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Abstract: Adaptive fagades, also known as climate-adaptive building shells (CABSs), could
make a significant contribution towards reducing the energy consumption of buildings
and their environmental impacts. There is extensive research on glazed adaptive fagades,
mainly due to the available technology for glass materials. The technological development
of opaque adaptive facades has focused on variable-thermal-resistance envelopes, and
the simulation of this type of fagade is a challenging task that has not been thoroughly
studied. The aim of this study was to configure and validate a simplified office model
that could be used for simulating an adaptive fagade with variable thermal resistance via
adaptive insulation thickness in its opaque part. Software-to-software model comparison
based on the results of an EnergyPlus Building Energy Simulation Test 900 (BesTest 900)-
validated model was used. Cooling and heating annual energy demand (kWh), peak
cooling and heating (kW), and maximum, minimum, and average annual hourly zone
temperature variables were compared for both the Adaptive and non-adaptive validated
model. An Adaptive EnergyPlus model based on the BesTest 900 model, which uses the
EnergyPlus SurfaceControl:Movablelnsulation class list, was successfully validated and
could be used for studying office buildings with a variable-thermal-resistance adaptive
facade wall configuration, equivalent to a heavyweight mass wall construction with an
External Insulation Finishing System (EIFS). An example of the Adaptive model in the
Denver location is included in this paper. Annual savings of up to 26% in total energy
demand (heating + cooling) was achieved and could reach up to 54% when electro-chromic
(EC) glass commanded by a rule-based algorithm was added to the glazed part of the
variable-thermal-resistance adaptive fagade.

Keywords: adaptive opaque facade; building performance simulation (BPS); climate-
adaptive building shell (CABS); EnergyPlus model validation; nearly-zero-energy building
(nZEB); variable thermal resistance

1. Introduction

Climate change and the urgent need to reduce energy demand in buildings, of which
36% of the energy consumption is related to greenhouse gas emissions [1], accounting for
approximately 40% of the total energy consumption in the European Union (EU), have
triggered research that has the goal of achieving nearly-zero-energy buildings and net-zero-
energy buildings (nZEB and/or NZEB) for new constructions [2-6]. On the other hand, in
Chile, buildings account for 22% of the country’s energy consumption [7], and a national
energy efficiency plan was established for the 2022-2026 period to immediately trigger
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policies and construction standards to reduce the energy demand towards achieving the
NZEB target by 2050.

The principle of energy conservation inside buildings, based on minimizing heat
losses and maximizing heat gains, has been one of the paradigms for building envelope
design [8,9]. The design’s goal is to select a thermal resistance value for the envelope’s
insulation that minimizes the annual total energy demand (heating + cooling). However,
the chosen value is not the daily or even monthly optimum value but is rather a compro-
mising value for the entire year; it is the equivalent of making a design for an average
situation [10-12]. Energy conservation principles have been derived for envelope designs
that select, among other parameters, the same thermal resistance value for the whole enve-
lope and for the whole year. The paradigm shift needed to achieve the nZEB goal consists
of switching from static facades to adaptive fagades for building envelope designs, where
the envelope’s thermo-physical and/or thermo-optical characteristics could change and
adapt throughout the year due to changing outdoor and/or indoor conditions, in order to
improve the building energy performance [13-17].

CABSs are capable of changing some of their functions, characteristics, or behaviors
over time in response to changes in environmental conditions and user requirements in
order to improve a building’s performance while maintaining human comfort inside the
building [18,19]. “Intelligent” CABSs are capable of changing their behavior via an external
(extrinsic) control signal driven by an algorithm or control logic that “decides” when and
how the facade should change its characteristics in response to changing conditions [9,20]
in order to minimize energy demand and maintain a certain degree of comfort.

Adaptive fagades can be implemented in both the glazed and opaque parts of a
building envelope [9,20,21]. In recent years, several adaptive facade technologies have
been developed for the glazed parts, such as motorized blinds, window frames, and (EC)
glazing for solar shading, among others [22-27]. However, technologies based on variable
thermal resistance for the opaque part of facades are still under development [10,12,28],
which limits the availability of experimental data. Consequently, building performance
assessments for adaptive insulation are scarce and they are mostly theoretical and based on
building performance simulation (BPS).

Considering that the available BPS software can be used to model and simulate the
glazed sections of adaptive fagades, several studies have been conducted using BPS soft-
ware for such adaptive fagades [29], with different technologies being examined, including
vertical, horizontal, baffle, and integrated louver shading [30], perforated curved lou-
vers [26], movable window insulation and window frames [31-33], and adaptive materials
such as EC glass [34,35], photovoltachromic glass [36], and thermochromic glass [37,38].
However, the evaluation of adaptive insulation based on variable thermal resistance for
the opaque part of facades is complex. This is due to the lack of building simulation
models for specific technologies among other limitations of BPS software which include
the user interface, solution routines, control strategies, occupant influence, and domain
integration [39,40]. Specifically, for the variable-thermal-resistance simulation of opaque
fagades, there are limitations in terms of the capability of BPS software to model the variable
thermal resistance and to explicitly indicate the border conditions from the previous time
step, which are the initial conditions for the next time step, specifically in systems that are
dominated by the building’s time constant.

Moreover, there has not been any comparison between experimental measurements
and simulated data for a specific adaptive insulation system [12,41]. By using the Ener-
gyPlus “SurfaceControl:Movablelnsulation” class list [42], an Adaptive insulation model
could be defined with the ability to change the insulation thickness during run time to
achieve adaptation. This is in contrast with a non-adaptive model, where insulation thick-
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ness must be changed manually (via code modification) before a new simulation run and
cannot be changed during run time.

However, it is desirable to have a validated model to simulate the opaque section
of adaptive fagades that takes into account not only the temperatures at the interface
between the insulation layer and the concrete and along the concrete layer [39] but also
other variables of interest for building performance simulation, such as annual heating and
cooling energy demand, peak heating, peak cooling, and indoor temperatures (maximum,
minimum, and average) throughout the year-long period of study.

The objective of this research was to configure and validate a simplified office model
based on the BesTest 900 and BesTest 900 Free Floating (FF) models, as specified in the
ANSI/ASHRAE Standard 140-2011. This could be used to simulate an adaptive fagade
with variable thermal resistance via adaptive insulation thickness in its opaque section.
To carry this out, a model was defined, and then, using the EnergyPlus “SurfaceCon-
trol:Movablelnsulation” class list within the model, it was validated.

2. Materials and Methods

The model subjected to validation in this study was an “Adaptive” model based on a
modified version of the BesTest 900 model [43]. It was coded and simulated in EnergyPlus
software version 9.5.0. using the Windows 10 operating system environment and compared
to a “Static” model that was used as a reference. The study site was in the Stapleton
neighborhood in Denver, Colorado, USA, as indicated in the BesTest 900 specifications,
fully described in Section 2.1. The “Static” and “Adaptive” versions, which are modified
models of the original BesTest 900, are described in Section 2.2 and their EnergyPlus code
differences are fully detailed in Appendix A.

The validation procedure of the “Adaptive” model presented in Section 2.3 was based
on a software-to-software comparison [44] with the “Static” model that was previously
validated for BesTest 900 and BesTest 900FF. For this validation study, the independent
variable was the thermal resistance of the walls, which was modified by changing the
insulation thickness, as explained in Section 2.2. The dependent variables were cooling
annual energy demand (kWh), heating annual energy demand (kWh), peak heating (W)
and peak cooling (W) for BesTest 900, and maximum annual hourly zone temperature
(°C), minimum annual hourly zone temperature (°C), and average annual hourly zone
temperature (°C) for BesTest 900FF. These dependent variables were the results of a year-
long simulation of the models with the parameters, site, climate, and definitions of BesTest
900 indicated in Section 2.1. It should be noted that BesTest 900FF is a Free-Floating
Temperature Test for BesTest900, and the construction model and simulation parameters
are the same as those for BesTest 900 except that there is no mechanical heating or cooling
system [43].

