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Abstract

Research on building energy model calibration have
specific validation protocols dealing with either monthly
or yearly energy values. Research based on calibrating
buildings’ temperature behaviour rely on the same energy
validation protocols rather than on specific temperature
ones. This paper reports on research undertaken on the
temperature performance of heavyweight construction in
Beirut, Lebanon and on its optimal calibration. The
objective is to apply energy base protocols on temperature
calibration, on two different cases: a living in apartment
with uncontrollable patterns of usage, and a much strict
controllable environment. Furthermore, the paper will
check whether calibration for one period will remain valid
when tested on another period, and finally, how to carry
on with further simulations when studying performance
and envelope upgrades.

Introduction

Calibration consists of inputting all data pertaining to the
building’s envelope, users’ behaviour, equipment and
lighting loads and schedules, along with the recorded
weather data into the thermal software. A 3D model of the
building is done, and the software generates, through
simulation, monthly or hourly energy needs. These
simulated energy needs are compared to existing values
through specific protocols. When simulated values do not
fit, alterations are done on some of the initial data for
another round of testing and the new values are compared
again. This is repeated until a model and its corresponding
values are acceptable. In the case of this research the
EDSL TAS software is used. The paper looks at two
cases: in the first case calibration is done for temperature
of three rooms in an occupied apartment, hence with
uncontrollable internal patterns. Whereas the second part
has a strict controllable internal environment. It consists
of three purposely built, for the research, full scale test
cells with various combination of heavy weight double
masonry walls and insulation layering. They are thermally
monitored for one summer season and a thermal model is
done and analysed for validation.

The paper will show that calibration of temperature based

models is possible, it requires some data modification.
More importantly the paper raises the issue of whether the
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calibrate model, with its already modified envelope data
can be used as a base for further studies requiring
envelope upgrades for better internal temperature
performance.

The Novelty of the research lies in the fact it is dealing
with temperature calibration of heavyweight construction
within the hot summers of Lebanon climate. More so two
approaches to temperature calibration are being test: an
uncontrollable and a rigid controllable internal
environment.

Three protocols are available from ASHRAE Guidelines
14-2014, the international performance measurements
and verification protocol (IPMVP) (IPMVP 2002) and the
federal energy management program (FEMP) (Webster,
L. et al. 2015). The main, and mostly used calibration
uncertainty measuring indices recommended in these
references are the Coefficient of Variation of the Root
Mean Square Error (CVRMSE) and the Normalized Mean
Bias Error (NMBE). The range for these indices to have
an acceptable calibrated model are maximum of 15% and
5% respectively, for a model based on monthly figures.
Whereas for an hourly model the ranges are increased to
30% and 10% respectively for both the FEMP and
ASHRAE, whereas in the IPMVO for the hourly values
the indices are lower with 5% for the NMBE and 20% for
the CVRMSE.

Previous Studies

In one of the early reference on building thermal and
energy software based simulation, Macdonald, LA,
(2002) starts by differentiate between external and
internal data input. Internal input consists of software
based algorithm alteration to have uncertainties included
in all the simulation. Whereas the external input is the
data alteration. For these, three distinct methods can be
used: changing one parameter at a time, changing one set
of different parameters at a time, or changing all the
parameters simultaneously. This last method is labelled
Monte Carlo

In this next paper by Heo, Y., et al (2012) the reason for
energy studies is clearly set: reducing the energy
consumption from buildings after retrofitting. The paper
carries on with a clear and concise definition of the
calibration process. This is not limited to the many
different parameters that need to be included, but also
their corresponding modified values, and specific
hierarchy or preference that need to be considered. The



paper acknowledges that the available current methods
used for energy retrofitting calibrations are complex, and
rely heavily on uncertainties. The proposed new method,
is said to be simpler, straight forward, with reduced
uncertainties.

In another paper by Heo, Y., et al (2015), they check the
efficiency of an energy calibration using what they refer
to as a Bayesian method. They show, based on actual case
studies, the accuracy of this process, which they define as
“an alternative to traditional, expert-intensity approach
that requires “tweaking” of energy model input parameter
to match measured data”.

This paper by Ruiz and Bandera (2017) is a concise
review on calibration overview, with a thorough review
of the main three available protocols ASHRAE, FEMP
and IPVMP, along with a detailed explanation of the
different measuring uncertainty indices. It also lists the
most common mistakes that occurs in calibrated based
research, based on an exhaustive listing. The three main
indices are the Normalized Mean Bias Error (NMBE), the
Coefficient of Variation of the root mean square error
CVRMSE and the coefficient of determination R?, in
addition to these they also explain the Mean error bias
(MBE) since it is related to the other indices. Among the
recommendations is to use both the NMBE and CVRMSE
together.

