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Abstract This paper develops an optimal design and an optimal operating strategy
for Active Thermoelectric (ATE) windows. The proposed ATE window design uses
thermostats to actively control thermoelectric (TE) units and fans to regulate the heat
transfer through the windows. To achieve high energy efficiency, optimization of the
ATE window design seeks to simultaneously minimize the heat transferred through
the window and the net power consumption. The ATE windows should adapt to vary-
ing climatic conditions. The heat transfer and the power supplies are optimized under
a prescribed set of climatic conditions. Based on the optimal results obtained for these
conditions, surrogate models are developed to represent the optimal modes of opera-
tion as functions of the climatic conditions, namely (i) ambient temperature, (ii) wind
speed, and (iii) solar radiation. To this end, Radial Basis Functions (RBF) are used.
The results show that the ATE windows provide significantly improved insulation
compared to traditional windows under varying climatic conditions. Moreover, it was
found that the ATE window operates at a superior efficiency than a standard HVAC
system, particularly in colder climates.
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1 Introduction

Since global demand for energy is continuously growing, there is an ongoing critical
search for new technologies that can reduce energy consumption while maintaining
desirable levels of functionality. The 2010 Buildings Energy Data Book published by
the U.S. Department of Energy shows that, 40 % of the U.S. primary (raw) energy is
consumed by buildings in 2008. More importantly, 45.8 % of the energy consumed
by buildings is used for space heating and cooling (DOE 2009). Windows, which
occupy only 10 % to 15 % of the wall area, can contribute up to 25 % of the heat
exchange between building envelops and their surroundings (DOE 2005). Therefore,
improvement in the energy efficiency of windows has the potential to significantly
reduce building energy consumption.

Advancement in window technology has been pursued by different approaches.
One approach involves actively responding to the ambient conditions by chang-
ing the thermodynamics of windows. These new window designs are called ac-
tive windows; and some are said to have the potential to reduce peak electri-
cal loads by 20 % to 30 % in commercial buildings (Lee et al. 2002). Exam-
ples of these active windows include actively controlled motorized shading sys-
tems (Lee et al. 1998), switchable window coatings (Lee et al. 2004), heat extrac-
tion double-skin facades (Lee et al. 2002), airflow windows (Chow et al. 2006;
Gosselin and Chen 2008), and thermoelectric windows (Harren-Lewis et al. 2009;
Zhang et al. 2010a, 2010b).

Thermoelectric technology (Rowe 2006) is integrated into the thermoelectric win-
dow design to actively suppress heat transfer in undesirable directions, when supplied
with electric power. The design is optimized to achieve high energy efficiency. Since
climatic conditions vary with geographical locations and time, the optimal design for
a certain location under one specific climatic condition may not be optimal for other
locations and other climatic conditions. Adaptive optimal design offers high perfor-
mance under varying operating conditions. Therefore, this design approach is used
to achieve optimal modes of operation under varying climatic conditions. The com-
putational expense of optimization for a particular climatic condition is high. Hence,
it is desirable to perform design optimization for a reasonably limited set of differ-
ent climatic conditions that are representative of the overall range of climate variation
within target geographical locations. Surrogate models (Forrester et al. 2008) are then
developed to relate the varying climatic conditions and the required optimal modes
of operation. Radial Basis Functions (RBF) (Kitayama et al. 2010) are adopted for
this purpose.

The design of the ATE window and its adaptive optimization are illustrated in
Sect. 2. In Sect. 3, surrogate modeling based optimal control of the ATE window
is developed. The energy efficiency of the ATE window is compared with that of a
standard HVAC system in Sect. 4. Concluding remarks are presented in Sect. 5.

2 Optimal design of the active thermoelectric window

The ATE windows are used through the changing seasonal climatic conditions of a
year. The indoor temperature is assumed to be kept constant at a comfortable value.



