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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 

This paper investigates process-induced variations of the open-circuit voltage (Voc) using voltage-dependent quantum efficiency 
measurements. By means of device modelling we show that this method is able to explain the Voc difference of two solar cells, 
even if they show identical electrical behaviour under short-circuit condition. This paper furthermore explains how the origin of 
Voc variations can be classified into emitter, base and rear of the solar cell. The simulation results have been experimentally 
verified with industrial-type passivated emitter and rear cells (PERC) cells made from p-type Czochralski wafers. The proposed 
analysis method is an attractive way for monitoring Voc variations of solar cells in industrial mass production since there is no 
need for specially prepared test structures. 
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1. Introduction 

The open-circuit voltage (Voc) is particularly sensitive to recombination losses. Variations in the recombination 
rate and thus in the concentration of the electrons and holes directly affect Voc. Hence, an insufficient process 
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stability or quality may result in significant Voc variations. In order to reduce such process-induced variations of Voc 
and of the corresponding cell efficiency, it is crucial to locate that part of the device that is responsible for the 
deviation from the targeted Voc value. We analyze the solar cell under different operation conditions, since the 
respective locations exhibit different injection-dependencies of the recombination rate. 

In this article, we perform voltage-dependent differential quantum efficiency measurement [1-5] to explain the 
process-induced variations of Voc. As an application, we apply our approach to industrial-type PERC cells with p-
type CZ wafers. By a combination of device modelling and experiments, we demonstrate that our method allows 
locating the origin of Voc variations.  

2. Principle of the method 

The key points of our method are the following: first, the absorption depth is related to the wavelength of light. 
For a silicon solar cell featuring a front emitter, light of wavelength 300 nm is absorbed completely in the emitter 
while light of wavelength 1100 nm is absorbed almost homogeneously in the entire cell as shown in Fig. 1. Hence, 
the quantum efficiency at 300 nm is dominated by recombination in the emitter. This characteristic will be used to 
distinguish the emitter from the other parts of the solar cell. Second, by analyzing the differential external quantum 
efficiency (EQE) under forward voltage bias we are also able to distinguish the base from the rear, because it enables 
to monitor the injection-dependence of the recombination losses. However, this approach requires the saturation of 
the recombination losses in the base by increasing voltage as shown in next section.  

 

 

Fig. 1. Simulated optical generation for monochromatic light with wavelengths of 300 nm and 1100 nm as a function of depth from the front. 

3. Modelling 

We firstly simulate an industrial p-type mono-crystalline PERC cell as the reference, since the PERC design is 
especially sensitive to process-induced variation of device parameters such as bulk lifetime or surface passivation 
quality [6]. Starting from this reference cell, we model three different test cells by modifying a specific part (emitter, 
rear contacts and base) while the other parts of the simulated device remain identical. Compared to the reference 
cell, the Voc values of these cells are lower (∆Voc = 5.4 ~ 7.8 mV) but their Jsc values are close to Jsc of the reference 
(∆Jsc < 0.2 mA/cm²). We thus consider three different origins for the Voc reduction: 1) the emitter, 2) the rear 
contacts and 3) the base. We then simulate EQE curves of these three PERC cells with a forward bias voltage 
ranging from 0 to 700 mV. We model monochromatic illumination with wavelengths of 300 and 1100 nm. The 
intensity of the light source is equal to 1µWcm-2. There is no bias light, since we do not aim to determine the 
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stability or quality may result in significant Voc variations. In order to reduce such process-induced variations of Voc 
and of the corresponding cell efficiency, it is crucial to locate that part of the device that is responsible for the 
deviation from the targeted Voc value. We analyze the solar cell under different operation conditions, since the 
respective locations exhibit different injection-dependencies of the recombination rate. 

In this article, we perform voltage-dependent differential quantum efficiency measurement [1-5] to explain the 
process-induced variations of Voc. As an application, we apply our approach to industrial-type PERC cells with p-
type CZ wafers. By a combination of device modelling and experiments, we demonstrate that our method allows 
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the quantum efficiency at 300 nm is dominated by recombination in the emitter. This characteristic will be used to 
distinguish the emitter from the other parts of the solar cell. Second, by analyzing the differential external quantum 
efficiency (EQE) under forward voltage bias we are also able to distinguish the base from the rear, because it enables 
to monitor the injection-dependence of the recombination losses. However, this approach requires the saturation of 
the recombination losses in the base by increasing voltage as shown in next section.  
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