SaVso1) _ (Q+K+ SaVso1) + (8Q+ 8K+85,Vs01)

HLC = — — = ———— -~
(Tint8Tin) — Tout£8Tout) (Tin— Tout)+ (8Tyn+ 8Tout)

[KW/K] Eq. (48)
In Eq. (48), all terms’ uncertainties are considered, including that of the roughly estimated solar gains.
Finally, the propagation error for the division in Eq. (48) must be calculated in order to estimate the

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

(é +K+ SaVsol) T (80 + 8K + SSaVsol)

HLC = — — —
(Tm - Tout) + (STm + 8Tout)

Eqg. (49)

_ (Q+K+54Vs01 (Q+K+SqVs01 (8Q+ 8K+854Vso1) | (8Tun+ 8Tout)
= VoD 4 ) + 6K +85aVso1) | (®Tin [KWIK]
(Tin— Tout) (Tin— Tout) |Q+K+ SaVsoll [Ten— Toutl

3. Building description

The previously proposed and explained method is now applied and developed in a real in-use building.
The analysis has been done 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.

As detailed in section 2, the proposed HLC estimation method requires data periods with very specific
weather conditions. As an example of a suitable period fulfilling those requirements, the data from
period 2 of winter 2014-2015 is analysed here (period from 15/1/20 to 15/1/23). This period’s data is
plotted in [26], where the internal and external temperature are shown in Fig. 3 and the horizontal and
vertical global solar radiation are shown in Fig. 5. Moreover, Table A.1 and Table A.3 from Appendix
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A 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. (49) form for HLC estimation (in this
equation the variables are introduced as the average of the selected period). Thus, if the Tout column of
Table A.1 and the SaVsoi column of Table A.3 are observed, for the period 2 example, a low external
temperature (6.23 °C) 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 method to be fulfilled.

3.1. Description of the building before the 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 has been considered
in the energy characterization. The whole building has the same heating system. Each 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 explained in [26], where F1 and F3 are open areas, while different smaller
rooms and offices make up FO and F2. The building has a centralized heating system, but before

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

* GROUND * " GROUND
Figure 3. 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.

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 fagade was built with precast concrete
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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 2.2 demonstrates that the HLC estimation of the building can be done as if each of the analysed
zones are exchanging heat and mass only with the outdoors. The heat and mass exchange between the
internal walls and ceilings are cancelled out when performing the Eq. (41) sum. Then, the considered
energy exchange schema of the presented building is shown in Figure 3 (centre). Therefore, four HLC
values will be calculated, one for each floor of the building.

3.2. Description of the building after the retrofitting

The retrofitting works were designed during the year 2015, and the works were started in summer
2016. 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 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 fagcade. 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.
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3.3. Description of the 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 1). Three different types of monitoring systems have been installed: sensors
measuring the external conditions, sensors measuring the indoor conditions and, finally, sensors
measuring the building’s energy consumption. The external measurements include the brightness level
on the roof, temperature (two sensors), relative humidity (two sensors), wind speed, wind direction
and horizontal global solar radiation. One outdoor CO> concentration sensor has been installed after
the retrofitting. The interior sensors are also able to measure the brightness level, temperature, relative
humidity and air quality (CO2 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. On the other hand, it is also possible to obtain the electricity consumption by
measuring the active power consumption in each floors’ electrical board.

Although most of the data has been obtained by the sensors directly, some parameters have been
estimated for the HLC estimation. The estimation of the total solar aperture of the building
(Sa = 230.15 m?) is justified in [26]. 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 23% and the third floor 25% of the whole solar aperture. As shown in

Table 1, the measured solar radiation is the Global Horizontal Solar Radiation (Hsor).
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7 Calorimeter: Kamstrup Multical

602 for heating; FO 1 calorimeter; Er+ (0.4 + 4/AT)% Heating svstem

F1, F2 and F3 2 calorimeters per for the set sensors gsy

floor Energy

4 Electricity Power Meter: 1 ABB consumption
EM/S 3.16.1 meter, 3 ABB A43 +2% for all Lighting system

meters (1 per floor)

13 llluminance sensors: Siemens

5WG1 255-4AB12 - llluminance (lux)

