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abstract

The static nature of current envelope design and operation is diametric to the mutable and transient
forces and energies acting on our building stocks. Responsive building envelopes (or RBEs) have shown
substantial energy saving potential for buildings by adaptively providing passive cooling/heating. In this
research, an easy-to-implement yet flexible ‘demand-based’ control rule is proposed based on demand
analysis to optimally control RBEs that integrate active insulation systems (AISs) and a sensible thermal
energy storage (TES) layer. The controller developed herein calculates the desired thermal resistance for
AIS layers and provides on-demand control of the heat flow into and out of the thermal mass to reduce AC
load. It provides several benefits over the simple temperature-based controllers while does not require
the complex formulation as needed for model predictive control. To quantify the thermal behavior and
energy performance, a thermal network model is developed for RBEs to perform wholebuilding energy
simulations of a residential thermal zone in six representative cities in the US. The results show apparent
benefits of demand-based control strategy over traditional temperature-based control by offering higher
energy savings and LPD reduction, especially in mild climate zones and during transitional seasons. Some

design and implementation considerations for REBs with integrated AISs and TES are also discussed.

2022 Elsevier B.V. All rights reserved.

1. Introduction

The dynamic nature of forces and energies acting on the build-
ing structure has prompted the emergence of high-performance
building skins that are interactive and responsive to the environ-
ment [1-6]. Responsive building envelopes (or RBEs) — also known
as thermal dynamic building envelopes, are one of the approaches
to achieve Net-zero energy buildings (Net ZEB) [7] and grid inter-
active efficient buildings (GEB), which has been an increasingly
popular research topic in the past decade [8]. The core concept is
to design buildings that could express similar responses to the
ones found in plants, or that could imitate physiological responses
of homeotherm animals like sweating or shivering [9]. In order to
replicate such functionalities in buildings, RBEs rely on integrated
technologies that are designed to enable the building to respond to
a range of environmental stimuli such as temperature changes,
using a combination of passive, active, and/or cognitive control
strategies [2]. This design philosophy has a significant impact on
the whole-building metabolism by enabling buildings to actively/
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semi-actively interact with its surrounding environment. By lever-
aging on-site renewable energy harvesting systems, it is possible to
substantially reduce energy/operational cost, improve demand-
side management, and occupant comfort [2,8,10,11].

The thermophysical properties of building envelopes are of
great importance to reduce the energy consumption of buildings
as the envelope is the main component separating building’s inte-
rior spaces with the exterior environment. From an energy-saving
perspective, high-insulation level (i.e., high R-value) is desired in
cold climate zones with low internal gains level but has limited
benefits during summer [12]. Similarly, envelopes with high insu-
lation in hot climate zones provide marginal energy savings during
transient and summer seasons [12]. Higher thermal mass is desired
in temperate climate when thermal storage can be beneficial to
improve thermal comfort and energy efficiency. High thermal mass
is beneficial for residential buildings under hot humid climate dur-
ing daytime but may increase building’s energy use at night [13].
For the same reason, high thermal mass could have adverse
impacts on building’s energy efficiency in cold climates [14]. Ide-
ally, the thermal properties of building envelopes should be
attuned to the specific climate conditions to which they are sub-
jected. However, due to the limitation on technologies, achieving
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Nomenclature

A Area [m?]

AIS Active insulation system
AOF Adaptive opaque fagade

cp Specific heat [J/(Kkg)]

C Heat capacity of node [J/K]

CV-RMSE Coefficient of variation of the root mean square error

DIMs Dynamic insulation materials

E Heat from energy source [J]

F View factor [—]

GA Genetic algorithm

GEB Grid interactive efficient building

h Specific enthalpy [J/kg]

H Heat transfer coefficient [W/K]

HVAC Heating Ventilation and Air Conditioning
# Solar radiation incident [W/m?]

LPD Long-term percentage of dissatisfied [%)]
m Mass [kg]

MPC Model-predictive control

N Number of specified surfaces

Net ZEB Net-zero energy building

NMBE  Normalized mean bias error
PCM Phase change material
PMV Predicted mean vote [—]

PPD Predicted percentage of dissatisfied [%)]

q Heat rate [W/m?]

Q Heat rate [W]

R Thermal resistance [(Km?)/W]

RBE Responsive building envelope

RSI Thermal resistance with SI unit [(Km?)/W]
SHGC Solar heat gain coefficient [—]

t Time [s]

T Temperature [C]

TES Thermal energy storage

TMY3 Typical meteorological year 3 weather data

U Thermal transmittance [W/(m’K)]

\% Differential control volume or finite control volume
[m’]

WWR Window-to-wall ratio [—]

3R2C Three resistors and two capacitors

Greek symbols

Solar absorptance [—]

Surface emissivity [—]

Heat conductivity [W/(mK)]

Density [kg/m’]

Stephan-Boltzmann constant [W/(m’K*)]

S o~ 0 g

Subscripts and superscripts

air_in Indoor air

abs Thermodynamic temperature
air_ex Outdoor air

c Cooling

des Desired value

dmd Demand

grd Ground (long-wave radiation)
h Heating

high Upper limit

ik,m,n  Numbering of surface node
inf Infiltration

int Internal gains

j Numbering of time step

low Lower limit

lw Long-wave radiation

set Set point

sky Sky (long-wave radiation)
sys Air conditioning system

SW Short-wave radiation

th Threshold value

variable insulation (i.e., variable R-value) has been the primary
focus on current technology developments although there have
been a few exploratory studies to investigate means to adjust/con-
trol the heat flow from and into the thermal mass of RBEs [15].

2. Background, research gaps, and objectives

Among the various RBE concepts, active insulation systems
(AISs), or sometimes also been referred as to ‘dynamic insulation
materials (DIMs)’ or adaptive opaque fagade (AOF), are building
envelopes with insulation materials that can actively change their
thermal conductivity, which have been studied as one of the most
promising RBE technologies so far to achieve building energy sav-
ing and improving occupant comfort. Early studies conducted by
Krarti et al. [16,17] demonstrated that RBEs comprised of an AIS
layer could lead to total energy savings ranging from 7 %to 42 %
for residential buildings in different US climate zones. For these
simulations by 3R2C models, the AIS layer was assumed to be able
to change its thermal resistance (R-value) between two values, and
its reaction was controlled using a simple temperature-based con-
trol approach [16,17]. In addition, Shekar and Krarti [18] investi-
gated the use of a genetic algorithm (GA) based optimization
approach to determine the optimal R-value setting for AlSs. It
was shown that depending on the building design, operation
strategies and climatic conditions, the use of AIS with GA-
optimized control may lead to 17 % of annual energy savings for
US office buildings. When implemented as a roofing system [19],