2.1. BesTest 900

The basic testing building for BesTest 900 is shown in Figure 1. It is a rectangular,
single-zone structure (8§ m wide x 6 m long x 2.7 m high) with no interior partitions and
12 m? of south-facing windows. It is located in the Stapleton neighborhood in Denver,
Colorado, USA, and is one of the simplified models proposed by the ANSI/ASHRAE
Standard 140-2011 [43]. The climate is characterized as cold, with clear winters/hot dry
summers and an average number of annual heating degree days = 2756, considering a base
temperature of 15.5 °C and data from the past 5 years. The BesTest 900 model specifications
are shown in Tables 1 and 2.
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Figure 1. BesTest 900 model.
Table 1. BesTest 900 wall, floor, and roof construction specifications [43,44].
- ¢ k Thickness U R Density Cp
emen (W/m-K) (m) W/m2K) m2KW) (kgim®)  (/kgK)

Int. Surface Coeff. 8.290 0.121
Wall Concrete Block 0.510 0.1000 5.100 0.196 1400 1000
construction Foam Insulation 0.040 0.0615 0.651 1.537 10 1400
(heavyweight Wood Siding 0.140 0.0090 15.556 0.064 530 900
mass) Ext. Surface Coeff. 29.300 0.034

Overall, Air-to-Air 0.512 1.952
Floor Int. Surface Coeff. 8.290 0.121
construction Concrete Slab 1.130 0.0800 14.125 0.071 1400 1000
(heavyweight Insulation 0.040 1.0070 0.040 25.175 02 oa
mass) Overall, Air-to-Air 0.039 25.366

Int. Surface Coeff. 8.290 0.121
Roof Plasterboard 0.160 0.0100 16.000 0.063 950 840
construction Fiberglass Quilt 0.040 0.1118 0.358 2.794 12 840
(lightweight Roof Deck 0.140 0.0190 7.368 0.136 530 900
mass) Ext. Surface Coat 29.300 0.034

Overall, Air-to-Air 0.318 3.147

2 Underfloor insulation has the minimum density and specific heat that the program being tested will allow but
not < 0.

Table 2. BesTest 900 window specifications [43,44].

Value

Extinction coefficient 0.0196/mm
Number of panes 2

Properties

Pane thickness 3.175 mm
Air-gap thickness 13 mm

Index of refraction 1.526

Normal direct-beam transmittance through one pane 0.86156
Thermal conductivity of glass 1.06 W/mK
Conductance of each glass pane 333 W/m? K
Combined radiative and convective coefficient of air gaps 6.297 W/m? K
Exterior combined surface coefficient 21.00 W/m? K
Interior combined surface coefficient 829 W/m?2 K
U-value from interior air to ambient air 3.0 W/m?2 K
Hemispherical infrared emittance of ordinary uncoated glass 0.9

Density of glass 2500 kg/m3
Specific heat of glass 750J/kg K
Interior shading devices None
Double-pane shading coefficient at normal incidence 0.907
Double-pane solar heat gain coefficient at normal incidence 0.789

The BesTest 900 description of the heating and cooling systems, thermostat setpoints,
and other parameters is the following:
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BesTest 900 mode

LTI

e Infiltration: 0.5 air change/hour.

e Internal Load: 200 W continuous, 60% radiative, 40% convective, 100% sensible.

e  Mechanical System: 100% convective air system, 100% efficiency with no duct losses
and no capacity limitation, no latent heat extraction, non-proportional-type dual-
setpoint thermostat with deadband, heating < 20 °C, cooling > 27 °C.

e  Soil Temperature: 10 °C continuous.

2.2. Static and Adaptive Models
2.2.1. Static Model

The model used as a reference for this study was the same BesTest 900 model, except
for the “Wood Siding-1" shell, which was removed. This model variation is called “Static”,
and the wall configuration is shown in Figure 2. The external layer of the Static model
is the insulation; thus, this modified model is similar to a heavyweight-mass wall with
an EIFS. For this study, the model variation is called the “Static” model because, in this
model, the thermal resistance of its walls is fixed. The thermal resistance also depends on
the amount and type of insulation as well as the materials included in the layers specified
in the material, construction, and building surface of these EnergyPlus objects, aspects that
could not be changed during run time. The Static model is used as the reference model
and is taken from the original BesTest900 model that was validated using the software-to-
software comparison methodology described by the ANSI/ASHRAE Standard 140-2011
(BESTEST) [43,44]. The results of this Static model are consistent and logically coherent as
the only difference with the original BesTest 900 is the external Wood Siding shell that was
removed from the BesTest900 original model to set up the Static model.

[[ITTTIT

Static model Adaptive model
Outside R Outside fos, o8 s %\:\/\ Outside
“E{_==—~ExtraInsulation =
"~ .
<) Insulation x Schedule1
CEe—  (lmm)  (60.5)
—Wood Siding-1 =

Insulation —+— Insulation ; —| —Insulation

(61.5mm) S (61.5mm) SOl EE) (lmm)

Concrete R Concrete [ . i Concrete

Figure 2. BesTest 900 Static and Adaptive models.

2.2.2. Adaptive Model

The “Adaptive” model shown in Figure 2 is an EnergyPlus model where the thermal
resistance can be modified by changing the amount of extra insulation and during run time,
by adjusting the “Schedulel” multiplier. The rest of the Adaptive model definitions are
kept unchanged compared to those in the Static model.

The Adaptive model of Figure 2 is an example where the total insulation is equal to
61.5 mm. If the Schedulel multiplier is changed, different total insulations can be achieved.

The Adaptive model was obtained by modifying the Static model using EnergyPlus
code. The EnergyPlus “SurfaceControl:Movablelnsulation” class list was used to add the
ability to change the extra insulation added to the Static EnergyPlus model, allowing the
wall’s thermal resistance in the model to be adjusted during run time to achieve adaptation
in response to climate and/or interior occupancy changes within the study period.

The EnergyPlus “SurfaceControl:Movablelnsulation” class list allows the user to
specify an additional amount of insulation on the inside, outside, or both surfaces of a wall
by adding the definition of the multiplier Schedulel (see example in Figure 2). The actual
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insulation of the movable insulation that is added is equal to the insulation of the material
layer times the current value in the movable insulation schedule [45].

The total insulation of the Adaptive model (see example in Figure 2) is calculated
by adding the extra insulation that comes from multiplying the Schedulel equal to 60.5
(example in Figure 2) by the insulation of the material layer (1 mm):

Final insulation thickness = 1 mm + 1 mm x 60.5 = 61.5 mm.

The example in Figure 2 shows that the Adaptive model is equivalent to the Static
model, where the insulation thickness definition in the material layer is 61.5 mm.

The Adaptive model’s requirement is to achieve multiple insulation thicknesses to
provide a variable-thermal-resistance model. For instance, if it is desirable for the Adaptive
model to achieve a total insulation thickness of 30 mm, Schedulel should be equal to 29
(1 mm + 1 mm x 29 = 30 mm); if it is desirable to achieve a total insulation thickness of
100 mm, Schedulel should be equal to 99 (1 mm + 1 mm X 99 = 100 mm).

A detailed comparison of the EnergyPlus code differences for the Static and Adaptive
models is presented in Appendix A.

2.2.3. Criteria for Selecting Thermal Resistances for Adaptive Model Validation

For this study, it is assumed that variable-thermal-resistance technology similar to that
described in [46] is available and can reach up to 5.0 (m? K/W). From the table defined by
Palacios and Bobadilla [47] for an adaptive facade study, the thermal resistances that re-
sulted in the most significant energy reduction were chosen for validation in this study. The
BesTest900 thermal resistance used in the ANSI/ ASHRAE Standard 140-2011 (BESTEST)
is 61.5 mm, so this value was also included in the set. Considering the aforementioned
study, the insulation thicknesses of 1 mm, 10 mm, 30 mm, 61.5 mm, 100 mm, and 200 mm
were used as the chosen set to compare the simulation results of the Static model with
those of the Adaptive model. It should be mentioned that BesTest 900 and 900FF use foam
insulation. The insulation thickness and its thermal resistance value for the chosen set,
considering a foam insulation lambda value of 0.040 (W /mK), are shown in Figure 3.

Insulation R

Thickness (m) (m’K/W)
0.2 @ 5.0
0.1 0.1 @ 25 2.5
0.0615 @ 1.54
0.03 ® 0.75

0.01 0.01 @ 0.25 0.25

0.001 0:001—@—0:025 0.025
0.0 9 29 60.5 99 199
Schedulel

Figure 3. Range of insulation thicknesses and chosen set for Adaptive model validation.