Hurnik, M. et al (2018), energy calibrated model based on
a house located in Poland. Calibration is done over 18
days period, where all the energy, and outdoor ambient air
temperatures are weighted, final calculated values are
compared to the measured values with percentage varying
between 0.1% and 3.1%., undergoing four steps of energy
upgrades, among them walls insulation and better
performing windows. Performance indicators used yearly
energy values reduction based on the initial base case.
Allesina, G. et al (2018) in this study proposes a new
energy calibration methodology the “energy signature”,
which they claim is based on the correlation between
outdoor factors and energy consumed. Using graphical
high-performance software that would test multiple
variables to reduce the uncertainties to the minimum.
Both the gas heating monthly consumption and the
electricity are studied. Further to this method, the paper
uses another new error index the safety aimed error (SAE)
along with the Root mean square error (RMSE) that
reached around 1%. The simulations are for a large-scale
superstore in northern Italy. The software used in the
JEPLus.

As an overview, calibration studies are more often done
for overall energy studies, and in particular, cooling and
heating loads, in contrast to specific temperature based
studies, which are still done under cooling or heating
modes. Furthermore, calibration methodologies vary
between the simple to complex. Regardless of the method
followed the final outcome is a good fit model. The more
complex method allows the quantification of the
uncertainties along with the impact of each within the
calibration process. Finally, they all agree that some
inputted data need to be modified to reach good
validation.
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Part |

This apartment (fig. 1a) is in Beirut suburb, in building of
five floors, with two apartments on each, and a
commercial ground floor. The living areas with their
balconies have a south-west orientation, and the eastern
facade is blank (continuous opaque wall with no
windows). The building’s structure is reinforced concrete
for slabs and vertical structures whereas the external and
partition walls are hollow concrete block walls plastered
and painted, all the windows are single glazing with
timber frames. The monitored floor is the fourth floors,
hence an intermediate floor. The apartment has two
bedrooms, one main living area, a dining area and a
kitchen, for a family of four. Data loggers for ambient and
surface temperature are monitoring both the living area,
the bedroom and the semi outdoor space with perforated
lightweight bricks referred to as clostra, from August till
early October (figure 1b).

b

Figure 1(a) the monitored building (b) the plan of the
apartment with the location of the thermal data loggers
and (c) the EDSL TAS model

The apartment has individual A/C units one in each
bedroom and one in the living-dining area. The latter is
seldom used, whereas the bedrooms’ A/C are used more
regularly during the night. Otherwise in the living area a
fan and the open windows are used to provide some
comfort from the heat and humidity. When A/C is used in
whatever room, its internal timber door is closed for
keeping the coolness contained within and not to dissipate
it elsewhere. With no available references in any of the
protocols on the length of the calibration period, this
project is trying to achieve a good temperature calibration
based on hourly recorded data for one full week
observations.

Five rounds of calibrations are done for week 32, days 213
to 219 August 1% to 7™. For this, data are inputted based
on the operator’s judgment. In order not to end up with
haphazard trial and error, the following is done to
introduce an evidence based incremental adjustment: in
the first round the envelop properties as U-values are kept
as they are, all users, lighting and equipment schedules
are inputted as they have been communicated or observed.



In terms of values, the total compiled? internal gains are
4.8W/m?, In the second round, the internal gains are
completely turned off, whereas round three changes the u-
values while keeping nil internal gains. In run four the
now modified u-values are kept as they are, but internal
gains are back to 4.8W/m?. Finally, for the fifth round, the
same modified U-values are kept the same, but internal
gains are raised this time to 7.5W/m?. Both the CVRMSE
and the NMBE are calculated for each simulated room
separately and then their combined weighted value is
calculated as well. In this case, the study is modifying one
parameter at a time, which is a simple and valid method.
This allows the study to focus on the impact of two major
parameters which are the internal gains and the envelopes
u-values.
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Figure 2 Temperature graphs of the three different
rooms from week 32, first round of calibration showing

both recorded and simulated data.