Adaptive optimal design of ATE windows 471

Fig. 1 Schematic of the ATE window

Table 1 ATE window
geometry and properties Parameter Value

Height of the glass (Hg) 1.00 m

Half width of the glass (wg) 0.50 m

Height of the channel (Hs ) 0.15 m

Width of the channel (wchannel ) 0.10 m

Inner gap depth (Din) 0.024 m

Outer gap depth (Dout ) 0.012 m

Pane thickness (t) 0.006 m

Glass Conductivity (kg) 0.84 W/m K

In practice, a range of desirable indoor temperatures, rather than a single target tem-
perature, should be used. Climatic conditions under which the ATE windows operate
are divided into two classes: (i) heating condition, and (ii) cooling condition.

Heating condition: When the indoor temperature is higher than the outdoor temper-
ature, the ATE windows should reduce the heat transferred from inside to outside.

Cooling condition: When the indoor temperature is lower than the outdoor tempera-
ture, the ATE windows should reduce the heat transferred from outside to inside.

The ATE window design is an evolution from existing triple-pane windows. In
addition to the components existing in a triple-pane window, there are seven new
subsystems in the ATE window: (i) two side channels, (ii) TE units, (iii) two sets of
fins in the side channels, (iv) heat sinks on the outside surface of the frame, (v) fans,
(vi) sensors, and (vii) a thermostat. A simplified schematic of the ATE window is
shown in Fig. 1. The geometry and properties of the window are detailed in Table 1.

The ATE window has three panes, namely, the inner pane, the middle pane and the
outer pane, as shown in the section view in Fig. 1(b). The middle tinted pane is made
of generic bronze glass, and the other two panes are made of clear glass. The air gap
between the middle and the outer panes is maintained in the same passive fashion as
that in a traditional window. The thermodynamic properties of the air gap between
the inner and the middle panes are actively controlled.
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The TE units are located in the two side channels between the inner and the middle
panes. One side of the TE units exchanges heat with the air flow inside the channels,
and the other side exchanges heat with the outdoor air. Inside both side channels, there
are thin rectangular fins that are connected to the TE units to increase the rate of heat
exchange between the TE units and the air flow inside the channels. To reduce the
thermal resistance between the outside air and the TE units, heat sinks are connected
to the side of TE units that interacts with the outdoor air.

Fans are installed both on the top and the bottom of the air gap between the inner
and the middle panes to minimize undesirable heat exchange. Figure 1(a) illustrates
the air flow under heating conditions. Under heating conditions, the air in the side
channels is heated by the TE units and the fins, and rises to the top of the channels.
After the air flows out of the channels, it flows downwards between the inner and the
middle panes, flows down to the bottom, and goes back into the side channels. The
overall flow pattern in this case is expected to minimize the heat loss across the air
gap (from inside to outside under heating conditions). After the air flows out of the
channels, it warms both the middle and the inner panes, flows down to the bottom,
and goes back into the side channels.

The heat transfer simulation model of the system that includes the panes, the side
channels, the air gaps, the fins, and the fans is created using the Computational Fluid
Dynamics (CFD) software Fluent. The inputs to the Fluent model are: (i) the temper-
ature of the side of the TE units inside the channels, (ii) the fan pressures, (iii) the
ambient temperature, (iv) the outdoor wind speed, (v) the solar radiation, and (vi) the
indoor air temperature. Additionally, adiabatic boundary conditions are specified at
the top and the bottom surfaces of the air gaps, the panes, and the side channels.

Since the ATE window is used under varying climatic conditions, the three inputs,
(i) the ambient temperature, (ii) the outdoor wind speed, and (iii) the solar radiation,
are set to represent the appropriate climatic conditions.

For every candidate design of the ATE window, the Fluent model simulates the
steady-state heat transfer process. The heat exchange rate between the inner pane and
the room through convection, Q̇convection, is returned as an output by the model. The
total heat exchange between the inner pane and the room is the sum of convection
and solar radiation, which is expressed as

Q̇AT E = Q̇convection + Q̇solar = Q̇convection + Esky(1 − SA − SR) (1)

where Q̇convection is the convective heat transfer rate through the inner pane into the
room; Q̇solar is the heat gain rate due to solar radiation entering through the panes
into the room; SA is the fraction of solar radiation absorbed by the three panes, which
is 53 % for this study (Mitchell et al. 2001); and SR is the fraction of solar radiation
reflected by the three panes, which is 11 % (Mitchell et al. 2001).

