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Contemporary Problems of Power Engineering and Environmental Protection – Energy 
Transition 

In the modern era, industrial development and growth in the population and in the economy have led 
to significant increases in energy demand. To attend this demand all sources have been used and 
improved technically in the course of years, from conventional generation to renewables. However, 
the impact to the environment has only been a topic of interest during recent years. In that context, 
efforts around the globe to reduce global greenhouse gases emissions and massive consumption of 
natural resources resulted in the creation of new and cleaner technologies and processes. This book 
represents a mean to help in the diffusion of research and development made by young scientists in a 
variety of fields related with Environmental Protection and Energy. 
 
The monograph “Contemporary Problems of Power Engineering and Environmental Protection” is 
the seventh volume of the scientific edition. This monograph consists of the manuscripts prepared by 
young scientists, mainly students as well as scholars from different research fields who presented 
them during the 7th Conference on Environmental Protection and Energy. This event is focused on 
soil protection, air and water resources, waste utilization, renewable sources of energy, hydro energy, 
wind energy, biomass, geothermal energy, energy systems, energy efficiency, LCA, influence on the 
natural environment and dispersed power engineering. The conference took place on 6th of December 
2019 in Centre of New Technologies in Silesian University of Technology, Gliwice, Poland. This 
was an excellent opportunity to share the knowledge and ideas of young scientists who wanted to 
make a difference and contribute to a better future, in harmony with the natural environment while 
securing energy needs of the society.  

The event, as from the beginning, was organised entirely by the students of Silesian University of 
Technology as part of Project Management course and as one of the essential elements of “learning 
by doing” approach. 

MSc Energy Transition program’s goal is to establish a future generation of engineers with 
innovative thinking who are ready to lead the implementation of contemporary energy systems and 
circular economy strategies. Moreover, the international atmosphere with close industrial 
connections shed more light to the application of theory knowledge in the real engineering 
environment. This conference is an excellent example for acquiring business and soft skills, active 
part of the program’s curriculum, as a significate added value in student’s professional profile. 

We are proud of students’ commitment, dedication and skills demonstrated toward the conference 
which made this a big success and, we are happy to see them getting themselves improved through 
each step of this event. 

We would like to express our appreciation to InnoEnergy for supporting MSc Energy Transition 
program and the 7th Conference on Environmental Protection and Energy. 

 

 

Mateo Toro Cárdenas 
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Abstract 

Seaweeds have strong potential to play role in regular diet and to provide various nutrients for sound health. 
However, to develop seaweed as a food is challenging task due to public acceptance, availability of material 
and cultivation potential of seaweed. India has strong potential of seaweed cultivation but Indian seaweed 
industry is still in primary stage and seaweed is not part of Indian cuisine. In this short overview, we are 
addressing possible challenges and hurdles in implementation of commercial cultivation of seaweeds in 
Indian seawater. There are very limited research papers available on this issue addressing the challenges. 
Large scale coastal or offshore seaweed cultivation needs long and uniform seashore not only geographically 
but by rules and regulations too. This paper is addressing few important requirements which can open the 
door of Indian seaweed sector as a new and sustainable food source.  

Keywords: Indian seawater, Ulva, seaweed cultivation, food security 

1. Introduction 

India and China are most populous, agrarian, labor intensive, fastest growing economies in the world [1] but 
with several social and environmental problems [2] with improvement in the ‘Quality of Life’ (QoL) of urban 
people which results in the migration of people towards cities for better life [3] from rural and tribal areas. 
These things make Indian government more conscious about the environmental and social concern of 
developmental projects. Indian economy is recovering again to grow speedily in recent time with increasing 
demand of food and fuel. Marine macroalgae or seaweed can be sustainable food resource for growing Indian 
population. But Indian seaweed sector is still in primary stages while China is number one producer of 
seaweed in the world.  

Marine environment contains about eighty per cent of world plant diversity, includes thousands of marine 
seaweed species which play important role in many East and Southeast countries ecologically and 
economically [4]. Seaweed generally known as seaweed are multicellular photosynthetic plants, consists of 
leaf like structure called thallus. The color derived from chlorophyll and natural pigments of thallus classified 
seaweed in green (Chlorophyta), brown (Phaeophyta) and red algae (Rhodophyta). In many Asian countries, 
raw seaweed or seaweed products are used as source of food which contains source of almost vitamins, 
essential minerals and dietary fibers etc [5].  

The cultivation of seaweed in marine environment is not responsible for competition with terrestrial crops for 
land and water, have recently gained much attention as a potential candidate for future feedstock for 
biorefinery. Compared to other terrestrial biomass crops seaweed have high rate of fixation of CO2, which is 
one more benefit of carbon dioxide remediation[6]. However, the large scale of seaweed cultivation can be 
responsible for positive and negative impact on coastal and marine ecosystems [7]. The scale up low cost 
production of seaweed is still great challenge to fulfill the need of developing India.  
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In this short review we are focusing on possible barriers to establish such large scale cultivation project of 
seaweeds in India.  

2. Basic challenges for macroalgal cultivation  

Biorefinery is the term in use from last nearly four decades which refers to the production of bio-based 
products including food, cattle feed, chemical, medicinal products and fuel from biomass [8]. Now days this 
term is emerging research field [9] and getting attraction to be used for algal biomass. The major requirements 
for establishing biorefinery from seaweed are shown in fig. 1. However, there are many challenges in 
cultivating seaweed in Indian seawater and utilize that as a food in regular Indian diet.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.1.  Options available and suitable for the basic requirements for seaweed food product 

Many seaweed have potential to accumulate and store the nutrients to use them in the period of unavailability 
of sufficient nutrients [10] and can grow in favorable conditions. Seaweeds can be either directly harvested or 
cultivated. However, its availability and chemical composition vary with area of ocean or sea, available 
nutrients in that area, seasonal changes and climate variations. It is possible to cultivate seaweeds in a pond on 
few hectors land but land acquisition is one of the most difficult tasks in India now a days. The governmental 
price of any land is very much less than market price which can create various social issues. With this the 
Indian agriculture sector facing various challenges  as illiteracy, weak socio-economic conditions, lack of 
technical knowledge and environmental awareness, small landholdings, weather dependent farming systems, 
poor infrastructures and lack of sufficient bureaucratic procedures which all make farmers and rural people 
more sensitive economically. The suicide of farmer is the darker side of Indian agriculture. This thing makes 
government to think before establishing any new development project which need agricultural or rural side 
land. To overcome this limitation the coastal bay development for biomass cultivation is good option for 
project proponents.  
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The washing of seaweed after collection will need freshwater which can make fermentation of seaweed. The 
offshore or near-shore cultivation of seaweed can provide the sufficient water source for biomass production 
and it can be reused for various purposes. The green algae are nearly similar to terrestrial plants on the basis 
of chemical composition and many species show the seawater habitat. Few among those species have good 
economic value as food, medicine and source for obtaining various chemicals easily available worldwide as 
shown in fig.2. Seaweed are available naturally in various coastal region of India among those the coastal belt 
of south India and coast of Gujarat state are most important as their abundant availability. But still seaweed as 
a source of food is unknown for many Indians and not popular India. Fast growing rate and high carbohydrate 
contains can make Ulva species more popular for cultivation. There are various species of genus Ulva found 
in Indian coast and ocean but Ulva fasciata shows higher polysaccharides content and has potential to grow 
worldwide.  

 

Fig. 2.2. Seaweeds from Mediterranean Sea. A. From Tel Aviv coast. B. Northern Israel coastal area shows 
various seaweeds. C. Seaweed Ulva from Chioggia, Italy. D. Venice lagoon is full of seaweed species 
particularly Ulva. 

Summer in India is generally very hot with nearly more than 45 0C areal temperature in coastal areas. Such 
temperature is lethal for many seaweed but nutrient storage helps them to increase tolerance level to high 
temperature by production of heat shock proteins [11]. Though the temperature helps in photosynthesis, the 
unavailability of nutrients [12] become responsible for the reduction of growth rate due to slowing the process 
of photosynthesis. But in case of nutrient availability by nutrient loading or by boundary layer refreshing due 
to high flow rate[11], seaweed show maximum growth rate. The nutrient level is high in coastal water in the 
season of raining particularly due to addition of agricultural water runoff in rivers and then to coast. Eastern 
coast of India shows mouths of many rivers which take part actively in incensement of nutrient level of 
coastal water. Such things are become responsible for eutrophication at many places and with this special 
addition of nutrients in coastal water for seaweed cultivation of also responsible for eutrophication [13]. But 
well managed cultivation of seaweed where the nutrients are available with fish and mussel culture can be 
effective in terms of high and low nutrient condition [14].   

Local market will be available as per requirement. The facilities should be available for the transportation of 
product to market. With this, it is necessary to find possible uses of other products of biomass. The collection 
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system and distributors need the storage and transportation. Perfect technology, the equipment and necessary 
experimental set up and well skilled technician is the most important need for this part of project. To make all 
these requirements cost effective it is necessary to find alternatives with possible benefits. The skilled and 
unskilled manpower is necessary in the project which has positive social impacts.          

3. Ulva cultivation requirements  

As other plants, Ulva also required sufficient temperature and nutrients with favorable environment. Other 
environmental factors most important for Ulva are salinity, water exchange to deliver nutrients and carbon 
dioxide. Ulva has tolerance capacity to salinity level and sunlight, temperature. However, these capacities 
vary in species to species and depend on the location. The sunlight and temperature are dependent on the 
seasonal variations which can impact on growth and contents of Ulva. In Ulva most important sugar is 
rhamnose which can shows variations in different seasons [15]. Winter season make seaweeds more flexible 
to resist waves than the summer [15]. With this, rainy season can increase the risks of accumulation of 
pollutants, chemicals, and heavy metals due to run off from land to ocean. 

3.1. Temperature 

The temperature plays important role on the metabolic rate and reproduction of Ulva similar as all 
photosynthetic plants. India is located in the high temperature zone and many seaweeds are sensitive to higher 
temperature. Temperature more than optimum [16] level can destabilize protein in seaweed and became 
responsible for cellular damage, and further leads in death of seaweed [17]. The species which are highly 
tolerable to temperature and have potential to recover back after damage are useful for cultivation in large 
scale. In offshore environment the temperature of seawater is generally cooler than the seawater from coastal 
sites [18]. This thing can be beneficial for the cultivation of seaweed if there are sufficient nutrients available 
at offshore sites.  

3.2. Salinity 

The salinity of major part of seawater throughout the world is in between 34 to 35 ppt [19]. Indian seawater 
salinity is also in that range just shows little less value in coastal water compare the offshore seawater. In case 
of India, the eastern costal area is less saline than western coast[19]. The higher salinity than optimal seaweed 
can show cellular dehydration [20].  Alteration of inorganic and organic components present in the cell makes 
seaweed little tough to balance the osmotic pressure but for commercial cultivation the seaweed should 
capable to tolerate wide range of the salinity [11].  

3.3. Water movement  

In general the movements of water below 0.1 m/s is known as low water motion [21] and above 0.25 m/s is 
known as high water motion [22]. The movement of seawater or water motion is important need of seaweed 
cultivation as it is related to their growth rate[23]. Water motion is responsible for the exchange of carbon 
dioxide and nutrients present in seaweed and water. In case of slow water movement, the thallus of seaweed 
shows the large boundary layer which obstacles to get sufficient carbon dioxide [11] and results in reduction 
of growth rate [24]. In high water motion seaweed need to develop strong holdfast [25] which adversely 
impacts on growth of other part. In case of low water motion can show increase in grazing, abundance of 
epiphytes. In case of eastern coast of India, the Bay of Bengal is adversely famous for the deadliest cyclones 
and storms in the world [26]. In this background it is challenging to make cultivation particularly at offshore 
environment at eastern coast of India.  

3.4. Turbidity 

The transparency of seawater is the challenging factor for large scale cultivation as it is directly related with 
other factors such as temperature, pH and link to climate change too[27]. Offshore environment shows 
transparent water compare to coastal water and particularly at the time of rainy season. The rainy season, 
many rivers are responsible for influx of large quantity of muddy water in the coastal areas[27]. The turbidity 
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is responsible to absorption and scattering of sunlight and can be leads to increase in the seawater temperature 
[28]. This can impact on the photosynthesis rate of seaweed. But clear seawater can also be responsible for 
the negative impact on seaweed [29].    

4. Main challenges in the large-scale cultivation 

4.1. Diseases 

Large scale seaweed can be affected by diseases and become responsible for heavy economic loss [30]. There 
are many viral, bacterial and fungal diseases due to pathogens making the commercially cultivated seaweed as 
hosts. Sometimes few endophytes are hosted by many seaweed [31] which are not responsible for diseases but 
make some changes in host plants [32]. Adverse environmental conditions can provide opportunities to 
biological factors such as bacteria, fungus to grow [33]. The bacteria like E. coli get nutrient source from 
seaweed, grow fast and can create risk to human health. The decay of infected seaweed is also one more 
problem if it comes to beach in large quantity.  

4.2. Epiphytes 

Epiphytes on seaweed are generally the seawater plants such as diatoms, polysiphonia which are dependent 
on the seaweed for food. Epiphytes cover the major surface of seaweed and create pores on seaweed. 
However, few seaweed developed diverse protective systems, both chemical and mechanical, to eliminate the 
parasitic microbes [34]. Many epiphytes do not show any harm to seaweed directly but can compete with host 
seaweed for sunlight and nutrients [35]. Few times the epiphytes are responsible for the attraction of grazers 
towards them and seaweed.  

4.3. Grazers 

Seaweed are the important source of food for various kinds of water herbivores [36]. There are various kinds 
of primary consumers are available there in that ecosystem which can multiply and become more in numbers 
due to large scale seaweed cultivation. These organisms called as grazers and they can be bivalves, ascidians, 
amphipods, polychaetes, gastropods or sponges or fishes and so on. Seaweed cultivation in southern coast of 
India is facing problem of grazers particularly the rabbit fish which is herbivorous fish [35].These small sized 
herbivorous fish is responsible for big economic loss for seaweed cultivation.  

5. Conclusion 

The challenges in front of developing the seaweed as a food source for indian regular diet are related with the 
successful cultivation of large-scale cultivation of macroalgae in Indian seawater. There is strong need of 
finding possibilities of such cultivation by changing not only overcoming the environmental challenges but 
also finding strong policy support. The clear policy with well define need of marine food resources, support to 
tackle the problem of challenges and hurdle in this area section is the primary need in this sector. The success 
in this will be the important steps to develop this resource.  
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Abstract 

Cu-Fe or Cu-Fe-Ce mixed oxides were synthesized by solution combustion synthesis (SCS) in "fuel rich" and 
"fuel lean" conditions. In order to investigate the influence of the chemical composition and the amount of 
fuel on the final structure of the samples, the detailed XRD analysis was performed. The different preparation 
procedures allowed to obtain the materials with diversified amounts of FexOy, CuO and CeO2 (when applied) 
phases and different size of the crystals. It was noticed that the crystallinity was much higher for the samples 
prepared in "fuel lean" conditions. Additionally, for the materials with CeO2 the crystallinity was noticeably 
lower. The influence of CeO2 on the structure of the materials was more remarkable for the samples prepared 
in "fuel rich" conditions. Therefore, it is predicted that not the chemical composition of the sample and the 
fuel to oxidizer ratio is a key factor to obtain materials with desired structure. 

Keywords: selective catalytic reduction, mixed metal oxides, citric acid method, solution combustion 
synthesis 

1. Introduction 

The constant development of many of the industrial processes and transport results in the increased 
combustion of fossil fuel. One of the most harmful compounds emitted by stationary and mobile sources are 
nitrogen oxides (NOx). The main reason of the increasing emissions of NOx is related to the application of 
mobile sources with improved fuel efficiency with the ratios of air-to-fuel is higher than stoichiometric 1. In 
recent years, the emission of nitrogen oxides is rising successively resulting in the formation of acid rain, 
photochemical smog and ozone layer depletion. Moreover, NOx contribute to ground-level O3 and affect 
directly  humans health 2–5.  
According to the statistics, almost half of the NOx emitted to the atmosphere are produced by mobile sources 
and the most effective technology applied for their abatement are catalytic converters 1,4,6.  Nitrogen oxides 
that are produced by stationary sources can be treated by in-furnance or post-combustion technologies. The 
techniques include for instance flue gas recirculation or steam/water injection and selective catalytic reduction 
(SCR) or non-selective catalytic reduction (NSCR), respectively 4,7. In recent years, the most effective 
commercial technology used to decrease the amount of NOx is SCR with ammonia as the reducing agent. The 
process is based on the reaction of nitrogen oxides with NH3 on the surface of the catalyst. Most of the 
commercial systems used worldwide in SCR installations are honeycomb monolith that consist of V2O5-TiO2 
doped with promoters, for example MoO3 or WO3. The reaction proceeds usually at 200-400oC and the main 
products are molecular nitrogen and water vapor 5,8,9

.  The simplified scheme of NH3-SCR is presented in Fig. 
1.1. and the possible pathways of the reaction depending on the initial conditions are described by equations 
1.-3. 8.  
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Fig. 1.1. Schematic pathway of selective catalytic reduction of NOx by ammonia (based on 5,10). 

 4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O (1)  

 6 NO2 + 8 NH3 → 7 N2 + 12 H2O (2)  

 6 NO + 4 NH3 → 5 N2 + 6 H2O (3)  

Additionally, there are some undesired reactions of NH3-SCR that lead to the formation of N2O or to the non-
selective oxidation of ammonia. These are described by equations 4. and 5., respectively. 

 2 NH3 + 2 O2 → N2O + 3 H2O (4)  

 4 NH3 + 3 O2 → 2 N2 + 6 H2O (5)  

Despite that NH3-SCR is one of the most developed technologies of NOx abatement, it has some drawbacks 
related to the properties of the commercial catalyst. First of all, it has a narrow temperature window (300-
400oC). Therefore, it should be placed in so-called "high-dust" position, upstream of the dust removal 
equipment and the FGD unit, where the flue gas is hot enough to initiate the reaction. However, in this kind of 
system the catalyst is posed to the contaminations by fly ash, heavy or alkali metal compounds and other 
impurities present in the flue gas. Another problem of the commercial catalyst is that it promotes the reaction 
between NH3 and SO3. Sulphur dioxide can be oxidized to SO3 and then react with ammonia giving 
ammonium salts. These compounds are extremely dangerous for the catalytic system, especially due to their 
poisoning influence and the risk of plugging and corroding of the equipment 4,9,11. 
There are many materials described in the scientific literature that can be the substitutes for the commercial 
vanadium catalyst. The most promising are transition-metal modified zeolites 12–14, aluminosilicates 15–18, 
activated carbons 5, 19–21, modified hydrotalcites 9, 22 and metal-oxide supported systems 23–25. These materials 
are attractive for industrial applications mainly due to their activity in the low-temperature range, low price 
and high resistance to contaminating compounds of the flue gas. 
One of the recent approaches that were made to synthesize the effective catalyst is a solution combustion 
synthesis (SCS). The method is based on the self-sustained redox exothermic reactions between the oxidizer 
and fuel  The most frequently used oxidizers are metal nitrates, mainly due to their good solubility in water 
and low temperature of decomposition, in comparison to other metal salts 26. The most common fuels are 
urea, glycine, citric acid or glucose. The only condition is that these compounds are the source of carbon and 
hydrogen and form complexes with the metal ions. The preferable properties of the ideal fuel are good 
solubility in the solvent and low temperature of decomposition (less than 400oC). In most cases, oxidizer and 
fuel are dissolved in water 27, 28. There are two modes of SCS: volume combustion, where the solution is 
slowly heated to the boiling point and to the ignition temperature or self-propagating combustion, where small 
volume of the solution is heated locally in order to initiate the exothermic reaction  The simplified scheme of 
SCS according to the described modes is presented in Fig. 1. 2. (A). 
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Fig. 1.2. The possible heating modes applied in solution combustion synthesis (A) and the schematic 
presentations of the most common pathways of solution combustion synthesis (based on: 26–31 ). 

What is more, heating of the initial solution can be performed according to two different routes. In the first 
one, all steps of the combustion reaction occur very rapidly 29,32. In the second one, which is called sol-gel 
combustion, the initial solution is first dried below the boiling point of the solvent. As a consequence, the 
unbound water molecules are evaporated which results in the formation of gel-type media. Then the gel 
undergoes crystallization into a solid. Afterwards, the obtained medium is placed in the furnace at about 300-
500oC and the self-ignition and combustion takes place 27, 30. The possibilities of the initial solution heating 
are presented in Fig. 1. 2. (B). 
According to the scientific literature, SCS-derived materials are good candidates for effective catalysts of 
many industrial processes, including CO oxidation 33, conversion of hydrocarbon to fuels and other chemicals 
27, 33 or reforming of alcohol toward hydrogen 34. It is mainly due to the fact that these formulations exhibit 
high specific surface area provided by the porosity generated under the influence of the combustion reaction. 
Additionally, their synthesis is relatively fast and easy in comparison to the other catalysts 26. Moreover, the 
chemical composition can be adjusted in accordance to the nature of the reaction in which they will be used. 
The materials prepared by SCS were also considered as potential catalysts for selective catalytic reduction of 
NOx 

35–40
.  

Andreoli et al. 38 prepared MnOx-CeO2 via solution combustion synthesis and tested the obtained catalysts in 
low temperature NH3-SCR. The authors investigated variable amounts of fuels (citric acid or glycine) with 
respect to the stoichiometry of the synthesis. Three different groups of materials with diversified Mn/Ce 
molar ratio were obtained. The results of XRD indicated that the samples prepared in so-called "lean 
conditions" that are characterized by low fuel to oxidizer ratio revealed more crystallized structure. According 
to the authors, it was typical for mixed metal oxides prepared by SCS. Additionally, SBET analysis pointed at 
the fact that the specific surface area significantly increased with the decreasing amount of fuel used for the 
combustion reaction. What is more, the ratio of citric acid or glycine to the nitrates played an important role in 
the formation of the structure of mixed oxides. For the samples prepared in "fuel-rich" conditions the pore 
diameters were considerably wider in comparison to the "lean conditions" samples. The effect was explained 
by the higher amount of gases developed during the reaction. The influence of CeO2 on the catalytic behavior 
of the Mn-based metal oxides was examined using H2-TPR. The results of the analysis revealed that the 
addition of CeO2 decreased the reduction temperature of MnOx from 450oC to about 300oC. The results NH3-
SCR catalytic tests showed that the highest NO conversion occurred for the sample prepared with 
stoichiometric amount of fuel used for the combustion. It was suggested that the results were related to the 
highest specific surface area linked with the promotional influence of ceria. For the most active sample, 100% 
of NO conversion occurred at about 130oC. However, with the increasing temperature the selectivity to N2 
decreased significantly from 100% at 100oC to lower values. The result is related to the progressive 
promotion of ammonia oxidation at higher temperatures and consequent N2O formation. 
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Another approach to the SCS synthesis of NH3-SCR catalysts was presented by Zhijan et al. 41. The authors 
investigated a series of TiO2 supported MnWOx mixed oxides. The samples were synthesized with a different 
molar ratio of the metal precursors. Low temperature N2 sorption results showed that the samples exhibited 
the specific surface area in the range of 168.5-253.5 m2 ∙ g-1 and it was observed that the pore volume and 
pore diameter determined by BJH method increased for the samples doped with tungsten. The dominant phase 
of anathase present in XRD patterns indicated that tungsten and manganese prepared by SCS were well-
dispersed on the surface of TiO2. MnWOx-TiO2 mixed oxides tested in NH3-SCR reaction exhibited about 
95% of NO conversion at 180-330oC for the most active samples. It was observed that the catalytic 
performance of W-doped samples was enhanced, especially in the high-temperature SCR. What is more, the 
addition of W retarded the decrease of NO conversion above 250oC to the higher temperature range. Hence, it 
was confirmed that the co-existence of Mn and W oxides prepared by SCS was beneficial for NH3-SCR. 
The next interesting attempt to prepare mixed metal oxides via SCS was made by Deorsola et al. The authors 
obtained unsupported MnOx and examined the catalytic properties in the low temperature NH3-SCR. The 
samples were prepared using glycine in fuel-lean (L) or fuel-rich (R) conditions and calcination at 400 or 
600oC. XRD analysis of the resulting materials showed that the samples obtained at 400oC and at lean 
conditions exhibited lower crystallinity with respect to the other conditions of synthesis. Additionally, it was 
noticed that L samples were characterized by larger crystallites (40-50 nm) in comparison to R samples (10-
20 nm). What is more, the specific surface area of the L samples increased with the increasing temperature of 
synthesis. The opposite effect was observed for R materials. NH3-SCR catalytic tests showed that the 
materials prepared by SCS exhibited 75-100% of NO conversion and 100% of N2 selectivity in the 
temperature range of 150-200oC. Considering the whole temperature range, R samples were slightly more 
selective than L samples. Additionally, L catalysts exhibited broader range of 100% conversion (200-250oC) 
in comparison to R catalysts for which 100% of NO conversion occurred only at 150oC. The most active 
samples were the Mn oxide prepared in rich oxidant conditions at 400oC. It was suggested that its good 
catalytic performance was facilitated by the presence of surface defect sites reflected in increased capability 
for NH3 adsorption. Additionally, when the temperature of synthesis was lower, the oxidation ability of the 
catalyst was improved. Therefore, ammonia oxidation that is the side reaction of NH3-SCR occurs at lower 
temperature.  
Despite the high potential of MnxOy prepared by solution combustion synthesis in NH3-SCR, the Mn-
containing catalysts exhibit very high oxidative potential 9. Hence, the solution combustion synthesis of 
different transition metal oxides should be taken into consideration. A number of previous studies have 
confirmed catalytic activity of iron and copper in SCR 9, 39–42. Another potentially advantageous component of 
SCR catalyst is CeO2. It is mainly due to its non-toxicity, promoting impact on the structure stability and 
promoting influence of the redox properties of the catalyst 43, 44.  According to that, the paper describes the 
preparation and XRD characterization of Cu-Fe-Ce oxides. The materials were obtained using diversified 
molar ratio of the metal precursors. Additionally, the influence of fuel to oxidizer molar ratio on the final 
structure of the material was examined.  

2. Experimental 

2.1 Preparation of the materials 

In order to prepare the Cu-Fe-Ce mixed oxides via citric acid method, the nitrate precursors of metals:  
copper nitrate trihydrate Cu(NO3)2 ∙ 3H2O, iron nitrate nonahydrate Fe(NO3)3 ∙ 9H2O, cerium nitrate 
trihydrate Ce(NO3)3 ∙ 3H2O (when used) and citric acid C6H8O7 (where the C6H8O7 to metal ion labeled as 
ω was 1:8, 1:6, 1:4, 1:2 and 1:1) were dissolved in 50 cm3 of distilled water and mixed under vigorous stirring 
at room temperature for 1 hour. Subsequently, the solutions were dried at 120oC for 12 hours. The obtained 
foam-like solids were calcined at 500oC for 3 hours in air in a furnace. The preparation included diversified 
amounts of each metal. In order to investigate the influence of CeO2 on the final structure of the catalyst, the 
reference CuFe sample was prepared. The list of the prepared materials and the designation of the samples are 
presented in Table. 2. 1. 

Table. 2.1. List of the prepared materials 
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No. Sample Code 
Amount of Cu 

[mmol] 

Amount of Fe 

[mmol] 

Amount of Ce 

[mmol] 
ω molar ratio 

1 Cu6FeCe_8-1 10 60 10 
1:8 

2 CuFe_8-1 40 40 0 

3 Cu6FeCe_6-1 10 60 10 
1:6 

4 CuFe_6-1 40 40 0 

5 Cu6FeCe_4-1 10 60 10 
1:4 

6 CuFe_4-1 40 40 0 

7 Cu6FeCe_2-1 10 60 10 
1:2 

8 CuFe_2-1 40 40 0 

9 Cu6FeCe_1-1 10 60 10 
1:1 

10 CuFe_1-1 40 40 0 

2.2 Characterization of the materials 

The structural properties of the prepared CuxFe(Ce) oxides were determined by the XRD analysis. The X-ray 
diffraction patterns were obtained using Empyrean (Panalytical) diffractometer. The instrument was equipped 
with copper-based anode (Cu-Kα LFF HR, λ = 0,154059 nm). The diffractograms were collected in the 2θ 
range of 2.0-80.0o (2θ step scans of 0.02o and a counting time of 1 s per step). 
The size of the obtained crystallites was calculated using Scherrer's equation (eq. 6). : 
 

 𝑇𝑇 =
𝐾𝐾λ

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
 (6)  

Where, 
 

T mean size of the ordered (crystalline) domains,  
K dimensionless shape factor, which value is close to unity, 
λ X-ray wavelength, 
β line broadening at half the maximum intensity (rad), 
θ Bragg angle. 
 

3. Results and discussion 
 

The obtained materials exhibited foamy structure and occupied the whole volume of the container. The 
obtained products were multicolor, and the individual phases were not separated. Therefore, no ion 
segregation occurred. Additionally, it was observed that the particles of the samples with the fuel to oxidizer 
ratio of 1:1 were softer in comparison to these with ω = 1:8 and it was far easier to ground them into mesh. 

3.1 Crystalline Structure 

The results of XRD analysis of the materials prepared by citric acid method are presented in Fig. 3.1. (A-E) 
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Fig. 3.1. XRD patterns obtained for the CuFe and Cu6FeCe  mixed oxides prepared by citric acid method with 
the metal ions to fuel molar ratio of: 1:8 (A), 1:6 (B), 1:4 (C), 1:2 (B), 1:1 (A). 

 
It can be observed that the dominant phase obtained for the CuFe samples, regardless of the applied ω molar 
ratio was Fe2O3. The presence of Fe2O3 was confirmed by the reflections at 2θ = 30.2o, 47.6o, 53.9o and 
62.9o. Additionally, for the CuFe_1-1, CuFe_1-2 and CuFe_1-6 samples the mixed oxide CuFe2O4 was 
formed. It was confirmed by the presence of the reflection at 2θ = 57.2o and 62.4o. What is more, for the 
sample CuFe_1-8 the amount of CuO phase was the highest and it coexisted with Fe2O3. Therefore, it can be 
concluded that the "fuel lean" conditions facilitate the formation of copper oxide phase. Basing on the 
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obtained patterns, it was noticed that CeO2 phase formation was strongly influenced by the ω ratio applied 
during the synthesis. Sharp and separated reflections of CeO2 were obtained for the Cu6FeCe_8-1 and 
Cu6FeCe_2-1. Additionally, all of the samples containing CeO2 fraction exhibited considerably lower amount 
of CuO. Hence, CeO2 most probably inhibits the formation of copper oxide crystalline species species. CeO2 
crystallites were much bigger than CuO, thus the copper oxide phase possibly became undetectable for the 
XRD instrument. Therefore, the introduction of ceria affects the composition and the crystallinity of the 
resulting materials. However, it was observed for the most "fuel lean" conditions that the influence of ceria on 
the structure of the materials was reduced. The value of 2θ for the characteristic reflections of CuO, FexOy 
and CeO2 in the patterns (A-E) are presented in Table. 3. 1. 1.  