—Living Recorded Temp -~ Living TAS Simulated

The first round, simulated temperature, in both the living
area and the bed room are considerably warmer than the
recorded ones as seen in figure 2. In round two, there is
no internal gains, both the simulated living area and
clostra shown good values, whereas the bedroom is still
not in the acceptable range. Nevertheless, the weighted
indices of all three rooms are within acceptable ranges,
26.4 for the CVRMSE and -2.7 for the NMBE. When U-
values are changed for round three (table 1), and Internal
gains are kept nil, the living area failed largely with
CVRME at 124, which impacted the weighted value to be
above the acceptable levels 49. Round four, kept the
modified u-values with 4.8W/m? for internal gains. This
time all values fit within acceptable ranges. The living
area is the highest at 29. The fifth and final round (fig. 3)
raised further the internal gains to 7.5W/m? while keeping
the modified U-values, this time all values fits even within
the IMPV less than 20 for the CVRMSE and less than
+/ 5 for NMBE. Between round four and five, both
bedroom indices rose, whereas they shrunk for the other

! To get these unique values, all the schedule and the wattage
are inputted, for all the rooms of the apartment, on three different
schedules for weekdays, Saturdays and Sundays. Calculation is
done for the total kWh for the entire year, then this value is
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two rooms. Table 2 shows all the five specific rounds
along with the reached values of both the CVRMSE an
NMBE.

Table 1 Actual and modified envelope values properties
used in the third calibration run.

R Thickness Density Specific Heat Full Construction
Material

(mm)  (Kg/m®)  (J/kg.K) U-Value
Concrete Modified Calibration Value 250 2300 3250 17
Masonry Unit for
Actual Val
External Walls cualvalue 130 2050 840 2.7
Hollow Concrete Modified Calibration Value 500 2450 3250 11
Roof Actual Value 345 1568 925 19
Hollow Concrete Modified Calibration Value 350 2450 3250 13
Slabs Actual Value 345 1568 925 16
Aerated Modified Calibration Value 200 2450 3250 21
Masonry Clostra Actual Value 200 2240 840 3.1
Concrete Modified Calibration Value 100 2300 3250 26
Masonry Unit for
Actual Value
Internal Walls 100 2050 840 2.8
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Figure 3 Temperature graphs of the three different
rooms from week 32 final round five of calibration, when
internal gains are raised from 4.8 to 7.5 W/m? and
external walls U-values reduced from 2.7 to 1.7 W/m?K
but CVRMSE at 9.4 and NMBE at -0.5%.

Table 2 Characteristics of the five calibration rounds
including both CVRMSE and NMBE for each of the
calibrated rooms and the overall mean value.

1G 4.8 W/m’ —— 1G Nill 1G 4.8 W/m* 1G 7.5 W/m®
Schedule U-Value U-Value U-Value
Rounds 1 2 3 4 5
Livin CVRMSE 133.2 4.6 124.2 29.1 15.9
g NMBE -10.3 -0.4 9.6 23 -1.2
CVRMSE 5.2 3.0 7.9 5.2 45
Clostra

NMBE -0.4 -0.2 0.6 0.4 0.4
CVRMSE 110.9 TS5 15.1 2.4 LT

BedRoom
NMBE -8.6 -7.6 12 0.2 -0.6
CVRMSE 83.1 26.4 49.1 123 9.4

Weighted
Iented nmse 64 27 38 0.9 0.5

At this stage, and based on the indices values, the
simulated thermal model is calibrated. It required,

divided by the full hours of the year and the apartment area to
get the value of the internal gains in terms of W/m?Z,



increasing the internal gains, and modifying the envelop
u-values. Looking closely at the temperature graphs of the
final calibrated model, the following are noted: (1) In the
clostra, the well ventilated semi-enclosed space,
simulated temperature is never cooler than the ambient
outdoors temperature, when its recorded temperature is,
at least during the day time cooler. (2) In both the living
area and the bedroom, peak simulated temperatures are
cooler than the recorded ones.

This calibrated model is re-tested for week 40. The only
difference is that air conditioning is turned off completely
during that week., but otherwise internal gains and u-
values as kept the same as the ones used for round five.
The indices show a good fit, even if the values are now
higher than the previous reached values (table 4). The
living area has jumped to 22 (above the acceptable range
for the IMPVE) the clostra showed the most change, from
4to 17 CVRMSE, even if it is not affected by any internal
modifications.

Table 3 Values of CVRMSE and NMBE from the
previous final calibrated round for week 32 and the
corresponding values when simulated for week 40 with
same modified U-values

Calibrated Model
Week 40
223
-1.7
17.5
-1.4
9.1
-0.7
16.3
-1.3

Calibrated Model
Week 32
15.9
-1.2
4.5
0.4
7.7
-0.6
9.4
-0.5

CVRMSE
NMBE
CVRMSE
NMBE
CVRMSE
NMBE
CVRMSE
NMBE

Living

Clostra

BedRoom

Weighted

This first calibration exercise shows that temperature
calibration can be achieved, with good indices values.
Furthermore, if the same model, with the same input is
tested for another period, values will change, but overall
will remain a valid calibrated thermal model. The U-
values of the envelop is already modified beyond what it
actual is, similarly internal gains are higher than they were
both U-values and internal gains are increased up to
almost 60% from their initial values (fig. 4).

