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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

• Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

• University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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The Relation between Renewable Energy and Circular 

Economy 
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HIAST, CNR, CRF, DCU and UWS. Prof Olabi has supervised 

postgraduate research students (10 M.Eng and 30PhD) to successful 

completion. Prof Olabi has edited 12 proceedings, and has published 

more than 135 papers in peer-reviewed international journals and 

about 135 papers in international conferences, in addition to 30 book 

chapters. In the last 12 months Prof Olabi has patented 2 innovative 

projects. Prof Olabi is the founder of the International Conference on Sustainable Energy 

and Environmental Protection SEEP, www.seepconference.co.uk 

 

He is the Subject Editor of the Elsevier Energy Journal 

https://www.journals.elsevier.com/energy/editorial-board/abdul-ghani-olabi, also 

Subject editor of the Reference Module in Materials Science and Materials Engineering  

http://scitechconnect.elsevier.com/reference-module-material-science/ and board 

member of a few other journals. Prof Olabi has coordinated different National, EU and 

International Projects. He has produced different reports to the Irish Gov. regarding: 

Hydrogen and Fuel Cells and Solar Energy. 
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Plenary Talk on 

Energy Footprints Reduction and Virtual Footprints 

Interactions 

 
JIŘÍ JAROMÍR KLEMEŠ2& PETAR SABEV VARBANOV 

 
Increasing efforts and resources have been devoted to research during environmental studies, 

including the assessment of various harmful impacts from industrial, civic, business, 

transportation and other economy activities. Environmental impacts are usually quantified 

through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient 

and useful indicators to use within LCA. The footprint assessment techniques has provided a 

set of tools enabling the evaluation of Greenhouse Gas (GHG) – including CO2, emissions 

and the corresponding effective flows on the world scale. From all such indicators, the energy 

footprint represents the area of forest that would be required to absorb the GHG emissions 

resulting from the energy consumption required for a certain activity, excluding the proportion 

absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for 

hydropower. 

 

An overview of the virtual GHG flow trends in the international trade, associating the GHG 

and water footprints with the consumption of goods and services is performed. Several 

important indications have been obtained: (a) There are significant GHG gaps between 

producer’s and consumer’s emissions – US and EU have high absolute net imports GHG 

budget. (b) China is an exporting country and increasingly carries a load of GHG emission 

and virtual water export associated with consumption in the relevant importing countries. (c) 

International trade can reduce global environmental pressure by redirecting import to products 

produced with lower intensity of GHG emissions and lower water footprints, or producing 

them domestically.  

 

To develop self-sufficient regions based on more efficient processes by combining 

neighbouring countries can be a promising development. A future direction should be focused 

on two main areas: (1) To provide the self-sufficient regions based on more efficient processes 

by combining production of surrounding countries. (2) To develop the shared mechanism and 

market share of virtual carbon between trading partners regionally and internationally.
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Plenary Talk on 

Renewable energy sources for environmental protection 
 

HAKAN SERHAD SOYHAN4 

 

Development in energy sector, technological advancements, production and consumption 

amounts in the countries and environmental awareness give shape to industry of energy. 

When the dependency is taken into account in terms of natural resources and energy, 

there are many risks for countries having no fossil energy sources. Renewable and clean 

sources of energy and optimal use of these resources minimize environmental impacts, 

produce minimum secondary wastes and are sustainable based on current and future 

economic and social societal needs. Sun is one of the main energy sources in recent years. 

Light and heat of sun are used in many ways to renewable energy. Other commonly used 

are biomass and wind energy. To be able to use these sources efficiently national energy 

and natural resources policies should be evaluated together with the global developments 

and they should be compatible with technological improvements. Strategic plans with 

regard to energy are needed more intensively and they must be in the qualification of a 

road map, taking into account the developments related to natural resources and energy, 

its specific needs and defining the sources owned by countries. In this presentation, the 

role of supply security was evaluated in term of energy policies. In this talk, new 

technologies in renewable energy production will be shown and the importance of supply 

security in strategic energy plan will be explained.
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Capturing Sulfur Dioxide from Flue Gas by Iron (II) 

Hydroxide 
 

ÖZGÜ YÖRÜK, DUYGU UYSAL & BEKIR ZÜHTÜ UYSAL 6 

 
Abstract The possibility of utilization of iron (II) hydroxide slurry in wet 

flue gas desulfurization (WFGD) was investigated.  The most important 

feature for selecting iron (II) hydroxide as the sorbent was that iron sulfate 

formed by sulphur dioxide capture can easily be converted back into iron 

(II) hydroxide with sodium hydroxide. Thus, it is a reusable chemical 

system.  An 80 mm diameter bubble column with active liquid height of 

600 mm was used in the experimental study.  The experiments were carried 

out at atmospheric pressure and room temperature. The system was 

operated continuously with respect to both liquid and gas. Air containing 

500 ppm sulfur dioxide was used as the gas phase and its velocity was 

changed between 3.58-11.60 L/min. The liquid phase was iron (II) 

hydroxide-water slurry (0.4 wt %) and its velocity was varied between 0.5 

and 1.5 L/min. The sulfur dioxide concentration in the outlet gas was 

measured by a gas chromatograph.  Liquid samples were analyzed by a 

calibrated spectrophotometer at 420 nm wavelength. Using the 

experimental data, the amount of absorbed SO2 was determined, the overall 

mass transfer coefficients were calculated and a correlation for mass 

transfer coefficient was developed. 

 

Keywords: • sulfur dioxide • flue gas desulfurization • iron (II) hydroxide 

• bubble column • mass transfer coefficient •.
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1 Introduction 

 

The air pollution caused by increasing energy consumption is a global problem. Sulfur 

dioxide emitted from the combustion of fossil fuels like coal, petroleum and other factory 

combustibles is one of the major causes of air pollution [1]. Sulfur dioxide is toxic, 

harmful to human health and causes serious air and environmental pollution. Hence, 

removal of sulfur dioxide from flue gas is very important in controlling air pollution. Its 

importance is constantly increasing with lowered legal emission limit values specified for 

air pollution control.  

 

To control the sulfur dioxide emission, various flue gas desulfurization (FGD) processes 

have been developed and applied worldwide as post-combustion desulfurization 

processes. Among different methods, wet flue gas desulfurization (WFGD) is more 

common technology and widely used because of the high desulfurization efficiency, 

reliability and its capability of capturing particulates as well [2]. 

 

Lime slurries which are calcium-based absorbents are most commonly employed in 

WFDG systems all over the world for its high SO2 absorption efficiency [3].  Another big 

advantage of systems using lime slurries is that it is a cheap and easily available material. 

However, the disadvantages of such systems are that it is non regenerative, and that the 

formed slag and other wastes cannot be safely removed [4]. Therefore, the development 

of technologies for SO2 capture with reusable chemicals has attracted much attention. 

 

In this work, a different solution was used, which was not tried before, and the absorption 

of sulfur dioxide to the iron (II) hydroxide solution was carried out. Absorption of sulfur 

dioxide into the iron (II) hydroxide solution is a chemical absorption, which takes place 

according to the reaction given below. 

 

SO2 + Fe(OH)2 + 1
2⁄ O2 → FeSO4 + H2O     (1) 

 

The most important factor in selecting iron (II) hydroxide is the recycling property and 

reusability of iron (II) hydroxide. The recycling reaction is given below. 

 

FeSO4 + 2NaOH → Fe(OH)2 + Na2SO4     (2) 

 

Another important factor affecting the choice of iron (II) hydroxide is its anticipated 

capability of utilization of magnetic field in effort of improving its SO2 capture efficiency. 

This will be investigated in the next stage of the present research.  
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2 Materials and Methods 

 

2.1 Experimental setup 

 

Experimental studies for the absorption of sulfur dioxide into the iron (II) hydroxide 

slurry were carried out in a bubble column (Figure 1). The diameter of the bubble column 

used was 80 mm and the liquid height was 600 mm. The system was operated 

continuously with respect to both liquid and gas in countercurrent mode.  The liquid 

velocity was changed as 0.54, 0.83, 1.12 and 1.50 L/min. The gas velocity was changed 

as 10, 15, 20, 25 and 30 L/min. Air containing 500 ppm sulfur dioxide was used as the 

gas phase. The sulfur dioxide concentration in the outlet gas was measured by using SRI-

310C gas chromatography device. Porapak-Q column was used and helium was used as 

carrier gas in the gas chromatography.  Liquid samples were analyzed by a calibrated 

spectrophotometer, which was Optima SP-300, at 420 nm wavelength. The mass balance 

was verified by both gas and liquid analyses.  

 

 
Figure 1. Experimental Setup 

 

2.2 Estimation of overall mass transfer coefficient 

 

The overall volumetric mass transfer coefficient based on gas phase was calculated from 

the data obtained experimentally using the following equations [5]. Firstly, mass balance 

for SO2 can be written as follows, 

 

VL . dCL = VG . dCG = W        (3) 

 

W is SO2 absorption rate (mol/s). VL and VG are the volumetric flow rates of liquid and 

gas, respectively, in (m3/s), and CL and CG are concentrations of SO2 in liquid and in gas, 

respectively, in (mol/m3). 

 

The absorption rate can be related to the average mass transfer flux as, 

  0.5% SO2 

99.5% Air 
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VG . dCG = N̅SO2
a Sc dz         (4) 

 

Where, a is the interfacial area (m2/ m3 column), N̅SO2
 is the average mass transfer flux 

(mol/m2.s), Sc is the cross-sectional area of the column (m2). The average mass transfer 

flux can be expressed in terms of the overall mass transfer coefficient (m/s) as given 

below. 

 

N̅SO2
= KC(CG − C∗)        (5) 

 

C∗ is the concentration of solute (SO2) in gas which would be in equilibrium with CL. For 

a fast chemical reaction such as the one shown by Equation (1), it can reasonably be 

assumed that SO2 concentration in liquid will be zero(CL = 0).  The concentration of 

solute in gas in equilibrium with zero concentration in liquid will also be zero.  Hence, 

Equation (5) reduces to 

 

N̅SO2
= KC CG         (6) 

 

Substitution of Equation (6) into Equation (4) and integration yield the following 

expression for the overall volumetric mass transfer coefficient (Kca). 

  

Kca =
VG

H.Sc
ln

CGin

CGout

         (7) 

 

where, H is the active liquid height. 

 

3 Results 

 

Absorption of sulfur dioxide was carried out at different gas and liquid velocities using a 

0.4% iron (II) hydroxide slurry to determine the overall mass transfer coefficient in the 

bubble column. The effects of gas and liquid velocities on the overall mass transfer 

coefficient are shown in Figure 2. 
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Figure 2. Effect of gas and liquid velocities on volumetric mass transfer coefficient 

 

As can be seen from Figure 2, the experimental data is scattered considerably due to the 

hydrodynamic effects in the bubble column.  The velocities employed in this research fall 

in the smoothly homogeneous bubbling and transition regimes for bubble columns 

(Figure 3) [6-8]. While the behavior of the column is smooth at low gas velocities in the 

homogeneous bubbling regime, the hydrodynamic behavior becomes vigorous and more 

intense in the transition regime towards slug flow regime with the increase in gas velocity. 

But, Figure 2 shows that the overall mass transfer coefficient is clearly affected by both 

gas and liquid velocities, and the overall mass transfer coefficient shows an increase as 

the gas and liquid velocities increase. 

 

 
Figure 3. Flow regime map for bubble columns [6] 
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Using the data obtained from the experimental work, a correlation was developed for the 

calculated overall mass transfer coefficients for the capture of sulfur dioxide into the iron 

(II) hydroxide slurry. The correlation is expressed in terms of gas and liquid velocities 

and is given below. (r=0.88, UG and UL: m/s)  

 

Kca = 0.8648 UG
0.3157UL

0.8644      (8) 

 

Figure 4 is prepared to show the variation of overall mass transfer coefficient more 

explicitly with gas and liquid velocities according to the correlation developed (Equation 

(8)). 

 

The comparison of the overall mass transfer coefficients calculated from the correlation 

(Equation 8) and those calculated from the experimental data is given in Figure 5. 

 

As the hydrodynamics of the column is distinctly different at low gas velocities, another 

correlation was also developed for homogeneous bubbling regime (UG: 0.0332 and 

0.0497 m/s). (r=0.995, UG and UL: m/s) 

 

Kca = 10.7057 UG
0.4567UL

1.25      (9) 

 

 
Figure 4. Plot of Equation (8) 
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Figure 5. Comparison of the calculated Kca values from the correlation (Equation 8) 

with the experimental data 

 

Figure 6 shows the variation of overall mass transfer coefficient at low gas velocities.  

The curves correspond to the predictions made by the correlation developed (Equation 

9). 

 

 
Figure 6. Volumetric mass transfer coefficient at low gas velocities and plot of Equation 

(9) 
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When the experimental work carried out is evaluated, it can be stated that sulfur dioxide, 

which causes air pollution and acid rain, can be captured at atmospheric conditions with 

iron (II) hydroxide slurry by chemical absorption. 

 

4 Conclusions 

 

In this work, absorption of sulfur dioxide in a bubble column was investigated using iron 

(II) hydroxide-water slurry. The effects of gas and liquid velocities on the overall mass 

transfer coefficient were investigated. The main conclusions derived are as follows: 

 

• It has been observed that sulfur dioxide can be captured effectively by the iron 

(II) hydroxide slurry by chemical absorption at low temperatures at 

atmospheric pressure. 

• As the gas and liquid velocities increase, the overall mass transfer coefficient 

increases. 

• A correlation was developed for the overall mass transfer coefficient in terms 

of gas and liquid velocities over the ranges covered in the experiments. 

• Another correlation was also developed for the overall mass transfer 

coefficient which is valid for low gas velocities in homogeneous flow regime 

in bubble columns. 
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Abstract The main reason of global warming is the increase in concentration of 

greenhouse gases in atmosphere, especially CO2, which is mostly emitted from 

power plants. There are several systems conventionally used to prevent this 

increment like absorption of CO2 from flue gases with ammonia or amine solutions. 

The drawback of these conventional systems is that they require so much energy to 

operate due to pressures and temperatures involved, resulting in the decrease of 

overall power plant efficiency. Calcium acetate could be an alternative sorbent due 

to its alkaline nature and the ability to react with CO2.  In this work, the total CO2 

absorption capacities of calcium acetate solutions were investigated. In the 

experiments, calcium acetate (Sigma-Aldrich BASF Quality, ≥ 99%) binary 

solutions with 8 different concentrations (ranging between 0.7719-22.3204 wt-%) 

in water were used.   The experiments were performed in a stainless steel measuring 

cell in equilibrium by using the isochoric method at 3 different pressures (0.485 

MPa, 0.988 MPa, 1.530 MPa) and 4 different temperatures (ranging between 273 – 

333K). It was found out that with increasing pressure and decreasing temperature, 

the absorption capacity of the solutions increased. The pressure, however, was 

observed to have less profound effect at high values. 
 