. . Indoor
13 Air quality, Temperature and +1% Measurement Error | Air Quality (ppm CO2) Conditions
Humidity Sensors: ARCUS +0E © °
SK04-S8-CO»TF +0.5°C Temperature ( FZ)
+3% RH Relative Humidity (%)
+35% at 0...150,000 lux | Illluminance (lux)
1 Weather Station on roof:
E;SSLVER 3595 Sun tracer KNX 405 °C Temperature (°C)
i
+25% at 0...15 m/s Wind Speed (m/s)
- Rain (yes/no) Weather
1 Ou_td_oors Temperature and +0.5 °C Temperature (°C)
Humidity Sensor on roof
ARCUS SKO1-TFK-AFF +3% RH Relative Humidity (%)
1 Pyranometer on roof: ARCUS +504 Global Horizontal Solar
SK08-GLBS 70 Radiation (W/m?)

Table 1. Summary of the analysed building’s sensors.

During this study, the internal gains have been estimated as in [26] in order to estimate the occupancy
heat created by people’s metabolic generation and the heat generated by the computers. 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.

4. Results and discussion

The presented in-use office building was monitored from November 2014 to March 2018; every
November-April period were studied. Within each of these four winter periods, useful data periods (at
least 72h sub-periods) were identified in which the Section 2 requirements are completely fulfilled.

Once all these sub-periods had been detected, the proposed accumulated average method was applied
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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. The first section 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 known
improvement or deterioration during this period. On the other hand, the second section 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.

4.1. Pre-Retrofitting HLC Results

The results obtained for the valid sub-periods of the three winters between November 2014 and April
2017 are analysed in this section. In order to estimate the Heat Loss Coefficients of the building
envelope before the retrofitting, Eq. (25) has been used to estimate the HLC, while Eq. (26) has been
used to estimate the HLCsimpie. In total, eight valid periods have been found for the three winters, as
shown in Table 2 and Table 3, where estimated HL Csimpie and HLC for each valid period are presented.
Appendix A shows the average value of each of the terms of Eq. (25) and Eq. (26) applied to each
period, while Appendix B shows the £10% stabilization bands of some period’s accumulated average
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 (HLChuilding) Or as a sum of the floor by floor HLCs (HLCsum).
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HLC. _ Zk 1(Qi + Ky)
Smple = 9N (T — Tout) FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 HLCgyiiding
Eq. (39) Eq. (39) Eq. (39) Eq. (39) Eq. (46)
[KW/K] Eq. (26)
Winter From Jgtl?ls HLCpo + epicgg HLCp; * epycp, HLCg; * epycp, HLCp3 + enrcp;  HLCoum £ €nicgyy,  HLCouilding T CHLChyitding
