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ABSTRACT

To provide energy-efficient space heating and cooling, a thermoelectric building envelope (TBE) embeds
thermoelectric devices in building walls. The thermoelectric device in the building envelope can provide active heating
and cooling without requiring refrigerant use and energy transport among subsystems. Thus, the TBE system is energy
and environmentally friendly. A few studies experimentally investigated the TBE under limited operating conditions,
and only simplified models for the commercial thermoelectric module (TEM) were developed to quantify its
performance. A holistic approach to optimum system performance is needed for the optimal system design and
operation. The study developed a holistic TBE-building system model in Modelica for system simulation and
performance analysis. A theoretical model for a single TEM was first established based on energy conversion and
thermoelectric principles. Subsequently, a TBE prototype model combining the TEM model was constructed. The
prototype model employing a feedback controller was used in a whole building system simulation for a residential
house. The system model computed the overall building energy efficiency and dynamic indoor conditions under
varying operating conditions. Simulation results indicate the studied TBE system can meet a heating demand to
maintain the desired room temperature at 20 °C when the lowest outdoor temperature is at -26.3 °C, with a seasonal
heating COP near 1.1, demonstrating a better heating performance than electric heaters. It suggests a potential energy-
efficient alternative to the traditional natural gas furnaces and electric heaters for space heating.
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1. INTRODUCTION

Thermoelectric technology uses thermoelectric materials to realize the mutual conversion between temperature
differences and electricity (Luo et al., 2020). Researchers have integrated thermoelectric materials and devices into
building walls for space heating and cooling (Ahmad Gondal, 2019; Aksamija et al., 2019; Ibafiez-Puy et al., 2018;
Irshad et al., 2019; Martin-Gémez et al., 2021; Zuazua-Ros et al., 2018, 2019). As shown in Figure 1(a), the TBE-
building system is a highly integrated thermal-activated heating and cooling without the requirements of transporting
energy and synergy among subsystems. Meanwhile, the TBE system requires no refrigerant and no release of
chemicals, making it environmentally friendly. The TBE-building system has great flexibility due to the ultra-low-
profile thermoelectric devices (e.g., TEM) and expandable modulus TBE components. A typical TBE component, as
displayed in Figure 1(b), has three primary parts, including (1) TEMs, (2) heat dissipation (e.g., heat sinks and
circulation fans), and (3) associated wall design.
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Figure 1: The schematic diagrams of (a) a TBE-building system and (b) a ventilation-type TBE prototype.

However, the research on the TBE system is still at an early stage. Due to physical and technical challenges, only a
few experimental studies have been carried out under limited weather conditions. Martin et al. reported that the TBE's
heating COP including and excluding fan power at an ambient condition were 0.82—1.01 and 1.02—1.91, respectively
(Martin-Gémez et al., 2021). Researchers seek approaches to improve the energy conversion efficiency of the TBE
system and to investigate the adaptivity of the TBE system in different climates. Therefore, models of a complete
TBE-Building system are highly needed to comprehensively guide the system design and operation and the adoption
of thermoelectric technology in buildings.

Most models developed to evaluate a TBE device focused on TEMs used in the device and only reflected the steady-
state performance without considering varying outdoor conditions and system control. Then in 2020, Luo et al.
developed a state-space model of a photovoltaic-thermoelectric wall system demonstrating a net-zero heat flux through
the building envelope via a model predictive control (Luo et al., 2020). This study pointed out a limitation in whole
building simulation and optimization, which is rather critical for building energy system analysis. However, limited
studies integrated the TBE model within building energy modeling for seasonal performance analysis. Wang et al.
conducted the annual energy analysis of a TBE system utilizing renewable energy for domestic heating by only
comparing the heating demand of a house with TBE’s heating supply assuming a constant COP and a given renewable
power supply (Wang et al., 2017). The model's result indicated a possible energy-saving of 64% and a reduction of
CO; emission of 4305 kg/year for the proposed system. However, this model ignored the impact of varying outdoor
temperatures and controls of power on the TBE's annual performance. To study the thermoelectric technology for
room temperature control, Hagenkamp et al. established a steady-state model for thermoelectric elements with
optimized power input to meet the fixed heating demand (Hagenkamp et al., 2022). This model indicated an efficient
heating performance of thermoelectricity elements by using an advanced control system. Since the TBE system is still
a new system for space air conditioning, current modeling methods cannot reflect a comprehensive performance of a
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TBE system. It is necessary to develop a holistic approach toward the optimum performance of the TBE system.
Hence, our study aims to establish a TBE-building system model to guide the optimal system design and operation.

