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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 fill factor determined from a measured current-voltage characteristic of a bare solar cell depends on the number and positions 
of the electrical contacting probes. Nine different geometries for contacting the front side busbars are used to measure the 
current-voltage (I-V) characteristics of a 5 busbar industrial-type passivated emitter and rear totally diffused (PERT) solar cell 
under standard testing conditions. The fill factors of the measured I-V characteristics vary from 78.5 %abs to 80.6 %abs. We 
further measure the contacting resistance of 3 different contacting probes to estimate the sensitivity of measurements with 
different contacting geometries on random resistance variations. The contacting resistance is 60 mΩ for nine-point probes and 80 
mΩ for four- and single-point probes. We determine the magnitude of contacting resistance variations from measurements at 
different probe positions to be ±30 mΩ. Using this variation, we perform numerical simulations and find a larger sensitivity on 
random resistance variations for tandem- (pairs of current- and sense probes) compared to triplet (one sense- between two current 
probes) configurations. The corresponding fill factor deviation is approximately 0.1%abs for tandem configurations when the 
contacting resistances of up to two current probes are altered. The sensitivity for triplet configurations is negligible.  
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1. Introduction 

The measurement of the current-voltage (I-V) characteristic is essential for classifying solar cells. A variety of 
measurement setups is commercially available for this purpose. Comparing measurement results obtained with 
different setups is not trivial, as the setups may differ in terms of illumination conditions, temperature control and 
the electrical contacting of the cell. This paper focuses on the impact of different geometries for contacting the front 
side of a solar cell on the fill factor (FF) of measured I-V characteristics. The front side of a solar cell is commonly 
contacted in a four wire configuration with contacting probes mounted in a narrow bar to minimize shading. The 
number and positioning of the contacting probes along the bar can be very different between individual 
measurement setups. One possibility to contact a solar cell for an I-V measurement is to place the contacting probes 
to reflect the module integration of the solar cell which is, for example, suggested in [1], [2]. However, the module 
integration of cells can differ and measurement results obtained with this contacting approach cannot be easily 
compared for different measurement setups. Another approach is to measure the cell such that the results are 
comparable across different setups. To achieve this comparability the contacting probes can be placed such that the 
busbar (BB) resistance is neglected [3]–[5]. In this work we measure the I-V characteristics of a 5 BB solar cell 
using 9 different contacting geometries in order to estimate the implied systematic deviations between 
measurements with different contacting geometries. We further measure the contacting resistance of different test 
probes and analyze the differences between tandem and triplet configurations in terms of their sensitivity on random 
variations of the contacting resistance using numerical device simulations. 

2. Contacting geometries 

2.1. Variable contacting bar 

In order to measure I-V curves of the same solar cell with a variety of different contacting geometries we use a 
freely configurable contacting bar manufactured by pv-tools [6] which is shown in figure 1. This contacting bar 
features two low-resistivity conducting paths which are insulated from each other. The first serves as current 
conducting path and the second for voltage sensing. The contacting probes can be mounted in a total of 31 slots and 
then connected to either of the conducting paths using a jumper cable. The distance between the slots is 5 mm. The 
connection to the conducting path for voltage sensing is realized over a 500 Ω resistor to minimize current flow over 
the conduction path. The low resistivity of the current conduction path ensures that all current contacting probes are 
at the same potential. 

 
Fig. 1. Variable contacting bar with a total of 31 removable test probes. Each of these test probes can be used as a sense or a current probe by 
connecting the jumper cable to the respective conducting path. 

2.2. Measuring the busbar resistance  

The deviations between measurements with different contacting geometries arise from potential variations along 
the BBs of the solar cell. The main impact on this potential variation rises from a nonzero BB resistance and the 
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