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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 

We report on the performance of Silicon Heterojunction (SHJ) solar cell under high operating temperature and varying irradiance 
conditions typical to desert environment. In order to define the best solar cell configuration that resist high operating temperature 
conditions, two different intrinsic passivation layers were tested, namely, an intrinsic amorphous silicon a-SiOx:H with CO2/SiH4 
ratio of 0.4 and a-SiOx:H with CO2/SiH4 ratio of 0.8, and the obtained performance were compared with those of a standard SHJ 
cell configuration having a-Si:H passivation layer. Our results showed how the short circuit current density Jsc, and fill factor FF 
temperature-dependency are impacted by the cell’s configuration. While the short circuit current density Jsc for cells with a-
SiOx:H layers was found to improve as compared with that of standard a-Si:H layer, introducing the intrinsic amorphous silicon 
oxide (a-SiOx:H) layer with CO2/SiH4 ratio of 0.8 has resulted in a reduction of the FF at room temperature due to hindering the 
carrier transport by the band structure. Besides, this FF was found to improve as the temperature increases from 15 to 45 C, 
thus, a positive FF temperature coefficient. 
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1. Introduction 

Solar Photovoltaic (PV) price has been reduced by approximately 70% in the last five years. Recently, Dubai 
(United Arab Emirates UAE) has announced a record low bid of $58.5 per MWh for a 200 MW solar Photovoltaic 
(PV) project [1]. One of the key factors behind this low price is the direct dependency of solar PV performance on 
the operating temperature and irradiance conditions. The state of Qatar, for example, in the region of Middle East is 
highly rich of solar resource, on average a Global Horizontal Irradiance of 2113 kWh/m2 was measured [2]. From 
the other side, a high operating temperature, on average a module temperature of 70 C was measured during 
August, causes a drop in the PV module performance. 

From our previous published work [3], the silicon heterojunction technology (SHJ) has shown a 10% increase in 
the energy yield at outdoor testing conditions as compared with conventional diffused-junction silicon technology. 
However, SHJ technology is known to suffer from parasitic absorption in the top layers [4]. In this paper, we 
address the approach of adapting the solar cell configuration, from one side to reduce the parasitic absorption, and 
from the other side to improve the solar cell performance at high operating temperature. We are proposing to replace 
the standard intrinsic amorphous silicon a-Si:H with a wider band gap amorphous silicon oxide a-SiOx:H, which has 
the potential to reduce the absorption losses due to its superior optical transparency and therefore improving the 
short circuit current density Jsc. Our focus in this paper will be on the results obtained from the current-voltage (IV) 
measurements at different temperature and light intensity. 

2. Experimental part 

Three different SHJ solar cell configurations were studied, namely, the standard passivation intrinsic amorphous 
silicon (i) a-Si:H, and intrinsic silicon oxide layer (i) a-SiOx:H with two carbon dioxide CO2 to silane SiH4 ratios of 
0.4 and 0.8 (see Fig. 1). The fabrication steps of the SHJ cells were reported in reference [5]. The IV measurements 
were performed om a 2 x 2 cm2 cells at different temperatures ranging from 15 to 65 C in steps of 5 C and for 
various irradiance conditions ranging from 0.05, 0.5, 0.75, 1, 1.5 and 2 suns, by using a homemade solar cell tester. 

 

 

Fig. 1. Schematic of the silicon heterojunction solar cell under study. On the illumination side (top), Indium Tin Oxide (ITO) is used as an anti-
reflective transparent conductive oxide layer. Current collection occurs through metallic (silver Ag) grid at the front and a stack of ITO and Ag at 
the rear. The schematic is not drawn to scale. 

3. Results and discussion 

In this section, first the open-circuit voltage (Voc) and the fill factor (FF) as a function of temperature and 
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irradiance conditions will be discussed. The deviation from the Standard Testing Condition (STC) will be presented. 
Next, we will compare the solar cell parameters for the three solar cell configurations at STC. Finally, a contour map 
of the FF for the three solar cell configurations will be presented.  

Fig. 2 shows the Voc as a function of temperature and irradiance ranges. As expected, the Voc drops by increasing 
the temperature for the three SHJ configurations and at various irradiance conditions. Upon temperature increase, an 
increase in intrinsic carrier density within the absorber layer is resulted in excessive recombination current densities, 
which leads to a drop in the Voc [6]. The absolute variation in the measured Voc data is given by the linear fitting of 
the data as a function of temperature. For the three SHJ configurations at low irradiance condition of 0.05 sun, the 
drop in Voc is approximately -2 mV/C as compared with -1.8 mV/C for the 1.5 sun irradiance. However, the three 
SHJ cell configurations show a quite similar Voc. 

 
Fig. 2. The effect of temperature and irradiance conditions on the Voc measured for the three silicon heterojunction cells: (a) Standard intrinsic a-
Si:H, (b) Intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.4 and (c) intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.8. 
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Fig. 3. The effect of temperature and irradiance conditions on the FF measured for the three silicon heterojunction cells: (a) Standard intrinsic a-
Si:H, (b) Intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.4 and (c) intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.8. 