Table. 3.1.1. The values of 2θ angle detected for the obtained mixed metal oxides structures 

Citric 
acid/metal ions 

ratio 
Sample Code 

2θ of the Compound [o] 

Fe3O4 Fe2O3 FeO CuO CuFe2O4 CeO2 

1:8 

Cu6FeCe_8-1 23.9 
35.5 

33.2 
40.9 
54.0 
64.0 

62.4 49.5 - 
28.7 
47.9 
56.5 

CuFe_8-1 23.9 
35.3 

32.9 
41.1 
54.0 
64.2 

72.4 

35.3 
38.5 
48.8 
61.5 
75.4 

- - 

1:6 
Cu6FeCe_6-1 - 36.6 - - - 

29.3 
33.5 
47.8 
57.5 

CuFe_6-1 18.3 
35.9 

30.4 
56.7 43.3 36.1 

38.7 
57.3 
62.5 - 

1:4 

Cu6FeCe_4-1 35.6 - - - - 28.6 
32.5 

CuFe_4-1 
18.3 
35.6 
57.2 

30.4 
53.7 
63.0 

43.3 
35.6 
38.7 
48.5 

- - 

1:2 

Cu6FeCe_2-1 35.5 

30.7 
47.6 
53.9 
62.9 

43.3 - - 
28.5 
33.3 
57.3 

CuFe_2-1 18.4 
35.4 

30.0 
53.5 43.7 48.5 

47.6 
57.3 
62.3 - 

1:1 

Cu6FeCe_1-1 35.5 
62.8 - 43.2 35.7 - 29.4 

CuFe_1-1 35.5 30.2 
53.7 43.2 35.7 

38.6 - - 

The crystallinity of the obtained materials and the size of the crystals can be estimated by the analysis of the 
peaks present on the diffractograms. All of the CuFe samples, regardless of the ω molar ratio exhibited well 
separated, intense and sharp reflections. The effect was observed especially for the samples prepared in "fuel 
lean" conditions. Therefore, the co-existence of copper and iron oxides and low amount of fuel used for the 
preparation results in higher crystallinity of the final materials. The effect can be explained by different 
enthalpies of generation for different oxides. Lower temperatures that are reached in case of "fuel lean" 
conditions are suitable for the formation and crystallization of the oxides. On the other hand, in order to 
combust more fuel in "fuel rich" conditions, higher temperature is required and more amorphous fraction of 
the materials is obtained 38,40.     
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3.2 Size of the obtained crystallites 

The size of the obtained crystallites was calculated by means of Scherrer's Equation (eq. 6.). The results are 
presented in Table 3.2.1. The ω molar ratio influenced significantly the size of the obtained crystallites. For 
the materials prepared in "fuel lean" conditions (1:8) the metal oxide species reached the biggest size, in the 
range of 47-58 nm. On the other hand, the samples prepared with the ω molar ratio of 1:1 exhibited the 
smallest crystallites, in the range of 20-25 nm. The results are in agreement with the scientific literature 40 for 
the estimated crystallinity obtained in "fuel rich" and "fuel lean" conditions. The average crystallites sizes of 
the meal oxides in each material are illustrated in Fig. 3.2.1.  

Table. 3.2.1. The average size of the obtained crystals of mixed metal oxides 

Citric 
acid/metal 
ions ratio 

Sample Code 
Average Crystal Size [nm] 

Fe3O4 Fe2O3 FeO CuO CuFe2O4 CeO2 

1:8 
Cu6FeCe_8-1 50.43 50.75 51.45 50.43 - 40.22 

CuFe_8-1 46.33 57.26 56.97 46.35 - - 

1:6 
Cu6FeCe_6-1 - 31.45 - - - 33.54 

CuFe_6-1 31.58 31.52 32.56 24.96 37.74 - 

1:4 
Cu6FeCe_4-1 30.87 30.01 - - - 30.23 

CuFe_4-1 37.53 35.35 36.29 42.81 - - 

1:2 
Cu6FeCe_2-1 33.01 37.76 29.65 21.39 23.18 21.58 

CuFe_2-1 32.02 34.87 27.32 23.12 24.56 - 

1:1 
Cu6FeCe_1-1 20.75 23.67 20.29 - - 22.23 

CuFe_1-1 21.76 20.75 20.35 25.16 19.01 - 

 

 
Fig. 3.2.1. Average size of the crystallites of the metal oxides obtained for the samples CuFe (A) and 
Cu6FeCe (B) in the function of ω molar ratio. 
 

4. Conclusions 

Solution combustion synthesis (SCS) is a very efficient, single- or two-steps synthesis of a wide range of 
metal oxides. In order to determine the influence of "fuel rich" and "fuel lean" conditions on the structure of 
the materials, five groups of Cu, Fe and Ce (when used) samples were prepared. It was observed that the 
materials prepared with the excess of fuel exhibited lower crystallinity and bigger particles than the other 
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analyzed group. The effect can be explained by a different amount of heat released at different temperatures. 
It results in the formation of diversified structure of the crystals. The introduction of ceria during the synthesis 
procedure led to the generation of more amorphous materials that contained mainly CeO2 and FexOy 
fractions. This suggests that the presence of CeO2 inhibits the formation of CuO fraction. Additionally, it is 
possible that low crystallinity of the selected samples arises from fast kinetics of some reactions during SCS. 
This effect might prevent the cation reorganization and, in consequence, makes crystallization difficult. 
However, one of the most important factors that should be considered in case of SCS is the variation of the 
synthesis parameters that can be applied. It enables to obtain materials with different crystallinity and 
morphology. The development of gases that occurs in a very short time, and high temperature reached during 
the synthesis, usually creates many defects on the surface of the materials, e.g. oxygen vacancies. Therefore, 
the adsorption of different gases is facilitated and as a result, the materials are suitable for many catalytic 
reactions, among them for NH3-SCR. The active sites on the materials obtained via SCS promote their high 
catalytic activity in the sorption of NH3 or NO, depending on the mechanism. Therefore, the materials can be 
successfully used as potential catalysts of selective catalytic reduction of nitrogen oxides.   
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Abstract 

The article presents the mechanism of polyurethane (PU) foams production process with the addition of waste 
from coal-fired power plant. The PUR foams were made using a one-step method. The samples contained the 
addition of conventional and fluidized fly ash. Composite materials contained 5, 10, 15, 20 % of fly ash in 
PUR foams. In order to compare the properties of the composites with the reference (unmodified) foam, PUR 
without the addition of ash was produced. The following parameters were analyzed: the apparent density, 
calorific value, microphotographs from SEM and elemental analysis of carbon, hydrogen and nitrogen. 

Keywords: rigid polyurethane foam, fly ash, properties of PUR 

1. Introduction 

The policy of reducing CO2 emission to the atmosphere is associated with a decrease in the demand for 
thermal energy. The reduction of heat demand is achieved through thermal insulation. Rigid polyurethane 
foam (RPUF) is the most popular thermal insulation material. The mechanism of foams formation is based on 
mixing two substrates: isocyanate and polyol. This is one-step method of production [1]. Components for 
foams production are expensive, that is why scientists’ interests are focused on new methods to reduce costs 
of production. Polyurethane foams are biologically and chemically inert, they are distinguished by a slight 
water absorption. The thermal insulation of PUR is distinguished by a low thermal conductivity, what is more, 
foam is resistant to petroleum solvents, diluted acids and bases. Their mechanical properties depend on 
apparent density, cell structure and content of various additions [2]. Very good thermal insulation properties 
caused that the RPUF is widely used in the industry, mainly in architecture. RPUF is flammable material. 
During combustion, the PUR foam generates substances harmful to health. RPUF decomposes above 200oC. 
The desire to reduce the foam's flammability causes that various types of flame retardants are added. The 
current trend in the synthesis of PU materials is the modification by using recycled components [3]. Recycled 
materials can reduce production cost. What is more, polyurethane foams with recycled component can have 
better mechanical and thermal properties [4].  An example of PUR modifier can be fluidized bed combustion 
(FBC) fly ash (FB) or conventional pulverized coal combustion (PCC) fly ash (FC). Fly ash (FA) is captured 
from flue gas thanks for electrostatic or mechanical devices [5]. There are currently many methods of ash 
management. One of them is the application in building materials such as: building ceramics, cellular concrete 
and cements [6]. Fly ashes are also used in road construction and in mining as excavation fillers. Thermal 
energy is largely based on coal combustion. As a side effect, a large amount of coal by- products, including 
fly ash is produced. Therefore, new solutions for fly ash utilization are being developed. The innovative idea 
is used the fly ash as a filler in rigid polyurethane foams. The use of such the filler could contribute to 
improving the properties of the RPUF. Moreover, fly ash could fulfill the role of flame retardant.  

 

2. Methodology of composite preparation 
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2.1 Composites  

The following products were used to prepare rigid polyurethane foams: 

- fly ash from conventional pulverized coal combustion (Fig.2.1.); 
- fly ash from fluidized bed combustion (Fig.2.2.); 

 
  

Fig. 2.1.1.  Photo of PCC fly ash  Fig. 2.2.2 Photo of FBC fly ash  
 

These fly ashes are obtained from one of the polish coal power plants. Process of ash removal is carried out 
using electrostatic precipitators. Fig. 2.3., Fig. 2.4. present photos of fly ash taken using a scanning electron 
microscope. It can be seen that diameters of FC ash particles are larger than FB ash. Conventional fly ash has 
a higher porosity. This may be due to the presence of unburned carbon particles in the ash. In addition, FB fly 
ash does not contain spherical particles (microspheres) that are present in FC fly ash [7]. 

  
Fig. 2.3. Microphotograph of FBC fly ash Fig. 2.4. Microphotograph of PCC fly ash 

 
- EKOPRODUR BF5032  

It is two-component system obtained from PCC Prodex (Poland). The system includes a polyol part 
(component A) and the second part isocyanate (component B), both products are shown in Fig.2.5. 
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Fig. 2.5. Photo of EKOPRODUR BF5032 system 

2.2 Preparation of RPUF with fly ash 

Samples of RPUF were prepared by hand mixing and casting method, using the EKOPRODUR BF5032 
system. Component A-polyol was mixed with fly ash in cylindrical mold to obtain uniform mixture. Then the 
component B- isocyanate was added to mix of substances.  Next all ingredients were mixed for about 20 
seconds (according to the manufacturer’s certificate the upper limit time was 42 s.). The mixture was 
transported to rectangular form. After two days, the sample was removed from the form. The RPUF was kept 
in room temperature for next 5 days. The above-mentioned activities were repeated eight times, for samples 
with addition of: 5,10,15, 20 % fly ash from conventional pulverized coal combustion (FC) and addition of 
5,10,15, 20% fly ash from fluidized bed combustion (FB). Properly prepared foams were subjected to the 
analyzes described in chapter 3.  

3. Analysis of the materials 

3.1 Elemental analysis of C, H, N 

Elemental analysis of C, H, N was carried out using a Leco CHN 628 device. An infrared absorption detector 
is used to determine the carbon and hydrogen content. The nitrogen content is determined using a thermally 
conductive detector [8].  Material samples from the range 25-45 mg were taken to study the elemental 
composition. Analysis was carried out three times for each type of foam. The table 3.1 presents the averaged 
results.  

Table. 3.1. Elemental analysis of PUR materials 

Type of RPUF N [%] C [%] H[%] 
PUR without FA 5.63 67.64 7.77 
5 % FC 5.37 64.30 7.49 
10%FC 5.05 60.80 7.10 
15% FC 4.75 57.70 6.69 
20% FC 4.41 54.50 6.24 
5%FB 5.28 62.97 7.57 
10%FB 5.14 60.77 7.21 
15%FB 4.87 57.29 6.82 
20%FB 4.65 53.95 6.47 

Thanks to the C, H, N elemental analysis, the percentage of carbon, hydrogen and nitrogen in the 
polyurethane foams produces was examined. The largest content of all three elements can be found in pure 
rigid polyurethane foam. It can be noticed that with increase of ash addition, contents of carbon, nitrogen and 
hydrogen is decreasing. The biggest changes were observed in the case of carbon concentration in tested 
materials. Whereas the smallest decrease the element content in the samples refers to nitrogen. 
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3.2 Determination of gross calorific value 

The gross calorific value was determined using a calorimetric method with LECO AC500 isoperibolic 
calorimeter. The gross calorific value is determined by combustion in oxygen of the sample placed in a 
pressure vessel immersed in water. The device is distinguished by its compact design and contains a closed 
water system. Thanks to above mentioned features, no additional temperature stabilizing devices are needed. 
On the basis of the obtained heat balance of the system, the heat generation is calculated [9, 10]. The results 
are summarized in the Table 3.2. and presented in Figure 3.1. 

Table. 3.2. Gross calorific value of analyzed materials. 

Type of RPUF gross calorific value 
[J/g] 

PUR without FA 27207.5 
5 % FC 25215.4 
10%FC 24434.8 
15% FC 23315.6 
20% FC 21857.8 
5%FB 26033.9 
10%FB 24665.8 
15%FB 23514.0 
20%FB 21708.7 

The experiment allowed to obtain the results of gross calorific value modified foams. The highest value, 
27207.5 𝐽𝐽

𝑔𝑔
  was obtained for pure rigid polyurethane foam. The lowest value of heat of combustion was 

obtained for the sample with 20%FB. This value was 21708.7 𝐽𝐽
𝑔𝑔
 and was slightly higher than the value for 

foam containing 20% FC. 

 

Fig. 3.1 Graph of gross calorific value 
 

3.3 Apparent density  

The apparent density of the modified foams was measured using the geometrical method. Apparent density 
measurements were carried out according to the PN-EN ISO 845:2010. Values of the calculated apparent 
density are presented in the Table 3.3. and in the Figure 3.2. 

Based on the obtained results, a significant effect of fly ash addition on apparent density was observed. As the 
additive concentration increases, the density value increases. Higher foam densities were obtained in the case 
of RPUF with FB. 
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Tab. 3.3. Apparent density values of PUR foams. 

Type of RPUF apparent density �𝑘𝑘𝑔𝑔
𝑚𝑚3� 

PUR without FA 35.5 
5 % FC 36.0 
10%FC 37.8 
15% FC 41.4 
20% FC 42.6 
5%FB 37.4 

10%FB 41.9 
15%FB 43.5 
20%FB 45.1 

 

 
Fig. 3.2  Graph of apparent density 

3.4 SEM images of rigid polyurethane foams 

Scanning electron microscopy (SEM) is one of the most commonly used tools to characterize the cellular 
structure of rigid PU foams [11]. To examine the effect of ash addition on the foam structure, photos of 
samples were taken using SEM (Nova NanoSEM 200; FEI Company, USA). Foams were coated with gold 
and studied using an acceleration of 10 kV. Pictures were taken for 5% and 20 % fly ash addition (FB and 
FC).  
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Fig. 3.3. Microphotographs of the modified rigid polyurethane foams with 5% FC (A), 5% FB (B), 20 % FC 

(C), 20% FB (D). 

In the figure 3.2 the structure of modified polyurethane foams is depicted. It can be seen that ash addition 
impacts on the structure of rigid polyurethane foam. For foams with a content of 5% fly ash addition (for both 
types of additives) the structure has been preserved. In the case of a sample with 20% fly ash, the foam 
structure is completely disturbed and blurred. Each of the cells is different, no repeatability of cell shape has 
been observed. Material destruction is greater in the case of foam containing FB ash. 

4. Conclusions 
 

The article presents methods of foam production. Complex analysis was made to evaluate properties of PUR 
foam with fly ash additions. The use of FB and FC fly ash modifiers to polyurethane foam production 
significantly affects the change in the chemical composition of foam and its properties. This means that it can 
contributes to expanding the use of polyurethane foam. Moreover, fly ash is waste that if it is not used causes 
many problems connected with e.g. expensive storage. That is why it is crucial to seek for new possibilities of 
using waste such as fly ash from a coal power plant. The further development of RPUF with ashes as 
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insulation material would require additional tests. Due to influence of fly ash on the foam structure, the next 
steps could cover strength test, thermal analyses and conductivity.  
 
Acknowledgment 
The experimental work was done during the realization of master thesis Combustibility tests of modified 
polyurethane foams defended in 2019 under supervision of the PhD Monika Kuźnia at the AGH University of 
Science and Technology in Cracow. 
 
References 

[1] Prociak A., Rokicki G., Ryszkowska J., Materiały poliuretanowe, Wydawnictwo Naukowe PWN, 2016. 

[2] Randall D., Lee S., Polyurethanes Book, J. Wiley, 2002. 

[3] T. Calvo-Correas, L. Ugarte, P.J. Trzebiatowska, R. Sanzberro, J. Datta, M.A. Corcuera, A. Eceiza, 
Thermoplastic polyurethanes with glycolysate intermediates from polyurethane waste recycling, Polym. 
Degrad. Stab. 144 (2017). 

[4] A. Reghunadhan, J. Datta, N. Kalarikkal, J.T. Haponiuk, S. Thomas, Toughness augmentation by 
fibrillation and yielding in nanostructured blends with recycled polyurethane as a modifier, Appl. Surf. 
Sci. 442 (2018). 

[5] Strzałkowska E.: Charakterystyka właściwości fizykochemicznych i mineralogicznych wybranych 
ubocznych produktów spalania, Wyd. Politechniki Śląskiej, Gliwice 2011. 

[6] Kruger R.A., Superdrobny popiół lotny klasy F do betonu najwyższej jakości. Popioły z energetyki, Wyd. 
Polska Unia UPS, Kraków 2006. 

[7] Kuźnia M., Magiera A., Jerzak W., Ziąbka M., Lach R. Study on chemical composition of fly ash from 
fluidized-bed and conventional coal combustion, Przemysł chemiczny 96/8(2017), 2017. 

[8] https://uk.leco-europe.com/, (10/11/2019). 

[9] http://laboratoria.net/katalog-produktow/analizatory/rid,213.html, (10/11/2019). 

[10] Porowski R., Analiza metod określania ciepła spalania i wartości opałowej paliw, Zeszyty naukowe 
SGSP 2016, nr59/3/2016, 2016. 

[11] S. Pardo-Alonso, E. Solorzano, L. Brabant, P. Vanderniepen, M. Dierick, L. Van Hoorebeke, M.A. 
Rodríguez-Pérez 3D analysis of the progressive modification of the cellular architecture in polyurethane 
nanocomposites foams via X-ray microtomography Eur. Polym. J., 49 (2013), 2013. 

 

  



34 Contemporary Problems of Power Engineering and Environmental Protection 2019 
 
 
  



 Contemporary Problems of Power Engineering and Environmental Protection 2019 35 
 
 

Novel strategies and future perspectives for phytoremediation of 
soils contaminated with heavy metals 
Marta Jaskulak1,2 

1Institute of Environmental Engineering, Faculty of Infrastructure and Environment, Czestochowa 
University of Technology, Czestochowa, Poland; e-mail: martajaskulak@gmail.com 
2University of Lille, Laboratory of civil engineering and environment (LGCgE), Environmental 
Axis, F-59650 Villeneuve d’Ascq, France 
 

Abstract 

Contamination of soils with heavy metals is a major environmental concern and a great threat to all life on the 
earth. For human health, the risk is mostly associated with heavy metals entering food chain and the potential 
loss of agricultural land due to contamination. Currently, various physical, chemical and biological techniques 
are being implemented to remove heavy metals from soils. However, most of them are too expensive for a 
large-scale use. Thus, phytoremediation is a good strategy to harvest heavy metals from soils and have been 
proven as an effective and economical technique. In this article, we discussed the main sources of soil 
contamination with heavy metals and novel strategies that are being tested for remediation purposes. 
Moreover, since traditional phytoremediation approaches face some limitations regarding their large-scale 
use, we also focused on modern chemical, biological and genetic engineering tools that can modify the 
process to obtain better efficiency and shorter time of such process. In the end, we discuss different 
phytoremediation options to compare their applicability in different scenarios.  

Keywords: phytoremediation, soil contamination, heavy metals 

1. Introduction 

Soil contamination with heavy metals is a continuously increasing problem worldwide that creates numerous 
threats to human health by its influence on crop production, and quality of groundwater and crops (tab 1.) [1]. 
Heavy metals are the most spread group of inorganic pollutants mostly due to anthropogenic activities such as 
manufacturing, use of synthetic fertilizers in agriculture and car emissions. Metal concentrations in soil range 
from even less than one to as high as 100000 mg kg-1 [2,3]. Accumulation of metals such as Lead (Pb), 
Chromium (Cr), Nickel (Ni) can seep through food chain and cause DNA damage due to their mutagenic 
abilities which can lead to carcinogenic changes in bodies of animals and humans. Since long-term 
persistence of heavy metals in the environment causes a threat to human health and crop production, 
technologies involved in remediation of contaminated areas gained an importance [4,5].  

Phytoremediation is wildly accepted technology used in remediation of contaminants from soil by use of 
hyperaccumulating plants. Proper identification of suitable plant species for this process is one of the most 
important steps influencing efficiency of the process. Such plants are characterized by their remarkable 
biochemical mechanisms like an ability to accumulate and translocate metals in their cells [6]. 
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Fig. 1.1. Parameters involved in the economic value of phytoremediation [12] 

As most other stress factors, heavy metals induce oxidative stress by disrupting metabolic chains. This leads 
to the imbalance in reactive oxygen species (ROS) generation and neutralization [6]. In normal conditions 
ROS such as superoxide radicals, singlet oxygen, hydrogen peroxide and hydroxyl radicals are removed by 
antioxidants (ascorbate, glutathione, α-Tocopherol, carotenoids) or enzymes such as superoxide dismutase 
(SOD), catalase (CAT) and peroxidases (POD, GPX, APX) [7]. Overflow of ROS, that cannot be properly 
neutralized by antioxidative system, cause damage in proteins and DNA. Toxic effects of that imbalance 
accumulate in cells and leads to plants death [5,8]. Activity of those enzymes can be used to determine stress 
levels and to determine environment toxicity long before any visible impact on growth appears. Such assay 
may be a useful tool in the environmental engineering, for example as an indicator in phytoremediation 
efficiency or in order to determinate severity of soil pollution. Artificial increase in the rate of ROS 
neutralization may lead to an increase in yield quality and enable some species to be cultivated outside their 
native climates [9]. 

2. Traditional phytoremediation 

The term ‘phytoremediation’ refers to the use of plants to reduce the toxic effect of a contaminant in the 
environment. It has excellent potential for remediation of soils contaminated with heavy metals and was 
previously shown to be a more efficient and economically feasible than physical and chemical methods, 
including soil washing, solidification, incineration, or excavation. In addition, it has broad public acceptance 
and gains a lot of popularity in recent years since it can be applied to large areas. For the purpose of metal 
phytoremediation, the following approaches are the most used: phytostabilization (sometimes also called 
phytoimmobilization), phytoextraction, and phytovolatilization. Phytostabilisation uses plants to decrease the 
mobility and bioavailability of metals to prevent their leaching into the groundwater system or food chain by 
various mechanisms, including adsorption and complexation by roots.  Even if phytostabilization is not a 
permanent solution since it only restricts the movement of contaminants, it is still a beneficial action, 
especially in large, post-industrial, contaminated areas. Phytovolatalization includes the conversion of metal 
into its volatile form and its release into the atmosphere through leaves. It is primarily useful for the 
contamination with mercury. Phytoextraction is currently the most crucial phytoremediation technique for the 
removal of metals not only from the soil but also water, sediments, and biosolids. It is even more suitable for 
commercial applications than other phytoremediation techniques. However, there are still a number of factors 
that can affect its efficiency, including species characteristics, metal availability to plants, and soil properties. 
Plants species selected for phytoremediation should possess some unique features including 1) rapid growth 
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rate, 2) high biomass production, 3) the ability to accumulate high concentration of metals, 4) the ability to 
translocate metals from roots to shoots, 5) be able to tolerate toxic effects of heavy metals, 6), be resistant to 
pathogens and pests, 7) be easy to cultivate and harvest. 

 

Fig. 2.1. Traditional phytoremediation 

3. Novel approaches to phytoremediation 

The use of plants to remediate contaminated soil could be a beneficial approach to deal with a growing issue 
of food safety due to metal contamination. However, traditional phytoremediation techniques still face several 
limitations such as 1) they require a long time, 2) most hyperaccumulating species produces a small amount 
of biomass, 3) metals need to be bioavailable for plants. Therefore, currently, researchers try to modify the 
traditional approaches to minimize their limitations and increase phytoremediation efficiency. Genetic 
engineering has played a vital role in the enhancement of plants toward the removal of both inorganic and 
organic contaminants. This technique is based on the over or under expression of specific genes involved in 
the uptake, translocation, sequestration, and tolerance of toxic compounds. The introduction of genes from 
microbes, plants, and animals can be achieved using either direct DNA methods of gene transfer of the 
transformation of Agrobacterium tumefaciens to develop transgenic plants. Generally, transgenic plants are 
designed to increase plants' tolerance against metal toxicity or to facilitate more translocation of metals from 
roots to shoots. Previous studies showed that transgenic plants with better endurance and metal sequestration 
and severely increase phytoremediation efficiency. However, a better understanding of specific mechanisms 
behind metal tolerance and metal detoxification is crucial to develop transgenic plants for phytoremediation.  
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Figure 3.1. Types of traditional and novel phytoremediation approaches 

3.1.  Hyperaccumulation of heavy metals 

Hyperaccumulation of heavy metals in plants occurs when concentration of a metals reaches to >0.1-1% of 
dry weight. Plant species known as hyperaccumulators. Can survive relatively contamination with metals and 
store metal ions in their cells and are characterized by their extraordinary abilities to absorb and accumulate 
metals [7]. Almost all species possess some abilities for metal tolerance based on 3 main processes: exclusion, 
chelation and sequestration. In current years nearly 400 of plant species have been reported as a 
hyperaccumulators for heavy metals [7,8].  

Mechanisms of metals hyperaccumulation in plants is a complex phenomenon which involves many steps, 
starting with transport of metals from soil to root cells, translocation in xylem and finally sequestration and 
detoxification of metals in plans cells [9,10].  

High efficiency in processes like sequestration and detoxification are a key property that allows 
hyperaccumulators to concentrate heavy metals in cells without phytotoxic effects. These elements are highly 
involved in homeostasis of essential metal micronutrients. Mechanisms of detoxification and sequestration in 
aerial organs consist mostly in complexation of heavy metals with ligands and transport to vacuoles and cell 
walls [11,12]. 

3.2. Influence of heavy metals on plants cells 

When heavy metals enter cells cytoplasm, they are immediately bound with appropriate cellular compound 
which allows avoidance of toxic metal ions [13]. An example of metal chelators are organic acids such as 
citrate and nicotianamine (NA) which exhibits high stability for both binding and translocation of metals. In 
hyper-accumulating plants, concentration of NA is much higher than even in highly related species of non-
accumulators [14]. Histidine has a major role in chelation of nickel and another amino acid – proline is 
probably involved in heavy metal chelation although the mechanisms of that role are still unknown [15]. 



 Contemporary Problems of Power Engineering and Environmental Protection 2019 39 
 
 
Glutathione (GSH) is a low molecular weight chelator that can create complex formations with heavy metals 
which are necessary for induction of phytochelatin. Previous studies showed a direct link between 
overexpression of GSh and an increase in heavy metals tolerance in Arabidopsis thaliana which suggest 
lowering of oxidative stress caused by toxic concentrations of heavy metals by GSH [16].  

Overexpression and overproduction of chelators like citrate, phytochelatins, metallothioneins, 
phytosiderophores or an overexpression of metal transporters leads to an increase in both tolerance and 
accumulation of metals in plants. Among all chelators, metallothioneins (MT) and phytochelatins (PCS) are 
widely studied in recent years [16,17]. When heavy metals enter plants cells a wide range of coping strategies 
occurs. One of them, is transporting metal ions out of the cell or to sequestrate it into vacuole in order to 
remove the contaminant form places with sensitive metabolic activi-ties. Vacuoles are suitable reservoir for 
excessive accumulation of heavy metals. Metal transporters play crucial role in protection of plant cells from 
phytotoxic effects induced by metals and in maintenance of the homeostasis. There are several classes of 
metal transporters in plants. Main ones include ATPases, Nramps, ZIP family, CDF’s and finally ABC 
transporters. Overexpression of genes coding different types of transporters is often observed in 
hyperaccumulators [26,27]. 

Metallothioneins (Mts) are proteins containing sulfur with highly flexible structure. Flexibility allows for 
different coordination geometers to bind with different metals. MTs are divided into three main classes: first 
one – MT1 consist of polypeptides closely related to mammals and is characterized by the lack of aromatic 
amino acids and histidine’s. Type 2 of metallothioneins was firstly discovered in yeasts and cyanobacterias. 
Saccharomyces cerevisiae Mt2, contributes to plant’s tolerance of copper. Phytochelatins belong to the thing 
class of MT and were identified in a vast number of plant species including dicots, monocots, gymnosperms 
and algae. Heavy metals such as Pb, Cd, Hg, Zn can induce synthesis of metalotionein genes in plants and 
animals. Cadmium is the most powerful activator of MT genes in plants. Mt1 genes are expressed mostly in 
the roots and Mt2 in shoots of plants [18].  

As mentioned before, overexpression of chelators can lead to an increase in tolerance and accumulation of 
heavy metals. One study showed that, accumulation of cadmium in tobacco can be increased when plants 
have the transgenes coding chelator – polyhistidine. Introducing metalotionein gene in tobacco also improved 
the tolerance of plant to Ni, Cd and Zn contamination. An increase in metal uptake, mostly for Fe, Cd, Mn 
and Zn was also observed in plants characterized with overproduction of ferritin through genetic modification. 
In transgenic Brassica juncea L., overexpression of ferratin, gamma-glitamylcsteine synthetase and 
glutathione synthetase caused higher accumulation of various metals – Cd, Cr and even Pb, in mixes or alone 
(tab. 2) [19,20]. 