In this paper, a transient TBE system model for space heating was investigated by using Modelica language. The
system model integrated a verified TBE prototype model employing a Proportional-Integral-Differential (PID) power
controller within a residential house. The model was used to predict the transient heat transfer and energy efficiency
of a TBE system integrated into buildings with feedback control to maintain the desired indoor thermal comfort. The
seasonal indoor air temperature, current input, heat deliverable, and COPs of TEM and TBE under historical weather
conditions were computed and analyzed. Key contributions include the whole system simulation, transient heat
transfer analysis, and seasonal energy analysis. Finally, conclusions and suggestions were provided to guide the
design, sizing, and control of a TBE system to facilitate the deployment of thermoelectric applications in buildings.

2. METHODOLOGY

2.1 Methodology Overview

As displayed in Figure 2, the heat and electric transfer models at three different hierarchical levels have been
investigated in this study. First, at the module level (level 1), an analytic model for a single TEM was established
based on the energy conversion and thermoelectric principles, including the Peltier effect, Joule heating, heat
conduction, and heat storage, as described in Section 2.2. Subsequently, at the prototype level (level 2), a TBE model
was developed by combining the TEM at level 1 with the envelope design, as presented in Section 2.3. Experimental
data have validated the prototype model. At the system level (level 3), the verified prototype model (at level 2)
employing a PID controller was plugged into a residential house to construct the TBE-Building system model, as
illustrated in Section 2.4. Three models were developed using the Modelica language and solved by an ordinary-
differential-equation solver. Finally, the system model computed the overall building energy consumption under
different operating conditions, including the outdoor temperature, power input to TBE, etc.
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sys i
performances 14 i design Peltier effect
: Level 3
* Seasonal energy analysis ;
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TEM Heat
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Figure 2: The hierarchy of three Modelica models developed in this study

2.2 Thermoelectric Module Model

A simplified theoretical model of thermoelectric elements has often been used for analyzing thermal and electrical
power because it can be easily integrated with other sub-models and reduces computation time, making it suitable for
simulating a complex system. The model holds several assumptions:

a) The material properties are independent of temperature.

b) Thomson effect and the surface heat losses of thermoelectric elements are negligible.
c) Joule heating contributes equally to the extremes of thermoelectric elements.

d) The model only considers one-dimensional heat transfer for TEMs.

This first-principal model is based on energy conversion and thermoelectric fundamentals. The heating power (Q},) at
the hot surface and the cooling power (Q,) at the cold surface of a thermoelectric element are given by

Qh,te = SITh,te - ZKte(Th,te - Tm,te) + 0'512Rte (1)
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Qc,te = SITc,te — 2K, (Tm,te - Tc,te) - 0-512Rte 2

where S is the Seebeck coefficient; I is the current input; K, is the thermal conductance, kA/L, where k is the thermal
conductivity, A is the cross-sectional area, and L is the leg length of the thermoelectric element; Ry, is the electrical
resistance; T ¢e»> Thee, andT, . are middle-point, hot surface, and cold surface temperatures of thermoelectric
elements, respectively. As can be seen from equation (1) and equation (2), the heat transfer model of a thermoelectric
element contains three primary effects, including the Peltier effect (a heating power of SIT}, ;. at the hot surface and

cooling power of SIT, ., at the cold surface), heat conduction (K, (Th’te — Tm’te)), and Joule heating (I2R,,). Thermal
storage in a thermal mass is considered to model the transient behavior of the component. For thermoelectric elements,
the heat balance in the two-resistance-one-capacitance (2R1C) model can be written as

d(T
MteCp te (d—ﬁlte) = 2K;, (Th,te - Tm,te) — 2K (Tm,te - Tc,te) 3)

A TEM is a thermoelectric device containing a total number of N n-type and N p-type thermoelectric elements, N
metal interconnects, and two ceramic substrates. Metal interconnects link thermoelectric elements electrically in series
to expand the power output. Ceramic plates are thermally conductive but electrically insulative for insulation
protection. For metal interconnects and ceramic substrates, the heat transfer equations modeled by a 2R1C thermal
network are expressed as:

a(T,
mmecp,me (#.me) = 2Kme (Tl,me - Tm,me) - 2Kme (Tm,me - Tz,me) + Isze (4)

d(T,
mcecp,ce % = 2Kce (Tl,ce - Tm,ce) - ZKme (Tm,ce - T2,ce) (5)

where the subscripts 1 and 2 represent the left and right sides of material along the direction of heat flow. Since the
ceramic-metal interface and the metal-thermoelectric interface are ideal surfaces without considering contact
resistance, then the heat transferred to and out of the interfaces is balanced. Thus, the boundary conditions for
interfaces include, Qz,me = ZQC‘te and N Ql,me = Qz,ce for the cold side, and Q1,me = ZQ'h‘te and N Qz_me = Ql,ce for
the hot side of a TEM.

