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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 alternative materials to remove Hg0 from energy utilization sectors is crucial to mercury control in atmosphere. CeO2 based 
catalysts were prepared by an incipient wetness impregnation (IWI) method. A novel Hg0 and HgT temperature-programmed 
surface reaction (Hg0-HgT-TPSR) was proposed in this study for the investigation of the prepared CeO2 based catalysts with the 
qualitative and quantitative analyses. The characteristic temperatures, the areas of adsorption region and desorption region, and 
activation energy with reaction kinetics were investigated to evaluate the performance. It was found that 2wt% Ce catalyst has 
the best mercury removal performance with the highest Hg0 removal ability and the lowest Ea. There was also small amount of 
Hg2+ detected which indicated the catalytic effect contributed. The results suggested that 2wt% Ce based binary catalysts could 
be the potential candidates to be investigated in the future study. 
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1. Introduction 

Mercury is considered as a threat to both human health and environment due to its features of toxicity, volatility, 
persistence and bioaccumulation 1-3. With the objective of protecting human health and environment from 
anthropogenic mercury emissions, more than 50 nations have officially participated in the Minamata Convention 
since 18th May, 2017 and this Convention has come into force on 16th August, 2017. The major mechanism by 
which mercury finds its way into atmosphere is anthropogenic emissions 4, 5.The Minamata Convention is concerned 
with controlling anthropogenic mercury emissions of five categories: Coal-fired power plants; Coal-fired industrial 
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boilers; Smelting and roasting processes used in the production of lead, zinc, copper and industrial gold, in the 
Convention and in this document as ‘non-ferrous metals’; Waste incineration facilities; and Cement clinker 
production facilities. Therefore, effective techniques on controlling mercury emission, especially those five 
categories of sources listed above, is of utmost need. 
 

Mercury released from anthropogenic sources has three forms: elemental mercury (Hg0), oxidized mercury (Hg2+) 
and particulate bound mercury (Hgp) 6, 7. Among them, Hg2+ can be easily captured by the wet flue gas 
desulfurization (WFGD) system while Hgp can be captured by particulate control devices 8, 9. The problem arises 
from Hg0 because it is highly volatile and hardly soluble in water 10-12, making it the most difficult to be removed. 
Therefore, removal of Hg0 flue gas from emission gas is crucial to mercury control in atmosphere. 
 

Activated carbon injection (ACI) is a mature technology to reduce Hg0 emission 13-16. Despite of its effectiveness 
to adsorb Hg0, the high cost associated with usage 11, 17, 18 and the negative effects on the saleable by-product from 
coal combustion 19-21 have made the wide application of ACI to be undesirable. Furthermore, the ACI technology is 
limited because it requires low concentration of inlet mercury and low reaction temperature 14, 17. To overcome the 
above limitations, other alternative methods on controlling Hg0 emission should be introduced.  
 

One of the alternative methods is catalytic oxidation of Hg0 by using metallic oxides 7, 10, 11, 22 such as copper 
oxides (CuOx), Cerium oxides (CeOx) and manganese oxides (MnOx) 22, 23. Being oxidized to Hg2+, mercury can 
then be easily removed by WFGD system. Based on previous research, CeO2 is the most promising one among all of 
the transition metal oxides 24, 25. The superiority of CeO2 comes from its resistance to sulfur dioxide (SO2), 
oxidization ability and outstanding oxygen storage capacity 24, 26. Nevertheless, CeO2 is not stable under high 
temperature25. In order to enhance thermal stability of CeO2, γ-alumina (γ-Al2O3) is employed as the support 
because of its excellent mechanical properties, good thermal stability and low cost27, 28. Consequently, a combination 
of CeO2 and γ-Al2O3 can be a feasible and effective catalyst for Hg0 oxidation. 
 

In this study, CeO2 catalyst supported by γ-Al2O3 is to be synthesized to oxidize Hg0. Experiments are carried out 
to investigate Hg0 oxidation performance of this synthesized catalyst. Effects of different concentration for CeO2 
under different temperatures is also rapidly investigated to find the condition of optimum catalyst performance.   
 

2. Material and methods 

CeO2 based catalysts were prepared by an incipient wetness impregnation (IWI) method in this study using γ-
Al2O3 as the support, which was described in detail elsewhere. Rare earth Ce metal was selected as metal precursor 
with different concentrations of metal salts Ce(NO3)3•6H2O (analytical grade, Sinopharm Chemical Reagent Co, 
Ltd.) used in this study.  

A novel Hg0 and HgT temperature-programmed surface reaction (Hg0-HgT-TPSR) was proposed in this study for 
the investigation of the prepared CeO2 based catalysts with the qualitative and quantitative analyses as described in 
our previous research. The characteristic temperatures, the areas of adsorption region and desorption region, and 
reaction kinetics were studied. 

3. Results & Discussions 

The temperature-programmed surface reaction (TPSR) was selected as an experimental method to analyse the 
performance of γ-Al2O3 supported CeO2 catalysts. Figure 1 shows the temperature-programmed surface reaction 
(TPSR) profile of HgT and Hg0. 
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Fig. 1. HgT-TPSR and Hg0-TPSR profiles of γ-Al2O3 supported Ce oxides. 

As can be seen from Fig. 1, Ce based catalyst displays a vigorous mercury absorption ability at a relative low 
temperature. Lowest concentration of Hg0 can be achieved with 2wt% Ce in catalyst. Therefore, 2wt% Ce catalyst 
has the best Hg0 removal performance. There was also small amount of Hg2+ detected with the gap between HgT and 
Hg0, which indicated the catalytic effect contributed. However, this phenomenon is of great important for the Ce 
based binary catalysts further study.  

