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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 

Silicon carbide fiber-reinforced silicon carbide composite (SiCf/SiC) has been proposed as a satisfied material to accommodate 
an extreme and corrosive irradiation ambience such as first wall of fusion reactors. Chemical Vapor Infiltration (CVI) and 
Electrophoretic Deposition (EPD) are the processes those have been conducted in order to fabricate the composites. In this study, 
CVI-SiC and EPD-SiC composites were neutron-irradiated in the BR2 reactor up to a fluence of 2.0-2.5×1024 n/m2 (E>0.1 MeV) 
at 333-363 K. Heat treatments were carried out with step-heating method in a precision dilatometer in order to understand their 
recovery behavior. The specimens were held each temperature step for 6 h. Length change was recorded during each isothermal 
annealing step from room temperature up to 1673 K with 50 K increment. Between 1473 K and 1523 K, the EPD composite 
recovered abruptly and completed. However, the CVI specimen did not recover completely even though it was heated up to 1673 
K. The recovery curves were analyzed with a first order model, and rate constants at each annealing step were obtained. 
Activation energies for both specimens were generally increased with increasing the annealing temperature, except for stage 2 in 
the CVI and stages 2 and 3 in the EPD specimens. Compared to the activation energies of monolithic SiC, nearly similar values 
were observed except for the activation energy at stage 4. So, the recovery processes of stage 4 for both specimens and stage 3 in 
the EPD specimen were different from those of high-purity monolithic SiC. 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Silicon carbide (SiC) has excellent properties such as low activation and short half-life by neutron irradiation, 
good thermal conductivity, resistance in high temperature condition and physical stability in severe neutron 
environment. Thus, it has been used as one of the layers in tristructural-isotropic (TRISO) fuel of high temperature 
gas-cooled reactors to retain fission products at elevated temperatures [1,2]. However, silicon carbide 
fiber-reinforced silicon carbide composites (SiCf/SiC) have been proposed for future nuclear applications because of 
avoiding brittle nature of monolithic SiC. SiCf/SiC composites are stable in an extreme and corrosive irradiation 
ambience and have become a candidate material for the first wall of fusion reactors. Newsome et al. [3] reported that 
SiCf/SiC composites were less swelled (1.4%) compared to CVD SiC (2.0%) after exposure to neutron irradiation up 
to 1 dpa at 573 K. In addition, our previous report stated that SiCf/SiC composites fabricated by chemical vapor 
infiltration (CVI), nano-infiltration transient eutectoid (NITE) and electrophoretic deposition (EPD) were swelled 
approximately 1.0%, compared with that of the monolithic SiC of 1.3% after the irradiation by intermediate neutron 
fluence (0.25 dpa) at 363 K [4].  

It is learned that crystalline defects introduced into SiC and SiCf/SiC composites by neutron irradiation 
particularly in nuclear reactor caused swelling and would degrade their mechanical and thermal properties, hence, 
lifetime of these ceramics would be less. Moreover, it is understood that the swelling of SiC and SiCf/SiC 
composites decreases by increasing the irradiation temperatures [5]. It is believed that recombination of interstitial 
atoms and vacancies occurred more frequently in irradiated SiC during neutron irradiation at elevated temperatures. 
Therefore, the swelling is smaller and accumulation of defects in SiC could be lesser during high temperature 
irradiation lower than 1273 K. Furthermore, study on recovery behavior of neutron-irradiated high-purity SiC and 
SiC with sintering additives showed the recombination occurred for closely positioned C and Si Frenkel pairs below 
1223 K. In addition, at 1323-1523 K, recombination of slightly separated C Frenkel pairs and more long-range 
migration of Si interstitials may have occurred. By determining the activation energy, both monolithic SiC 
specimens have similar recovery mechanism. However, the irradiated SiC ceramics containing 12 wt.% and 18 wt.% 
of sintering additives were shrunk by thermal annealing whereas they did not recover completely owing to the 
crystallization of secondary phases by annealing up to 1673 K [7,8]. 

Recovery behavior of neutron-irradiated monolithic SiC that constitutes the matrix of SiCf/SiC composites is 
relatively well understood by post-irradiation annealing method. Similar technique had been used in this study on 
SiCf/SiC composites to elucidate the recovery behavior at elevated temperatures. In this study, the neutron-irradiated 
SiCf/SiC composites fabricated by CVI and EPD were annealed from room temperature (RT) up to 1673 K in a 
precision dilatometer. The stability of defects in the SiC matrix and SiC fibers could be estimated from the length 
change during isothermal annealing. Furthermore, the effects of the sintering additives in the EPD specimen on their 
recovery behavior were examined and compared with those of the high-purity SiC and SiC with sintering additives 
[7,8]. In fusion reactors, the neutron dose can reach up to 200 dpa at elevated temperatures (1273 K). However, this 
study was conducted to understand the fundamental irradiation effects of SiCf/SiC composites. 