Modelica model can reduce such a physical problem to a thermal and electrical resistance network. The input of the
TEM model is the electrical current signal (I), and the outputs of the TEM model are the temperature (T,,.) and heat
flux (Q.) at two ends of the TEM. An electric circuit is generated with an electric source, and resistances of metal
interconnects in the electrical field and n-type and p-type thermoelectric elements. Once the current signal is given,
the Joule heating due to electrical resistance is computed and transferred to the thermal field. The heat generated due
to the Peltier effect can also be computed by combining the current signal with material properties and the computed
surface temperature. In the thermal field, each thermoelectric element, metal interconnects, and ceramic substrates are
modeled by 2R1C models. Joule heating and the Peltier effect are considered heat sources applied to the capacitance.

2.3 TBE Prototype Model

The TBE model contains a TEM model, an envelope model, and boundary conditions (i.e., heat sinks and fans). The
TBE prototype studied in this paper has three TEMs connected both electrically and thermally in series. The detailed
design of the TBE prototype can be found in the literature (Liu et al., 2022). The 3D rendering image of a prototype
is shown in Figure 1. Two TEM surfaces are attached with heatsinks and fans to help dissipate heating and cooling
power generated from the surface. The overall thermal resistance of the heatsink and fan in operation are obtained
from manufacturers' datasheets. Thus, the heat balances for heat sink at TEM's hot and cold sides are expressed by:

dTh'h .
MpsCpns dt = = Qh,ce — hpsAps (Th,hs - Th,air) (6)
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aT,p, .
MpsCp hs # = Qc,ce - hhsAhs(Th,hs - Tc,air) (7

Moreover, the model employed a three-dimensional thermal network to capture the spatial heat transfer of the envelope
associated with the prototype design. The TBE prototype model developed in Modelica combined the equations above
by referring to the physical construction of the TBE prototype.

2.4 TBE-Building System Model

As shown in Figure 3, the TBE-building system model has four parts: a TBE prototype model, a heat balance model
for a residential house, the weather data as an input, and a PID controller to control the current provided to the TBE
prototype for room temperature regulation.
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Figure 3: Thermal network of a TBE-Building system model using Modelica language

In this paper, the heating performance of the TBE-building system was investigated during the heating season. Given
the outdoor and indoor air temperatures, the controller regulates the power input to the TBE prototype based on the
temperature difference between the indoor temperature and the setpoint. Meanwhile, the TBE prototype dissipates
heat to the indoor space to meet the heating demand required by the house and adjusts the air temperature to reach a
set point of 20 °C in this study. The residential home has a volume of 3.05 x 3.05 x 2.44 m? (10 x 10 x § ft’) with
0.102 m (4-in) thick foam boards covered on four exterior walls and floor with a thermal resistance of R-20 and a
0.305 m (12-in) thick foam board covered on the roof with a thermal resistance of R-60. The house model includes
the envelope heat losses, 18 CFM infiltration, and 80 W internal heat gain in the heat balance. Both daily and seasonal
performance were investigated under different outdoor conditions: three heating days and a heating season from
January to March in Chicago.

2.5 Solver and Performance Indicators

The overall model is a combination of ordinary differential equations (ODEs) with respect to time only, which is also
named the differential-algebraic equation (DAE) system. The Modelica model can be transformed into an ODE
representation to perform simulation by using numerical integration methods. The solver is DASSL to solve the ODEs
using the implicit and backward differentiation formula. The model can compute transient profiles of the air and
surface temperatures and heat flux for desired materials and intersections.
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The performance analysis of this TBE-building system includes the study of room air temperature, heat deliverable to
the room, electricity consumption, and heating COP of TEMs. In this study, the COP of the TEM (COP}, ¢p,) is the
ratio of heat flux at hot surfaces (Q'h,tem) to the electrical power consumption of the module (W,,,,), given by