Keywords: • carbon dioxide • absorption capacity • calcium acetate • CO2• 

experiments •.
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1 Introduction 

 

Global warming, being one of the most important issues of the world, is a current threat 

for the environment [1]. It is proven that the greatest factor of global warming is the 

carbon dioxide gas concentration in the atmosphere [2].  Thus, currently it is important 

to prevent the increment of carbon dioxide amount in the atmosphere.  This should be 

done by capturing the carbon dioxide from point sources, i.e., from the flue gases of plants 

[3,4]. There are many researches and projects about capturing and sequestrating carbon 

dioxide from flue gases; but the conventional systems require so much energy that the 

CCS (carbon dioxide capture and storage) unit in a power plant decreases the overall 

efficiency of that plant by approximately 2% which is a non-negligible value regarding 

the amount of total energy being produced [4-6]. 

 

Arising from these problems, there is an inevitable need for a new alternative solution for 

carbon dioxide capture systems. Calcium acetate, a benign material, can be the answer 

for this problem. Calcium acetate is an environment-friendly, noncorrosive and relatively 

inexpensive material.  The biggest advantage of this system is the solubility of it in water 

being high thus making it possible to be used in absorption systems (preferred to CaCO3 

and Ca(OH)2 because they are slurry systems).  Moreover, it is an inorganic system; thus 

decomposition is not a concern. Furthermore, it is an inexpensive chemical. All of these 

advantages of calcium acetate are making itself a perfect candidate for the alternative 

solution being sought. 

 

In this work, the total absorption capacity of calcium acetate solutions with different 

concentrations were investigated at elevated pressures and different tempreatures. 

 

2 Materials and Methods 

 

2.1 Preparation of calcium acetate-water binary solutions 

 

In order to investigate the total carbon dioxide absorption capacity of calcium acetate 

solution at elevated pressures and different temperatures, firstly calcium acetate – water 

binary solutions with different concentrations were prepared. 

 

To prepare these binary solutions, calcium acetate powder (Sigma Aldrich BASF Quality, 

≥ 99%) was dehydrated due its to the hydrophilic nature in a closed flask, under vacuum 

for 24 hours. Also distilled water was degassed by applying vaccum to its flask, in order 

to get rid of any dissolved gases.  Then the dehyrated calcium acetate powder and 

degassed distilled water were combined in a special apparatus under vacuum to obtain 

calcium acetate-water binary solution. 

 

2.2 Experimental setup 

 

The experiments for the determination of total CO2 absorption capacity of calcium acetate 

solution were done with the experimental setup shown in Figure 1. 
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Here, calcium acetate solution with previously measured volume was poured into the 

measuring cell. Then, after sealing up the system, CO2 in the gas chambers at certain 

pressure was sent to measuring cell. Whilst the operation, the pressure inside the cell was 

measured continuosly.  As CO2 was absorbed by the solution, the pressure inside the cell 

decreased until the equilibrium was reached. By the pressure point at which the 

equilibrium was reached, it was possible to calculate the  CO2 absorption capacity of the 

solution at that certain pressure and temperature. When the equilibrium was reached for 

that certain pressure, the temperature was decreased at the same chamber pressure. 

 

 
1 – Gas reservoir, 2 – Heating, 3, 4 – Gas chambers (150 cm3), 5 – Pressure transducer, 

6,18 – PT100 Rod Sensor, 7 - Emergence valve, 8 – Gas balloon (300 cm3), 9 –

Connection for the evacuation of gas from system, 10 – PC, 11 – Reducer, 12 – External 

CO2 gas cylinder, 13 – Pressure transducer of measuring cell, 14 – Emergence valve of 

measuring cell, 15 – Coble with the filled sample, 16 –Electronic tracking system, 17 – 

Isolation, 19 – Measuring cell, 20 – Magnetic coupling, 21 – Magnet, 22 – Thermostat, 

23 – Vacuum indicator, 24 – Liquid nitrogen trap, 25 – Vacuum pump, 26,27,28,29 – 

Valve, 30 – Metal reservoir for heating of measuring cell. 

Figure 1. Experimental setup 

 

By this method, the total absorption capacities of 8 different calcium acetate solutions 

(0.7719, 1.4598, 3.6274, 5.4390, 11.9642, 14.4661, 17.6164 and 22.3204 wt-%) were 

obtained at 3 different pressures (0.485 MPa, 0.988 MPa, and 1.530 MPa) and 4 different 

temperatures (273.15, 293.15, 313.15 and 333.15 K). 

 

These calcium acetate-water binary solutions were prepared regarding the maximum 

solubility of calcium acetate in water which is 24.8 g calcium acetate/100 g solution [7,8]. 
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The reason of selecting the highest temperature as 333.15 K was that the maximum 

operating temperature of the conventional absorption system is 60oC. 

In Figure 2, an example data graph for single experiment can be seen. 

 

 
Figure 2. Experimental data graph (calcium acetate solution concentration: 0.7719 wt-

%, initial chamber pressure: 0.482 MPa) 

 

As it can be clearly seen from the figure, the initial conditions for the experiments were 

adjusted as the chamber pressure (which was selected as 0.485 MPa, 0.988 MPa, and 

1.530 MPa, as mentioned before) and the highest temperature (which is 333.15 K or 

60oC). When there was not any decrement in pressure, the temperature was then 

decreased to 313.15 K (or to 40°C). As the solubility of the gases increases with 

decreasing temperature, at a lower value of temperature than previous, the absorption 

process proceeded and a new equilibrium pressure point was reached.  As a result, it was 

possible to calculate the total absorption capacities for different temperatures at different 

pressures. 

 

3 Results 

 

In order to investigate the total carbon dioxide absorption capacity of calcium acetate 

solutions, the experiments were done with 8 different calcium acetate solution 

concentrations at 3 different pressures and 4 different temperatures.  The result for the 

effect of pressure at different temperatures can be seen in Figure 3. 

 

As it is clearly seen from the figure, as the pressure increases, the absorption capacity of 

the solution also increases. The absorption capacity values are very close to each other at 
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higher pressures while there is a big gap between the capacity values obtained at 

approximately 0.5 MPa and 1 MPa and particularly at lower temperatures. Regarding the 

results, it is reasonable to say that, it may not be worth to operate the absorption system 

at high pressures as the increase in the capacity (thus the yield of unit) may not 

compensate the increase in operating costs.  The importance of pressure increment 

becomes unimportant at higher temperatures, due to the fact that the solution of gases in 

liquids decrease with increasing temperature. 

 

 
Figure 3. The change in the total CO2 absorption of constant calcium acetate solution 

concentration (0.7719 wt-%) with respect to temperature at different pressures 
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Figure 4. The change in the total CO2 absorption at constant chamber pressure (1 MPa) 

with respect to concentration of solution at different temperatures 

 

As it is seen from Figure 4 and Figure 5, as the concentration of the calcium acetate 

solution increases, the total absorption capacity of it also increases. Again as seen in 

Figure 4, it is better to operate the system at lower temperatures.  As calcium acetate 

lowers the freezing point of water, operating the system at lower temperatures would not 

cause any problem. But the lower the temperature is (than the ambient temperature), the 

higher the operating cost would be.  It is also clearly seen from the figure that the slope 

of increase in the absorption capacity at lower concentrations is higher than that of at 

higher concentrations.  So selecting an optimum value of concentration rather than 

operating the system with saturated calcium acetate solution would be feasible. 
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Figure 5. The change in the total CO2 absorption for constant temperature (293.15 K) 

with respect to concentration of solution at different pressures 

 

The same result can be said for the results presented in Figure 5. The increment in 

pressure result in higher absorption capacity, but it also results in higher operating costs. 

So, when adapting these experimental results to CO2 capture unit, the optimum values 

should be determined for the parameters regarding the operational costs and the efficiency 

of the unit. 

 

4 Conclusions 

 

In this work, the total carbon dioxide absorption capacity of calcium acetate solution was 

investigated. The experiments were done at elevated pressures at several temperatures 

with different calcium acetate solution concentrations and the effects of these parameters 

were discussed. The main conclusion is that, the capacity of carbon dioxide absorption 

of calcium acetate solutions increases with increasing pressure, solution concentration 

and with decreasing temperature.  The important point here is that, the effect of these 

parameters on operating cost should be considered in optimization. 
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Abstract Ionic liquids are interesting to be useful in various branches of chemical 

industry. The wide range of application of them requires high quality 

thermophysical properties of them. In this work, we present the heat capacity and 

speed of sound measurements of 1-butyl-3-methylimidazolium 

hexafluorophosphate [BMIM][PF6] and 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate [BMIM][TFO] at the wide range of temperature. The 

constant pressure heat capacity cp(p0,T)/Jkg-1K-1 of these IL’s measured at ambient 

pressure and at wide range of temperature T = (273.15 to 413.15) K using the Pyris 

1 DSC Differential Scanning Calorimeter. The accuracy of evaluation of constant 

pressure specific heat capacity cp(p0,T) is  0.1%. The speed of sound values 

u(p0,T)/m·s-1 at ambient pressure and temperatures at T = (278.15 to 343.15) K are 

investigated using the Anton Paar DSA 5000M vibration tube densimeter and sound 

velocity meter within an uncertainty of Δu= ± 0.1 m·s-1. The obtained experimental 

values of constant pressure heat capacity cp(p0,T) and speed of sound values u(p0,T) 

are compared with the available literature values. 
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Calorimeter • speed of sound • velocity meter •.
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1 Introduction 

 

Room temperature ionic liquids (IL's) are salts that are liquids at ambient temperatures 

and have a stable liquid range of over 300 K. They are excellent solvents for a broad 

range of polar organic compounds and show partial miscibility with aromatic 

hydrocarbons. An expanding interest in ionic liquids has been observed during the last 

decade. IL's are composed of bulky ions, have very small vapor pressure, low melting 

point, high solvating capacity, high ionic conductivity, which make them attractive for 

practical applications. IL's have been suggested as potentially “green” replacements for 

conventional organic solvents since they are nonvolatile, nonflammable and recyclable. 

 

While scientific and technological interest in the properties of room-temperature IL's and 

their mixture with other fluids are rapidly increasing [1-4], their thermodynamical and 

structural properties have not yet been studied systematically [3-6]. The thermodynamic 

and reaction kinetics processes in IL's are different from those in conventional media [7]. 

This creates new opportunities for reaction, separation, photochemical and 

electrochemical processes. Binary mixtures of IL's and other fluids have been used for 

electrochemical applications (solar cells) and considerable improved the performance in 

the device [8, 9]. ILs also has thermophysical properties that very suitable for heat transfer 

and short heat term storage in power plants (Valkenburg et al. [10]).  

 

Before the measurements, we have analysed the literature results of these IL's and the 

results of heat capacity measurements of [BMIM][PF6] and [BMIM][TFO] in literature 

were summarized in Table 1-2, where are listed information on heat capacity and speed 

of sound measurements with temperatures or temperature ranges of this investigations, 

the techniques used and short characteristics of substances. 

 

Table 1: Summary of the heat capacity measurements for [BMIM][PF6] 
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Table 2: Summary of the heat capacity measurements for [BMIM][TFO] 

 
MTDSC; Mettler-Toledo differential scanning calorimeter; TSM, Three-step method; 

DSC, differential scanning calorimeter; CM, Calvet microcalorimeter; AC, adiabatic 

calorimetry; GCM, group-contribution method; ρ, density; T, temperature; cp, heat 

capacity at constant pressure; u, speed of sound; σ; surface tension; NA, not available; 

 

2 Experiments 

 

1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] (CAS No 174501-64-

5, chemical formula C8H15N2F6, product number 4900500100, purity ≥ 98%, 

Mw=0.28418 kg·mol-1) and 1-butyl-3-methylimidazolium trifluoromethanesulfonate 

[BMIM][TFO] (CAS: 174899-66-2, chemical formula C9H15F3N2O3S, product number 

4900240100, purity ≥ 98%, Mw=0.28829 kg·mol-1) were purchased from Merck. In order 

to remove all volatile impurities the sample was dried under vacuum during 48 hours at 

temperature T=423.15 K. Mass fraction of water determined after drying by means of 

Karl-Fisher titration was less than 40 ppm. 

 

The constant pressure heat capacity cp(p0,T) measurements of [BMIM][PF6] and 

[BMIM][TFO] at ambient pressure and experimental temperature interval of (p,ρ,T) 

measurements for the calculation of other thermophysical properties, like as heat 

capacities at constant pressure cp(p,T) and volume cv(p,T), also speed of sound u(p,T) at 

high pressures and temperatures is required [11]. In this case, the constant pressure 

specific heat capacity cp(p0,T) of the investigated ionic liquids is measured at T = (283.15 

to 413.15) K using the Pyris 1 DSC Differential Scanning Calorimeter. The accuracy of 

evaluation of constant pressure specific heat capacity cp(p0,T) is  0.1%. The obtained 

experimental data were used for the calculation of specific heat capacities cp(p,T) and 

cv(p,T) at high pressures and temperatures, in which the densities of the investigated ionic 

liquids are experimentally investigated.  

 

The speed of sound values u(p0,T) of investigated ionic liquids at ambient pressure and 

temperatures at T = (283.15 to 343.15) K are investigated using the Anton Paar DSA 

5000M vibration tube densimeter and sound velocity meter with intervals of T= (5-10) 

K and an uncertainty of Δu= ± 0.1 m·s-1. These high accuracy values are necessary to 

check the accuracy of calculated speed of sound values u(p0,T) at p= 0.101 MPa.  
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Specific heat capacity values of investigated ionic liquids at ambient pressure cp(p0,T) 

were fitted to the polynomial equation: 





2

0

0 ),(
i

i

ip TaTpc        (1) 

where ai are the coefficients of eqn. (1) and presented in Table 3.  

 

Table 3. Coefficients ai, of eqn. (1). 

[BMIM][PF6] 

a0/Jkg-1K-1 634.685289248021 

a1/Jkg-1K-2 3.19689261968619 

a2/Jkg-1K-3 -0.171804377292917·10-2 

 

[BMIM][TFO] 

a0/Jkg-1K-1 896.5314826 

a1/Jkg-1K-2 2.1577936223 

a2/Jkg-1K-3 -0.45613543147·10-3 

 

The eqn. (1) describe the obtained specific heat capacity values at ambient pressure within 

max. in Δcp(p0,T)/cp(p0,T) = ±0.02 % average percent deviation.  

 

Figures 1 and 2 presents the plot of deviation of literature heat capacities cp(p0,T) values 

of investigated IL’s at constant ambient pressure from our measured values versus 

temperature. 
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Figure 1. Plot of deviation of literature heat capacities cp(p0,T) values of [BMIM][PF6] 

at constant ambient pressure from our measured values versus temperature. 

 

The literature heat capacities cp values of [BMIM][PF6] have good agreement with our 

results except the values Holbrey et al. [12]. 

 

 
Figure 2. Plot of deviation of experimental cp,exp.(p0,T) and literature cp,lit.(p0,T) heat 

capacities of [BMIM][TFO] at p = 0.101 MPa versus temperature. 
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The literature heat capacities cp values of [BMIM][TFO] have good agreement with our 

results.  