14/12/2/ 14/12/5/
16:00 20:00 77 082 + 008 136 + 012 097 =+ 008 116 =*= 010 432 * 0.38 4.34 + 0.38
15/1/20/ 15/1/23/
2014- 10:00 8:00 72 095 =+ 0.08 146 =+ 012 106 = 008 127 + 0.10 474 = 0.39 4.76 + 0.39
2015 15/1/26/ 15/1/30/
19:00 20:00 99 1.06 + 012 155 * 017 105 =+ 010 130 * 013 496 =+ 052 4.97 + 0.52
12%()3/ 1?{587/ 93 097 =+ 0.08 140 =+ 011 098 = 007 119 + 0.09 453 = 0.35 4.54 + 0.34
15/11/24/ 15/11/27/
2015. 19:00 22:00 76 097 + 013 160 + 015 111 =+ 011 134 = 013 502 * 051 5.10 + 0.52
2016 16/1/6/ 16/1/9/
20:00 8:00 61 098 =+ 0.17 144 =+ 023 099 = 016 130 * 021 472 = 0.77 4.75 + 0.77
16/12/19/ = 16/12/22/
2016- 12:00 6:00 67 134 + 013 098 = 009 120 + 011 351 + 034 3.51 + 0.34
2017 17/1/9/ 17/1/12/
18:00 7:00 62 1.07 = 0.13 091 = 0.10 1.08 + 0.13 3.05 = 0.36 3.05 + 0.36
537
538 Table 2. HLCsimple results before retrofitting.
539
_ Zi=1(Q + Ky + (SaVisods)
HLC = SV Tk —Tour) FLOOR O FLOOR 1 FLOOR 2 FLOOR 3 HLC,,,
ket ik outk Eq. (40) Eq. (40) Eq. (40) Eq. (40) Eq. (27)
[KWI/K] Eg. (25)
Winter From To Jg&?ls HLCgo * eqrcpy  HLCpy £ enicyy HLCp; + eprcp,  HLCp3 & eppcpg HLCsym + enicoym HLCpuilding T €HLChuilding
14/12/2] 14/12/5/
16:00 20:00 77 091 £+ 010 153 + 016 108 * 011 128 + 012 480 + 049 4.83 + 0.49
15/1/20/ 15/1/23/
2014- 10:00 8:00 72 104 £ 009 164 + 015 118 * 0.09 139 + 012 525 + 045 5.28 + 0.45
2015 15/1/26/ 15/1/30/
19:00 20:00 99 114 + 014 170 + 020 114 =+ 012 140 =+ 0.16 538 = 0.61 5.40 + 0.60
15/2./3/ 1.5/2/7/ 93 1.03 + 008 154 + 012 107 = 0.08 128 =+ 0.10 4093 = 0.38 4.94 + 0.38
6:00 1:00
15/11/24/ 15/11/27/
2015 19:00 22:00 76 104 £ 014 173 + 017 119 *+ 012 142 + 014 539 = 0.66 5.47 + 0.57
2016 16/1/6/ 16/1/9/
20:00 8:00 61 106 + 019 160 <+ 027 109 * 018 141 + 024 517 + 0.89 5.20 + 0.90
16/12/19/ 16/12/22/
2016- 12:00 6:00 67 149 + 0.16 108 * 011 131 =+ 014 387 = 0.42 3.87 + 0.43
2017 17/1/9/  17/1/12/
18:00 7:00 62 113 + 0.14 095 + 011 112 =+ 013 320 = 0.36 3.19 + 0.39
540
541 Table 3. HLC results before retrofitting.
542
543  As expected, from the above tables, it can be concluded that the HLC value has barely changed during
544  the independent periods considered in three consecutive winters, since all the estimated HLCsimpie
545  values are close to the average value 4.75 + 0.49 kW/K with a standard deviation of 0.28 kW/K. For
546  the HLC, the average value is 5.18 + 0.56 kW/K with a standard deviation of 0.25 kW/K.
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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 A), it is possible to estimate an 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 all the HLCsym of 4.25 £ 0.46 kW/K for the
HLCsimple and 4.56 + 0.53 kW/K for the HLC for the winter of 2016-2017 would 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.