Q em
COPniem = = ®)
3. MODEL VALIDATION

A convective TBE prototype designed by the research team was tested in Herrick Lab at Purdue. The test setup mainly
contains a TBE prototype for heat generation installed between a pair of psychrometric chambers to simulate different
indoor and outdoor conditions, a DC power supply unit for controlling power input, and thermocouples and DAQ for
temperature measurement. Three TEMs used are from the market (model number: TEM-199-1.4-0.8, TEM-127-1.4-
2.5, and TEM-199-1.4-0.8) and connected thermally and electrically in series. A tall heat sink and DC fan were used
to dissipate the heat to the surroundings effectively. The experimental data (Liu et al., 2022) was used to validate the
prototype model. Two groups of tests in heating scenarios were selected, with the indoor temperature at 22 °C and the
outdoor temperature at 12 °C and current inputs of 0.5 A or 1 A. Simulation results from the TBE prototype model
were compared with the measured data. The comparison of TEM's surface temperatures versus time is presented in
Figure 4. The solid lines show TBE modeling results, and they yield good agreement with the measurement data
represented by the dashed lines. The most significant discrepancy between the measured data and the modeling results
is about 0.47 °C in winter scenarios, 3%. In conclusion, the Modelica model can accurately simulate the heat and
electric transfer in a TBE prototype and can be used to predict the heating behavior in building system simulation.
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Figure 4: Comparison of test results and model-predicted temperatures for a TBE with (a) [=0.5A and (b)
I=1A in winter.

4. SIMULATION RESULT

The developed TBE-building system model is used to predict the performance of the TBE prototype using TEMs (HP-
127-1.4-2.5) for heating a residential house with a volume of 22.6 m3 (800 ft*). The number of TEMs was selected for
two reasons. One must provide sufficient heating and maintain the indoor air temperature at 20 °C. The other reason
is to lower the indoor surface temperature under 46.7 °C for safety operations. Two cases were investigated in this
study, including the operation of the TBE-building system at an outdoor air temperature fluctuating within -2.5-2.5
°C and a historical weather condition in Chicago from January to March.

7" International High Performance Buildings Conference at Purdue, July 10 — 14, 2022



3498, Page 7

4.1 System Performance in Three Heating Days

Figure 5 displays the simulation result of using TBE with 22 TEMs for heating a residential house for three days. As
shown in Figures 5(a) and (d), a cosine wave is used to simulate the change in outdoor air temperature within -2.5—
2.5 °C. With different outdoor air temperatures, the heating demand of the space to reach a setpoint of 20 °C is
different. A PID controller controls the current input and the heat rate deliverable to the space changes from 389513
W accordingly (Figures 5(b) and (e)). As a result, the indoor air temperature can be maintained at 19.86-20.14 °C.
The system has a fast response and can accurately regulate indoor air temperature. The studied system demonstrates
a heating COP of TEMs (COPp ¢ep,) at 1.00-1.14 and 1.05-1.22, for TEMs with boundary thermal resistance of 0.9
K/W and 0.75 K/W, respectively, excluding the system startup.
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Figure 5: Simulation results of TBE-building system on three heating days: (a) indoor and outdoor
temperatures, (b) heating power and electricity, and (c) heating COP with thermal boundary resistance of 0.9 K/W;
(d) indoor and outdoor temperatures, (¢) heating power and electricity, and (f) heating COP with thermal boundary

resistance of 0.75 K/W.

4.2 System Performance in a Heating Season

Figure 6 presents the simulation result of heating a residential house from January to March in Chicago using a TBE
system with 35 TEMs. As shown in Figure 6(a), the outdoor air temperature (T,) fluctuates from -26.3 °C to +21.5
°C. The average value of these 90-day temperatures is -2.36 °C. The TBE system is the only source of heating power
for the space. The indoor air temperature (T;) can be kept at 20 °C, and the heating demand can be fulfilled by TBE
even under extremely cold outdoor conditions. When T, is -26.3 °C, a large current is needed to provide a heating
power of 1217 W to the space (Figure 6(b)). The TBE system demonstrates a high ability in air temperature elevation.
In this operating condition, the heating COP of TEM (COP}, ;) is lower than one due to the significant heat loss, as
can be seen in Figure 6(c). The COP of TBE varies with different outdoor air temperatures. A higher T, leads to a
higher heating COP. When T, is -5 °C, COPp tey, is around 1. When T, is +5 °C, COPy, 1y, is around 1.34. The
seasonal heating COP of TEMs is about 1.07, which is higher than the efficiency of an electric heater.
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Figure 6 Simulation results of the TBE-Building system model in a heating season: (a) indoor and outdoor
temperatures, (b) current input and heat deliverable, and (c) COP.