 

Speed of sound values of investigated IL's at ambient pressure ulit.(p0,T) were fitted to the 

polynomial equation: 





2

0

0 ),(
i

i

iTbTpu        (2) 

 

where bi are the coefficients of eqn. (2) and presented in Table 4.  

 

Table 4. Coefficients ai, of eqn. (2). 

[BMIM][PF6] 

b0/ms-1 2413.34314835316 

b1/ms-1K-1 - 4.11638421961098 

b2/ms-1K-2 0.288736429969561·10-2 

 

[BMIM][TFO] 

b0/ms-1 2270.23018863204 

b1/ms-1K-1 -3.62707403572968 

b2/ms-1K-2 0.227904272860968·10-2 

 

The eqn. (2) describe the obtained speed of sound values at ambient pressure in Δu/u = 

±0.033 % average percent deviation for [BMIM][PF6] and Δu/u = ±0.010 % for 

[BMIM][TFO]. 
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Figure 3 and 4 presents the plot of deviation of literature speed of sound u(p0,T) values of 

investigated IL's at constant ambient pressure from our measured values versus 

temperature. 

 

 
Figure 3.  Plot of deviation of literature speed of sound ulit.(p0,T) values of [BMIM][PF6] 

at ambient pressure from our measured uexp. and calculated ucal. values versus 

temperature. 

 

The literature speed of sound ulit.(p0,T) values of [BMIM][PF6] have good agreement with 

our results. Only the values of Azevado et al. have some deviation from other values. 
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Figure 4.  Plot of deviation of literature speed of sound ulit.(p0,T) values of 

[BMIM][TFO] at ambient pressure from our measured uexp.(p0,T) and calculated 

ucal.(p0,T) values versus temperature. 
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Permeable and Hygroscopic Building Envelopes: 

Hygrothermal Simulations of “Det Naturlige Hus” 
 

DIANE BASTIEN & MARTIN WINTHER-GAASVIG 9 

 
Abstract Unlike most conventional building materials currently used 

nowadays, natural building materials tend to be hygroscopic and permeable 

to water vapour. These two characteristics have the potential to improve 

the longevity and indoor air quality of buildings. For instance, the use of 

hygroscopic materials such as clay plasters can significantly reduce indoor 

humidity fluctuations, which yields many other indirect health benefits. 

However, with many countries that commonly use vapour retarders, there 

is lack of knowledge and general design guidelines on how to design safe 

permeable and hygroscopic building assemblies. This paper presents 

hygrothermal simulations of “det Naturlige Hus”, a single-family house in 

Denmark mainly made of wood and clay. Simulation results indicate high 

levels of moisture on the exterior building layers, especially in the coldest 

months, mainly caused by driving rain and water vapour diffusion. The 

mold index calculated at the exterior surface of the exterior wood 

fibreboard according to ASHRAE 160 grew over the two years simulated 

period to reach a maximum of 2,7 and would likely reach higher values 

with a longer simulation period. When removing the exposure to driving 

rain, the maximum mold index reached a value of 0,2. With a recommended 

threshold of 3, it seems that the wall design investigated here could perform 

satisfactorily provided that great care is taken to minimize the wall 

exposure to driving rain. 

 

Keywords: • Water vapour • hygroscopicity • water management 

techniques • diffusion • permeability •
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1 Introduction 

  

Water is estimated to be responsible for 75% of building failures [1]. Water management 

in buildings is therefore one of the biggest driver of building longevity. It is also closely 

related to the indoor air quality and the health of building occupants. Keeping the indoor 

relative humidity level between 40% and 60% can reduce asthmatic reactions, mites, 

fungi and the survival rate of infectious bacteria and viruses [2]. 

 

As such, water management strategies should be an important part of building design and 

should rely on more than one strategy to insure satisfactorily performance over time. 

 

Different moisture management strategies can be effective, depending on the building 

usage and climate. The use of impervious or inorganic materials is often touted as a safe 

practice, but these could actually pose additional risks. For instance, manufacturers of 

petroleum-based insulation products claim that they are safer than natural products 

because of the absence of organic material available for mold growth. However, natural 

materials tend to be more hygroscopic (able to retain and release moisture), which reduces 

the risk for mold growth by having a more uniform moisture distribution [3]. As for 

impermeable walls, they are much more prone to transient episodes of condensation 

caused by cooking and washing than pervious surfaces [4]. 

 

1.1 Moisture transfer mechanisms 

 

The four predominant moisture transfer mechanisms in buildings are: 1) liquid flow; 2) 

capillary suction; 3) air movement 4) vapour diffusion [5].  

 

Liquid flow 

 

Liquid flow as rain and groundwater is the most important source of water that buildings 

are exposed to. Appropriate strategies to control liquid flow include overhangs, gutters, 

site grading and drainage pipes at the footings. 

 

Capillary suction 

 

Capillary transport occurs through the absorption/desorption of water as liquid in porous 

materials. It becomes important when materials have a relative humidity above 95%, 

when water vapour starts to condensate in the smaller pores. The best way to control 

undesirable capillary transport in building envelopes is by proving a capillary break, such 

as installing a rain screen cladding and waterproofing below grade elements. 

  

Air movement 

 

Unintended air movement through the building fabric as infiltration or exfiltration can 

carry a high amount of moisture, which can potentially condensate if a surface colder 

than the air dew point is met. Energy efficiency concerns are driving the quest for air 
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tightness in buildings, which also contributes to reduce condensation risks and premature 

deterioration. Therefore, having airtight buildings is highly desirable from both the 

energy performance and building durability point of views. Fresh air should be provided 

year round through dedicated systems, either naturally or mechanically. 

 

Vapour diffusion 

 

In winter, the atmospheric water vapour pressure is lower than the indoor vapour 

pressure. This vapour pressure gradient can generate a vapour flow from the interior to 

the exterior of a wall. Water vapour carried out by diffusion through the building 

envelope typically involves smaller amount of water compared to the three other transport 

mechanisms. Therefore, water vapour diffusion is less likely to cause severe damage to 

buildings. It is thus surprising to have building codes in many countries (e.g. Canada, 

United-States…) that require a water vapour barrier while not having strict requirements 

to protect buildings from water damage that can occur by the three other transfer 

mechanisms.  

 

The International Residential Code classified vapour retarders in three classes [6]: 

 

- A class 1 vapour retarder, also called vapour barrier, has a permeability of less 

than 0.1 perm (sd=35 m - equivalent air layer thickness), such as a polyethylene 

sheet.  

- A class 2 vapour retarder has a permeability higher than 0.1 perm but less than 

1 perm (sd=3,5 m), such as a plywood and bitumen coated kraft paper.  

- A class 3 vapour retarder has a permeability higher than 1 perm but less than 

10 perm (sd=0,35 m), such as latex paint. 

 

Different classes are established in Europe by the CSTC [7], where a vapour barrier (class 

E4) is defined for materials with sd>200 m and materials are considered weak vapour 

retarders (class E1) with 2 m<sd<5 m. 

 

Installing a vapour barrier on the interior in cold climates is indeed effective at stopping 

water vapour flow induced by vapour pressure gradient. However, it also impedes the 

drying potential of a building enclosure. Vapour barriers or retarders may cause 

significant damage when the building materials installed during the construction process 

have elevated moisture levels and during minor accidental moisture intrusion [8]. 

 

Rose (2003) notes that the numerical threshold values in the prescriptive requirements 

for vapour retarders by the Federal Housing Authority is lacking scientific support, 

although they remain the basis for US practice nowadays. He also describes the marketing 

strategy for convincing the public to adopt vapour retarders, for instance with a 1951 

pamphlet titled ‘’War Against Water’’ describing ‘’the menace of moisture’’. The so-

called diffusion paradigm that emerged at this period is based on four elements: 1) vapour 

pressure gradient as the principal moisture load; 2) diffusion as the principal transport 

mechanism; 3) the steady-state profile as the main analysis tool; 4) recommendations of 
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vapour barriers and attic ventilation. However, as mentioned by McDermott, 

condensation is maybe not the most appropriate term for describing the phase change 

from vapour to adsorbed/absorbed moisture in materials.  

 

In the diffusion paradigm, the hygroscopicity of building materials is completely ignored. 

But it plays a major role on the durability of the building envelope.  

 

1.2 Benefits of permeable, hygroscopic building assemblies 

 

Although uncommon in developed countries, hygroscopic and permeable walls may 

provide many benefits.  

 

Building walls that have the capability to buffer moisture can provide more stable indoor 

humidity levels year round. In cases where dehumidification is required, such walls allow 

selecting a dehumidifier with a lower capacity and thus contribute to save energy. A 

building envelope made of permeable and hygroscopic materials provides a safety net 

and is more likely to forgive construction errors and future failures in other systems or 

parts of the fabric, which unavoidably arise throughout the entire lifetime of a building. 

Natural materials such as timber, clay, straw and natural fibres are both permeable and 

hygroscopic, therefore they are the best from not only an environmental point of view, 

but also from a performance point of view [4].  

 

As pointed out by Rode [10], if a hygroscopic material is covered by a non-hygroscopic 

material and is not directly exposed to the indoor air, its contribution in buffering indoor 

moisture levels becomes nearly null. 

 

Simonson et al. (2004a) found that a permeable, hygroscopic building envelope primarily 

made of wood can affect the concentration of CO2, SF6 and water vapour. Such a building 

envelope can reduce significantly the CO2 concentration in low ventilation conditions, 

and still moderately when mechanical ventilation is provided. This building envelope 

reduced significantly the moisture fluctuations in a room in both well-ventilated and 

poorly ventilated conditions. 

 

Simulations of hygroscopic building materials also showed that they are effective in 

reducing peak humidity levels and to increase the minimum humidity level in winter. 

[11]. This study concluded that additional research was needed to determine appropriate 

hygroscopic and permeable materials for different climates and buildings. 

 

1.3 Selected field and laboratory study 

 

A Canadian study on straw bale houses found that there is no doubt that strawbale houses 

can successfully function in a cold climate without having an interior vapour barrier. 

Three case study houses out of the nine that were monitored had borderline or 

unacceptable moisture readings. Designs which produced these moisture readings had 

two or more of the following conditions: 1) Insufficient overhangs 2) No capillary break 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30RD, 2017, BLED, SLOVENIA), WATER AND AIR QUALITY 

D. Bastien & M. Winther-Gaasvig: Permeable and Hygroscopic Building Envelopes: 

Hygrothermal Simulations of “Det Naturlige Hus” 

31 

 

3) Extreme interior wetting 4) Below grade bales 5) Inadequate backsplash protection 6) 

Northern exposures. All of these conditions can be addressed by design, except for 

northern walls, which were found to have sustained humidity levels that resulted only 

from high atmospheric humidity levels [12]. 

 

Laboratory experiments performed by Geving et al.  investigated, among other 

configurations, the conditions of a 50 mm wood fiber board acting as exterior wind barrier 

with wood fiber batt insulation and an interior gypsum board. The measurements have 

been recorded in Norway in 2014 over more than six months during the winter period. 

Even with this configuration without a vapour retarder and a hygroscopic material as 

inner layer, the relative humidity in the exterior wood fibre board exhibited a satisfactory 

performance and never exceeded 90%. 

 

1.4 Scope of this study 

 

With a few studies performed in the last 30 years questioning the need for vapour 

retarders, there is still a lack of design guidelines for the construction of permeable 

building assemblies. Is it possible to build a durable building envelope without any 

vapour retarders? If so, then how? Experience from existing buildings shows that the 

answer to the first question is yes. The second answer can be partly answered by 

reviewing the different permeable assemblies that were proven successful over time, but 

because of the lack of general design guidelines, introducing any changes in the building 

envelope or locating a building in a different climate would require detailed simulations 

to ensure safe water management. 

 

This contribution presents hygrothermal simulation results of a permeable building, “det 

Naturlige Hus” (dNH). This house, currently under construction in Denmark, is mainly 

made of wood and clay.  It was designed by the owner with the intent to provide the 

highest indoor environment quality as possible to his family. The relative humidity and 

temperature levels of the different layers of the building envelop are examined in order 

to assess the risk of elevated moisture level and potential mold growth. 

 

This house will be closely monitored. The objectives of the monitoring will be to gather 

field data for assessing the performance and safety of the building envelope under real 

conditions and contribute to acquiring knowledge on the dynamic of permeable and 

hygroscopic building envelopes. The case study presented in this paper is a first step 

towards the objective to develop guidelines for designing permeable building envelopes 

that are safe and resilient under various conditions. 

 

2 Hygrothermal Simulation 

 

2.1 Det Naturlige Hus 

 

“Det Naturlige Hus” is a one-storey 187 m2 single family wood frame house located in 

Holbæk, near Copenhagen, in Denmark. The walls of dNH are made of lime plaster, wood 
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fibreboard, cellulose, clay board and clay plaster, whose hygrothermal properties are 

provided in Table 1. The ceiling is made of 500 mm of cellulose over a clay board and 

clay plaster. The wooden floor structure that sits over the concrete footings is slightly 

above ground level, over a ventilated crawl space. It is made of 300 mm of cellulose 

insulation sandwiched between a wood fibreboard and oak flooring. The nominal U-

values of the exterior walls, ceiling and floor are 0,09 W/(m2K), 0,07 W/(m2K) and 

0,11 W/(m2K) respectively. The windows have a double glazed insulated glass unit (IGU) 

and an additional single pane on the inside, with a glass g-value of 0,55 and an overall U-

value of 0,77 W/(m2K). These windows have the possibility to provide preheated fresh 

air by allowing air through openings in the window sill to flow between the single pane 

and the IGU and enter the room through an opening at the window head jamb. 

 

Table 1. Wall Layers Material Properties 

Material/Layer 

(from outside to 

inside) 

 

[kg/m³] 

c 

[J/kgK] 

 

[W/mK

] 

Thick. 

[m] 

sd 

[m] 

Lime Plaster 1600 850 0,7 0,005 0,35 

Ext wood fibreboard 140 2100 0,04 0,06 0,18 

Cellulose 43 2500 0,037 0,34 0,68 

Clay board 615 2000 0,128 0,016 0,12 

Basecoat clay plaster 1844 850 0,1 0,003 0,04 

Topcoat clay plaster 1844 850 0,1 0,002 0,03 

For the exterior wall assembly, the layer with the highest equivalent air layer thickness is 

the cellulose with sd=0,68 m. 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30RD, 2017, BLED, SLOVENIA), WATER AND AIR QUALITY 

D. Bastien & M. Winther-Gaasvig: Permeable and Hygroscopic Building Envelopes: 

Hygrothermal Simulations of “Det Naturlige Hus” 

33 

 

 
Figure 1. Floor plan of dNH 

 

2.2 Simulation parameters and model limitations 

 

Thermal and hygroscopic conditions inside the building assemblies are simulated with 

WUFI® Plus, a software that allows the calculation of transient heat and moisture flows. 

