
ScienceDirect

Available online at www.sciencedirect.comAvailable 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 Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

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 ionic conductivity of solid electrolyte may insufficient, and the sensor output signal will deviate from the theoretical one in 
low temperature. The performance of oxygen sensor with Ag/air reference electrode (RE) and liquid Bi/Bi2O3 RE was tested in 
low-temperature LBE at 300°– 450°C and the charge transfer reactions impedance at the electrode-electrolyte interface was 
analyzed by electrochemical impedance analysis (EIS).  After steady state condition, both of the sensors performed well and can 
be used at 300°– 450°C. Bi/Bi2O3 RE has lower impedance than Ag/air RE. Therefore, the response time of the oxygen sensor with 
Bi/Bi2O3 RE is faster than the oxygen sensor with Ag/air RE in the low-temperature region. 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Measurement of oxygen concentration in liquid lead-alloy is necessary to control the oxygen concentration. The 
oxygen sensor has been proposed as the instrument to measure the oxygen content for the oxygen control in the lead-
alloy fast reactor (LFR) and Accelerator Driven System (ADS) [1]. The studies of oxygen sensor for use in liquid lead-

 

 
* Corresponding author. Tel.: +81-3-5734-2957; fax: +81-3-5734-2957. 

E-mail address: adhi.p.aa@m.titech.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 

Electrochemical impedance analysis on solid electrolyte oxygen 
sensor with gas and liquid reference electrodes for liquid LBE 

 Pribadi Mumpuni Adhia*, Nariaki Okubob, Atsushi Komatsub, Masatoshi Kondoc, 
Minoru Takahashic 

aDepartment of Nuclear Engineering, Tokyo Institute of Technology, 2-12-1-N1-18, Ookayama, Meguro-ku, Tokyo, 152-8550 Japan 
bNuclear Science and Engineering Center, Japan Atomic Energy Agency, 2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan 

cLaboratory for Advanced Nuclear Energy, Institute of Innovative Research, Tokyo Institute of Technology, 2-12-1-N1-18, Ookayama, Meguro-
ku, Tokyo, 152-8550 Japan

Abstract 

The ionic conductivity of solid electrolyte may insufficient, and the sensor output signal will deviate from the theoretical one in 
low temperature. The performance of oxygen sensor with Ag/air reference electrode (RE) and liquid Bi/Bi2O3 RE was tested in 
low-temperature LBE at 300°– 450°C and the charge transfer reactions impedance at the electrode-electrolyte interface was 
analyzed by electrochemical impedance analysis (EIS).  After steady state condition, both of the sensors performed well and can 
be used at 300°– 450°C. Bi/Bi2O3 RE has lower impedance than Ag/air RE. Therefore, the response time of the oxygen sensor with 
Bi/Bi2O3 RE is faster than the oxygen sensor with Ag/air RE in the low-temperature region. 
© 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. 

Keywords: Solid Electrolyte Sensor; Electrochemical Impedance Spectroscopy; Lead-bismuth Eutectic; Accelerator Driven System 

1. Introduction 

Measurement of oxygen concentration in liquid lead-alloy is necessary to control the oxygen concentration. The 
oxygen sensor has been proposed as the instrument to measure the oxygen content for the oxygen control in the lead-
alloy fast reactor (LFR) and Accelerator Driven System (ADS) [1]. The studies of oxygen sensor for use in liquid lead-

 

 
* Corresponding author. Tel.: +81-3-5734-2957; fax: +81-3-5734-2957. 

E-mail address: adhi.p.aa@m.titech.ac.jp 

2 Pribadi Mumpuni Adhi et al./ Energy Procedia 00 (2017) 000–000 

alloy at high temperature have been performed [2,3]. However, the range of working temperature of the coolant is 200 
- 500°C for the ADS reactor [4]. The ionic conductivity of solid electrolyte may insufficient, and charge-transfer 
reaction rate at electrode-electrolyte interface is low at low temperature. The response time of oxygen sensor is 
influenced by the oxygen ionic conductivity of solid electrolyte and charge-transfer reaction rate at reference electrode-
electrolyte interface [5]: 

½ O2(gas) + 2e-
(electrode) = O2- 

(electrolyte)                  (1) 

Therefore, the sensor output signal may deviate from the theoretical one derived from Nernst equation at low 
temperature. It had been reported that solid electrolyte YSZ material can be used down to 300°C in LBE [6]. Thus, the 
minimum temperature that we investigated start from 300°C.    

From the previous study, Courouau et al. [7] had accuracy of 40% at the condition 280°-550°C, 10-14 -10-3wt%, 
through the comparison between experimental results and theoretical formulation. Courouau [8] pointed out that a 
lower operating temperature than 350°C is possible but with a lower accuracy. Wu et al. [9] just proposed calibration 
method of YSZ oxygen sensor by varying hydrogen to water steam ratio in liquid LBE at temperature from 300°C to 
450°C. They [7-9] only used Bi/Bi2O3 reference electrode (RE). But the other type of RE should be tested to see the 
accuracy. Since the performance of Ag/air RE was good in our result, our new proposal is to use Ag/air RE in liquid 
LBE at temperature below 450°C. It is necessary to find optimum material for the selection of RE of oxygen sensor 
at the low-temperature region lower than 450°C. The originality of the present study is to find the optimum material 
for the selection of RE of oxygen sensor at the low-temperature from 350°C to 450°C. 

Another originality of the present study is to use electrochemical impedance spectroscopy (EIS) method to find the 
optimum material as mentioned above. The EIS method has been used to judge the condition of solid electrolyte and 
environment condition, such as short circuit and PbO deposited on the surface of electrolyte [1]. However, the EIS 
method has additional ability to analyze the charge transfer reactions impedance at electrode-electrolyte interface to 
determine the optimum material for RE of oxygen sensor [10]. The optimum material of RE should have lower charge 
transfer reaction impedance by means lower charge transfer resistance. This paper is the first paper to apply EIS 
method to determine the optimum material by analyse charge transfer reaction impedance. 

The purpose of this study is to investigate the cell potential (E) of oxygen sensors with Ag/air RE and Bi/Bi2O3 RE 
in liquid LBE at temperature 300 - 450°C as preliminary check and to analyse the impedance of oxygen sensor with 
Ag/air RE and Bi/Bi2O3 RE in liquid LBE at temperature 350 and 450°C to determine the optimum material of RE.  
Nomenclature 

A Effective contact area between eletrode and electrolyte (cm2) 
C  Capacitance (f) 
Cdl  Double layer capacitance (f) 
CO  Oxygen concentration in LBE (wt%) 
CO,s   Oxygen concentration of oxygen saturated condition in LBE (wt%) 
F Faraday constant, =96485 (C/mol) 
�O,LBE

EX   Excess molar Gibbs free energy of LBE (J/mol) 
l Thickness of solid electrolyte (cm) 
PO2

ref  Oxygen partial pressure in reference electrode (bar) 
PO2

wor  Oxygen partial pressure in working electrode (bar) 
R  Gas constant, =8.314 (J/K.mol) 
Rel  Resistance of solid electrolyte (Ω) 
Rct  Charge-tranfer reaction resistance (Ω.cm2) 
T  Absolute temperature (K) 
��Bi2O3�   Gibbs free energy for formation of Bi2O3 (J/mol) 
σ  Conductivity of solid electrolyte (S/cm) 
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