Moreover, 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.

It should also be mentioned that the difference between the summed HLC (HLCsym in Table 2 and
Table 3) and the total HLC values (HLChuilging in Table 2 and Table 3) have similar values. Since the
Tin is uniform on the different floors for all periods, the deviation between HLCsym and HL Cyyilding 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.
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570  4.2. Post-Retrofitting HLC Results

571  The same procedure is followed to estimate the HLCsimple and the HLC for the winter of 2017-2018.
572  These calculations have been carried out after the energy retrofitting of the public building. Since the
573  building use has been kept identical in the post-retrofitting case, the same occupancy estimation as for
574  Section 4.1 has been assumed for occupancy heat gains. Thus, since the building has been insulated

575  properly, the HLC should have decreased considerably.

Yie1(Qi + Ky)
HLCimpre = ZNk('II‘—k—Tk) FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 HLCg,,
k=1{ink ~ Toutk Eq. (39) Eq. (39) Eq. (39) Eq. (39) Eq. (27)
[KW/K] Eq. (26)

Total

Winter From To Hours HLCpo * eqicgy HLCp; * epycp,y HLCg + eqicy, HLCg3 + eppcpsy HLCsum t enicgyp HLCpuiding £ CHLChuilding
171%1,365 ;_7(%1/10/ 88 0.60 £+ 007 094 + 009 064 + 006 066 =+ 0.08 283 =+ 0.31 2.85 + 0.30
17/11/26/ 17/12/2/
21:00  12:00 136 060 = 0.05 106 <+ 0.09 063 *= 0.06 070 = 0.07 299 =+ 0.26 3.00 + 0.27
2017- 17/12/20/ 17/12/23/
2018 9:00 9:00 73 062 + 006 106 + 010 063 + 0.06 078 + 0.08 310 = 0.29 3.10 + 0.29
18”;{,]6% é.Séé/ZO/ 75 063 + 006 106 =+ 0.10 069 = 0.06 087 =+ 0.08 325 =+ 0.30 3.27 + 0.30
1?/7%6(; %_8&2)/10/ 87 057 £+ 004 094 + 008 064 = 005 071 + 0.06 286 =+ 0.23 2.85 + 0.23
576
577 Table 4. HLCsimpie results after retrofitting.
578
_ Zi=1(Q + Ky + (SaVisods)
HLC = SN T —Tour) FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3
Ktk Toutk Eq. (40) Eq. (40) Eq. (40) Eq. (40)
[KW/K] Eq. (25)
Winter From To Jg&?ls HLCpo + eqrcry  HLCpy £ eprcpy HLCgz + eyrcp,  HLCp3 & eppcy HLCsum + €nrcgyp HLChuitding £ CHLChyiiding
17/ljéjfgeé 3-7(%1/10/ 88 077 £ 009 129 + 0.17 088 = 011 096 =+ 0.15 390 =+ 0.52 3.92 + 0.52
17/11/26/ 17/12/2/
21:00  12:00 136 071 + 006 128 <+ 010 077 + 006 086 + 0.08 361 =+ 0.30 3.62 + 0.32
2017- 17/12/20/ 17/12/23/
2018 9:00 9:00 73 075 £+ 008 132 + 0.15 080 = 0.09 097 + 0.12 384 =+ 0.44 3.85 + 0.44
18/14/%7(; é&gé/ZO/ 75 0.76 £+ 008 133 + 0.15 086 + 0.10 1.07 + 0.13 403 = 0.46 4.04 + 0.46
18/2,/6/ 1_8/2/10/ 87 065 £ 005 111 + 0.10 0.74 + 0.07 083 + 0.08 332 = 0.30 3.32 + 0.30
17:00 7:00
579
580 Table 5. HLC results after retrofitting.
581

582  In Section 4.1, the obtained average values were 4.75 = 0.49 kW/K for the HLC;impie and 5.18 + 0.56
583 kW/K for the HLC. On the other hand, the obtained average values during the winter 2017-2018
584  periods are 3.01 + 0.27 kW/K for the HLCsimple With a standard deviation of 0.18 kW/K and 3.74 +

585 0.41 KW/K for the HLC with a standard deviation of 0.28 kW/K. Thus, the reduction has been
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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.

4.3. Discussion

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

HLCsimple winter 2014-2015
E==HLCsimple winter 2015-2016
=—\lean HLCsimple value before retrofitting

HLCSIMPLE [KWW /K]

=L ower limit of HLCsimple error
=——Upper limit of HLCsimple error

PERIOD

Figure 4. HLCsimple Values before retrofitting (winter 2014-2015 and winter 2015-2016).

HLCsimple value in winter 2017-2018
= \lean HLCsimple value after retrofitting

HLCsimple [kKW/K]

| ower limit of HLCsimple error
= Upper limit of HLCsimple error

PERIOD

Figure 5. HLCsimple Values after retrofitting (winter 2017-2018).
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HLC winter 2014-2015
E=THLC winter 2015-2016

HLC [IKW/K]

M ean HLC value before retrofitting
| ower limit of HLC error

= Jpper limit of HLC error

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

3 HLCvalue in winter 2017-2018

HLC [kW/K]

= mean HLC value after retrofitting
e ower limit of HLC error

2 === Upper limit of HLC error

1 2 3 4 5
PERIOD

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

As commented in the previous section, 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 7) 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.
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Moreover, the values obtained by estimating the HLC with and without considering the solar radiation
do not differ by much. While the average value for the pre-retrofit HL Csimple 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. 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. (26). By using Eq. (25), 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 HLCsimpie 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.

Finally, as commented previously, 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 HLCsimple, Wwhen not considering solar radiation, has decreased by 1.74 kW/K (36%),
while the HLC, considering solar gains, has decreased by 1.44 kW/K (28%).

