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Abstract 

This paper introduces an innovative concept of an 

autonomous curtain walling façade module. The façade 

module integrates functions of heating, cooling, 

ventilation, lighting, shading as well as renewable energy 

storage and generation to the façade structure. The main 

contribution of the presented research is the development 

and validation of a new numerical model representing the 

in-façade air-conditioner using thermoelectric cells. The 

model captures its hygro-thermal and electrical behaviour 

and provides a satisfactory agreement with measurements 

of an experimental setup. 

Introduction 

Building facades, as the boundary between the indoor and 

outdoor environment, are always exposed to a large range 

of variable conditions. Although the outdoor conditions 

vary, the indoor environment requires relatively stable 

conditions to guarantee the thermal and visual comfort of 

the building occupants. Thus, building facades must cope 

with a variation in the boundary conditions on a daily and 

seasonal basis due to the climate. However, standard 

building facades are usually designed with fixed physical 

properties, which are represented by a thermal resistance 

between the outdoor and the indoor environment. Then, 

the isolated indoor conditions are maintained by central 

Heating, Ventilation and Air-Conditioning (HVAC) 

systems.  

In order to improve the building’s performance, an 

alternative approach of façades with adaptive physical 

properties has been researched over the last decade. The 

aim is to develop such an adaptive façade system, which 

actively responds upon the outdoor and indoor conditions 

reaching the desired energy and comfort outcomes. To 

enable the adaptive facade behaviour, various 

mechanical, electrical, thermal or chemical concepts have 

been investigated for several years, however none of these 

concepts have been considered as a mature technology 

yet. Despite the theoretical benefits of an adaptive 

approach, implementation in practice represents a 

challenging task (Loonen et al. 2017). 

The research concept of our consortium is to develop a 

direct current (DC) microsystem consisting of façade-

mounted photovoltaic (PV) panels, flat-plate batteries, an 

in-façade thermoelectric air-conditioning (AC) unit and 

shading system integrated within the prefabricated 

curtain-walling structure provided by the industry partner. 

All functions of the façade module are going to be 

controlled with a high degree of façade module autonomy 

that ensures the optimal energy performance of the DC 

microsystem as well as thermal comfort of the assigned 

living or working space. 

Such applied research can greatly benefit from the 

modern simulation techniques using building energy 

simulation (BES) tools, which enable the design 

optimisation of the new multi-functional prototype. 

However, the numerical model describing the innovative 

in-façade air-conditioning unit using high-performance 

thermoelectrical cells is not currently available in the 

standard BES tools. Therefore, this paper introduces the 

approach for the energy modelling of the innovative in-

façade air-conditioning. The proposed model was 

validated against the measurements from a mock-up 

experimental setup developed for that reason.      

In-facade thermoelectric AC unit  

State-of-the-art of thermoelectric cells application in 

the building structure 

In order to develop a compact façade module, the AC unit 

must be integrated within the curtain walling structure. In 

fact, the space requirements for the unit are very strict. 

The traditional refrigerant based solutions can barely fit 

into the extremely limited space. Other issues of the 

standard mechanical cooling devices are the vibro-

acoustic excitation onto the building structure and a 

higher probability of the failure of the rotary components 

requiring regular maintenance. 

Alternatively, thermoelectric cells can be used for this 

application. Thermoelectric cells are compiled from 

several thermocouples working on the basis of the Peltier 

effect. Cells under electrical current are able to absorb 

heat on one side of the thermocouple, while the heat is 

rejected on the other side (Lineykin and Ben-Yaakov 

2018). Utilisation of the thermoelectric cells has several 

advantages such as (i) a minimalistic size, (ii) no parts in 

motion, (iii) reliability without risk of leakage and related 

low maintenance requirements (iv) a direct current device 

suitable for energy supply from PV panels and (v) a 

universal application, where the same device can be used 

for heating and cooling purposes by switching of the flow 

of the electric current. The main disadvantages are a lower 

efficiency and a limited temperature drop in comparison 

to refrigerant based solutions (Martín-Gómez et al. 2016), 

(Liu et al. 2015). 
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Application of this technology in buildings has been 

continuously researched over the last couple of years and 

several prototypes have been developed. The first in-

façade heating and cooling solution using thermoelectric 

cells was developed in 2016 (Martín-Gómez et al. 2016). 