Defense mechanisms based on antioxidant response to heavy metals keep formation of ROS at a low level. 
Still, contamination disrupts the balance between creation and detoxification of free radicals. Plant cells 
possess a wide range of antioxidant network based on non-enzymatic antioxidant’s such as glutathione, 
ascorbate as well as enzymatic antioxidants like catalase (CAT), superoxide dismutase (SOD), peroxidase 
(POD) or glutathione reductase (GR). Accumulation of heavy metals can change the activity of those 
enzymes in a species-specific way. One example is cadmium accumulator – Targets erecta which exhibits a 
decrease in activity of SOD and CAT when exposed to cadmium but another Cd accumulator: Avena strigose 
showed an increase in activity of those enzymes when exposed to cadmium. Similar results occur in other 
plant species therefore patterns between enzyme activity are strictly specific for each species and should be 
taken into consideration when testing imbalance in oxidative stress induced by heavy metals [21]. 

4. Conclusions 

Soil degradation becomes a rising threat to world agriculture. First global scale assessment in 1999 indicated 
that about 15% of global land area is affected by human induced degradation [1]. More recent studies 
revealed growth of that percentage to about 24% and about 19% of that area is used to produce food [2]. One 
of most notable soil contaminants around the world are heavy metals that not only decrease yield of crops but 
also can accumulate in biomass and pose a threat to humans and livestock [3–5]. Like many other abiotic 
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stress factors, heavy metals induce oxidative stress by interrupting cell metabolism. Improper flow of ions 
leads to excess of reactive oxygen species (ROS) [6]. With no stress factors present ROS (superoxide and 
hydroxyl radicals, singlet oxygen and hydrogen peroxide) are also produced, but in amounts low enough to be 
quickly neutralized by antioxidants (glutathione, ascorbate, αTocopherol, carotenoids) or enzymes - 
superoxide dismutase (SOD), catalase (CAT) and peroxidases (POD, GPX, APX) [7]. ROS that are not 
removed in time may cause oxidative damage to nucleic acids and proteins, ultimately leading to cell death [8, 
9]. Assesment of activity of enzymes such as GPX or SOD may be viable way to determine stress levels and 
in consequence to assay environment toxicity. As phytotoxicity is traditionally evaluated in tests involving 
seed germination, result accuracy is limited due to many factors that are hard to control and foresee without 
extensive pretesting, such as seed genetic variability and natural tendency to sprouting [10,11].   

Due to a rising problem of soil pollution with heavy metals in recent years special focus is putted on further 
development of quick but highly sensitive, plant stress detection methods that will allow to both: determinate 
the severity of contamination and possible options of phytoremediation as well as a indicator of efficiency of 
this phytoremediation processes. Further knowledge about plants ability to tolerate, ac-cumulate and 
detoxification metal irons is necessary for several purposes: (i) enhancing accumulation of metals that are 
microelements for nutritional purposes, (ii) for cleaning up contaminated soils, (iii) to mine rare metals which 
can be accumulated in plants, (iv) to predict health risk induced by metal accumulation in crops [28,29].   

Areas with heavy metal-polluted soils are increasing significantly throughout the world, as a result of 
industrialization, mining operations, improper waste and water treatment [18,10,19]. It is widely known that 
heavy metals cause abiotic stress that results in plants improper development, lower yield and in high 
concentrations cause plant death. It was found that soon after exposure to heavy metals, metabolism of ROS 
gets altered and oxidative stress is induced [8,3]. 

Further knowledge on biochemical and physiological responses of plants to stress helps develop new 
strategies for purification of contaminated areas and overall improvement of the environment. In transgenic 
plants, capacity of metal uptake, transport and detoxification can be altered therefore, finding a suitable 
species with extraordinary antioxidant mechanisms is a key point in success of process. Overexpression of 
specific genes such as phytochelatin and metallothioneins is directly connected to heavy metal stress. 
Moreover, the role of miRNA and HSPs in plants stress tolerance induced by heavy metals is still unknown 
[30,31]. 
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Abstract 

The aim of this article was to investigate new application of the old technology. Pumped Hydro Energy 
Storage (PHES) systems are widely used all around the world. The basic principle is that the energy is stored 
in two reservoirs at different heights and the water is either pumped up consuming excess energy or let down 
through a turbine generating energy at peak demand. The concept that is new in this old idea is putting the 
lower reservoir together with machinery under the ground. One of the potential locations is abandoned coal 
mine. The principle of operation is very similar to conventional concept of UPHES. In an inactive coal mine 
the water is transported from the lower reservoir by the use of mine shaft equipped with turbines. There are 
several advantages of using coal mine infrastructure in UPHES: the voids are already excavated, there is a 
mineshaft that can access mine levels, mine’s own underground pumping equipment (pumps, pipes, dams) but 
there are also limitations and challenges to be faced in order to build such a plant. 

Keywords: pumped-hydro, pumped-storage, energy storage, coal mines, underground, hydroelectricity 

1. Introduction 

Power engineering in today’s world and especially in Poland is at some kind of transitional state. Poland 
strongly relies on fossil fuels when it comes to production of electricity and heat generation – mainly hard 
coal, which is still available, and it is mined a lot. Unfortunately, because of this, it is necessary to fight with 
really dangerous smog lately. In order to deal with it, Polish energy policy is trying to involve more and more 
unconventional methods to obtain these two highly demanded products. 

Fossil fuels, which are non-renewable sources of energy, are depleting very fast all over the world, because of 
the pace at which development progresses. Especially the less developed countries do not pay attention to 
global and ecological aspects of limited resources of fossil fuels, as they try to catch up to the most developed 
countries at all costs. 

That is why more developed countries are trying to become independent of these non-renewable energy 
sources, at least to a certain degree. In order to obtain this independence, they rely on two main renewable 
energy sources – solar radiation and wind. 

The potential of electricity production using wind is very high and widely used, although it comes with the 
disadvantages. Main one being the unpredictability of the wind and very high variation of the amount of 
produced electricity. As a result, other facilities producing electricity must adjust to it, as well as adjust to the 
load profile of the whole system. It may be that sometimes, conventional power plants work at such load that 
their efficiency drastically drops, causing losses. 

Although the power from solar radiation is more predictable than the power from the wind and even in the 
cloudy days some electricity can be produced, this type of renewable energy source also strongly contributes 
to the load variation in Polish energy market.  

This article will present some kind of solution to this problem. The concept is not new and is widely used 
known as pumped hydro energy storage, but the application of this process is quite interesting. 
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2. Pumped hydro energy storage 

The increase in the renewable energy from wind and sun in the energy mix should always be accompanied 
with energy storage system. Crucial word here is energy, because to store electricity, not necessarily the 
electricity itself should be stored as it is difficult, but it can be stored in some other way i. e. potential energy. 
[1] 

Here comes the pumped hydro energy storage, which is the only technology, which is so long-lived, mature 
and applicable to such a large scale. The first ideas date back to the beginning of 20th century.  

The principle of operation is quite simple, yet so effective. The typical facility consists of:  

• upper reservoir 
• vertical tunnel called penstock 
• headrace which conducts water between the upper reservoir and upper end of penstock 
• pump-turbine on the same rotary shaft as motor-generator 
• lower reservoir 
• tailrace tunnel connecting the pump-turbine to lower reservoir 

The system operates as a generator when the water plunges down the penstock, spins the turbine forward and 
generates electricity. The motor generator is supplied with electricity from the grid, when there is an excess of 
it to spin the turbine backwards and pump water from lower reservoir up the penstock, into the upper 
reservoir. Then the water stays there, waiting for an energy demand increase to kick in and the process starts 
over. [1] 

Such systems are very reliable and can operate with efficiencies in the range of 70-85%. To confirm that this 
is one of the best solutions to store energy right now is the fact that as of 2017, the United States Department 
of Energy Global Energy Storage Database reports, that over 95% of all storage installations worldwide are 
pumped hydro technology, with installed capacity of over 184 GW. 

The sample scheme of pumped-storage plant can be seen in Fig. 2.1. 

 

 

Fig. 2.1. TVA pumped storage facility at Raccoon Mountain Pumped-Storage Plant (USA) 

3. Underground pumped hydro energy storage (UPHES) 

The basic concept of pumped hydro energy storage relies on using natural landscapes and differences of 
height, such as mountain areas. That is why most of these type of energy reservoirs are located in the 
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mountains. However, it requires ideal topographic situation and also public acceptance related to the land use 
and environmental impact. [2] 

That is not the only solution. Today more and more pumped hydro energy storages are being created in 
artificially made environments. Usually only the parts of PHES plants are located underneath the surface to 
i.e. preserve landscape. 

However, it can be even designed in a way that both upper and lower reservoirs are not visible on the surface. 
On the other hand, the upper reservoir revealed is greatly preferred, which reduces the costs and increases the 
height difference. 

3.1 Examples of existing UPHES solutions 

It is difficult to point at already existing UPHES as most of them are still conceptual or at the level of 
feasibility studies.  

The first realized project, not entirely hidden under the surface, but with one subsurface water cavern 
happened in Austria in 2006. [4] 

It was not built like that from the beginning, but rather as an expansion of the existing plant Nassfeld which 
was created in 1980. The aim was to expand the lower reservoir motivated by economics. [4] 

The expansion of the lower reservoir was not viable due to different legal, technical and landscape issues, so 
the solution was to put a subsurface system of pipes which is visualized in Fig. 3.1. 

 

Fig. 3.1. Planned cavern structure for the extension of the intra-day PSHP plant Nassfeld, Austria [5] 

The project was developed really fast - under 6 months, during which 160,000 m3 of rocks were excavated, 
and tunnel of 1950m length was established. Capital cost ended up in ~8 million €. [4] 

Some of the projects stopped at the planning phase and were abandoned for different reasons. One example 
could be Power Plant in Ritten, South Tyrol, Italy.  

The plans were ambitious, and it assumed to be entirely subsurface power plant built by Austrian energy 
provider KELAG AG. Two caverns of 0.6 Mm3 capacity were to be built, run by a 250 MW turbine, at a 900 
m depth. [4] 

Investment cost was much larger than the previous example of only expansion of existing power plant – 300 
million €. The project was unfortunately abandoned due to protests of the population combined with bad PR 
claiming that the concession for construction would be unachievable. [4] 
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In many projects individual parts of PHES are being dug into the ground, however Underground Pumped 
Hydro Energy Storage has a potential of being located completely under the ground surface and next chapters 
will focus on what are the advantages of such concept, issues and possible solutions. 

3.2 Viability of UPHES in coal mines 

One way to approach Underground Pumped Hydro Energy Storage is to drill the hole to lower reservoir, but 
another option is to use already existing coal mines with its tunnels which average 500-1000 m. 

Table. 3.1. Status of underground mines in Poland [2, 3] 

Number of mines State Depth range (m) Water outflow 
(Mm3/year) 

28 Active 300-800 209 
26 Flooded 300-800   

Table 3.1 shows the current status of coal mining in Poland and the potential underground hydro pump 
storage facilities. 

Coal mine considered for the UPHES must be obviously closed from its usual operation. It shouldn’t be 
completely flooded, so abandoned coal mine which is still being dewatered can be taken into account. 

The principle of operation is very similar to conventional concept of UPHES. In an inactive coal mine the 
water is transported from the lower reservoir by the use of mine shaft equipped with turbines. [2] 

There are several advantages of using coal mine infrastructure in UPHES:  

• the voids are already excavated, 
• there is a mineshaft that can access mine levels, 
• mine’s own underground pumping equipment (pumps, pipes, dams) 

What is more, the lower reservoir can be placed directly underneath the upper one, which reduces the distance 
that water has to travel compared to conventional PHES systems, while head stays the same. [2] 

3.2.1 Potential issues and challenges 

• Upper reservoir 

It is possibly the least problematic aspect of the UPHES, as it can be located on the surface of the coal mine. 

• Lower reservoir 

It is crucial part of the whole concept and for sure should be placed underneath the ground at a great depth. 

In order to achieve it the first thing that comes to mind is the usage of existing cavities. Today more and more 
coal mines are using advanced technique of mining which is called long-wall mining, which limits the 
presence of crews in the most difficult, dangerous places exposed to extreme conditions, i. e. very high 
temperatures. 

It also means that the only drifts that remain were specifically created for the transportation of materials and 
equipment and caverns serve a role of hosting technical equipment. [4] 

What is more extraction of additional large cavities would be very expensive and demanding. 

The options that are left: making use of existing drift or dig new ones. For sure some of the old drifts could be 
used for this purpose as they are usually extensive and could store a large volume of water. However, it is no 
dispute that some new drift would have to be developed. [4] 
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In general, the best option for lower reservoir would be a rib-shaped storage system. 

Table. 3.2. Drift extension cost [4] 
Drift extension, 

m 
Storable amount of 

water, t Extension cost at 10 000 €/m, M€ Extension cost at 20 000 €/m, M€ 

2 000 96 000 20 40 
5 000 240 000 50 100 
10 000 480 000 100 200 
15 000 720 000 150 300 
20 000 960 000 200 400 
30 000 1 440 000 300 600 

Table 3.2 presents cost of drift extension with storable amount of water assuming that the diameter is about 
7.8 m. Depending on what cost of extension is assumed, in the best-case scenario price for 1 m3 of water 
stored oscillates around 200 €. 

• Head 

As stated in Table 3.1 majority of Polish coal mines are between 300-800 m deep. Up to 700 m Francis 
turbine type is preferred, which handles medium pressures. Above 700 m Pelton turbine is used instead, 
which can generate higher pressure. Larger heads would require an inter-stage in pumping which mine brines 
could be applied for. [4] 

• Slope 

The constraint in UPHES is that the downward slope must be maintained from the upper reservoir down to 
the lower reservoir where the whole water stays until it is pumped again to the surface. 

When using an existing drift, it would have to be estimated if the slope is sufficient, while building a new 
system it would be easier, but it should also be taken into account. [4] 

3.2.2 Available energy storage capacity 

The amount of energy that could be stored in a plant hugely depends of the height difference and amount of 
stored medium. Typical storage capacities for PHES plants are presented in Fig. 3.2 for different heads and 
water mass. The assumption for calculation was g = 9.81 m/s2 and turbine efficiency equal to 95%. 

Range applicable for UPHES is between 500-750 m of head. Realistically not more than 1 Mm3 could be 
stored under the ground as it would require more than 20 km of drift. Assumption that at the depth of 750 m, 
1 million tons (~1 Mm3) of water would be stored – results in 1941.6 MWh of potential energy. 

This amounts to a little bit over a half of the biggest PHES plant in Poland – Żarnowiec – which has a 
capacity equal to 3600 MWh. This result however, being the best-case scenario, still looks impressive and for 
sure is realizable, the question is about the economic viability, which should be further investigated. 

4. Conclusions 

Pumped Hydro Energy Storage is the most mature technology of its kind. It has been there for a long time and 
one may think that nothing new could be surprising about this technology. However, from time to time some 
new applications of this old technology arise, using innovative new concepts, such as this Underground 
Pumped Hydro Energy Storage. 
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Fig. 3.2. Energy storage capacities of PHES plants [4] 

As the world advances and new regulations are pushed by i. e. European Union about constantly increasing 
share of renewables in the energy mix. Taking into consideration that renewable energy sources are not fully 
predictable and can produce a lot of excess energy at the certain moment, introducing more energy storage 
systems is crucial. 

Underground Pumped Hydro Energy Storage is a promising concept when considering abandoned coal mines 
and the fact that sooner or later coal mines could be closed, especially that today’s world is trying to slowly 
move away from coal or at least European authorities are trying to make it happen. 

For sure more advanced feasibility studies should be performed in order to assess, whether this concept is 
viable from the economic point of view, as technically it is possible to be constructed. 
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Abstract 

To correctly evaluate the impact of fossil fuels on the environment, not only the effect of combustion should 
be taken into account, but also the “upstream” effects, associated with processing and transporting the fuel to 
the final consumer. Since natural gas is transported over long distances, these effects are not negligible. 
Transporting natural gas in liquefied form is an alternative for traditional pipeline transport. Poland used to 
import natural gas mainly from Russia (via pipelines), but in year 2016 Poland joined the global LNG market 
through a regasification terminal built in Świnoujście. The paper describes the two methods of transporting 
natural gas and attempts to compare them by evaluating two thermo-ecological indices: cumulative 
consumption of primary energy and cumulative emission of greenhouse gases that burden the import of 
natural gas to Poland. 

Keywords: cumulative energy consumption, greenhouse gas emission, liquefied natural gas, LNG, pipeline 
transport 

1. Introduction 

The fear of global warming caused by greenhouse effect has over recent decades become the reason for 
increasing public and legislative pressure against utilizing fossil fuels. This is evoked by the belief that 
anthropogenic emission of carbon dioxide (resulting from combustion of fossil fuels) has a crucial impact on 
global warming. International community has taken actions to reduce CO2 emissions, hoping to prevent an 
adverse rise in the Earth’s average surface temperature. The most notable treaty regarding this matter is the 
Kyoto Protocol adopted in 1997 [1], which obliged the signatory countries to control their emissions of 
greenhouse gases (GHG) and to meet the reduction targets (defined individually for each state). A successor 
of the Kyoto Protocol was signed in Paris in 2015. The Paris Agreement aims to reduce the increase of global 
average temperature to below 2°C by reaching global peaking of GHG emissions as soon as possible [2]. 
Another significant initiative is the European Union Emission Trading Scheme [3]. It determines the total 
amount of GHG that can be emitted in the system and distributes emission allowances between the companies 
which own industrial installations. Fines are imposed on companies that exceed emissions above their 
allowances. The allowances can however be a subject of trade. The limit is reduced in subsequent years in 
order to force the decrease of overall GHG emission. Another aim of the mentioned regulations is to slow 
down the depletion of natural resources, such as fossil fuels. 

Among fossil fuels, coal is the one most often censured, while natural gas is universally perceived as more 
environmentally friendly [4,5]. This is justified by the results of combustion stoichiometry: obtaining 1 TJ of 
heat from natural gas is associated with emission of 56 Mg of CO2; obtaining the same amount of energy 
from coal results in emission over 90 Mg CO2 (the exact value depends on the type of coal) [6,7]. It is 
however a common misconception to compare fuels only by direct emission from combustion. Firstly, 
because often not heat but electricity is the final product of energy conversion. Therefore, the efficiency of 
power plant should be taken into consideration. And secondly, because the chain of processes before 
combustion (extraction, treatment and transport of fuel) requires an energy input which is associated with 
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additional emissions. An approach taking into account the abovementioned aspects is called life cycle 
assessment (LCA). LCA methods provide useful indicators (e.g. cumulative consumption of primary energy 
and cumulative GHG emissions per production of a unit of final product) that allow to properly compare 
different fuels and technologies. 

Results of such studies may significantly differ from the usual fuel comparison based on stoichiometry, 
mainly because of methane leakages from coal mines and during transport of natural gas [7-9]. Methane is a 
much more potent greenhouse gas than carbon dioxide. The value of Global Warming Potential (GWP) for 
methane is estimated in the range of 21–30 (CO2 being the reference substance has GWP = 1). When these 
upstream emissions are taken into consideration, the increase of equivalent CO2 emission is much higher for 
natural gas than for coal [7]. This proves that in the case of fuel comparison with regards to their 
environmental impact, some elements of LCA should always be used. 

The focus of this paper is the assessment of the methods of transport of natural gas using two thermo-
ecological indicators: cumulative consumption of primary energy and cumulative equivalent emission of CO2 
per delivery of a unit of natural gas to the final recipient. The values of these indicators are estimated for the 
case of import of natural gas to Poland. Section 2 discusses the methods of transport of natural gas. Section 3 
describes the role of natural gas in Polish economy. The methodology is explained in section 4 and the results 
of calculations are presented in section 5. Finally, section 6 contains the summary and conclusions. 

2. Methods of transport of natural gas 

Two most widespread, competing methods of transport of natural gas over long distances are: pipeline 
transport and LNG transport [10]. Pipelines are a traditional way of transporting natural gas, used for over a 
century. They are a stable and safe source of natural gas supply, suitable for large and conveniently located 
deposits of this natural resource. Gas trunk pipelines usually have 0.6–1.4 m in diameter and operate in the 
pressure range 4–12 MPa. Increasing the pressure reduces the specific volume of gas and allows to transport 
larger quantities of fuel. Due to hydraulic resistance of pipes (frictional flow), pressure drops over distance. 
Therefore, compressor stations need to be installed every 100–150 km to increase the gas pressure. The 
compressors are commonly driven by gas turbines fueled by natural gas extracted from the pipeline. Other 
purposes of compressor stations are to purify and cool the gas and to measure its flow. The rise of gas 
temperature is an unwanted side effect of compression. Higher temperature means higher specific volume, 
which induces higher pressure losses during flow. Hence the need of cooling, which is realized by air coolers 
powered by electric energy [11,12]. A downside of pipeline transport are leakages of natural gas occurring 
along the pipes and in compressor stations. 

With discoveries of new deposits of natural gas, situated in remote locations, where construction of pipeline 
would be difficult and unprofitable, it became necessary to develop alternative methods of transporting large 
quantities of this fuel. Currently, the only alternative method that has become commercially widespread is the 
liquefaction of natural gas [13,14]. At temperature of −162°C and standard pressure, methane is a colorless, 
odorless, non-toxic and non-corrosive liquid with density about 650 times higher than in standard conditions. 
Therefore, liquefying methane increases its energy density from 32.8 MJ/m3 to about 21 GJ/m3, which makes 
transport in tanks (mainly by sea) reasonable. After delivering LNG to the receiver, it is reverted to gas state 
in a process called regasification. 

A great advantage of transporting natural gas as LNG is the flexibility of this method. The supplier is not 
permanently bound to the receiver. Liquefied natural gas can be delivered to any regasification terminal 
around the world. This contributes to the increase of competitiveness on the global natural gas market. The 
receiver can freely choose between the offers on the market. A disadvantage of LNG is high investment cost 
of liquefaction and regasification terminals, but the distance between them does not have a significant impact 
on the unit cost of transport. It becomes lower than for pipeline transport at distances over 1000 km for 
offshore pipeline and 3000 km for onshore pipeline [15].  
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2.1 LNG delivery chain 

The production and delivery chain of liquefied natural gas is presented in Figure 2.1. It consists of four stages: 
extraction, treatment and liquefaction, sea transport and regasification.  

 

Fig. 2.1. LNG delivery chain 

Natural gas needs to be treated before liquefaction. The aim of treatment is to meet the product specification 
by removing impurities and other unwanted components which are corrosive or would cause problems during 
liquefaction. Most notable of these substances are carbon dioxide, sulfur compounds (H2S, thiols, OCS), 
moisture and mercury. Propane, butane and heavier hydrocarbons are usually also removed, because they can 
be sold separately with better profit. Nitrogen is unwanted as well, it is removed during the liquefaction 
process [5,13]. 

The liquefaction technology is based on the working principle of refrigeration cycles. Natural gas needs to be 
cooled down below its saturation temperature (−160°C at standard pressure). The most popular method, AP-
C3MR (Air Products propane precooled mixed refrigerant) and its variations were responsible for 72% of the 
world’s LNG production capacity in 2018 [16,17]. It is a vapor-compression refrigeration cycle which uses a 
carefully selected mixture of refrigerants as a working fluid, so that the temperature profiles of the working 
fluid and liquefied natural gas match closely. Liquefaction is the most energy-intensive process in the delivery 
chain. Driving the compressors requires a work input of about 1.2 MJ per kg of natural gas [18]. 

LNG is mainly transported by sea in special ships called LNG carriers. LNG is stored in insulated tanks at 
about −169°C and slight overpressure. Since it is not possible to insulate the tanks perfectly, heat from outside 
penetrates into the tanks, which causes LNG to boil off at rate of 0.1–0.15% per day. The boil-off gas (BOG) 
can be either used as a fuel to propel the ship or be reliquefied and returned to tanks, depending on the 
technical solutions implemented on the ship [13]. The cargo capacity of LNG carriers is in the range of 
30,000–265,000 m3. Modern ships called Q-Flex have capacity of approximately 216,000 m3, and the largest 
ships called Q-Max – 265,000 m3. At the end of 2018 the world’s fleet of LNG carriers consisted of 525 ships 
with total capacity of over 75 million m3 [13,16]. 

LNG carriers bring the fuel to receiving terminals, where it needs to be pressurized, warmed up and 
regasified. LNG unloaded from the ship is transported to insulated storage tanks. Their standard capacity is 
160,000 m3. The process of boiling-off occurs in these tanks as well, therefore regasification terminals should 
be equipped with small reliquefaction installations. LNG taken from the tanks is first compressed to pressure 
required in a gas sendout pipeline. It results from the fact that the work of compression is much lower for 
liquids than for gases. Compressed LNG flows into a heat exchanger, where it is vaporized and heated to 
ambient temperature. Depending on the source of heat utilized during regasification, methods can be divided 
into the following groups [13]: 

• ORV (Open Rack Vaporizers), STV (Shell and Tube Vaporizers) – heat is taken from seawater. It is 
the most popular method of regasification, implemented in over 70% of existing LNG receiving 
terminals. Since the terminals are located close to the sea, seawater is a cheap and abundant source of 
heat. This method is simple, safe, easy to maintain and is characterized by low operation costs. 
However, the possibility of applying this method is determined by the climatic and environmental 
conditions at the site. If the temperature of seawater is too low (lower than 5°C), it cannot be used as 
a heat source to avoid freezing. 
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• AAV (Ambient Air Vaporizers) – heat is taken from atmospheric air. AAV is a more 
environmentally friendly method than ORV and it is not limited by the ambient temperature. 
However, because of low value of heat transfer coefficient, it requires much larger heat exchangers. 
This is the reason why this method is not suitable for terminals with large capacity. 

• SCV (Submerged Combustion Vaporizers) – heat is obtained by combustion of a portion of 
regasified fuel. It is the second most popular method, used in about 20% of terminals. Due to high 
operation costs (fuel consumption is at the level of 1.5%) this method is used only if free heat 
sources are not available. The burners are situated on the bottom of a water tank and the heat 
exchanger is submerged in water. Flue gases migrate upwards in form of bubbles, which provides 
good heat transfer conditions. Moisture from the flue gases condenses, which increases the energetic 
effectiveness of the process, allowing it to reach 98%. 

• IFV (Intermediate Fluid Vaporizers) – the intermediate fluid in heat transfer circulates in a closed 
loop, and heat may come from the environment or from another industrial process (waste heat). The 
intermediate fluid may additionally work in a power cycle, allowing for a partial recovery of 
cryogenic energy of LNG. 

3. Natural gas in Polish economy 

Polish energy mix is dominated by coal and lignite. Natural gas plays a relatively small role, but its 
consumption is predicted to grow in the future as a result of gradual withdrawal of coal technologies. In the 
year 2016 Polish economy consumed 11.33 Mtoe of primary energy of natural gas, which made up 16% of 
total consumption of primary energy [19]. Poland possesses own resources of natural gas, but they are 
insufficient to cover the whole demand. In the year 2017 the domestic production of natural gas amounted to 
3.5 Mtoe, which made up almost 23% of the domestic consumption [19]. The remaining 77% of natural gas 
was imported. Until 2016, the whole import was being delivered via trunk pipelines. Thanks to a 
regasification terminal constructed in Świnoujście (north-western tip of Poland, on the coast of Baltic Sea), 
Poland recently joined the global LNG market. The first technical delivery of LNG occurred on 11th 
December 2015, and the first commercial delivery on 17th June 2016. The majority of deliveries will be 
realized under a long-term contract with Qatargas, a LNG company based in Qatar. The structure of origin of 
natural gas used in Poland in the years 2014 and 2018 is presented in Figure 3.1. Majority of imported gas 
still comes from Russia. 

 

Fig. 3.1. Origin of natural gas used in Poland in 2014 and 2018 (based on [20]) 

The terminal in Świnoujście has a regasification capacity of 5 billion Nm3 of natural gas per year. The largest 
components are two LNG tanks with capacity of 160,000 m3 each. There is a space reservation for a third 
tank, which would increase the regasification capacity to 7.5 billion Nm3 per year [21]. The port has the 
ability to berth LNG carriers with capacity in the range of 120,000–216,000 m3. LNG is regasified using the 
SCV method. ORV technology was considered as a supplementary method, but it was rejected because of the 
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need to obtain an additional environmental permit and because it could only be used through several months 
in a year (due to rather cold climate) [21]. Regasified fuel is transported inland via a high pressure (8.4 MPa) 
pipeline. 

4. Thermo-ecological indicators for the import of natural gas 

To compare the two methods of import of natural gas to Poland, two indicators were estimated: the 
cumulative consumption of primary energy and the cumulative equivalent emission of CO2 per delivery of a 
unit of natural gas to the final recipient. Note that the analysis presented here is not a full LCA approach, 
since it does not take into consideration the construction phase of the components of the transport system 
(which is generally negligible compared to the operation phase) nor the energy consumption during extraction 
of natural gas (which is assumed to be the same for both methods of transport). 

The cumulative consumption of primary energy is defined as the sum of primary energy put into the process 
(including the primary energy of transported fuel itself) divided by the amount of energy of fuel delivered to 
the final recipient. It can be broken down into a sum of 1 and specific fuel consumptions for particular 
processes of the delivery chain: 

 𝑤𝑤𝑁𝑁𝑁𝑁 = 𝐸𝐸𝑖𝑖𝑖𝑖
∗

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
= 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜+ΣΔ𝐸𝐸𝑖𝑖𝑖𝑖 𝑖𝑖

∗

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
= 1 + ΣΔ𝐸𝐸𝑖𝑖𝑖𝑖 𝑖𝑖

∗

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
= 1 + Σ𝜀𝜀𝑖𝑖 (1) 

where: 
𝑤𝑤𝑁𝑁𝑁𝑁  Coefficient of cumulative consumption of primary energy per delivery of a unit of chemical 

energy of natural gas (TJ/TJ), 
𝐸𝐸𝑖𝑖𝑖𝑖∗  Sum of primary energy put into the whole process, (TJ), 
𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜  Chemical energy of fuel delivered to the final recipient, (TJ), 
Δ𝐸𝐸𝑖𝑖𝑖𝑖 𝑖𝑖

∗  Additional primary energy put into i-th link of delivery process, (TJ), 
𝜀𝜀𝑖𝑖 Specific consumption of primary energy in i-th link of delivery process (per unit of 

chemical energy of delivered natural gas), (TJ/TJ). 