The heat production in and the heat transfer through the TE units, the heat sinks,
and the fans are modeled using analytical functions. Their modeling methods are
explained in Sects. 2.1 to 2.3.

2.1 TE units modeling

Each TE unit consists of thermocouples which, when supplied with electric current,
induce heat flow in the direction of the current. A temperature difference is created
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Table 2 TE units properties for
300 K (Melcor 2007) Parameter Value

Seebeck coefficient (α) 2.00 × 10−4 V/K

Resistivity (ρ) 9.87 × 10−4 � cm

Thermal conductivity (κ) 1.54 × 10−2 W/cm K

Figure of merit (Z) 2.67 × 10−3 K-1

G-Factor (G) 0.076 cm-1

Number of Thermocouples (N ) 71

across the TE units. On the cold side of the TE units, the heat transfer rate, Q̇cold , is
estimated as (Melcor 2007)

Q̇cold = 2NteN

[
αIteTc − I 2

teρ

2G
− κΔTteG

]
(2)

where Nte is the number of TE units; N is the number of thermocouples in each
TE unit; α is the Seebeck coefficient; Ite is the electric current; Tc is the cold side
temperature; ρ is the resistivity; G is the geometry factor, which represents the area
to thickness ratio of the thermocouple; κ is the thermal conductivity; and ΔTte is the
temperature difference across the thermocouple. For a given TE unit, α, ρ and κ are
temperature dependent properties; N and G are constants. These TE parameters are
all provided by the manufacturer (Melcor 2007).

The voltage drop across the TE unit is given by (Melcor 2007)

Vte = 2N

(
Iteρ

G
+ αΔTte

)
(3)

The heat released from the hot side of the TE unit is the combination of the heat
absorbed by the TE unit and the heat generated by electric current, which is given by

Q̇hot = NteIteVte + Q̇cold (4)

The maximum allowable applied current, Imax , is given by (Melcor 2007)

Imax = κG

α

[√
(1 + 2ZTh) − 1

]
(5)

where Z is the figure-of-merit provided by the manufacturer, and Th is the hot side
temperature.

The maximum allowable temperature difference, ΔTmax , is given by

ΔTmax = Th −
√

(1 + 2ZTh) − 1

Z
(6)

The values of the TE properties are provided by the manufacturer, which are listed
in Table 2 (for 300 K).

2.2 Heat sink modeling

The heat transferred through the heat sink can be determined by (Incropera et al.
2007)
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Table 3 Pressure jumps of fans in four groups

Group Left most Center left Center right Right most

Top left (1 − 3k)Δpavg (1 − k)Δpavg (1 + k)Δpavg (1 + 3k)Δpavg

Top right (1 + 3k)Δpavg (1 + k)Δpavg (1 − k)Δpavg (1 − 3k)Δpavg

Bottom left (1 − 3k)Δpavg (1 − k)Δpavg (1 + k)Δpavg (1 + 3k)Δpavg

Bottom right (1 + 3k)Δpavg (1 + k)Δpavg (1 − k)Δpavg (1 − 3k)Δpavg

Q̇hs = ΔThs

(Nf tanh(d

√
hp
kAc

)
√

hpkpinAc)−1
(7)

where Nf is the number of fins; h is the convective heat transfer coefficient; ΔThs

is the temperature difference between the TE unit and the outdoor environment; p,
kpin, d , and Ac are the perimeter, thermal conductivity, depth, and cross sectional
area of a single protrusion, respectively.

2.3 Fan modeling

There are sixteen fans in the ATE window, which are separated into four groups
according to their locations, the top left, the top right, the bottom left, and the bottom
right (see Fig. 1(a)). In each group, the pressure jump of each fan is expressed as
a function of an average pressure jump and a pressure slope. The average pressure
jump, Δpavg , and the slope, k, are the same for four groups. Inside each group, the
four fans are named Left Most, Center Left, Center Right, Right Most. The left half
and the right half of the window are symmetric with respect to the window center.
The pressure jumps of the fans are expressed in Table 3.