As detailed in Section 2.1, the HLC = UA + Cy 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 (Cy as in Eq. (13)) for the post-retrofitted case. The UA value can be considered
constant for all pre-retrofitted periods and it can also be considered constant for all the post-retrofitted

periods.
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During the pre-retrofitted periods, the Cy value only considers the infiltration effects and these effects
might vary mainly due to wind speed and indoor to outdoor temperature difference variations. Note
that using the proposed method, the estimated HLC value considers the average Cy value of each of
the studied periods; so Cy values between periods might be different. Thus, part of the noise in the
HLC estimates of the pre-retrofitted case might be due to variations in the Cy part of each independent
period. It is very important to develop procedures to decouple the HLC into UA and Cy values. For the
estimation of the infiltration Cy detailed in Eq. (5), the use of metabolic CO> decay analysis might be
a cost-effective option.

For the post-retrofitted case, the new UA value can be assumed to be constant for all the studied
periods. However, the ventilation plus infiltration Cy value will be dependent on both: the regulation
of the ventilation system and the behaviour of the infiltrations, which are mainly dependent on the
wind velocity and indoor to outdoor temperature variations. Again, the method provides an HLC value
that embeds the period averaged Cy value for the analysed period. Here, the decoupling process would
be harder, since we have both infiltrations plus ventilation with heat recovery. For such cases, the heat
recovery system should also be monitored to measure the inlet and outlet flow rates, together with the
supply temperature and the temperature of the air leaving the heated space. With these values, it would
be possible to calculate the part of the Cy due to the ventilation system for the analysed period. For the
infiltration part, the metabolic CO. decay method could be applied to obtain the total ventilation rates.
Then, the ventilation system’s ventilation rate could be subtracted from the total ventilation rate to
obtain the infiltration part of the total ventilation rate. Thus, the Cy part due to the infiltrations could
also be estimated and the total Cy value, presented in detail in Eq. (13), could be estimated.

However, for both the pre-retrofit (5.18 kW/K * 10.8%) and post-retrofit (3.74 kW/K £ 10.9%) cases,
all independent periods have estimated the HLCsum values within the corresponding error band, as
compared to the average of all estimated HLCsum. This leads us to conclude that the infiltration

behaviour has been similar for all the periods analysed during the pre-retrofit case and the infiltration
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plus ventilation behaviour have also been similar for all periods analysed in the post-retrofitting case.
The latter can be partially corroborated, since the ventilation part has been operating on the same
schedule, with constant ventilation rates for all the working days of the winter of 2017-2018. The
method leads us to use periods where heating gains are high and thus, indirectly, all selected periods
consider only working days where the heating system is ON and the ventilation system patterns are
similar.

Finally, 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 [20] 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 tested by the paper research team within the IEA-EBC ANNEX71
‘Building energy performance assessment based on in situ measurements’ of the EBC (Energy in
Buildings and Communities Program) of the IEA (International Energy Agency) to estimate the HLC
of the Loughborough single zone case study house. The HLC estimate of the UPV/EHU team for the
Loughborough case under in-use conditions have been 367 £ 28W/K while the Co-heating HLC value

[32] was 382 WIK.

5. Conclusions

This paper proves the validity of the proposed average method 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 proposed method has then been applied to an in-use building monitored over four years
to estimate its Heat Loss Coefficient in all the independent periods suitable for the method’s

application.
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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 periods between
November 2014 and April 2017 were first studied. During this period, the building had not yet been
retrofitted, so the obtained averaged results were 4.75 + 0.49 kW/K for the HLCsimpie and 5.18 + 0.56
kW/K for the HLC. However, during the summer of 2017, the building was retrofitted and the envelope
of the building insulated. Furthermore, a ventilation system with heat recovery was also installed.
Therefore, a considerable drop can be observed in the HLC, since the values attained between
November 2017 and March 2018 were 3.01 + 0.27 kW/K for the HLCsimpie and 3.74 + 0.41 KW/K for
the HLC. The values considered most reliable are those obtained from the floor by floor sum (HLCsym),
since they consider more accurate data, rather than a single estimated HLC value for the whole building
(HLChuilding). 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 kKW/K.

Moreover, it can be also concluded that all the individual estimates of HLCsimpie and HLC were able
to obtain similar results for winters before and after the retrofitting. The method itself is able to provide
accurate results without the requirement of a physical model of the building.