AIS has shown the ability to reduce up to 44 % energy used for
space cooling, especially in mild climate and under heating domi-
nated conditions. Further, Rupp and Krarti [20] compared several
‘multi-step’ control strategies — as oppose to the ‘two-step’ control
used in most prior studies, for AISs in a residential building. A para-
metric analysis presented by the authors showed that more energy
savings can be obtained by the multi-step control strategy in mild
climates with relatively fewer cooling/heating degree-days;
whereas RBE with simple ‘‘on—off” switchable insulation systems
(i.e., with two settings: low and high R-value) would capture most
of the cooling and heating savings that advanced dynamic insula-
tion technologies that can vary their R-value continuously.
Although comprehensive, prior research on AlSs as standalone
building insulation systems did not fully leverage the energy-
saving potential of RBE. To this end, Juaristi et al. [21] conducted
a scoping study of over 15 RBE typologies for residential buildings
situated in six different climate zones. The simulation results show
that the RBE composed of an exterior AIS layer and a thermal mass
layer provide higher energy savings than the one with an AIS layer
sandwiched between two thermal mass layers. In addition, the
pilot simulation study by Antretter et al. [22] and Mumme et al.
[23] combined AISs with both sensible and latent thermal energy
storage (TES) layers. In their study, different RBE layouts were
studied where AISs were applied on exterior, interior, or both sides
of a thermal mass layer. They performed EnergyPlus simulation
using a DOE residential prototype building in eight selected cli-
mate zones. The results indicated that RBEs comprised of a thermal
mass layer sandwiched between two AIS layers brought up to 71 %
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energy use reduction while providing grid flexibility potential.
Similar findings were concluded from the parametric studies con-
ducted by Favoino et al. [24,25] for an office room extracted from a
building in a temperate climate of Shanghai — RBEs comprised of a
thermal mass layer sandwiched by two AlSs attained maximum
energy saving among all the configurations studied. All of these
results indicated that AIS is effective in regulating the charging
and discharging of thermal energy stored in thermal masses for
effective heating/cooling load reduction. More recently, Kishore
et al. [15] studied the energy performance of buildings with phase
change materials (PCM) TES in combination with AIS. It was found
that the PCM-AIS-integrated wall provides significantly higher
energy saving potential than the AlS-only wall or the PCM-only
wall in all the climates. Depending on the climate, the PCM-AIS-
integrated wall could provide 15—72 % reduction in annual heat
gain and 7-38 %reduction in annual heat loss [15]. The analysis
presented in their study reinforces the need to combine scalable
dynamic insulations with thermal energy storage systems for
building energy saving.

Although previous research has encompassed understandings
on the energy saving potential, benefits, and costs of responsive
building envelope with AlSs, existing control strategies did not
fully explore the potential of AlSs, particularly systems with AISs
integrated with TES for enhanced energy saving. The majority of
the research to date considered the R-value setting and HVAC oper-
ation separately [26]. Hence, the process of adjusting thermal
resistances of AISs and HVAC control were decoupled. While this
strategy had shown satisfactory performance with AlSs acting as
standalone insulations for buildings, its combination with TES adds
complex dynamics where the different layers of AlSs (i.e., exterior
or interior) may be actuated at different time of the day/season to
allow the thermal mass layer to charge (store) and release thermal
energy when desired to either reduce or shed the peak AC loads.
Due to the ‘time-lag’ effect brought by TES, a more sophisticated
control strategy is required to achieve optimal performance of
the system. To that end, Jin et al. [24,25] and Cui et al. [26]
explored model-predictive control (MPC) as the control strategy
for AISs and AlSs-integrated TES building envelope. MPC has the
advantages of being able to formulate and solve multiple optimiza-
tion objectives, such as minimizing total energy consumption or
operational cost [27], minimizing peak load demand [28], and min-
imizing the deviation between aggregated HVAC power consump-
tion [29]. MPC is an appropriate choice for handling the slow
moving process with time delays and therefore it is well-suited
for simple and small systems [30].While effective, MPC requires
the formulation of modeling, data collection, expert monitoring
and deployment, which leads to higher design and deployment
cost, especially for complex systems with large solution spaces
[31]. In addition, it is hard for the controller to establish fixed
model/rules and ensure high fidelity in a changing environment
with high levels of variability [32].

To address these challenges, in this research an easy-to-
implement yet flexible ‘demand-based’ control rule is formulated
based on demand analysis to project the ‘desired’ thermal resis-
tance of the AIS layers such that it beneficially utilizes the heat
storage or precooling of the thermal mass to reduce AC load. In this
research, a thermal network model is established for RBEs with
integrated AIS and thermal energy storage (TES) to perform whole
building energy simulations. A residential thermal zone having an
RBE exterior walls is analyzed in six (6) climate zones —i.e., Miami,
Phoenix, San Francisco, Albuquerque, Chicago, and Minneapolis, to
quantify the thermal performance, energy saving potential, and
thermal comfort improvement of TES-AIS integrated RBE with
demand-based control. The performance of the newly developed
demand-based control strategy is compared with temperature-
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based controllers. Some design and implementation considerations
are discussed. Main innovative contribution of this work are:

1. Formulation of an easy-to-impalement demand-based control
rule is presented for responsive building envelopes that combi-
nes AlSs and sensible energy storage. In comparison to control
strategies published in many previous studies, significantly
higher energy saving potential has been achieved.

2. The thermal network model with high computational efficiency
is established for RBEs with AIS and TES (or high thermal mass).
The thermal performance (e.g., weekly temperature responses
and energy consumptions) are compared to those obtained by
EnergyPlus simulations. The higher computationally efficient
model is important to reduce computational costs for further
studies that employ Al-based or online learning control.

3. The control equation formulated here can calculate the desired
R-value of the AIS based on the projected AC demands. This is
important for AIS systems that are designed to change their
thermal properties continuously, as oppose to the two stage
‘on-and-off” control.

4. Traditional temperature rule-based control strategies tend to
lead to overheating or overcooling during transitional seasons
when applied to RBEs having high thermal mass or other forms
of TES. The proposed demand-based control guarantees system
performance by modulating thermal energy storage and release
into and from the building envelope on demand. This also
avoids unnecessary triggering of the AIS which reduces both
operational and maintenance costs of the systems.

5. Detailed case studies are carried out for six climate zones in the
US and conclusions are drawn regarding the applicability and
design implications of RBEs.