2.4 Weather conditions

The optimization of the ATE window design is performed for a specified range of cli-
matic conditions. In this context, the conditions include ambient temperature, wind
speed, and solar radiation. According to the climatic data through 2010 in the US,
eliminating extreme weathers, the average of the highest recorded temperatures in
major cities is 97 ◦F, and the average of the lowest is 7 ◦F (NOAA 2011). Therefore,
the range of outdoor temperatures used in the optimization is 7 to 97 ◦F. The average
of the maximum recorded wind speeds in major US cities is 21.5 m/s (NOAA 2011).
It is used as the highest wind speed, and the lowest is specified as 0. In clear days, the
maximum solar irradiance on a surface perpendicular to incoming solar radiation is
1000 W/m2. This value is used as the highest solar irradiance, and the lowest is spec-
ified as 0. The indoor temperature is maintained at 75 ◦F, which is a recommended
testing condition for window performance (Mitchel et al. 2003). Therefore, every cli-
matic condition represents a unique combination of outdoor temperature, wind speed,
and solar radiation within the specified ranges.

In order to develop Radial Basis Functions (RBF) that represent the optimal opera-
tion of the ATE window as a function of climatic conditions, the ATE window design
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is optimized for a set of quasirandom climatic conditions. The number of climatic
conditions used is equal to ten times the number of input variables (Colaco et al.
2008). These sample climatic conditions are generated using Sobol’s Quasirandom
sequence generator algorithm (Sobol 1976). Ten additional sample climatic condi-
tions are generated to evaluate the performance effectiveness of the surrogate models.

2.5 Optimization problems

The parameters that can be controlled by the thermostat are treated as design variables
during optimization, which include (i) the voltage applied to the TE units, Vte , (ii) the
average pressure jump of the fans, Δpavg , and (iii) the fan pressure jump slope, k.

The objective of optimization is to simultaneously minimize the heat transfer
through the inner pane of the window and minimize the electric power consumption.
Table 4 shows the results of the optimization problem for different climatic condi-
tions. Observed from the table, the total power consumption of the fans, Ptotal , is
less than 5 % of the TE units’ power consumption. Since the fans’ contribution to the
improvement of energy efficiency is significantly smaller than that of the TE units,
the power consumption of the fans is not minimized.

The climatic conditions, including (i) ambient temperature, Tout , (ii) wind speed,
vwind , and (iii) solar radiation, Esolar , are the prescribed parameters for the optimiza-
tion problem. Forty sets of these climatic conditions are used for optimization. These
40 sets are generated in Sect. 2.4, and are listed in Tables 4 and 5. For each set of
climatic condition, optimization is performed and the optimal values of power supply
parameters are evaluated.

For dimensional compatibility with the channels, the fans should be sufficiently
small. Therefore, the average pressure jump over a fan, Δpavg , and the pressure jump
slope, k, are bounded within specified limits. The maximum allowable electric volt-
age and current of the TE units are limited by their properties. The dimensions of the
side channels limit the number of TE units installed inside them. The conservation of
energy through the ATE window system requires necessary equality constraints.

For cooling conditions and heating conditions, the directions of heat flow are op-
posite. The overall optimization problem is defined as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

min
x={Vte,Δpavg,k} f (x) = w1Q̇

2
convection(x) + w2P

2
T E(x)

subject to −8 ≤ Δpavg ≤ 8

−0.4 ≤ k ≤ 0.4

NteAte ≤ Achannel

Ite ≤ Imax

ΔTte ≤ ΔTmax

Q̇hot = Q̇channel

Q̇cold = Q̇hs

}
For heating conditions

or

Q̇cold = Q̇channel

Q̇hot = Q̇hs

}
For cooling conditions
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Table 4 Optimization results under selected climatic conditions

No. Tout

(◦F)
vwind

(m/s)
Esolar

(W/m2)
VT E

(V)
PT E

(W)
Pf an

(W)

Pf an

PT E
(%)