After the retrofitting, some extra sensors were installed in the building. One of these sensors was the
total electricity consumption measurer per floor. This means that it is currently possible to measure the
electricity demand of each occupant (computers, own electrical devices...). However, it is still
necessary to estimate the person’s metabolic 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 paper. 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
highest. Moreover, the development of HLC decoupling methods will have to be developed so as to

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

far as the building envelope is concerned.
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I.  Appendix A

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

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

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

period:

Before Retrofitting FLOOR 0 FLOOR 1 FLOOR 2 FLOOR 3 Building

Winter ~ From

14/12/2/
16:00
15/1/20/
10:00
15/1/26/
19:00
15/2/3/
6:00
15/11/24/
19:00
16/1/6/
20:00
16/12/19/
12:00
17/1/9/
18:00

2014-
2015

2015-

2016

2016-
2017

To

14/12/5/
20:00
15/1/23/
8:00
15/1/30/
20:00
15/2171
1:00
15/11/271
22:00
16/1/9/
8:00
16/12/22/
6:00
17/1/12/
7:00

Tout
[°C]

8.74
6.23
9.93
3.04
12.32
13.68

9.00

10.14

Tin
[°C]
22.30
21.60
21.57
20.86

20.85

20.45

Tin-Tout  Tin  Tin-Tout  Tin  Tin-Tout  Tin  Tin-Tout  Tin  Tin-Tout
(K] [°Cl (K] [°C] (K] [°C] (K] [°Cl (K]
13.55 24.39 15.65 24.69 15.94 24.79 16.05 24.05 15.33
15.37 23.46 17.23 23.59 17.36 23.72 17.23 23.09 16.86
11.64 23.08 13.15 23.50 13.57 23.70 13.77 22.96 13.03
17.82 22.56 19.52 22.77 19.73 22.84 19.80 22.26 19.23
8.53 24.00 11.68 24.15 11.83 23.81 11.49 23.20 10.88
6.77 21.69 8.01 21.62 7.94 21.39 8.01 21.29 7.61
23.23 14.11 23.39 14.28 23.32 14.20 23.31 14.20
21.14 11.20 21.63 11.70 21.12 11.20 21.30 11.36

Table A.1. Average temperatures of each analysed period for winters 2014-2015, 2015-2016 and

Before Retrofitting FLOOR 0O

Winter  From

17/11/6/
18:00
17/11/26/
21:00
17/12/20/
9:00
18/1/17/
4:00
18/2/6/
17:00

2017-
2018

To

17/11/10/
9:00
17/12721
12:00
17112123/
9:00
18/1/20/
6:00
18/2/10/
7:00

Tout
[°C]

9.54
6.22
9.02
9.20

3.81

Tin
[°C]

23.28
23.21
23.88
23.64

23.27

2017-2018 before retrofitting.

FLOOR 1 FLOOR 2 FLOOR 3 Building
Tin-Tout  Tin Tin-Tout Tin Tin-Tout Tin Tin-Tout  Tin  Tin-Tout
KA K ra K rd K P K
13.74 24.20 14.66 23.65 14.11 21.34 11.81 23.12 13.58
16.99 24.11 17.90 24.50 18.28 23.54 17.33 23.84 17.62
14.86 24.64 15.61 24.90 15.87 24.12 15.09 24.38 15.36
14.44 24.53 15.33 24.70 15.50 23.86 14.66 24.18 14.98
19.46 23.57 19.76 24.33 20.52 22.80 18.99 23.49 19.68

Table A.2. Average temperatures of each analysed period for winter 2017-2018 after retrofitting.
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819
820