3. Modeling of the building envelope with dynamic/active
insulations

3.1. Thermal network model for integrated TES-AIS

In order to allow maximum flexibility in the implementation of
AIS control, in this research a thermal network model based on a
finite difference approach is established for building envelope with
integrated TES and AIS systems. The 1-D heat transfer equation for
any point with temperature T can be expressed as:

@Eghp%&k@@ Qv a1p
t

cp /4 %l; a2p
where t is time; Q is material density; h is specific enthalpy; q, is
the rate of heat generated (or dissipated) within the material; c,
is material’s specific heat.

Considering material’s specific heat c,dt; TP and thermal conduc-
tivity kdtp are variables as functions of time, Equation (1) can be
rewritten as:

@ pa
qepét;Tb@t% katp x @x b q,0tP a3p

For a differential control volume, Equation (3) is expressed as:
z

er @ @

cpd0t; TP~ dV % kotp ~— dVp Ey 4b
v dcp @t A X @ b Ev
where V is volume and Ey is the rate of heat transferred from energy
sources/sinks in this differential control volume.
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Each layer of the RBE can be discretized into a number of finite
volumes represented by a nodal network. Thus, finite difference
method can be applied:

2 3
i Okt Pox; 1 cp'ijlh:lv;i JaTiMTjiprij
4Qicpi ——pv* 20 oy A%

asp
. T i ,'Tj T i .
kJil%xi;Ab kijﬂ;dx:Ab Q'

where subscript i represents the nodal number; superscript j repre-
sents the j" time step; A is surface area of the finite volume repre-
sented by node i; Q/ is the rate of heat transfer from energy sources
in the finite volume of node i at j'" time step.

Equation (5) can be further rewritten as a general form for node
iin a thermal network as:

h
S b1 . . . .
Cib EDCJi TE T % Hyd Ty B Hip Tipy )
i
Hylb Hy,/ T,p'Q' DY a6p
where C! is the thermal capacitance of node i at j™ time step; H“;i is

the heat transfer coefficient representing conduction between node
i-1 and node i with variable thermal properties at j"" time step:

i i
C; % qjc,;DxiA
. A
DCl % q; of ¢,/ DxA 57

% kilj

Y ki

A
ib1 dx;

i A
Hil;i dx;

Hjibl;i

For a AIS with negligible thermal mass [16,33-40], it can be rep-
resented by a ‘no-mass layer’ consisting of two nodes — one capture
the convective and radiant heat transfer from the exterior environ-
ment, while another connected to the internal nodes for conduc-
tion. Thus, the AIS with negligible thermal mass in a thermal
network may be represented as:

Hi; b Hy

ibl;i Tij%‘Hipjl;i Tibjl b Hnj;i T, B Q; j a8p

where the time-varying the heat transfer coefficient H;; between

node k and node i with variable insulation at time t' can be adjusted
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to regulate the amount of heat flow into indoor space. In different
AIS design, the heat transfer coefficient can either be idealized as a
binary function where its insulation value ‘switches’ between two
values (Equation (9)) or a gradually variable of the environmen-

tal stimuli (Equation (10)):

k;i
criterion 1

1j ) JT j j . Hhigh
H % foinary t;T;Q 74 Hiow criterion 2 o%
H{(;i K fcontinous tj; Tj; Qj a10p

In this study, an RBE layout is selected where a high thermal
mass concrete layer is sandwiched between two AIS layers as
shown in Fig. 1, to maximize load shifting capabilities of the RBE. In
this configuration, the thermal resistances (R-values) of the
exterior and interior AlISs can be separately controlled [22]. During
the heating season, the thermal resistance of the exterior AIS layer
can be lowered when the outdoor air temperature is higher than
the temperature of the thermal mass to allow the thermal mass
to be ‘charged’; otherwise, the exterior AIS is switched to ‘insula-
tive’ mode to minimize heat loss of the concrete thermal mass.
For a given moment when heating is needed and the temperature
of the thermal mass is higher than that of the indoor air, the ther-
mal conductivity of interior AIS can be increased to offset the AC
system demand. The same logic applies to the cooling season to
discharge/precool the thermal mass when outdoor air tempera-
tures are lower than the thermal mass while utilizing the ‘pre-
cooled’ thermal mass to reduce cooling load. This design has
been proved more effective than other layouts in previous studies
[22,25]. Since this RBE layout combines the benefits of active insu-
lation (AIS) and thermal energy storage (TES), it is also referred as
to TES-AIS integrated RBE [15,23].

For this TES-AIS configuration, considering the heat flow from

short-wave radiationQ/,,, long-wave radiation Q) and convec-

tion acting on the exterior AIS (opaque, no solar transmission),
Equation (8) can be rewritten as:

Hiairfex;l b Hj2;1 TJI Y HJZ,ITJZ b Hiirjx;l Tiirij Q{:SW b Q-li;lw o11p

% a A, 812p

J
Q 1;sw

Node thermal capacitance

‘(. Equivalent thermal resistance for heat conduction
'/~ Equivalent thermal resistance for heat convection

Convection connection

Radiation connection from surface node

Conduction connection

Radiation connection from outdoor environment or
internal gains

LOng-WaVe . > Air node
i Sk?/dlal‘lon Layer surface node
Layer interior node
&2 Temperature source
“®’ Heat source
,Z',\\OQ Opaque AIS

o/

Lsw (@
J

Toir _e

J
T

Opaque AlSext

Concrete wall

7 1L T 0T
‘_‘NWL,Pe"“ oo o f\/v\/\-e-"l'\'l‘\'f\e—‘-ﬂw—" 7:,‘;,..7,-,,
____;i ]T: ‘ @ Ii..\'w
. ? . L (I)_ ® Oiiniw
Opaque AlSint

Concrete wall

Fig. 1. Nodal scheme of the integrated AIS-TES responsive building envelope.
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8 9

2P T T e BFE T T
. 1 sky;abs 1;abs 1 grd;abs 1;abs =
le;lw%

> bFairgx T_] 4 T j 4 >

. 1 air_ex;abs 1;abs ’

) 4 ) 4
réAlb P relF]f Ti{;abs Tl;dbs Ak
k
013p

where lrliz;1 is heat transfer coefficient at j'" time step between node
1 (exterior surface of AIS) and node 2 (exterior surface of the con-
crete layer) — sz;l is a time variant determined by the control
sequence; a; is constant solar absorptance of exterior active insula-
tion surface. Fll‘ is the view factor for node 1 with exterior emitting
surface k — i.e., wall or window surfaces; other notations in the
equations are listed in the nomenclature.

