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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In order to modulate the solar gains of a building, electrochromic windows can be used. To improve their durability, inorganic 
solid state electrolytes are considered. This work reports on the investigation of tungsten trioxide (WO3) and lithium phosphorous 
oxynitride (LiPON) used as electrochromic oxide and solid state ion conductor respectively. The impacts of porosity on the 
optical and the electrochemical properties as well as the determination of ionic conductivity of LiPON are studied. 
Electro-optical performances were studied by developing an in-situ experimental set-up allowing the measurement of the spectral 
transmittance during the electrochemical characterizations. The techniques of chrono-amperometry and simultaneous 
spectrophotometry were used to determine the coloration efficiency as well as the response times for coloration and bleaching of 
the WO3 films. Electrochemical impedance spectroscopy was performed to investigate the electrochromic and electrolyte 
materials. The ionic conductivity was measured for LiPON sandwiched in metal-insulator-metal (MIM) cells. 
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1. Introduction 

Electrochromism is a phenomenon of reversible colour changes based on the electrochemical redox reactions in 
electrochromic materials. Properties such as direct transmittance, light transmittance, reflectance and absorption can 
be controlled. A solid-state electrochromic device works like a lithium ion micro battery.  The cathode, tungsten 
trioxide, and the solid-state electrolyte, lithium phosphorous oxynitride, can be deposited by reactive magnetron 
sputtering [1-3]. According to Granqvist, increasing the total working pressure can modify the morphology of the 
WO3 film and creates porosity [4,5]. It was shown that the working pressure influences strongly the stoichiometry of 
the WO3 film [6]. Lithium phosphorous oxynitride or LiPON has received broad attention since its discovery by 
Bates and al. in 1992 [7]. This is mainly due to its high ionic conductivity, thermal and chemical stability and good 
optical properties [1-3,8]. Therefore, LiPON is not only a good candidate as a solid-state electrolyte used in batteries 
but also for electrochromic devices for the application in advanced glazing. This study consider two different 
aspects: one is the investigation on the impact of porosity of WO3 film on the optical and the electrochemical 
properties and the other one is the determination of ionic conductivity of LiPON used as solid ion conductor film for 
the electrochromic materials. Using an inorganic electrolyte can improve the durability of the electrochromic device 
which is necessary for the use in buildings. Smart windows composed of electrochromic coating shall minimize the 
energy consumption of the building and provide the best daylight management. 

2. Methods 

2.1. Thin film deposition 

The tungsten trioxide (WO3) films have been deposited on Indium Tin Oxide (ITO) coated glass substrate by using 
reactive magnetron sputtering. WO3 coating was deposited from a 2-inch diameter metallic target of tungsten and a 
mixture of oxygen as reactive gas and argon gas for creating the plasma. The power applied to the target was 150 W 
from a DC power supply. The working pressure in the chamber during deposition was varied in order to obtain a 
dense and a porous sample. 
The LiPON film was deposited by Radio Frequency magnetron sputtering from Li3PO4 2-inch diameter target with 
an applied power of 100 W in pure nitrogen plasma. The working pressure during deposition was 4.9∙10-3 mbar. 
Metallic Al was deposited by magnetron sputtering to build metal-insulator-metal (MIM) cells Al/LiPON/Al, for 
electrical measurements of LiPON. The Al electrodes were deposited using a mask.  

2.2. Optical properties 

Time-dependent transmittance measurements were performed in combination to electrochemical characterizations, 
described in the next paragraph, using a spectrophotometer (Zeiss diode array spectrometer). The transmission of 
samples was measured between 348 and 1602 nm. Above 1602 nm, the absorptance of the liquid electrolyte 
dominates. The transmittance spectra were weighted by the solar spectra, and by the spectral sensitivity of the eye, 
to determine the coefficient of solar direct energy transmission τe, and visible light transmission τv respectively, 
according to EN410 [9]. As shown in Fig.1, the UV-visible-NIR light beam passes through an electrochemical cell 
and is collected by an optical fiber. The transmittance of the sample is calculated according to the reference 
measured through the electrochemical cell containing the liquid electrolyte but no sample. A spectrum is acquired 
every 7.36s.  
Before electrochemical cycling, optical measurements were performed in the visible range using a Multispec 77400 
spectrometer from ORIEL equipped with integrating sphere, to determine the transmittance and reflectance of the 
ITO/WO3/LiPON multilayer sample as deposited. 