. e K Q+K | savsol=SaHsol | Tin-Tout | HLC
Winter ‘ Before Retrofitting ‘ kW] ‘ bW | kW] kW] K] (KWIK]
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
PerIOd 1 Floor 2 11.23 4.27 15.50 1.70 15.94 1.08
14/12/02 16:00 - Floor 3 13.34 5.31 18.65 1.85 16.05 1.28
14/12/05 20:00 HL Caurm 46.07 = 2052 | 66.59 7.41 15.30 4.80
HLCouiang ~ 46.07 2052  66.59 7.41 15.33 4.83
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
LO PerIOd 2 Floor 2 13.95 4.44 18.40 2.02 17.36 1.18
— 15/01/20 10:00 - Floor 3 16.74 5.40 22.14 2.19 17.23 1.39
8 15/01/23 8:00 HL Caurm 58.94 | 21.34 | 80.28 8.76 16.80 5.25
| HLCouang, ~ 58.94 2134  80.28 8.76 16.86 5.28
< 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
=) PerIOd 3 Floor 2 9.95 4.27 14.23 1.29 13.57 1.14
(Q\| 16/01/26 19:00 - Floor 3 1251 5.36 17.87 1.39 13.77 1.40
15/01/30 20:00 HL Caurm 43.62 = 21.18 | 64.81 5.60 13.03 5.38
HLCouang ~ 43.62 2118  64.81 5.62 13.03 5.40
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
PerIOd 4 Floor 2 14.95 4.35 19.30 1.57 19.73 1.07
15/02/03 6:00 - Floor 3 17.97 5.55 23.52 1.71 19.80 1.28
15/02/07 1:00 HL Caurm 65.93 | 21.47 | 87.40 6.85 19.22 4.93
HLCouang ~ 65.93  21.47  87.40 6.85 19.23 4.94
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
(FOI PerIOd 1 Floor 2 9.17 3.98 13.15 0.67 11.83 1.19
o 15/11/24 19:00 - Floor 3 10.40 4.94 15.34 0.73 11.49 1.43
N 15/1/27 22:00 HL Caurm 36.62 | 1885 | 5547 2.92 10.88 5.39
" HLCouang ~ 36.62 1885  55.47 2.92 10.88 5.48
LO Floor 0 4.26 2.38 6.65 0.56 6.77 1.06
— . Floor 1 5.74 5.84 1157 1.26 8.01 1.60
) Period 2  Foor2 4.81 3.0 7.90 0.80 7.94 1.10
o\ 16/01/06 20:00 - Floor 3 5.70 4.33 10.03 0.87 8.01 1.41
16/01/09 8:00 HL Caum 20.51 15.64 | 36.15 3.49 7.69 5.17
HLChuang ~ 2051 1564  36.15 3.49 7.61 5.21
Floor 0
) Floor 1 11.68 7.17 18.85 1.74 14.11 1.49
N PerlOd 1 Floor 2 9.88 4.07 13.96 1.11 14.28 1.08
— 16/12/19 12:00:00 -  Floor 3 12.05 5.01 17.06 1.21 14.20 1.31
8 16/12/22 6:00:00 HL Caum 3361 | 16.25 | 49.87 4.07 14.20 3.87
| HLChuang ~ 33.61 1625  49.87 4.07 14.20 3.87
@ Floor 0
— ) Floor 1 5.58 6.36 11.94 0.76 11.20 1.13
) PerlOd 2 Floor 2 6.92 3.71 10.63 0.49 11.70 0.95
AN 17/01/09 18:00:00-  Floor 3 7.58 4.50 12.08 0.53 11.20 1.12
17/01/12 7:00:00 HL Caum 2008 | 1457 | 34.65 1.78 11.37 3.20
HLCouang ~ 20.08 1457  34.65 1.78 11.36 3.19

Table A.3. Main variables period averaged values for winters 2014-2015, 2015-2016 and 2017-

2018 before retrofitting.
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821
822
823
824

825

826

827

828

Winter‘ After Retrofitting [kcvgv] ‘ [kisw ([gktvl]( Savso[lk\:,\,?aHSOI Tin-Tout [EVI\;/%

