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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 

To estimate the applicability of thiodiglycolamide-type extractant-impregnated adsorbents to separation of the platinum group 
metals (PGMs) from high-level liquid waste, radiation effects on the adsorption behavior of PGMs onto a macroporous silica-
based (Crea-TOA)/SiO2-P absorbent and on the stability of the adsorbent were investigated by using γ-rays emitted from 60Co, 
and the results were compared with those obtained using (MOTDGA-TOA)/SiO2-P. A difference in adsorption behaviors of 
PGMs onto the two adsorbents was not observed with or without irradiation up to 100 kGy of the absorbed dose. Decomposition 
of the impregnated extractants and degradation of the adsorption capability increased with increasing absorbed dose, but the 
distribution coefficient of Pd remained >102 up to approximately 250 kGy. The retention ratio of loaded PGMs gradually 
decreased with increasing absorbed dose. From these results, the adsorbents were considered to be useful for the adsorption of 
PGMs irrespective of whether the adsorption system was irradiated, except for when the adsorbent was irradiated by a very large 
dose. 
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1. Introduction 

Separation and recovery of platinum group metals (PGMs), namely Ru, Rh and Pd, contained in high-level liquid 
waste (HLLW) emitted from reprocessing of spent nuclear fuel (SF) by the PUREX process have been studied as a 
problem in nuclear chemistry, since PGMs are known to make vitrification of the waste difficult. In addition, the 
recovered PGMs can be considered to be a favorable semi-domestic resource [1–4]. The PGMs are scarce and highly 
demand elements for use as automotive catalysts, dental materials, and electrical devices, but their natural 
occurrence is unevenly distributed around the world [2, 3]. In SF, large amounts of PGMs are produced (~5.6 
kg/1tHU, PWR, UO2 fuel, 45 GWd/t, 5 years cooling), and while most nuclides of PGMs (Ru, Rh and Pd) are stable, 
other nuclides are short-lived or weakly radioactive isotopes [5]. For example, 106Ru (with a half-life of 371.8 days) 
and 102Rh (with a half-life of 207.3 days) are short-lived nuclides, and 107Pd is weakly radioactive isotope with a 
maximum energy of 34 keV (half-life = 6.5 × 106 years). As such, the reuse of the recovered PGMs after several 
decades of decay can be considered to be reasonable. In addition, the removal of PGMs is thought to lead to 
minimized nuclear waste. 

Numerous recovery methods have been reported for separation of PGMs from HLLW, such as precipitation [6,7], 
ion exchange [8, 9] and solvent extraction [10, 11]. Compared with these methods, extraction chromatography using 
solid state adsorbents has many attractive advantages, such as minimum use of organic diluents, compact equipment, 
easy phase separation, and less waste accumulation. Moreover, highly selective adsorbents can be obtained by fixing 
of highly selective extractant in the solid support. Specifically, a macroporous silica/polymer composite support 
(SiO2-P) has higher resistance to acid and radiation degradation compared to organic resin [12]. “P” in the SiO2-P 
indicates a styrene–divinylbenzene copolymer immobilized inside the macroporous SiO2 by polymerization. To 
separate the PGMs, in our previous studies, macroporous silica-based (MOTDGA-TOA)/SiO2-P and (Crea-
TOA)/SiO2-P adsorbents were developed by impregnating N,N’-di-methyl-N,N’-di-n-octyl-thiodiglycolamide 
(MOTDGA), N,N’-di-methyl-N,N’-di-n-hexyl-thiodiglycolamide (Crea) and tri-n-octylamine (TOA) into the SiO2-P 
support [13-15]. The adsorbents showed good affinity for PGMs and the possibility of chromatographic separation 
of PGMs from HLLW; (MOTDGA-TOA)/SiO2-P was suggested for use in the separation of Pd from Cs- and Sr-
group-separated HLLW using our partitioning process that was based on a column-separation technique that used 
five kinds of macroporous silica-based adsorbents [16]. In addition, radiation effects on the adsorption of PGMs onto 
the (MOTDGA-TOA)/SiO2-P adsorbent in simulated HLLW, the stability of the adsorption, and the PGMs’ 
retention capability under radiation was studied using γ-rays emitted from 60Co [17]. The (MOTDGA-TOA)/SiO2-P 
adsorbent showed degradation of the capabilities as a function of the absorbed dose, but the adsorption behavior 
under γ-ray irradiation was similar to that without irradiation up to about a 100 kGy dose. 

In this work, the effects of radiation on the adsorption system with (Crea-TOA)/SiO2-P was investigated in the 
same way as our previous work, and the results were compared with those of the system with (MOTDGA-
TOA)/SiO2-P [17]. The investigation was carried out focusing on the adsorption behavior of PGMs under γ-ray 
irradiation, the degradation of PGMs’ adsorption capability by radiolysis of the extractant, and the retention 
capability of adsorbed PGMs. 