The interior surface node considers short-wave radiation from

lighting (Q{ighl;n;sw)’ long-wave radiation from occupant activities,
hghtlng and equipment (Q]people;n;lw; Q-llighl;n;lw; Qjequip;n;lw)' Thus, the

heat balance equation for interior surface node can be expressed
as:

Hi'lliﬂ b Hai‘lfin;n THJ% an;nTnl b Hairiir;l;nTairiirf b QniSW]

b Qi a14p
i‘l;SW Y anlg;;;ilAn b Q{ight;n;sw a15p
i ki i i
n;lw % r e"Fn Tk;abs Tn;abs Ak b Qpeople;n;lw

k
b Q;ight;n;lw b Q"equip;n;lw ol6p

The heat balance equation for the thermal node at AIS-concrete
interface and the internal nodes within the concrete wall layer fol-
lows the formulation of typical mass wall as:

i i
(o LS A e
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3.2. Validation of the thermal network model

To validate the thermal network model for the whole-building
energy analysis with the RBE, simulations were performed on a
single room house as shown in Fig. 2, and the results were com-
pared to those obtained from EnergyPlus simulations. The house
has an RBE with 15 %window ratio on its south side exterior walls,
floor and roof. The dimension of the single-room building is 13 m
(L) 8 m (W) 3.05 m (H). The RBE consists of a 100-mm thick
concrete layer sandwiched between two opaque AIS layers with
(Riow =0.01 Km?/W and Rpign = 1.5 KmZ/W). The RSI-values of other
exterior walls, floor, and roof are enlisted in Fig. 2 according to
ASHRAE 90.1. Typical meteorological year 3 (TMY3) weather data
of San Francisco is used for the simulation. The U-value of the glaz-
ing is 2.0 W/(K m?). The window solar heat gain coefficient (SHGC) is
0.1, which is complaint with ASHREA-90.1 [41] and within the
available range according to NFRC [42]. The solar absorptance of
all the walls was 0.7 and the surface emissivity of all the walls
was 0.9, which are commonly used [43]. The indoor air tempera-
ture was controlled by constant air volume (CAV) HVAC system
with dual setpoints of 21.1-23.9 C. The selection of this neutral
band is based on prior research [44]. The other simulation details
are enlisted in Fig. 2(a).

For the thermal network model, the heat balance of indoor air
considers convective heat exchange with interior wall and window
surfaces, air conditioning, infiltration, and absorption of heat from
internal gains generated by occupant activity, lighting, and equip-
ment. The influence from air conditioning, infiltration and human
activity for the moisture balance of indoor air were also considered
whereas the influence of moisture on wall thermal properties are
neglected. The 3-D heat transfer process of a thermal zone was rep-
resented by assembling a nodal network that represents the inter-
actions among all the wall layer nodes and air nodes following a
general approach proposed by Kim et al. [45]. Detailed formula-
tions for the building envelope, interior partitions, and indoor air
represented by a nodal network for a single-zone building can be
found in the previous work of the authors [46]. In numerical com-
putation, long-wave radiation is linearized using the same method
as detailed in [47]. Simple glazing system model [48] was used for
windows in this building model, where window layer is assumed
as no-mass layer. At each time step, heat balance and moisture bal-
ance of indoor air were computed separately.

L [——RsI (Exterior AIS)|
— — RSl (Interior AIS)

Yorcp, A 2 £ Jar
- Wno o a Tans % 7 $ ot “"’"x'ﬁ" ~
_ s Al
ko —
s 1 N 1 N 1 L 1 " 1 s 1 "

e anasicaiig A A AR o S i A
i ' P E
- 1 # Bong i

| b o EnergyPlus simulation

(53 = — Thermal network model

j j j j j ip
b Hil;i T, b Hibl;i Tibl Hil;i b Hibl;i Tib Q; Dt
a17p
a) (b) = ~
( < 171
S =
= S E
S =
Ny I o
b=
£ S
3= »
S
< ~ Sm o S § Etes
3m, -~ P =&
- w83
W NE £ s2t10
— £
S 5 2168
Thermal resistance (RSl-value) = E
Roof: 2.4 (K-m2)y/W 2e
Exterior wall: 1.5 (K-m?)/W - 12.6
Floor: 4.6 (K:m?2)/W 3 £ 270
Equipment CAV system 2=
Amplitude: 5.38 W/m? Supply air mass rate uw ¢ 180
Lights ) 3 Heating: 0.13 m”/s % 5 90
Amplitude: 3.88 W/m Cooling: 0.2 m/s = £
People £ =
Amplitude: 2.5 people s 2 (o}
Infiltration L S
Amplitude: 0.000302 m¥s &

per unit envelope area

Fig. 2. (a) Isometric view of the building modeled for calibration; (b) Comparison of the simulation results between thermal network model and EnergyPlus.
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Fig. 2(b) presents the outdoor air temperature, RSI-value set-
tings of the exterior and interior AlSs, and the simulated surface
temperatures, as well as the indoor air temperature obtained by
both the thermal network and EnergyPlus models. It can be seen
that the simulation results match closely. The CV-RMSE (coefficient
of variation of the root mean square error) and NMBE (normalized
mean bias error) of energy consumption (district heating or cool-
ing) are calculated at 3.6 %and 1.5 %, respectively, which are both
well under the ASHRAE Guideline 14 [49] (i.e., <30 %CV-RMSE and
<10 %NMBE for hourly data), indicating acceptable accuracy of the
thermal network model.

4. Demand-based control for responsive building envelope

In this section, an easy-to-implement yet flexible ‘demand-
based’ control rule is formulated for the TES-AIS integrated RBEs
to beneficially utilize the heat storage or precooling of the thermal
mass to reduce AC load. Since the sensible AC load for a thermal
zone is mainly attributed to: (1) the convective heat exchange
between indoor air with interior walls and window surfaces, (2)
infiltration, and (3) internal gains from occupant activity, lighting,
and equipment [48], the control rule for AIS is formulated based on
the AC demand approximated from estimated internal gains, infil-
tration, as well as measured surface temperatures and air temper-
atures, see Fig. 3. For simplicity, the control rule formulation is
based on a single thermal zone while it can be extended to a
multi-zone scenario via distributed control strategies with a
decentralized law [50,51]. More detailed control formulation for
a multi-zone building with RBEs worth further investigation and
is beyond the scope of this paper. The heat balance on the zone air
for a single thermal zone is:

j

DT, ;
CJ Datr = 1/ Qalr _in;int b Qalr _in;inf

air_in
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where C!. . is the thermal capacitance of indoor air node at the j"

air_in

time step; H! is the heat transfer coefficient between surface

lall’ lﬂ
node i and indoor air node; Ngygces 1S the number of wall surfaces;
Q is the HVAC system output; Q’

heat gain from internal loads and infiltration, which can be

i .
Vi i @nd Q1 are convective

expressed as [48]:

j
air_in;int % Q people;air_in;conV b Qllghl ;air_in;conV b Qequlp air_in;conV a19p
! % Cpair_inDIM, ! ! 320p
air_in;inf p;air_in air_in; inf air_ex air_in

