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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 Mo(V) and Mo(VI) isotope fractionation using typical anion-exchange resins was investigated in 0.10 M 
(M = mol / dm3) HCl solutions at 308 and 338 K. The examined resins were benzimidazole-type anion-exchange 
resin embedded in high-porous silica beads, which has two types of functional groups consisting of 1-
methylbenzimidazole and 1,3-dimethylbenzimidazole (AR-01(Cl form)), weakly basic porous-type WA20 resin 
(WA20(Cl form)), and PA316 resin, which is one of porous-type strongly basic anion-exchange resin (PA316(Cl 
form)). As a result, the isotope separation coefficients of Mo(VI) species were obtained by using the isotope 
fractionation curve of Mo(VI) species with AR-01(Cl form) and WA20(Cl form) resins while we couldn’t observe 
the Mo(VI) isotope fractionation in case of PA316 resin and the Mo(V) isotope fractionation using these resins. It 
may be suggested that these tendencies for the Mo isotope fractionation are caused by the weak adsorption of 
Mo(VI) species onto PA316 resin and the strong adsorption of Sn species used for reduction of Mo(VI) species for 
these resins. 
 
© 2017 The Authors. Published by Elsevier Ltd. 

 

 
* Corresponding author. Tel.: +81-258-47-9570; fax: +81-258-47-9570. 

E-mail address: yu_tachibana@vos.nagaokaut.ac.jp 

 

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 under responsibility of the organizing committee of the 5th International Symposium on Innovative Nuclear Energy Systems.  

5th International Symposium on Innovative Nuclear Energy Systems, INES-5, 31 October – 2 
November, 2016, Ookayama Campus, Tokyo Institute of Technology, JAPAN 

Effect of valence state on chromatographic fractionation of 
molybdenum isotope in aqueous hydrochloric acid solutions 

 Yu Tachibanaa,*, Andri Rahma Putraa, Toshitaka Kaneshikib, Masanobu Nogamic, 
Tatsuya Suzukia, Masao Nomurab 

 
aDepartment of Nuclear System Safety Engineering, Graduate School of Engineering, Nagaoka University of 

Technology, 1603-1, Kamitomioka-machi, Nagaoka, Niigata 940-2188, Japan 
bLaboratory for Advanced Nuclear Energy, Tokyo Institute of Technology, 2-12-1, Ookayama, 

Meguro-ku, Tokyo 152-8550, Japan 
cDepartment of Electric and Electronic Engineering, Kindai University, 3-4-1, Kowakae, 

Higashiōsaka-shi, Osaka 577-8502, Japan 

Abstract 

The Mo(V) and Mo(VI) isotope fractionation using typical anion-exchange resins was investigated in 0.10 M 
(M = mol / dm3) HCl solutions at 308 and 338 K. The examined resins were benzimidazole-type anion-exchange 
resin embedded in high-porous silica beads, which has two types of functional groups consisting of 1-
methylbenzimidazole and 1,3-dimethylbenzimidazole (AR-01(Cl form)), weakly basic porous-type WA20 resin 
(WA20(Cl form)), and PA316 resin, which is one of porous-type strongly basic anion-exchange resin (PA316(Cl 
form)). As a result, the isotope separation coefficients of Mo(VI) species were obtained by using the isotope 
fractionation curve of Mo(VI) species with AR-01(Cl form) and WA20(Cl form) resins while we couldn’t observe 
the Mo(VI) isotope fractionation in case of PA316 resin and the Mo(V) isotope fractionation using these resins. It 
may be suggested that these tendencies for the Mo isotope fractionation are caused by the weak adsorption of 
Mo(VI) species onto PA316 resin and the strong adsorption of Sn species used for reduction of Mo(VI) species for 
these resins. 
 
© 2017 The Authors. Published by Elsevier Ltd. 

 

 
* Corresponding author. Tel.: +81-258-47-9570; fax: +81-258-47-9570. 

E-mail address: yu_tachibana@vos.nagaokaut.ac.jp 

2 Author name / Energy Procedia 00 (2017) 000–000 

Peer-review under responsibility of the organizing committee of the 5th International Symposium on Innovative Nuclear Energy 
Systems. 

Keywords: Molybdenum isotope fractionation; valence state; anion-exchange chromatography; hydrochloric acid solution; adsorption 
mechanism 

 

1. Introduction 
99mTc, a metastable isomer of 99Tc, is of great interest from the viewpoint of the medical use of nuclear 

diagnostics due to the half life of T1/2 = 6.015 h and 143 keV [1]. In case of Japan, 99Mo, a raw material of 99mTc, has 
been imported from foreign countries such as Canada, Netherlands, and Belgium, etc. [2]. Nowadays, most 99Mo is 
produced by using nuclear research reactors with highly enriched 235U (HEU), which has intrinsically some serious 
worries for nuclear proliferation. These reactors have been getting decrepit and the realistic costs for specialized 
facilities for chemical treatments, storages, and the disposal of large amounts of highly radioactive wastes are not 
reasonable [3]. Recently, some researchers have suggested that 99Mo can be produced using the respective reactions 
of 98Mo(n, γ)99Mo, 100Mo(n, 2n)99Mo, and 100Mo(p, x)99Mo reactions [2,4]. Before their nuclear reactions, it also has 
been required to enrich 98Mo or 100Mo isotope for preparation of the enriched 99Mo isotope because of comparatively 
low natural abundance of 98Mo and 100Mo isotopes. The Mo isotope fractionation in chemical reactions is also 
particularly interesting for geochemists [5-7]. Our works which have examined the mechanisms of Mo isotope 
fractionation in solutions, may contribute to the understanding the nature of the isotope fraction of Mo in the natural 
world. Some researchers have studied the chemical enrichment of various nuclides by using chromatography [8-23]. 
In analogy of them, we have also performed some chromatographic isotope separation experiments of hexavalent 
Mo species using the synthesized benzimidazole-type anion-exchange resin embedded in high-porous silica beads in 
hydrochloric acid solutions [22]. It has been known that Mo species has various chemical forms in aqueous solutions 
and seven stable isotopes in nature [22]. In other words, the systematic understanding of adsorption and desorption 
behavior of Mo species is inevitable, compared with other elements. However, the chemical data on isotope 
fractionation of medium-heavy elements such as Mo are not well-known. Little information on the effect of different 
valence states on chromatographic fractionation of Mo isotopes in hydrochloric acid solutions is available. 

From these backgrounds, we have examined the effect of valence states on Mo isotope fractionation behavior 
in the hydrochloric acid solutions using typical anion-exchange resins (see Figure 1) such as benzimidazole-type 
anion-exchange resin embedded in high-porous silica beads, which has two types of functional groups consisted of 
1-methylbenzimidazole and 1,3-dimethylbenzimidazole (AR-01(Cl form)), weakly basic porous-type WA20 resin 
(WA20(Cl form)), and PA316 resin, which is one of porous-type strongly basic anion-exchange resin (PA316(Cl 
form)). 
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