This tool has been validated through many studies [8]. Simulations are performed with 

the weather data from the WUFI database for the city of Lund, Sweden, which is 120 km 

East from Holbæk at the same latitude. Simulations are executed during two years, in 

order to see the initial drying immediately after construction and to allow enough time to 

get a stable annual dynamic. There are two adults and two children occupying the 

building constantly except during weekdays (8:00-16:00). The air tightness of dNH being 

unknown at the time being, the infiltration rate was set constant at 0,1 ACH. The special 

ventilation windows are considered unvented in the simulation model, but mechanical 

ventilation at 0,5 ACH with a heat recovery of 60% is included to approximate the 

ventilation effect that can be obtained with the ventilated windows. Additional natural 

ventilation at 0,5 ACH is provided from May 15th until September 15th to represent the 

window opening behaviour of occupants.  

 

At this stage, only one-dimensional simulations are performed. Thus, thermal and hygric 

transfers through the structural lumber elements are neglected. 

 

The model is divided as six zones. The house and the living room (stue) have a constant 

heating setpoint of 20°C and no mechanical cooling. The attics and crawl spaces of the 

house and the living room are continuously ventilated at 3 ACH. There is interzone 

ventilation between the house and the living room at 30 m3/h. The indoor moisture 
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generation profiles were defined from the occupancy schedule for the family. In the main 

zone, the moisture generation is equal to 4610 g/day during the week and 8384 g/day 

during the weekend. The indoor relative humidity level is between 30% and 45% in 

winter and 35% and 55% in summer. In the living room, the moisture load is set at 432 

g/ day and the relative humidity level is similar to the main zone. 

 

The two skylights, the attached garage and the mechanical room in the basement leading 

to the garage have not been not included in the model.  

 

3 Simulation Results and Discussion 

 

The highest water levels are found in the southwest wall assembly because of a higher 

exposure to driving rain due to the predominant winds (305 L/m2 annually for this 

orientation); thus, only results for this orientation are presented here. The mean relative 

humidity within the different material layers is presented in Figure 1. 

 

  
Figure 2. Mean layer relative humidity, SW 

 

The most critical component is the exterior wood fibreboard, especially from December 

to February 20th (around 8000-10000 hours) when the relative humidity is above 90%. 

During the second simulated year, the maximum relative humidity is 94% and is reached 

in early January.  
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Figure 3. Relative humidity at different depths, SW 

 

The relative humidity at different depths in the SW wall assembly is presented above. At 

0.15 cm from the exterior surface of the wood fibreboard, saturation and rapid drying 

occur frequently because of driving rain and evaporation from solar radiation. The 

relative humidity level is more stable at 5.85 cm (brown curve), which stays over 80% 

during 160 days in the cold season. 

 

At 1/4th deep from the exterior side of the cellulose layer, the relative humidity level is 

always below 74% (8 cm) while it remains below 60% in the middle of the cellulose layer 

(17 cm). 

 

Observation of Figures 2 indicates a potential risk of mold development, with the exterior 

wood fibreboard having a mean relative humidity over 80% during approximately 180 

days. However, when the humidity of the wood board is high, temperatures are relatively 

low, as shown in the Figure 4 below. While the mean moisture content is often above 

20%, the mean temperature is generally between 5 and 10 when this occurs. 
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Figure 4. Mean water content and temperature of the wood board, SW 

 

3.1 Mold index 

 

The mold index has been calculated following the procedure described in ASHRAE 

Standard 160 [13] and addenda for the exterior wood fibreboard. This material was 

classified as a sensitive material for which a mold index decline coefficient of 0.1 was 

selected. Computation of the mold index over the two simulated years for the mean 

temperature and relative humidity of the board yield a maximum mold index of 0,7, which 

is well below 3, the threshold indicated in the Standard 160. However, the mold index at 

0.15 cm from the exterior surface reaches a maximum value of 2.7 and is likely to 

increase further over a longer simulation period. 

 

When removing exposure to driving rain, the maximum mold index at 0.15 cm from the 

exterior surface of the wood fibreboard is only 0.2. This indicates that this wall assembly 

could safely handle moisture flows if adequate protection from rain exposure is provided. 

 

3.2 Discussion 

 

From the results presented above, it becomes apparent that driving rain may compromise 

the performance of the wall assembly. Measures for minimizing driving rain such as 

overhangs are required for the durability of the wall assembly investigated here. 

In future simulations, the model will be modified and consider the structural wood 

members, which should not exceed a moisture level of 16%-19%. Effects of varying the 

permeability of the inner layers on the moisture content of the outer layers will be 

investigated. 
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4 Conclusion 

 

Natural buildings materials have lower embodied energy and life cycle impacts than 

petroleum-based products. They are also highly hygroscopic and can therefore absorb 

high amounts of moisture, which can contribute to increase the longevity of buildings 

assemblies.  

 

This paper presented hygrothermal simulation results of ‘‘det Naturlige Hus’’, a single-

family wood frame house is Denmark. This house was specifically designed to be 

permeable to vapour diffusion and to buffer indoor moisture levels. The exterior walls 

are made of an exterior wood fibreboard, cellulose, clay board and clay plaster. 

 

Results indicate that the southwest wall have the highest moisture content because of 

driving rain. When exposed to driving rain, the mold index near the exterior surface of 

the wood fibreboard reached a maximum of 2.7 over a two year simulation period. 

However, when removing the moisture contribution from driving rain, the maximum 

mold index reached 0,2, indicating that the wall assembly may provide satisfactorily 

performance if adequate protection from rain exposure is provided. 

 

This work is a first step towards the development of design guidelines for durable, 

permeable and hygroscopic wall assemblies for facilitating the use of natural building 

materials and reducing the environmental impacts of buildings. 
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Abstract The increase of discarded waste in riverbeds in large urban 

centers makes it essential to water quality monitoring in these 

environments. Until the year 2000 this monitoring was done manually, 

through sample collection and analysis of these samples in laboratories. 

From the year 2000 new technologies were introduced with the use of 

electronic devices that provide measurements at time. In recent years, 

several researchers have proposed the use of wireless sensor networks to 

automatically measures and analyzes water quality parameters. This work 

presents a review of researches and designs for the water quality 

monitoring using wireless sensor networks. The review considers the 

measured water quality parameters, the sensors used, the architecture and 

services offered by the wireless sensor network, the structure for the 

processing, storaging and presenting all the information collected, the 

autonomy of battery-powered systems and provision of energy from 

available renewable sources. Great progress in the use of wireless sensor 

networks for the water quality monitoring has been made, but there is still 

a need for research on some features to be implemented in these systems 

such as wireless sensor network data security, data aggregation and 

management algorithms, and power provisioning for devices installed in 

remote areas. 
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1 Introduction 

 

The increase in the waste quantity (whether industrial or residential) discarded in 

riverbeds, as well as in the air, of large urban centres, makes it essential to monitor the 

environment by measuring the level of water quality in the waters of river beds, as well 

as by measuring the level of CO2 in the air. Poor water quality could be a risk for human, 

aquatic life and ecosystem health [1]. Research indicates that water pollution causes many 

and diseases around the world. The records show that more than 14,000 people die daily 

worldwide [2]. Water is considered the most important factor for all live organisms and 

it’s very important the monitoring of water resources available in nature [2].  The 

traditional water inspection method, called offline inspection, sometimes takes a few days 

to get result, because the sample needs to be collected on the spot and transported to the 

laboratory to analyse. This method  has several drawbacks compared to online method 

that use sensors installed at the points of interest and sending the water parameters at the 

real time [3]. Wireless sensor network technology is used for the construction of these 

systems. 

 

2 System Application 

 

The use of wireless sensor networks for monitoring water quality has been increasingly 

frequent in recent years due to the reduced cost of components such as sensors, 

microcontrollers and radio transceivers. Water quality monitoring can be done for a 

variety of purposes, such as water used for irrigation in agriculture [4] and control of 

mining waste disposal [5]. For application in aquaculture, we have the examples used in 

farms for shrimp farming [6], fish [7] and crabs [8]. The monitoring of water quality in 

lakes is done by [9], [10] and [11]. The great majority of the works deal with water 

monitoring without mentioning a specific application but with the concern of the 

preservation of aquatic life and the quality of water for human consumption. [1], [2], [3], 

[12], [13], [14] and [15]. 

 

3 Measured Parameters 

 

Several parameters are measured for water quality analysis depending on the purpose of 

the use of water, whether for human consumption, protection of aquatic life or control of 

dumping of waste. Among the parameters measured for water quality analysis, we 

highlight the pH, electrical conductivity (EC), turbidity and dissolved oxygen (DO) for 

all the works, as shown in table 1. The only work that differed from the others in relation 

to the measured parameters is [5], which besides pH measured parameters such as TDS, 

total hardness, chloride, nitrate, fluoride, Fe, calcium and magnesium due to their specific 

application in a minning district. 
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Table 1. Measured parameters 

pH Temp. Turb. EC DO Work 

● ●  ● ● [9], [10], [11] 

● ● ●   [4], [3] 

●  ● ●  [2], [14] 

● ●   ● [6], [8] 

●  ●  ● [12] 

●  ●   [13], [15] 

● ●    [1] 

 ●   ● [7] 

 

The parameter pH is present in the great majority of cases. 

 

4 System Architecture 

 

The most used architecture in a wireless sensor network is composed of one or more 

sensor nodes and one gateway node (also named sink node). The water parameters are 

read by the sensors connected to the sensor node that transmits via radio to the gateway 

node. The gateway node receives and processes this data that can be viewed on-site or is 

transmitted to a remote station or to a web server. The gateway sensor may in some cases 

also operate as a web server depending on its processing capacity and internet 

connectivity in place. We will detail below the characteristics of the sensor nodes and the 

gateway node used in the analyzed works. 

 

5 Sensor Node 

 

The sensor node consists of sensors to measure water parameters, a radio transceiver for 

the wireless network communication, a microcontroller to control the circuit functions 

and interface the devices and a power supply. 

 

5.1 Sensors 

 

Sensors manufactured by Atlas Scientific [16] were used in [9], [1] and [10]. [9] and [1] 

used sensors to measure pH [17], EC [18] and DO [19] while [10] used only the pH 

sensor. For temperature measurement, the DS18B20 sensor, manufactured by Maxim 

[16] was used in [9], [1] and [7]. The other works did not detail the sensors used. 

 

5.2 Microcontroller 

 

In the research carried out, a great variety of microcontrollers were used in the 

construction of sensor node, as shown in Table 2. [12], [2] and [10] used Microchip PIC 

family microcontrollers. [4] used Cirronet's ZMN2405HP system-on-a-chip (SoC) [20] 

which is composed of an 8051 microcontroller from Intel together with the CC2430 

transceiver from Texas Instruments. [9], [1] and [5] made use of the Arduino open 
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platform, [1] and [5] used the UNO model and [9] used the MEGA model. [3] used an 

Marvell 88MZ100 SoC. [6] used a Texas EZ430-RF2500 SoC [21], based on the MSP430 

microcontroller. [15] used an ATMega 328 microcontroller, the same one used in the 

Arduino platform. [14] used the Libelium Waspmote module. The other works did not 

mention the microcontroller models used. 

 

Table 2. Sensor node microcontroller 

Microcontroller Work 

Microchip PIC [12], [2], [10] 

Arduino platform [9], [1], [5] 

ATMega [15] 

SoC [4], [3], [6] 

 

5.3 System power supply 

 

Power supply is considered a great challenge for these systems, since it should operate in 

environments where there is no electricity available. The uses of batteries, or rechargeable 

batteries, together with solar panels are the solutions proposed and showed in Table 3. 

The use of 9 V batteries is proposed by [4], [1] and [5]. Rechargeable lithium polymer 

(Li-Po) batteries (3.7V - 6Ah) are used by [10] and [9], the latter also use a 10 W solar 

panel for recharging the batteries. [15] uses of a 12 V battery and a solar panel. The 

module used by [14] has an internal battery with 1 to 5 years autonomy. [12] and [11] use  

batteries, without further details. Other work does not inform the type of power supply 

used, as in [3], [6], [2], [7] and [8]. As these devices are installed where electrical power 

is not accessible, the autonomy of the system becomes critical. This concern is considered 

by [11] who proposed energy rules to increase the autonomy of the sensor nodes. [4] 

reports the autonomy of 12 hours of the sensor node powered by a 9 V battery 

 

Table 3. Types of power supply 

Power supply Work 

Non-rechargeable battery [4], [1], [5], [14] 

Rechargeable Li-Po batteries [9], [10], [15] 

Solar Panel [9], [14] 

 

6 Wireless Network Devices 

 

Most of the work analyzed used the Zigbee network to transmit the collected data. 

Differences from this standard are the works of [2] using transceivers operating in the 

433 MHz band, [13] using radio modules without specifying them and [6] that although 

the transceivers operate at 2.4 GHz, they do not follow the Zigbee standard. The 

architecture of the wireless sensor network used in the reviewed works is the cluster tree, 

where we have several sensor nodes sending information to only one gateway node, 

although only [4] inform this configuration. The data security of the wireless sensor 

network is of extreme importance in order to avoid that values measured by the sensor 
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nodes are correctly reported to the gateway node. The Zigbee protocol, developed by 

Zigbee Alliance, used by most of the reviewed works, has the ability to encrypt the 

transmitted messages, allowing a high level of security of the data of the network, 

according to its developers. 

 

7 Gateway Node 

 

The gateway node or sink node consists of a radio transceiver for the wireless network, a 

computer system capable of processing the data received from the sensor nodes and a 

power supply. In some cases, the data is showed on a display installed on gateway node 

or transmitted to another station or web server, via wifi, GSM, GPRS or another way of 

long-range radio communication. The gateway node using only a Zigbee transceiver 

connected a personal computer is used by [4], [12], [1] e [15]. [9] and [5] use Arduino 

Uno, [10] used PIC16F877A, [7] used Raspberry Pi, [2] used LPC2148 ARM processor 

and [6] used Texas EZ430-RF2500 SoC. Table 4 gives a view of the gateway node 

processor. 

 

Table 4. Gateway node hardware 

Hardware Work 

Personal Computer [4], [12], [1],[15] 

Arduino platform [9], [5] 

PIC microcontroller [10] 

Raspberry Pi [7] 

ARM processor [2] 

SoC [6] 

 

The use of a GPRS/GSM module in the gateway node is done by [9], [6], [10] and [11]. 

[5] uses a wifi module on the gateway node to transmit data to devices connected to wifi 

network. [2] and [13] designate the gateway node as a local station and use an Xbee 

module to transmit its data to a remote station. Table 5 gives a view of the gateway node 

resources. 