The cumulative emission of greenhouse gases is defined as the sum of carbon dioxide and other greenhouse 
gases (converted to equivalent of CO2) emitted to the atmosphere during the delivery of a unit of energy of 
fuel to the final recipient: 

 𝑒𝑒𝑁𝑁𝑁𝑁 = ∑𝑒𝑒𝑖𝑖 = ∑(𝜉𝜉𝑖𝑖 ∙ 𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖 ∙ 𝜀𝜀𝑖𝑖) (2) 

where: 
𝑒𝑒𝑁𝑁𝑁𝑁 Cumulative emission of greenhouse gases per delivery of a unit of chemical energy of 

natural gas, (Mg CO2/TJ), 
𝑒𝑒𝑖𝑖 Specific emission of greenhouse gases in i-th link of delivery process (per unit of chemical 

energy of delivered natural gas), (Mg CO2/TJ), 
𝜉𝜉𝑖𝑖 Unit emission of a greenhouse gas per a unit of chemical energy of fuel utilized in i-th link 

of delivery process, (Mg gas/TJ), 
𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖 Global warming potential of a greenhouse gas emitted in i-th link of delivery process, (Mg 

gas/ Mg CO2). 

Carbon dioxide, as a reference substance, has GWP = 1. Global warming potential of methane is debatable. It 
is usually assumed at the level of 21, but recent studies imply that its value gradually increases over time, as 
its concentration in atmosphere gets higher [7]. In this paper it was assumed to be equal to 28 [22]. Direct 
emission of CO2 from combustion of natural gas equals to 56 Mg per TJ. 

4.1 Pipeline transport from Russia 

Russian natural gas is transported to Poland via the Yamal-Europe pipeline. It runs from natural gas fields 
near Yamal Peninsula to Germany, through Minsk (Belarus) and central-northern Poland. Its length is 3075 
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km and pressure is maintained by 23 compressor stations [7]. The fuel consumption per compressor station, 
resulting from the analysis in [12], is 0.18% of natural gas flowing into the station. Using this value to 
calculate the total fuel consumption coefficient for compression 𝜀𝜀𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐 results in 4.23%. It is a probable value, 
since the total gas consumption in the Russian transmission system is estimated as 6% [11,23] and an 
optimization of energy consumption in a similar pipeline presented in [24] returned a result of 3.5%. 
However, a different study assumed that 0.33% of transported natural gas is consumed for each 100 km [25]. 
If this value is multiplied by the length of Yamal-Europe pipeline, 𝜀𝜀𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐  results in 11.3%, which is 
significantly higher. 

The amount of methane leaking during transport and storage is difficult to quantify. The estimates are usually 
included in the range up to a few percent of throughput and can be as small as 0.7%–0.9% [25,26] or as high 
as 4% [27]. Other studies estimate the leakages (𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑘𝑘∗ ) to be between 1.4% and 3.6% [28]. 

Note that the indicators such as energy consumption and leakages are usually presented in the literature as a 
percentage of gas inflow. For the purpose of this study, they need to be recalculated in reference to outflow, 
using the following equation: 

 𝜀𝜀𝑖𝑖 = 1
1−𝜀𝜀𝑖𝑖

∗ − 1  (3) 

where: 
𝜀𝜀𝑖𝑖∗ Specific consumption of primary energy in i-th link of delivery process (per unit of 

chemical energy of input natural gas), (TJ/TJ). 

4.2 LNG transport from Qatar 

As stated before, the work input in AP-C3MR liquefaction method is 1.2 MJ per kg of natural gas [18]. This 
value however needs to be recalculated to primary energy, considering the energy efficiency of compressor 
drivers. In most cases, gas turbines or combined cycles fueled with natural gas are used. Their efficiency may 
vary between 30% (for small gas turbines) and 60% (for combined gas-steam cycles) [13]. The coefficient of 
primary energy consumption for NG liquefaction 𝜀𝜀𝑙𝑙𝑖𝑖𝑙𝑙  is therefore in the range 4.4÷8.9%, depending on the 
energy efficiency. 

LNG carriers consume fuel for propulsion and driving the ship’s auxiliary equipment. Q-Flex vessels (the 
ones that deliver LNG from Qatar to Poland) are equipped with an on-board reliquefaction installation to 
avoid losses of the cargo. This system contributes greatly to the overall fuel consumption of the ship. Analysis 
presented in [29] proves that the average fuel consumption with the BOG reliquefaction installation running is 
6300 kg of marine diesel oil per hour, while the average fuel consumption with this installation turned off (in 
the case of return trip) is 4856 kg/hour. The voyage (via Suez Canal) takes 21 days. Taking the ship capacity 
as 216,000 m3, the lower heating value (LHV) of marine diesel oil as 39.9 MJ/kg [30] and the LHV of LNG 
as 45 MJ/kg, the coefficient of primary energy consumption for LNG shipping 𝜀𝜀𝑠𝑠ℎ𝑖𝑖𝑐𝑐 takes the value of 4.95%. 
This value includes both the delivery and return trips. The unit emission of CO2 per a unit of chemical energy 
of marine diesel oil was assumed as 80 kg per GJ [31]. 

Regasification of LNG by the SCV method involves combustion of a small portion of regasified LNG, about 
1.46% [32]. This value should be recalculated considering the induced additional upstream consumption 
(since some of the delivered fuel is used at the receiving terminal, more of it needs to be processed and 
delivered per unit of fuel at the end of the delivery process). This is done using the following equation: 

 𝜀𝜀𝑟𝑟𝑙𝑙𝑔𝑔𝑙𝑙𝑠𝑠 = 𝜀𝜀𝑟𝑟𝑙𝑙𝑔𝑔𝑙𝑙𝑠𝑠 0 ∙  �1 + 𝜀𝜀𝑠𝑠ℎ𝑖𝑖𝑐𝑐 + 𝜀𝜀𝑙𝑙𝑖𝑖𝑙𝑙� (4) 

where: 
𝜀𝜀𝑟𝑟𝑙𝑙𝑔𝑔𝑙𝑙𝑠𝑠 0 Specific consumption of primary energy for regasification in a local balance boundary, 

(TJ/TJ), 
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𝜀𝜀𝑟𝑟𝑙𝑙𝑔𝑔𝑙𝑙𝑠𝑠 Specific consumption of primary energy for regasification in a global balance boundary 
(TJ/TJ). 

Such calculations result in a value 𝜀𝜀𝑟𝑟𝑙𝑙𝑔𝑔𝑙𝑙𝑠𝑠  = 1.68%. The consumption of electric energy and resulting 
consumption of primary energy in a LNG regasification terminal is small compared to energy consumption 
(and its uncertainty) in other stages of the delivery chain, therefore it was neglected in this analysis. 

5. Results of analysis 

Figure 5.1 compares the two methods of transport of natural gas by the value of coefficient of cumulative 
consumption of primary energy. Figure 5.2 compares the specific emissions of greenhouse gases. Two 
variants are presented for both methods – optimistic and pessimistic. The optimistic variant assumes higher 
efficiency of compressor stations (for pipeline transport) or liquefaction installations (for LNG) and lower 
leakages during pipeline transport. The pessimistic variant assumes the opposite. Boundary values are 
presented in previous subchapters. Therefore, the actual consumption of primary energy and emission of 
GHG are likely to be in the range specified by the two variants. 

 

Fig. 5.1. Comparison of energy intensity of methods of transport of natural gas 

 

Fig. 5.2. Comparison of GHG emissions resulting from transport of natural gas 
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Value of 𝑤𝑤𝑁𝑁𝑁𝑁  fits in the range 1.05–1.15 for pipeline transport and 1.11–1.16 for LNG transport. A 
conclusion from these results is that transporting natural gas in liquefied form is most likely more energy 
intensive than transporting via pipelines. Therefore, it would be advisable to lower the cumulative energy 
consumption by recovering some of the cryogenic energy of LNG during the regasification process. Value of 
𝑒𝑒𝑁𝑁𝑁𝑁 fits in the range 6.7–31.2 Mg CO2/TJ for pipeline transport and 7.4–9.9 Mg CO2/TJ for LNG transport. 
Due to high value of GWP for methane, leakages play a great role in the GHG balance and drive up the value 
of 𝑒𝑒𝑁𝑁𝑁𝑁 . Carbon footprint of pipeline transport in the optimistic scenario is at the same level as for LNG 
transport, but much higher if the pessimistic scenario (high leakages) is considered. 

Note that the coefficients 𝑤𝑤𝑁𝑁𝑁𝑁  and 𝑒𝑒𝑁𝑁𝑁𝑁 are a function of distance between the source of natural gas and the 
recipient, so the results of analysis for other countries may be different from these presented in this paper. 

6. Summary 

In the present work, the process of delivering natural gas from deposit to recipient was discussed. Each link of 
the delivery chain requires an energy input. An attempt was made to evaluate the energy intensity and 
environmental impact of importing natural gas for the case of Poland by using elements of life cycle 
assessment. Two methods of transport were compared: trunk pipelines (gas from Russia) and LNG (gas from 
Qatar). 

The data given in literature differs greatly and is burdened by uncertainties, therefore two variants were 
calculated: an optimistic one in which the energy intensity and losses are assumed at the lower limit, and 
pessimistic one, which assumes the opposite. Obtained results suggest that transporting natural gas as LNG 
requires a higher energy input than transporting it via pipelines. The coefficient of primary energy 
consumption is at the level of 1.05–1.15 for pipeline transport and 1.11–1.16 for LNG transport. There are 
however possibilities to improve the energy efficiency natural gas transport, especially for the case of LNG. 
Liquefaction is a very energy-consuming process. A portion of energy utilized in this process gets stored in 
LNG and can be recovered during regasification, though usually it is just released to the environment. Such 
energy recovery, for example in the form of production of electric energy, may significantly improve the 
outlook of LNG against pipeline transport. 

On the other hand, the emissions of greenhouse gases are comparable for both methods, or even higher for 
pipeline transport. They take a value of 6.7–31.2 Mg CO2 per TJ of chemical energy of delivered fuel for 
pipeline transport and 7.4–9.9 Mg CO2/TJ for LNG transport. Large values for pipeline transport are due to 
methane leakages from pipelines, as methane has much higher global warming potential than carbon dioxide. 
When related to the stoichiometric emission of carbon dioxide from combustion of natural gas, it turns out 
that the actual emission is 12–55.7% higher for pipeline transport and 13.2–17.7% higher for LNG transport. 
These results confirm the incorrectness of evaluating the “eco-friendliness” of fuels just by the emission of 
CO2 resulting from combustion stoichiometry. 
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Abstract 

The work focuses on proposition of new modern heating network in the place of an old outdated one. The 
existing network in chosen urban in the Silesia region, Poland can be described as of the second generation of 
district heating. The chosen area is 13 blocks of flats with the heat supplied by a Cogeneration Plant built in 
the fifties of the last century and distributed over unnecessarily long distances. After analysis of the region, 
available space and other conditions, the next step was incorporation of an idea of a renewable energy source 
share increment in the heat production. Such actions can be treated as the introduction of some ideas from the 
concept of the Fourth Generation of District Heating that appeared in Denmark. It was treated as a role model 
and the proposed changes are result of its assumptions.  

Keywords: Heating network, renewable energy source, district heating, solar energy, 4th Generation District 
Heating 

 

1. Introduction 

The paper concerns design of the heating network that ultimately aims to be of the 4th Generation of District 
Heating (4GDH). The current heating network supplying the buildings of interest is of the outdated 
technology. Heat is supplied by a Cogeneration Plant built in the fifties of the last century [1]. The length of 
the heating network is high therefore supplying water temperature is way above 100°C. The design of small 
distributed heating network will enable lowering the working medium temperature and usage of modern 
technical solutions. For that purpose, the analysis of the chosen area was performed - the factors influencing 
the network’s final design and parameters. Later, the calculations of heat demand for one flat and whole 
considered neighborhood were made. Based on those and considering other factors, like e.g. available space, a 
renewable energy source was chosen to support the heating network by production of extra heat. This made 
the designed system more independent of fossil fuels. The following part considers how much heat can a 
renewable energy source supply and rough assessment of its profitability. As an addition, the calculation of 
design mass flow rate and then estimation of fluid’s velocity, pressure losses and pipes dimensions were 
performed. 

The discussion on other profits than those economical is also a very significant topic nowadays. Renewable 
energy sources’ contribution to lowering the emission and savings of the fossil fuels is undeniable. 
Implementation of such network would be a huge step forward with modernization of existing networks 
towards 4th Generation District Heating, which is the direction the heating networks should be heading. The 
project is aimed at presentation of the problems of polish heating systems and showing the direction in which, 
they should be modernized on an example of small-scale application. 

2. Generations of district heating 

District heating can be simply defined as a network of pipes distributing produced heat within a centrally 
controlled system. One such network can include a few buildings or whole cities depending on the initial 
design. The basic idea of such system is to provide space and water heating to households. In Poland such 
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sources are mainly coal-fired Heating Plants or sometimes Combined Heat and Power Plants [2]. Currently, 
the tendency of District Heating development includes increasing the share of heat recovery from waste and 
heat production in Combined Heat and Power Plants (CHP). While those are being gradually realized, number 
of installed renewable energy systems to support efficient heating networks should also increase. To fully 
understand the characteristics of heating systems, there were distinguished four separate generations of 
district heating and cooling. [3] [4] 

2.1.  First generation 

The first generation started in the 80s of 19th century in in the city of New York, when the idea of replacement 
of small apartment boilers with a common heating system appeared. Furthermore, steam was a heat carrier in 
the 1st generation networks. Those systems were not efficient enough, and the risk of malfunction or accident 
was very high. Example of such a solution is up to this day in the city of Paris. As for the polish heating 
systems, steam as a medium is used almost only in the industrial sector - this is due to very small distribution 
distances requirement. Another way of utilizing steam is for residential heat transportation but also over very 
small distances, meaning up to 3 kilometers in Poland and only when pressure is above 0.17MPa, those 
requirements are justified mainly by the heat losses. [5] 

2.2.  Second generation 

The idea of water as a more efficient and safer heat carrier began the 2nd generation of district heating. The 
water was pressurized, and its temperature was over 100°C [5]. A huge drawback of this concept was the lack 
of any control system. Many such technologies were implemented in the former USSR, which included polish 
systems built mostly between the 30s and 70s of the last century. Based on the temperature of the working 
medium as the most important indicator, polish district heating systems can be mostly classified as the 
second-generation systems. Those networks are usually not well-distributed, and they transport heat over 
relatively long distances. For mentioned distances and significant heat demands, there is commonly used 
water with the maximal temperature of 150°C [5]. According to the tendencies in all processes of 
modernization of district heating, the temperature of heating water in Poland is currently being lowered 
typically to 130°C [5]. For distances smaller than 0.5km water of around or less than 115°C can be used [5]. 
The big concern is also the lack of flexibility of water systems when it comes to changing and adjusting loads, 
but on the other hand, it is much cheaper than a steam system and almost insensitive to corrosion. [5] 

2.3.  Third generation 

“Scandinavian district heating technology” is the main term referred to when talking about the third 
generation. The very important feature of this technology is water temperature below 100°C. Many such 
solutions were developed in Scandinavia, among which there are modern pipes insulation or no concrete ducts 
for the pipes. For such solutions there are widely used plastic pipes, instead of those made of steel [4]. Since 
the 70s and 80s, the third-generation technology is the most popular solution in new installations in such 
regions as China or America. All the replacements on the areas of the former USSR systems were done with 
Scandinavian technology. This means that the main Polish improvements in district heating were done based 
on adapting the second generation’s systems into Scandinavian solutions [5]. The borders between 
generations are sometimes not too clear, but it can be said that in the 3rd generation the CHP concept was 
significantly enhanced, but it is supposed to be utilized since the second generation. Visible trends can be 
pointed out for the future: efficiency will be the crucial parameter, the temperature of the working medium 
will be decreasing, and more automated and flexible systems will be chosen.  

2.4.  The Fourth Generation of District Heating 

The Fourth Generation District Heating (4GDH) concept first appeared in Denmark and “is defined as a 
coherent technological and institutional concept, which using smart thermal grids assists the appropriate 
development of sustainable energy systems. 4GDH systems provide the heat supply of low-energy buildings 
with low grid losses in a way in which the use of low-temperature heat sources is integrated with the 
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operation of smart energy systems. The concept involves the development of an institutional and 
organizational framework to facilitate suitable cost and motivation structures” [6]. This led to the formation of 
the set of five points that should be fulfilled by a heating system to be of the 4th generation: 

“1. Ability to supply low-temperature district heating for space heating and domestic hot water (DHW) to 
existing buildings, energy-renovated existing buildings and new low-energy buildings. 
2. Ability to distribute heat in networks with low grid losses. 
3. Ability to recycle heat from low-temperature sources and integrate renewable heat sources such as solar 
and geothermal heat. 
4. Ability to be an integrated part of smart energy systems (i.e., integrated smart electricity, gas, fluid, and 
thermal grids) including being an integrated part of 4th Generation District Cooling systems. 
5. Ability to ensure proper planning, cost and motivation structures about the operation as well as to strategic 
investments related to the transformation into future sustainable energy systems. [4]” 
 
Such systems should be flexible and sustainable. Big role in 4th Generation heating systems play renewable 
energy sources. This is a huge challenge for polish heating systems and implementation of newest solutions in 
systems should start as soon as possible, starting with a realistic scale projects to gradually invest in 
implementation of all aspects of 4GDH. 

3. Region’s description 

Poland has a well-developed district heating system with one of the longest heating networks in Europe. 
According to [7] its length was 20745km in 2016 with visible development in length over past years. Taking a 
closer look, there can be noticed that the Silesia voivodship has the longest heating network in Poland - 
3321km, while Mazowieckie voivodship with capital city of Warsaw in on the second place with 3026km in 
length [7]. Despite having very similar network lengths, those regions are different in one significant way. 
Mazowieckie voivodship is an owner of much more concentrated network, its center is in Warsaw, while all 
the other cities are much smaller (only 3 cities in total with more than 100000 inhabitants), therefore with 
shorter networks. In Silesia region there are 12 cities with more than 100000 inhabitants [8], resulting in much 
more evenly distributed heating networks.  

One of such cities is Ruda Śląska, a city based on hard coal mining and its industry. The chosen district is of 
13 blocks of flats located in the busy area with hardly any available green space. Each block has 40 flats with 
assumed 3 people per flat on average. This gives 520 flats with 1560 people total. The insulation is in poor 
condition and blocks are rather old. Surface area of a single flat is assumed to be 61m2. The central heating is 
provided by Węglokoks Energia ZCP Sp. z o.o getting heat from CHP Plant “Mikołaj” in Ruda Śląska. The 
heating network can be classified as the second generation of district heating. Hot water is not provided by a 
network but is heated up in individual gas water heaters. The only available free space is one bigger area in 
the north direction from the neighbourhood. Those are post-mining areas. They can be described as small hills 
directed onto the South. There is no cooling network or renewable energy sources involved in heat 
production.  

As can be seen on the map below, the blocks are numbered I-XIII. The available space is hatched and is 
limited by residential streets and old non-working railway (from north direction). The area of mentioned spot 
is about 8115m2. The bold black lines represent the proposed new small, distributed heating network. As it 
can be noticed, it is not independent, but connected to the municipal heating network. This is due to 
unpredictability of the renewable energy sources and other factors. The habitants must be supplied at all times 
regardless of the meteorological conditions. In this area there are many other networks, such as electricity or 
gas, that cannot be omitted and during the design of the path of new heating network, the effort was made not 
to interfere with any existing networks. As this goal is practically unachievable, the heating network was 
designed to have as small impact on the neighborhood as possible. 
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Figure 3.1. Map of the neighborhood (1 – Chosen urban area; 2 – Available space) [9]; 

Figure 3.2. Schematic representation of the area, blocks and heating network proposed [10]. 

4. Renewable energy sources and ecological aspects 

Renewable energy sources are necessary to be implemented on much higher scale if the society wants to 
reduce the global carbon footprint, as well as solve more local problems, that are present in an excessive 
amount both in the whole Poland and also specifically in the Silesia voivodeship. Although most of the polish 
cities are connected to the heating networks, some of the buildings that are not, cause a lot of pollution, 
primarily to air. Also, many mines, industrial institutions and power plants of outdated technology exist and 
produce a lot of harmful substances. In Poland many of the environmental problems are significantly 
enhanced compared to European Union. The biggest source of smog and pollution are individual heat sources 
– the domestic coal-fired boilers of the previous generations. Also, the big trouble is people’s awareness. 
Many households not only burn low quality fuel, but even throw old clothing, plastics and tires into their 
furnaces. District heating networks are also problematic themselves. Most of them are of the outdated 
technology from previous generations and in need to be adapted to the newer standards. Renewable energy 
sources are expected to play much bigger role in the newest solutions in district heating. It is a great 
opportunity for Poland to increase the share of renewables and meet EU requirements.  

For the case where there is almost no open space, but we want to support the heating network with renewable 
energy source, the solar collectors seem to be the best choice. Flat plate type collectors are the most popular 
solar collectors, because of their efficiency, durability and relatively low cost. Such systems’ payback time is 
shorter than evacuated tube collectors and they are preferably used in the climates where air temperature can 
go below zero. Their life span is up to even 30 years. [11] One can also try to receive a government’s 
financial support or funding for production of energy from renewable energy source. 

There are various reasons for rejection of other renewable sources. Firstly, any kind of biomass is unavailable 
in the area of interest and its transportation for long distance is highly unprofitable. Wind turbines require 
much more space and distance of 1km from urban area, which is impossible to realize in chosen 
neighborhood. Also, gas engine would be a bad choice, due to availability of other natural resources, such as 
hard coal, and the social aspect of most people in Silesia working in the mining industry. 
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5. Results 

The choice of the solution for the selected area could not happen without knowing the needs of the 
neighborhood. This is why the calculations of the heat demand for: space heating, ventilation and domestic 
hot water were performed based on [12]. This enabled the creation of ordered graphs for heat demands, 
calculation of specific design and annual heat demands, design mass flow rates and hydraulic parameters 
choice. 

5.1.  Graphs of heat demand 

The heat demand characteristics, where heat demands are firstly the function of time and then of the outside 
air temperature, is created to show the heat demands dependencies profiles in an ordered manner.  They also 
clearly show the values for the peak demands. 

 
Figure 5.1. Ordered graph of heat demand 

 
Figure 5.2. Annual graph of heat demand 
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5.2.  Heat demand 

The design heat demands results presented in the table below inform about the values for which the network 
must be designed. The average and annual values in the next table give a wider perspective about the 
habitants’ needs. 

Table 5.1. Design heat demand 
Heat demand for: Symbol One flat Whole neighborhood 

(520 flats) 
Unit Value  Unit  Value 

Space heating Q̇shmax kW 5.63 MW 2.92 
Ventilation Q̇vmax kW 1.03 MW 0.54 
Domestic hot 
water 

heating season Q̇dhwmax kW 2.07 MW 1.08 

summer Q̇dhw
summer kW 1.29 MW 0.67 

Sum for the heating season Q̇totmax kW 8.73 MW 4.54 
 

Table 5.2. Average and annual heat demands 
Parameter Symbol Unit Value 
Average heat demand for 
space heating 

Q̇sh
avg kW 2.42 

Annual heat demand for 
space heating for 1 flat 

Q̇sh
annual GJ 49.02 

Annual heat demand for 
space heating for 
neighbourhood 

Q̇sh,all
annual GJ 25492.47 

Annual heat demand for 
domestic hot water for 
neighbourhood 

Q̇dhw
annual GJ 8908.29 

 

5.3.  Mass flows and hydraulic parameters 

To design a heating network, a hydraulic approximate calculation was performed. The information about 
mass flow rates in table 7 are needed to further estimate the basic hydraulic parameters, like pipes dimensions, 
pressure drop and velocity of water. 

Table 5.3. Design mass flow rates of water 

Parameter Symbol Unit Value 
Design mass flow rate 
of water for space 
heating 

Ġwsh kg
s

 
11.64 

Design mass flow rate 
of water for 
ventilation 

Ġwv kg
s

 
2.14 

Design mass flow rate 
of water for domestic 
hot water 

Ġwdhw kg
s

 
7.35 

Total design mass 
flow rate of water 

Ġw kg
s

 
21.13 

 

Table 5.4. Hydraulic parameters values 
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Parameter Symbol Unit Value 
Unit pressure drop R kPa 0.098 
Diameter of a pipe d mm 219 
Thickness of a pipe δ mm 6 
Velocity of water v m

s
 1.3 

 

5.4.  Solar collectors analysis 

The analysis of the solar irradiation, available space, technologies and other important aspects were later 
performed. This led to calculation of the total power gained from collectors and finally rough estimation of 
the average level of the heat demand that can be covered by the solar collectors alone (both in summer and 
during the heating season). 

 

Figure 5.3. Total power from solar collectors 

Table 5.5. Solar collectors’ calculations results 

Parameter Symbol Unit Value 
Area available A m2 8114.82 
Number of collectors Nsc - 3512 
Average total power Q̇sc

avg MW 0.81 
Maximal total power Q̇sc

max MW 7.14 
Average level of 
heat demand 
covered 

Heating 
season 
 

ηhs  
% 

17.92 

summer ηsummer 121.70 

 

6. Conclusions 

The district heating networks existence is not enough to handle the environmental and social problems 
connected with heating systems in Poland. The role model for the nearest future of polish district heating 
should be e.g. Denmark with its well-developed district heating systems where many of them are already of 
the fourth generation. They are distributed, automated, supported by renewables and with significantly 
lowered working medium temperature, to name a few. This branch of Power Engineering has many great 
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opportunities to implement the newest available solutions. Thanks to those, the share of renewables can 
significantly rise in the overall energy sources structure. 

In the city of Ruda Śląska there are hardly any renewable energy sources utilized to produce any form of 
energy. Certainly, there is no bigger heating network supported by renewables. The proposed small, 
distributed heating system enabled implementation of solar energy as the support for residential grid. The 
discussed area of 13 blocks received a new heating network and thanks to its short length and small number of 
receivers, the losses and temperature of working medium can be lowered in a significant way. 

The design heat demand for the whole district is 4.54MW. This is not an enormous value, which justifies why 
such system was decided to be supported by the solar collectors’ installation. The available free space was on 
the very favorably angled hill and the amount of sunshine received is optimal. Such solution gave almost 18% 
of heat demand covered on average during winter and over 120% during summer, when only domestic hot 
water is needed. Those are averaged values, which means that there were times with no solar irradiation noted 
and times with more than 7MW produced. In conclusion to this part, in winter in the polish climate, the 
support of the collectors with classical residential grid is necessary to ensure the habitants are always supplied 
with sufficient amount of heat. It is the other way around during summer season, when there can be noticed 
the excess of heat on average, which means that on sunny days, the heat could be sold to the national grid and 
the payback time of solar installation could gradually shorten. If this solution turns out to be not optimal, the 
heat storage should be taken into consideration. The energy storage is a very trendy topic and with good 
solutions chosen for the mentioned neighborhood, it could become even more independent on the grid and 
move significantly towards 4GDH. 

The weather data used for the purpose of calculations are all averaged values and, for example, the solar 
irradiation is a very unstable energy source. This means, that in conclusion, except for the network itself, the 
system needs high level of automation and control. The traditional residential heating network must be 
prepared for load variations; therefore, it is highly recommended not only to modernize the networks 
themselves, but power plants too. The concept of Fourth Generation of District Heating assumes that already 
before implementation of renewables and development of smart grids, the classical heat and power sources 
are power plants and cogeneration plants of a high efficiency and modern solutions. The existing heating 
networks should be equipped with more efficient pipes prepared for heat transport over small distances and 
low water temperature. The biggest challenge for already existing polish networks is adjustment to transport 
different loads levels over small distances. 

To sum up, the idea of a distributed heating network for small area with blocks of flats is a useful and 
beneficial concept. The implementation of such system would decrease the carbon footprint, emissions 
connected with poorly organized combustion and slow down the process of depletion of fossil fuels. Although 
it is a rather costly project, the growth of share of renewable is necessary to meet the EU requirements. This 
kind of an idea should be implemented in as many areas in Poland as possible. 
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Abstract 

Soil organic carbon (SOC) is one of the most important parameters which determines soil ecosystem quality 
and highly influences the plant biomass growth and development, and thus, the food availability. The sources 
of organic carbon in the soil are mainly residues of living organisms that are being decomposed by 
microorganisms, but also the carbon sequestration from the atmosphere. Soil carbon sequestration is mainly 
carried out in the process of photosynthesis where carbon dioxide consists a substrate and may contribute in a 
huge scale to the mitigation of climate change. Nowadays, progressive climate change consists one of the 
most important concern which affects all ecosystem compartments. The temperature is limiting agent for 
environmental processes, thus, increasing average temperature observed in the last years is increasing. The 
increasing mean temperature in the global scale may intense mineralization of SOC lowering the SOC stock 
and changing soil quality. Global warming alters soil microbial community and its functioning thus 
influencing mineralization of SOC by alternation in C use by microbes. Also changes in precipitation pattern 
and predicted flood in a global scale may alter the SOC content. 

Keywords: soil organic carbon, soil carbon sequestration, climate change 

1. Soil organic carbon 

Soil consists the biggest reservoir of carbon in comparison to the atmosphere and waters and is crucial in 
global C carbon cycle [1,2]. It has been estimated that about 2500 Pg of C to 2 m depth is stored in the soil in 
organic form [3,4]. The definition of soil organic carbon (SOC) regards to the balance between carbon inputs 
and outputs. The SOC determines soil fertility, soil activity, soil productivity as well as food and waters 
security. Too low SOC content (<1%) in the soil is one of the major agents influencing the susceptibility to 
the negative impact of the environment including erosion, and thus, limiting the soil agricultural use [3]. Soil 
organic carbon is derived from the animal and plant residues as well as an effect of carbon sequestration from 
the atmosphere which is primarily conducted via photosynthesis [1]. Thus, the importance of soil organic 
carbon is focused not only in the aspect of the possible way to decrease the climate change but also in the 
aspect of soil quality or climate conditions [5]. Soil carbon sequestration may in a high scale contribute the 
mitigation of climate changes, since soil represents stable and safety storage sink for the carbon which is 
catch from the atmosphere lowering its concentration in the atmosphere. However, the scale of soil organic 
carbon sequestrationis strongly limited by several agents such as soil quality (figure 1). Nevertheless, during 
the soil respiration the labile forms of carbon are released back from the soil into to the atmosphere. [1].  

The organic matter occurs in the soil in both, labile and non-labile fraction (figure 2). The lability of SOM is 
affected by chemical structure, and bioavailability (physical protection from microbes [28]. 

Soil organic carbon dynamics are driven by climate changes as well as changes in land cover and land use. 
Organic in the soil affects all soil properties including physical, chemical and biological properties consisting 
source of microbial nutrients. It has been observed that SOC stock are generally highest under cool humid 
conditions and decrease under warmer and drier climates both at the global scale and at the (sub)-regional 
scale [6,7]. Nevertheless, the influence of climate change relatively decreases with increasing soil depth. In 
deeper soil the factors controlling the stabilization of SOC have a higher importance [7]. 
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Fig. 1.1. Soil organic carbon sequestration, limiting agents and results. 