Δpavg

(Pa)
k

1 52 10.75 500 1.14 0.97 0.05 5 0.96 0.071

2 74 5.38 750 −0.97 2.96 0.05 2 −0.95 0.067

3 29 16.13 250 3.28 9.88 0.09 1 1.77 0.019

4 40 8.06 625 1.34 1.17 0.05 4 1.00 0.079

5 85 18.81 125 −1.00 2.42 0.06 2 −1.16 0.069

6 63 2.69 375 0.77 0.90 0.05 5 0.97 0.040

7 23 6.72 313 3.24 8.71 0.05 1 1.04 0.031

8 91 1.34 563 −2.48 19.97 0.06 0 −1.15 0.051

9 46 12.09 63 2.28 6.68 0.07 1 1.53 0.074

10 35 4.03 938 2.35 4.49 0.09 2 1.89 0.069

11 80 13.78 438 −2.37 18.71 0.06 0 −1.15 0.079

12 57 9.41 188 0.86 0.53 0.02 4 0.46 −0.043

13 12 20.16 688 3.20 7.87 0.02 0 0.36 −0.055

14 15 10.08 844 2.55 4.59 0.02 0 0.42 −0.047

15 60 20.83 344 0.75 0.42 0.02 5 0.48 −0.053

16 82 4.70 94 0.97 2.35 0.05 2 −0.98 −0.079

17 49 2.02 469 1.17 0.96 0.04 5 0.90 −0.072

18 94 12.77 969 −3.34 37.95 0.06 0 −1.17 −0.051

19 26 18.14 219 3.28 9.53 0.09 1 1.96 0.066

20 21 3.36 531 2.60 5.12 0.08 2 1.61 0.061

21 88 8.73 281 −1.67 8.95 0.08 1 −1.64 0.055

22 43 19.48 781 1.49 1.44 0.06 4 1.21 0.079

23 32 6.05 156 2.73 6.25 0.06 1 1.27 0.079

24 77 16.80 656 −0.50 1.00 0.05 5 −1.13 0.069

25 54 0.67 906 1.34 5.92 0.06 1 1.19 0.067

26 11 5.71 609 3.42 9.37 0.13 1 2.63 −0.071

27 56 16.46 109 1.45 2.25 0.06 3 1.21 0.042

28 78 0.34 359 −1.37 6.14 0.08 1 −1.75 0.007

29 33 11.09 859 1.86 2.47 0.09 4 1.89 0.008

30 44 3.02 234 1.84 2.70 0.10 4 2.00 0.015

where Q̇convection is the heat transferred through the inner pane; PT E is the electric
power consumed by the TE units; w1 and w2 are the respective weights for the two
objectives, Q̇convection and PT E ; Nte is the number of TE units; Ate is the area of one
TE unit; Achannel is the available area of the side channels; and Q̇channel is the total
heat exchange of the air flow in the two channels.

3 Surrogate modeling based optimal control

3.1 Training data for surrogate models

In Sect. 2.5, optimization is performed for the forty sets of climatic conditions us-
ing Matlab and Fluent. The optimal results are listed in Tables 4 and 5. The ambient
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Table 5 Testing data for surrogate models

No. Tout

(◦F)
vwind

(m/s)
Esolar

(W/m2)
VT E

(V)
Δpavg

(Pa)
k

1 22 19.15 484 2.99 1.67 0.013

2 95 7.05 47 1.88 1.95 0.046

3 81 10.41 516 1.34 1.72 0.005

4 64 19.82 578 0.68 0.42 −0.048

5 89 13.77 734 2.74 1.37 −0.001

6 22 19.15 484 2.99 1.67 0.013

7 73 12.43 297 0.29 1.41 0.037

8 36 21.16 16 3.16 1.00 −0.012

9 25 13.10 641 2.27 0.68 −0.079

10 64 19.82 578 0.68 0.42 −0.048

temperatures in bold numbers are the ones that are higher than the indoor tempera-
ture, 75 ◦F. These climatic conditions (5, 8, 11, 16, 18, 21, 24, and 28) are therefore
considered cooling conditions, and the others are considered heating conditions.