The possible insulation thicknesses for the Adaptive model range from a 1 mm total
insulation thickness when no extra insulation is added (Schedulel = 0.0) to 200 mm of total
insulation, which is achieved when 199 mm of insulation is added (Schedulel = 199).
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2.3. Model Validation Procedure
2.3.1. Static Model Validation

The BesTest 900 and BesTest 900FF EnergyPlus original code was provided by En-
ergyPlus in version 8.1.0 and was converted to EnergyPlus version 9.5.0 using the ID-
FVersionUpdater provided by the EnergyPlus software. This conversion was necessary
because at the time of this study, the original EnergyPlus BesTest 900 and BesTest 900FF
code was only available for EnergyPlus version 8.1.0., and the validation was performed
using EnergyPlus version 9.5.0. After the conversion described above, to obtain the Static
EnergyPlus model using BesTest900 EnergyPlus version 9.5.0, the “Wood Siding” from the
BesTest900 model construction definition was removed.

First Validation (Static Model Validation) Procedure:

The software conversion was verified by comparing the dependent variable results
provided by EnergyPlus for the original code in version 8.1.0, with the EnergyPlus 9.5.0 con-
verted code results, by using the software-to-software comparative test criteria described
by the ANSI/ASHRAE Standard 140-2011 (BESTEST) [43,44].

2.3.2. Adaptive Model Validation

The results comparison between the Static (validated) and Adaptive models’ results
was performed using the following procedure:
Second Validation (Adaptive Model Validation) Procedure:

1.  Select one of the insulation thicknesses from the set detailed in Section 2.2.3 (1 mm,
10 mm, 30 mm, 61.5 mm, 100 mm, or 200 mm).

2. Adjust the Static model construction definition to achieve the chosen insulation.

3.  Inthe Adaptive model, set the Schedulel parameter to achieve the same total insula-
tion chosen for the Static model. For example, if a 100 mm insulation thickness was
chosen in step 1, then Schedulel should be set to 99 to achieve a total insulation of
100 mm as explained in Section 2.2.2. (Figure 2).

4. Simulate both cases (BesTest900 and 900FF) over a one-year period, for both the Static
model and the Adaptive model, to obtain the dependent variables: cooling annual
energy demand (kWh), heating annual energy demand (kWh), peak heating (W) and
peak cooling (W) for BesTest 900, and maximum annual hourly zone temperature
(°C), minimum annual hourly zone temperature (°C), and average annual hourly
zone temperature (°C) for BesTest 900FF. It should be noted that when a specific total
insulation of the set is chosen for comparison, the Adaptive model must be simulated
using the chosen insulation for the entire one-year simulation period, as the insulation
cannot be changed during run time in the Static model.

5. Repeat steps 1 through 4 for each insulation thickness in the selected set.

6. Compare the simulation results (dependent variables) by plotting the results for both
Static and Adaptive models in the same chart, and adjust a linear regression model
for each of the dependent variables. Use the corresponding R-squared (R?) value as a
goodness-of-fit measure for the linear regression model to validate the results of the
Adaptive model.

3. Results

The results were split into two groups: first and second validation results. For conve-
nience in interpretation, the insulation thickness is presented in millimeters (mm).
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3.1. First Validation: BesTest Case 900 and 900FF Original Results for EnergyPlus Version 8.3.0

and Results for EnergyPlus Version 9.5.0

The original EnergyPlus version 8.3.0 results shown in Tables 3 and 4 were provided

by EnergyPlus in [48], and the results for EnergyPlus version 9.5.0 (converted model) were

computed by running the EnergyPlus converted model in a Windows 10 environment.

Table 3. Results for BesTest Case 900 original EnergyPlus and EnergyPlus version 9.5.0 models.

Annual Heating

Annual Cooling

BesTest Case 900 Results (KWh) (KWh) Peak Heating (W)  Peak Cooling (W)
BesTest Case 900
(EnergyPlus ver. 9.5.0) 1228 2510 3208 3301
BesTest Case 900 (Original
Results Provided by 1224 2508 3172 3250
EnergyPlus 8.3.0)
BesTest Minimum [a] 1170 2132 2850 2888
BesTest Maximum [a] 2041 3669 3797 3932
BesTest Average [a] 1649 2826 3452 3460
EnergyPlus ver 9.5.0 vs. B B B B B B B B
Average (Difference, %) 421, (—25.5) 316, (—11.2) 244, (-7.1) 159, (—4.6)
EnergyPlus Original vs. B B B B B B B B
Average (Difference, %) 425, (—25.8) 318, (—11.3) 280, (—8.1) 210, (—6.1)
EnergyPlus ver 9.5.0 vs. 4,(0.3) 2,(0.1) 36, (1.1) 51, (1.6)

Original (Difference, %)

[a] Range for software comparison using ASHRAE140. Software used: BLAST-3.0 level 193 v.1; DOE2.1D14;
ESP-RV8; SERIRES/SUNCODE 5.7; SERIRES 1.2; S3PAS, TASE, TRNSYS 13.1 and EnergyPlus 8.3.0.

Table 4. Results for BesTest Case900FF original EnergyPlus and EnergyPlus ver. 9.5.0 models.

BesTest Case 900FF Max. Annual Hourly Zone Min. Annual Hourly Zone  Average Annual Hourly
Results Temperature (°C) Temperature (°C) Zone Temperature (°C)

BesTest Case 900FF
(EnergyPlus ver 9.5.0) 43.2 —27 26.0
BesTest Case 900FF
(original results provided 43.2 —2.6 26.0
by EnergyPlus)
BESTEST Minimum [a] 41.8 —64 244
BESTEST Maximum [a] 46.4 —-1.6 27.5
BESTEST Average [a] 437 —-3.7 25.5
EnergyPlus ver 9.5.0 vs. (=05, —1.1) (1.0, 27.0) (0.5, 2.0)
Average (Difference, %) R e e
EnergyPlus Original vs. B B B
Average (Difference, %) (—0.5, —-1.1) (1.1, -29.7) (0.5,2.0)
EnergyPlus ver 9.5.0 vs. 0, 0.0) (—0.1, —3.8) 0, 0.0)

Original (Difference, %)

[a] Range for software comparison using ASHRAE140. Software used: BLAST-3.0 level 193 v.1; DOE2.1D 14;
ESP-RVS; SERIRES/SUNCODE 5.7; SERIRES 1.2; S3PAS; TASE; TRNSYS 13.1; and EnergyPlus 8.3.0.

The differences between these two EnergyPlus versions of Case 900, as shown in

Table 3, were 1.6% at most (peak cooling). Hence, they were not significant according to

software-to-software comparison criteria. The results for version 9.5.0 for all variables

moved slightly towards the BesTest average. The results for both versions were closer to

the minimum than the average for annual heating and cooling and closer to the average

than the minimum or maximum for peak values, considering the sample of software used

in BesTest.



Energies 2025, 18, 2682

9 of 35

The variables for the Case 900FF test for both EnergyPlus versions were the same for
maximum and average hourly zone temperatures and almost the same for minimum hourly
zone temperature. It can be noted that the —3.9% difference between both versions was not
significant since the temperature values were close to zero, increasing the percentage of the
difference (Table 4).

The results of BesTest 900FF and BesTest 900 were near the average or close to the
midpoint, located between the minimum and the average, except for annual heating, where
the EnergyPlus models were close to the minimum value of the software comparison range.
Considering that the variables of the BesTest 900 and 900FF original EnergyPlus model
were within the range of the software used as a comparison for validation (see note [a]
in Tables 3 and 4), we expected that the newest version 9.5.0 model, converted using a
tool developed by EnergyPlus for version conversions, would produce variables for the
converted new model that were also within the range. To ensure a rigorous procedure, this
assumption was verified, and the Static model was validated as illustrated in this section.

3.2. Second Validation: Case 900 and 900FF Results for Static and Adaptive Models

The % variation between the Adaptive and Static models was calculated as indicated
in the following example:

A (%) =100 x A (kWh)/Annual Heating Static Model (kWh)

Additionally, the difference was calculated as
A (kWh) = Annual Heating Adaptive Model (kWh) — Annual Heating Static Model (kWh)

The results of the Static versus Adaptive model for annual heating, annual cool-
ing, peak heating, and peak cooling are depicted in Table 5. It is clear that when
insulation = 1 mm, the Adaptive model behaved exactly as the Static model did. Hence,
there was no extra insulation added, and the “SurfaceControl:Movablelnsulation” class
list had no effect. The differences in percentage between the Static and Adaptive results
depended mainly on the amount of extra insulation added in the Adaptive model. For
all the variables, starting from 10 mm and ending at 200 mm, the differences (% absolute
value) between the Adaptive and Static models decreased as the extra insulation increased,
except annual heating, which decreased for 10 mm, peak heating, which rose for 200 mm,
and peak cooling, which decreased for 10 mm. When using a high thermal resistance in
the “SurfaceControl:Movablelnsulation” class list, EnergyPlus uses information from the
previous hour’s heat balance (an equation simplification) without a significant effect on
the overall final calculations, as stated in [49]. This may result in a slight deviation in peak
heating at 200 mm.