2.3. Electrochemical characterisation 

For electrochemical techniques, cyclic voltammetry and chrono-amperometry were performed in a three-electrode 
electrochemical cell with a Bio-Logic SP-200 potentiostat/galvanostat. An Ag/AgNO3 electrode cell was used as a 
reference electrode and a platinum wire as a counter electrode. The working electrodes were the ITO/WO3 samples. 
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These electrodes were immersed in a parallelepiped cell containing the liquid electrolyte, 1M lithium perchlorate in 
propylene carbonate (LiClO4-PC), as depicted in Fig.1.  
 

 
Fig.1. Schematic drawing of the setup used to perform electrochemical measurements in combination with transmittance measurements  

 
In this work, 10 cycles of voltammetry (CV) are applied between -2.5 and 2.5 V at a scan rate of 25 mV/s. Note that 
a discoloration voltage 1.5 V vs. Ag/AgNO3 is applied for 180 seconds before the cycles to start at the bleached 
state. In order to assess the performance of an electrochromic thin film, one needs to evaluate the intercalation level 
(x in LixWO3) which indicates the ability of the host material to receive ions, see Eq.1.  
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Where Qint is the inserted charge (in C) calculated as the integral of the current as function of time, M is molar mass 
(in g.mol-1), e is elementary charge (in C). A is the working electrode area (in cm2), d is the film thickness (in cm), 𝜌𝜌 
the density of the film and NA is Avogadro’s constant (in mol-1).  
The diffusion coefficient of the Li+ cations (D+) resulting from the maximum anodic current (Ip) is found using the 
Randles-Sevčik equation (Eq.2). [10] 
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Where ne is the number of electrons participating in the electrochemical reaction, F is the Faraday constant (units of 
in C.mol-1), Cs is the solution concentration (in mol.cm-3), A is the working electrode area (in cm2), v is the scan rate 
(in mV.s-1), R is the ideal gas constant (in J.mol-1K-1) and T is the temperature (in K). 
 

Chronoamperometry (CA) was performed for a duration 600 s per cycle. While four different of potential ranges 
were applied: (-2.5 ; 2.5 V), (-2.0 ; 2.0 V), (-1.5 ; 1.5 V) and (-1.0 ; 1.0 V). Using this method, one can also evaluate 
the coloration efficiency (CE), calculated using equation in Eq.3.  
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Where Tb is the light transmittance (τv,b) or the solar direct transmittance (τe,b) in the bleached state, Tc is the light 
transmittance (τv,c) or the solar direct transmittance (τe,c) in the colored state.  
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Electrochemical impedance spectroscopy (EIS) characterizations of the all solid-state Al/LiPON/Al cells were 
performed to determine the ionic conductivity. Sinusoidal voltage amplitude of 10 mV was used and the 
measurement frequency range was 2 MHz to 100 Hz. The results, displayed in a Nyquist impedance plot, were fitted 
using the equivalent circuit method. 

3. Results 

Cyclic voltammograms curves of WO3 deposited at different working pressures are presented in the Fig.2.a for the 
5th cycle. The previous cycles activate the host material. It is known that electrochromic film is colored by charge 
injection WO3 + 𝑥𝑥 (Li++ e−) → Li𝑥𝑥WO3, in the bottom region where the current is negative, and a part of this 
charge is extracted Li𝑥𝑥WO3 → WO3 + 𝑥𝑥 (Li+ + e−) during the bleaching process in the top region, where the current 
is positive. From this last region, the anodic peak current Ip can be determined. Fig.2.b and Fig.2.c show the sample 
in bleach and colored state. The film properties calculated from these voltammograms are shown in Table.1.  

