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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.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

10.1016/j.egypro.2017.09.315

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

1876-6102

 

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 

Replacing NRA by fast GD-OES measurements as input to a model 
based prediction of hydrogen diffusion in a-Si 

Jonathan Steffensa,*, Hans-Werner Beckerb, Sebastian Gerkea, Sebastian Joosa, 
Giso Hahna, Barbara Terheidena 

aUniversity of Konstanz, Department of Physics, 78457 Konstanz, Germany 
 bRUBION - Central Unit for Ion Beams and Radioisotopes, University of Bochum, 44780 Bochum, Germany 

Abstract 

In order to predict hydrogen diffusion in hydrogenated amorphous silicon (a-Si:H) layers, Gerke et al.[1] proposed a model 
which requires just one nuclear resonant reaction analysis (NRA) and one Fourier transform infrared spectroscopy (FT-IR) as 
input. This contribution presents the possibility to substitute this single NRA measurement by a calibrated glow discharge optical 
emission spectroscopy (GD-OES) measurement. In the hydrogen concentration range of 2-30 at% relevant for a-Si:H layers there 
are currently no commercial calibration standards available, leading to the necessity of laboratory standards. Hydrogen depth 
profiles of a-Si:H layers exhibit plateaus of constant hydrogen concentration in a range large enough to qualify them as 
calibration standards. Therefore, six plasma enhanced physical vapor deposited (PECVD) a-Si:H layers with different hydrogen 
concentrations were prepared as laboratory standards. The absolute hydrogen concentration was determined using the NRA 
technique and the layer thickness was determined with a focused ion beam (FIB) in a scanning electron microscope (SEM). 
These results enabled a calibration of the GD-OES setup for a-Si:H, which successfully reproduced the NRA measurements of 
Gerke et al. [1]. 
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1. Introduction 

Hydrogenated amorphous silicon (a-Si:H) is frequently used in photovoltaics, especially as thin layer. Since 
hydrogen has a significant impact on the electronic and optical properties of such layers, a fundamental 
understanding of the hydrogen diffusion processes is required, including the measurement of hydrogen depth 
profiles. A widely used method to determine precise depth profiles is the nuclear reaction analysis (NRA) [2]. Since 
it is hardly accessible and costly, huge efforts are necessary to measure hydrogen depth profiles of a series of 
samples. To reduce these efforts Gerke et al. proposed a model based prediction of the diffusion of hydrogen in 
post-hydrogenated a-Si:H [1]. With this model it is possible to predict the hydrogen depth profiles of layers exposed 
to post-hydrogenation processes of different durations with just one single NRA measurement and one Fourier 
transform infrared spectroscopy (FT-IR) measurement. In this contribution the glow discharge optical emission 
spectroscopy (GD-OES) [3] is introduced to replace even this single NRA measurement in the sense of further 
minimizing the efforts. GD-OES is a fast and cost effective technique for obtaining depth profiles of hydrogen in 
a-Si. 

The basis of the model proposed by Gerke et al. [1] is the assumption, that the hydrogen diffusion in a-Si can be 
described according to Fick’s law by a complementary error function [4]: 

  (1) 

Except for the depth of the calculated hydrogen concentration  and the treatment duration , the other 
parameters are determined using the results of the NRA and FT-IR measurements. The parameters are namely  the 
hydrogen concentration at the interface of a-Si and the bulk material,  the hydrogen concentration at the surface 
and  the diffusion coefficient. A consideration of a possibly initial hydrogen concentration  prior to the post-
hydrogenation treatment leads to a more accurate prediction of the hydrogen depth profiles. Fig. 1 presents several 
NRA measured hydrogen depth profiles and the corresponding calculated depth profiles using the model prediction 
(for experimental details see [1]). 

2. GD-OES 

2.1. Measurement principle 

The GD-OES technique determines depth profiles of the elemental composition by applying a glow discharge 
argon plasma to the sample surface. The argon ions sputter the atoms of the surface which are then excited in the 
plasma and emit a characteristic spectrum. The intensities of this characteristic light carry information about the 
initial elemental composition which is determined by a comparison with the light intensities of certified calibration 
standards. The resulting composition and the corresponding densities of the pure elemental solids are then used to 
transform the sputter process duration into depth information [3]. For the atmospheric elements, i.e. hydrogen, 
nitrogen and oxygen, this procedure is not possible, because they are gaseous at room temperature and so no density 
of the elemental solid is available. The depth information has to be determined individually for each sample type 
containing these elements. 

In fact, once the GD-OES device is calibrated, it has powerful advantages. The most important advantage is the 
very short measurement duration, typically in the range of 10-100 s for layers up to several µm thickness, depending 
on the chosen plasma conditions. Also these plasma conditions are highly reproducible and hence a reliable 
comparison with the intensities of the calibration samples is possible. A resolution down to 100 ppm is achievable, 
depending on the chosen emission line and specific detector setup. In principle it is possible to achieve depth 
resolution in the order of 1 nm. But this depth resolution is limited by the specific detector setup and the shape of the 
crater sputtered into the sample, which in turn is defined by the plasma conditions. The shape of the crater as well as 
the crater bottom roughness may reduce depth resolution with increasing measurement duration or at interfaces of 
two materials with different sputter rates.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.315&domain=pdf
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