Later, the combination of a façade-mounted 

thermoelectric AC with PV system was reported in 2017 

(Irshad et al. 2017). The latest in-façade concept of 

thermoelectric heating was published in 2018 (Zuazua-

Ros et al. 2018).  

All these studies demonstrate the increasing trend in the 

application of thermoelectric cells within the building 

structure. However, since the current technologies are still 

in the prototype phase, only a very limited amount of 

resources describing the numerical representation of such 

devices exists. Indeed, the valid numerical model 

presented later in this paper is crucial for further 

optimisation of the entire façade module. 

Experimental setup of the in-façade thermoelectric 

AC unit  

For the purpose of the energy performance assessment of 

the novel AC unit, as well as support to the new model 

development, an experimental setup was built and tested. 

The presented experimental setup is the first of three 

technological steps of the development process, which 

are: (i) the mock-up unit development for the energy 

performance validation, (ii) the in-façade unit integrated 

into a small-scale façade module as a functionality 

sample, (iii) the final in-facade unit for the full-scale 

facade module with all the integrated functions as a 

prototype.  

The scheme in Figure 1 depicts the mock-up assembly and 

the measurements setup. The assembly is formed into the 

so-called cold and hot channels. The air taken from the 

interior is cooled down on the cold side of the Peltier cell. 

The exterior air is used to remove the waste heat from the 

hot side of the Peltier cell.  

 

 

Figure 1: Scheme of the measurements at the mock-up 

assembly 

The construction of the mock-up unit is limited within the 

available width of 0.2 m (maximal thickness of the wall 

cavity) available for the façade module. The assembly 

was compiled from a high-performance thermoelectric 

cell with a maximal cooling load of up to 132 W and two 

plate fin heat sinks. The assembly was encapsulated in a 

polystyrene housing and inserted into a duct representing 

the façade cavity. The duct with the embedded assembly 

is arranged so as to the create two separated channels. The 

forced air flow through the system is served by two inline 

duct fans. In addition, the inlet air to both channels may 

be pre-conditioned by electrical heaters to ensure the 

desired boundary conditions for measuring purposes. An 

illustrative photo of the entire experimental setup is 

shown in Figure 2. 

 

 
Figure 2: (a) Photo of the experimental setup (b) 

front view to the AC unit, (c) inner surface of the heat 

sink including the measuring nodes 

The entire experimental setup is equipped by several 

sensors and measurement instruments. The temperatures, 

airflow and electrical power are measured. In more detail, 

three temperature points are inserted into each inlet and 

outlet for the air to the thermoelectric air-conditioner. 

Two temperature points are located on the internal 

surfaces of the two heat sinks representing the 

temperature around the Peltier cell. All temperature 

sensors Pt100 are connected to the datalogging unit 

Ahlborn type ALMEMO 5690, where the measured data 

is stored. The orifice plate track was used for the airflow 

measurement, where the pressure drop is monitored via an 

inclined manometer. A constant airflow is set for the 

individual experiments. The electrical power of the Peltier 

cell was measured via the laboratory electrical source.  

Energy modelling of the in-facade AC unit 

Model development 

The energy modelling of the presented AC unit must cope 

with both the electrical and hygro-thermal behaviour of 

the device. The purpose of the model is to support a yearly 

evaluation with a typical simulation step of one hour. 

Since the time constant observed during the 

measurements is relatively short, around 5 minutes, a 

(a) 

(b) (c) 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1825

 

 
  



quasi steady-state approach is selected to describe the 

transient behaviour.  

In general, the energy modelling combines the Peltier 

effect theory (Chavez et al. 2000), psychrometry 

(ASHRAE 2009), 1-dimensional heat transfer theory and 

the theory of the heat transfer in the thin fins combined 

with an analytical correlation for the laminar and 

turbulent forced convection (Incropera et al. 2007). By 

compiling all the mentioned theories together, the white-

box model representing the thermoelectric AC unit can be 

introduced. In our case, the model was developed and 

executed in the Matlab environment. Later, the model is 

embedded to the TRNSYS environment via type 155 (the 

Solar Energy Laboratory 2012), in order to enable the 

optimisation of the entire façade module attached to the 

case-study office. 

The modelled unit is schematically depicted in Figure 3, 

where the two-channel system is visualised. The input 

thermal variables are the inlet air properties (temperature, 

humidity ratio, barometric pressure), airflow and 

surrounding temperature for both the cold and hot 

channel. As the electrical input, an electrical current was 

selected (the voltage could also be an option as the input). 