 

Table 5. Gateway node resources 

Resource Work 

GPRS/GSM module [9], [6], [10],[11] 

Wifi module [5] 

Xbee [2], [13] 

 

8 Data Management 

 

The management of the data obtained by the sensor nodes, that is, the way these data are 

processed, presented and stored are of great importance to the system. This represents the 

type of service offered by the system to the responsible agencies for maintaining water 

quality, as well as for the general public. Depending on the configuration of the gateway 
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node, it can assume that task, as in [4], [12], [1] and [15] that used a PC. [4] used the 

Borland C ++ builder programming environment where in the initial screen, the network 

is visualized. By clicking a sensor node of the network, the parameters measured by this 

node is shown in real time, matching with the parameter quality indicator (LQI). [12] 

used Matlab to view the data and the MS Excel database for storage. [1] used the Phyton 

language for this processing and [15] did not detail the language or the programming 

environment used. In the case of gateways that are built with microcontrollers with high 

processing capacity, they can also perform these tasks, as in the case of [6] that used 

Visual Basic and [2] that used Matlab. [9] presents the data graphically using MySQL, 

PHP HTML and Java. [5] also used MySQL and a webpage with graphical API to display 

the data. 

 

9 Particularities of Each Work 

 

In this section we describe the characteristics of systems found in individual works. In 

[4] the autonomy of the battery of 9 V for sensor node power had autonomy of 12 hours 

and the communication range of the sensor node with the gate node was 10 to 50 m. The 

lower cost of the proposed solution in relation to the cost of a commercial solution was 

highlighted in [9]. The emphasis of the project in [3] was the use of algorithms to detect 

abrupt variations of measurements using KPCA (Kernel Principal Component Analyzes) 

and DLM (Deep learn Machime). The system proposed by [6], [2] and [8] emits an alert 

via SMS if the readings performed are outside pre-established patterns. In [5] there is the 

availability of data on the Internet for public consultation. [7] obtains the DO parameter 

indirectly, that is, we use equations for DO determination from the temperature reading. 

[15] emphasizes that the measurements obtained by the system showed little difference 

in relation to the measurements obtained by conventional procedures. 

 

10 Conclusion 

 

In this article, we provide a brief review on water quality monitoring systems using 

wireless sensor network. The services offered constitute a fundamental part of the system 

by providing real-time information and issuing alerts when water quality is out of 

tolerance allowed. This is done by [2], [5], [6] and [8]. Although only three works [4], 

[3] and [6] use SoC devices, there is a very great tendency in the use of these devices, as 

it makes the design more compact and tends to have lower consumption, increasing the 

autonomy. The use of wireless sensor networks for monitoring water quality has 

increased in recent years. Projects with different configurations using different 

components for different purposes may be idealized, but some characteristics common to 

all of them should be taken into account, such as system autonomy, security in the 

transmission of collected data and the services offered by the system. 
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Abstract A dynamical downscaling tool has been implemented to know 

the impacts of the global climate on citizen health. The tool produces very 

high spatial (50 meters) and temporal (1 hour) resolution air quality and 

meteorological data to estimate the short term health impacts, using 

exposure-response functions extracted from epidemiological studies. Also, 

the corresponding economic cost based on the value of a statistical life and 

the cost of illness concepts is shown. The most popular possible IPCC 

global climate scenarios (RCP 4.5 low emissions and RCP 8.5 high 

emissions) have been considered for years 2030, 2050 and 2100. Future 

years are compared to 2011 conditions, keeping constant the anthropogenic 

emissions and the urban landscape to isolate the effects of the global 

climate. The effect of weather on health becomes more potent than 

exposure to concentrations of contaminants. Maps show how the effects 

depend of the city geometry. 
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1 Introduction 

 

Air pollution and extreme temperatures can affect to the human health by modifying the 

rates of mortality and morbidity [1]. Resilience strategies to avoid the effects of climate 

change on health locally in a great challenge that should help the scientific community 

[2]. Cities are the areas where the expected response to global change is more important 

[3], recent studies have suggested that global climate change will have a significant 

impact on both the local climate and urban air quality [4]. Urban weather patterns and air 

pollution are heavily influenced by topography, land use, buildings, etc. so the studies of 

urban areas need information with very high spatial resolution to capture the spatial and 

temporal variability of meteorological conditions and air pollution in a city [5]. In 

previous studies on climate change and human health, they have been used projections of 

global climate models or regional climate models (RCMs) [6], [7] and [8], but few studies 

have used the results of a dynamic downscaling, using very high spatial resolution data 

to analyse local health impacts of climate change for cities. Recent scientific advances in 

computer science and the atmosphere, particularly in the use of dynamic scaling 

techniques, as well as the availability of computational resources, have opened up new 

opportunities for research climate-air pollution-related health consequences at city levels 

[9].  

 

2 Dynamical Downscaling 

 

Atmospheric flows and therefore the microclimate of cities are influenced by theirs urban 

characteristics, which further increase the atmospheric turbulence, thereby modifying the 

transport, dispersion and deposition of atmospheric pollutants [10]. In order to take all 

these phenomena into account in the most realistic way possible, we have chosen a 

dynamic downscaling process using numerical models of climate and air quality at the 

regional and urban levels that constitute the state of the art in computational modeling 

(WRF/Chem [11]). In addition, we have included a computational model of fluid 

dynamics (CFD) to take into account the effects of buildings, ventilation and shading 

effects that are so important in an urban environment. Future simulations were carried 

out with current emissions to isolate the effects of climate change. Emissions are 

generated with a mixed top-down and bottom-up approach using specific local city data 

(population, traffic and landuses) that are included in the EMIMO emissions model [12]. 

The description and evaluation of the dynamical downscaling method was published 

already, for detailed information; refer to publication [13]. 

 

3 Health Impact Assessment 

 

Future projections of O3 and PM have been chosen because of their importance to public 

health from the air quality point of view and heat waves and apparent temperature from 

the meteorological point of view [14].  The equation (1) [15] is the formula applied in 

this study:  
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       (1) 

 

Where ΔM is the change in the health outcome because changes in an environmental 

factor (temperature, number of heat waves or air concentrations), K is the baseline 

mortality or morbidity rate, β is the log relative risk associated with a change in the 

exposure to the environmental factor which can be calculated in epidemiological studies, 

ΔC is the estimated change in the environmental factor (future-present) and P is the 

exposed population in the present (2011). Also K and β are fixed to the 2011 values to 

isolate only the climate impacts, so in our study uses a constant population and mortality 

rate over time like other studies [16]. 

 

Several health effects or outcomes are calculated for mortality and morbidity: All causes 

mortality, cardiovascular mortality, respiratory mortality, respiratory hospital admissions 

and cardiovascular hospital admissions. These outcomes are for all ages, except in case 

of the heat waves where mortality + 65 years old are calculated. The short-term health 

effects of the heat are analyzed based on two exposure variables: Apparent Temperature 

(AT) and Heat waves (HW). Only summer months (June-August) are considered to study 

the health effects of the heat waves days. For PM10 the exposure indicator is the daily 

mean and for ozone we used the daily maximum 8-hour average. Mortality and morbidity 

rates (K in the equation 1) has been extracted from European mortality database of the 

WHO and the European Hospital Morbidity Database of the WHO by countries. 

 

3.1 Economic model 

 

Estimates of the economic costs can be used in cost-benefit analysis for the comparison 

of adaptation strategies [17]. Monetary estimates of changes in premature mortality risk 

are often expressed in terms of the Value of a Statistical Life (VSL). We have available 

data from the meta-analysis of VSL studies. In the case of estimating the cost of 

morbidity, the total value to society of an individual’s avoidance of a hospital admission 

has a principal component: the cost of illness (COI) The Cost of Illness metric 

summarizes the expenses that an individual must bear for hospital admissions.  The Unit 

values available for Hospital admissions are: Cardiovascular: $26,123 and Respiratory: 

$19,612. Unit values are based on ICD-code-specific estimated hospital charges and the 

opportunity cost of time spent in the hospital (based on the average length of a hospital 

stay for the illness). The opportunity cost of a day spent in the hospital is estimated as the 

value of the lost daily wage, regardless of whether or not the individual is in the 

workforce. These values are used in the BENMAP software and they are based on 

discharge statistics provided by the Agency for Healthcare Research and Quality’s 

Healthcare Utilization Project National Inpatient Sample (NIS) database (2007). 

 

4 Case Study 

 

We have applied the described tool to assess the potential future changes of mortality and 

morbidity and theirs respective economic costs over the area of Kensington and Chelsea 
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(K&C), London. We use result with 50 meters of spatial resolution and one hour of 

temporal resolution for years 2011, 2030, 2050 and 2100 from the explained dynamical 

downscaling process. In this specific exercise, the impacts of the future three years 2100, 

2050 and 2030 will be studied against the base situation 2011. In order to describe the 

health effect of exposure variables on mortality and morbidity, the Table 1 gives the 

relative risk and mortality/morbidity rates used in the health impact assessment.  For the 

economic calculations the estimated value VSL (2010) in US$ is 3.55 million in UK. 

 

Table 1. London, relative risks values for each exposure variables and reference 

 
*( Tmin >16,8 or Atmax > 27,1 
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4.1 Climate scenarios 

 

In the simulations we have used boundary conditions from two Representative 

Concentration Pathways (RCPs), RCP 4.5 [18] and RCP 8.5 [19] defined by the IPCC 

(Intergovernmental Panel on Climate Change) institution in the Fifth Assessment Report 

(AR5). The IPCC report [20] identifies up to four climate scenarios. Of the four possible 

climatic scenarios available, we have selected the two scenarios most used by the 

scientific community. They represent the two extremes in terms of greenhouse gas 

emissions. On one hand we have the worst scenario (RCP 8.5) and on the other the best 

realistic scenario (RCP 4.5). The selection of the two extremes was motivated with the 

only objective of showing extreme changes that can be predicted at city level.  

 

5 Results 

 

In table 2, we present the economic cost associated to the climate impact for a 50 meters 

mean grid cell for years 2030, 2050 and 2100 for a mean grid cell of 50 meters by 50 

meters located on Kensington and Chelsea. 

 

The major impacts will occur at 2100.  For this year, the emission reduction strategies 

(scenario RCP 4.5) will reduce the health cost, but if the future is close to the RCP 8.5 

scenario, the citizens will suffer important health problems. The increment of the annual 

cost for hospital admission for year 2100 respect to the 2011 could be up to 11669 $ in 

the RCP 8.5 climate scenario and 1362$ in the RCP 4.5 for an average grid cell of the 

domain. For the mortality costs could be increments of 963.9 K$ in RCP 8.5 and 

decrements of 73.8 for RCP 4.5.  Heat is the environmental factor which causes these 

increments in the RCP 8.5 whilst in the RCP 4.5 the health effects for O3 exposure and 

number of heat waves will be decreased.  The total annual cost of the climate change 

could be up to 1 K$/m2 with the climate scenario RCP 8.5 and we can save up to 0.22 

K$/m2 if the global climate scenario RCP 4.5 is present in the year 2100.  
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Table 2. Monetary estimates of the 2100 annual health costs due to climate change’s 

effects on K&C for 50 meters 

 
 

The next figures show the spatial distribution of annual total costs due to premature 

mortality by changes in the daily maximum apparent temperature for year 2100 under 

two possible climate scenarios RCP 4.5 (Figure 1) and RCP 8.5 (Figure 2) over 2 km by 

2km area of Kensington and Chelsea. The economic cost is close to ten times greater in 

the RCP 8.5 than in the RCP 4.5. The purple areas (parks and water bodies) are zones 

where there are not people living, so nobody is exposed to the environmental factors 

Areas with a high density of buildings and population are the most affected by climate 

change. The figures identify also several hot spots where the cost of the climate change 

could be up to 0.88 K$/m2 and zones very close to the hot spots where cost is only 0.28 
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K$/m2 , 30% less, this situation is observed along the for example the same street. These 

results shown that it is very important to get health impacts with very high spatial 

resolution over urban areas. 

 

 
Figure 1. : Spatial distribution of the differences in annual total cost (2000 K$) 

mortality   for 2100 respect to 2011 following RCP 4.5 scenarios with 50 m. of spatial 

resolution over Kensington and Chelsea. 

 

 
Figure 2. Spatial distribution of the differences in annual total cost (2000 K$) mortality 

for 2100 respect to 2011 following RCP 8.5 scenarios with 50 m. of spatial resolution 

over Kensington and Chelsea. 
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6 Conclusions  

 

This paper presents a tool to estimate the cost of the impact of global climate change on 

human mortality and morbidity by changes of high temperatures and air pollution 

concentrations. The tool is an integrated modeling framework for assessing potential 

public health impacts of climate changes at the urban scale. The integrated framework 

facilitates projections of climate and related health impacts at temporal and spatial scales 

relevant to urban planning. It was applied over Kensington and Chelsea, London using 

very high spatial resolution information, 50 meters. We have considered two climate 

projections, which were based on two IPCC climate scenarios: RCP 8.5 and RCP 4.5.  

Inputs to the health impact assessment have been produced applying a dynamical 

downscaling process which includes a regional and CFD numerical models with high 

demand exercise for computational resources. The procedure and scheme described and 

applied in this work is totally portable to other cities. You would only need to adjust the 

model parameters and use the input data of the city to simulate. The larger increase of 

costs of mortality and morbidity was noted in the increasing scenario (RCP8.5) than the 

stabilization scenario (RCP4.5), because RCP 8.5 is known by temperature increments. 

With these simulations of high spatial resolution, we have been able to observe that the 

influence of buildings is very important in order to detect hot spots or sensitive areas to 

be affected by global climate change.  It is important to recognize that there are many 

uncertainties in any effort to quantify the human health and economic impacts of climate 

change over the cities because there are model uncertainties in both economic and 

atmospheric simulations that are difficult to quantify. The results from this study could 

be usable by local authorities and stakeholders for assisting in developing better polices 

on health protections and balancing policy decisions. This study may enhance current 

understanding of climate change problems related to human health in the cities. 
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Abstract Due to the numerous problems caused by the emission of excess 

pollutant gases into the atmosphere, it has become essential that more 

effective monitoring of air quality is carried out, especially in public places 

and with a large circulation of people. In recent years, there have been 

numerous articles proposing air quality monitoring platforms, mainly 

formed by a wireless sensor networks, capable of operating at several 

points simultaneously for a certain period of time. However, when 

analyzing these works, it is observed that each of them has its main focus 

directed to a certain characteristic, such as sensor precision, autonomy, 

communication capacity, among others. In this context, this article will 

present a review of several air quality monitoring mechanisms based on 

wireless sensor networks, analyzing its architecture, with the objective of 

proposing a new and more efficient platform, merging the main 

characteristics raised. 
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1 Introduction 

 

According to data from the NOAA laboratory, located in the United States at more than 

3,500 meters of altitude and considered one of the most reliable in the world, the 

concentration of carbon dioxide in the atmosphere reached for the first time in 2015, since 

measurements began to be made, the value of 400ppm. This same laboratory indicates 

that the CO2 concentration was less than 320ppm in 1960 [1]. This significant increase 

was generated by a number of factors, but the burning of fossil fuels made by industry 

and automotive vehicles is considered one of the main causes of this worrisome number 

pointed out by the laboratory. 