Actual and modified values used for calibration
WallsU-values and Internal Gains

8 +56%
6
; 0.0
) 4.8
3 +59%
.| 0.0 =

1.7
1
0

Actual Values Modified Values Used

Figure 4 Modified values and percentage of Walls U-
values and Internal gains needed to reach good
calibration.
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With calibration requiring modifying the envelop u-
values, to proceed to future simulation runs, the walls U-
values reached and used in the calibration are considered
as a single masonry wall of 150mm. To simulate a double
masonry wall, the same construction is doubled, with the
addition of a 20mm air gap and further addition of a 25
XPS layer on the outside, in the middle or on the inside of
the wall. The U-values reached are different from the
expected calculation as seen in table 4 below.

Table 4 Values of Walls U-values based on expected
calculation v/s values used based on calibration process

Regular/Calculated Calibrated / Used

U-Value U-Values
(W/mK) (W/m?K)
150mm Single Wall 2.7 1.7
2x 150mm Double Wall
13 0.8
+20mm Air Gap
2x 150mm Double Wall
0.6 0.5

+20mm Air Gap + 25mm XPS

Part 11

This study carries on with the calibration process, this
time calibrating actual full-scale test cells specially built
for the study (fig. 5). The three test cells have the same
internal area of 10sqm for an internal height of 3000mm,
and the same roof construction made out of 80mm wood
planks above which is a 160mm loose gravel fill. Their
double masonry walls are made of 200mm external and
100mm internal with a gap of 40mm. Each test cell has
different position for insulation: placed onto the outside,
the inside or in the middle, within the cavity of the walls.
At a later stage, the middle insulation is completely
removed. This is based on all the physical and thermal
properties of the constructed test cells, as well as all the
weather data collected from the onsite weather station.
The simulation is then compared to the actual recorded
data.

Figure 5 three purpose built test cells with different
double walls and insulation configuration



For this two set of random three consecutive days are
chosen and simulated:

(b) Week 34, days 235-237 for August 23-25 where
windows are always open, but shutters and internal gains
are there on different schedule

(c) Week 40, days 278-280 for October 5-7 where
windows are always closed, shutters and internal lights
are there continuously from mid-day 279

Three consecutive days are chosen for the simulation to
be able to use the different schedules allowable within
TAS for the weekdays, Saturdays and Sundays. Even if
the chosen dates are not within these days, minor
modification of the imbedded calendar solves this issue.
the three days hourly range, summing up to 72
hours/points, fits within the available calibration
protocols. More importantly, with the short period, there
is no concern for noise induced errors in the observations,
since the three test cells are monitored closely with the
same lighting patterns, same windows and shutters
closures, all happening simultaneously in the three cells.
Furthermore, calibration is done for all three, thus
eliminating any potential chance of noise induced errors.
Similar to the previous calibration exercise both the
CVRMSE and the NMBE are calculated. Yet, in this
simulation walls and roof U-values are kept as they are
based on the EDSL TAS u-value calculation based on
inputted construction, as seen in table 38 below

Week 34 simulation, light on/Internal gains on

The as is simulation for week 34, figure 5, has the same
U-values for the different construction, as well as the
same schedule for shutters and internal gains from lights
at 27W/sgm to sum up for 270W total. The first results
show that the three test cells have very close thermal
behaviour, barely noticeable on the graph. With the
coolest night temperature for the test cell #3 with the
internal insulation. But a difference of not more than
0.2K. Similarly, the hottest day temperature is also for test
cell #3 with a At of up to 0.4K not more.

During the day, with the windows open, all simulated
internal temperatures follow closely the ambient air
temperature, and are cooler than the actual recorded ones.

As soon as the lights are turned on a sudden rise in
temperature is well observed in the simulated graph,
which is not clear in the recorded ones. Similarly, sudden
change in the night temperature are well marked on the
simulated graphs but barely visible on the recorded ones.

Both day and night simulated temperature are lower than
the recorded ones, with a more prominent gap during the
night.

In the second run, internal gains from the lights are raised
from the 27 to 30W/sgm and accordingly there is a slight
rise in the night temperature when the lights are on.

In the third run, internal gains from the lights are raised
from 30 to 50W/sgm on schedule, but another 10W/sgm
are added continuously. It is only this time that the
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combined simulated temperatures have the closest
similarities with the recorded ones, yet with still a clear
sharp increase at the beginning of the lighting schedule,
as well as when external temperature fluctuates.