 

Fig. 1.2. Soil organic carbon clasification 

However, at the local scale, the importance of climate changes is usually too small for the visible effect, thus, 
in contrast to others factor, the SOC storage is less relevant in context of climate change. The climate 
influence on the SOC sequestration and storage is more important in the global scale [7]. As a suitable 
indicator for SOC storage, the mean annual air temperature is proven. Less suitable indicator for estimating 
the global changes in SOC storage by climate changes is vapor pressure deficit [7]. 

2. The scale of climate changes 
 
Anthropogenic activities, huge interference into the environment highly contributes to the observed climate 
changes worldwide. These changes have a strong impact on the amount and diversity of living organisms, and 
thus, affecting the ecosystems [8,9]. The long-term and progressive climate change contributes to the air and 
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ocean warming, sea level rising. The results of changing climate are different in many regions as an influence 
of, for instance, topographical features, and hence, differences in precipitation, water flow paths, water 
accumulation etc.  
 
Increasing concentrations of greenhouse gases concentration in the atmosphere is considered as a crucial 
anthropogenic influence on the climate changes. The contamination of the atmosphere forced to the 
implementation of the actions for lowering the emission of the greenhouse gases (GHGs) as well as lowering 
the concentration of the CO2 in the atmosphere since carbon dioxide is considered to have the highest 
contribution to the global warming. In this context, according to the 2020 Climate & Energy Package 
(Directive 2009/28/EC of the European Parliament and of the Council) and Strategy Europe 2020, European 
countries are obligated, among others, to cut greenhouse gas emission by -20% until 2020 to meet the RCP 
2.6 goal. In 2016 the total emission of GHGs oscillated about 6.5 mln metric tonnes of CO2 equivalent. 
Moreover, it has been estimated that carbon-climate response (CCR) is in the range 1.0-2.1°C/ Tt C emitted. 
According to the model provided by the Intergovernmental Panel on Climate Change (IPCC) by 2100 we may 
suppose the temperature rise up to 1.4-5.8°C [10]. Today, global mean surface temperatures about 1°C higher 
in comparison to the beginning of the 20th century, and rates of the rise of those mean temperatures is the 
highest in recent decades [11].  The increasing temperatures influence also on the sea levels. Melting glaciers, 
ice caps and ice sheets have a high influence on the rise of sea levels. At present, we observe approximately 
17cm increase of the sea levels [12]. Climate change is also visible in the amount, intensity and frequency of 
the precipitation. The climate changes influence land degradation [13,14]. 
 

3. Soil organic carbon is changing climate 
 

Global warming contributes to the increase of the temperature of soil. Such influence causes disrupting of the 
soil ecosystem and strongly influence on its quality, and thus usability for different applications [15,16]. 
Since, the area of the contaminated and/or degraded soils worldwide is large, the importance of the influence 
of climate change on SOC consists an emerging problem. The highest influence of climate change in a future 
projection will be visible in the labile forms of SOC. The growing temperature contributes to the 
intensification of SOC decomposition by terrestrial biosphere, and thus, emission of CO2 into the atmosphere 
deeping the climate change [17]. In the further perspective such phenomenon may lead to the still growing 
problem with soil degradation and depletion by decreasing total SOC. Moreover, growing activity of soil 
microorganisms under increased temperature may lead to the changing their decomposition mechanisms and 
in consequence, to the decomposition of the more stable forms of the organic carbon stored in the soil. It has 
been observed that under rising soil temperature the degradation of simple sugar and alcohols in SOC is 
accelerated, what effects on the quick release of GHGs into the atmosphere in anaerobic fermentation [18,19]. 
The warming climate contributes to the changes in the soil microbial population, and thus, the projections on 
the SOC mineralization may be strongly affected by the lowering diversity of the soil microbiota [19, 20, 21]. 
Moreover, the growing mean temperature influences on the chemical processes of soil organic carbon 
adsorption and desorption onto mineral surfaces.  
 
Changing precipitation pattern has an impact on the hydrologic balance affecting the water film thickness. 
Since diffusion of soluble organic carbon substrates and extracellular enzymes are present in this part of the 
soil, the content of the SOC may undergo strong changes [22]. On the other hand, due to the imbalance in 
precipitation pattern, longer drought periods especially in the summer may increase exposition of the soil 
organic-C to the aerobic decomposition.  
 
While the several influences on carbon cycle are noticed in many laboratory studies referring to various 
environmental changes, the real influence of climate change on carbon cycle remains uncertain [23]. The 
prediction of the changes in SOC stock and its turnover brings many controversies [24]. The microbial 
activity and thus, decomposition of organic compounds is also dependent on the climate changes. Due to the 
sensitivity of enzymes to the temperature the carbon turns over may be seriously affected. It is predicted that 
organic matter depolymerization may be enhanced by the change microbial substrate preference [25]. 
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However, the differences in SOM enzymatic decomposition may be a result of the desorption, and physical 
blockade in the enzyme-substrate system lowering the efficiency of the degradation [26, 27]. 
 

4. Changes in SOC under climatic changes and soil degradation by heavy metals 
 
Metals occurs in the soil in various chemical forms: organic, minerals and/or ions [29]. Progressing 
anthropogenic activities such as mining leads to the higher contamination of the soils by heavy metals. The 
persistence of heavy metals in the soil causes long-term soil contamination. Due to the high interference of 
heavy metals into an enzymatic process the soil activity is limited [30].  
 
The predicted intensive precipitations will affect the soil moisture content, and thus, heavy metal availability, 
and finally, for example reducing as (V) to the more toxic as (III) [31]. On the other hand, predicted lowering 
concentration of soil organic matter under global warming will affect the mobility of heavy metals, whereas 
organic matter immobilizes them decreasing their toxicity. Thus, as an effect of climate change, the 
availability of toxic metals increases changing soil quality and its usability. The combined influence of 
climate change on SOM content and pH value may contribute in an unpredictable significant increase of 
heavy metal mobility and toxicity [32, 33]. That means that their toxic potential will increase directly 
threating soil microorganisms and edaphon, as well, as plants. 
 
Moreover, the remediation methods may be significantly disrupted under futuristic climatic changes. Lower 
pH value of soils (acid rains), higher leaching of heavy metals (more intensive precipitation) and increased 
heavy metals migration may significantly limit soil remediation. Since, the efficiency of remediation of soil 
contaminated by heavy metals strongly depends on the organic matter content and may be significantly 
correlated with the activity of plants growth promoting bacteria (PGPB) [33] the effectiveness of 
phytoremediation may be influenced (figure 3).  
 

 
Fig. 4.1. Influence of climate change on remediation of the soil contaminated by heavy metals 
 

5. Conclusion 
 
The understanding of the interaction between soil organic carbon mineralization and global warming is 
crucial for predicting future atmospheric CO2 concentrations. Climate change consists an extremely important 
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contributor to the variability of soil organic carbon stock as well as soil fertility. Since relatively labile soil 
organic carbon in a significant fraction is temperature-sensitive, the SOC stock may be limited under climatic 
changes. Global warming alters soil microbial community and its functioning influencing mineralization of 
SOC by alternation in C use by microbes.   
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Abstract 

The improvement of energy efficiency and the use of eco-friendly working fluids are essential elements of 
prevailing European policies. Supermarkets are intense energy purchasers and nearly 40% of their yearly 
energy consumption is for refrigeration [1]. The oblique impact on the environment related to high electrical 
energy consumption, make shopping malls, not sustainable buildings.  

Keywords: WLHP system, Heating, WSHP system 

1. Introduction 

Nowadays, with developing industries, the total energy consumption increases steadily to really high levels. 
An additional problem that we are facing is substantial energy waste along with increased energy demand. 
However, almost every sector strictly depends on energy usage and providing energy in an environmentally 
friendly way has become more difficult and expensive. Approximately 75% of European buildings do not 
meet current energy requirements [1]. Accordingly, improving the indoor air quality and energy efficiency of 
HVAC systems of occupied zones gives a huge opportunity for energy and cost savings. 

An example of the above-described problem is providing energy for conditioning of large area and multi-zone 
buildings, such as malls, which started to be a substantial energy-consuming process. On top of a large scale 
of the building, individual zones may have different thermal condition requirements and energy needs. For 
such a problem, the Water Loop Heat Pump (WLHP) systems could be an appropriate system solution [1]. 
The starting point of this idea is to have opposite conditions for different zones in the same building. 

This paper reviews the energy-saving potential of commercial buildings air conditioning and refrigeration 
systems using a Water Loop Heat Pump system (WLHP). In addition to this, to find the optimal values of the 
activation temperature for heat recovery, a supplemental heating system, and cooling towers are compared for 
traditional systems with Water Loop Pump (WLHP) system which has a heat exchanger (HX) and without 
HX. Two locations have been considered, representative of as many different European climatic zones. 

2. System Description 

A Water Loop Heat Pump (WLHP) system consists of a set of heat-pumps, that reject the excess heat from 
the zone which is cooled to a water loop. This heat is recovered by other heat pumps and transferred to spaces 
that need heating. Water Loop Heat Pump (WLHP) systems are a good option for space conditioning for 
commercial buildings, e.g. shopping malls. They allow us to save energy through heat recovery and 
temperature balancing when heating and cooling occur at the same time.  

Those systems typically operate with a loop water temperature between 16 and 32 °C. When cooling loads are 
prevalent, loop water temperatures are maintained below 32 °C. To maintain this temperature, it rejects excess 
heat to a cooling tower. When heating is prevalent, loop water temperatures are maintained above 16 °C [2].  

Energy exchange between the mixed cooling and heating modes of the Water Loop Heat Pump (WLHP) 
systems is a unique mode in air-conditioning, as well as space heating systems. The most effective operation 
occurs when the heating and cooling modes are balanced, which could happen when some zones require 
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heating or cooling during the whole year. For this reason, the Water Loop Heat Pump (WLHP) system is 
exclusively effective where zones have high internal loads. However, one operating mode is often dominated 
and water in the loop has to be heated or cooled. 

 Figure.2.1 is a typical model of a Water Loop Heat Pump (WLHP) system. Many buildings have large 
internal areas. Those areas often require cooling for all-year-round because of high internal heat gains. The 
chiller condenser that water heat is recovered, instead of rejected to the outside. This water used as a heat 
source for a water-source heat pump system. The water loop provides condenser water for the interior zone 
cooling units. Picking up the heat normally rejected to a cooling tower and transferring it as the heat source 
for the heat pumps. This largely increases the coefficient of performance (COP) and reduces the cost of 
operating the heat pumps over air-source heat pumps.  

 

Fig. 2.1 Water loop heat pump system [2] 

A WLHP system has been introduced years ago, and the idea is to take advantage of low condensing 
temperature and distributed heating-cooling generation with local control as well. The system consists of a 
water loop acting simultaneously as a sink or as a source for several reversible water-air heat pumps. Each 
heat pumps serving autonomously a limited space. The temperature of the water loop is a result of the balance 
between the units that are operating during cooling and heating mode.  

The most effective operation occurs when these two modes are on balance. This balance can be reached 
during the mid-seasons or when multiple zones require heating-cooling all year around. Because of this 
reason, this system is effective mostly where zones have high internal loads. In addition to this, one operating 
mode is often frequent. Also, water in the loop has to be cooled or heated.  

3. The Comparison Between WLHP Systems and Traditional Hydronic System 
Regarding Energy Demand 

A first comparison was made between the traditional hydronic system and the WLHP system without and 
with heat recovery from the refrigeration plant. This comparison was made without any water reservoir in the 
water loop. Water loop temperature variable depending on outside conditions. 

Table 3.1 presents a comparison results of these systems. The comparison is given for Mediterranean climate 
(Southern Europe) and Continental climates (Central Europe) separately.  
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Table.3.1 Annual global energy requirement for a traditional system and a WLHP system with and without 
Heat Exchanger (HX) or heat recovery [3] 

 Continental Mediterranean 
Traditional 

System 
Water Loop 

No HX 
Water Loop 

HX 
Traditional 

System 
Water Loop 

No HX 
Water Loop 

HX 
MWh MWh MWh MWh MWh MWh 

Refrigeration 537 537 520 604 604 595 
HVAC 853 795 580 684 472 429 
Total 1390 1332 1100 1288 1076 1024 

 
Regarding the annual values, the difference is very small in the Continental climate. Nevertheless, it becomes 
enough in the Mediterranean climate. The result is related to the values of COP estimated for these two 
systems. In the previous reports by the researchers [4], the requirement for the global energy of these two 
systems was almost identical. 

In both climates, the WLHP systems have better performance in terms of energy requirements. However, it is 
not 100% true for the Continental climate because of higher heating loads during the cold seasons, which 
provides better exploitation of the condensation heat rejected through the refrigeration systems. The energy 
need is increased up to 65% in October for the Continental climate and up to 36% in January for the 
Mediterranean climate. 

In the Fig.3.1, comparison of monthly energy requirements (in MWh) shows between a traditional system, a 
WLHP system with and without HX for heat recovery in the Continental climate. 

Fig.3.1 Monthly global energy requirements for a traditional system, a WLHP system with and without HX 
for heat recovery in the Continental climate. [3] 

In the Fig.3.2, comparison of monthly energy requirements (in MWh) shows between a traditional system, a 
WLHP system with and without HX for heat recovery in the Mediterranean climate. 

In both climates, the WLHP system with heat recovery has better performance in terms of energy 
requirement. Unfortunately, this is particularly true in the Continental climate. Due to higher heating loads in 
the cold season, which provide better exploitation of the condensation heat rejected by the refrigeration 
system. 
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Fig.3.2 Monthly global energy requirements for a traditional system, a WLHP system with and without HX 
for heat recovery in the Mediterranean climate. [3] 

4. Air Source Heat Pump 

An air-source heat pump (ASHP) is a space-conditioning device that can provide both heating and cooling. 

  

 
Fig.4.1. A typical Air Source Heat Pump (ASHP) System [7] 

 
Although models exist that only provide one of them. In heating mode, the heat pump uses electricity to 
extract heat from the outside air, then transfers it to the inner zones. An ASHP uses a refrigeration cycle to 
“step up” the heat to a temperature proper for space heating. In cooling mode, the heat pump works like a 
refrigerator, shifting heat from the interior of a house and removing it outside. 
 

4.1.  How it works 
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An air-source heat pump transfers heat by the system of a refrigeration cycle. Heat is transferred by the 
refrigerant or the fluid that moves within the refrigeration cycle. 

In heating mode, the refrigerant obtains heat from the outside air, during it travels through heat exchanger 
coils located in the outside unit. These coils are called the “evaporator” because the outside heat makes the 
refrigerant to evaporate into a gas. This gas then goes to a compressor, which uses electricity to increase the 
temperature of the refrigerant gas until it is enough for space heating. The gas then passes into a set of indoor 
heat exchanger coils where it abbreviates into a liquid, delivering heat. In an air-to-air ducted heat pump, a fan 
is used to move the heat into the zones.  Finally, the liquid refrigerant moves into an expansion valve, which 
reduces its pressure, and starts the period again. [8]   

5. Comparison Between ASHP System and WLHP System 

Using the relative power method [8], two main tables (for winter Table.5.1 and for summer Table.5.2) are 
obtained to show the energy consumption of WLHP and ASHP systems. 

Firstly, the degree of power change is greater at the load rate of 20–60% in winter than summer, because the 
use of the auxiliary heat source can improve the COP of a unit by heating circulating water. Secondly, the 
auxiliary heat source has a very negative effect on system efficiency when the load rate is raised to 80–100%. 
Noted that the key point occurs at a load rate of 80%. The operation of the WLHP system will lose its 
advantage over a traditional two-pipe HVAC system at a load rate of 80–100%, which also confirms its 
energy-saving range in winter. 
 
Table.5.1 Energy consumption of heat pump systems in winter for ASHP and WLHP systems. [8] 

Load rate/% Unit power /kW Energy consumption /kWh 
  ASHP  WLHP ASHP  WLHP 

100 11,76 7,63 3721 3228 
80 7,71 4,82 14,184 11,03 
60 5,39 4,08 16,911 12,263 
40 3,41 2,77 5674 4271 
20 1,59 1,41 1472 1198 

Table.5.2 Energy consumption of heat pump systems in summer for ASHP and WLHP systems. [8] 

Load 
rate/% Unit power /kW Energy consumption /kWh 

  ASHP  WLHP ASHP  WLHP 
100 32,31 16,56 2792 1520 
80 24,03 9,31 10,665 4620 
60 18,13 7,01 13,188 5910 
40 13,01 4,69 4896 2196 
20 9,11 2,33 1781 713 

 

5.1. Advantages of a WLHP System 

Almost any type of commercial buildings that has several temperature controls zones, some of which need to 
be heated while others need to be cooled, are prime candidates for a WLHP system. A Water Loop Heat 
Pump system is a good choice for office buildings, libraries, hotels, condominiums, and schools. 
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• It provides an opportunity for energy saving by recovering heat from internal areas as well as 
from waste heat. Also, there is another option to recover energy by storing the excess heat 
which is coming from day-time cooling for night-time cooling. 

• When solar collector efficiency is high, this system allows for recovering solar energy at 
comparably low water temperatures. 

• It provides a control system for the environment in distributed, occupied areas during the 
night or weekends. With this, there won't be any need to start a large central refrigeration 
machine. 

• Units will have a longer service lifetime than air-cooled heat pumps. 
• Units are not endangered by the outdoor weather, which allows installation in the waterfront 

and other destructive environments. 
• Condenser fans are excreted, and the compression ratio is lower, that's why the noise level can 

be lower than air-cooled appliances. 
• When a singular unit fails, the whole system is able to continue operation without the shut-

down.  
• Energy usage by the heat pumps can be measured for each occupant. 

5.2. Limitations for WLHP System 

As with any systems, there are some potential limitations with WLHP systems. 
• Large places are required to place the boiler, pumps, heat rejector and heat exchanger. 
• The initial cost may be higher than the systems that use various units. 
• Basic WLHP equipment may have reduced airflow and this reduced airflow can cause the 

overheat on heat pumps and stall. 
• The piping loop be must be maintained clear. 

 
6. Conclusions 

In this paper, general information about the Water Loop Heat Pump (WLHP) Systems have been studied. 
General description of the WLHP system with its advantages and limitations are shown. However, during the 
researches, some other systems such as Air Source Heat Pump (ASHP) System are referred to provide a 
comparison for the energy consumption of the systems. 
According to the comparison between WLHP systems and traditional systems, WLHP systems with heat 
exchangers (HX) are more efficient for both warm and cold climates which are called as Mediterranean and 
Continental during the studies. However, this system is more efficient for cold climates because of more 
energy requirements for heating. Additional to this comparison, also the energy consumption of WLHP and 
ASHP systems are compared and it shows that ASHP systems are more suitable for small buildings. 
Besides, the operation of WLHP system can achieve the higher efficiency for big buildings that have 
simultaneous heating and cooling and its energy-saving rates are 25.2% in summer and12.7% in winter, 
respectively, compared to an ASHP system. 
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Abstract 

Availability of a process simulator which can help in taking decisions on the operating parameters, operating 
configurations, selection of adsorbent and the number of beds is one of the important aspects in the design of 
adsorption processes, especially in the case of pressure swing adsorption (PSA) processes. This work makes 
an attempt at simulation using CySim simulator. Simulations of the kinetic separation of methane/nitrogen 
mixture are presented for a two-bed pressure swing adsorption (PSA) cycle using cycle simulator. The PSA 
process studied is the system of 50%-50% CH4/N2 –TAKEDA 3A carbon molecular sieve for enriching 
methane.  
A methane product should be approximately 90% pure to be of industrial interest. Numerical simulations 
indicate that the purity of methane gas recovered can be greater than 90% for the proposed PSA cycle.  

Keywords: pressure swing adsorption, kinetic separation, cycle simulator 

1. Introduction 

Pressure swing adsorption (PSA) processes have been applied for many gaseous separations and purification 
operations such as air separation [1,2] hydrogen purification [3,4], separation between linear and branched 
hydrocarbons [5], and recently, this technology has been applied in other areas like methane purification from 
natural and biogas [6, 7] or CO2 removal [8,9]. In comparison with other processes as a membrane or 
cryogenic separation, PSA is suitable for middle-scale processes, which have a substantial interest in the gas 
processing industry [10-12]. 
Pressure swing adsorption (PSA) is a cyclic process for separation of gas mixtures. During high-pressure 
adsorption step, the gas feed mixture is introduced to a column packed with porous adsorbent where 
preferentially adsorbed components are retained producing a purified stream at the other end of the column. 
During desorption step, the adsorbed components are removed from the bed at low pressure producing a 
desorbed stream [13].  
The optimum process variables and operating conditions to be used depend on the controlling mechanism for 
the process. Separation of gas mixtures by a PSA process can be accomplished on the basis of three different 
separation mechanisms: the differences of the selective adsorption amount of the adsorbed components 
(equilibrium separation), the differences in components gas diffusion rate in the adsorbent (kinetic separation) 
and the differences of molecular shape (steric separation) [14].  
In the present study, the kinetic separation of a 50%-50% CH4/N2 gas mixture into the carbon molecular 
sieve (CMS) in a two-bed PSA unit have been simulated using CySim simulator. The effect of process cycle 
was investigated. The model for kinetic separation uses the linear driving force (LDF) model for diffusion 
rates, nonlinear mixed gas isotherms and is general for any number of adsorbing components. A modified 
Skarstrom-type PSA cycle was utilized to study the kinetically controlled separation. Moreover, the bed 
dynamics worked in cyclic steady-state regime. Approximately 10-15 cycles were required to reach CSS.  
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2. Simulation 

The two-bed pressure swing adsorption (PSA) process has been designed and simulated by CySim: Cycle 
simulator developed at the University of Edinburgh. CySim is an efficient, software tool for the simulation of 
adsorption periodic processes designed to operate in cyclic steady state (CSS). The software's developers 
chose and linked the simulator with the SUNDIALS library to solve differential-algebraic equations (DAE) 
[4,8,14].  

 
Fig. 2.1. Schematic diagram for the implementation of the two-bed PSA process within CySim. 

2.1 Mathematical model  

Mathematical models describing the PSA process were derived based on the assumptions that ideal gas law is 
valid, the effect of thermal excursions are negligible, the total pressure remains constant during high or low-
pressure steps, the flow is governed by axially dispersed plug flow model, the equilibrium relations are given 
by the Langmuir isotherm, the mass transfer rates are represented by linear driving force (LDF). 
Thus, the material balance for each component in the bed can be represented as follows [8] 
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(4) 

Where, 
𝛽𝛽𝑖𝑖 concentration of component i in the gas phase (mol/m3), 
𝛽𝛽𝑖𝑖𝑚𝑚 concentration of component i the macropore (mol/m3),  
𝑄𝑄𝑖𝑖  concentration of component i the adsorbent pellet (mol/m3), 
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𝑞𝑞𝑖𝑖 sorbate concentration of component i (mol/m3), 
𝑞𝑞𝑖𝑖∗ sorbate concentration of component i at equilibrium (mol/m3), 
𝜀𝜀 void fraction of the bed, 
𝜀𝜀𝑐𝑐 void fraction of the pellet, 
𝑘𝑘𝑖𝑖𝑐𝑐 LDF mass transfer coefficient of component in micropore (m/s),  
𝑘𝑘𝑖𝑖
𝑐𝑐 LDF mass transfer coefficient of component in macropore (m/s), 
𝐽𝐽𝑖𝑖 diffusive flux of component i in the gas phase (mol/(m2∙s)), 
𝜈𝜈 interstitial flow velocity (m/s). 

 
2.2 Design and simulation strategies 

 
In this study carbon molecular sieve TAKEDA 3A was used to separation CH4/N2 mixture for producing 
enriched methane by a PSA process. The physical parameters and adsorption constants are shown in Table 
2.1. The geometrical data of a column, adsorbent and adsorption isotherm parameters have been adopted from 
[6, 16, 17, 18]. Carbon molecular sieves (CMS) are carbonaceous materials widely used in separation of gas 
mixtures, based on the differences in the rate of adsorption of the gases (kinetic separation). The CMS has a 
narrow pore size distribution and therefore discriminates molecules based on their size and shape [19].  

Table. 2.1. Bed parameters and physical characteristic of CMS 

Operating conditions 
feed pressure, bar 5 
evacuation pressure, bar 1 
temperature, K 293.15 
molar flow rate, mol/s 1 
Column dimensions 
diameter, cm 17.5  
length, cm 100 
Adsorbent  
particle size, cm  0.18  
pellet density, g/cm3 0.90 
bulk density, g/cm3 0.633 
Langmuir constants CH4 N2 
𝑞𝑞𝑖𝑖∗, mmol/g 3.07 3.11 
𝑏𝑏𝑖𝑖, 1/atm 0.351 0.106 
Diffusion time constant   
D/r2, m2/s 4*10-5 2*10-3 

 

Due to the small difference in kinetic diameters of CH4 (3.68Å) and N2 (3.82Å), the relatively low 
diffusivities of both gases, the modest kinetic separation factor, and strong adsorptive characteristic of CH4 on 
this CMS, separation of CH4/N2 on CMS is very difficult to obtain by kinetic adsorption-based separation 
process [18]. Consequently, the blowdown and purge steps in a simple Skarstrom PSA cycle (Fig.2.2. a.) was 
replaced with an evacuation step. The evacuation step was divided into a rapid depressurization step and a 
constant pressure desorption step. In addition, an equalization step was introduced to improve the recovery of 
the product [12]. Thus, the two-bed PSA cycle studied includes six steps, as shown in Fig.2.2. b. During step 
1, bed 1 is rapid pressurized and bed 2 is rapid depressurized. In step 2, a high-pressure gas feed mixture 
containing 50% each of CH4 and N2 is introduced continuously to bed 1 in which preferential adsorption of 
nitrogen as faster diffusing component occurs. Methane as slower diffusing component is removed as purified 
product at the column outlet. The content of bed 2 is constantly evacuated in the reverse flow direction. In 
step 3, both columns are in pressure equalization. This completes one-half cycle. The other half cycle is 
accomplished similarly in steps 3, 4, 5 starting with bed 1 being depressurized and bed 2 pressurized. 
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Fig. 2.2. Scheme of Skarstrom cycles: a) simple b) modified. 

Furthermore, CySim gives opportunity choice an individual hierarchy model for the adsorption column that is 
described by mass, energy and momentum balances [8, 20]. According to assumptions in 2.1 Mathematical 
model, and as discussed in detail by Rutherford and Do [21] the influence of macropore diffusion in the 
transport of molecules can be disregarded. Additionally, transport of nitrogen is rate-limited by the pore 
mouth barrier and is characterized by a linear driving force model (LDF) [22]. The following settings were 
chosen energy balance: isothermal operation, → momentum balance: no pressure drop, → mass balance: no 
external film resistance, no macropore, micropore LDF. 

3. Results 

The changes of CH4 purity and recovery have been checked using the six-step, two-bed PSA cycle designed 
as shown in Fig. 2.2.b. The effect of adsorption was investigated. Gas stream flowrates and duration of the 
pressurization, depressurization and equalization steps were kept constant in all simulations. Simulation 
results are presented in Table 2.  

Table. 3.1. Performance of six-step, two-bed PSA cycle 
Adsorption time (s) CH4 purity (%) CH4 recovery (%) 
150 96.3 56.5 
250 91.6 65.6 
 

Numerical simulation indicated that the purity of methane gas recovered can be greater than 90% for both 
adsorption times. It should be noted that the CH4 recovery decreases with adsorption time extension. As 
shown in Fig 3.1. the pressure profile of a column for all cycles corresponded to proposed six-step process. 

 

Fig. 3.1. Pressure profiles of a column. 

a) b) 
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4. Conclusions 

The present study was undertaken as a step towards the development of the strategy for simulation pressure 
swing adsorption processes for methane/nitrogen mixtures. The simulations results indicated that the CySim 
simulator can be conveniently applied to investigate prospective adsorbents and different combinations of 
PSA process steps for a kinetic separation over a wide range of operating condition and their optimization 
(further investigations). In the example presented here, CH4 of 90% purity is attainable using the two-bed 
PSA cycle for a 50/50 feed mixture. 
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Abstract 

The industry of mining is known with its massive use of energy and its negative impacts to the environment. 
The prime reason of this understanding is the scale of the operations and the nature of the industry. However, 
for so many years, professionals were unable see the clean and renewable energy’s potential in the mining 
sites. It is known that both mining areas and the renewable energy installations occupy large amount of space. 
Furthermore, humanity may need the space occupied by these industries due to the significant increase rate of 
the world’s population. In 30 years, forecasts show that the need for residential and agricultural land will also 
increase. Therefore, idea represented in this article is that the renewable energy installations being located in 
less productive or even disturbed lands. Because of the wrong practice of mining operations or some 
inevitable cavities, closed mines can be perfect homes for the renewable energy power plants if the basic 
requirements are met. In the scope of this article, open-pit mining method is examined, and possible 
renewable energy solutions are suggested. These renewable energy suggestions can be implemented 
simultaneous to the mining operations or as a mine closure project depending on the energy needs and the 
method of extraction. Moreover, the article provides examples on implementations of the renewable energy 
installations in mining sites.  

Keywords: Renewable Energy, Mine Reclamation, Surface Mining, Photovoltaics, Wind Energy 

1. Introduction 

According to International Energy Agency (IEA), coal supplies a third of all energy used worldwide and 
makes up 38% of electricity generation, as well as playing a crucial role in industries such as iron and steel. 
This fact connects two of the biggest sectors, mining and energy sector. It is known that these two industries 
are also co-dependent which means mining sites cannot exist without energy use and energy sector cannot 
survive without raw materials (Copper, iron, coal) and would have massive issues related with energy security 
without mining.  

Although, even in 2050 coal will be one of the main sources of energy, it is not desired due to its carbon 
intensive nature. Therefore, numerous solutions were investigated and developed in order to decrease carbon 
emission caused by fossil fuels. However, for so many years the sustainable and green energy potential in 
suitable mining sites were forsaken. Recent applications of renewable energy in mining sites show that these 
applications can be up to 70% less expensive than the diesel power.  