     
Fig.2. Electrochemical cell in three electrodes set- (a) Cyclic voltammograms for a scan rate of 25 mV/s for WO3 deposited at different pressures 

up (b) WO3 sample in the bleached state, (c) WO3 sample in the colored state 

Table 1. CV parameters determined for a potential window of -2.5 / 2.5 V of the sample deposited at a low and high working pressure  

Average working pressure 10-3 (mbar) IP (mA) D+ (cm2/s) Qext (mC) Qint (mC) x (%) 

7,3 11.6 1.62∙10-12 1234.0 -1179.7 24.4 

35,3 18.4 3.03∙10-12 1456.5 -1499.6 50.4 

 
Larger current windows are observed when P is increased from 7.3∙10-3 mbar (dense WO3 film) to 35.3∙10-3 mbar 
(porous WO3 film). D+ represent the diffusion through the sample, a higher diffusion coefficient means that the ion 
can diffuse faster. In Table 1, we can see that D+ is higher for the porous sample. Qint and Qext are the inserted and 
extracted charge (in C), we can observe that the working pressure P has a direct impact on the amount of inserted 
charge and thus on the intercalation level.  
The results of in situ spectro-electrochemical experiments are represented as chronoamperometry combined to time-
dependent transmittance measurements for UV-Vis-NIR wavelength. Fig.3. shows the solar direct energy 
transmission τe and the visible light transmission τv as function of time during four charging-discharging cycles.  
Fig.3. a shows the results on the dense WO3 sample, it is observed that the magnitudes of 𝜏𝜏𝑣𝑣 and 𝜏𝜏𝑒𝑒 are smaller after 
the 1st cycle then increased slightly and becoming stable. Fig.3. b shows the results on the porous WO3 sample, a 
reversible response for coloration and bleaching during electrochemical cycles is observed. The porous film exhibit 
decent performance with a coloration efficiency of 21,4 and 23,2 cm2/C for 𝜏𝜏𝑒𝑒and 𝜏𝜏𝑣𝑣 respectively. In contrast to this, 
the dense film showed lower coloration efficiency of 17,1 and 17,3 cm2/C for 𝜏𝜏𝑒𝑒and 𝜏𝜏𝑣𝑣 respectively. The difference 
between the bleached Tb and colored Tc normalized transmittance (∆T) is increased with the increase of the working 
pressure. The switching time 𝜏𝜏𝑠𝑠𝑠𝑠 is obtained for the samples, which is typically defined as the time to reach 90% of 
the maximum transmission modulation [10,11]. The films possess a longer switching time in the bleaching (𝜏𝜏𝑏𝑏 =
 206.1s) than in the coloration (𝜏𝜏𝑐𝑐 = 51.5s) process.  

c 

b a 

bleaching 

coloring 
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a b  
Fig. 3. Transmission variation combined with 4 CA cycles of the WO3 at different potential applied: (a) Dense film and (b) Porous film 

Fig. 4.a. depicts the spectral transmittance and reflectance of a WO3/LiPON film. The as-deposited film shows a 
very good transparency with high transmittance. The transmittance spectrum averages approximately at 80% and the 
reflectance spectra at ~15% over the visible portion in the dry state. The oscillations in the graph of transmittance 
and reflectance are due to interference in the ITO and WO3 as well as WO3 and LiPON thin films.  

a    b  
Fig. 4. (a) Transmittance and reflectance measurements of as-deposited of WO3/LiPON film. (b) Electrochemical impedance spectra of 

Al/LiPON/Al measured for three temperatures (22, 28 and 44.2°C) and fitted using the equivalent circuit shown 