The results of the dependent variables, annual heating, annual cooling, peak heating,
and peak cooling for the six different insulation thicknesses shown in Table 5 were compared
for the Static and Adaptive models by plotting the results and adjusting a linear regression
model for each of the variables mentioned above. Figures 4-7 show the results for the Static
and Adaptive models for each insulation thickness, plotted on the same chart, along with
their linear regression lines and linear equations and the corresponding R-squared (R?)
values as a goodness-of-fit measure for the linear regression model. For example, each data
point in Figure 4 represents the annual heating for the Static model and the corresponding
annual heating for the Adaptive model for the same insulation thickness.
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Table 5. Modified BesTest900 Static and Adaptive models for heating, cooling, and peak results.

Insulation Thickness (mm)

Case 200 100 61.5 30 10 1
Annual Heating (kWh)
Static Model 530 843 1274 2369 4835 8266
Adaptive Model 528 832 1251 2320 4761 8266 (a)
A Static (kWh) -2 -11 —23 —49 —74 0
A Static (%) —-04 -13 -1.8 2.1 —-1.5 0.0
Annual Cooling (kWh)
Static Model 3480 2922 2477 1895 1435 1430
Adaptive Model 3525 2983 2546 1968 1495 1430 (a)
A Static (kWh) 45 61 69 73 60 0
A Static (%) 1.3 2.1 2.8 3.9 4.2 0.0
Annual Total Heating + Cooling (kWh)
Static Model 4010 3765 3751 4264 6270 9696
Adaptive Model 4053 3815 3797 4288 6256 9696
A Static (kWh) 43 50 46 24 —14 0
A Static (%) 1.1 1.3 1.2 0.6 —-0.2 0.0
Peak Heating (W)
Static Model 2435 2821 3251 4116 5725 7686
Adaptive Model 2442 2819 3245 4102 5704 7686 (a)
A Static (kWh) 7 -2 —6 —14 -21 0
A Static (%) 0.3 —-0.1 —-0.2 -0.3 —-04 0.0
Peak Cooling (W)
Static Model 3672 3482 3284 2887 2831 3094
Adaptive Model 3690 3505 3313 2928 2859 3094 (a)
A Static (kWh) 18 23 29 41 28 0
A Static (%) 0.5 0.7 0.9 1.4 1.0 0.0

(a) The results for annual heating, annual cooling, peak heating, and peak cooling if Schedulel = 0.0 is set in
the Adaptive model (for insulation thickness = 1 mm) are 6572, 2565, 7190, and 4023, respectively. The results
shown in the table for insulation thickness = 1 mm were obtained for Schedulel = 0.0000001. See Section 4 for an

explanation.
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Figure 4. Linear regression for annual heating. Results—Static vs. Adaptive models.
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Figure 5. Linear regression for annual cooling. Results—Static vs. Adaptive models.
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Figure 7. Linear regression for peak cooling. Results—Static vs. Adaptive models.
The resulting R? values, presented in Figures 4-7, are summarized in Table 6. The R?

values shown in Table 6 are very close to 1.0, indicating that the BesTest 900 variable results
for the Adaptive model were statistically equivalent to those of the Static model.
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Table 6. Linear regression for Static and Adaptive model BesTest 900 variables.

Modified BesTest Case 900 (Static vs. Adaptive) R?
Annual Heating 0.9999
Annual Cooling 0.9990
Peak Heating 1.0000
Peak Cooling 0.9985

Table 7 presents a comparison between the Static and Adaptive model results for max-
imum annual hourly zone temperature, minimum annual hourly zone temperature, and
average annual hourly zone temperature, as required by the office space model defined by
BesTest900FF, with the model modification explained in Section 2.2, for different insulation

thicknesses.

Table 7. Modified BesTest 900FF Static and Adaptive model zone temperature results.

Insulation Thickness (mm)

Case 200 100 61.5 30 10 1
Maximum Annual Hourly Zone Temperature (°C)

Static Model 47 48 45.04 43.06 40.98 39.07 38.80
Adaptive Model 47.63 45.23 43.23 41.16 39.22 38.80
A Static (°C) 0.15 0.19 0.17 0.18 0.15 0

A Static (%) 0.3 0.4 0.4 0.4 0.4 0.0
Minimum Annual Hourly Zone temperature (°C)

Static Model 3.93 0.27 —2.95 —7.92 —13.54 —17.40
Adaptive Model 3.88 0.28 —291 —7.84 —13.47 —17.40
A Static (°C) —0.05 0.01 0.04 0.08 0.07 0
A Static (%) -1.3 3.1 -14 -1.0 —0.5 0.0
Average Annual Hourly Zone temperature (°C)

Static Model 29.70 27.62 25.84 23.17 20.15 18.06
Adaptive Model 29.79 27.75 26.00 23.34 20.29 18.06
A Static (°C) 0.09 0.13 0.16 0.18 0.14 0
A Static (%) 0.3 0.5 0.6 0.8 0.7 0.0

The difference in percentage between the Static and Adaptive results depended mainly
on the amount of extra insulation added in the Adaptive model except for the maximum
annual hourly zone temperature, which maintained the difference (%) almost constant.
When insulation = 1 mm, the Adaptive model behaved exactly as the Static model did (i.e.,
no extra insulation was added).

Starting from 10 mm and ending at 200 mm, the difference (% absolute value) be-
tween the Adaptive and Static models for the minimum annual hourly zone temperature
increased as the extra insulation increased, except for the result for 200 mm insulation,
which decreased. In the case of the average annual hourly zone temperature, the difference
decreased as the insulation increased, except for the result for 10 mm insulation.

As stated previously for the BesTest 900 variables, Figures 8-10 show the results
for the BesTest 900 FF variables of the Static and Adaptive models for each insulation
thickness plotted on the same chart, with their linear regression lines and linear equations
and the corresponding R-squared (R?) values as a goodness-of-fit measure for the linear
regression model.
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models.

The resulting R? values for the linear regression model for each variable, for the Static
vs. Adaptive models, are summarized in Table 8. The R? values shown in Table 8 are all
very close to 1.0, indicating that the BesTest 900FF variable results for the Adaptive model
are statistically equivalent to those of the Static model.
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Table 8. Goodness-of-fit linear regression for Static and Adaptive model variables.

Modified BesTest Case 900FF (Static vs. Adaptive) R?
Max. Annual Hourly Zone Temperature (°C) 0.9997
Min. Annual Hourly Zone temperature (°C) 1.0000

Average Annual Hourly Zone temperature (°C) 0.9998

As can be seen in Tables 5 and 7, the difference between the Adaptive and the Static
models are all less than 4.3%. Considering the goodness-of-fit measure (R?) shown in
Tables 6 and 8, the Adaptive model is statistically equivalent to the Static model for the
dependent variables considered in BesTest Case 900 and Case 900 FF, thereby validating
the Adaptive model.

4. Adaptive Model Example and Software Framework

The Adaptive model presented and validated in this research, with the same climate,
configuration, and parameters as described in Section 2, was used to simulate the total
energy demand reduction (heating + cooling) if an adaptive facade with variable thermal
resistance for the opaque part of the facade was adopted in the model. First, the optimal
insulation thickness for the Adaptive model was obtained and used as the reference for
comparison with three other simulation alternatives. The four cases were the following;:

Case A: Optimal insulation thickness for minimizing total energy demand (an-
nual heating + annual cooling), considering the same insulation for all four walls (bal-
anced insulation) of the Adaptive model and repeating this on every day of the 365-day
simulation period.

Case B: Optimal insulation thickness for minimizing total energy demand (annual
heating + annual cooling), considering that the insulation of each of the four walls of the
Adaptive model could adopt a different thickness (unbalanced insulation). Each wall re-
peated the same insulation adopted, on every day of the 365 days of the simulation period.

Case C: Optimal insulation thickness for minimizing total energy demand (annual
heating + annual cooling), considering that the insulation was the same for each wall
(balanced insulation) and could change every day (adapt) during the 365-day simulation
period for minimizing total energy demand.