In 2050, the population of the world will be approximately ten billion. This growth simply tells that humanity 
will need more energy, more food, wider space, greater number of employments. The only way to provide 
everything that mankind needs is to plan every meter square carefully. It is crystal clear that renewable energy 
installations and mining operations occupy significant space on the planet earth. However, if these two space 
occupying operations are combined, the available area for agriculture and residences may be provided. In the 
end, some of the post-mining areas might cause irreversible changes on the earth’s crust, since certain amount 
of material is removed. Moreover, some of these sites might not turn to account except they are used for 
renewable energy. In other words, if the basic conditions are met, some mines can be perfect homes for green 
and carbon neutral energy installations after or during their mine life. 
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Under the light of the new developed technologies, mining companies must consider renewable energy usage 
(Solar, wind, biomass) in the whole life cycle of a mine. This life cycle includes the closing of mining 
operations which gives the opportunity to apply an energy transition at the end of the mine’s life. The 
renewable energy solutions in mining sites which are implemented in the world and will be suggested in this 
article mainly focus on surface mining operations due to the nature of existence technology. Renewable 
energy use during mining operations and power generation after the mine closure can result various benefits 
like decreasing the operation cost, contribution to the economy, positive cash flow after mining operations, 
usage of disturbed land. These benefits can be diversified under three main categories which are economic, 
social and environmental.  

2. Renewable Energy Solutions for Surface Mining Methods 

In the scope of surface mining, open-pit mining, strip mining and Quarry mining method are suitable for 
renewable energy installations. Because, these types of operations usually have big potential for solar and 
wind power. Surface mining is a climate sensitive application. Therefore, most of the mines are located in the 
places where there is suitable working environment for machinery and employees.  

Since, surface mining implementations occupy large areas, the possibility of installing wind turbines or 
photovoltaics is significantly increased. Mining sites are placed in the remote locations. This feature has 
advantages and disadvantages from the perspective of energy sector. On one hand, the main disadvantage is 
that the mines are far from the grids. Hence, while the mining operations continuing, the price of electricity is 
high due to the transportation cost. That’s why most of the mining companies prefer diesel as the primer 
source of energy for their operations. On the other hand, the advantage is that those remote locations provide 
solar and wind energy opportunities which cannot be found in the residential areas. Being away from the city 
centers makes mined lands possible future renewable energy plants at the end of mine’s lifetime. 

Open-pit mining, is a surface mining technique that extracts minerals from an open pit on the ground. Open-
pit mining is the most common method used throughout the world for mineral mining and does not require 
extractive methods or tunnels. This surface mining technique is used when mineral or ore deposits are found 
relatively close to the surface of the earth. Deposits mined by open-pit techniques are generally divided into 
horizontal layers called benches. The thickness (that is, the height) of the benches depends on the type of 
deposit, the mineral being mined, and the equipment being used; for large mines it is on the order of 12 to 15 
meters.  

The mining operation continues to dig deeper until it is not profitable to extract mineral by this method. Until 
it reaches this point, it can extract hundreds of meters vertically. Hence, the open pit mining operations leave 
a big scar or hole on earth’s crust. A typical example of open pit mining and its impact to the land can be 
observed in Figure 2.1.  

 

 

 

 

 

 

 

 

Fig. 2.1. A typical example of open-pit mining operation. (Picture by Tim Roberts) 
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Of course mining operations are responsible for the damage they cause to the environment and according to 
the regulations they cannot leave the mined area as it is. That is why the reclamation term is introduced to the 
mining industry. According to the definition reclamation is the process of returning an area, disturbed by 
mining, to its natural, economic and ecological state, or to a state suitable for equivalent or superior use or 
benefit. Since the ore mineral is extracted no open-pit mine can recover the cavities that they cause 
completely. However, the cavities comes with an advantage which is increased surface area of the land. While 
the Figure 2.2 is showing the surface area before mining operation, Figure 2.3 shows the increased surface 
area after mining operation. These increased land can be used both for plantation and photovoltaic power 
plant. 

 

 

Fig. 2.2. Open-pit design before extraction and available surface area for photovoltaics. 

 

Fig. 2.3. Open pit after extraction and available surface area for photovoltaics. 

In Figure 2.2 the available surface area for solar panels is 9 units. When the area is mined with a regular open 
pit mining method this area can be increased up to 14 units in 2D calculations. However, in 3D modelling the 
complex shape of the mine can increase the area even more. 

The optimal solution as a mine closure project is to measure the yearly sun potential of the whole mining area. 
According to daylight and solar power intensity, photovoltaics should be placed in relatively high potential 
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areas. The relatively less sunny areas, which would not be efficient for power generation, can be used for 
vegetation and planting trees. As a result, a mixture of clean free power generation and the carbon capture by 
trees can be introduced to the post-mining area. The illustration of open-pit mine after the reclamation process 
with trees and photovoltaics is shown in Figure 2.4. 

 

Fig. 2.4. Illustration of the open-pit mine after renewable energy installations are implemented as a mine 
closure project. 

The very same kind of implementations can be performed in strip mines and quarries. If the conditions are 
suitable for wind energy where the solar power is not sufficient, wind turbines can be built since these mines 
are located at least 30km away from the residential area. 

Renewable energy sources are already in use in the mining industry and it is expected that the number of 
installations will increase in the following years. Because, the technology is mature, and it provides cheaper 
electricity for the operating mines in long term. However, there are not examples of renewable energy power 
plants as a mine closure project. In the future, observing mine reclamation projects including renewable 
energy will be highly possible. Table2.1 shows the current practices of wind and solar energy applications all 
around the globe. 

The power of these plants may seem insignificant when they are compared to a coal-fired or a natural gas- 
fired power plant. However, these power capacities can be highly significant for a single mining operation. 
Moreover, these applications do not contribute to the CO2 emissions that is not wanted for environmental 
concerns. 

Table 2.1. The list of renewable energy installations in mines 

Name of the 
Mine 

Location Mining Method 
Renewable Energy 
Type 

Capacity 

Galaxy 
Resources, Mt 

Perth, Australia Open-Pit 
Mining 

Solar and Wind 1MW Solar, 
1.2 MW 
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Cattlin Wind 

Sandfire 
DeGrussa Copper 
and Gold 

DeGrussa, Australia 
Open-Pit 
Mining 

Solar 
10.5MW 
(6MW 
Storage) 

Rosebel Gold 
Mine 

District Brokpond, 
Suriname 

Open-Pit 
Mining 

Solar 5MW 

Gabriela Mistral 
Mine 

Sierra Gorda, Chile 
Open-Pit 
Mining 

Solar Thermal 27.5MW 

Amanecer 
Copiapo,Atacama, 
Chile 

Open-Pit 
Mining 

Solar 100MW 

Diavik Diamond 
Mine 

Lac de Gras, 
Canada 

Open-Pit 
Mining 

Wind 9.2MW 

Giencore Ragian 
Mine 

Katinniq, Canada 
Open-Pit 
Mining 

Wind 12MW 

Los Pelambres 
Mine 

El Arrayán, Chile 
Open-Pit 
Mining 

Wind 115MW 

 

3. Conclusions 

Renewable energy and mining are concepts not so distinct from one another. Additionally, when these two 
sectors meet at the same location, there will be certain benefits. These benefits can be expressed in three main 
categories. 

Firstly, starting from its development to the end of the mining, the operations in a mine require massive 
energy. Furthermore, this energy is produced by fossil fuels. While wind turbines and photovoltaics provide 
the opportunity to have cheaper and sustainable energy, they do not emit CO2 or other greenhouse gases. 
Although, in most of the cases renewable energy will not be enough for the mining operations, these 
generations can be combined with fossil fuels as a hybrid solution. 

Secondly, some of the environmental effects caused by mines cannot be reversed. However, with current 
solutions provided by renewable energy, these harmed areas may be used for a superior need. When the 
population growth is considered, the need for energy, agricultural land, and residential area will increase 
without question. The solution which is presented in the article is using post- mining areas for electricity 
generation with wind and solar power. The solution does not require the areas which can be used for 
agriculture or residents. On the contrary, it offers added value to the land which was damaged. 

Thirdly, renewable energy installations provide continues economic value to the area even when mining 
operations are finalized. Mining industry in many sites is labor intensive and this manpower include 
experienced mechanical and electrical technicians and engineers. At the end of the mine life these people 
might be unemployed, and value added to the local people of the area will be decreased. Renewable energy 
power plants as a mine closure project can create many jobs for the locals. When sufficient training is 
provided the manpower in mines can be transformed to employment in renewable energy sector. 

In conclusion, renewable energy sources can bring a big impact to the mining industry. The clean energy 
applications like wind or solar can be implemented both during operation and after the closure of the mine. 
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This new approach to mining may result in less consumption of fossil fuels and less CO2 emission to the 
atmosphere. Using renewable energy in the mining sector will be economically, environmentally and socially 
beneficial.  
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Abstract 

The article concerns implementation of a small-scale district heating network for a municipality located in 
Silesian Region in Poland. Currently in this municipality there is a very poor heating network and the heat 
demand is being covered in majority from individual hard coal fired boilers. In this work utilization of coal 
mine methane (CCM) from a local hard coal mine for residential heating purposes is considered. The methane 
from this mine is now only partially being captured and not whole acquired volume is being utilized. 
Introducing heating network in this area could bring environmental benefits in form of improvement of air 
quality and savings of the conventional fuels. 

Keywords: district heating, heating network, heat demand, coal mine methane, CCM. 

1. Introduction 

The global energy demand continues to grow, and many countries face the challenge of supplying inhabitants 
with energy while also meeting the rising requirements imposed by the European Union. The struggle is even 
bigger for countries where the energy mix is based on fossil fuels, mainly coal. An example of such country is 
Poland, where, in terms of heat generation by heating plants, in year 2017 coal constituted almost 74% of 
fuels used, and in case of heat produced in cogeneration systems, where the diversification is slightly bigger, 
the share of coal was equal to 69% of all fuels.[1] 

Situation is similar when concerning heat generation in individual households. The majority of houses in 
Poland utilizes fossil fuels for the heating purposes. In 2017 around 70% of households were provided with 
heat by coal-fired boilers, and even 50% of those boilers are aged 10 years and older. Only every fifth 
building is heated from sources that do not affect the air quality.[2] The abovementioned data indicate that 
single-family houses significantly contribute to the emissions of harmful substances to the atmosphere. 

A solution may be shifting to small-scale district heating networks. District heating involves production of 
energy in a centralized source rather than in individual boilers. The heat is then distributed through piping 
network to multiple houses. Those systems can be based on renewable energy sources and cogeneration or 
even trigeneration. They provide higher efficiency and lower emissions, as well as give better control over the 
system, contributing to the improvement of the quality of life in the area. 

With Poland being strongly dependent on hard coal and with limited possibilities to utilize renewable energy, 
it is a great challenge to find a cleaner alternative fuel for heating households. Hard coal still appears as the 
simplest and cheapest heat source, and it is widely available. There are many solutions to possibly minimize 
the influence of coal-fired boilers on the environment, but it does not solve the problem with the limited coal 
reserves being depleted in a close future. 

There is however a great opportunity that comes with hard coal mining, namely Coal Mine Methane (CMM). 
It is a gas resulting from the mining operations, that for a very long time has been perceived mainly as a 
danger for miners and the priority was to lead it out of the mine by releasing it to the atmosphere. This 
contributed significantly to global warming, as methane is a gas with the estimated global warming potential 
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(GWP) to be 28 times higher than carbon dioxide.[3] But the potential of CMM for energy generation has 
finally been noticed and currently the trend is to capture it and use as a fuel. 

The aim of this project is to design a district heating network for a residential area with single family detached 
houses to supply those recipients with heat from a cleaner, more environmentally friendly source. The project 
involves transition from individual heating sources installed in each building to one, bigger, central source, 
supplying all recipients. As the fuel for those recipients CMM from a nearby coal mine is considered. These 
efforts could contribute to decrease of emissions and savings of the conventional fuels. 

1. Description of the analyzed region 

The project is realized for a residential area in Ornontowice, a municipality located in the central part of 
Silesian region, about 20 kilometers south-west of the regional capital city, Katowice. The exact location is 
presented in the Fig. 2.1.[4] This is a relatively small municipality, with the area equal 15 km2 and the number 
of inhabitants around 6 000 people.[5] Still, this is an important industrial region with the “Budryk Hard Coal 
Mine” located in the center. 

 

Fig. 2.1. Localization of Ornontowice on the map 

When it comes to the heat generation and distribution, on the premises of the municipality there is a heating 
network of length 5 550 meters, but it mainly supplies heat to the local coal mine, and only in a small part, 
less than 10%, is used for heating purposes in the housing sector. The rest of the buildings have individual 
heating sources. As for the family houses, they are mainly equipped with coal-fired boilers - in 65%. Then 
there are biomass boilers (11%) and gas boilers (10%). Electricity as a heating source is used only in around 
4% of the households in Ornontowice.[6] The exact structure of the heating sources in the housing sector in 
Ornontowice is presented in the Fig. 2.2. 
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Fig. 2.2. The structure of the heating sources used in the housing sector in Ornontowice 

For the simplification purposes for this project considered will be a small residential area located in the 
Ornontowice municipality, located close to the coal mine. The heating network will be designed for a housing 
district with 50 single-family detached houses, including also a kindergarten and a primary school. None of 
the buildings is connected to the existing heating network, each having its own individual heat source. The 
settlement of the buildings is quite compact, they are placed close one to another along the streets, yet having 
many available green areas around for placement of a small scale heat source. 

A simplified map of the area for which the district heating network will be designed, with indicated borders of 
the parcels, outlines of the buildings and the streets, is presented in the Fig. 2.3.[7] 
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Fig. 2.3. The simplified map of the area under consideration 

1. Heat demand estimation 

1.1.  Calculation procedure 

In order to design a heating network, there was first conducted a simulation to estimate the expected heat 
demand to enable sizing of the system. For the sake of simplification of the calculations some assumptions 
and generalizations were made, namely the geometry of the buildings was simplified, the number of people 
inhabiting one house was taken to be 4 people on average, the heating season was assumed to last 212 days 
(October 1st – April 30th). 

In all the calculations, meteorological data for a typical meteorological year, based on the 30-year long 
measurement (1971-2000), was used for the station in Katowice.[8] Additionally, according to the standards, 
which divide Poland into five climatic zones during the heating season, differing in the average annual outside 
temperature and the design outside temperature, the region analyzed in this project is placed in the 3rd 
climatic zone, with the design outside temperature of -20°C.[9] 
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The calculation procedure includes checking the energy demand for the purpose of space heating and hot 
water preparation, including also demand for covering the losses connected with ventilation. Calculations 
were conducted for the 50 single-family houses and separately for the kindergarten and the primary school, as 
the demand in public institutions differ from the residential sector. For this sake was used a computational 
procedure described by Aleksander Szkarowski and Leszek Łatowski.[10] 

1.2.  Calculation results 

Results of the conducted heat demand calculations for the residential sector are presented in the Table 3.1., for 
the kindergarten in the Table 3.2. and for the primary school in the Table 3.3. In the Table 3.4. are collected 
values of the annual demand for the whole system. 

Table 3.1. Calculation results for the residential sector 

description symbol value unit 
total volume of the 50 houses V 37 200 m3 
annual energy demand for space heating purposes Q̇h

a  2 092 MW 
  7 532 GJ 
annual energy demand for the purpose of heating water Q̇hw

a  281 MW 
  1 010 GJ 
annual energy demand for covering ventilation heat loss Q̇v

a  446 MW 
  1 606 GJ 
overall annual energy demand for the houses �̇�𝐐𝐚𝐚 2 819 MW 
  10 148 GJ 
 

Table 3.2. Calculation results for the kindergarten 

description symbol value unit 
total volume of the kindergarten V 6 000 m3 
annual energy demand for space heating purposes Q̇h

a  277 MW 
  997 GJ 
annual energy demand for the purpose of heating water Q̇hw

a  24 MW 
  86 GJ 
annual energy demand for covering ventilation heat loss Q̇v

a  37 MW 
  133 GJ 
overall annual energy demand for the kindergarten �̇�𝐐𝐚𝐚 338 MW 
  1 217 GJ 
 

Table 3.3. Calculation results for the primary school 

description symbol value unit 
total volume of the school V 23 490 m3 
annual energy demand for space heating purposes Q̇h

a  859 MW 
  3 092 GJ 
annual energy demand for the purpose of heating water Q̇hw

a  46 MW 
  166 GJ 
annual energy demand for covering ventilation heat loss Q̇v

a  95 MW 
  342 GJ 
overall annual energy demand for the school �̇�𝐐𝐚𝐚 1 000 MW 
  3 600 GJ 
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Table 3.4. Annual heat demand for the whole system 

houses kindergarten school total 
MW GJ MW GJ MW GJ MW GJ 
2 819 10 148 338 1 217 1 000 3 600 4 157 14 965 

 

On the base of the calculation results were created two graphs - ordered annual heat demand graph depending 
on the outside temperature (Fig. 3.1.) and ordered annual heat demand graph depending on the frequency of 
occurring of given outside temperature (Fig. 3.2.). 

 

Fig. 3.1. Ordered annual heat demand depending on the outside temperature 

 

Fig. 3.2. Ordered annual heat demand depending on the frequency of occurring of given outside temperature 
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2. Coal Mine Methane utilization 

2.1.  CMM general information 

Coal mining is a significant source of methane emissions. Methane is embedded in the coal layers and it can 
be emitted from active mines due to mining activities, but also from abandoned mines and, in smaller share, 
as a result of post-mining activities (including coal processing, storage and transportation). Methane resulting 
from coal mining is a great source of energy which is still largely untapped. In 2012, coal mines accounted for 
approximately 8% of global anthropogenic methane emissions.[11] 

The coal mine gas has always been a known and important aspect of hard coal mining. Methane represents a 
safety hazard for the underground operation because it can form an explosive mixture in connection with air. 
The removal of this gas is therefore of great importance for the operation of the workers. For this reason, coal 
mine degasification grew out to help improve safety in mines. With the increase of awareness, the coal mine 
gas introduced to the atmosphere has become more important also in the context of climatic and 
environmental problems. Released methane significantly enhances the global warming effect, as it is a 
greenhouse gas with the effect 28 times higher than of carbon dioxide [3], therefore its capture and use brings 
serious environmental benefits. 

Although currently in Poland the coal mining activities are consistently being reduced and many mines were 
closed in the last few years, the amount of methane emitted from the mining sector still constitutes a 
significant share. In 2016 gas released from the underground mines yielded 37% of the total methane 
emissions in Poland.[12] One of the main reasons is that the methanization of coal mines is progressively 
increasing. It is strongly connected to the coal mining operations moving deeper, where methanization is 
higher, hence more coal mine gas is being released. Comparing the data, in 2010 there was around 76 mln 
tones of coal extracted and the total methanization was 835 mln m3 CH4. In 2014 the amount of coal mined 
decreased to 72.5 mln tones but the methanization yielded 891 mln m3 CH4.[13] 

Due to the technology development and spread of knowledge about coal mine gas potential, the amount of 
methane captured from coal mines and utilized increased. In 2010 in Poland was captured around 256 mln m3 
of CH4 and about 161 mln m3 (63%) was utilized. In 2014 the amount of methane captured increased to 321 
mln m3, and around 211 mln m3 (66%) was utilized.[13] Those actions are however not enough to decrease 
the influence of coal mines on the environment. Despite all the efforts, the overall amount of methane emitted 
to the atmosphere increased. In 2010 around 674 mln m3 of CH4 was released due to mining activities in 
Poland, and this value increased to 680 mln m3 of CH4 introduced in 2014.[14] 

2.2.  CMM utilization from the local coal mine 

Coal mine “Budryk” located in municipality Ornontowice is a highly methanous mine. During the exploration 
around 180 mln m3 of CH4 is released.[15] Until 2004 this gas was entirely introduced to the atmosphere. 
Then first capturing installations were introduced, but they captured only about 20 mln m3 of CH4. In 2016 a 
project was realized to increase the capture capacity and partly utilize the obtained gas. There was build a 
cogeneration system with two 4 MW generators and the amount of methane captured was increased to 90 mln 
m3. The energy generated is used for covering the needs of the coal mine. In 2016, this system was covering 
around 30% of the mine’s demand.[16] The coal mine’s ultimate goal is to become energetically independent 
and cover the whole demand with use of CMM. New investments are being made to increase methane capture 
capacity and utilize most of it. Last year, the energy demand was covered in 46%. By 2030 it is planned to 
capture around 170 mln m3 of CH4. 

The methane obtained from the coal mine is a great opportunity to be used as an alternative fuel source in the 
district heating area in the municipality. As stated before, the heat demand in Ornontowice is in 65% covered 
by coal fired boilers. Switching to gas fuel would bring many benefits. The emissions connected with using 
gas boiler are lower than for coal, which would contribute to the improvement of air quality in the area. The 
depletion of natural resources would be reduced, as CMM is a natural by-product of coal mining with a great 
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potential and introducing it to atmosphere is wasteful and harmful for the environment. The amount of 
methane that can be captured is substantial and would be enough to cover the needs of the coal mine and also 
at least a smaller region for the beginning, having potential to develop a strong heating network in the 
municipality. 

3. Conclusions 

Poland is gradually becoming more aware of the environment, however there is still a huge dependency on 
coal and outdated technologies. One of the reasons is that the implementation of renewable resources is 
limited due to the limited availability and high costs. Still, there are many chances of introducing 
environmentally beneficial changes to the system. One of the solutions may be taking advantage of the many 
coal mines in Poland and utilization of the coal mine methane. There are numerous benefits to capturing and 
using CMM, including conservation of a local and highly valuable source of energy, reduction of the 
greenhouse gas emissions, enhancement of the mine safety and providing of the revenue for the mine. 

Implementation of the small-scale district heating system fueled with mine methane would be a very 
beneficial solution, having the potential for improvement in terms of ecology and comfort of users. Switching 
from individual coal-fired boilers to gas-fired source would reduce the emissions of harmful substances from 
the residential sector, resulting in improvement of air quality and comfort of life of the residents. Reduced 
would be also the carbon footprint. Additionally, the inhabitants connected to the network would not have to 
take care of heating of their houses, as heat would be provided from the external source. What’s more, this 
fuel source, being a by-product of mining activities, would be a cheaper choice compared to hard coal. 

In the future creation of a cooling network could also be considered. Although Poland is situated in a 
moderate climate zone and it would seem that the need for air conditioning is insignificant, a rising tendency 
can be observed lately. With changing atmospheric conditions and higher expectations concerning thermal 
comfort, the demand is also increasing. This demand could be covered by implementing cooling to the 
designed system, which would also help to balance the uneven need for fuel gas throughout the whole year. In 
this way, there would be a constant recipient of the methane and the inhabitants would gain access to cooling 
cheaper than home-scale air conditioners. 

The problem with alarmingly bad air quality in Poland and emissions from households can be gradually 
tackled. Solutions and resources should be searched locally and should be fit for the local needs. There are 
many solutions available. Now it is a matter of scale and speed of transition. 
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Abstract 

This paper describes the modeling and implementation process of a virtual out-of-step protection algorithm 
based on two commercial methods to develop playback and real time testing. The proposed methodology 
involves analyzing an existing COMTRADE file through specific digital signal processing (DSP) modules in 
order to detect an out-of-step operation condition in a simple power system using National Instruments 
software and hardware. The result brings a virtual tool able to analyze different generators in unique power 
systems presenting stable and unstable power swing events.  

Keywords: Generators, Power system protection, out-of-step, LabVIEW 

1. Introduction 

Generators are one of the most important elements inside an electrical power system. They are not only 
responsible for providing the energy to attend the demand, also they are responsible to keep tension stability, 
frequency, and angle during a perturbation in the system [1]. Out-of-step operation is one of those possible 
perturbations. It is consequence of under voltages, low excitation on generators or high impedance between 
the generator and the system [2]. The above causes high currents and stress in the generator’s windings and 
mechanical efforts in the stator of the machine which can even cause a break [3]. These are the reasons for the 
existence of the out-of-step protection function (ANSI 78) which recognizes if the behavior of the apparent 
impedance seen by the generator describes a characteristic path given a power swing in the power system 
which leads to a trip signal in the protection equipment. Simulation tools are ideal for exploring such fault 
scenarios and reaching the best settings [4].  

In this paper a complete walkthrough the modeling and implementation process is presented. First, the 
configuration specifications necessary for the virtual tool are explained. In this part two commercial detecting 
characteristics are explained. This part applies equally for playback and real time testing. Then, playback DSP 
is presented as it differs from real time DSP, which is explained next. After that, the programing for the 
detection logic is presented. Again, this applies equally for both testing techniques. Results are presented 
using a single infinite bar system which will be explained at that moment. A final comparison between 
playback and real time testing is presented before conclusions. 

2. Commercial Detecting Characteristics  

For this virtual tool it is necessary to provide the following generator and system attributes. These are the 
transient reactance of the generator’s direct axis (X'd), the reactance of the corresponding step-up transformer 
(XT) and the reactance of the system under maximum generation (Xmax). Also, it is possible to provide the 
critical angle between the generator and the system, δ (120° default) and a protection percentage of the 
transformer for internal oscillations, μ (between 70% and 90%).  

The mho characteristic is proposed by IEEE Power System Relaying Committee in [5], while the quadrilateral 
characteristic is presented in [6]. Figure 2.1 shows the resultant geometry in a R-X graph and the 
corresponding formulas using the values described above in this section. 
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Fig. 2.1. Quadrilateral characteristic (left) and Mho characteristic (right) and associate formulas. 

3. Digital Signal Processing (DSP) 

This section starts explaining the process applied to the signals during the playback testing technique. 
LabVIEW is a software made by National Instruments which allows multiple programming possibilities using 
G language. This software is equipped with a complement called Electrical Power capable of analyzing 
COMTRADE files as voltage and current data vectors. A rational resampling process is applied to these 
vectors, then a low-passing 2nd order Butterworth filter is implemented [7]. The number of samples that exist 
per cycle is determined to adjust a mobile window on which a Fourier transform will be applied, obtaining a 
value of magnitude and phase for each voltage and current signal. With the above values, a phase impedance 
value seen by the generator is obtained. In other words, for each window that is analyzed, a complex value of 
voltage and current is obtained with which a complex phase impedance is calculated to move the window one 
sample then forward and repeat the process. The phase impedance vector is then transformed into a positive 
sequence impedance vector. This vector can be analyzed straightforward in the next section.  

The DSP applied during the real time testing is quite different. A power injection device developed inside 
Universidad de Los Andes, Colombia, was used to transform COMTRADE oscillographies into analog 
signals which were received by a data acquisition hardware, CompacRio9082, developed by National 
Instruments. The 6 analog signals for 3 voltages and 3 currents in the form voltage were read cycle by cycle. 
Then the first cycle was connected to the second one and the analysis was performed. After that, the oldest 
part of the two-cycle cluster was deleted, and a new just-read cycle was joint to the remaining one. A new 
analysis is performed, and the operation repeats until the COMTRADE’s end. The mobile window concept 
applied for the playback technique cannot be used during real time analysis due to computation capacities. 
The proposed alternative involves taking a user-determined number of photos of the two-cycle cluster 
previously mentioned. For each of these photos, which are one cycle long, a Fourier transform is applied to 
obtain a complex voltage and current values, then used to get a complex phase impedance value. Then, a 
positive sequence impedance is obtained. The maximum number of photos that can be taken in the two-cycle 
cluster is 46 due to computational capabilities. The more photos that are taken the closer the impedance path 
resultant to a point by point analysis. This concept is illustrated in figure 3.1 where a 6 and 46 photos’ 
analysis (left and right respectively) in green is compared to a point by point analysis in blue. 
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Fig. 3.1. Comparison in the impedance calculation point by point (blue) and taking 6 (left) and 46 (right) 
photos (green) in two cycles. 

4. Out-Of-Step Detection Logic 

The detection logic is based in the state machine presented in figure 4.1. The main idea is to count the times 
that the positive impedance path goes through the selected characteristic form right half plane to left half 
plane in a R-X graph. 

 

Fig. 4.1. Out-of-step detection state machine. 

This state machine has three inputs and one output. The inputs are booleans that carry information about the 
movement of the apparent impedance within an R-X plot. These values are determined by analyzing two 
neighbor values of the impedance’s behavior. If the first value is outside the characteristic and, the next value 
is inside the characteristic in the positive half plane, the right blinder (edge of the characteristic) has been 
crossed. If the first value is inside the characteristic in the negative half plane, and the next value is outside 
the characteristic, the left blinder (edge of the characteristic) has been crossed. 

It is possible that the first value is inside the characteristic and the value is outside the characteristic but in the 
positive half plane which means that the impedance returned from where it came. The output of the state 
machine is a boolean that confirms if the apparent impedance crossed the characteristic from right to left. 

There are four states in this state machine. A “start” state where the program waits for the impedance to cross 
the right blinder of the characteristic. Once that is done, the output “all crossed” is set to False in the “inside 
the characteristic” state and the program wait again for a left blinder crossed’ flag or a signal that confirms the 
return of the impedance outside the characteristic through the right. If the left crossed blinder’s flag arrives, 
the output is set to True in the “crossed characteristic” state. 

On the other hand, if the second signal arrives the “intermediate state” is reached. From the “characteristic 
crossed” state, there is no condition for the transition which leads the algorithm to the “intermediate state” 
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immediately where the output is set to False. Again, there is no transition condition in the “intermediate state” 
so the “start” state is reached immediately closing the loop. 

5. Results 

For the system presented in figure 5.1 two events were analyzed. Line 1 was disconnected for 200 ms which 
resulted in a stable power swing. The unstable power swing was produced by disconnecting line 1 for 220 ms.  

 

Fig.5.1. Case of study: Infinite bus. 

The stable power swing being seen by the generator using quadrilateral characteristic is presented in figure 
5.2. The left part represents the playback test while the right part represents the real time test.  

 

Fig. 3.2. Quadrilateral characteristic for stable condition using playback testing (left) and real time testing 
(right). 

The paths illustrated by figure 5.2 are very similar using both testing techniques. Also, no out-of-step 
condition was detected. 

Next, the unstable power swing condition is analyzed using the Mho characteristic comparing between 
playback test results and real time results. This can be seen in figure 5.3. 
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Fig.5.3. Mho characteristic for unstable condition using playback testing (left) and real time testing (right). 

Again, the paths illustrated by figure 5.3 are very similar using both testing techniques. However, there is a 
small difference between the resultant counters, for playback testing 24 crosses were detected while 35 
crosses were detected for real time testing. 

6. Conclusions 

This paper demonstrated the design and implementation process for an out-of-step virtual relay capable of 
performing playback and real time tests using National Instruments software and hardware. The development 
involved using commercial detection characteristics and analyzing standardized COMTRADE files which can 
be obtained from various simulation software and even from real on-camp relays. Also, a valid comparison 
was made between both testing techniques which required different programming approaches. In the future, 
this virtual tool can be used to analyze bigger power systems, and as part of more complex tests involving 
hardware-in-the-loop. Also, it can be used as template to implement other protection functions. 
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Abstract 

This paper reviews the main energy storage technologies and their use in real objects. It also shows the 
maturity level of different storage technologies. Moreover, the article discusses energy storage technologies in 
the perspective of possible cooperation with a wind farm. Among the five technologies discussed, were 
selected these which could ensure efficient energy storage and discharge at expected time. 
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1. Introduction. 