 

Considering that the emission of CO2 and several other toxic gases in the atmosphere are 

increasing annually, causing people to have a greater exposure to this type of pollution, 

it has become fundamental that a more effective monitoring of air quality is carried out 

periodically, especially in large cities, where the number of vehicles and industries are 

usually higher. 

 

Following this trend, in recent years several research groups have emerged around the 

world with the central objective of developing an efficient way to monitor air pollution, 

especially by measuring carbon dioxide, which is a good indicator of air quality . Within 

this context, it is possible to find works that propose different monitoring platforms and 

technologies, which are differentiated by the number of resources, cost of construction, 

degree of precision of the results, among others. This article will analyze the main 

characteristics of these mechanisms, finally proposing the resources that a monitoring 

platform must have so that a more efficient air quality analysis can be performed. 

 

2 Monitoring Platforms 

 

Of the several research groups that are developing mechanisms for monitoring air quality, 

one of the highlights in this scenario is the so-called CitySee, located in Wuxi City, China, 

where pollution rates are alarming in much of the country. Through resources provided 

by the Chinese government, the researchers implemented a wireless sensor network 

consisting of 1196 nodes, being able to monitor in real time the levels of carbon dioxide, 

humidity and temperature. Due to the large number of nodes, one of the group's main 

goals is to develop protocols and tools capable of managing communication and data 

traffic over the network. The technology used in the construction of the sensor network 

is proprietary, leaving the final cost of the project high [2]. 

 

In contrast to CitySee, a Mexican research group, based at the University of Monterrey, 

developed a low-cost carbon dioxide monitoring platform using only free technologies, 

such as Arduino, MySQL, among others. In this case, the main objective is to monitor in 

real time the concentration of CO2 especially in the vicinity of the production lines 

present in the region's industries. A graphical interface was developed so that the 

information collected by the sensors can be visualized [3]. 
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Another example of a mechanism for monitoring carbon dioxide in urban centers was 

proposed by a Canadian research group. In this project, sensors were implanted in the 

antennas of a certain group of automobiles, that when circulating through the city ended 

up forming a mobile network structure, with capacity to measure and store the 

concentration of CO2 in several distinct points of the city. Several tests were carried out 

in Vancouver, Canada, where it was possible to determine the air quality present in the 

central and outlying regions of the city [4]. A project very similar to this was also 

developed in China, with the difference that, in addition to cars, bicycles were also used 

in the monitoring of carbon dioxide. These equipment were tested in some Chinese cities, 

and critical points of CO2 concentration were found, reaching values close to 800ppm 

[5]. 

 

Some Brazilian capitals, concerned about the increase in the emission of polluting gases, 

have also been trying to implement air quality monitoring systems. The city of Recife, in 

partnership with a local university, deployed a platform capable of measuring air quality 

at some points considered critical of the city. To do this, a series of sensors perform 

measurements of the concentration of some gases and send them to a central, where the 

data is made available to the community through a website. However, a number of 

proprietary technologies were used, making the cost to install only 4 collection points 

close to $ 100,000 [6]. 

 

3 Analysis of Monitoring Platforms 

 

By analyzing the air quality monitoring platforms presented, some important points can 

be observed. Firstly, all the projects are formed by a network of sensors with capacity to 

monitor the quality of the air in several points. This feature is fundamental, since different 

regions of the same city may have totally different levels of pollution. These wireless 

sensor networks are elaborated in different ways, and their nodes can be fixed or formed 

by cars and even bicycles, which during their displacement already take measurements 

of carbon dioxide. However, managing the communication of a structure like this, where 

it is necessary to treat adverse situations, such as interferences and bad weather conditions 

for example, is a very complex activity, being the main focus of all the works illustrated 

in the previous section. 

 

Another important point to be analyzed is the cost of developing the project, which can 

vary considerably depending on the components used. As an example of this variation 

we have the CitySee, which used proprietary technology to form its modern wireless 

sensor network. Thus, despite the excellent infrastructure of data collection, the cost to 

implement the project was high. The same happened with the Recife’s project, in Brazil, 

which although efficient, exceeded the $100,000 range, making it impossible for smaller 

cities and with fewer resources to acquire such equipment. 

 

In contrast, there are numerous projects that aim to monitor the quality of air through a 

wireless sensor network, but keeping the cost of construction reduced. For this, only free 

and low cost components and technologies are used. This was the case of the project 
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developed at the University of Monterrey, which built its entire platform making use of 

free tools, such as the MySQL database and the Arduino microcontroller for example. 

Comparing the characteristics of the various air quality monitoring platforms, it is clear 

that all of them have a specific focus, be it the cost reduction or the different forms of 

communication and construction of the wireless sensor network, but none of them have 

The main objective is the implementation of a tool or software that allows a more in-

depth analysis of the collected data, helping researchers and environmental engineers to 

have a better understanding of local pollution levels. 

 

4 Proposal for a Monitoring Platform 

 

Considering the main characteristics of the presented mechanisms, our research group is 

proposing and developing a new air quality monitoring platform, made exclusively with 

free technologies and low cost components. The project has a wireless sensor network 

capable of measuring carbon dioxide levels at several points simultaneously. In addition, 

as a differential of the platform, several query and analysis resources of the information 

collected are being implemented, as well as data mining mechanisms, which, through 

algorithms based on artificial intelligence, will be able to determine the air quality profile 

at points Monitored. 

 

The project will have a central database server responsible for storing the concentrations 

of carbon dioxide collected by the sensor nodes. This structure enables the development 

of data mining and query tools, so that the most diverse types of information can be 

provided to environmental engineers and researchers, assisting them in planning the 

pollution control policies they will adopt. 

 

5 Conclusion 

 

Considering the increase in greenhouse gas emissions in recent years, as well as the need 

for strict monitoring of pollution levels, the main objective of this work was to carry out 

a comparative study among several recently published air quality monitoring platforms, 

analyzing its main characteristics and pointing out the potentialities and the failures. At 

the end of the study, it was found that the projects, despite being made up of modern 

wireless sensor networks, did not present mechanisms of consultation and advanced 

analysis of data, so that it could provide information capable of assisting the work of 

engineers and environmentalists. Because of this, our research group is proposing and 

developing an air quality monitoring platform that will fill this gap, making use primarily 

of data mining tools. 
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Abstract Wood-burning boilers are a popular source of heating in 

Slovenia. However in recent years there has been much debate about the 

potential negative health effects associated with wood smoke. Wood smoke 

is increasingly being seen as an important component of airborne 

particulate matter (PM), especially as the new sort time standard for fine 

particles in ambient air. During good combustion conditions with sufficient 

oxygen supply and high temperature, most of the organic substances will 

be burnt in the boilers. In this study, the influence of damaged tubular 

combustion chamber on smoke fine-particle emissions at the pellet burners 

is presented. The purpose is to reduce emissions of particulate matter at the 

small scale pellet boilers and contribute to cleaner air. 
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1 Introduction 

 

Residential wood combustion has been identified as one of the main sources of particulate 

matter (PM); fine particles are important because of their adverse effects on human health 

and the environment [1]. Particulate matter is defined as the total mass of suspended 

particles in the air. PM is typically divided into three subclasses, i.e., PM10, PM2.5 and 

PM0.1, which are defined as particle matter with an aerodynamic diameter smaller than 

10 μm, 2.5 μm and 0.1 μm, respectively. PM2.5 particles are generally called “fine 

particles”; however, this term can also be applied to the number or surface area based on 

particle diameters less than 2.5 μm. In the atmosphere, particles can be solid or liquid; 

the mixture of particles and gases is called “aerosol” [2]. When particles from combustion 

sources are discussed, particles with aerodynamic diameters less than 1 μm or 2.5 μm 

(PM1 or PM2.5) are often used, whereas particles with sizes ranging from 2.5 μm to 10 

μm are called coarse particles. Examples of coarse particle sources include road wear and 

wind-blown dust [3]. Fine particles are known to have adverse effects on human health 

and to cause respiratory and cardiac symptoms and even premature death, especially 

among those with reduced health conditions, e.g., children, elderly and those with chronic 

diseases. 

 

Wood is the most commonly used biomass fuel in Slovenia due to the large forest base, 

forest industry and relatively easy access to cheap wood for many individuals. The use 

of wood in heat and power production is increasing. Wood pellets are primarily used in 

continuously operated combustion appliances [4] as an example of renewable energy [5], 

[6]. 

 

In this study, the influence of damaged tubular combustion chamber on smoke fine 

particle emissions at the pellet burners is presented. The purpose is to reduce emissions 

of particulate matter at the small scale pellet boilers and contribute to cleaner air. 

 

2 Experimental Section  

 

Combustion experiments were performed in a laboratory environment with a small scale 

25 kW pellet boiler suitable for household heat production. The pellet boiler operates 

with a overfed fuel input and includes a prefabricated burner (Figure 1). The burner can 

be operated continuously between the loads of 14 and 30 kW. It is equipped with logic-

controlled fans for the supply of combustion air. The primary air was fed in through holes 

before the grille at the bottom of the cylindrical furnace – tubular combustion chamber 

with 3 mm steel wall thickness. The width of the grille was approximately 100 mm, and 

the diameter of each hole was approximately 6 mm. Commercial wood pellets originating 

from Slovenia were used in the study. The primary pellet raw material was pinewood. 
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Figure 1. Sketch of the pellet burner used in this study 

 

The tubular combustion chamber should be made by high temperature resistance steel 

which contains prescribed amount of Cr and Mo due to the high flame temperature which 

can exceed 800 oC. The flame temperatures were measured by infrared camera as is 

shown in Figure 2. 

 

 
Figure 2. Flame temperatures measurement at the tubular combustion chamber of pellet 

burner 

 

The shape of the pellet burner’s flame can be seen at the Figure 3. 

 

 
Figure 2. The shape of the flame in the pellet burner 
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The damages of the steel tube (tubular combustion chamber) and  the grille were occured 

after one year of the burner operation time as is shown in Figure 4 and Figure 5. 

 

 
Figure 4. Hole as a damage of the steel tube (tubular combustion chamber) 

 

Chemical analyses of steel tube (tubular combustion chamber) was performed with X-

ray fluorescence spectrometry (XRF) using an X-ray fluorescence spectrometer (Thermo 

Scientific Niton XL3t GOLD+) and is given in Table 1.  

 

Two different measurement procedures were used in the present research. 

 

 
Figure 5. Hot cracks as a damage of the steel grille 

 

Measurements were carried out manually and with the use of the support panel. Each 

measurement was repeated three times, and later the average value calculated. Each 

measurement was done for one minute. 
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Table 1. Chemical analyses of steel tube (tubular combustion chamber) 

Composition 

(%) 

Mild steel 

C 0.28 

Si 0.52 

Mn 0.71 

P 0.011 

S 0.007 

Cr 0.05 

Ni 0.01 

Mo 0.013 

Cu 0.62 

Al 0.001 

 

Fine particle measurements were made in the chimney tube at the distance 20 cm from 

the boiler by the fine particle analyzer (Figure 6) which carry out fine particles, O2 

concentration and CO emissions in real time of 15 minutes.  

 

 
Figure 6. Fine particle measurement by the fine particle analyzer 

 

3 Results and Discussion 

 

From the results of  chemical analyses (Table 1) of steel tube (tubular combustion 

chamber) is evident that the mild steel is used for construction of tubular combustion 

chamber. The mild steel is typically carbon steel, with a comparatively mild amount of 

carbon (0.16% to 0.30%). It has ferromagnetic properties. The high amount of carbon, 

also makes mild steel vulnerable to rust. Mild steel is also used in construction as 

structural steel and is not useful for operation at  high temperatures, higher than 100 oC. 

Unproper selection of base material (mild steel)  leads to the damages of steel tube due 

to the high operating temperatures during combustion of pellets (Figure 4). The highest 
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flame temperature of 793 oC  were measured at the surface of steel tube by infrared 

camera as is shown in Figure 2. 

 

Thus, the tubular combustion chamber must be made by high temperature resistance steel 

which contains prescribed amount of Cr and Mo due to the high flame temperature which 

can exceed 800 oC.  

 

The damages were appeared at the burner tube as a holes as can be seen from Figure 4. 

The total amount of damaged tube surface was 22,75 cm2. In this research, the influence 

of damaged tubular combustion chamber on smoke fine-particle emissions at the pellet 

burners is study.  

 

Because of this, holes with diameter of 11 mm were drilled into the new steel tube made 

by high temperature resistance steel with the purpose to simulate the damages of the tube 

(tubular combustion chamber) during fine particle measurements by fine particle analyzer 

(Figure 6).  

 

Combustion experiments were performed with optimal operational manipulation (loads, 

primary combustion air supplies). Normal operation was assumed to obtain nominal load 

of 25 kW, represented as an optimal baseline.  

 

Each of the combustion experiments were performed in a preheated pellet boiler. The 

boiler was turned on one hour before the start of the experiment, and the warming was 

performed on full load.  

 

The influence of damaged tubular combustion chamber on smoke fine-particle emissions 

(FPE), O2 concentration and CO emissions at the pellet burner is presented in Table 2 and 

Figure 7. Table 2 is presented total values of smoke fine-particle emissions (FPE), O2 

concentration and CO emissions after 15 minutes measurements by fine particle analyzer. 

 

By reviewing the results (Table 2 and Figure 7) of measurements of smoke fine-particle 

emissions (FPE), O2 concentration and CO emissions it is clear that the highest values 

were reached at the largest damaged tube surface 22,75 cm2 (24 holes). FPE value is 

approximately 77 % higher than the optimal value at the zero damage surface. Damaged 

pellet burner chamber also influence on lower O2 concentration for about 48% and 

approximately 50% higher CO emissions in comparison  with optimal values at the zero 

damage tube surface. 
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Table 2. The results of measurements of smoke fine-particle emissions (FPE), O2 

concentration and CO emissions at the damaged pellet burner chamber 

Damage surface 

(cm2) 

FPE 

(mg/Nm3) 

O2 

(%) 

CO 

(mg/Nm3) 

0,00 16,7 6,2 68 

0,95 (1 hole) 16,9 6,1 69 

1,90 (2 holes) 17,1 5,8 72 

3,80 (4 holes) 17,9 5,1 75 

5,70 (6 holes) 18,1 4,9 79 

22,75(24 holes) 29,6 3,2 101 

 

The damage effect of tubular combustion chamber on smoke fine-particle emissions 

(FPE), O2 concentration and CO emissions is insignificant at damage surfaces 0,00 cm2, 

0,95  cm2, 1,90 cm2 and 3,80 cm2 (4 holes) where measured values not exceed 7% of 

optimal values. 

 

 
Figure 7. The influence of damaged tubular combustion chamber on smoke fine-particle 

emissions (FPE), O2 concentration and CO emissions at the pellet burner 

 

The next higher values were reached at the damaged tube surface of 5,70 cm2 (6 holes). 

FPE value is approximately 10 % higher than the optimal value at the zero damage 

surface. Damaged pellet burner chamber also influence on lower O2 concentration for 
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about 20% and approximately 13% higher CO emissions in comparison  with optimal 

values at the zero damage tube surface. 