Because Crea is a commercially available thiodiglycolamide (TDGA)-type extractant with a lower cost of raw 
materials than MOTDGA, using (Crea-TOA)/SiO2-P as a substitute for (MOTDGA-TOA)/SiO2-P was thought to 
lead to cost reduction in the partitioning process and supply stabilization of TDGA. 

2. Materials 

The extractants, N,N’-dimethyl-N,N’-di-n-hexyl-thiodiglycolamide (Crea, [C6H14N(CH3)C(O)CH2]2S), which is 
marketed as Creastar Pd-EX, and tri-n-octylamine (TOA, (C8H17)3N) were purchased from Wako Pure Chemical 
Industries, Inc. and used without purification. The molecular structures of Crea and TOA are illustrated in Fig. 1. 
The macroporous silica-based (Crea-TOA)/SiO2-P adsorbent was prepared by immobilizing the extractants on the 
SiO2-P support based on the impregnation method [13,14]. The compositions of the adsorbents under the preparation 
conditions are summarized in Table. 1. 

The ruthenium nitrosyl nitrate solution (1.5 wt%), rhodium nitrate solution (10 wt%), and palladium nitrate 
solution (4.5 wt%) were purchased from Sigma-Aldrich Chemical Co. Other chemicals, such as RE(NO3)3·6H2O 
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(RE = La, Ce, Nd, Sm or Gd), ZrO(NO3)2·2H2O and (NH4)6Mo7O24·4H2O, were supplied by Kanto Chemical Co. A 
solution of metal ions was prepared by adding the metal reagents to HNO3 and distilled water to acieve the desired 
concentration. 

 

  
Crea TOA 

Fig. 1 Molecular structures of Crea and TOA. 
 

Table. 1 Compositions of prepared adsorbents (preparation conditions) 
 TDGA TOA SiO2-P 

(Crea-TOA)/SiO2-P 25 wt% (0.73 mmol/g) 25 wt% (0.69 mmol/g) 50 wt% 

2.1. γ-ray irradiation 

γ-ray irradiation experiments were carried out using a 60Co source at room temperature in the 60Co Irradiation 
Facilities, Takasaki Advanced Radiation Research Institute, National Institutes for Quantum and Radiological 
Science and Technology (formerly Japan Atomic Energy Agency). Dosimetry was conducted using a K2Cr2O7 
aqueous solution dosimeter and cellulose triacetate film dosimeter (FUJIFILM FTR-125). The measured dose was 
converted to the absorbed dose of the sample using a ratio between mass energy absorption coefficient of the 
dosimeter and the sample. The mass energy absorption coefficient of each material was calculated from the 
elemental weight ratio and the mass energy absorption coefficient of each element for a photon at 1.25 MeV, which 
is the average energy of  γ-rays emitted from 60Co [18]. 

2.2. Batch adsorption behavior under radiation field 

The irradiation effects of γ-rays on the adsorption behavior of simulated FP ions onto the adsorbent were 
examined by a batch method. 0.20 g of dry adsorbent and 4 cm3 of simulated HLLW which was 3.0 M HNO3 
solution containing typical FP ions were packed into a glass vial. The sample was shaken by a radiation-proof 
shaker (TAITEC) while being irradiated with γ-rays for a desired time. After shaking and irradiation, the liquid 
phase was separated from the solid phase by filtration. The concentrations of metal ions in the liquid phase before 
and after adsorption were analyzed by an Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) 
(SII NanoTechnology SPS3500). The uptake ratio (%) of metal ions was calculated using Eq. (1). 

  100ratio Uptake 0t0  CCC    (1) 

C0 and Ct are the concentrations (mM) of metal ions in the solution in the beginning and at time t, respectively. 

2.3. Radiation stabilites of the adsorbent 

Radiation stabilities of the adsorbents were evaluated by focusing on the elution of impregnated extractant based 
on a batch method using γ-ray irradiation. The adsorbents were mixed in a 3.0 M HNO3 solution in a glass vial at 
phase ratios of 20 and 1.5 cm3/g and irradiated statically up to the desired absorbed dose. The irradiation ratio was 
changed depending on the desired dose for each sample to achieve a uniform solid-liquid contact time. After 
irradiation, the concentration of dissolved organic carbon in the liquid phase after filtration through a hydrophilic 
PTFE 0.20 μm filter was analyzed by a total organic carbon (TOC) analyzer (Shimadzu TOC-VSCN). Then, the 
retention ratio of carbon was calculated using Eq. (2). 

  1001 CC  mVATOCR    (2) 
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