 

2. Experimental procedures 

2.1 Materials 
 

Two types of SiCf/SiC composites fabricated by CVI and EPD processes were evaluated in this study. 
Commercially available near stoichiometric SiC fibers (Tyranno™ SA3 fiber, Ube Industry, Japan) were used for 
the CVI composite. This composite was manufactured by Hyper-Therm High-Temperature Composite, Inc. 
(Huntington Beach, CA, USA). In the CVI process, SiC matrix was deposited from gaseous reactants on a heated 
SiC fiber preform at temperatures lower than 1473 K (<0.5 atm). The fiber was coated with a layer of pyrolytic 
carbon (PyC) of nominally 150 nm thickness using an isothermal isobaric CVI process as proper fiber/matrix 
interface. No sintering additives were used to fabricate the composite. Then, it was cut into bar shape of 25 mm x 2 
mm x 2 mm in size. 
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EPD method for carbon coating on SiC fibers (52 vol.%) and SiC matrix formation into SiC fiber cloths was 
applied for preparing the SiCf/SiC composite fabricated by sheet-stacking and hot-pressing. It was prepared at 
Tokyo Institute of Technology, Japan. Two dimensionally plain-woven polycrystalline Tyranno SA3 cloths as the 
reinforcement were used. In addition, sintering additives consisting of α-Al2O3 (14 mass%), Y2O3 (4 mass%) and 
CaCO3 (2 mass% as CaO) were utilized. The fiber/matrix interface was coated with a layer of carbon of nominally 
100 nm in thickness by EPD method. Its bulk density and open porosity were 2.8 g/cm3 and 9.3%, respectively [9]. 
This material was machined into bar shape of 25 mm x 1.5 mm x 2 mm in size. 

  
2.2 Neutron irradiation and post-irradiation annealing 
 

Both specimens were concurrently neutron-irradiated in BR2 reactor in Belgium up to a fluence of 2.0-2.5 x 1024 

n/m2 (E > 0.1 MeV, 0.2 - 0.25 dpa) at 333-363 K during 60 days. The CVI and EPD composites were swelled 
approximately 1.15% and 0.96% in length, respectively [4]. To examine the recovery behavior, the precision 
dilatometer (DIL 402C, NETZSCH, Germany) was used. Unirradiated and irradiated specimens of both composites 
were heated separately in flowing helium atmosphere (50 ml/min) from RT up to 1673 K by step increment of 50 K. 
At each step, the temperature was kept for 6 h. The detailed description of annealing procedures was described 
previously in the literature [7,10]. After the heat treatments up to the highest temperature, specimens were analyzed 
by X-ray diffractometry (XRD) to observe crystalline phases of composites and lattice parameter of SiC. 
 

3. Results and discussion 

Figure 1 shows recovery behavior of SiCf/SiC composites fabricated by CVI and EPD method using isochronal 
annealing (6 h) from RT up to 1673 K. The recovery starts around 373 K similar with the irradiation temperature 
(~363 K) for both specimens. Most of point defects induced by neutron-irradiation start to recombine at a 
temperature similar with the irradiation temperature. As the annealing temperature exceeds the irradiation 
temperature, swelling of the irradiated SiC starts to be eliminated [11]. During the recovery process, recombination 
rate of interstitial atoms and vacancies was relatively slow and continuous until ~1473 K for both specimens. 
Between 1473 K and 1523 K, the EPD composite recovered abruptly and the length completely returned to that 
before irradiation. However, the CVI specimen did not recover completely even though it was heated up to 1673 K. 
Previous study showed that monolithic NITE-SiC contained 12 wt.% of sintering additives was oxidized and shrunk 
through annealing process. In addition, nearly same specimen that contained 18 wt.% of sintering additives was not 
recovered completely owing to crystallization of secondary phase (YAG phase) [7,8]. Contrary, even it contained 
several types of sintering additives, the EPD specimen was recovered completely similar to that of high purity 
monolithic SiC. It is because SiCf/SiC composite fabricated by EPD process contains large amount of stoichiometric 
SiC fibers (52%). Thus, it has nearly similar property to high purity SiC. While, ~0.1% of swelling remained in the 
CVI composite to recover totally. From the XRD observation, SiC peaks of the irradiated specimens were shifted to 
lower angles, indicating of swelling due to point defects formation. However, the diffraction angles of SiC peaks of 
both composites were returned to the similar positions as the unirradiated specimens after the annealing at 1673 K, 
showing recovery of SiC crystals, as shown in Fig. 2.  

At low temperatures, recovery process mostly occurred by the recombination of interstitial atoms and vacancies. 
This annihilation process of defects could be explained as a first order reaction by the following equations [10];  
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