 

4 Conclusions 

 

Wood is the most commonly used biomass fuel in Slovenia due to the large forest base, 

forest industry and relatively easy access to cheap wood for many individuals. The use 

of wood in heat and power production is increasing. Wood pellets are primarily used in 

continuously operated combustion appliances. In real applications, combustion 

conditions are never ideal. Moreover, fuel and combustion air contain several 

components that affect the combustion process and emission formation. The combustion 

of solid fuel in real-life applications always require more air than what is theoretically 

needed. 

 

The tubular combustion chamber of pellet burner should be made by high temperature 

resistance steel which contains prescribed amount of Cr and Mo due to the high flame 

temperature which can exceed 800 oC. 

 

Unproper selection of base materials for construction of steel tubes  leads to the damages  

due to the high operating temperatures during combustion of pellets.  

 

The damages were appeared at the burner tube as a holes. Damaged tubular combustion 

chamber at the pellet burner has significant  influrence on smoke fine-particle emissions 

(FPE), O2 concentration and CO emissions. 

 

The highest values of smoke fine-particle emissions (FPE), O2 concentration and CO 

emissions were reached at the largest damaged tube surface 22,75 cm2 (24 holes). FPE 

value is approximately 77 % higher than the optimal value at the zero damage surface. 

Damaged pellet burner chamber also influence on lower O2 concentration for about 48% 

and approximately 50% higher CO emissions in comparison  with optimal values at the 

zero damage tube surface. The damage effect of tubular combustion chamber on smoke 

fine-particle emissions (FPE), O2 concentration and CO emissions is insignificant at 

damage surfaces 0,00 cm2, 0,95  cm2, 1,90 cm2 and 3,80 cm2 (4 holes) where measured 

values not exceed 7% of optimal values. 
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Abstract Experiments of single Heavy Fuel Oil droplets combustion were 

carried out to understand the effect of droplet initial burning temperature 

on cenosphere formation and differences between two types of cenosphere 

morphologies. Two different experiment techniques were used; falling 

droplet combustion inside a preheated furnace and suspended droplet 

combustion by the captive droplet technique. Particulate matters were 

collected to characterize cenosphere morphology by using SEM. 

Furthermore, high speed images and temperature profile of burning 

droplets were recorded. Results show that the morphology changes from 

skeleton-membrane to porous shell if critical ignition condition was met by 

the ambient air and the droplet vaporized component mixture. Relatively 

high initial burning temperature is required to meet the critical ignite 

condition and generate cenospheres with porous shell structure. 
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1 Introduction 

 

Recently, petroleum oil products constitute a significant share of the world energy supply. 

In Saudi Arabia, Heavy Fuel Oil (HFO) is commonly used rather than conventional light 

oils due to its lower production cost and wider availability [1]. However, the emission of 

Particulate Matters (PM) from the combustion of HFO still remains a major concern. 

These emissions contain unburned carbon particles. The cenosphere in particular, causes 

not only environmental problems, but also operational issues such as fouling and erosion 

of equipment [2].  

 

Two typical types of cenosphere morphologies could be found in earlier research. The 

traditional morphology, which is widely observed [3-10], has a carbonaceous and porous 

shell. A common explanation [3, 8, 11, and 12] for how this kind of structure is formed is that 

volatile components of HFO at the droplet surface evaporate and form a vapor layer 

surrounding the droplet. As a result, the more viscous components remaining at the 

surface begin to form a shell, which prevents the emission of vapor formed by the volatile 

inner components. With a diffusion flame formed outside the vapor layer, droplet 

temperature increases, accelerating vaporization and vapor accumulation inside the shell. 

Eventually, the inside vapor ejects out through the weak points of the shell, forming the 

porous structure. The other type of morphology is mentioned as globules, which can reach 

a diameter, much larger than that of traditional cenosphere [8]. The globules are hollow 

and contain many bubbles. Seen from outside, the cenosphere is a skeletal structure, 

attached by a membrane among those frames. This structure was also observed by Wornat 
[13], from single droplet combustion of pine oil and by Gay [10], during fluidized-bed 

combustion of bituminous coals.  

 

However, few studies are found which explain this phenomenon, nor has any 

investigation of the factors that contribute to these different morphologies. In this paper, 

focuses are put on finding out those main factors and comparing between two different 

types of cenospheres. To reach this purpose, two single droplet experiments were 

performed. a falling droplet experiment in order to collect cenospheres from the 

combustion of a stream of uniform HFO single droplets, surrounded by a preheated air 

co-flow inside a controllable furnace. Scanning Electron Microscope (SEM) was also 

implemented to investigate the physical characteristics of cenospheres. The second 

experiment is a suspended droplet combustion by the captive technique to capture images 

of the droplet burning process along with the temperature history profile.  
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2 Experimental Setup  

 

2.1 Falling droplet experiment  

 

Schematic map of experimental apparatus for the combustion of HFO falling droplet is 

shown in Figure 1.  

 

 
Figure 1: Falling Droplet Setup. 

 
For easier piping and ignition, the feeding line of HFO from the pressurized HFO tank to 

the droplet generator was heated up to 150oC. By using different orifices and HFO flow 

rates, the droplet generator (TSI MDG100 Monodisperse droplet generator) can generate 

three different droplet diameters (422 ±23 µm, 365±22 µm, 291±15 µm).  

 

Surrounding the central droplet entrance hole, four holes are uniformly distributed and 

connected to air, which is heated by an inline heater (Sylvania heater, F074719, 8000 

Watt). Before flowing into the vertically positioned quartz tube (134 mm inner diameter 

and 1500 mm length) inside a hinged tube furnace (Lindberg/blue, HTF55000 series), the 

co-flow air first goes through a ceramic honeycomb; after that, the flow proceeds to the 

furnace is assumed to be uniform as a result. The tube furnace includes three separate 

heating zones and individual temperature controllers. With this feature of the furnace, we 
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can adjust the temperature profile inside the quartz tube. Cenospheres are collected from 

water cooled exhaust gas by paper filter (retention diameter 20 microns) placed on a wire 

mesh at the end of the exhaust tube and the exhaust gas is sucked away by a vacuum 

pump. 

 

2.2 Suspended droplet experiment  

 

Schematic map of the experimental setup is shown in Figure 2. The captive droplet 

technique was chosen here because it enables droplet behavior to be monitored over the 

whole period of heat treatment inside an enclosure [14]. 

 

 
Figure 2: Suspended Droplet Setup. 

 

Preheated air co-flow by an inline heater (Sylvania heater, F074719, 8000 Watt) goes 

upwards through a ceramic honeycomb from the bottom of a hinged tube furnace 

(Lindberg/blue, HTF55000 series) through quartz tube (134 mm inner diameter and 750 

mm length). The co-flow air is assumed to be uniform after that and can be controlled 

with flow rate up to 130 l/min. Once the temperature profile inside the electrical furnace 

reaches required values, HFO droplet is suspended on a thermocouple junction (Type S, 

75 µm diameter, Omega P10R-003). The thermocouple is inserted inside a two-hole 

ceramic tube and connected to a computer for data processing and temperature readings. 

The droplet is positioned into the preheated electrical furnace by a 3D mechanism through 

an air cooling channel. This channel will keep the droplet temperature low until reaching 

the burning point inside the furnace. High speed camera (LaVision, Imager HS) is used 

to record the whole HFO droplet combustion process and a data acquisition card will read 

the temperature history inside the droplet from the thermocouple simultaneously. 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30RD, 2017, BLED, SLOVENIA), WATER AND AIR QUALITY 

A. Alkhateeb, A. M. Elbaz, J. Du & W. L. Roberts: Pm from the Combustion of Heavy 

Fuel Oils 

77 

 

3 Results 

 

Heavy Fuel Oil was collected from Shoaiba Power Plant in Saudi Arabia to generate 

single droplet for falling and suspended experiments. The HFO in Saudi Arabia has 

asphaltene content ranges between 7% to 15% and has high sulfur content of 3 wt% to 4 

wt% [1]. Physical and chemical properties of the HFO used in our experiment are shown 

in Table 1 [1].  

 

Table 1: HFO Properties. 

Properties  Results 

Density at 288 K (Kg/m3) 970.5  

Kinematic viscosity at 40oC (cSt) 617.740 

Sulfur (wt%) 3.292 

Asphaltenes (%) 8.2 

Vanadium (mg/Kg) 18.0 

Carbon (wt%) 85.0 

Hydrogen (wt%) 10.89 

Oxygen (wt%) 0.030 

Nitrogen (wt%) 0.239 

 

3.1 SEM analysis 

 

To better understand the differences in cenosphere morphology and its microstructure, 

SEM (Quanta 600F) was done on a series of cenosphere samples collected under various 

conditions. Two different types of large particles were observed, shown in Figure 3. 

 

 
Figure 3: Two Typical Morphologies of Cenosphere. 

 
The cenosphere morphology in Figure 3 (left) shows several small and large holes on the 

thick shell, called porous-shell structure. This kind of structure is widely observed in 

earlier researches. While totally different from the cenosphere in Figure 3 (right) which 

has a skeletal structure with membrane spreading and connecting between those frames, 

called skeleton-membrane structure. Some of this type of cenosphere has only one outside 

membrane layer and hollow inside, while some contain several layers formed by lots of 
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cells, which are also enclosed by membrane and hollow inside. Cenospheres with 

traditional structure (50~200 micron) are always smaller than initial droplets, while those 

with skeleton-membrane structure (300~1100 micron) are much larger. Obviously, the 

mechanisms of forming these two cenosphere types are different. According to our 

experiment, the initial temperature of the droplet burning zone has a big effect on the 

cenosphere morphological differences. Thus, falling droplet experiment was conducted 

to collect cenospheres under variable temperature entrance zones. Three initial 

temperatures were selected to make high, moderate and low entrance zones as show in 

Figure 4. Initial droplet diameter was kept consistent at 291±15 µm and air co-flow rate 

was kept at 130 lpm. 

 

 
Figure 4: Furnace Temperature Profiles. 

 
From SEM results Figure 5, it is found that with high entrance temperature, cenospheres 

collected are all with porous shell structure and have uniform size (smaller than initial 

droplets). While with moderate temperature profiles, there is transition particles coexist 

along with porous shell ones. In the case of low entrance zone temperature, skeleton-

membrane structure coexists with porous shell cenosphere as well. Worth to mention is 

that porous shell cenosphere always appears with a lot of ash collected on paper filter. 
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Figure 5: SEM Results for Cenospheres 

with Different Temperature Profiles. 

 

3.2 Suspended droplet 

 

It was discovered from the falling droplet experimental results that initial burning 

temperature of HFO droplet plays a critical role in cenosphere morphology. Therefore, a 

suspended droplet experiment was performed to further investigate on this approach. 

Figure 6 shows temperature history of HFO droplets exposed to different initial 

temperatures. The initial droplet diameter was kept at 320±15 µm and air co-flow rate 

was kept at 30 lpm. 

 

 
Figure 6: Temperature History Profile. 
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At high temperatures (i.e. 680C and 650C), the total burning time was around 7 

seconds. The droplet started releasing volatile material once it was located inside the 

furnace. After 3.5 seconds the ambient air and vaporized components mixture reached 

the critical ignition condition which causes droplet ignition flame as shown in Figure 7. 

Ejection of viscous residue was splashing through the flame front due to the formation of 

vapor bubbles [15]. Cenosphere formation with porous shell structure was produced at the 

end of the droplet combustion. 

 

 
Figure 7: Droplet Ignition. 

 
At low temperatures (i.e. 600C and 630C), the critical ignition condition was not 

reached by the ambient air and the vaporized components and therefore, the droplet did 

not ignite as shown in Figure 8. However, the droplet size doubled due to the emission of 

vapor formed by the volatile inner components which could not escape due to high 

viscosity of the surface layer. But finally, the inside vapor ejects out through weak points 

of the shell leading to a cenosphere formation of skeleton-membrane structure. 
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Figure 8: Droplet without Ignition. 

 

The size history of suspended droplet with different initial temperature is plotted in Figure 

9. Expansions and contractions alternates during the droplet burning time. At high initial 

temperature, the droplet size dropped by 40% while it was almost doubled at low initial 

temperature. Eventually, cenospheres with traditional structure are always smaller than 

initial droplets, while those with skeleton-membrane structure are much larger. 

  

 
Figure 9: Droplet Diameter History. 

 
4 Discussion 

 

Based on the previously described experimental results, it is possible to determine that 

with the same source of HFO, the initial temperature profile are the main factor affecting 

cenosphere morphology. 
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When a droplet exposed to high temperature, it undergoes several stages before becoming 

a cenosphere, volatile component evaporation, droplet swelling, and vapor burning 

surrounding the droplet. Variations in these stages cause different morphology. When 

ambient air temperature is high and vaporized components from the droplet is sufficient, 

critical ignition condition is met. This helps to form a diffusion flame in the vapor layer 

surrounding the droplet. This, in turn, leads to formation of a shell, a sudden increase of 

temperature inside the droplet and acceleration of internal vaporization. Due to the high 

temperature caused by flame, viscosity decreases greatly and surface tension is 

insufficient to balance the suddenly increased internal pressure. When pressure inside the 

droplet reaches a critical value, internal vapor will eject out through weak points on the 

shell to form a porous-shell structure. The ejected vapor also enhances the surrounding 

flame.  

 

On the other hand, if the ambient air temperature is low, the evaporation rate will be slow 

correspondingly. Therefore, critical ignition condition will not be met; which will allow 

sufficient time for volatile components to evaporate gradually and form many small 

bubbles inside. But the vapor does not eject out because of a relatively slow temperature 

increase caused by furnace radiation and convection, rather than a flame. As the droplet 

temperature increases gradually, the bubbles become larger and this process is seen as 

droplet swelling; and the resulting cenosphere is recognized as having a skeleton-

membrane structure. 

 

5 Conclusion  

 

This study focused on two different cenosphere morphologies, skeleton-membrane 

structure and porous shell structure, observed in falling HFO droplet combustion and 

suspended droplet combustion experiments. By comparing the cenospheres collected 

under various conditions with SEM, initial droplet burning temperature are decided to be 

the main factor that affect cenosphere formation. For same air co-flow rate and initial 

droplet size, cenosphere morphology changes from porous shell to skeleton-membrane 

when ambient air temperature becomes lower. From these comparisons, it is shown that 

relatively high initial droplet temperature and is required to be fulfilled to meet the critical 

ignition condition which helps to generate porous shell cenosphere, otherwise it will be 

possible to find cenospheres with skeleton-membrane structure.  

 

Future work will include experimental study on single HFO droplet combustion to better 

understand the effect of; initial droplet diameter; asphaltene content; different types of 

additives; and emulsions on droplet vaporization and combustion behavior.  
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Abstract Arsenic belongs to a group of highly toxic elements and its presence in ground water 

can easily affect on drinking water quality. Bearing in mind water scarcity and climate change, 

arsenic removing becomes a very sensitive issue, because it could be expected increasing 

demand on groundwater sources. To now, researches are developed a several different 

technologies for attenuating arsenic concentrations in groundwater, but adsorption and 
coagulation–flocculation procedures are the most commonly applied procedures for arsenic 

removal.  