Case D: The same as Case C but with electrochromic glazing added on both windows
of the Adaptive model. The electrochromic glazing considered had two states: fully clear
(Clear) and fully tinted (Dark). The parameters were obtained from the SageGlass Classic
panel and exported from the International Glazing Database (IGDB), published by the
Lawrence Berkeley National Laboratory (LBNL) using the LBNL Window program.

The simulation of the Adaptive model coded in EnergyPlus was executed by a Python
version 3.9 program that communicated with EnergyPlus via an EnergyPlus API to call
EnergyPlus as a function from Python.

The electrochromic glazing simulation for Case D was carried out using the EnergyPlus
Energy Management System (EMS). The EMS program, written in the EnergyPlus Runtime
Language (Erl), switched from the Clear state to the Dark state when the Incident Solar
Radiation exceeded a radiation threshold (Rx). The optimization to determine the insulation
thickness daily values was performed in Python.

The software simulation platform for adaptive facades with variable thermal resistance
and electrochromic (EC) glazing is presented in Figure 11.
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Figure 11. Software platform for adaptive facade with variable thermal resistance and EC windows.

The results for Cases A, B, C, and D are presented in Table 9.

Table 9. Adaptive model example results.

Case B Case D Adaptive
. Case C Adaptive  Insulation and
Adaptive Model Case A Unbalanced . .
. Insulation Electrochromic
Insulation Glazing
North 75 mm 25 mm
Optimal (*) Wall Insulation South 75 mm 200 mm See Table 10
Thickness East 75 mm 200 mm
West 75 mm 200 mm
Annual Heating (kWh) 1053 1146 1231 1059
Annual Cooling (kWh) 2725 2505 1580 668
Annual Heating + Cooling (kWh) 3778 3651 2811 1727
kWh/ mz—year 79 76 59 36
Energy Reduction compared with ~ (kWh) - 127 967 2051
Case A (0/0) - 30/0 260/0 540/0

(*) Optimal insulation thickness for total energy demand (annual heating + annual cooling) minimization. Case A:
The same insulation for all walls for every day of the year. Case B: Insulation for each wall could be different
(unbalanced insulation). Each wall repeats the same insulation every day of the year. Case C: Total insulation is
the same for each wall and could change every day to minimize total energy demand. Case D: The same as Case
C with electrochromic glazing added on both windows.
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Table 10. Optimal adaptive insulation thickness distribution.

Optimal Adaptive Insulation

Case C Case D
Insulation Days in the % of the Year Days in the % of the Year
(mm) Year Year
0 42 12% 20 5%
10 38 10% 34 9%
15 23 6% 18 5%
20 23 6% 9 2%
25 21 6% 8 2%
30 23 6% 9 2%
40 15 4% 14 4%
61.5 21 6% 12 3%
75 7 2% 6 2%
100 15 4% 8 2%
150 7 2% 2 1%
200 130 36% 225 62%

For Cases C and D, Table 10 shows the different values considered for the insulation
thickness and the number of days in the year on which those values were adopted for
minimizing energy demand.

The results for Case B show that if unbalanced insulation was considered for this
climate, a 3% energy reduction was achieved compared to the balanced insulation of Case
A. This was performed by increasing heating energy demand by 93 kWh and reducing
cooling energy demand by 220 kWh. Although Cases A and B were not adaptive facade
cases, it was interesting to explore the possibilities of unbalanced insulation thickness, such
as moving energy demands from cooling to heating.

When an adaptive fagade was considered for the Adaptive model (Case C) and the
thermal resistance could adapt by changing the insulation thickness once a day, while
keeping the same value for the four walls during the day (balanced-adaptive), energy
demand was reduced by 26% compared to the optimal insulation thickness of Case A. In
Case C, 60% of the time, high (>150 mm) or low insulation (<10 mm) was the optimal
insulation for reducing total energy demand (heating + cooling).

Finally, Case D (Case C with EC glazing added) led to a 54% energy demand reduction
compared to Case A. The heating demand was almost the same as that in Case A, and the
cooling energy demand was significantly reduced by switching the EC glazing to the EC
Dark state. The presence of the highest insulation thickness (200 mm) was needed for 62%
of the year to compensate for less radiation received through windows due to the lower
solar transmittance of the EC Clear state compared with Glass Type 1 of the original glass.

5. Discussion

Research on BPS has been conducted in recent years using simplified models such as
the ones presented in [39,50-52]. This has been performed due to multiple factors such as
geometry modeling, result validation, result comparison, the complexity of working with
a whole real building, and computation time. The U.S. Department of Energy requested
Lawrence Berkeley National Laboratory to prepare a comparative test for the EnergyPlus
software with simplified models, according to the ANSI/ASHRAE Standard 140-2011
(BESTEST) [43,44]. The advantage of the BesTest model is the possibility of comparing
the results provided by the standard, with the same BesTest model that is being used in a
research study, even if a different software is used to model BesTest. The standard considers
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a software-to-software comparison of the results that are expected to be within a range of
acceptable values for software validation [44].

A cellular office room model with and without the EnergyPlus “SurfaceCon-
trol:Movablelnsulation” class list was analyzed in [39], and as the author stated, “the
main purpose of the analysis was to compare the temperatures at the interface between
the insulation layer and the concrete, and along the concrete layer.” On the other hand, in
this research, the Adaptive model is based on the standardized BesTest Case 900 and 900FF
models, with the EnergyPlus “SurfaceControl:Movablelnsulation” class list added. This
research not only complements the results described in [39] but also presents a quantitative
validation for the “SurfaceControl:Movablelnsulation” class list. However, adding the
dependent variables related to energy demand, peak demand, and temperatures inside the
model zone, and checking that the Adaptive model results compared with the expected
results provided by BesTests, as part of the validation process, led to an EnergyPlus error
that is described in the following paragraph. This error could not be found in [39] due to
qualitative validation being used instead of quantitative validation. A transitory solution
for using the “SurfaceControl:Movablelnsulation” class list for a variable-thermal-resistance
model, where no extra insulation was added, was also found and successfully used to
obtain the result of the Adaptive model for a total insulation thickness of 1 mm.

In the Adaptive model validated in this research, to have a final insulation of 1 mm,
the Schedulel parameter should equal 0.0 so that an extra amount of insulation is not
added (see Section 2.2), and the final insulation is the 1 mm base insulation that is always
present (see Figure 2). It is important to note that when Schedulel = 0.0 was set in the
EnergyPlus Adaptive model, the results were very different from those of the Static model
and also outside the logical range of expected results, as seen in note (a) of Table 5. In
contrast, the other results (total insulation = 10 mm, 30 mm, 61.5 mm, 100 mm, 200 mm)
were very close to the Static model results. EnergyPlus documentation for version 9.5.0
indicates that the multiplier could be any positive real number starting from 0.0. If a value
for Schedulel = 0.0000001 was set, the model results for 1 mm insulation thickness were
the same for both the Static and Adaptive models, as shown in Tables 5 and 7. Moreover,
a Schedulel floating value greater than 0.0, such as 0.001, produced results very near the
Static model results. Considering the results of Table 5 note (a), setting Schedulel = 0.0
in the SurfaceControl:Movablelnsulation class list produced an EnergyPlus malfunction,
and a partial solution consisted of considering a floating value greater than 0.0 but very
close to it. The error was fully documented and sent to EnergyPlus support. On May 7th,
2021, it was confirmed to be a “code bug for the official EnergyPlus v9.5 and before” (see
Appendix B for the report to EnergyPlus support and Appendix C for the official answer
and confirmation from EnergyPlus regarding the software malfunction reported). The error
was fixed, and the new code was included in the following EnergyPlus versions. It was
also confirmed from EnergyPlus that using a Schedulel positive floating value very close
to 0.0 would give results “very close and almost identical to a case completely without
movable insulation, which seems to be a good validation”. After finding a solution for the
case Schedulel = 0.0, where no extra insulation was added for setting up the Adaptive
model for a total insulation = 1 mm, Tables 5 and 7’s results for this case were generated
using Schedulel = 0.0000001 and were confirmed by EnergyPlus to be good validation. It is
relevant that all previous research that used the SurfaceControl:Movablelnsulation class
list produced an EnergyPlus malfunction when Schedule1=0.0 was set (no extra insulation
added), so those results were not correct for those simulations.