5. DISCUSSION

The TBE system integrates the building envelope, heating generation system, and heating delivery system into one
system to provide accurate temperature control and reduce the heat loss from traditional HVAC subsystems. Thus, the
performance of the TBE system is sensitive to outdoor conditions. This study combined a building envelope model, a
control model, and a TBE model into one TBE-Building system model to comprehensively predict the system's
transient behavior under varying operating conditions. The critical parameters influencing the COP include the design
of TBE (e.g., the geometry of TEM, the heat dissipation technology, and the heat loss), the number of TEMs used,
and the temperature difference between indoor and outdoor air, etc.

Energy-efficient technology for heat dissipation is the key to improving a TBE's heat deliverable and COP in the TBE
design. In the study, every TEM is attached to heat sinks and a fan with thermal resistance at around 0.75-0.9 K/W
on hot and cold surfaces. COP can be further improved by reducing the fan's power consumption or reducing the
thermal resistance at TEM's boundary. Reducing heat loss is also critical in the TBE design. The heat loss might come
from the heat conduction across the TEM, which can be reduced by optimizing thermoelectric elements' design (i.e.,
dimension) and physical properties (i.e., thermal conductivity) for lower heat flux through conduction. The leakage
of the envelope also needs to be avoided to lower the heat loss through infiltration.

In terms of system sizing, the selection of the number of modules and the corresponding current input also affects the
system performance. The larger current allows fewer TEMs but leads to a risk of high surface temperature exceeding
the highest limit of a TEM and associated with more significant heat loss through conduction due to a large temperature
difference. Therefore, the sizing of the system depends on the maximum operating current, voltage, temperature of a
TEM, the outdoor temperatures (or the climate zone), the thermal load of buildings, the cost, etc.
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A TBE's COP is a function of indoor and outdoor air temperatures. The greater the temperature difference, the more
significant the thermoelectric material's surface temperature difference needs to be overcome. As a result, there is a
greater loss of thermal surface (indoor surface) due to heat transfer. The model developed in this study indicates that
the heating COP can be near 1.1 in winter operation in Chicago, suggesting that the TBE system is an energy-efficient
alternative to the traditional electric heater. Some strategies to cope with extreme weather can be referred to. Firstly,
heat recovery technology can be used to reduce the temperature difference by increasing the air temperature on the
cold side, thus improving the TEM performance. In addition, using high-performance TE materials that can hold a
larger temperature difference to reduce heat loss can also improve the overall TBE performance.

6. CONCLUSION

This study developed a TBE-Building system model for space heating using Modelica language. The model integrated
models of the building's heat balance, a PI controller, and the TBE prototype to predict the transient performance of
air temperatures, heat fluxes, and energy efficiency under dynamic operating conditions.

The daily simulation result demonstrates that when the outdoor temperature fluctuates from -2.5 to +2.5 °C, the TBE
with 22 TEMs can deliver heating power of 389-513 W to the space to maintain a desired indoor temperature, with
heating COP of TEMs (COPy, ¢er,) at 1-1.34, depending on outdoor conditions and boundary thermal resistances.
Seasonal simulation in a colder climate with 35 TEMs presents the seasonal heating COP (COP, ¢¢r,) of 1.07.

Key parameters influencing the heating COP include temperature difference between indoor and outdoor air, the
electricity input to the TEM and the number of TEMs used, the design of the TEM construction, and the heat transfer
on the wall. In addition to the thermoelectric materials. Strategic items to improve the performance might be energy-
efficient heat removal, high-performance (larger ZT) thermoelectric materials, optimum TEM design, and
minimization of heat leak in TBE devices.

In summary, the TBE-building system developed in this paper provides critical guidance to the design and operation
at a system application level. The TBE system demonstrates a better heating performance than a backup electric heater
for the state-of-the-art heat pump, which has a lower COP under a cold climate. It also suggests potential energy-
efficient replacement options for the traditional natural gas furnaces and electric heaters for space heating.

NOMENCLATURE
Symbol
c specific heat (J-kg'-Kh
I current (A)
K heat conductance (W-Kh
Q’ heat flux (W)
R electrical resistance (ohm)
S Seebeck coefficient (V-KH
T temperature °O)
t time (sec)
\Y volume (m?)
P density (kg-m™)
Abbreviation
DC direct current
PI proportional-integral
TBE thermoelectric building envelope
TEM thermoelectric module
2RIC two-resistance-one-capacitance
Subscript
c cold side
ce ceramic substrate
h hot side
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hs heat sink

me metal interconnect

te thermoelectric element
tem thermoelectric module
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