For each control step j, for time intervalDt/, the system output

demand Q! P to reach the setpoint T/ can be written as:

sys sel set

J i rface
Tset T air_in NXJ j T
Dt

m;air_in m

v 3

air_in

b1 Cl

air_in

j
sys dmd oT %el

a21p

j i
Q air_in;int air_in;inf
If one of the exterior surfaces is an RBE. Under cooling mode,
when the thermal mass (concrete) has lower temperature than
the indoor air (TJ, < T,

system output demand to reach the setpoint Q]

) we suppose that all or a portion ofthe
8T) b is

set

sys;dmd
compensated by the beneficial heat flow from the RBE, Equation
(21) becomes:

T<C|T3|r n
Q?ys;dmd §elp b Hp airfinTn jTairgyl % Cair7m i R J
Nupel Dt 622b
m;air_in T‘:n Tair{in Qairln];int Qairiin;injf
m
where TJ is the interior surface temperature of the RBE; H“ air_in 18 the

heat transfer coefficient between the RBE interior surface and the

b Nyotuces . T b Qi 518p indoor air. In an ideal case when all of stys_dmd can be supplied by
;air i ir_i sys . . ’
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Fig. 3. Control rule for building envelope with AISs and one concrete layer: (a) control rule for interior AIS; (b) control rule for exterior AIS.
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i.e.,Qiys;dmd % 0, and consider the heat balance of the RBE interior
surface node (Fig. 1):

Hil;airiin Ti‘l Tair{in % j l:l Tn ! b Qn;si’v b in-le ! 623':’
I;n

where T}, is temperature at the concrete interior AIS interface; A,
is the interior surface area. Equation (22) becomes:
N
T T . other .
set Lair in ) P Ti.
it an,lum;air,iﬂ’r JT
DY

R sys;dmd m

j j y J
Q irain;int Qairin;inf QH;SW Qn;lw

An leTj%C
n

air_in air_in " 7 )
n T

a24p

R, . bis the desired thermal insulation level of the inte-sysama
! %0

rior AIS to achieveQ ) 4na-

j Rewriting Equation (24) and consider the
physical limits of the AIS thermal resistance, we have:
2
: Ti, T
R % max 4 nl n ;R5 325p

nl;n i - - low

i j J_
Q“'y“"d'""‘%o QRBE;dcs Qn;sw Qn;lw =An

where Q;BE;des is the ideal (desired) heat flow from AIS to offset
HVAC load, which can be written as:

J J it
j Y% Il Teet air_in e j T.T j
RBE;des 74 “air_in D miair_in m " air_in
m
j i
Qairiin;int Qairin;inf 626pP

where Ry, is the lowest thermal resistance of AIS limited by its
materials and design.

When T,, > T,

«ir_in @0d under cooling mode, the Rvalue of inte-
rior AIS is set to Ryjgn to minimize the undesired heat flow from the
thermal mass layer to indoor space, see Fig. 3. Similarly, under
heating mode and when the thermal mass layer can provide bene-
ficial heat flow to the indoor space (’Tnl > ij ), the thermal
resistance of interior AIS can be calculated usiné Equation (25),
otherwise (T, < T 1 . ) the thermal resistance of interior AIS will
be set to Ryjgn. The detailed control sequence is shown in Fig. 3.

The proposed control sequence will enable the RBE to provide
on-demand heat flow to help reaching a specific indoor air setpoint
while minimizing AC demand. To achieve this, AISs with continu-
ously adjustable thermal resistance (e.g., variable pressure VIP
[52] and adaptive multi-layer insulation [40]) may provide benefit
over the ‘two-step’ control (RSI-value can be switched only
between Rpjgn and Rigw) [20].

The thermal resistance setting of exterior AIS is dictated by the
‘charging/discharging’ needs of the thermal mass layer —i.e., under
cooling mode, when the concrete temperature TJ% is greater than
the exterior AIS surface temperaturele, the thermal resistance of

exterior AIS R}, is set to Riow; otherwise R, is set to Ryign. Likewise,

under heating mode, if T)<T}, RJ;;Z is set to Ry,y; otherwise R{;z is set
to Ryign, see Fig. 3.

5. Csase studies
5.1. Simulation details

To study the thermal behavior and energy saving potential of
the RBE, the thermal network model as described in Section 3.1

is implemented to model a single 13 m (L) 8 m (W) 3.05 m (H)
exterior thermal zone extracted from an intermediate floor of
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an apartment building. The exterior wall exposed to outdoor envi-
ronment is assumed to be either RBE or an ASHREA-90.1 compliant
standard wall in the baseline case for comparison. All internal
walls are assumed to be adiabatic [25]. The window-to-wall ratio
is 15 %for the exterior wall. Some other wall properties (e.g., win-
dow U-value, window SHGC, solar absorptance and surface emis-
sivity of walls) and simulation parameters considered include
occupant activities, lighting, equipment schedules, and infiltration
level as listed in Fig. 4. RBEs described in Section 3.1 are used for
the case study — i.e., a concrete (thermal mass) layer sandwiched
between two opaque AlSs as shown in Fig. 1. The RSI-value range
of exterior or interior AIS is assumed to be Rjoy (0.1 Km?/W) to Rhigh
based on the thermal resistance range reported in prior literature
[17,21,23,41]. To provide comparisons of the thermal behavior
and energy performance of RBE as compared to the static baseline,
a baseline exterior wall is designed with the same layout as RBE
where a concrete mass layer is sandwiched between two rigid
foam insulation panels with the same overall thermal mass and
thermal resistance (or the upper limit for RBE with AISs) as the
RBE cases. The thermal resistance of the baseline wall (static)
and the Ryj,n of RBE are set based on the RSI-value enlisted in
Fig. 4 for different climate zones in accordance with ASHREA 90.1.

For the simulation, it is also assumed that the long-wave
absorptivity and long-wave emissivity are the same for all wall
surfaces. Typical meteorological year 3 (TMY3) weather data of 6
representative climate zones (Miami, Phoenix, San Francisco, Albu-
querque, Chicago and Minneapolis) were used for the simulation.
The indoor air temperature was controlled by HVAC with dual set-
points of 21.1-23.9. The Predicted Mean Vote (PMV) and Predicted
Percentage of Dissatisfied (PPD) based on Frager’s model [53] are
used to evaluate thermal comfort-time performance of the build-
ing. The Long-term Percentage of Dissatisfied (LPD) is used to
assess occupants’ long-term thermal comfort [54].