In Fig. 3, the FF temperature and irradiance dependency over the three SHJ cell configurations is presented. At 
low irradiance condition, the FF of the standard amorphous intrinsic silicon layer and the silicon oxide layer with 
low COx/SiH4 ratio = 0.4 (Figs. 3a, b) drops as the temperature increases within a narrow range of irradiance 
conditions. However, starting from 1 sun irradiance and above, the FF increases slightly as the temperature 
increases.  

For the SHJ solar cell based on silicon oxide layer with low COx/SiH4 ratio of 0.8, the FF value improves within 
a wide range of irradiance conditions including the low irradiance of 0.26, 0.5 and 0.75 sun (Fig. 3c). The low FF at 
room temperature in this case is due to the hindering of photocarriers transport by the barrier at the interface [5]. 
Upon the temperature increase, the photocarriers crossing the barrier is enhanced and resulted in an improved 
transport and, therefore, an increase in the FF.  

The FF measurement at standard condition of 1 sun, is displayed in Fig.4c and discussed in the following section. 
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Fig. 4. The silicon heterojunction cell parameters for the three configurations measured under 1 sun irradiance as a function of temperature: (a) 
Jsc, (b) Voc, (c) FF and (d) Efficiency.  

Fig. 4 shows the silicon heterojunction cell parameters, namely Jsc, Voc, FF and cell efficiency measured at 1 sun 
as a function of temperature range from 15 to 65 C. From Fig. 4a, the Jsc for the modified SHJ cells is slightly 
improved by introducing the a-SiOx:H passivation layer. This layer is believed to allow more light to reach the 
absorber layer due to its wider band gap as compared with the standard a-Si:H layer. The increase in the Isc as the 
temperature and irradiance increase is known to be caused by the decrease in the energy band gap at high 
temperature and consequently to the increase in the light absorption [7]. 

From Fig. 4b, despite the slight reduced Voc occurring by introducing the SiOx:H passivation layer with CO2/SiH4 
ratio = 0.8, it shows a slightly lower temperature coefficient of -1.6 mV/C as compared with the standard a-Si:H 
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and cells based on a-SiOx:H passivation layer with CO2/SiH4 ratio = 0.4.  
The FF (shown in Fig. 4c) where the temperature coefficient FF for the standard a-Si:H and a-SiOx:H with 

CO2/SiH4 ratio = 0.4 is negative and equals to -0.05 %/C, the temperature coefficient FF for the a-SiOx:H with 
CO2/SiH4 ratio = 0.8 shows first a positive temperature coefficient with an increase in the FF by increasing the 
temperature up to 30 C, and then remains constant up to 50 C. This temperature coefficient FF then drops by 
increasing the cell temperature further. The poor FF for the SiOx:H layer at room temperature is attributed to the 
existing barrier to hole carrier transport as a result of an increase in the band offset [8]. As a result, with the a-
SiOx:H layer with CO2/SiH4 ratio = 0.8, a lower cell efficiency of 17% was obtained at room temperature and starts 
to drop as the temperature increases beyond 35 C. Obviously, a similar cell efficiency temperature coefficient of -
0.055 %/C was obtained for both standard and the cells based on a-SiOx:H layer with CO2/SiH4 ratio = 0.4 (Fig. 
4d). The best cell efficiency of 20.3% was obtained for the standard SHJ cell. 

 

 

Fig. 5. Contour map for the FF measured at a temperature range from 15 C to 70 C. The dotted line indicates the Standard Testing Condition 
(STC) of 1 sun and 25 C and a selected real outdoor operating conditions of 1.5 sun and 50 C. (a) Standard intrinsic a-Si:H, (b) Intrinsic a-
SiOx:H with CO2/SiH4 ratio = 0.4 and (c) intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.8.  
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The contour map of FF derived from the measured values at different temperatures and light intensities is plotted 
in Fig. 5. The FF contour map for the SHJ cell with standard intrinsic a-Si:H and the one obtained with intrinsic a-
SiOx:H with CO2/SiH4 ratio = 0.4 configuration are following a quite similar trend. However, cells based on the 
intrinsic a-SiOx:H with CO2/SiH4 ratio = 0.8 shows an increase in the FF for a light intensity larger than the 0.5 sun 
and increase in the FF when temperature increases from 15 C to approximately 45 C. Hence, at low irradiance 
condition, this SHJ solar cell does not show any FF temperature-degradation as compared with that of standard SHJ 
cells. Knowing the SHJ cell configurations, one could employ the FF contour map to directly determine the FF at a 
specific temperature and light intensity. 

4. Conclusions 

In summary, we reported on the performance of different silicon heterojunction solar cell configurations at 
various operating temperature and irradiance conditions. From this study, we intended to deduce guiding principles 
for designing cells that are adapted to a desert environment. Replacing the standard intrinsic amorphous silicon 
passivation layer (a-Si:H) with a silicon oxide passivation layer (a-SiOx:H) was found to affect the carrier transport 
properties. By introducing the SiOx:H passivation layers, the FF dependency over temperature was varying by 
changing the band structure of the cell, from a positive FF temperature coefficient to a negative temperature 
coefficient. The latter factor could be used as a control parameter to help designing adaptable solar cells 
configuration that suit desert climate with high operating temperature. This suggests that one could deploy modules 
with poor efficiency in regions with an elevated operating temperatures. Work is currently in progress to optimize 
the intrinsic and the doped top layer in order to lower the silicon heterojunction solar parasitic absorption and to 
improve the FF further.  
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