The desired outputs represented by the numerical model 

are the outlet air properties, the surface temperatures of 

the thermoelectric cell for both channels. In addition, the 

equivalent humidity ratio on the heat sink surface must be 

represented in order to enable the condensation risk 

assessment. Also, the mean temperature in each channel 

is expressed to estimate the heat losses to the ambient 

environment.  

To summarise, there are 10 unknown variables (outlet air 

properties, surface temperatures and equivalent humidity 

ratio and mean channel temperatures for each channel), 

which need to be solved by the nonlinear system of 

equations presented below. There are several parameters 

necessary for the solution, some of which are discussed 

below. The full list is available in the nomenclature 

section.  

 

Figure 3: Scheme of the numerical model 

Equations (1) and (2) describe the energy balance of 

thermoelectric cell, where the Seeback and Joule effects 

are depicted. The other terms are the heat “shortcut” 

between the hot and cold side diminishing the overall 

efficiency and the absorbed/rejected heat via the heat 

sinks. The thermoelectric cell is defined by the 

parameters, such as the Seeback constant αSE, the 

electrical and thermal resistance Rel and Rth, respectively. 

αSE ITECTTEC, c-
1

2
RelITEC

2 - (R𝑡ℎ+Ciso) 

 (TTEC,h-TTEC,c)- Csink,c(Tmid,c- TTEC,c) = 0  (1) 

αSE ITECTTEC,h+
1

2
RelITEC

2 - (R𝑡ℎ+Ciso)  

 (TTEC,h-TTEC,c)- Csink,h(Tmid,h- TTEC,h) = 0   (2) 

Equations (3) and (4) describe the absorbed/rejected heat 

via the heat sink from/to the stream of moist air. The last 

term in these equations is the heat loss to the ambient air 

through the AC unit envelope.  

Csink,c (Tmid,c - TTEC,c)- (1-εbp,c)�̇�𝑖𝑛,𝑐 [ca(Tin,c-

Tout,c)+ (xin,c-xout,c) (l+cv(Tin,c-Tout,c))] 

-Camb,c(Tamb,c-Tmid,c)= 0   (3) 

Csink,h(TTEC,h- Tmid,h)- (1-εbp,h)�̇�𝑖𝑛,ℎ [ca(Tout,h-

Tin,h)+ (xout,h-xin,h) (l+cv(Tout,h-Tin,h))] 

-Camb,h(Tmid,h-Tamb,h)= 0   (4) 

The assembly of the unit can be characterised by the 

constant parameters, such as the thermal conductance of 

the isolation between the heat sinks Ciso, the heat transfer 

coefficient via the assembly envelope Camb, and via the 

heat sinks Csink. These coefficients are a function of the 

assembly’s geometry, its material properties and the 

airflow also. The coefficient of isolation and the envelope 

are calculated on the basis of the 1-dimensional heat 

transfer. However, the heat transfer coefficient for the 

heat sinks is estimated using the Hausen or Gnielinski 

correlation for the laminar or turbulent forced convection, 

together with the fin efficiency theory (Hausen 1943), 

(Gnielinski 1976), (Incropera et al. 2007). 

The other parameter to note is the bypass ratio εbp, which 

indicates the ratio of air which bypasses above the heat 

sinks due to the inaccuracies in the construction. The 

bypass ratio is further described later in this section.  

Furthermore, Equations (5) and (6) are the representation 

of the mean temperature as an arithmetic average of the 

inlet and outlet air temperatures in both the hot and cold 

channel. 

1

2
(Tin,c+Tout,c)- Tmid,c= 0 (5) 

1

2
(Tin,h+Tout,h)- Tmid,h= 0 

 

(6) 

From the limited cooling load of the thermoelectric cells, 

condensation can rarely occur, nevertheless it cannot be 

neglected. The condensation risk must be assessed 

especially in our case, where the air-conditioner is being 
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integrated within the envelope structure. Thus, two modes 

of cooling (the so-called dry and wet cooling) are 

considered in the computational routine.  

In the first instance, the states are calculated according to 

the dry cooling mode. It means that there no change in the 

moisture content during the cooling process is considered 

as depicted in the next four equations.  

xTEC,c- xin,c = 0;  xTEC,h- xin,h = 0 (7a); (8a) 

xout,c- xin,c = 0;  xout,h- xin,h = 0  (9a); (10a) 

After the first instance, the dew-point of the outlet air is 

checked. If the dew-point of the outlet air is higher than 

the calculated surface temperature of the thermoelectric 

cell, the second instance of the calculation starts.  