The framework presented in this study is entirely based on open-source free software:
EnergyPlus, Python, and an EnergyPlus API for communication between them, with all the
capabilities described in other frameworks like the one described in [39], which is based
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on the commercial software MATLAB 2013b and the free software EnergyPlus. One of
the advantages of using Python is the availability of a collection of modules and fully
documented applications, such as optimization algorithms and functions. There is a large
software and research community around Python that develops and tests a wide range of
applications that could be used to implement levels 1, 2, and 3 described in [39]. Moreover,
the EnergyPlus API used in this research allows Python code to call and use EnergyPlus
as a function, with almost unlimited possibilities for new technologies and model simu-
lations, the implementation of new algorithms, and full statistical analysis and database
management using existing modules and applications already developed in Python with
free access and support. Finally, communicating EnergyPlus with Python is easier with the
EnergyPlus API than with the software for MATLAB for communicating and co-simulating
with EnergyPlus. The capability of Python with an API to call EnergyPlus as a function
provides a powerful platform for building performance simulations of adaptive fagades.

From the examples described in Section 4, although from an energy point of view,
unbalanced insulation (Case B) is more effective than balanced insulation (Case A), the
adoption of an unbalanced insulation design alternative depends on local regulations
and the convenience after a comparative cost analysis is made (energy savings versus the
amount of insulation costs), among other technical issues, such as thermal bridging risks.
In countries like Chile, regulations and standards are based on the amount of insulation
that walls must provide according to the climate zone where a projected building will be
constructed. An unbalanced insulation design option could lead to an insulated wall that
falls below the local regulations, and the rest of the walls exceed the standard.

The example described in Section 4, in Case D, illustrates the potential of an adaptive
facade in its opaque and glazed parts to reduce energy demand towards 15 kWh/m?2-year or
less, expected for an nZEB building. The energy reduction could be higher if more states for
the EC were considered. Additional improvement could be achieved if an algorithm such
as Receding Horizon Control (RHC) was used to command the EC switching decision from
one state to another, providing a solution to an optimization problem. In the example of
Section 4, the EC switched when the Incident Solar Radiation exceeded a certain threshold
(“rule-based” control strategy), and this was not the result of a simultaneous optimization
problem solution, considering the insulation thickness and the EC state.

6. Conclusions

A simplified office model for simulating a variable-thermal-resistance facade was pro-
posed based on the validated model of BesTest Cases 900 and 900FF. A minor modification
of BesTest Case 900 was made by adding the EnergyPlus SurfaceControl:Movablelnsulation
class list and removing the Wood Siding present in the Case 900 model, obtaining a model
similar to an EIFS with variable thermal resistance. The model and the EnergyPlus “Surface-
Control:Movablelnsulation”class list used were quantitatively validated, and the process
was fully documented, including EnergyPlus code modification. Moreover, the validation
process allowed the discovery of an EnergyPlus software bug for the mentioned class
list. The error condition and an example were reported to EnergyPlus, including a partial
solution for using the class list. The bug was confirmed and the partial solution validated
by EnergyPlus, after which the final solution was implemented in the following versions
of EnergyPlus.
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The results for the converted BesTest Case 900 and BesTest 900FF, shown in
Tables 3 and 4, were within the range of software comparison results presented in [48],
so the converted model (coded in EnergyPlus version 9.5.0) was validated according to
those criteria. This was expected because the only difference between the validated model
and the converted model is the new version of EnergyPlus (version 9.5.0) used in the
converted model code, also considering that the conversion was performed using an
EnergyPlus version conversion program.

The results for the Static model and the Adaptive model, shown in Tables 5 and 7, were
statistically compared using “goodness-of-fit linear regression”. The R? values presented in
Tables 6 and 8 show that the Adaptive model behavior was equivalent to the Static model
behavior, so the proposed Adaptive variable thermal resistance model, which uses the
EnergyPlus “SurfaceControl:Movablelnsulation”, was successfully validated according to
the software comparison criteria and considering the output variables used in BesTest Case
900 and Case 900FF (annual heating, annual cooling, peak heating, peak cooling, maximum
annual hourly zone temperature, minimum annual hourly zone temperature, and average
annual hourly zone temperature).

The example presented in Section 4 was simulated in one climate only. Considering
that the energy reduction potential of an adaptive fagade is climate-dependent, changes
in the adaptive facade performance are expected when changing the location to another
climate. Further research could evaluate the results of the Adaptive model described in
this research for different climates and with different layers for the building construction
envelope, comparing them with a Static model and also addressing the thermal bridging
effect in a variable-thermal-resistance model. A second limitation of this study is the use of
a simplified geometry instead of a complete building example. Since the variable-thermal-
resistance technology is still under development, it is also desirable to have a study of the
potential of this technology for different full-scale building topologies (i.e., buildings with
different Window-to-Wall Ratios and orientations) and compare cooling and heating energy
demand parameters such as kWh/m?2-year of each topology with a simplified model based
on a BesTest Case, to have a clear view of the possible limitations of using a simplified
model for each full-scale building topology. To help better integrate the model into real-
world applications, a future experimental validation should be conducted using a real-scale
model that incorporates energy consumption data collection for results comparison.

Another limitation of the research is the number of modules considered for unbalanced
insulation. Only four modules were considered, and each of them covered the entire North,
South, East and West walls. The validated model presented in this study could also be used
to investigate the effect of configuring each wall with several small panels to reduce energy
demand, thereby improving convection for natural ventilation.

The Adaptive model validated in this research could be used to explore the energy
reduction potential of an adaptive facade in its opaque and glazed parts. As shown in
the example in Section 4, the energy demand was reduced from 79 kWh/m?2-year to
36 kWh/m?2-year if both technologies were used simultaneously. The reduction could be
higher and move towards the expected 15 kWh/m?-year or less for an nZEB, if an RHC
algorithm is used. In this scenario, the adaptive frequency of a daily change is reduced to
1 h, more states for the EC glazing are considered, and the state switching decision for the
EC glazing responds to an optimization problem solved in conjunction with the insulation
thickness decision.

The results from the model simulation for various climates and different thermal
resistances, presented like those in Table 10, serve as a reference for developers of variable-
thermal-resistance technologies applicable to building facades. Developers could focus on
achieving the thermal resistance values that significantly reduce energy demand. Moreover,
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these findings provide a foundation for the development of tailored variable-thermal-
resistance products specifically designed to address particular climate groups.

Emerging technologies or those under development like variable-thermal-resistance
adaptive facades could be accelerated if research results yield interesting energy demand
reductions that could help achieve building performance goals.

7. Future Directions for Adaptive Facades with Variable Thermal
Resistance Development

e A wide range of thermal resistances including very low and very high thermal resis-
tance.

Thermal resistance changes triggered by a control signal.

Fast response time (a few minutes at most).

Low operational energy.

Low noise and vibrations during transition.

Low maintenance requirements.

Tax incentives for developers of adaptive facade technology, encouraging the early
adoption of emerging material technologies in the design of adaptive facades.

e  Thermal requirements for the construction of new buildings considering optimal
unbalanced insulation for different weather conditions and facade orientations for
static facades. They could also consider a simplified model and a standardized proce-
dure for adaptive facade energy savings calculations to verify whether the regulatory
requirements are met.

Author Contributions: Conceptualization, LP.M., A.P-F. and L.M.-R.; methodology, LP.M. and
A.P--F; Software, LP.M.; Validation, LP.M.; Formal Analysis, LP.M.; Investigation, LPM.; Writing—
Original Draft, LP.M.; Writing—Review, A.P-F. and L.M.-R.; Writing—Review and Editing, L.M.-R.;
Visualization, .P.M.; Supervision, A.P-F. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by Vicerrectoria de Investigacién y Doctorados de la Universidad
San Sebastidan-Fondo USS-FIN-25-APCS-22.

Data Availability Statement: For data supporting the reported results, please contact ipmackay@gmail.com.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript in order of appearance:

EIFS External Insulation Finishing System
CABS Climate-Adaptive Building Shell
nZEB  Nearly-zero-energy Buildings

NZEB Net-zero-energy Buildings

EC Electro-chromic

BPS Building Performance Simulation
IGDB  International Glazing Database
LBNL Lawrence Berkeley National Laboratory
API Application Programming Interface
EMS Energy Management System

Rx Incident Solar Radiation Threshold
RHC  Receding Horizon Control

MPC  Model Predictive Control
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Appendix A

This appendix illustrates the EnergyPlus code differences between the BesTest 900
original code and the Static model. The EnergyPlus code for an Adaptive model equivalent
to the Static model is also presented. Table A1l shows the EnergyPlus code differences
between the BesTest 900 model and the Static model (Wood Siding-1 removed).