In the conditions of energy transition, the main challenge for scientists is to develop energy storage 
technologies. It is impossible to replace fossil fuels with renewable sources of energy without energy storage 
technology. Perhaps this is the most significant problem in today's energy sector. Renewable energy sources, 
although very promising and attractive, are not fully controllable sources, which means that the only 
possibility to use them on a larger scale is the possibility of energy storage. Especially in countries like 
Poland, where atmospheric conditions are unfavorable for renewable energy sources, such as wind farms. 
However, in recent years there has been a huge development and progress of energy storage systems such as 
lithium batteries, molten salt technology, flywheels energy storage, compressed air energy storage (CAES), 
thermal energy storage, flow batteries or pumped hydroelectric storage. Worldwide leading countries in this 
area are Japan, USA, Germany, Spain and Korea (Fig 1.1.). In 2014, USA was a leader with a total of 1500 
MW non-pumped hydro energy storage capacity. Japan had 420 MW total, when whole Europe had only 550 
MW [1]. In 2010 total capacity worldwide equaled 1.9 GW, while at the end of 2017 it was 6 GW. It was a 
rapid growth, which allows to believe that this trend will continue.  

 

 Fig. 1.1. The installed capacity of energy storage (excluding pumped hydro storage) at the end of 2017 [MW]    
[3]. 
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Energy storage technologies can be divided in the consecutive systems:  

• Thermal (Sensible heat storage (e.g. ceramic materials, rocks, molten salts), latent heat storage (e.g. 
phase change materials), cold storage), 

• Mechanical (Pumped hydro power plants, flywheels, Liquid Air Energy Storage (LAES), Potential 
energy storage of large masses, Compressed Air Energy storage (CAES), AA-CAES (advanced 
adiabatic), LTA-CAES (low temperature adiabatic), CAES-AI (Air injected)), 

• Chemical (batteries, flow batteries, fuel cells, synthetic fuels, hydrogen, reversible chemical 
reactions, methanol, synthetic natural gas), 

• Electrical (capacitors, superconductive magnetic storage). 
 

Table. 1.1. The worldwide installed capacity divided by method and technology of storage at the end of the 
year 2017 [MW] [2]. 

Method of energy storage  Technology Capacity [MW] 
Mechanical  Pumped-hydro storage (PHS) 169 557 
Thermal   Molten salt  2 402 
Chemical  Lithium batteries  1 412 
Mechanical  Flywheels  931 
Thermal  Other  406 
Mechanical  Compressed-Air Energy Storage 

(CAES) 
400 

Chemical 

Sodium-sulfur batteries (NaS)  189 
Lead-acid batteries  60 
Flow batteries  42 
Nickel batteries  30 

Chemical  Hydrogen storage 17 
 

Currently, the most developing technology is electromechanical storage, which has Compound Annual 
Growth Rate (CAGR) on the level of 30%. It also had 29% share in the total installed energy storage capacity 
at the end of 2017 [2]. Significant development could also be observed for thermal technology, especially 
molten salt technology. Thermal technology's average growth rate is 26% (CAGR 2010–2017), while its share 
of global installed energy storage capacity is approximately 47% [2]. The pumped-storage hydroelectricity 
(PSH) technology has evolved at a rate of 2% (CAGR) in the years 2010–2017, while chemical and electrical 
storage are treated to be at early stage of development [2]. 

The rapid development in energy storage sector related to huge investments in this area through recent years. 
For example, American Recovery and Reinvestment Act has provided approximately €185m to support 
projects of $772m total worth in the areas of battery storage for balancing frequency regulation, wind 
generation, compressed air storage technology and other. Additionally, the U.S. Department of Energy has 
provided additional research support, mostly focused on storage components and technologies, such as 
batteries, and thermal storage under the Advanced Research Projects – Energy Scheme [1].  

2. Maturity of energy storage technologies. 

Each energy storage technology is on the different level of development. Currently, only pumped hydro 
storage technology (PHS) has been fully commercialized. Pumped hydro storage is the main storage 
technology in the world. Nowadays about 30% of global storage capacity [6]. By 2020, capacity should rise to 
47,8 GW. Notwithstanding the huge amount of installed capacity, there is still many plans of expansion and 
development of this technology. For example, the eStorage project calculated that in the EU-15, Norway and 
Switzerland there are 2291 GWh of areas ready for development with existing tanks for new hydro storage 
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power plants [6]. Despite some aspects which need to be improved flywheel technology is also mature. It is 
well introduced in the industry, mainly in the United States but also in France, United Kingdom, Spain, 
Germany and Portuguese islands. Technology which was introduced many years ago, then stopped a little bit 
and nowadays developed again is Compressed-Air Energy Storage (CAES). In 1978 the project of Diabatic 
Compressed Air Energy was started and since then CAES plant in Huntorf has been operating. Most of 
energy storage technologies already have practical applications in the industry but are still not widely used. 
Flywheel technology, which is characterized by fast response, a long cycle life, high charge and discharge 
rates and high energy density, has many applications as voltage and frequency regulation, pulsed power for 
the military, hybrid and electric cars, load levelling and even in spacecrafts. It seems that the future for 
flywheel technology will be bright because of ongoing work considering construction of a flywheel system 
for backup power and many other applications. Chemical energy storage is still in research and development 
stage but considerable funding from European Union introduced new possibilities and many projects – power-
to-gas facilities and hydrogen storage. Chemical storage can be important factor of RES integration and 
probably will play important role in Europe. Regarding electrochemical storage methods the most mature 
technologies are Lead-Acid, Nickel-cadmium (Ni - Cd) and lithium-ion (Li-on). Li-on is the most popular and 
modern option nowadays. They have high energy density in comparison to Lead-Acid and Ni-Cd 
technologies. They also become cheaper every year and they are main development driver for electrochemical 
energy storage. There are also new technologies under development such as M-Air or Li-S batteries, which 
can compete with Li-ion in the future. Along with the development of solar farms there has been a significant 
development of molten salt technology. Currently, technology is used to store the heat collected by 
concentrated solar power. Heat can be converted into steam to power turbines and generate electricity. 
Technology is used in Spain. During summer 2013 the Gemasolar Thermosolar power plant has been 
producing electricity 24 hours per day for 36 day [7]. Figure 3.1 illustrates status of energy storage 
technologies in terms of their maturity.  

 

Fig. 2.1. Maturity of different energy storage technologies [5]. 

3. Considered wind farm problem. 
One of the major disadvantages of wind farms is their unpredictability and instability when it comes to power 
generation due to weather conditions. The solution to this problem might be energy storage. Project aim was 
the selection of appropriate technologies for the needs arising from the operation and characteristics of a 
given wind farm. The maximum power generated by the farm was 12 MW. The problem was to enable 
charging of energy storage technology with maximum capacity during period of lower electricity prices and to 
discharge it during whole period of high prices.  
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Fig. 3.1. Sample daily generation profile. 

 

Fig. 3.2. Annual generation of electric power. 
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The figures 3.1. and 3.2. shows that there is a 7 hours period when energy storage installation has to 
discharged and for the rest of a day it may be in charge mode. The peak of power generation is 12 MW, but it 
is only for a short time of the year, so the installation has to be flexible in terms of energy discharged at any 
given time. It would also be very convenient to have a quick response of energy storage technology to the grid 
needs. 

4. Discussion of considered energy storage technologies for the issue. 

4.1.  Pumped hydro storage (PHS). 
The classic method based on the storage of potential energy. The principle of operation is to pump water from 
lower reservoir to higher one at low-demand period. The stored water is released through turbines during 
periods of high electrical demand to produce electrical power. The storage capacity depends on the height and 
volume of the water discharge. Considering losses in evaporation and conversion, the efficiency of PHS is 
between 70 and 85% [1].  

Theoretically, as efficient, mature and with the ability to easily control the discharge time technology, using it 
enable to storage energy generated by a wind farm. However, this technology is generally used to store and 
produce much larger amounts of energy. In Poland, minimum is 95 MW Czorsztyn-Niedzica hydro power 
plant. So, the application of this technology for a given wind farm without cooperation with other source of 
energy would be completely unprofitable (cost of Pumped hydro storage plant ranges from $600/kW to 
upwards of $2000/kW) [9]. 

4.2. Compressed-Air Energy Storage (CAES). 
Compressed-Air Energy Storage is based on ability of air accumulation by air compressors during off-peak 
periods and storing air under high pressure in appropriate underground storages (natural salt and hard rock 
caverns, natural gas formations and porous reservoirs). Similarly, to hydro-pumped storage agent is stored 
during low price period and during peak loads air is released from storages and its potential is used in 
turbines.  

There are currently only two CAES plants in operation. There is one plant in McIntosh, Alabama (built in 
1991, 110 MW) and the other one in Huntorf, Germany (built in 1978, 290 MW). For over 40 years, power 
plants serve safely and reliably. On the figure 4.2.1 there is a daily sample operation of installation in Huntorf. 

 

Fig. 4.2.1. Sample operation of CAES in Huntorf, Germany [10]. 

As a technology with very fast reaction time (plants can rise from a 0% to 100% charge level in in less than 
10 min, from 50% to 100% in less than 15 s) [11], is ideally suited to act as a large sink for energy supply and 
demand, and for taking frequent starts and shutdowns. As it uses compressed air, plants do not suffer from 
any efficiency reduction due to lower air density. Also, technology does not have problem with excessive 
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heat, what make possible to use CAES for ancillary services such as frequency regulation, load tracking and 
voltage control. 

This is the reason, why CAES is really good choice for the wind power energy storage. It is important for a 
given wind farm, that currently micro CAES plants are being under development, which would be ideal for 
our energy storage capacity demand. Also, it is possible to use an aboveground tank which simplify the 
implementation of solution. 

 

 

Fig. 4.2.2. Schematic CAES technology solution for wind farm technology [15]. 

4.3. Battery energy storage. 

The market for Battery Energy Storage Systems (BESS) is developing rapidly and requests are coming from 
a wide range of industries. Principle of operation is common for all conventional technologies, electrodes are 
immersed in an electrolyte, which allows a chemical reaction to occur. Currently lithium-ion battery 
technology is the most popular one. They hold their charge much better than nickel metal hydride batteries 
(NiMH). NiMH batteries losses about 20% of its charge per month, when lithium-ion only 5%. Lithium-ion 
batteries do not have a memory effect, which means they do not need to be fully discharged before 
recharging, as with some other battery technologies. In addition, they are much more durable 
(charge/discharge cycles). Probably the most important feature is that they have much higher energy densities 
than lead-acid and nickel metal hybride batteries (Lithium ion energy density ≈ 150 𝑊𝑊ℎ

𝑘𝑘𝑔𝑔
 , NiMH battery energy 

density ≈ 100 𝑊𝑊ℎ
𝑘𝑘𝑔𝑔

, lead-acid battery energy density ≈ 25 𝑊𝑊ℎ
𝑘𝑘𝑔𝑔

) [12]. Despite all pros, lithium-ion batteries still 

have a some disadvantages. Firstly, they are very sensitive to high temperatures. In such conditions, the 
batteries degrade much faster than normally. Secondly, completely discharged lithium-ion battery is broken. 
Exploding Samsung smartphones, electric cars fires and even airplane catching fire at the airport show that 
this technology is still not so stable.  

Currently, the largest battery storage installations: 

• Hornsdale Power Reserve in Australia (Power - 100 MW, Energy - 129 MWh, it provides a total of 
129 megawatt-hours of storage capable of discharge at 100 megawatts into the power grid), 
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• Escondido Substation in U.S (Power – 120 MW, Energy - 30 MWh), 
• Pomona Substation in U.S (Power – 80 MW, Energy - 20 MWh), 
• Mira Loma Substation in U.S (Power – 80 MW, Energy - 20 MWh), 
• Tesla Solar Plant in U.S (Power – 52 MW, Energy - 13 MWh), 
• Stocking Pelham facility in United Kingdom (Power – 50 MW, Energy - 50 MWh), 
• Jardelund in Germany (Power – 50 MW, Energy - 48 MWh), 
• Minamisōma Substation in Japan (Power – 40 MW, Energy - 40 MWh) [4]. 

 
Nowadays, promising battery technology is flow battery. Such a battery is made of electrolyte tanks 
(catholyte and anolyte), cell stack which has inside two liquids (catholyte, anolyte) separated by Ion selective 
membrane and pumps to move a catholyte and anolyte from tanks to the cell stack. Flow battery can be 
compared to an electrochemical cell, with difference that the electrolyte is not stored in the cell around 
electrodes, but outside the cell and can be pumped into the cell in order to generate electric energy. The power 
capacity (kW) is determined by cell stack size, but the volume of electrolyte tanks determine the energy 
capacity (kWh). The efficiency of flow batteries is around 85%. 
 
Therefore, there is a possibility to use batteries for energy storage at the level needed for a given wind farm. 
Costs of such an installation would definitely be competitive with CAES technology. The problem could be 
a rapidly falling capacity with a huge number of charge and discharge cycles. Another disadvantage is the risk 
of a major accident, even a fire, which unfortunately still happens when we talk about battery storage 
technologies. In the future, it seems that very interesting solution for wind farm cooperation can be flow 
batteries. With a very fast response (from charge to discharge in 0,001 s), high overload capacity and long 
estimated life (7- 15 years, 10000 charge/discharge cycles), it is very versatile and modern solution, which 
definitely could be used to work with wind farm. The disadvantage of this solution is higher price than 
conventional batteries and much more complicated construction. 
 

4.4. Flywheel energy storage. 
Flywheels are spinning mechanical machines that can store rotational energy which can be used almost 
instantaneously. Primary version contains a spinning mass in its centre that is driven by a motor. During 
necessity for energy, spinning force drives a device which is similar to turbine, which produce electrical 
energy. The charging process is carried out with usage of the motor to increase its rotational velocity. It is 
vital that the rotor spins in a nearly frictionless enclosure. Modern high-speed flywheel energy storage 
systems are made up of rotating cylinder (a rim attached to a shaft) supported by magnetically levitated 
bearings on a stator - the stationary part of an electric generator. The flywheel mechanism works in a vacuum 
to reduce drag in order to improve performance. The motor-generator connects the flywheel to the utility grid. 
There are many pros for current electric grid by usage of flywheels. Flywheels are able to capture energy from 
intermittent energy sources and deliver a continuous supply of power to the grid. Flywheels may also deliver 
frequency regulation and electricity quality improvements for the grid. 

Currently, there are several examples of applications of this technology: 

• Stadtwerke München in Germany which supplies electricity for more than 95% of Munich’s 750000 
households, uses a flywheel storage system to stabilize the power grid and to compensate deviations 
from renewable sources of energy. 

• Power plant in Ontario, Canada has flywheel energy storage for frequency regulation since 2014. 
It consists of 10 flywheels made of steel and the maximum power is 2 MW.  

• On the island of Aruba (Caribbean Sea) there is a 5 MW flywheel storage power plant built. The 
flywheel installation ensures flexibility and resilience to the grid and enables gradual transition to 
renewable energy sources which is goal of Aruba island (The Aruba island is expected to have 100% 
energy from renewable energy sources). 
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Despite the many advantages of this technology, such as fast response, durability (approximately 20 years of 
lifetime), low maintenance requirements and being able to control irregular electrical output from other 
machine which would be very useful especially for working with wind turbines, the flywheels are only able to 
provide high power capacities in very short time (low speed flywheels) or low power capacities in a very long 
period (high speed flywheels), which prevents using this technology for cooperation with a wind farm. 

4.5. Thermal energy storage (TES) - Carnot battery 
Thermal storage is broadly regarded as the future of energy storage, it offers a “zero-emissions” technology 
with firm capacity and dispatchability characteristics. Relies on energy storage in a thermal reservoir which 
can be used later. Allowing the plant to be configured to optimize the electricity load profile to meet specific 
market needs. For example, a plant can be designed to maximize the output of electricity during a period of 
high demand or to continue producing electricity after sunset. Carnot Batteries are developing and promising 
low-cost and location-independent energy storage technology. The principle of operation is that in charging 
mode, energy is used to drive a heat pump cycle. Heat can be stored in pressurized water, thermal oil, PCM, 
ceramic materials or molten salt. In discharge mode, heat is converted into electricity in cycle with two heat 
exchangers, expander and pump. It can also work with storing cold, which becomes the heat sink during 
discharging mode [13] . 

 

Fig. 4.5.1. Schematic Carnot battery installation [14]. 

Carnot battery installation would be also a possible cooperation solution for wind farm. High round trip 
storage efficiency, no restrictions on the location and the fact that technology of storing and consuming 
energy used in the solution is known and should not cause any problems are important factors supporting this 
technology. It also has very low unit cost of electricity storage similar to hydro power plant but with 
possibility of being deployed almost everywhere. 

5. Conclusions and remarks. 

Considering the selected energy storage technologies for analysis, the most appropriate for cooperation with 
a given wind farm would be compressed air technology or one of the battery technology. Certainly, flywheel 
technology is excluded for this cooperation due to the specification of the performance. Battery storage seems 
to be most conventional and easiest idea for given issue. Flexibility of flow batteries and long durability or 
simplicity of conventional batteries installation would be probably the most economically viable solution. 
However, with such power storage capacity requirements only lead acid batteries or li-ion batteries would 
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meet the needs of a given wind farm. CAES solution would be also convenient and possible solution. It would 
be more expensive than battery installation but more durable and effective in the long term of use. Very 
interesting would be usage of new, promising of Carnot Battery technology. It is not very widespread yet, but 
it will probably play an important role in the future and should work in cooperation with a wind farm very 
well. 
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Abstract 

Knowing the damage that the human factor is causing to nature, to its flora, fauna and all the surrounding, our 
main goal is to figure out possibilities of how to decrease that bad impact to nature. Keeping that in mind we 
will focus on what is directly causing such damage and how to prevent it from happening. Any sort of 
transportation will somehow cause damage to the environment, but what would be a good replacement with 
less damaging factors, or even nil. Hovercrafts are one good example to mention if you want to have a 
multiple habitat vehicle which needs no extra modifications. It is always leading when it comes to comparison 
with boats or vessels, causing less damage to the environment and to the wildlife! Operating them is quite 
easy and they can also operate in areas where probably no other vehicle could, or at least at a much lower 
financial cost. 

Keywords: Hovercraft, benefits, environment  

1. Introduction 

The main focus is on the benefits that the hovercraft can bring to the humanity and the environment, as the 
wildlife will have a peaceful habitat to live on even with the interaction of the hovercraft activity. The 
footprint that the hovercraft has is so small that a human’s footprint actually can cause more damage to the 
ground, as the hovercrafts spread their pressure in all its area. Sea water is being polluted and that is the living 
environment of the biggest marine life and it is in the interests of everyone to keep it as clean as possible, but 
that is unlikely happening. Hovercrafts are the vehicles of the future as they cause much less pollution, also 
the electric models don’t create pollution at all. They are fuel efficient, much safer in use as it can even cross 
over someone and still leave no casualties, they operate where other vehicles cannot even approach. It’s time 
to stop polluting our world and switch to what is in the good of everyone. Is hovercraft the answer?  

2. Hovercraft’s benefits 

 The human activity has been causing damage to the marine ecosystems and now we need to act as fast as we 
can to save the nature we are living on, as this kind of damage still exists. The marine life is in danger as both 
it’s flora and fauna are being polluted and damaged by boating collisions and that is causing habitats to wash 
away and decrease the population of the marine life. Hovercraft collisions also exist, but the impact is less 
harmful compared to vessels or boats. Wildlife is being damaged each year and the numbers are just 
increasing, causing also record-breaking damage to the marine life. 

According to data from the state Fish and Wildlife Conservation Commission a total of 804 manatees died in 
Florida waters last year, close to the record 830 set in 2013, Boats killed 119 manatees in 2018, breaking the 
record of 106 set in 2016 and tied in 2017. 

If we have a solution for this, why are we keeping up with the cruelty?  

Most reports of collisions between whales and vessels involve large whales, but all species can 
be affected.  Collisions with large vessels often go unnoticed and unreported. Animals can be injured or 
killed, and vessels can sustain damage.  Serious and even fatal injuries to passengers have occurred involving 
hydrofoil ferries, whale watching vessels and recreational craft. 

2.1 The wildlife benefits 
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Boats need to have their propellers under water to achieve their movement. That has been causing a lot of 
damage (killing species, damaging flora and fauna, noise pollution). The hovercraft’s engines will provide 
with enough power for lift and thrust, so that way the hovercraft itself will just pass over the surface without 
damaging flora or fauna 

 

Fig. 2.1. Hovercraft functionality 

A pressurized zone of air is created by lift fans to raise the craft above the surface, separating it from the 
environment below , that way the effect of the noise will be harmless ,so this is the solution of the noise 
problem. 
 
Hovercraft can be used to best advantage in shallow water and drying areas, these areas often being remote 
and environmentally sensitive. Most of these areas are wetlands, swamps, and river delta. They are not only 
the feeding ground for a lot of different species of birds but as well very often used from marine live for 
hiding from predators. In these sensitive areas are nearly no transportation means available. Hovercrafts are 
able to operate in these areas in an environmentally friendly way. 

2.2 Faced problems and their solutions 

Wash is one of the most common problem mentioned. Hovercrafts are a good example when it comes to the 
wash as they do not create that much wash compared to vessels or same sized boats. All this is because 
hovercrafts do not need to pierce through water, they just glide on the surface, whether it is a surface of water, 
land, or snow. They always tend to not penetrate in the surface. 

The wake created by the passage of a hovercraft is minimal, ensuring that river bank erosion caused by waves 
is zero. If we compare all the images of hovercrafts taken while they were on operation on water, the wash 
that they create is quite small and it is considerably less that the vessels and boats create. This is a good factor 
when it comes to the noise pollution or the waves that cause several damages to the marine life. 

If you see the hovercrafts movement on water, the only disturbance you can tell is the air coming out of its 
soft skirt. All the boats or vessels have a big amount of their construction under the water level and they are 
always on a high friction contact which creates a lot of resistance and they have to keep pushing the water 
away on their path. Hovercrafts just keep gliding on the surface, and they are quite efficient when it comes to 
the fuel consumption, also the new four stroke engine technology is always more and more being used in 
hovercrafts which makes a huge difference also. 

Noise, to be mentioned is the biggest problem that people think at first sight when we are talking about 
hovercrafts, as they tend to look gigantic and when you look at the propellers that’s the first thing in mind. All 
advanced Hovercraft create no underwater noise, just atmospheric noise levels similar with other vehicles. 
The biggest amount of noise created by hovercrafts is the one that the propellers do.  
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They need to spin really fast to create the lift and the thrust that the hovercraft needs to realise its movement. 
Scientists during years have been working on this problem, and they came up with different ideas, involving 
special designed propellers which create considerably less noise. 

To minimize this effect advanced hovercraft propulsion propellers have been designed with low tip speed to 
minimize atmospheric noise as well as most modern Hovercraft have a fully ducted thrust propeller which 
creates a more or less directional noise field. It is not possible to move air for the purpose of creating thrust 
without making some noise. What the scientists have achieved till now it’s enough, as the rest of the noise 
which will be emitted is not a problem at all. 

Hover ports: 

• A hovercraft can land on any simple flat surface, it does not even need to be prepared. Let’s say we 
want to make a hoverport, all that we will need is to have a big flat area that is enough for the 
hovercrafts to land and turn around.  

• There is no need to excavate the area or disturb the local environment, so this will be at a very low 
cost and there will be no need for big machinery ( that they also emit CO2 ) to be involved in the 
construction of the hoverports 

Modern hovercraft benefits:  

• One of the most important factors of the hovercraft is the ‘hull’, which is totaly sealed. This will 
prevent any kind of spillage in water. Including motor oil or any kind of fuels. Those can be 
eliminated after the hovercraft gets on a specific hoverport. 

• All this eliminates the chance of polluting the marine by oil and fuel particles. 

•  The pollution of the atmosphere is also considerably less because of the fuel efficiency of the 
modern four stroke machinery (The fuel is consumed once every 4 strokes), and apart from that, the 
hovercraft burns less fuel as it glides on the surface (no need to pierce through water). 

• No generation of slap noise, no propeller disturbance, also damping sound engines, which use 
water. Also, refuelling can be done on land to prevent any spillage of fuel on water during 
refuelling. 

• Hovercrafts unlike motorboats, jet skis, have their own cooling system that does not use sea water, so 
they don’t contaminate water while cooling. No emission of exhaust gases, or oil leakage into the 
water. 

2.3 Hovercraft’s accessibility 

Global warming is a well-known problem for the whole world as it is causing sea levels to rise. There are 
places where this is already affecting the human community and there is a lot of need of vehicles to come and 
react for rescue .This is the aspect that makes hovercrafts lead as they have much more possibilities compared 
to other  vehicles operating between communities (Cars , boats, helicopters) 

• Hovercrafts can operate in areas where boats, vessels, cars, cannot and they can do it easily. 

• All that by creating a cushion of air using lift fans which raise the hull up to 1.5m above the surface. 

That being said, it makes hovercrafts the best option for operating in these areas. 
• Cars or any wheeled vehicle usually can’t operate in mud, erosive areas, water. 

• Helicopters are not an option that can be chosen often because of the high costs of maintaining them 
and also the power of wind they create in specific cases may cause damage. Apart from that 
helicopters do require a good landing area which cannot always be provided. 
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• Boats need a specific level of water to operate as their propellers can get in contact with ground and 
cause malfunctions. 

2.4 The footprint  

Most hovercraft therefore have a [kPa] of 0.7 – 3.3 [kPa]. In comparison the average person's footprint when 
walking is 20 – 25 [kPa]. One of the big factors that has to be mentioned is the footprint. It is harmful for the 
environment also because of that it allows access to specific areas with infrastructure damage and still be able 
to operate and not cause more harm to the environment. These benefits come from the way hovercraft 
functions.  

• Damage to the shore environment, such as beaches, mudflats and vegetation is virtually zero because 
of the hovercraft’s low pressure “footprint” 

• Lightweight hovercrafts have a very light footprint, typically 15 grams per centimeter when 
hovering on the surface. 

• But also bigger sized hovercrafts such as: SRN4 Mk3, leave a light footprint which is less than a 
human’s footprint (average weight considered : 75 kg ) 

• The Mk3 craft are around 56 m long and 23 m wide, and they can spread the pressure into all its area 
making it considerably less than a human’s footprint! 

Table. 2.4. Pressure comparison 

Item Pressure [kPa] 
Hovercraft 2.2 
Human foot 20 - 25 
Car 205 
 

3. Conclusions 

Having all this told above, hovercrafts are crafts which can cause a huge good impact on the environment, 
they can replace boats, vessels, even different vehicles as they can operate in multiple habitats (land, snow, 
water). 
Carrying cargo can also be one good reason as they can easily manage that and with a lower cost as they are 
fuel efficient. The wildlife has reacted good to the contact with the hovercrafts as they do not cause a lot of 
disturbance. Operating these crafts is quite easy and they can come in handy in a lot of cases where no vehicle 
can, or it can but in high financial costs. There are multiple good factors whenever we are mentioning 
hovercrafts, and there is no reason to not put them in use more day by day, as doing so we will be giving a 
good hand on the environment that we are all destroying more and more. 
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Abstract 

Char gasification is the limiting step of the overall gasification process, so its kinetic study gives important 
information for gasification process operation. The present work studies the gasification kinetics of chars 
from diverse types of woody, agricultural and industrial biomass. Ten different samples of standalone and 
blended biomass chars have been gasified using steam as oxidizing agents. The evolution of the char 
transformation was followed by thermogravimetric analysis (TGA) at 800°C.   

The results show a prominent influence of inorganic elements on gasification kinetics, which is in agreement 
with literature. The catalytic effect of K and Na and the inhibiting properties of Si and P have been 
highlighted through the successful correlation of mean reactivity to K+Na/Si+P ratio for several of the chars 
studied. Furthermore, the distinct conversion and reactivity evolution of the standalone feedstocks lead to a 
classification of the different samples in two families, which have been related to differences in catalytic 
behavior. The presence of chemical interaction between the two biomasses in the blends during gasification 
was observed.  

Keywords: Biomass, gasification, kinetics, blending biomass, inorganic, catalytic, AAEM. 

1. Introduction 

Biomass gasification is a promising technology for the production of syngas from renewable sources. The 
current work aims to enlarge the biomass feedstock panel that is technically viable for gasification, and thus 
to bring more flexibility of the gasification plant towards the available biomass resources, as for now it is 
often performed with conventional stem wood only. The use of ashy biomass, such as forestry or agricultural 
residues (straw…) is often avoided because of their agglomeration propensity. This concerns in particular 
biomass with high alkaline (K, Na) and Si contents. These elements tend to form low temperature melting 
phases (carbonates, silicates, and molten salts), which lead to bed agglomeration, followed by defluidization 
of the bed, and possible shut down of the installation.  

In this sense, the present work aims to study the gasification kinetics of the proposed atypical biomass 
feedstocks through thermogravimetric analysis (TGA), in order to further understand and predict their 
behavior under gasification conditions. In addition to this, a series of blends between wood and ashy biomass 
have been proposed as a solution to tackle the agglomeration problem, due to the chemical interaction 
between their individual inorganic compositions. These blends were therefore also investigated in the present 
work.  

2. Gasification kinetics in TGA 

2.1.  Generalities and definitions 
Char gasification is known to be the rate-determining step in the biomass gasification process [1]. The 
achievable conversion in the gasifier depends on the gasification rate of char, which is fundamentally linked 
to its kinetics. Therefore, understanding of mechanisms of char gasification is essential from a fundamental 
and technological point of view.   
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Gasification is a heterogeneous, endothermic chemical reaction between carbon contained in the solid and a 
reactive gas. The rate at which the chemical reactions can happen will increase as active sites are more rapidly 
accessible, as the atmosphere is more reactive and as the temperature is higher. Parameters such as 
composition and flow rate of the reactive atmosphere, morphological structure (porosity, tortuosity, and 
distribution of pore size) and geometry (size, shape) of the particle will play a more or less important role [2].  