In the second instance, the solution is re-calculated as the 

wet cooling mode. The equivalent humidity ratio at the 

heat sink surface is calculated based on psychometric 

properties as a function of the barometric pressure p and 

surface temperature Tc,TEC (see Eq. (7b)). The wet cooling 

mode assumes the condensation on the heat sink surface, 

therefore, the fully saturated air is assumed in the 

surrounding region of this computational node. The 

empirical function for the saturated water vapour pressure 

as fn(TTEC,c) is defined in the ASHRAE Handbook 2009 

xTEC,c- 0.622
efn(TTEC,c)

p-efn(TTEC,c)
  = 0 

(7b) 

The estimation of the outlet humidity ratio is calculated 

based on the identical gradient angle of the humidity ratio 

change between the states at the inlet and on the heat sink 

surface. The trigonometric ratio gives the correlation 

between differences of the temperatures and the humidity 

ratios as shown in Eq. (9b).  

(xin,c-xout,c)(Tin,c-TTEC,c)-(xin,c-xTEC,c)(Tin,c-

Tout,c)=0                                                                              (9b) 

The final step of the computational routine is the 

correction of the outlet air properties due to the bypassed 

air. As mentioned above, the construction does not allow 

for a perfectly airtight housing of the heat sinks, therefore, 

it is assumed that a certain amount of the air may bypass 

the heat sinks. For that reason, the bypass ratio εbp was 

introduced into the model to capture this type of the 

performance loss. To reiterate, the bypass ratio indicates 

the percentage of the airflow, which passes the unit 

without conditioning. Then, the bypass process is 

described as the mixing of the conditioned and non-

conditioned air (Eq. (11) and Eq. (12)).  

Tout
* =

(1-εbp)ṁ
in

Tout + εbp ṁ
in

Tin

 ṁin

 
(11) 

xout
* =

(1-εbp)ṁ
in

xout + εbp ṁ
in

xin

 ṁin

 
(12) 

The presented equations governed the numerical model. 

Including the final correction, the numerical model is able 

to represent all the aspects of the steady-state electrical 

and hygro-thermal behaviour of the presented mock-up 

unit.  

Based on the model outputs, several performance 

indicators can be post-processed. The surface 

temperatures on the thermoelectric cell are used to assess 

the electrical voltage and power load (see Eq. (13) and Eq. 

(14)) 

VTEC=αSE(TTEC,h-TTEC,c) + ITECRel (13) 

ṖTEC=VTEC ITEC (14) 

The heating and cooling load is depicted in Eq. (15) and 

Eq. (16) in a general form, where the total load is the 

sum of the sensitive and latent part of the load. The 

latent heat is usually zero unless wet cooling occurs.  

Q̇
h
=ṁin,h ca(Tout,h

* -Tin,h) (15) 

Q̇
c
= ṁin,c [ca(Tin,c-Tout,c

* )+ (xin,c-

xout,c
* ) (l+cv(Tin,c-Tout,c

* ))] (16) 

In order to evaluate the mentioned condensation risk, Eq. 

(17) depicts the formula for the condensation rate in the 

AC unit. 

ṁw= ṁin,c  (xin,c-xout,c
* ) (17) 

Model calibration and validation 

The reference data was measured at the presented 

experimental setup of the mock-up unit. Several 

experiments for various boundary conditions were 

executed to assess the performance of the single-cell 

assembly. The boundary conditions were represented by 

the airflow, temperatures and humidity ratio of the inlet 

air for both the hot and cold channels as well as by 

ambient temperature around the assembly.  

In each experiment, the energy performance of the 

thermoelectric cell was tested for a constant value of the 

inlet temperatures and airflow (as the boundary 

condition), while the input electrical current was varied 

within the range of 0 to 8 A. The electrical current was 

increased every 20 minutes by about 2 A to examine the 

entire operational range of the thermoelectric cell. The 

period for the current increase was selected empirically 

based on the time constant (around 5 minute) observed 

during the initial inspection of the experimental setup.  

The three experiments briefly summarised in Table 1 

were selected to support the calibration and validation 

process. Exp. 1 supports the model calibration, while Exp. 

