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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 

Thin PERC type solar cells are wait in the wings to take over from Al-BSF solar cells. However, the impact of (bulk) material 
and rear surface (contact) quality to the efficiency is found to be quite hard to measure on a processed solar cell. We will show 
with this paper that CELLO (solar cell local characterization) photo-impedance-spectroscopy measurements are capable of 
separating bulk from rear side effects on locally resolved maps. This allows cell manufacturers to better understand, analyze and 
control processing parameters and related defects like parasitic shunting, rear contact formation and passivation, gettering and 
other forms of degradation. As a result cell efficiencies and revenues can be boosted. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG. 

Keywords: bulk lifetime; rear surfacerecombinationvelocity, gettering, degradation, series resistance 

1. Introduction 

It is well known that PERC solar cells with a rear surface passivation scheme and local Al-contacts is a hot 
candidate to replace the standard of full area Al-BSF solar cell, because PERC solar cells promise potentially higher 
conversion efficiencies. However, there are still a lot of material- and process issues to solve, before the full 
potential of PERC solar cells can be harnessed: A better understanding and control of gettering and degradation of 
multi- and mono-material will be as essential then the formation of the rear Al-contact.  
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The solar cell local characterization technique (CELLO) is a tool that yields local parameter maps of solar cell 
parameters that allow to identify local losses and thus helps technicians, engineers and scientists to optimize solar 
cell materials and processes.  

E.g. CELLO photo-impedance measurements of Al-BSF cells helped to optimize the co-firing process and thus 
gettering, contact formation (series resistance RSER), and Al-BSF formation (rear surface recombination velocity Sb) 
[1].  

For PERC cells, this separation is especially challenging, since injection level dependencies of the bulk lifetime 
and SB, and the parasitic shunting [2] make locally resolved measurements difficult. In this paper we will present the 
successful separation of bulk lifetime and SB influences of PERC solar cells with the CELLO photo-impedance 
technique.  

2. PERC solar cell sample  

The cells investigated in this study originate from several neighboring 150 µm thick multicrystalline wafers that 
went through an industrial-like cell process in a research line [3, 2, 4]. Fig. 1 a) displays the schematic of the cell 
architecture and Fig 1 b) shows the corresponding processing sequence steps. Key processes steps are: After the 
PSG-etching step, a back-etching step of the parasitic emitter follows to remove 3-6µm material on the rear side. 
Then both sides were chemically cleaned, an ARC-SiN was deposited on the front side and a SiO/SiN-stack on the 
rear side via a PECVD process. A photolithographic step with subsequent etching forms contact holes at the rear. 
These holes were filled with Al-paste by a simple screenprinting and co-firing process. After all etching steps the 
final thickness of the cells is around 120 µm.  

 

 
 

a) b) 

Fig. 1. PERC cell architecture a) and processing scheme b)[4]. 

3. CELLO photo-impedance-spectroscopy 

3.1. Set-up and measurement details 

The CELLO set-up is described in full detail elsewhere [4, 5]. In short: Three different lasers are intensity-
modulated by four different frequencies and the amplitude and phase shift of the linear response is recorded, while a 
potentiostat keeps short circuit conditions. The set-up allows a laser focus range from 50 µm to 2000 µm, and 
various gray-filters for adjusting the local light injection density. As global illumination halogen lamps with a power 
of 1/3 sun are also available.  
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3.2. Data preparation and fit 

For a typical measurement, 48 maps were recorded and processed. After a “current-correction” routine that 
compensates for small none-linearities of the set voltage of the potentiostat the final 24 maps are obtained. These 
amplitude and phase shift maps were fit to a model called “tSRC3*3”that is explained in detail elsewhere [5]. 
Global fit parameter are set: Minority diffusion coefficient D=28 cm²/s (a common value for multicrystalline-
material) and 120 µm wafer thickness. The resulting maps of the local fit parameters are minority carrier lifetime  
(µs), diffusion length L (µm), rear surface recombination velocity SB (cm/s), and for the three lasers the RSERC-time 
constants (ns).  

4. Results and discussion  

 

Fig. 2. SB -map. 

Here an overview of the findings. L and SB maps were found to be very suited to separate between bulk and rear 
side surface effects. As visible in Fig. 2: Large areas show an excellent SB. The negative sign of good SB areas is just 
attributed to the current flow under the measurement conditions. But tendency is valid: the smaller SB the better. The 
L-map in Fig. 3 is quite homogeneous and reflects nicely the expected L value of around 120 µm that is similar to 
the mean value of the map. Note: a good separation of series resistance effects with the RSERC -map of Fig. 4 is 
possible, reflecting RSER inhomogeneities due to not optimal co-firing conditions.   
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Fig. 3. L-map. 
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Fig. 4. RSERC -map of the IR laser (830nm). 

5. Importance and outlook  

The CELLO set-up allows the variation of various measurement parameters. That allows to modify the 
measurements in such a way that local dependencies can be resolved. As simple example, the photocurrent map with 
and without global illumination show the local impact of parasitic shunting. Additionally, adjustable conditions of 
the local injection level (change in perturbation frequency, focus size and grey filters) are necessary for the 
description and analysis of typical PERC “challenges”, i.e. effects like injection level dependencies of  and SB, and 
effects on L like any kind of degradation and gettering.  
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