5.2. Results and discussion

5.2.1. Heating season

Fig. 5 shows the thermal behavior of the RBE during heating
season. Seven days’ (January 3"™—10™) data in Chicago, IL (ASHREA
climate zone 5A) are arbitrarily chosen to illustrate the thermal
behavior and AIS operations of the RBE during the heating season.
Fig. 5(a) shows the outdoor air temperature and estimated system
output demand stys;dmd to reach the setpoint, as calculated using
Equation (21) and according to the flowchart shown in Fig. 3. Dur-
ing the winter months, the ACis in heating mode during most days.
Fig. 5(b) shows that the temperature of concrete thermal mass is
always lower than the indoor air temperature during this period,
the interior AIS therefore remains at high thermal resistance mode
(Rpign) to minimize the heat loss from the indoor space. As shown
in Fig. 5(c), when the exterior surface temperature is higher than
the concrete temperature, the thermal resistance (RSI-value) of
the exterior AIS is set to Ry, to allow beneficial heat flow to
charge/heat the concrete thermal mass. Otherwise, the RSI-value
of the exterior AIS is set to Ry to minimize the heat loss from
the concrete. This dynamic behavior of exterior AIS helps to main-
tain a relatively low temperature difference between the concrete
layer and the interior surface, thus reducing the heat loss. In a
heating dominant case where the exterior surface temperature is
mostly lower than the heating setpoint, RBE provides limited (if
at all) energy saving potential. This is consistent with prior studies
[17,20].

5.2.2. Cooling season
Fig. 6 shows the thermal behavior and operation of the interior
and exterior AISs for the RBE wall during the cooling season, where
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Fig. 4. Simulation details for a residential thermal zone with RBE in comparison with a baseline static envelope.
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a summer week (July 10"—16™) in Chicago, IL is selected to illus-
trate the how the RBE responds to the changes in outdoor environ-
ment. As indicated in Fig. 6 (a), the outdoor air temperature
fluctuates around the AC set point, whereas the exterior surface
temperature is mostly higher than the setpoint (23.9 C) due to
solar irradiation during the daytime. Fig. 6(b) shows that when
the temperature of concrete thermal mass is higher than the
indoor air temperature, the interior AIS is at a low thermal conduc-
tivity (high thermal resistance). Whereas, when the temperature of
concrete interior surface is lower than indoor air temperature, the
concrete layer provides potential to absorb the unwanted heat
from the indoor space. In that case, the controller first makes a
<0)
and then the thermal resistance of interior AIS is adjusted accord-
ing to Equation (25) to allow just enough heat flow to compensate
the AC demand. Since in the summer (July), cooling is required for

determination if cooling from the HVAC is needed (stys;d‘nd

most hours with relatively high AC demand (Qisys;dmd), the interior
AlSremains at R}, for most ofthe time when free ambient cooling is
available. This is different from the system behavior during tran-
sitional seasons as will be shown in following section. As shown in
Fig. 6(c), when the exterior surface temperature is higher than the
concrete layer, the thermal resistance of the exterior AIS is set to
Rhpign to cut off the undesired heat flow into the thermal mass layer;
whereas when the exterior surface temperature is lower than the
concrete layer, the thermal resistance of the exterior AIS is set to
Riow to dissipate the unwanted heat stored in the thermal mass
during the cool hours (from midnight to early morning). In July,
the exterior surface temperature of exterior AIS is mostly higher
than the concrete temperature, providing limited free ambient
cooling. Fig. 6(d) presents the comparison of the sensible AC load

between RBE and baseline cases, where the RBE reduces energy
consumption by 20 %during the hot summer month (July) in Chi-
cago, IL.

5.2.3. Transitional season

Fig. 7 shows the thermal behavior and AIS settings for the RBE
during a transitional season, where a representative week (April
16" — 22" in Chicago, IL was presented to illustrate how the
dynamic RBE utilizes natural heating/cooling from outdoor envi-
ronment to reduce AC load. During the simulated period, cooling
demand (see Fig. 7(a)) dominates (stys;dmd < 0 and sensible AC
load > 0) from April 16" to April 19", Because of the relatively high
outdoor air temperature (19 C—31 C) during April 16™ to April
18™, the system demand was similar to that during the cooling
season. In response, the interior AISs behaved as a thermal switch
with its thermal resistance setting to R, when the interior con-
crete temperature was lower than indoor air temperature during
early mornings. The exterior AIS was also set to R,y to provide pas-
sive cooling during nights and early mornings to dissipate the
unwanted heat stored in the thermal mass, see Fig. 7(c). As the out-

door air temperature gradually decreased from April 19" both
exterior and interior AlSs were set to R,y to help dissipate the
undesired heat. Consequently, AC load with RBE was largely
reduced compared with the baseline, see Fig. 7(d).

During April 20™-21%, due to the passive cooling provided by
the RBE, the indoor air temperature decreased to values between
the dual setpoints and AC system demand stys;d“d stayed around
zero. As a result, the interior AIS remained inactive during this
time. As the indoor air temperature is getting close to the heating
setpoint, the controller detected the potential actions based on the
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Schedule |

temperatures; (d) comparison of sensible AC load for RBE and baseline cases.

gradually increased system demand (heating demand) around
noon of April 21°*. In response to the changes in the estimated sys-
tem demand, the interior AIS gradually increased to a low level
according to Equation (25) and maintains the system demand close
to zero. During the morning of April 22", the projected system
demand became positive again so that the interior AIS was gradu-
ally set to 0.5 Km*/W based on Equation (25) and maintained as
the same value as the system demand reached zero. The
demand-based control rule developed in this research suppresses
the AC demand via sensitive detection of potential changes to
maintain the sensible AC load around zero during April 20™ to
April 22™ as compared to the high sensible AC load of baseline.
The simulation results show that the RBEs brought approximately
75 %energy savings as compared to the RSI-4 static envelope base-
line in April in Chicago, IL. Also, it is worth noting that due to the
demand change (from cooling to heating) during the morning of
April 21%, the control of exterior AIS automatically switched mode
such that exterior AIS adjusted to Ryjzn when the temperature of
concrete continues to decrease. This helps prevent ‘overcooling’,
which would in turn increase the AC energy usage. More detailed
comparison between the ‘demand-based’ control rule as proposed
in this research and temperature-based control will be elaborated
in the following section.