2 and Exp. 3 are used as an independent dataset for the 

model’s validation. 

Table 1: Conditions of the experiments  

Exp. 

Cold Channel 

(CC) 

Hot Channel 

(HC) 
TE cell 

tin_c  

(°C) 

Vc  

(m3h-1) 

tin_h 

(°C) 

Vh  

(m3h-1) 
I (A) 

1 27 40 27 80 {0;2;4;6;8} 

2 27 40 32 80 {0;2;4;6;8} 

3 27 30 27 60 {0;2;4;6;8} 
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a) Model calibration 

In the first experiment, the inlet temperatures for the hot 

and cold side were set at the same level of 27 °C. The 

airflow was assumed to be in proportion to the nominal 

cooling and heating load of the thermoelectric cell at 40 

m3h-1 for the cold channel and 80 m3h-1 for the hot 

channel. 

Figure 4 shows the time course of the inlet and outlet 

temperatures for both channels after calibration. The plot 

only contains the steady-state data. The steady-state 

operation was evaluated based on the temperature 

difference of the inlet and outlet air in order to eliminate 

the disturbances of the outside air fluctuation, which can 

be observed in Figure 4. 

During the calibration, the experimental data is compared 

with the simulation representing the experiment (also 

depicted in  Figure 4), and the normalised root mean 

squared error (NMRSE) is evaluated for the outlet and 

surface temperatures as well as for the power, cooling and 

heating load. 

The calibration process can be divided into three steps: (i) 

the parameter analysis, (ii) the initial parameters’ 

estimation, (iii) the coarse and fine calibration. 

 
Figure 4: Time course of the inlet and outlet temperatures 

In the first step, all the parameters are divided into two 

groups: the known parameters (e.g., the geometrical and 

material properties of the assembly) and the uncertain 

parameters such as the Seeback constant αSE, the 

electrical resistance Rel, the thermal resistance Rth and the 

bypass ratio εbp. Within the parameter analysis, the 

possible range for the uncertain parameters were 

investigated in order to set limits ensuring the physical 

meaning of the parameter settings. 

(a) Validation 1 (b) Validation 2 

  

  

Figure 5: Correlation between the measured and simulated data of the temperature and energy fluxes for the 

validation experiments  
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In the second step, all the parameters are defined or 

estimated based on the technical specification, literature 

or personal inspection. The overall average NRMSE of 

the uncalibrated model was 35 %. The summary of the 

NMRSE for the individual variables are shown in Table 

2. The highest error of the model was observed on the 

inner surface temperatures of the thermoelectric cell 

which were 111% and 60% for the cold (Ttec,c) and hot 

side (Ttec,h), respectively.  

Table 2: The resulting NMRSE for the individual 

variables 

 

Error for the 

individual 

variables 

E
x

p
. 
1

: 
In

it
ia

l 

es
ti

m
a

ti
o
n

 

E
x

p
. 
1

: 

C
a

li
b

ra
te

d
 

E
x

p
. 
2

: 

V
a

li
d

a
ti

o
n

 1
 

E
x

p
. 
3

: 

V
a

li
d

a
ti

o
n

 2
 

N
M

R
S

E
()

 

E(V) 26 % 2 % 2 % 2 % 

E(Tout,c) 22 % 9 % 9 % 13 % 

E(Tout,h) 8 % 8 % 7 % 10 % 

E(Ttec,c) 111 % 12 % 12 % 13 % 

E(Ttec,h) 60 % 9 % 9 % 11 % 

E(P) 22 % 2 % 2 % 2 % 

E(Qc) 23 % 9 % 8 % 9 % 

E(Qh) 9 % 7 % 6 % 6 % 

Avg 35 % 7 % 7 % 8 % 

In the third step, the experiment was simulated for various 

sampling ranges of the uncertain parameters. The values 

of these parameters were initially varied in the range of 

±20 % from the original estimate (if the limits permit). 

Then, the sampling ranges of the uncertain parameters 

were narrowed down to ranges of ±10 % and ±5 %. After 

each set of simulations, the error was quantified, and the 

parameters were refined in order to minimise the overall 

error. This calibration procedure led to a reduction in the 

overall NMRSE of the model to 7 %, which was 

considered as a satisfactory result. 

b) Model validation 

The last two experiments summarised in Table 1 are used 

for validation of the model. Exp. 2 is defined for uneven 

inlet temperatures. In this case, the temperature difference 

between the inlet temperatures of the channels is about 5 

°C. The inlet temperature in the cold channel was kept at 

the level of 27 °C, while the inlet temperature of the hot 

channel was raised to 32 °C. The rest of the settings 

remained without any change. 