Table A2 shows the EnergyPlus code difference between the Adaptive and the Static
models in the construction and material definitions. It should be noted that in the Static
model example, the insulation is 61.5 mm, whereas in the Adaptive model, the insulation is
1 mm. Therefore, the SurfaceControl:Movablelnsulation class list was added, as shown in
Table A3, to add extra insulation and achieve the desired total insulation that the Schedulel
multiplier could vary.

Table Al. Construction EnergyPlus definitions for the BesTest 900 original model and the Static

model.
BesTest 900 Model Static Model
Field Obj1 Field Obj1
Name HWWALL Name HWWALL
Outside Layer WOOD SIDING-1 Outside Layer ~FOAM INSULATION
Layer 2 FOAM INSULATION Layer 2 CONCRETE BLOCK
Layer 3 CONCRETE BLOCK Layer 3 -
Layer 4 - Layer 4 -
Layer 8 Layer 8
Layer 9 Layer 9
Layer 10 Layer 10

Table A2. EnergyPlus definitions for construction and materials in the (a) Adaptive and (b) Static

models.
(@ (b)

Field Units Obj1 Obj2 Field Units Obj1 Obj2
Name CONCRETE = FOAM Name CONCRETE FOAM

BLOCK INSULATION BLOCK INSULATION
Roughness Rough Rough Roughness Rough Rough
Thickness m 0.1 0.001 Thickness m 0.1 0.0615
Conductivity W/m-k 051 0.04 Conductivity W/m-k 051 0.04
Density Kg/m? 1400 10 Density Kg/m3 1400 10
Specific Heat J/kg-K 1000 1400 Specific Heat J/kg-K 1000 1400
Thermal Thermal
Absorptance 09 09 Absorptance 09 09
Solar Solar
Absorptance 06 06 Absorptance 06 06
Visible Visible
Absorptance 06 06 Absorptance 06 06
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Table A3. Adaptive model example: EnergyPlus SurfaceControl:Movablelnsulation class list added.

[0004] SurfaceControl:MovableInsulation Explanation of Object and Current Field
[0001] OtherEquipment
[0001] Zonelnfiltration:DesignFlowRate Object Description: Exterior or Interior
[0001] ZoneControl:Thermostat Insulation on opaque surfaces
[0001] ThermostatSetPoint:DualSetPoint Field ID: A4
[0001] ZoneHVac:IdealLoadsAirSystem Select from the list of objects
[0001] ZoneHVac:EquipmentList This field is required.
[0001] ZoneHVac:EquipmentConnections
[0001] NodelList
Field Obj1 Obj2 Obj3 Obj4
Insulation Type  Outside Outside Outside Outside
Surface Nam ZONE SURFACE ZONE SURFACE ZONE SURFACE ZONE SURFACE
ceName  NORTH SOUTH EAST WEST
Material Name FOAM FOAM INSULATION  FOAM INSULATION  FOAM INSULATION
INSULATION
Schedule Name  Schedulel Schedulel Schedulel Schedulel

Considering that the insulation in the Adaptive model is 1 mm (Table A2), to achieve
a total insulation of 61.5 mm in the Adaptive model, the Schedulel multiplier definition
in EnergyPlus code must be 60.5, as shown in Table A4. The extra insulation added by
the SurfaceControl:Movablelnsulation class list is calculated by multiplying the insulation
(1 mm) by Schedulel (60.5), so the total insulation is

Total Insulation = Insulation + Extra Insulation

Total Insulation = Insulation + Insulation x Schedulel =

1 mm +1mm x 60.5=61.5mm

Varying the Schedulel multiplier the Adaptive model could vary its total insulation.
Consequently, the total thermal resistance of the insulation layer is also variable, and its
value depends on the definition of the Schedulel value.

Table A4. Adaptive model example: EnergyPlus code for Schedulel multiplier definition.

Field Units Obj1

Name Schedulel

Schedule Type Limits Name

Hourly Value varies 60.5
Appendix B

This appendix details the first author’s communications with EnergyPlus support
regarding the detection of an EnergyPlus code bug during the model’s validation.
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View Ticket: #15703

SurfaceControl:Movablelnsulation class list

Created: 30 April 2021 10:20 PM  Updated: 07 May 2021 04:16 PM

General

Unassigned Issue

Ticket Topic Categories

Category:

Validation

Category which best represents subject

Add Reply

>

EnergyPlus Support | sTAFF
Posted on: 07 May 2021 04:16 PM  new

Ismael:

Thank you for the case files and the explanations regarding the issue. It was
confirmed to be a code bug that for the official v9.5 and before. A new issue was

reported based on this here:
https://github.com/NREL/EnergyPlus/issues/8758

The good news is that, with your files, | am able to confirm that that the bug is
already fixed as a result of the most recent development beyond v9.5 mentioned in
the last message. So it will be definitely included in the next version v9.6 (seems to
be extra lucky that it was official merged in just yesterday). Related information

about the performance enhancement effort is here at :
https://github.com/NREL/EnergyPlus/pull/8701

-Jinchao
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Tips for Submitting Help Requests
http://energyplus.helpserve.com/Troubleshooter/Step/View/4
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Standard EnergyPlus Support is provided free of charge by the U.S. Department of
Energy, as part of the continuing effort to improve this building simulation tool.
Expedited, priority support may be available from other sources. For a list of
EnergyPlus Consultants, see https://www.buildingenergysoftwaretools.com/?
capabilities=Support+Services&keys=EnergyPlus

Ismael Palacios Mac... (Eng.,MSc.) USER
Posted on: 07 May 2021 04:11 AM  nEw

| tried with the release version 9.5 with the same results.

The model is actually the BesTest900 model with the external wood-siding
removed, so the most external layer is the insulation. The external insulation layer
has the same material than the movable insulation and the movable insulation is
applied to the exterior. So when a Schedule1=0, no movable (extra) insulation is
present, and the same material (insulation) is still present but with less amount of
insulation due to the lack of the extra insulation. No effects due to changing
materials should be seen when the extra insulation is removed.

I did the following test: two idf files with the same model and the only difference is
the movable insulation with Schedule1 =0.00001 and the other one without the

movable insulation. This two models should be almost equivalent.

Please find attached the two idf files mentioned above: one with movable
insulation with Schedule1=0.00001 (BesTest900_modific_simpleoutputs.idf) and
one without the movable insulation
(BesTest900_modific_simpleoutputs_Static.idf). This 2 models give the same
results for ZONE AIR SYSTEM SENSIBLE COOLING ENERGY [kWh] Annual Sum =
1,430 and ZONE AIR SYSTEM SENSIBLE HEATING ENERGY [kWh] Annual Sum =
8,266.

When Schedulel is changed to 0 in the model with movable insulation, the results
are very different from the expected. If no extra insulation is present the model
should be equivalent to the model without movable insulation, considering that
the same material type still remains on the outside layer facing the exterior.

BesTest900_modific_simpleoutputs.idf
(37.71KB)

BesTest900_modific_simpleoutputs_Static.idf
(36.50 KB)

EnergyPlus Support  sTAFF
Posted on: 06 May 2021 08:53 PM
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Ismael:

With a recent development beyond v9.5, the logic seems to indicate the case with
zero scheduled value should be treated with care (and actually this zero value
scenario seemed to be separately handled ok in the v9.3-9.5 versions as well).

For the result jump that you observed when the schedule value moves toward zero,
there might be a physical explanation to it: for the zero case, the movable
insulation layer considered to be “not there at all”, and the exposed surface (either
inner or exterior) will be the original base surface. This means that the properties
such as the surface emissivity, reflectivity, for both the long-wave and short-wave
spectrums, and also the surface roughness that is important for exterior surfaces,
are all taking the base surface’s property values.

However, the teeny-tiny thin (e.g. as 0.001 or 0.0000001) schedule values case, the
moveable layer is still “physically considered to be there on top of the base
surface”. Therefore, the outermost or innermost surface exposed is the moveable
insulation’s surface. And EnergyPlus will take the movable insulation’s properties
values—including for example long-wave, short-wave emissivity (or reflectivity),
and the surface roughness. Therefore, there would be a difference from the
absolute-zero case, especially when the surface properties of the original base
surface and the removable surface differ significantly.

Therefore, although a teeny-tiny difference in the schedule value between the two
cases (e.g. 0 vs. 0.0000001) , it will make the EnergyPlus to use two different surface
properties to perform the calculations and show a difference in the heat transfer
and energy balance.