5.2.4. Comparison with temperature -based control

In this section, the performance of the proposed demand-based
control method for RBE is compared with temperature-based con-
trol rules. In particular, the temperature-based control rule shown
as the block diagram in Fig. 8, is applied to the interior and exterior
AlSs. It was found in the previous work [15] that during transi-
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[ Set R t0 Ryign ] [ Set Rto Ry,

|

¥
Heating

Set R to Ryign } { Set Rto Ry,

Yes No
p

(b) Exterior [

Schedule }
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L]

Cooling

[]

5

)

Fig. 8. Illustrative figure showing the temperature-based control rule (a) without,
and (b) with threshold temperature (T).

tional seasons, temperature-based control rules without a sec-
ondary temperature constraint tend to cause overcooling/
overheating, especially in the case of AIS working together with a
thermal mass. For example, during October in Chicago, IL, the base-
line case (i.e., static envelope) requires mostly cooling due to the
internal loads and relatively mild outdoor temperature. However,
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the application of temperature-based controller without a sec-
ondary temperature restriction leads to ‘‘over-cooling” during days
when night temperatures are low (e.g., Oct 7"—9" and Oct. 13—
21%), see Fig. 9(a). To prevent overcooling/overheating, some pre-
vious research proposed to apply a ‘secondary rule’ to regulate
the temperature of the thermal mass [15] —e.g., during cooling sea-
son, if concrete temperature falls below a threshold value Ty, the
exterior AIS is set to Ryje in order to prevent overcooling.

Fig. 9 presents the thermal behavior (R setting) of RBEs con-
trolled by different control rules, where Fig. 9(a) shows the
temperature-based control without overcooling prevention
comparison with the cases with secondary temperature con-
straints (i.e., Ty = 10 C, 16 C, and 22 C). The temperature ofthe
thermal mass is regulated within a certain range by limiting the
exterior surface temperature — i.e., when the exterior surface
temperature of the envelope falls below Ty, the exterior AIS is
set to Rpign. While effective, a major limitation of this controller is
that the system performance (e.g., energy saving potential) is
highly dependent on the prescribed Ty, whose ‘optimal’ value
varies dramatically based on the building configuration (e.g., inter-
nal load, AC setpoint etc.), specific weather condition, and even the
system design. This is demonstrated in Fig. 9(b), where it can be
seen that the energy saving maximizes when Ty is between 10
and 16 C for October in Chiacago, IL. Note that the optimal value of
Tw,. leading to maximum saving potential varies month-to-
month and is different for each climate zone. Therefore, the design
of temperature rule controllers relies on high fidelity case analysis
which is not always available. On the other hand, the proposed
demand-based controller regulates AIS behaviors based on pro-
jected cooling/heating demand (i.e., Equation (21)). When the pro-
jected AC load is low, the actions of AIS are limited to automatically
prevent overheating or overcooling from occurring, see Fig. 9(a).
When the thermal mass temperature deviates too much from the
desired cooling/heating temperature, the estimated AC demand
will become non-zero to automatically trigger the action of AlSs.
This ensures the thermal mass stores and releases thermal energy
just ‘“‘as-needed” and do no reply on a prescribed temperature con-
straint for control. Note that Equation (21) ‘project’ heating/cooling
demand from AC based on current state of the building (i.e., mea-
sure surface, air temperatures, the estimated internal load and
infiltration based on the occupancy schedule) and do not rely ona
model to predict energy demand (as oppose to ‘model predictive
control, or MPC [26]’), which greatly simplifies the controller

in

Exterior surface
temp.

Concrete
temp.

R setting ———

G5

Temperature (°C)

RSI - Exterior AIS (m?.°C/W)

Accumulative Energy Sensible AC Load Outdoor Air Temp.

© =2 N O = N O = N O =~ N O =~ N

o
o"&

&

Energy & Buildings 276 (2022) 112495

formulation. Moreover, this strategy triggered by system demand,
as outlined in Fig. 3, reduces unnecessary actuation of AIS. This is
advantageous as compared to most existing temperature driven
control rule by providing effective ‘on-demand’ shedding of AC
load while reducing the operational energy and maintenance
requirement at the same time.

5.3. Energy saving potential and operation

5.3.1. Energy saving potential and thermal comfort performance in
different climate zones

Fig. 10 shows the monthly and annual energy consumption
from the AC cooling/heating (including sensible load and latent
load) of the analyzed thermal zone located in Miami, Phoenix,
San Francisco, Albuquerque, Chicago, and Minneapolis, which are
in ASHREA climate zones 1A, 2B, 3C, 4B, 5A, and 6A-7, respectively.
The energy saving potentials of the RBE with the two different con-
trol rules — i.e., temperature-based control (with Ty, = 16 C and
Tin = 30 C based on prior analysis performed by Kishore et al.
[15]) and demand-based control, are also compared. The simula-
tion results indicate that AC load was significantly reduced by
the RBEs in most thermal zones regardless of the controller used.
Dynamic envelope is demonstrated to be very effective in reducing
AC load in climate zones with relatively mild climate and during
transitional reasons — e.g., over 90 % energy savings can be
achieved in San Francisco, CA or during winter months of Albu-
querque, see Fig. 10(a); whereas RBE has limited saving potential
for hot summers or cold winters when the outdoor temperature
is constantly above or below the indoor temperatures (e.g., sum-
mer of Miami or winter of Minneapolis). This trend is consistent
with results presented in previous studies [22]. Overall, the simu-
lation results show that the RBE with AIS under demand-based
control provided up to 32.0 %higher energy savings than the one
under temperature-based control. The higher saving potential
brought by the demand-based control rule is more evident in cli-
mate zones with mild climate or during transitional seasons. This is
due to the high diurnal and monthly temperature fluctuations that
lead to overcooling or overheating as discussed in previous
sections.

In addition, the thermal comfort performance was also calcu-
lated for the baseline and RBE cases under both temperature-
based control and under demand-based control. Table 1 presents
the annual Long-term Percentage of Dissatisfied (LPD) for these

t—Basline (Static) T T T
|——Temp-based (no T, ) B

Baseline
no Tine

(——Temp-based (T, =10°C)
[——Temp-based (T,

Tw -=1R°C.
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Fig. 9. Comparison of RBE thermal behavior under demand-based control and temperature-based control.
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Fig. 10. (a) Monthly energy consumption of the residential thermal zone (b) Climate classification of the six representative cities analyzed (c) Annual energy consumption
compared for the static envelope baseline, RBE with temperature-based control, and RBE with demand-based control.