Exp. 3 is defined for the reduced airflow in comparison to 

the dataset used for the calibration. The inlet temperatures 

to the hot and cold side are set at the same level of 27 °C. 

However, the airflow was assumed to be at 30 m3h-1 for 

the cold channel and 60 m3h-1 for the hot channel, again 

proportionally to the nominal cooling and heating load of 

the thermoelectric cell. 

The previously calibrated model was tested under various 

boundary conditions in order to validate its performance 

for different temperatures and airflow settings. The 

validation is demonstrated in Figure 5 showing the 

correlation of the measured and simulated data for two 

validation datasets. While the top figures show the 

correlation of the outlet and surface temperatures for both 

channels, the bottom figures depict the correlation of the 

power, cooling and heating load. The overall errors 

reached during the validation process for Exp. 2 and Exp. 

3 were 7 % and 8 %, respectively. 

Model integration into the BES tool 

After model validation, the Matlab code was integrated 

into the building model in the TRNSYS environment. The 

simplified scheme of the TRNSYS model configuration is 

shown in Figure 6. The description for the particular sub-

models so-called “types” can be found in the TRNSYS 

manual (the Solar Energy Laboratory 2012) . The Matlab 

script is called every timestep via type 155. For a 

demonstration of the façade’s module performance, the 

case-study office was modelled in TRNSYS using type 

56. The case-study office has dimensions of 5.4 x 3.5 x 4 

m with two window areas with a size of 1.9 x 2.8 m. The 

opaque area occupies approximately 10 m2, which can be 

used for the unit integration.  

 

Figure 6: Simplified scheme of the TRNSYS model 

 In order to accommodate the model of the in-facade 

thermoelectric AC unit, two auxiliary zones are defined to 

represent the cold and hot channels within the building 

structure. These two auxiliary zones are attached to the 

main office zone as depicted in Figure 7. 

Two communication paths can be identified in 7. The first 

communication path represents the ventilation of the 

office air-node by the thermoelectric AC unit. It assumes 

the regime of the air circulation. Thus, the office air-node 

is used as the input to the model of the AC unit, which 

provides the air supply for the ventilation.  

The second communication path represents the 

integration of the thermoelectric AC unit within the 

building structure using the mentioned two auxiliary 

zones that are added into the building model. The 

geometry and the thermal properties of the walls are set 

identically with the definition of the thermoelectric AC 

unit.  

The coupling of the two models is executed via the 

interior and exterior surface temperatures and the 

controlled temperatures in the auxiliary zones. The 

surface temperatures are provided as the ambient 

temperatures into the AC unit model. As such, the solar 
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irradiation on the facade or internal heat gains are taken 

into consideration in the AC unit simulation.  

 

Figure 7: Auxiliary zones for thermoelectric AC unit 

integration 

In order to force the same temperature in the building 

structure cavity as is simulated for the channels of the AC 

unit, an ideal heater and cooler were defined for the 

auxiliary zones. The mean temperature in the channels is 

used as the setpoint for the ideal heating/cooling of the 

auxiliary zones.  

As long as the unit is in operation, the two auxiliary zones 

act as “active” thermal layers in the building model. In 

case that the thermoelectric AC unit is not in operation, 

the ideal heating/cooling is turned off. The nodes of the 

auxiliary zones get into a so-called free-floating mode and 

act as a “passive” thermal bridge in the building structure. 

Discussion  

The new numerical model with the initial parameter 

estimation performed with a significant error of 35 %. 

The high error is noticeable for the inner surface 

temperatures of the heat sinks representing the 

temperature of the thermoelectric cell. The error 

correlates to the limited technical specification of the 

thermoelectric cell. The specification does not contain the 

required parameters for modelling, which led to the higher 

error.  