In the first as-is simulation the value of 27W/sgm is
chosen since each incandescent light bulb used in the test
cell has an electric power of 100W, and according to
different sources the heat dissipation from such varies
between 80 to 97%. Nevertheless, even with the full value
used the outcome was not as expected.

To reach similar outcome, the internal gains are raised to
60W/sgqm including the continuous 10W/sgm that is
200% rise, or doubling the internal gains, to have good
similarities.

Week 40 simulation, Internal gains on

Week 40, day 278-280 October 5-7 windows are closed
during the three days, lights are on from mid-day 279, and
shutter closed at the same time figure 7.

The first run show that the simulated rooms did not get
influenced by the solar internal gains on day 278, and
accordingly the simulated day’s peak are much less than
the actual recorded ones.

On day 279, early afternoon, once the lights are turned on
at an internal gain of 30W/sgm and an infiltration rate at
0.2ach a sharp rise of 2 to 3K is observed with temperature
remaining consistently high.

Similarly, as stated previously when there are internal
gains, a clear differentiation is shown between the
different simulated rooms. This time the coolest simulated
room is the one with no insulated, and the warmest is the
internal insulated one. Yet the gap between the simulated
and recorded is considerable up to 2K for the day’s peak
and up to 3K for the night coolest.

With the considerable gap between simulated and
recorded, another run is done with reduced internal gains
from 30 to 15W/sgm on schedule, in addition to an added
time when the recorded temperature peaked in the
afternoon of day 278 without any actual internal gains
from lighting.

This second run reduced the gap between the recorded and
simulate, especially during day 279, whereas still day 280
the early day temperature is warmer than the recorded
temperature, and peak before them as well. Only the night
temperature of that day shows very similar values.

The basic internal gains of 30W/sgqm did not provide good
similarities with the recorded ones, instead in this run they
had to be reduced by half to 15W/sgm. Also, the day peak
from the combined afternoon solar and external heat
transfer was not achieved till the same 15W/sgm are
added to this time period.
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Figure 6 Three steps of calibration for days 235-237 that included 150% increase in internal gains from 30 to 50W/sgm
of schedule, in addition to 10W/sqm continuous to reach good similarities
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Figure 7: thermal graphs of both runs for days 278-279

showing in the (a) the large gap when the actual internal

gains of 30W/sqm are inputted, and in (b) the impact of

halving the internal gains to only 15W/sgm. Also seen in

(b) the compensation through internal gains for day 278
afternoon peak.

Table 5 calculated correlation indices of CVRMSE and
NMBE weighted from the three rooms, in the different
rounds and weeks, along with the initial internal gains

(1.G.) and the values used in the calibration process.

Week 34 Week 40
I.G. As-Is Round 1Round 2 I.G. Round 1 Round 2
CVRMSE 28 26 5 34 15
NMBE -3.3 -3.1 -0.2 4.1 1.8

Internal Gains 30 27 30 60 30 30 15

With two periods to simulate, with different internal
gains, windows and shutter schedules, showed that each
period could have a fair similarity between recorded and
simulated values. Yet it requires modifying internal gains.
Nevertheless, this is a better outcome than phase | where
both internal gains and envelope U-values had to be
modified (table 5).

Conclusion

After explaining what calibration is, the paper does two
different temperature calibration models, each based on a
separate case. In the first case three rooms in an occupied
apartment are calibrated against the recorded hourly
temperature values. In the second case three purposely
built, full scale test cells with various combination of
heavyweight double masonry walls and insulation
layering, are calibrated. The difference between the two
cases lies in the fact that the apartment has an
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uncontrollable internal environment where the exact
usage patterns cannot be known. Whereas in the second
case the environment is under control, and all variable
parameters are recorded. To achieved good temperature
calibration basic data are modified: in the first case both
internal gains and envelope u-values are changed,
whereas in the second case only internal gains are
modified (fig. 8).

BASIC v/s used Values and their percentage difference of U-Values

and Internal Gains for calibration of apartment and Test Cells
+100%

-50%
100 +56%

48 75 0.6 0.6 0.6 30 15 60
Apa 1t Interna Test Cells U-Values Test Cells Internal Gains
(W/mK) (W/m?)

Figure 8: Basic U-values and Internal Gains
and the percentage difference with the values
used for calibration in both apartment and test

cells

The study further re-tests the calibrated models into
another period, and in both cases, found that they will
further require data modification, yet will remain within
acceptable calibration range, even though the
performance indices are now higher. To carry on with
future simulations, the paper proposes to keep the
modified u-value representing a single wall and just
double it (over the thermal software) with the addition of
air gap and insulation layers where required.
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