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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 

We report on our attempt to control impurity distributions by locally introduced high density of dislocations based on seed 
manipulation for artificially controlled defect technique (SMART). To grow a quasi-mono crystalline Si ingot to demonstrate the 
impact of SMART, seed arrangement was designed to have SMART and conventional parts in a single ingot. After crystal 
growth, the ingot was cut in half and the half one was annealed at 600  for 1 week. Photoluminescence imaging clarified that 
impurities are efficiently trapped at functional defects after annealing, which led to improvement of the crystal quality along the 
functional defects. This result suggests that combining SMART with annealing after crystal growth is the effective way to obtain 
a higher manufacturing yield of quasi-mono crystalline Si ingot for solar cells. 
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1. Introduction 

Crystalline Si (c-Si) is the most dominant material in all PV market with about 90 % share in recent years [1]. C-
Si is generally categorized into monocrystalline Si (mono-Si) and multicrystalline Si (mc-Si). Each one has its own 
merit for PV production. Since mono-Si is free from defects to act as recombination centers, high-efficiency solar 
cells could be achieved. On the other hand, high production yield of mc-Si can reduce the manufacturing cost. To 
take both merits of mono-Si and mc-Si, quasi-mono crystalline Si, which is directionally grown from multiple mono 
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crystalline Si seeds in a large scale crucible, was contrived and studied a lot [2-4]. Quasi-mono crystalline Si is 
expected as high quality and low cost starting material for solar cells. However, crystal growth of quasi-mono 
crystalline Si has several issues, i.e. dislocation generation at the seed joint, inhomogeneous nucleation at crucible 
walls to result in multicrystallization, and the increase in the duration of ingot growth process to lead to larger 
impurity diffusion [5-9]. To solve these problems, we have originally developed quasi-mono crystalline Si growth 
method named as “seed manipulation for artificially controlled defect technique (SMART)” [10]. In SMART, defect 
distributions in a Si ingot can be artificially designed by arranging seeds with proper size and orientation. High 
density of defects is intentionally introduced in a tiny part of the ingot to act as gettering sites of impurities. We call 
such intentionally introduced defects as “functional defects”. Crystal defects in mc-Si are known to act as internal 
gettering sites for impurities during the ingot crystallization process [11,12]. In this study, we studied controlling 
impurity distribution in quasi-mono Si ingot which was grown by SMART.  

2. Experimental method 

We made a boron doped Si ingot by using SMART and conventional method. A fused silica crucible with inner 
dimensions of 11 cm  11 cm  19 cm was used. The crucible was coated by Si3N4 and then annealed at 950  in 
Ar atmosphere for 9 h to evaporate polyvinyl alcohol in the coating. Then, seed crystals were put on the crucible 
bottom as shown in Fig.1 (a) to illustrate the top view of the arrangement. The growth direction of all the seeds is 
chosen as <100> as shown in Fig. 1 (b). The concept of SMART is implemented to the left side of the seed 
arrangement. Around the edge of the mono-Si seed, four pieces of wafers were put to make artificial small angle 
grain boundaries for generating high density of dislocations. The boundary between the most inner wafer and mono-
seed make a large-angle tilt boundary to block the propagation of dislocations. In addition, the space between seed 
crystals and crucible wall were filled with Si chunks as shown in Fig. 1 (c). The Si chunks act as the seed for fine 
grains, which help to prevent multicrystallization from the crucible wall [13]. On the other hand, the right side is 
used for conventional method of quasi-mono crystalline Si. After that, Si feedstock at the weight of 2050 g was put 
on the seeds. After the feedstock and an upper part of the seeds were melted, an ingot was directionally grown in a 
temperature gradient by pulling down the crucible position at 0.3 mm/min. Ar (5L/min) and N2 (2L/min) gases were 
flowed during the crystal growth. The height of the grown ingot was ~11 cm.  

 
  

 
 
Fig. 1 The schematic images for (a) the top view of seed arrangement and (b) details of the seed orientation, and a photo for the seed 
arrangement from the top. 
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