The semi-automated calibration process improved the 

settings of the uncertain parameters to reach the desired 

level of acceptance, which was set lower than the 10% 

error. All output variables met the level of acceptance 

except the surface temperature on the cold side, that error 

exceeds this level by 12 %. As Figure 4 indicated, this 

discrepancy occurred mainly for the higher level of the 

utilisation of the thermoelectric cell, where the higher 

temperature differences between the channels and the 

surrounding environment are expected. Therefore, the 

thermal resistance between the channels and the ambient 

environment and their uncertainties is going to be 

investigated more in depth. Nevertheless, the operation of 

the cell at such a high utilisation is less probable due to 

the energy inefficiency. Still, the model was able to 

represent the experiment with an average error of 7 %. 

The first validation experiment, where the inlet 

temperatures were uneven, proved the validity of the 

model for a wider range of temperature inputs. In this 

experiment, any major change was not observed in 

comparison to the previous experiment used for the 

calibration. 

Even though the second validation case, where the lower 

level of airflow was applied, also reached the level of 

acceptance, the results showed a noticeable increase in the 

error. The increase can be explained by the non-linear 

behaviour of the forced convection in the heat sinks 

related to the reduced airflow. As such, the airflow 

reduction likely influenced the value of the bypass ratio. 

These non-linearities are not captured by the current 

version of the model.  

Finally, the new numerical model coded in Matlab was 

integrated into the BES tool, namely into the TRNSYS 

environment. The coupling was executed using two 

auxiliary building zones that enabled to represent the 

active layers in the building structure. In order to truly 

represent the boundary conditions of the in-facade 

arrangement, the ambient temperatures of the AC unit 

model must be adapted unlike that in the laboratory 

arrangement. The simulated in-façade arrangement must 

cope with the external effects such as solar irradiation on 

the facade surfaces. Therefore, the inner and outer surface 

temperature of the building model were selected as 

suitable inputs for the thermoelectric AC unit model.  

The discussed coupling approach allows further analysis 

of the innovative multi-functional concept of the 

autonomous façade module. The simulation-aided 

performance assessment of the façade module is going to 

support next development steps of this research. 

Conclusion 

The paper introduced an innovative concept of the 

adaptive-façade structure embedding the in-façade 

thermoelectric AC unit, local renewable energy sources 

and storage. This paper was focused on the modelling of 

the in-façade AC unit using high-performance 

thermoelectric cells. The single-cell mock-up unit, built 

within the current research, was experimentally and 

numerically investigated.  

One of the main contributions is the development of the 

new numerical model of the thermoelectric AC unit, 

which can be applied in the BES tools. This paper 

provided a full description of the model and its 

performance was validated using the measured data from 

the experimental setup. Finally, the coupling approach of 

the new model and the BES tool (TRNSYS) was 

introduced and the new model was successfully integrated 

into the building structure.   
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Nomenclature 

ca specific heat of air (J kg-1 K-1)  

cv specific heat of water vapour (J kg-1 K-1)  

Camb heat transfer coefficient (W K-1) – ambient environment 

Csink  heat transfer coefficient (W K-1) – plate fin heat sink 

Ciso heat transfer coefficient (W K-1) – isolation between heat 

sinks 

ITEC el. current to thermoelectric cell (A) 

l latent heat of water (J kg-1) 

ṁin mass flow rate of air (kg s-1) 

ṁw mass flow rate of water condensate (kg s-1) 

p barometric pressure 

ṖTEC power load of thermoelectric cell (W) 

Q̇
h
 heating load of thermoelectric cell (W) 

Q̇
c
 cooling load of thermoelectric cell (W) 

Rel el. resistance of thermoelectric cell (Ω) 

Rth thermal resistance of thermoelectric cell (W K-1) 

Tamb ambient temperature (K) 

Taux auxiliary zone temperature (K) 

Text exterior temperature (K) 

Tin inlet temperature (K) 

Tint interior temperature (K) 

Tmid mean temperature (K) 

Tout outlet temperature (K) 

Tout
*  corrected outlet temperature (K) 

TTEC thermoelectric cell surface temperature (K) 

VTEC el. voltage of thermoelectric cell (V) 

xin inlet humidity ratio (kgw kgda
-1) 

xint interior humidity ratio (kgw kgda
-1) 

xout outlet humidity ratio (kgw kgda
-1) 

xout
*  corrected outlet humidity ratio (kgw kgda

-1) 

xTEC equivalent humidity ratio at surface (kgw kgda
-1) 

αSE Seeback coefficient of thermoelectric cell (V K-1) 

εbp bypass ratio (-) 

, a index for air node 

, c index for cold channel 

, h index for hot channel 

, s index for surface temperature 
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