Nevertheless, if you still find that the observations in your case does not fit the
explanation above, you are welcome to submit the .idf file to us (along with some
explanations as well). You are welcome to reopen the ticket by then and we can
then further examine if it would indicate some code problems.
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Standard EnergyPlus Support is provided free of charge by the U.S. Department of
Energy, as part of the continuing effort to improve this building simulation tool.
Expedited, priority support may be available from other sources. For a list of
EnergyPlus Consultants, see https://www.buildingenergysoftwaretools.com/?
capabilities=Support+Services&keys=EnergyPlus

EnergyPlus Support  sTAFF
Posted on: 03 May 2021 01:28 PM

Ismael:

In general, the additional movable insulation should be placed upon an existing
construction that has some (base) reasonable thermal resistance, either inside or
outside. A zero value should be handled as it just means that the specified

insulation is not added at all.

If you do have a case that fails or gets unexpected results, could you share the idf
file with us so we can determine if it is a defect of the code? You can also try it with

the newly released v9.5 version to see if the problem persists.

-JC

kkkdkkkkkkkkkkkdkhkhkhkkkkkkkkkkhkkkk

Tips for Submitting Help Requests
http://energyplus.helpserve.com/Troubleshooter/Step/View/4

Kkkkkkkkhkhkhkkkkhkkkkkkkkkkkkkkk

Standard EnergyPlus Support is provided free of charge by the U.S. Department of
Energy, as part of the continuing effort to improve this building simulation tool.
Expedited, priority support may be available from other sources. For a list of
EnergyPlus Consultants, see https://www.buildingenergysoftwaretools.com/?
capabilities=Support+Services&keys=EnergyPlus

Ismael Palacios Mac... (Eng.,,MSc.) USER

Posted on: 30 April 2021 10:20 PM

EnergyPlus documentation for version 9.3.0 indicates that the Schedule 1
multiplier, associated to the SurfaceControl:Movablelnsulation class list, could be
any positive real number starting from 0.0.- When Schedule1=0.0 was set the
results were out of the expected logical range. If a value for Schedulel greater than
0.0 such as 0.001 or 0.0000001, it produces results very near the expected. The
conclusion was that a Schedulel = 0.0 set for the SurfaceControl:Movablelnsulation
class list produces an EnergyPlus malfunction.

I will appreciate if you can confirm the malfunction mentioned above.

energyplus.helpserve.com/Tickets/Ticket/View/15703
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Thank you very much. Best regards

Ismael

Help Desk Software by Kayako

energyplus.helpserve.com/Tickets/Ticket/View/15703 5/5
Figure A1l. Communications with EnergyPlus support for the code bug reported.

Appendix C
This appendix includes the EnergyPlus code bug report.



Energies 2025, 18, 2682 28 of 35
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& NREL / EnergyPlus

Code Issues 694 Pull requests 46 Discussions Actions Projects 2 Wiki Se

New issue Jump to bottom

Movable insulation bug in official v9.5 and before (fixed
already in most recent develop) #8758

(& Closed ) jcyuan2020 opened this issue 3 days ago - 0 comments

jeyuan2020 commented 3 days ago

Issue overview

Movable insulation bug in official v9.5 and before

There is a standing problem in the official v9.5 release (and before) about the movable insulations. In a
movable simulation case, if the movable insulation value is set to “0"—absolute zero, not a small number,

then the calculation can go wrong.

https://github.com/NREL/EnergyPlus/issues/8758 1/5
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10/5/2021 Movable insulation bug in official v9.5 and before (fixed already in most recent develop) - Issue #8758 - NREL/EnergyPlus - GitHub

On official v9.5, the problem is that when setting the movable insulation schedule to a very small number

(0.00001), the result is result already very close and almost identical to a case completely without movable
insulation, which seems to be a good validation. See the following sensible cooling energy report for an

example:
Z(S)gg,l‘%ﬁ ZONE AIR ZONE AIR
SENSIBL E SYSTEM SYSTEM
COOLING SENSIBLE SENSIBLE
ENERGY| COOLING RATE | COOLING RATE
[kWh] {Maximum}[W]| {TIMESTAMP}
January 6.68 1083.21 19-JAN-15:30
February 1.04 309.24 19-FEB-15:00
March 24.26 1747.94|  24-MAR-15:30
April 30.44 121894|  16-APR-15:15
May 66.00 2290.42|  31-MAY-13:30
June 127.01 2039.01|  25-JUN-15:30
Tuly 262.66 2683.23 12-JUL-16:30
August 354.73 3055.59|  27-AUG-15:15
September 235.43 3182.70 05-SEP-15:00
October 81.45 2176.66|  09-OCT-15:00
November 39.00 1938.71|  05-NOV-15:00
December 0.00 0.00 01-DEC-00:15
Annual
Sum or 1228.69
Average
é‘gﬁ‘g‘t‘h"; 0.00 0.00
I 354.73 3182.70
s it comNREL EnergyPlsfssussl756 25
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However, when the movable insulation value gets to "0"—absolute zero, although this should be

theoretically identical to a case without any movable insulation at all, the program would calculate the
heat transfer and energy balance incorrectly with large discrepancies. The result looks like a completely
different sensible cooling energy report with nearly doubled annual sum and many other reported values:

Zgggéﬁ ZONE AIR ZONE AIR
Malelle SYSTEM SYSTEM
COOLING SENSIBLE SENSIBLE
ENERGY | COOLING RATE | COOLING RATE
(KWh] {Maximum}[W]| {TIMESTAMP}
January 21.54 1815.04|  19-JAN-15:45
February 11.72 905.48|  20-FEB-14:30
March 51.54 2405.41| 24-MAR-15:45
April 74.88 2045.63|  16-APR-15:00
May 145.26 3088.17|  30-MAY-17:00
Tune 239.21 2715.60|  28-JUN-15:15
July 468.08 3550.20 12-JUL-16:30
August 546.64 3813.71|  27-AUG-15:15
September 375.14 4077.92|  05-SEP-15:00
October 163.25 3015.03|  10-OCT-14:30
November 93.31 3016.92|  05-NOV-15:15
December 0.07 87.33 12-DEC-15:30
Annual
Sum or 2190.67
Average
g‘&‘;‘;‘:& 0.07 87.33
ﬁah’f[‘(‘)‘;‘t‘g 546.64 4077.92

The bug is found fixed as a result of the most recent movable insulation performance enhancement work
(extra bonus, credit goes to PR #8701), where all three cases have very similar results as expected.

https://github.com/NREL/EnergyPlus/issues/8758

Figure A2. Cont.

Movable insulation bug in official v9.5 and before (fixed already in most recent develop) - Issue #8758 - NREL/EnergyPlus - GitHub

3/5



Energies 2025, 18, 2682 31 of 35

10/5/2021 Movable insulation bug in official v9.5 and before (fixed already in most recent develop) - Issue #8758 - NREL/EnergyPlus - GitHub

However, it may still worth reporting since and the problem is still active in the official v9.5 version, and
has never been reported before. The workaround to the current v9.5 is to schedule very small values (e.g.
0.001 or 0.00001) for every schedule value that is intended to be “0".

Details

Some additional details for this issue (if relevant):

® Platform (Operating system, version): All

® \Version of EnergyPlus (if using an intermediate build, include SHA): Version 9.3-9.5, likely most
versions before those

® Ref to Helpdesk ticket number 15703

Checklist

Add to this list or remove from it as applicable. This is a simple templated set of guidelines.

Defect file added (list location of defect file here)
Ticket added to Pivotal for defect (development team task)

Pull request created (the pull request will have additional tasks related to reviewing changes that fix
this defect)

2 jcyuan2020 mentioned this issue 3 days ago

Movable insulation logic refactoring #8701

[5] 4 of 20 tasks complete

mjwitte closed this 3 days ago

Assignees

No one assigned

Labels

None yet

Projects

None yet

Milestone

No milestone

https://github.com/NREL/EnergyPlus/issues/8758 4/5
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10/56/2021 Movable insulation bug in official v9.5 and before (fixed already in most recent develop) - Issue #8758 - NREL/EnergyPlus - GitHub
Linked pull requests

Successfully merging a pull request may close this issue.

None yet

2 participants

https://github.com/NREL/EnergyPlus/issues/8758 5/5

Figure A2. EnergyPlus official report and transitory solution provided by principal author.
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