Floor O 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
Perl()d 1 Floor 2 5.46 3.58 9.03 3.32 14.11 0.88
17/11/06 18:00- Floor 3 3.11 4.63 7.74 3.61 11.81 0.96
17/11/10 9:00
HLCoum 2237 | 16.37 | 38.74 14.44 13.58 3.90
HLCouing ~ 22.37  16.37  38.74 14.44 13.58 3.92
Floor 0 8.13 214  10.27 1.77 16.99 0.71
Floor 1 1275  6.18 = 18.92 3.97 17.90 1.28
Perl()d 2 Floor 2 7.77 375 1152 2.54 18.28 0.77
17/11/26 21:00- Floor 3 7.24 4.86 12.10 2.76 17.33 0.86
17/12/02 12:00
HLCoum 3588 | 16.93 @ 52.81 11.04 17.62 3.61
o0 HLCouiing ~ 35.88  16.93  52.81 11.04 17.62 3.62
8 Floor O 6.93 2.31 9.25 1.82 14.86 0.75
N Floor 1 10.86  5.69 = 16.55 4.11 15.61 1.32
' Perl()d 3 Floor 2 6.47 360  10.06 2.62 15.87 0.80
N 17/12/20/ 9:00 - Floor 3 6.66 5.17 11.82 2.85 15.09 0.97
17/12/23/ 9:00
—i HLCoum 30.92 | 16.76 = 47.68 11.40 15.36 3.84
8 HLCouiing ~ 30.92 1676  47.68 11.40 15.36 3.85
Floor O 6.99 2.17 9.16 1.84 14.44 0.76
Floor 1 1072 558  16.30 4.13 15.33 1.33
Perl()d 4 Floor 2 7.42 330  10.72 2.64 15.50 0.86
18/1/17/ 4:00 - Floor 3 8.03 4.77 12.80 2.87 14.66 1.07
18/1/20/ 6:00
HLCoum 33.16 | 15.82 @ 48.98 11.49 14.98 4.03
HLCouing ~ 33.16  15.82  48.98 11.49 14.98 4.04
Floor O 6.93 2.31 9.25 1.82 14.86 0.75
. Floor 1 10.86 = 569 = 16.55 4.11 15.61 1.32
PerIOd 5 Floor 2 6.47  3.60  10.06 2.62 15.87 0.80
18/2/6/ 17:00- Floor 3 6.66 517 = 11.82 2.85 15.09 0.97
18/2/10/ 7:00 HLCaum 3092 | 16.76 | 47.68 11.40 15.36 3.84
HLChuiing ~ 30.92 1676  47.68 11.40 15.36 3.85

Table A.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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s29 Il. Appendix B

830  Since one of the method requirements is that the stabilization band of the selected periods in the
831  accumulated average plots should be + 10% as compared to the HLC estimate during the last 24 hours
832  of the period, the accumulated HLC graphs have been plotted for all floors and for the whole building

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

834
835  Winter 2014-2015
836
PERIOD 1 (WHOLE BUILDING) PERIOD 2 (WHOLE BUILDING)
—Whole building —Upper limit Lower limit —Whole building —Upper limit Lower limit
200 12.00
= 6.00 \ z ‘EIE;I
g.‘ 00 v’f \\‘v/—_‘\ - z% :jm i
000 e
0 20 0 60 80 0 20 0 b 80
TIME [H] TIME [H]
837
PERIOD 3 (WHOLE BUILDING) PERIOD 4 (WHOLE BUILDING)
—Whole building —Upper limit Lower limit —Whole building —Upper limit Lower limit
£.00 \ 0.00
— 600 . 800
= | P e M -
i"‘”ﬁ' v ~—— i h.00 !/\\/ — —
u o 400
T2 - /
0.00 0.00
0 20 40 60 80 100 0 20 40 60 80 100
TIME [H] TIME [H]
838 ] o ) )
839 Figure B.1. The accumulated HLC for the whole building for all periods in 2014-2015.
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Figure B.2. The accumulated HLC for period one in 2014-2015.

Winter 2015-2016
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Figure B.3. The accumulated HLC for the whole building for all periods in 2015-2016.
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Figure B.4. The accumulated HLC for period two in 2015-2016.

Winter 2016-2017
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Figure B.5. The accumulated HLC for the whole building for all periods in 2016-2017.
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Figure B.6. The accumulated HLC for the whole building for all periods in 2017-2018.
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867 Figure B.7. The accumulated HLC for period three in 2017-2018.
868

869  As shown in previous figures, the variation of the accumulated average HLC is considerable until it
870 reaches the last 24 hours. Therefore, it is important to consider only long periods where the
871  accumulated average HLC value is stable during the last 24 hours. A proof of this conclusion can be
872  clearly seen in Figure B.4, where the estimated period is shorter than 72h and not long enough to be
873  stabilized during the last 24 hours. However, during this analysis, the obtained HLC value is
874  considered correct, since it is really close to the HLC values obtained with other periods and it is very
875  close to the minimum period length requirement of 72 hours. On the other hand, the rest of the periods

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