Table 1
The annual LPD (%) of the residential thermal zone in different scenarios.
Miami (1A) Phoenix (2B) San Francisco (3C) Albuquerque (4B) Chicago (5A) Minneapolis (6A-7)
Baseline 9.19 7.54 8.08 6.98 7.88 8.00
RBE under temperature-based control 8.98 (2.2 %) 7.38 (2.1 %) 7.79 (3.6 %) 6.85 (1.9 %) 7.50 (4.9 %) 7.73 (3.3 %)
RBE under demand-based control 8.83 (3.9 %) 7.05 (6.4 %) 5.89 (27.1 %) 6.57 (5.9 %) 7.14 (9.4 %) 7.37 (7.9 %)
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Fig. 11. (a) Whole-year time history of RSIsetting for both the interior and exterior AIS for Miami, Albuquerque, and San Francisco; (b) Relative frequency density distribution
of the RSI-values.

three cases in the 6 representative cities. The simulation results
indicate that RBE can maintain satisfactory thermal comfort per-
formance while providing energy savings. The RBE using

demand-based control provides higher LPD reductions as com-
pared to those using temperature-based control, especially in
regions with relative mild climate (i.e., San Francisco).
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5.3.2. Operation of AIS and design implications

Fig. 11(a) presents the time histories of RSI-value of the AISs
during a meteorological year under the demand-based control.
During the hot summer months (i.e., May—October) in Miami, the
interior AIS mostly stays at Rpjon to minimize the undesirable heat
flowing into the indoor space while the exterior AIS still goes
through daily transitions to dissipate the heat stored in the thermal
mass during evening cooler hours. For Albuquerque, the interior
AIS hovered mostly at lower insulation levels during winter and
traditional seasons to utilize passive heating/cooling and reduce
AC load. In regions with mild climate like San Francisco, the inte-
rior AIS mostly stayed at very low insulation levels.

Fig. 11(b) presents the relative (time) frequency density distri-
bution of the RSI-value of both interior and exterior AIS for three
climate zones — Miami (1A), Albuquerque (4B), and San Francisco
(3C). It can be seen that for Miami, the interior and exterior AlSs
mostly switches between the highest and lowest RSI-values R,y
and Ryign throughout the year and it rarely stay at intermediate
RSI-value. This indicates that for regions with predominantly hot
or cold seasons, AIS designs that switch between Rjoy and Ryign, or
sometimes been referred as to ‘‘binary thermal switch” [23],
could yield ‘near-optimal’ performance. Whereas for areas with
longer transitional seasons (e.g., Albuquerque), AISs that can ‘grad-
vally’ change their thermal resistance can provide higher energy
saving potential. It also can be observed from the results that for
areas with mild climate (e.g., San Francisco), only relatively low
interior insulation level is needed — i.e., the RSI-value of interior
AIS stayed mostly <0.5 Km?*/W throughout the year, therefore,
the RBE designed with only exterior AIS may provide satisfactory
energy performance. The results of thermal insulation duration
distribution can help to determine the suitable AIS type and
required insulation level for AIS design in different climate zones.

6. Conclusions and future outlook

Although it has been well demonstrated that responsive build-
ing envelope (RBE) has tremendous potential to improve building’s
energy performance by dynamically providing passive cooling/
heating to reduce energy consumption, there is still significant
gap in formulating the control strategy of such systems. In partic-
ular, for RBEs that integrate active insulation systems (AISs) and
thermal energy storage (TES), the formulation of optimal control
rule of such system is challenging. In this research, an easy-to-
implement yet flexible ‘demand-based’ control rule is formulated
for the TES-AIS integrated RBEs to beneficially utilize the heat stor-
age capacity or precooling of the thermal mass to reduce AC load.
The control rule is formulated by first estimating AC demand from
estimated internal gains, infiltration, as well as measured surface
temperatures and air temperatures at certain time steps. Then
the desired thermal resistance of AIS is calculated based on the
estimated AC demand and temperatures of the thermal mass and
indoor air. To evaluate the performance of the RBE system with
demand-based control, a thermal network model was formulated
to simulate thermal zones that are equipped with a RBE exterior
wall. Case studies were conducted in six (6) climate zones. The
key findings of the study are summarized below:

In comparison to temperature-based control strategies in prior
studies, the demand-based control rule formulated herein has
achieved significantly higher energy saving potential. During
transitional seasons, the temperature-based controller tends
to cause overheating or overcooling of the thermal mass which
largely limits the energy saving potential of RBEs; whereas the
demand-based controller ensures that the AlSs release thermal
energy just ‘‘as-needed” and do no reply on a prescribed
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temperature constraint for control. For regions with mild cli-
mate, e.g., San Francisco, the demand-based control reduces
the AC energy consumption by over 90 %. The RBEs also bring
thermal comfort improvement especially for regions with mild
climate condition (e.g., 27.1 % LPD reduction in San Francisco,
CA).

A thermal network model with high computational efficiency is
established for RBEs with integrated AISs and TES (or high ther-
mal mass). The thermal performance (e.g., temperature
responses and energy consumptions) matches closely with
those obtained by EnergyPlus simulations. The higher efficiency
model is important to reduce computational costs for further
studies that employ Al-based or online learning control.

The integrated TES-AIS RBE has significant potential to reduce
the energy consumption of buildings located in most climate
zones. In particular, the case study had shown 20.4 %, 30.7 %,
99.1 %, 61.5 %, 55.1, and 53.0 % heating/cooling energy use
reductions for Miami (1A), Phoenix (2B), San Francisco (3C),
Albuquerque (4B), Chicago (5A), and Minneapolis (6A-7),
respectively. The responses from AIS systems help charge and
discharge the thermal mass and provide compensating heat
flow to offset the AC load. In general, the energy saving poten-
tial of RBE is greater during transitional seasons and in regions
with mild climate where the diurnal temperature fluctuates
around the AC set points.

The analysis of whole-year AIS operation across different cli-
mate zones can provide guidance for AIS design. It was found
that for regions with predominantly hot or cold climate, the
use of ‘‘two-step” thermal switch would yield satisfactory ther-
mal performance; whereas for regions with long transitional
seasons, AlSs that can gradually change their thermal resistance
can provide higher energy saving potential. In addition, for
regions with mild climate (e.g., San Francisco), RBE with only
exterior AIS (interior side is not insulated) can provide satisfac-
tory performance.

Some limitations and future outlook of the current study
include:

The control approach discussed herein was formulated and
applicable to only a single thermal zone. Control strategies
and design optimizations for RBE implementation in multi-
thermal zone buildings are needed for future studies.

RBE controls can be oriented towards multiple objectives
including grid flexibility, air quality, and daylighting perfor-
mance, other than focusing sole on energy efficiency and ther-
mal comfort. addition, occupancy behavior can be
integrated as part of RBE control.

Data-driven approaches including reinforcement learning con-
trol worth further investigation as they do not rely on physical
models.
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