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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

In this work immobilization of Sr long-lived fission product (LLFP) was evaluated using stable isotope instead of radioactive
isotope. Nano-emulsion technique was applied for synthesis calcium - strontium hydroxyapatite as the inert matrix for 
transmutation of LLFP at room temperature. X-ray powder diffraction analysis accompanied reviled that synthesized powders
were single-phase hydroxyapatite and they displaying solid solutions over the full range of relative concentrations. Field emission 
scanning electron microscopy analysis reveals that the synthesized hydroxyapatite particles were spherical in shape and that their 
sizes were in the nanometer range. At higher temperature shape is changed due to the sintering process. Nano-emulsion strategy 
procedure provides a simple pathway for immobilization of Sr isotopes as a single-phase Sr hydroxyapatite at room temperature. 
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1. Introduction

Mineral hydroxyapatite (denoted as HAp) is known as a phase with extensive compositional variation. The 
structure and chemistry of HAp allow for numerous substitutions, including a multitude of metal cations, i.e., K, Na, 
Mn, Ni, Cu, Co, Zn, Sr, Ba, Pb, Cd, Sb, Y, U.., which substitute Ca in structure. Although these substitutions are 
usually in trace concentrations, the presence of HAp in geological environments (igneous rocks, metamorphic rocks, 
and low temperature sedimentary and hydrothermal environments) can strongly influence their trace element 
signature and evolution [1,2]. Especially are important elements which have radioisotopes and can be utilized as 
geochronometers. Therefore, dating of apatite has become an important tool for studying rocks in which it is found.

Apatite materials have a number of useful applications including bone tissues [3], fertilizer [4], ionic conductors 
[5], fission track dating of geological record, and nuclear waste applications [6]. Apatite was suggested for storage 
of a number of nuclear wastes including I, Cs, Sr, rare earth elements, and actinides (e.g., U, Th). Thus, HAp has a 
great potential for storage of a number of radioactive nuclear waste elements because of its long-term durability and 
irradiation stability. 

Nuclear power plants generate spent nuclear fuels containing large amount of fission products, among them more 
dangerous are unstable isotopes known as radioactive waste. Thus the disposal of radioactive waste becomes a 
critical issue. One of the more important products of nuclear fission is 90Sr which presents a health problem due to 
substitutes for Ca in bone, preventing expulsion from the body. On the other side, one of the most common 
substituent in HAp is strontium and there is a continuous solid solution between Ca- and Sr end-members in 
synthetic hydroxyapatite, although the Sr end-member is still not found in nature [7,8]. Hence optimizing the 
nuclear waste performance could be managed through different apatite compositions, i.e., Ca-Sr solid solution. 

The great variety of methods for powder synthesis had been published in the literature. One of the most promising 
methods to produce a single phase and highly pure powders with a precise stoichiometry is the liquid-liquid 
nucleation process, known as Ouzo effect [9].

According to the literature data Sr-doped Ca- hydroxyapatite powders have not been obtained by this method so 
far [10]. The effect of dopant concentration on stability of apatite solid solution was examined in order to consider 
the possibility of using ceria as a host material for storage of radioactive 90Sr isotope.

2. Experimental work

The end-members Ca and Sr HAp (denoted as CHAp and SHAp, respectively) as well as their solid solutions with 
varying compositions of same chemical elements were synthesized using analytical grade Ca(NO3)2·4H2O, 
Sr(NO3)2·4H2O (Riedel-de Haën, 99% purity), (NH4)2HPO4 (Riedel-de Haën, 99% purity) and analytical grade 
acetone. An acetone solution of Ca(NO3)2·4H2O was mixed with an aqueous solution of (NH4)2HPO4 at a molar 
ratio of (Ca2+; Ca2++Sr2+; Sr2+) : PO4

3- = 1.67 : 1 using a magnetic stirrer. The aqueous solution was adjusted to pH 
11 with sodium hydroxide (1 M) prior to mixing. The mixed solutions were stirred for 5 min at temperature below 
the boiling point of acetone of 56.3 °C. In experiments, no surfactant was used. The resultant nanoprecipitates in the 
solutions were immediately filtered using a vacuum filtration set to avoid particle agglomeration and then washed 
three times using deionized water. Obtained slurry was dried at 70 °C during the night. 

The phase purity and crystallinity of obtained HAp powders were examined using X-ray diffraction (Riguku 
Ultima IV, Japan). The X-ray beam was nickel-filtered CuKα1 radiation (λ = 0.1540 nm, operating at 40 kV and 40 
mA). XRD data were collected from 5 to 80° (2θ) at a scanning rate of 5°/min. Phase analysis accompanied with 
Rietveld refinement was done by using the PDXL2 software (version 2.0.3.0), with reference to the patterns of the 
International Centre for Diffraction Database (ICDD), version 2012. Calculation of the average crystallite size (D) 
was performed on the basis of the full width at half maximum intensity (FWHM) of the hkl (211) reflection by using 
Scherrer’s formula [11]:

Dhkl = 0.9λ / β · cosθ (1)

where λ is the wave lengths of the X-rays, θ is diffraction angle, β is corrected half-width for instrumental 
broadening β = (βm − βs), βm observed half-width and βs is half-width of the standard CeO2 sample.
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