Fig. 4.b. shows the Nyquist impedance plots of Al/LiPON/Al film obtained at different temperatures (22,0°; 28,0° 
and 42,2° C) for all frequencies and then zoomed on the high frequency part of the diagram. At all temperatures, the 
impedance spectra show curved shapes typical of RC circuits and then a straight line. The curved shape is at high 
frequencies and corresponds to the electrolyte. These results form a combined response related to the ionic 
conduction across the solid electrolyte layer and the charge transfer reaction at the electrode/solid-state electrolyte 
interface. The size of the curved shape decreases with increasing the temperature. We can observe that the three 
straight lines present the same slope at each temperature. The equivalent circuit that we use to fit EIS data is shown 
in Fig. 4.b. The resistance R1 represents the resistance of contacts and leads and corresponds to the intercept of the 
semicircle with the real axis at high frequency. The ionic conduction processes are represented by two pairs of 
resistor and capacitor in parallel at high and medium frequencies (R2/Q2 and R3/Q3), as well as a double-layer 
capacitance (Q4) at low frequency. The high frequency part is interpreted to indicate the bulk properties of the 
LiPON film [8]. The low frequency part, toward large real numbers, corresponds to the electrodes interface 
phenomena.  The ionic conductivity i of LiPON in MIM cells, for a thickness of d=300 nm; has been calculated 
from the resistance R=R2+R3 measured by using Eq.4, A being the area of the electrode in contact with the solid 
electrolyte. 

ARdi ./    (4) 
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The ionic conductivity of LiPON is found to increase (8.71·10−8 → 1.48·10-7 → 5.74·10-7 S·cm-1) with increasing 
temperatures (22,0°→ 28,0°→ 42,2° C) and the activation energy has been calculated to be 0.3 eV. 

4. Discussion 

The inserted charge (Qint) and consequently the intercalation level (x) of Li+-cations in LixWO3 (see Eq.1) are shown 
to be increased with an increase of the working pressure, it explains that the microstructure is being larger for porous 
WO3 films, allowing a faster intercalation/deintercalation process. The diffusion coefficient of Li+-cations (D+) 
deduced from the anodic peak current (IP) (see Eq.2) is increased at high working pressure, to confirm facilitated 
performances of this process. For WO3 deposited at low pressure the magnitudes of optical modulation are getting 
too small. This behavior confirms that the film is too dense and Li+-ions cannot be extracted after cycles. The 
switching time 𝜏𝜏𝑠𝑠𝑠𝑠 is in the same range than most of the WO3 EC devices on ITO substrates. Senevirathne et al [12] 
studied the ion migration path in Li2PO2N and calculated that the vacancy migration path is approximately 0.4 eV 
while the interstitial migration path is approximately 0.9 eV. The measured activation energy of our LiPON sample 
was found to be 0.3 eV, this suggests that we would have a dominant vacancy migration path. 

5. Conclusions 

Transparent layers of amorphous WO3 and LiPON have been deposited by reactive magnetron sputtering. The 
porosity of the tungsten oxide was changed by depositing it under two different working pressures. Cyclic 
voltammetry measurements were performed in order to assess the impact of porosity on the electrochemical 
properties. It has been found that the porous WO3 film allows a faster and an easier intercalation/deintercalation 
process. Chrono-Amperometry measurements combined to transmittance measurements for UV-Vis-NIR 
wavelengths were performed in order to investigate the bleaching-coloration reversibility of the electrochromic 
layers. The porous film exhibits a shorter switching time and higher coloration efficiency and switching contrast 
than the dense film. The deposition of LiPON on top of WO3 did not change the transparent aspect of WO3 and 
therefore suggest that no or very limited diffusion of Li into WO3 occurs during deposition. Finally, the ionic 
conductivity as well as energy activation was determined for our LiPON in MIM cells by using potentio-
electrochemical impedance spectroscopy.  
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