3.2 Development of radial basis functions

Using the data in Table 4, three RBF-based surrogate models are developed to rep-
resent the optimal operations of ATE windows. The outputs of the three models are
(i) the optimal voltages of the TE units, VT E , (ii) the average pressure jump over a
fan, Δpavg , and (iii) the slope of the pressure jump, k. The inputs of the models are
climatic condition parameters, namely (i) the ambient temperature, Tout , (ii) the wind
speed, vwind , and (iii) the solar radiation, Esolar .

The RBF method expresses surrogate models as linear combinations of basis func-
tions. The basis functions are based on the Euclidean distance (Forrester et al. 2008).
The Euclidean distance is expressed as

r = ‖x − xi‖ (8)

where xi is the ith sample point, and x is the variable vector.
In this paper, the multiquadric basis function (Forrester et al. 2008) is adopted, as

given by

ψ(r) = (
r2 + σ 2)1/2 (9)

where σ > 0 is a prescribed parameter. In this paper, the parameter, σ , is tuned to be
0.01 to minimize the errors between testing data and the surrogate model outputs.

The final approximation function is a weighted sum of the basis functions across
all sample points, which is given by

f̃ (x) =
n∑

i=1

ωiψ(r) (10)
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Fig. 2 VT E with fixed Tout

Fig. 3 VT E with fixed vwind

Fig. 4 VT E with fixed Esolar

where n is the number of training points, and ωi are coefficients to be determined
from the training data using the pseudo-inverse method.

After the three surrogate models are developed, the three outputs, VT E , Δpavg ,
and k, can be evaluated with respect to the three climatic conditions, Tout , vwind , and
Esolar . Figures 2, 3, and 4 show the functions of VT E , when Tout , vwind , and Esolar

are prescribed, respectively. In these figures, the optimal VT E is negative for cooling
down the panes, and positive for heating up the panes. These figures show the trends
of the optimal VT E as two climatic condition parameters vary, while the other remains
fixed. The magnitude of VT E reflects the power consumption, and the direction of
VT E indicates whether a cooling condition or a heating condition is prevalent.
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Table 6 RMSE and MAE for
three surrogate models Output Range Metric Value Percentage

VT E 6.76 RMSE 0.40 6 %

MAE 0.62 9 %

Δpavg 16 RMSE 0.52 3 %

MAE 0.90 5%

k 0.8 RMSE 0.058 7 %

MAE 0.081 10 %

3.3 Performance evaluation of the surrogate models

The overall performance of surrogate models can be evaluated by two standard ac-
curacy measures: (i) the Root Mean Squared Error (RMSE) (Jin et al. 2001), which
provides a global error measure over the entire design domain, and (ii) the Maxi-
mum Absolute Error (MAE) (Queipo et al. 2005; Mullur and Messac 2006), which
is indicative of local deviations. These measures are defined as

RMSE =
√√√√ 1

nt

nt∑
l=1

(
f (xl) − f̃ (xl)

)2 (11)

and

MAE = max
l

∣∣f (xl) − f̃ (xl)
∣∣ (12)

where f (xl) represents the actual function value for the test point xl ; f̃ (xl) is the
value estimated by the surrogate model; and nt is the number of test points.

Using the 10 climatic conditions generated in Sect. 2.4 for testing, optimization is
performed to evaluate their corresponding optimal operating parameters. The results
are shown in Table 5. The values of the RMSE and the MAE for the three surrogate
models are listed in Table 6. The range of VT E in Table 6 is the difference between
its highest and lowest optimal values listed in Table 5. The ranges of Δpavg and k are
their bounds used in the optimization problems. The percentages of the RMSE and
the MAE are calculated with respect to the ranges. As can be seen from Table 6, the
errors are likely tolerable, and may adequately serve the purpose of adaptive optimal
control.

The surrogate models are used to perform adaptive optimal control of ATE win-
dows. Since ATE windows should adjust the electric power supplies to the TE units
and the fans in order to adapt to different climatic conditions, thermostats are used
for voltage control. Three types of sensors, namely, thermometers, anemometers, and
light sensors, are used to measure ambient temperature, wind speed, and solar radia-
tion, respectively. The three surrogate models of VT E , Δpavg , and k can be stored in
thermostats. Based on the signals received from the climate sensors, thermostats con-
trol the magnitudes of the electric voltages supplied to the TE units and the fans, as
shown in Fig. 5. The three surrogate models are used to determine the optimal electric
voltage of the TE units, VT E , the average pressure jump over a fan, Δpavg , and the
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Fig. 5 Thermostat and sensors

pressure slope, k. The voltage of each fan is determined by the relationship between
the voltage and the pressure jump, which is specified for each fan. It is assumed that
the climatic conditions do not change significantly in a short period of time. Since
the conditions are quasi-static, the transitions of inputs and outputs are slow.

