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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 

The efficiency record of industrial type PERC solar cells exceeded 22% at the turn of the year 2015 to 2016. Our best screen-
printed PERC solar cell reached 22.04% efficiency while the best cell batch showed a very narrow efficiency distribution. A 
detailed electrical and optical loss analysis of those industrial type high efficiency PERC solar cells is carried out which enables 
further optimization and strategic improvements. A variety of characterization data allows for a recombination current density, 
resistance and optical loss analysis based on numerical device simulation, analytical calculations and raytracing, respectively. 
The main recombination losses at maximum power point (MPP) occur in the homogenous and selective diffused regions of the 
emitter. A series resistance loss analysis is analytically performed. The emitter contribution to the lumped series resistance 
dominates the series resistance losses. The optical loss analysis performed with raytracing shows main reflection and absorption 
losses in the rear metal layer which is partly due to the light trapping capability of the PERC cells. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG. 

Keywords: PERC; loss analysis; device simulation 

 

 

 
*1 Corresponding author. Tel.: +49 3731 39-2162. 

E-mail address: matth.mueller@physik.tu-freiberg.de 
*2 Corresponding author. Tel.: +49 3731 301-1449; fax: +49 3731 301-1690. 

E-mail address: gerd.fischer@solarworld.com 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Energy Procedia 00 (2017) 000–000  

 www.elsevier.com/locate/procedia 

 

1876-6102 © 2017 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG.  

7th International Conference on Silicon Photovoltaics, SiliconPV 2017 

Loss analysis of 22% efficient industrial PERC solar cells 

Matthias Müllera,b,*1, Gerd Fischera,*2, Bernd Bitnara, Stefan Steckemetza,              
Roman Schiepea, Maria Mühlbauera, René Köhlera, Philipp Richtera, Christian Kusterera, 

Alexander Oehlkea, Eric Schneiderlöchnera, Hendrik Strätera, Franziska Wolnya,  
Matthias Wagnera, Phedon Palinginisa, D. Holger Neuhausa 

a SolarWorld Innovatioins GmbH, Berthelsdorferstr. 111A, 09599 Freiberg, Germany 
now with b Technische Universität Bergakademie Freiberg, Institute of Applied Physics, Leipziger Straße 23, 09599 Freiberg, Germany 

Abstract 

The efficiency record of industrial type PERC solar cells exceeded 22% at the turn of the year 2015 to 2016. Our best screen-
printed PERC solar cell reached 22.04% efficiency while the best cell batch showed a very narrow efficiency distribution. A 
detailed electrical and optical loss analysis of those industrial type high efficiency PERC solar cells is carried out which enables 
further optimization and strategic improvements. A variety of characterization data allows for a recombination current density, 
resistance and optical loss analysis based on numerical device simulation, analytical calculations and raytracing, respectively. 
The main recombination losses at maximum power point (MPP) occur in the homogenous and selective diffused regions of the 
emitter. A series resistance loss analysis is analytically performed. The emitter contribution to the lumped series resistance 
dominates the series resistance losses. The optical loss analysis performed with raytracing shows main reflection and absorption 
losses in the rear metal layer which is partly due to the light trapping capability of the PERC cells. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG. 

Keywords: PERC; loss analysis; device simulation 

 

 

 
*1 Corresponding author. Tel.: +49 3731 39-2162. 

E-mail address: matth.mueller@physik.tu-freiberg.de 
*2 Corresponding author. Tel.: +49 3731 301-1449; fax: +49 3731 301-1690. 

E-mail address: gerd.fischer@solarworld.com 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.322&domain=pdf


132 Matthias Müller et al. / Energy Procedia 124 (2017) 131–137 Matthias Müller / Energy Procedia 00 (2017) 000–000 

1. Introduction 

As one of the first groups, SolarWorld Innovations hit the efficiency of 22% for industrial type PERC solar cells 
[1] while only Trina Solar showed a slightly higher efficiency some weeks earlier [2,3]. Recently, the record has 
been set to 22.61% efficiency for industrial screen-printed PERC solar cells [4]. This shows the high potential for 
the PERC solar cell technology in future mass production where an estimated potential of 24% PERC cell efficiency 
[5] may be achievable. For further optimization and strategic improvements detailed electrical and optical loss 
analyses of those industrial type high efficiency PERC solar cells have to be carried out. A variety of 
characterization data allows for a recombination current density, resistance and optical loss analysis based on 
numerical device simulation, analytical calculations and raytracing, respectively. Such loss analysis is presented 
below which guides future cell development at SolarWorld. 

2. Experimental results 

The high efficiency screen-printed PERC solar cells are produced at the SolarWorld Innovations pilot line [6]. 
The independently measured highest efficiencies are summarized in Table 1.  

Table 1. Experimental and simulated IV parameters (*independently measured by ISE CalLab). 

Cell Area [cm²] jSC [mA/cm²] VOC [mV] FF [%] PMPP [mW] η [%] 

1 242.86 39.90 679.0 81.31 5350 22.03* 

2 242.86 39.94 679.3 81.23 5352 22.04* 

3 242.86 39.93 678.4 81.34 5351 22.03* 

4 242.86 39.96 679.3 81.09 5346 22.01* 

Sim 1.00 39.97 680.6 81.42 22.15 22.15* 

 
The efficiency distribution of the latest record cell batch is shown in the histogram in Fig. 1 which features a very 

narrow efficiency distribution and thus good process stability. This enables the preparation of test structures in 
separate experiments for the complete loss analysis. 

 

 

Fig. 1. Histogram – Cell efficiency distribution of a batch of 100 cells fabricated in the PERC pilot line at SolarWorld Innovations. 
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