In this study the adsorption of arsenic from water solutions on activated carbon in column was 
investigated. Experiments were designed in two directions: first, arsenic adsorption was 

investigated on fixed bed of activated carbon in two columns (full and porpus) with the same 

diameter; and second, arsenic adsorption was investigated on polypropylene and polyester 
carriers impregnated by activated carbon. Carriers were cropped in circular shape and placed 

in a same column. Arsenic solution of 10 ppm through a column was purged and at the bottom 

was collected. All colected samples were filtered and analyzed by ICP-OES (Inductively 
Coupled Plasma - Optical Emission Spectrometry) method.  

Results from investigation of influence of column type on arsenic adsorption were shown that 

porous column was more efficiency in compared to the full column. Increasing of column 

height increases arsenic adsorption, and on the end of process it was 76.46%. Based on 

investigation of influence of flow rate, it could be concluded that at lower flow rate (1 ml/min) 

percentage of adsorbed arsenic was higher. Investigations of arsenic adsorption on 
polypropylene and polyester carriers impregnated by activated carbon were shown that in both 

cases with increasing numbers of cycles arsenic removal also increases. In addition, increasing 

the layers number also increases the percentage of the removed arsenic from starting solutions, 
while comparing of influence of carriers on arsenic removal shows that polypropylene carrier 

was better. 
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1 Introduction 

 

Environmental pollutants and their toxic effects represent a major problem worldwide. 

Water pollution represent one of the biggest environmental issue that causing serious 

problems to living systems [1]. Metallurgical engineering, mining, nuclear power 

operations, electroplating, printing, dyeing, battery, pigment, PVC stabilizers, 

semiconductor, cosmetics, and so on belong to industries that generate various types of 

pollutants in wastewater effluent [1,2,3] 

 

Heavy metals represent a special serious environmental problem due to their toxicity and 

abundance. Due to its presence in sludge, fertilizers, pesticides, municipal waste, mines 

residues, and smelting industries they could contaminate a large area of land [4,1]. Their 

presence in aquatic environment could cause various health problems to live systems [5]. 

Previous studies were also shown that heavy metals possess carcinogenic properties and 

accumulative and non-degradable properties [6,7,8]. Arsenic is probably one of the most 

famous elements that belongs to the group of heavy elements. It is widespread in nature, 

there is in atmosphere, natural waters and organisms, but it is the most common in the 

earth's crust where its average concentration is 2-3 ppm. In organism arsenic usually 

reaches via contaminated water, air or food. It presence in water usually originates from 

groundwater that is a natural source of drinking water [9]. 

 

In order to reduce the presence of arsenic and other hazardous pollutants in wastewater, 

several new technologies have been developed and proposing globally. Techniques like 

electrochemical treatment, evaporation, solvent extraction, chemical precipitation, ion 

exchange, and membrane filtration technologies and others have been used for removing 

of hazardous pollutants. But, on the other hand these techniques have certain 

disadvantages because they are not suitable to use in the removal of low metal 

concentrations, and could cause damage on environment and life.  

 

Due to significant advantages like low-cost, availability, profitability, ease of operation, 

efficiency, and effectiveness than other techniques, adsorption process always 

represented a suitable technique for pollutants removal from wastewater 

[10,11,12,13,14,15]. Although modern knowledge and practice familiar a wide range of 

natural materials (natural zeolites, natural minerals, aluminum, iron and manganese, 

shellfish, natural clays, bio sorbent) which can serve as a matrix for the treatment of 

water, activated carbon is still the most interesting. It could adsorbs a large number of 

organic and inorganic substances from the water, remove odor and taste, reduced 

turbidity, and water hardness associated micro-organisms and the products of their 

activities, as well as the scraps resulting upon their cleavage by other techniques. 

Adsorption capacity of activated carbon is reflected in his highly developed porosity, and 

chemical reactivity of their surfaces. 

 

In this study we investigated arsenic adsorption on activated carbon in column. Two type 

of experiments were performed and compared. In the first set, arsenic adsorption was 

investigated in two type columns (full and porous) with fixed bed and the same diameter. 
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In the second set, arsenic adsorption was investigated on polypropylene and polyester 

carriers impregnated by activated carbon. Carriers were cropped in circular shape and 

placed in column with same diameter as well as and in firts set of experimens. We belive 

that this results could be beneficial to develop new improved system for removing arsenic 

from water by adsorption.  

 

2 Materials and Methods 

 

2.1 Materials 

 

Polypropylene and polyester as carriers for impregnation by activated carbon were used. 

Carriers were firstly impregnated by activated carbon, and after that they were cropped 

in circular shape with a diameter of one inch and placed in a column with the same 

diameter. Standard solution of arsenic (1000 ppm, TraceCERT®) for all experiments was 

used. The final concentration of arsenic (10 ppm) was adjusted by diluting of standard 

solution with distilled water, filtered by Fisher Chemical (HPLC grade). 

 

2.2 Experimental procedure 

 

In this study two set of experiments were performed. In first set of experiments standard 

solution of arsenic (10 ppm) was passed through a columns (full and porous) with fixed 

bed and at the bottom was collected at specified time interval. Optimization of adsorption 

proccess by changes of flow rate and height of adsorbent was done. The process was 

repeated two more times. All colected samples were filtered and analyzed by ICP-OES 

(Inductively Coupled Plasma - Optical Emission Spectrometry) method.  

 

In the second experiment set arsenic adsorption on polypropylene and polyester carriers 

impregnated by activated carbon was investigated. Carriers were cropped in circular 

shape with a diameter of one inch and placed in a full column. Standard solution of 

arsenic (10 ppm) was passed through a full column and at the bottom sample was 

collected. The process was repeated three times. Influence of carriers number on arsenic 

adsorption was also investigated. Colected samples were filtered and analyzed by ICP-

OES method.  

 

2.3 ICP-OES analysis of samples 

 

The quantitative analysis of all samples was performed on the ICP-OES (Inductively 

Coupled Plasma–Optical Emission Spectrometry, ARCOS FHE12, SPECTRO, 

Germany), according to the manufacturer’s instructions. The instrument conditions and 

determined parameters are given in a Table 1. 
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Table 1. ICP-OES operating conditions 

Plasma Power (W) 1400 

Gas flow (L/min) 

-Coolant 

-Auxiliary 

 

13 

0.80 

Nebulizer type Cross flow 

Nebulizer flow rate (L/min) 0.95 

Pump speed 30 

Stabilization time (s) 0 

Number of probes for each 

measuring 
3 

Plasma observation axial 

 

The carrier gas was argon 5.0 (99.999% purity). For calibration, standard solutions of 

arsenic was used, and preparation of standard solution was done by diluting the standard 

solution, so that the standard concentrations for the calibration chart were in the range of 

expected test element concentrations. Table 2 shows the detection wavelength, 

correlation coefficient (R2), limit of detection (LOD), and the range of linearity for As. 

 

Table 2. Calibration parameters for the determined elements: λ, nm; R2; LD (µg/L) and 

the extent of linearity (µg/L) 

Element 

Detection 

wavelength 

(nm) 

Correlation 

coefficient 

(R2) 

Limit of 

detection 

(µg/L) 

Linearity 

range 

(mg/L) 

As 
189.042 

197.262 

0.99997 

0.99998 

0.88 

1.24 

0.0008812.00 

0.0012412.00 

 

3 Results and Discussion 

 

3.1 Arsenic removal in full and porous column with activated carbon 

  

Arsenic removal from water solution in full and porous column with fixed bed was 

investigated. These column were chosen ecause they are completely two different cases 

in terms of the flow character and stream dynamic conditions. In the full column at the 

periphery flow velocity is zero and at the center velocity is the highest. On the other side, 

in the porous column is reversed, the periphery flow velocity is the largest and in the 

center is the smallest. The flow rate in a full column is very small and for flow 1 ml/min 

is 0.13165 mm/s, and at flow 1.5 ml/min flow rate is 0.1974 mm/s. The time of passage 

for folow of 1 ml/min is about 607 s, while for the flow of 1.5 ml/min time passage is 

910.5 s. At this rates it is logical to expect that in the full column a flow resistance on 

laminar flow rate was the highest in the center, and the smallest in the periphery. 

However, in the porous column flow resistance on the periphery is the the smallest and 

the largest in the center of column. Based on this it could be concluded that velocity 

profile in the cross section is homogeneous, and provides a larger surface contact as well 
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as the adsorption, thereby increasing the efficiency of the column althought the rate is 

very low. 

 

Table 3. Percentage of removed arsenic from water solution after adsorption on 

activated carbon in full and porous column 4 cm height  

Time 

[min] 

1 mLmin-1 [%] 1.5 mLmin-1 [%] 

Full Porous Full Porous 

5 14.23 18.52 12.67 17.9 

10 17.72 21.27 16.85 20.53 

15 18.85 23.64 18.4 23.31 

30 23.69 34.07 22.67 31.12 

45 26.58 37.72 25.9 37.2 

60 30.12 41.09 28.75 40.7 

90 33.1 47.04 31.7 45.85 

120 36.57 49.49 35.3 48.8 

 

Table 4. Percentage of removed arsenic from water solution after adsorption on 

activated carbon in full and porous column 6 cm height 

Time 

[min] 

1mL/min [%] 1.5mL/min [%] 

Full Porous Full Porous 

5 21.79 24.9 19.8 24.26 

10 31.52 32.72 24.6 29.22 

15 34.0 37.47 29.45 33.96 

30 41.24 45.75 35.24 37.29 

45 44.17 47.3 38.27 42.87 

60 44.34 49.56 40.32 43.97 

90 49.03 52.01 43.85 46.07 

120 50.61 52.17 45.87 49.38 
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Table 5. Percentage of removed arsenic from water solution after adsorption on 

activated carbon in full and porous column 8 cm height  

Time 

[min] 

1 mL/min [%] 1.5 mL/min [%] 

Full Porous Full Porous 

5 30.4 34.72 29.77 31.92 

10 47.23 51.02 46.6 48.85 

15 49.71 59.7 54.03 55.5 

30 62.27 66.34 61.72 63.68 

45 62.5 68.52 63.97 65.27 

60 65.32 69.2 64.57 67.35 

90 69.38 74.01 68.73 71.91 

120 71.06 76.46 70.2 73.89 

 

As it can be seen from obtained results in column of 4 cm height (Table 3) indicates that 

percentage of arsenic removal increases during the time of passage. In both investigated 

case porous column were more effective compared to the full.  

 

In the case when the investigated column with height 6 cm (table 4), in comapared to full 

column porous column was about 4% more efficient at flow of 1 ml/min, while at the 

flow rate of 1.5 ml/min about 2%. By comparing of results obtained at different flow rates 

it could be concluded that lower flow rate (1.0 ml/min) is effective from 3 to 5% 

depending on the type of the column. 

 

Looking of table 5 it colud be conluded that porosity column with 8 cm height was 

effective compared to full at both flow rates. Comparing of flow rates, as in previuos two 

cases it could be concluded that at lower flow rates precentage of removed arsenic was 

higher.  

 

Based on this it could be concluded that for industrial purposes using pre porous than a 

full column. In order to compare the efficiency of the column it is necessary to calculate 

for each the ratio of height and diameter H/d. 

 

Table 6. Efficiency of the columns 

H, cm       H/D ratio 

4 3.14 

6 4.72 

8 6.28 

 

As it can be seen from table there are two extremes values. Column with 4 cm height has 

a very small retention time, so that it is possible circulation and probably the most of the 

flow passes the flange without contacting of all carbon. Also, if we consider the small 

ratio of H/D it could be concluded that unbalanced flow in this section was possible. On 
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the other side, porous column with a height of 8 cm has the highest efficiency for arsenic 

removing of about 70%. Its H/D ratio was 6.28. At a flow rate at 1 ml/min column of 8 

cm height for 120 minutes binding 0.1 mg of arsenic per carbon gram. 

 

This column can be used as a model for the development of an industrial plant. It would 

consists of a number of porous column placed in a cylinder and the upper side would be 

flush with waste water. The advantage of a porous column is in permanent contact with 

oxygen from the air that can accelerate and chemisorption. 

 

3.2 Arsenic removal in column with impregnated activated carbonon carriers 

 

In this set of experiments was investigated the arsenic removal on activated carbon that 

was impregnated on two carriers (polypropylene and polyester). Based on obtained 

results it could be concluded several facts: first, with increasing numbers of cycles arsenic 

removal increases. Second, increasing the layers number increases the percentage of the 

removed arsenic from starting solutions. On the other side, comparing of carrier influence 

on arsenic removal it could be concluded that polypropylene showed a better result. 

 

Table 7. Percentage of removed arsenic from water solution 

 

 

These results were expected and logic, because with increasing number of layers amount 

of adsorbent is higher and chance for arsenic adsorption is higher. Also, with increasing 

of cycles number concentration of arsenic decreases because in every next cycle starting 

arsenic concentration is lower in compared to previous cycle and on the other side the 

adsorption capacity still exists, but it is not high as in first cycle [16]. Good result of 

 Cycles Polyester Polypropylene 

1
 l

ay
er

 1 23.23 23.51 

2 23.74 24.27 

3 26.4 25.12 

    

2
 l

ay
er

s 1 24.81 25.23 

2 25.43 30.55 

3 25.92 30.67 

    

3
 l

ay
er

s 1 27.91 35.2 

2 28.84 37.26 

3 30.22 37.59 

    

4
 l

ay
er

s 1 31.9 40.8 

2 32.69 41.6 

3 36.65 42.9 
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activated carbon in arsenic removal was expected because activated carbon was has a 

good result and in previous studies, even up 42.9%.  

 

4 Conclusion 

 

In summary, arsenic adsorption on activated carbon in column were investigated. Two 

sets of experiment were investigated. In the first set arsenic adsorption in two type of 

columns (full and porpus) with fixed bag and the same diameter, and in the second set 

arsenic adsorption on polypropylene and polyester carriers previously impregnated by 

activated carbon were investigated.  

 

Results from investigation of column type influence on arsenic adsorption were shown 

that porous column was more efficiency in compared to the full column. Also with 

increasing of column height percentage of adsorbed arsenic increases, and at the end of 

process in 8cm height column removed arsenic was 76.46%. Comparing the influence of 

flow rate, it could be concluded that at lower flow rate (1 ml/min) percentage of adsorbed 

arsenic was higher, probably because the contact time was greater.  

 

Investigations of arsenic adsorption on impregnated polypropylene and polyester by 

activated carbon were shown that with increasing numbers of cycles arsenic removal 

increases. Also, increasing the layers number increases the percentage of the removed 

arsenic from starting solutions, and finally comparing of carrier influence on arsenic 

removal it could be concluded that polypropylene was showed as better. 
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