4 Comparison of energy efficiency

The efficiency of an HVAC unit is generally represented by its Coefficient Of Per-
formance (COP) (DOE 2008). COP indicates how much heat transfer rate, Q̇, can
be generated by a system for a given electrical power input, P . COP is therefore
expressed as

COP = Q̇

P
(13)

The COP of an ATE window, COPAT E , can be expressed as the additional heat in-
sulation accomplished, compared to a similarly designed traditional window, divided
by the electric power consumed (Zhang et al. 2010a). It is expressed as

COPAT E = Q̇traditional − Q̇AT E

PT E

(14)

where Q̇traditional is the heat transferred through the similarly designed traditional
window; and Q̇AT E is defined by Eq. (1).

Steady-state energy flow, Q̇, through a fenestration can be written as (ASHRAE
2009)

Q̇ = UApf (Tout − Tin) + (SHGC)Apf Et (15)

where U is the overall coefficient of heat transfer (U-factor); Apf is the total pro-
jected area of fenestration; SHGC is the solar heat gain coefficient; and Et is the total
incident irradiance. The first term in Eq. (15) is the conductive and convective heat
transfer, and the second term is the solar heat gain.

A model of a traditional triple-pane window, which has the same dimensions and
materials as those of the ATE window, is created using the Window program (LBNL
2008). The solar heat gain, which is the second term in Eq. (15), is primarily de-
termined by the structure of the window. Since the ATE window and the traditional
triple-pane window have the same structure, the solar heat gain, Q̇solar , is the same
for both. The difference of heat transfer through the two kinds of windows is at-
tributed to conductive and convective heat transfer caused by indoor-outdoor temper-
ature difference.
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Fig. 6 Values of COPAT E under different weather conditions

Since the heat transfer rate difference is achieved at the expense of electric power
supplied to TE units, the COP of ATE windows can be more precisely expressed as

COPAT E = Q̇3pane − Q̇convection

PT E

(16)

where Q̇3pane is the overall conductive and convective heat transfer rate for a tradi-
tional triple-pane window.

Air conditioners and heat pumps are the most common types of HVAC systems.
According to the ENERGY STAR Building Upgrade Manual (DOE 2008), for an air
conditioner or a heat pump of large or smaller size, the ENERGY STAR minimum
criterion of COP is 3.2. Figure 6 shows the values of COPAT E under the thirty cli-
matic conditions generated in Sect. 2.4. In the figure, under cooling conditions (bold
numbers), the COP of the ATE window is generally lower than that of an HVAC
system. Under heating conditions, the COP of the ATE window is generally higher
than that of standard HVAC systems. The ATE window is therefore expected to pro-
vide higher energy efficiency under heating conditions, generally prevalent during the
winter season.

5 Concluding remarks

Active thermoelectric windows can favorably change their overall thermodynamic
properties to provide optimal operation under varying climatic conditions. The ATE
windows are operated at appropriate tradeoffs between the minimum power con-
sumption and the minimum allowed heat transfer through the window. Using the
optimal results for a set of selected climatic conditions, Radial Basis Functions are
developed to represent the optimal modes of operations as functions of the climatic
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conditions. Under a set of sampled climatic conditions, including both heating condi-
tions and cooling conditions, the performance of the ATE window is compared with
that of a standard HVAC system. Under heating conditions (usual winter conditions)
the coefficient of performance of the ATE window is found to be higher than that of a
conventional HVAC system. The ATE window has significant potential to improve its
thermodynamic properties at a reduced power consumption under heating conditions.
Further research is necessary to more fully characterize the climatic conditions and
their influence on the window design for manufacturing and operation purposes.
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