Table 1 Characteristic temperatures of CeO2 based catalysts 
Sample 
 

Ta0 
(℃) 

Tra,peak 
(℃) 

Ta,peak 
(℃) 

Td0 
(℃) 

Trd,peak 

(℃) 
0.5Ce 
1Ce 
2Ce 
3Ce 
4Ce 
5Ce 

171.3 
148.8 
145.5 
196.9 
163.5 
190.6 

285.4 
234.3 
213.9 
271.9 
318 
282.3 

341.8 
338 
341.4 
397.1 
381 
400.2 

429.5 
433.3 
427.5 
459.8 
462.4 
453.6 

462.2 
444.8 
443.1 
472.7 
466.4 
460.5 

 
During the process of TPSR, different types of characteristic temperature for each of these catalysts have been 

recorded. The result has been summarised in table 1 by qualitative analysis. Those different types of characteristic 
temperature included in table 1 are initial adsorption (Ta0), adsorption rate peak (Tra,peak), adsorption peak (Ta, peak), 
initial desorption (Td0), desorption rate peak (Trd, peak) and desorption peak (Td, peak).   
 

All the characteristic temperatures can be selected as effective parameters to analyse the Hg0 capture performance 
of all the catalysts. According to the data in table 1, catalyst with 2wt% Ce has the lowest temperature for most of 
the characteristic temperatures when in comparison with the value of other catalysts. Regarding Ta0 and Tra,peak, the 
value of 2wt% Ce catalyst is the lowest temperature, which indicate that less energy is needed for 2wt% Ce catalyst 
to capture Hg0. Moreover, the Ta,peak is relative higher than that of  1wt% Ce catalyst, which suggest the effect 
temperature window for Hg0 capture extended. 
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Fig. 2. Amount of Hg0 adsorbed and desorbed over γ-Al2O3 supported Ce oxides 

By quantitative analysis, the areas of adsorption region and desorption region (in the Fig. 1) were obtained via the 
integration calculation of the areas below/above the baseline concentration of Hg0 as shown in Fig. 2. The calculated 
absolute adsorption areas enable the screening of the samples by identifying Hg0 adsorption ability. It is obvious that 
the adsorption area for 2wt% Ce catalyst had the maximum amount of Hg0 adsorbed. The catalysts with 1wt% Ce, 
3wt% Ce and 4wt% Ce showed slightly the same performance whilst the Hg0 adsorption ability decreased when 
catalysts with 0.5wt% Ce and 5wt% Ce with the shrinking of adsorption areas. 

Furthermore, the values of absolute desorption areas are following the same trend with that of the absolute 
adsorption areas. However, there is a gap between the two curves, which indicate that the catalytic effect may 
happen with the Hg2+ generated. The phenomenon could also be observed from the Fig. 1. Further work is needed to 
study this phenomenon in the future. 

Table 2 Reaction kinetics summary of γ-Al2O3 supported Ce oxides. 
Sample 

 
Slope 

 
Ea 

(kJ/mol) 
R2 
 

ΔXmax 
(%) 

0.5Ce 
1Ce 
2Ce 
3Ce 
4Ce 
5Ce 

-6917.78626 
-6880.72017 
-6376.60096 
-7069.58075 
-7375.21945 
-8214.37654 

57.51724208 
57.20905978 
53.01761102 
58.77932219 
61.3205246 
68.2976123 

0.93598 
0.91966 
0.96012 
0.99186 
0.98361 
0.95058 

24.88326286 
35.31628002 
41.02936347 
33.5344563 

33.19336765 
30.49307932 

 
In this research, activation energy with kinetic study was also carried out to evaluate the potential of individual 

candidate Ce catalysts for Hg0 capture, which was calculated using the modified Arrhenius plotting of Hg0 -TPSR 
experimental data in Fig. 1. The data with initial removal efficiency below 10% were selected for the calculation and 
the correlation was strong with a R2 above 0.95 as shown in the Table 2. It was found the 2wt% Ce catalyst had 
highest ΔXmax and the lowest Ea for Hg0 capture. Fig. 3 also clearly indicated that Ea decreased with the increasing 
amount of Ce until 2 wt% when reached a peak. After that, the Ea increased with the increasing amount of Ce. 
Therefore, based on the above results, less energy is needed for 2wt% Ce catalyst to capture Hg0, which results are 
useful for the Ce based binary catalysts study in the future. 
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Fig. 3. Activation energy of Hg0 oxidation over γ-Al2O3 supported Ce oxides 

4. Conclusion 
CeO2 based catalysts were developed as alternative materials to mercury control in atmosphere. An incipient 

wetness impregnation (IWI) method was adopted to prepare the samples. For the investigation of the prepared 
catalysts, a novel Hg0 and HgT temperature-programmed surface reaction (Hg0-HgT-TPSR) was proposed in this 
study with the qualitative and quantitative analyses. The characteristic temperatures, the areas of adsorption region 
and desorption region, and activation energy with reaction kinetics were investigated to evaluate the performance. It 
was found that 2wt% Ce catalyst has the best mercury removal performance with the highest Hg0 removal ability 
and the lowest Ea. There was also small amount of Hg2+ detected with the gap between HgT and Hg0, which 
indicated the catalytic effect contributed. However, this phenomenon is of great important for the Ce based binary 
catalysts further study. 
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