When studying intrinsic kinetics of gasification, it is important to clearly define the concepts of conversion, 
gasification rate and reactivity. These definitions are not consistent throughout literature. We will adopt the 
approach suggested by Dupont et al [3] which we consider to be quite extensive and generalized:  

Conversion:   

𝑋𝑋 = 𝑚𝑚𝑖𝑖−𝑚𝑚(𝑜𝑜)
𝑚𝑚𝑖𝑖−𝑚𝑚𝑓𝑓

 equation 2.1  

Where mi, m(t) and mf are the masses of char before gasification, at the time t and at the end of gasification, 
respectively.  

 Gasification rate, dX/dt is then derived from the variation of conversion in time:   

𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜

=  − 1
𝑚𝑚𝑖𝑖−𝑚𝑚𝑓𝑓

𝑑𝑑𝑚𝑚(𝑜𝑜)
𝑑𝑑𝑜𝑜

  equation 2.2 

Gasification reactivity, or instant reactivity r, is defined as the normalized mass variation at each moment:  

𝑟𝑟(𝑋𝑋) = − 1
𝑚𝑚(𝑜𝑜)

𝑑𝑑𝑚𝑚(𝑜𝑜)
𝑑𝑑𝑜𝑜

= 1
1−𝑑𝑑(𝑜𝑜)

𝑑𝑑𝑑𝑑(𝑜𝑜)
𝑑𝑑𝑜𝑜

      equation 2.3 

Finally, the average reactivity rinteg between two stages of conversion X1 and X2 was defined by:  

𝑟𝑟𝑖𝑖𝑖𝑖𝑜𝑜𝑙𝑙𝑔𝑔 =
∫ 𝑟𝑟(𝑜𝑜)𝑑𝑑𝑜𝑜𝑜𝑜𝑋𝑋2
𝑜𝑜𝑋𝑋1
𝑜𝑜𝑋𝑋2−𝑜𝑜𝑋𝑋1

  equation 2.4 

Gasification rate is commonly described according to the intrinsic reactivity of the occurring reactions, (which 
is accepted to be only a function of temperature and pressure of the reactive gas [4]) and the reactive surface 
(representative of the actual exchange surface between solid and gas). We can express it in the following 
general form: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜

=  𝑘𝑘𝑖𝑖𝑖𝑖𝑜𝑜(𝑇𝑇,𝐺𝐺𝑖𝑖) ∗ 𝑓𝑓(𝑋𝑋)  equation 2.5 

According to equation 2.5, the couple of variables (T, Pi) and X can be assumed to be independent in the 
mathematical sense of the term, allowing its study according to two different functions: one dependent only 
on operating conditions (T, Pi) and the other only on the conversion. This hypothesis has frequently been 
adopted and validated in literature by several authors [5]–[7] and although char structure can depend on 
temperature, under certain temperature and pressure ranges the evolution of the char structure can be 
considered to be independent of these magnitudes [2].   

Authors studying coal and biomass gasification have arrived to a consensus on the expression for temperature 
and partial pressure dependence, which is commonly expressed according to a modified Arrhenius equation:   

𝑘𝑘𝑖𝑖𝑖𝑖𝑜𝑜 = 𝑘𝑘0 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝐸𝐸𝑙𝑙
𝑅𝑅𝑅𝑅
� ∗ 𝐺𝐺𝑖𝑖𝑖𝑖 equation 2.6 

Where k0 is the so-called pre exponential Arrhenius constant, R is the universal perfect gases constant, T 
temperature of the system, Ea the activation energy, Pi the partial pressure of the reactive gas and n an 
exponential factor related to pressure. 
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2.2.  Influence of biomass composition on gasification kinetics  

It is well known that the properties of biomass, such as morphological structure and content in inorganic 
elements, are very variable from one biomass to another. These properties determine the structural parameter, 
f(X) (see equation 2.5), which ultimately provides the expression for gasification rate. Butterman and Castaldi 
[8] underline the possible existence of a coupling of the degradation mechanisms and the presence of catalytic 
effects. Moreover, various studies comparing different types of biomass under similar gasification conditions 
conclude that biomass type, and therefore morphological structure, has very little influence on gasification 
reactivity compared to the effect of inorganic elements, particularly soluble minerals [9], [10]. Others, such as 
Bouraoui et al [11], observe that at low conversion levels, morphological structure and texture influence 
gasification rate along with inorganic contents, while at high conversion only the effect of these compounds is 
important.  

However, the interpretation of the mechanisms and effects of these elements is not yet clear, becoming the 
main field of study related to biomass char gasification in the later years. Moreover, the fact that the biomass 
structure is constantly changing throughout gasification implies that the effect of the inorganic species varies 
with conversion [12] which increases its complexity and its scientific appeal. Researchers working in this 
field are trying to propose or modify existing models in order to describe gasification rate considering the 
effect of the inorganic compounds.  

2.2.1 Effect of inorganic compounds on gasification kinetics  

The inorganic elements present in biomass chars are, normally, alkali and alkaline earth metals [AAEM]. The 
form in which they are present in chars, which is distinct from forms presented in the raw biomass, is not yet 
precisely known (oxides or ions). Various types of tests have been conducted in the literature to highlight 
their influence on reactivity, knowing that their shapes and quantities are very variable.  

It is important to note that in order to study the effect of these components, we can find two main approaches: 

• The study of different biomasses which naturally present different concentrations of inorganic 
elements, depending on their origin. The problem of this method is that it is difficult to differentiate 
the effect of inorganic elements from morphological parameters.  

• The study of the same biomass type by artificially impregnating or washing out the inorganic 
contents through chemical processes. The problem in this case is that morphological structure could 
be modified through acid washing [3], or the impregnation could fail to create the same bonds with 
the carbon matrix as the innate inorganic elements would, therefore affecting the experimental 
results due to unusually high volatilization [13].  

In general, authors seem to agree on the catalytic effect of K, Na and Mg ([11], [14], [15] among others); 
while Si, P and Al seem to inhibit the effect of these catalyzers[1], [10], [16]. The mechanism driving this 
behavior is commonly explained by an oxidation-reduction cycle with oxygen transfer between the carbon 
sites (Cfas) and the AAEM species (M). The metallic species would create bonds with the carbon sites, Cfas 
(2M), attracting and reacting with the oxygen containing gasifying agents, therefore producing H2, CO and 
leaving vacant the active sites [17], [18]:  

𝐶𝐶𝑓𝑓𝑎𝑎(2𝑀𝑀) +𝐻𝐻2𝑂𝑂 → 𝑀𝑀2𝑂𝑂 +𝐻𝐻2 +𝐶𝐶𝑓𝑓𝑎𝑎𝛽𝛽 reaction 2.1 

𝐶𝐶𝑓𝑓𝑎𝑎(2𝑀𝑀) +𝐶𝐶𝑂𝑂2 → 𝑀𝑀2𝑂𝑂 +𝐶𝐶𝑂𝑂 +𝐶𝐶𝑓𝑓𝑎𝑎𝛽𝛽 reaction 2.2 

The inhibiting effect of certain species such as Si, P and Al would be therefore explained by their ability to 
“encapsulate” the AAEM species[10], or to create permanent bonds with these, fixing them and repressing 
their interparticle mobility, therefore stopping them from further catalyzing the reaction [12].   

The effect of calcium is particularly interesting. While most authors seem to agree that it would have a 
catalytic effect similarly to K and Na[19], others studies, such as  the one developed by Gonzalez-Vazquez et 
al [20] on steam gasification of biomass, conclude that Ca would have an inhibiting effect on reactivity. 
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Moreover, it has also been observed that, while K would enhance gasification rate at high conversion, Ca 
would have the opposite effect, showing a peak of reactivity al low conversion for Ca-rich biomass chars [16], 
[21].  

With the objective of describing the effect of inorganic species on gasification kinetics, various new models 
or modifications to the classic gasification models (volumetric, grain and random pore model) have been 
suggested. Dupont et al [3] based their work on the grain model, adding a new parameter which was varied in 
order to adjust the results of the model to their experimental findings. They then successfully correlated this 
parameter with the K/Si fraction of the biomass samples, thus taking into account with this ratio the 
phenomenon of encapsulation of potassium by silicon. The authors validated the model for a group of 21 
different biomass chars.   

Later on, various works have explored the differentiation between catalytic and noncatalytic gasification. In 
this regard, the works of Hognon et al [10] and Dupont et al [22] conclude that when there is an important 
concentration of inhibiting species, quantified by a low K/(Si+P) fraction (<1), the gasification is non-
catalytic and its reactivity could be predicted through the volumetric model. However, for samples with high 
concentration of catalytic species (quantified by K/(Si+P) >1), the influence of the catalytic species would 
enhance the reactivity and provide a constant concentration of active sites. In this way, the evolution of the 
conversion with time would be linear and the surface function would be constant and equal to 1. Both works 
validate this model for the steam gasification of a large range and variety of biomass chars.      

The work of Zhang et al [21] unifies the ideas previously presented. The authors work with the RPM, adding 
a new function to the gasification rate expression which describes the variation of the reactivity according to 
conversion and two dimensionless parameters successfully related to the content of calcium and potassium. 
The authors clearly distinguish between the biomasses which present reactivity peaks at low conversion 
levels, due to high concentrations of calcium and those which shows maximum rate at high conversion, due to 
high concentrations of potassium. The model proposed by the authors varies according to the main catalyst 
present in biomass, in order to represent reactivity peaks at high or low conversion, overcoming in this way 
the limitations presented by the classic RPM.  

Finally, more recently Romero-Millan et al [14] have developed an interesting approach using model-free 
isoconversional methods and generalized master plots to determine the gasification kinetic parameters of the 
analyzed samples. In this way, no theoretical models were pre-supposed and as a result, a new model with a 
unique kinetic equation was proposed to predict gasification behavior based on the inorganic composition of 
biomass. The authors study a wide range of commonly used reaction mechanisms in solid state kinetic 
analysis to find the most suitable expression for the surface function and conclude that the variation in the 
reaction order identified in their experimental results could be related to the interactions between inorganic 
constituents and biomass, in particular potassium, silicon and phosphorous. The proposed model, which varies 
according to the K/(Si+P) fraction is presented below:  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜

= 𝑘𝑘𝑖𝑖𝑖𝑖𝑜𝑜(1 − 𝑋𝑋)𝑚𝑚𝑘𝑘1  equation 2.7 
Where: 

o If K/(Si+P) ≥ 1: 

�
𝑚𝑚 = 0

𝑘𝑘1 = 0.15 �
𝐾𝐾

𝑆𝑆𝑆𝑆 + 𝐺𝐺
� + 0.7� 

o If K/(Si+P) < 1: 

𝑚𝑚 = −1.62 �
𝐾𝐾

𝑆𝑆𝑆𝑆 + 𝐺𝐺
� + 1.64

𝑘𝑘1 = 1
 

kint corresponds to the modified Arrhenius expression previously presented (equation 2.6) 

 

 



 Contemporary Problems of Power Engineering and Environmental Protection 2019 133 
 
 

2.3.  Influence of biomass blending  

Today, the industrial progress of biomass gasification in hindered mostly by the non-availability of a 
particular biomass round the year and the non-utilization of locally available biomass in a region. Hence co-
gasification technology is a promising approach for deriving additional energy sources other than 
predominant feedstocks, optimizing the ratios of inorganic elements present and increasing the energy content 
of synthetic gas [23].   

However, research on co-gasification of biomass is just recently gaining interest and the available studies in 
this field in quite limited. We will therefore extend our studies to cogasification of biomass and non-biomass 
feedstocks, which has already proven to have very positive results [5], in the hope of finding analogies which 
can be extended to the biomass blend gasification.  

For example, Zou et al [5] study and compare the effect of mixing biomass feedstock with coal or with 
sawdust. The authors observe that when adding biomass to coal char, the ash of the biomass char is gradually 
transferred to the surface of the coal char, reacting with it and creating active sites. Since coal char is typically 
poor in inorganic content [24], a synergetic effect was observed for biomass-nonbiomass blends. However, 
when blending two different biomass chars, the authors observe no significant ash exchange and the two char 
samples seem to react independently. 

However, the work of Wang et al [25] shows a positive effect of blending biomass with respect to the 
independent gasification of sole feedstocks, while the work of Zhang et al [26] on pyrolysis of biomass blends 
concludes that there is an overall positive effect due to a change in the blended char structure, and that this 
synergetic effect would also contribute positively to the blended char gasification reactivity.  

With regards to the modelling of blended biomass char gasification, only Fernandes et al [27] have succeeded 
to propose a model, based on the RPM and modified to include certain synergy/inhibition expressions, and 
validate it with experimental results for biomass-coal char blends. However, the proposed approach is quite 
complex, and the parameters included must be defined through adjustment to the experimental results, which 
decreases its generalized applicability and interest.   

It is important to note that Romero-Millan el al [14], using the model proposed in equation 2.7, were able to 
predict the conversion evolution of biomass blends, based solely on their inorganic content. Seeing that 
inorganic content of biomass blends is strictly related to the individual inorganic concentrations of the mother 
biomasses, this model presents a comprehensive and interesting approach to being able to derive biomass 
blend gasification behavior from that of the sole feedstock gasification. 

3. Materials and methods 

3.1.  Biomass samples    

The study was based on the analysis of various types of biomass:   

• 4 different kinds of bark allow giving an insight on the variability of gasification within the same 
type of biomass.  

• Wheat straw is an agricultural residue with high availability.   
• Rapeseed cake and lignin residue from bioethanol refinery:  2 types of processed biomass.   
• Finally, 3 different mixtures of bark and wheat straw were selected to account for the study of 

biomass blends. The composition of the blends are as follows: B15 (BarkFr 15%w - Straw 85%w); 
B50 (BarkFr 50%w - Straw 50%w); and B85 (BarkFr 85%w - Straw 15%w). 

The samples studied were received after pyrolysis, which was carried out by third party, at high temperature 
(900°C) and under inert atmosphere (N2). Therefore, the samples used for experimentation were the chars of 
the original biomasses. The chars received were analyzed via inductively coupled plasma (ICP) by a third 
party.  
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Table. 3.1. Description and composition determined through ICP for the biochars used in this study 

Common 
name 

Wheat 
straw 
(WS) 

Lig
nin 

Bark 
ash 

Bark 
PL 

Bark 
2017 

Bark 
FR 

Rape 
seed 
cake 

B15 B50 B85 

Elemental analysis 
Ca 

Total
% 

Dry, 
ash   

0,9 0,9 7,6 2,0 4,8 9,5 2,7 3,1 5,7 8,7 
Al <0,1 0,2 4,2 0,2 0,3 0,6 <0,1 0,2 0,4 0,6 

K 3,8 0,2 1,7 0,3 2,6 0,8 4,6 3,6 2,2 1,3 
Na <0,1 1,4 0,9 <0,1 <0,1 0,1 <0,1 <0,

1 
<0,1 <0,

1 
Mg 0,2 0,1 1,4 <0,1 0,5 0,2 1,6 0,3 0,2 0,2 
Fe 0,1 0,1 2,5 0,2 0,3 0,4 <0,1 0,3 0,3 0,4 
P 0,2 0,2 0,1 <0,1 0,3 <0,1 4,1 0,2 0,2 0,1 
Si 3,3 1,0 19,6 0,5 2,0 3,6 0,2 3,3 3,5 3,6 

 

3.2. Isothermal TGA gasification experiments 

Gasification of the chars was studied through thermogravimetric analysis (TGA) using a Setsys 
thermobalance (SETARAM, Caluire, France) coupled with a Wetsys steam generator. All samples were 
gasified at 800°C and atmospheric pressure in a mixture of steam and nitrogen. Steam concentration had to be 
limited under 20% partial pressure in order to ensure no water condensation in the conduct between the 
Wetsys and the TGA. 

In order to properly study the intrinsic kinetics of a solid-gas reaction, the chemical regime must be 
guaranteed to be the phenomenon ruling the process. To achieve this, all limitations related to heat and mass 
transfer, such as external and internal diffusion, must be removed. Dahou et al [28] have studied the influence 
of char preparation on gasification kinetics using the same experimental setup and a crucible of almost 
identical dimensions. The authors found that a mass of around 5mg was not subject to mass transfer 
limitations for water vapor gasification. Therefore, this mass was used for our TGA experiments. Moreover, 
heat transfer limitations were avoided by maintaining the gasification temperature constant to assure the 
heating of the sample before injecting the reactive gas.  

Reactor temperature was raised at a rate of 10°C per minute up to 800°C, under inert N2 atmosphere which 
was injected at 50ml/min rate maintaining atmospheric pressure. Once gasification temperature is reached, it 
is kept constant for around 15 minutes, until no mass loss is observed. This pyrolysis phase is important to 
differentiate between the weight loss due to volatilization at high temperature and that due to interaction 
between the biomass and the reactive gases. Then, the flow is switched from nitrogen to the reactive gas, 
which is also injected at 50mL/min, and the reaction begins. The mass loss evolution is recorded until it 
reached minimal values. All experiments are carried out at least twice to verify the repeatability of the results.    

4. Results and discussion 

4.1.  Standalone biomass char gasification results 

Char gasification analysis was carried out for the 7 biomass char samples which were considered in this study. 
The temperature and sample mass were kept constant in order to be able to compare the results according 
uniquely to the biochar properties: morphological structure and/or inorganic content.  

From the results we can distinguish two different trends: samples which react quickly and seem to have a 
linear variation with time up to conversion higher than 80%, and others in which the reaction rate decreases as 
the reaction evolves in time, characterized by a smooth curve-shape and longer times to attain total 
conversion.  
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Several authors ([7], [17] among others), have identified the curved shape of the char conversion in time with 
a non-catalytic gasification, which would be ruled by surface evolution, explaining the decrease in the 
conversion rate as less surface is available to the gasifying agent; therefore the reaction rate slows down 
logarithmically. This is the behavior which can be typically represented using the grain model. On the other 
hand, the linear evolution presented by the lignin sample, for example, is said to be related to a catalytic 
mechanism triggered by the presence of inorganic compounds. In this case the gasification evolution would 
not be limited by surface evolution but by the effect of these elements. The modeling of this kind of behavior 
has typically been achieved using the random pore model which is able to sustain more parameters and 
represent more complex gasification rate trends. 

 
Figure 4.1 Temporal evolution of char conversion for the samples studied for gasification using 20% steam at 
800°C. 

 

 
Figure 4.2 Reactivity as a function of conversion for the gasification experiments carried out using 20%H2O 
at 800°C. 
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Nonetheless, the observation of evolution of conversion with time is not always sufficient, as a non-linear 
evolution could seem linear in case of very rapid conversion. It is therefore interesting to also observe the 
reactivity profile, in order to confirm these differences. Once again, there seems to be two clear trends: for 
some for the samples, the reactivity increases with conversion, attaining a maximum in the range of X⋲[0,8-
0,95], while others, such as BarkFR, present a maximum of reactivity at low conversion and then decrease 
with increasing conversion. Moreover, the samples which present a maximum at high conversion correspond 
to the ones which show linear dependence of conversion with time, while the samples characterized by 
rounded conversion curves match those for which reactivity decreases with increasing conversion.  

These observations could be associated with the existence of catalytic mechanisms, due to which reactivity 
increases with conversion as the char particles evolve making the inorganic elements enclosed in them more 
accessible. This would increase their potential activity as the amount of volatile matter decreases and the ratio 
of carbon to inorganic elements increases. On the other hand, the reactivity trend of non-catalytic gasification 
normally presents itself in the form of decreasing reactivity as the amount of char surface is reduced, hence as 
conversion increases.  

The observed results have led us to classify the samples in two categories according to the two distinct shapes 
of the conversion and reactivity curves, as suggested by various authors before. In this way a first “family” 
would be composed by the chars of WS, Bark2017 and Lignin, while a second family would be composed by 
the samples of BarkFR, rapeseedcake and BarkAsh. BarkPL is more complex to classify as its reactivity curve 
fits in with the trend shown by the first family while its conversion evolution seems to better match the second 
family. However, we considered that it should be placed in the first family as the reactivity peak observed at 
high conversion seems more compelling than the non-linear evolution of the conversion curve, which is more 
difficult to correctly assess.  

4.1.1 Relationship between reactivity and inorganic content. 

Following the example of various authors, we turn our interest to the verification of the catalytic effect of 
certain inorganic elements of the gasification kinetics. In this sense, the data collected from TGA experiments 
has been processed in order to calculate the mean reactivity in the range of X⋲ [0-80%], according to 
equation 2.4. This magnitude has then been correlated to the inorganic contents of the samples, through total 
content of these, or to ratios between contents in several inorganic elements in order to portray the inhibiting 
effect of elements such as silicon on the catalytic activity of AAEM. 

It was found that, when the results were differentiated according to the families, they could be successfully 
correlated to inorganic ratio of the samples. In fact, this approach seems appropriate as in one case the 
evolution of reactivity is thought to be related to the inorganic content whilst in the second family the surface 
evolution effect may mask the effect of the inorganic elements, making it difficult to compare results of both 
families together. Nonetheless, it must be noted that even if the char gasification of family 2 samples may be 
ruled by the char surface evolution, the presence of inorganic elements can also have an effect on the overall 
reactivity.   

Figure 4.3 reflects how there seems to be a linear increase in reactivity with the K+Na/Si+P ratio for the 
family 1 chars. This would confirm the findings of several authors [20], [14], [22] concerning the catalytic 
activity of K and Na which is partially suppressed by encapsulation of these by Si and P.  

However, this relationship is quite different in the case of family 2. There seems to be no relationship between 
the inorganic ratio and mean reactivity. These observations can be attributed to the predominance of surface 
evolution of the gasification kinetics, which would blur the real catalytic effect, and to the fact that the 
rapeseed cake sample has a particularly high content of potassium and phosphorus, which makes it difficult to 
compare with the rest of the chars studied.    
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Figure 4.3 Relationship between the ratio K+Na/Si+P of the biochar samples and the mean reactivity for the 
0-80% conversion range for the gasification experiments. 

4.2.  Biomass blends 

Three different biomass blends of BarkFR and WS have been studied to observe the possible presence of 
interactions among the compounds during gasification. The char samples were prepared by a third party by 
mixing the dried biomasses at 85, 50 and 15% mass fraction before performing pyrolysis. Similarly, to the 
standalone samples, the blends where analyzed using 20% H2O as gasifying agent through TGA.  

The graphic results clearly showed conversion and reactivity evolutions of the blended samples to be between 
those of the mother biomass chars under the same gasification conditions. However, it was observed that the 
blend behavior was not exclusively conditioned by the fraction of each biomass in the blend, as it was 
observed that the three blends seemed to have low reactivity and behave much more similarly to the BarkFR 
sample than to the WS sample, independently of the content of WS in the blend.  

In order to identify if there actually exists an interaction phenomenon between biomasses in the blends, an 
additive model was developed and compared to experimental results. The objective is to compare the 
experimental results of blended biomass chars to the results which would be expected from a perfectly non-
interactive blend, in which the particles of each mother biomass react independently. This model was 
developed so that conversion and gasification rate of the blends can be expressed as a function of those of the 
mother chars only, which are known to us. Applying the definition of conversion presented in equation 2.1 for 
a blend and assuming that the mass of each fraction in the blend is an additive parameter derive the following 
definition: 

𝑋𝑋𝑀𝑀 = ∑ 𝑑𝑑𝑖𝑖∗𝛼𝛼𝑖𝑖∗𝜏𝜏𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑖𝑖(1−𝛽𝛽𝑖𝑖)𝑁𝑁
𝑖𝑖

∑ 𝛼𝛼𝑖𝑖∗𝜏𝜏𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑖𝑖
𝑁𝑁
𝑖𝑖 (1−∑ 𝛼𝛼𝑖𝑖∗𝛽𝛽𝑖𝑖𝑁𝑁

𝑖𝑖 )
  equation 4.1 

Where α(g/g) is the mass fraction of a biomass in the blend, β(g/g) represents ash fraction after TGA of char, 
τchar(g/g) represents the conversion fraction of dry biomass to char through pyrolysis and X represents 
conversion of each of the components of the blend (i) or blend itself (M). 

Comparing the model to the experimental results we can infer that some samples greatly differ from the 
expected behaviour if there were no interaction between the different biomasses present in the blend. This is 
especially the case for the B15 sample, which we would be expected to react much faster taking into account 
it is mostly made up of rapidly reacting WS char. In the other cases, the experimental results seem to follow 
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the additive model more closely, although we cannot conclude that this means there is no interaction in these 
cases. 

 
Figure 4.4 Char conversion versus time for the blended samples at 800°C in 20% H2O.The results for the 
additive model are presented in dashed lines. 

5. Conclusions 

The char samples show 2 different behaviors according to the shape of their conversion and reactivity curves. 
Obtained results are in agreement with other authors which have found that there are certain biomasses for 
which the presence of catalytic inorganic elements rules gasification velocity, whilst others behave in a non-
catalytic manner. Moreover, the sampling of similar biochars allowed to conclude that morphology of the 
sample has very limited effect on the gasification rate. 

The study of the effect of inorganic compounds concentration on reactivity shows that the ratio 
(K+Na)/(Si+P) would be the most appropriate parameter to describe the catalytic effect of inorganic species 
on reactivity. However, a linear correlation between the mean reactivity and this parameter has only been 
identified for the family 1 char (identified as samples in which catalytic behaviors could be identified), but not 
for the family 2 chars. However, these observations are limited by the reduced number of samples which 
make up each family. 

Blends of two different lignocellulosic biomass in varying proportions have been compared and analyzed 
using the developed “additive model” in order to study the existence of interaction mechanisms between then 
that would modify their behavior during gasification. The results have clearly shown there is an interaction 
between the different biomass char particles that lead to the conclusion that biomass blend samples can be 
characterized by homogenized properties. In this sense, they can be analyzed according to their overall 
inorganic content. This approach was suggested by authors such as [Romero-Millan 2019]. 
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Abstract 

Hydrofluidisation freezing is relatively new food freezing method, which not only extends the shelf life of 
food but also provides high final quality of the frozen product. Nevertheless, the literature describing this 
method is not extensive and comprehensive experimental studies have not been conducted. The main purpose 
of this study was to determine the velocity profiles and the velocity fields around the stationary spherical 
sample as well as temperature distribution inside it. In order to capture fluid flow, the PIV method was used. 
Various parameters affecting the process were analysed, namely the orifice diameter (d), mass flow rate and 
the distance between the product and the orifice (H). The measurements were carried out for two orifice 
diameters of 3 mm and 5 mm. The distance between the orifice outlet and the sample varied from 50 mm to 
70 mm. Consequently, the H to d ratio ranged from 10.0 to 23.3. The collected results indicate a significant 
influence of the H/d ratio on the local velocity magnitudes. In addition, an increase in the mass flow rate for 
H/d ratio above 14 did not affect significantly the fluid flow around the sample. The gathered results were 
used for the numerical model validation. 

Keywords: Hydrofluidisation, food freezing, experimental investigation, fluid flow visualization 

1. Introduction 

Food freezing is one of the oldest and most commonly used methods for food preservation, which allows 
preservation of properties of processed products [1, 2]. An important factor in favor of freezing as a method 
of preserving food is its effect on harmful microorganisms. Moreover, the low process temperature achieved 
during the food freezing, affects the bacteria metabolism, which is disturbed or even stopped for the 
temperature ranged from -4°C to -10°C [3]. The selection of the freezing method depends on the type of 
groceries. Food freezing techniques significantly affects the structure of the processed products due to the 
formation of ice crystals [4]. Particularly noteworthy are products with high water content, such as fruits and 
vegetables in which it is over 90% [5]. The arrangement and shape of the crystals depend on the duration of 
the process. According to [4], quick freezing leads to the formation of a significant number of small ice 
crystals. As a consequence, the basic qualities of the fresh product are retained and the weight loss of the 
product after thawing is minimized. Slow freezing causes the creation of large dendritic crystals which affect 
morphological changes of the product, cells destruction as well as the denaturation of cell components [6, 7]. 
As the authors [4] presented, the choice of freezing method and process conditions determines the reduction 
of weight loss and has a significant impact on the food quality after thawing. Moreover, according to [7] to 
avoid significant ice crystal growth as well as structural damage, the temperature during the freezing process 
should be stable. On the other hand, due to temperature variations both in space and time, the measurement 
are challenging [8]. The effect of various freezing methods on the size and distribution of ice crystals inside 
the product has been discussed by Li et al. [9]. According to the aforementioned authors, the changes in food 
texture during freezing are highly dependent on the water distribution inside the product.  Furthermore, the 
mechanism of cell damage during the freezing process was discussed. Li et al. [9] concluded that changes in 
the cell structure during freezing can affect the product quality, i.e. taste, color and texture, as well as the 
content of nutrients. Currently, the two most commonly used methods of food freezing can be distinguished, 
namely the air-blast freezing and the immersion freezing. Air-blast freezing is used for a wide range of 
products including fruits, vegetables, bakery goods, poultry, meats, and prepared meals [10]. There are two 
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types of air-blast freezers: batch and continuous both are based on convective heat transfer and use air as a 
freezing medium [11]. The main disadvantage of this method is the need for airflow at high speed and 
pressure. Consequently, a high fan power consumption is required [12]. In comparison to the immersion 
method, the lower heat transfer coefficients are obtained for that method. According to Dempsey and Bansal 

[3], the heat transfer coefficient for the air-blast method ranged from 25 W·m−2K−1 to 300 W·m−2K−1 for 

various types of air freezers. The immersion freezing method involves immersing the product in a liquid 
refrigerant, which is most often nitrogen or carbon dioxide [1] as well as aqueous solutions of NaCl, CaCl2, 
sucrose [13] or ethanol and glucose [14]. Because of higher heat transfer coefficient in liquids than in gases, 
the time required to conduct the process for the immersion freezing is shorter than in the air-blast freezing 
method. On the other hand, the main disadvantage of immersion is the possibility of absorption of refrigerant 
into the product [15]. Due to the disadvantages of currently used techniques, new methods of food freezing 
are constantly developed to improve the quality of the product and reduce energy consumption in the freezing 
process. James et. al. [2] and Li and Sun [16] reviewed and compared the methods being currently under 
investigation. The new methods of food freezing focus on increasing the rate of heat removal from food, as 
well as physical/chemical changes in a frozen product.   

Hydrofluidisation freezing (HF), one of the most promising and innovative methods, is a combination of the 
air fluidization and the immersion freezing [2,12]. The origins of the method date back to the 1980s, when the 
first device was developed by Fikiin [17]. The freezing process proposed by Fiikin [17] is suitable for small-
size product and it is based on submerging food products, e.g. small fruits or vegetables, inside a tank with an 
appropriate aqueous solution as a coolant. Within the hydrofluidisation freezing method, the coolant is 
pumped into the tank through orifices located at its bottom. That procedure leads to the creation of agitating 
jets and to intensify heat transfer coefficient between solution and food products. In consequence, freezing 
time is notably reduced, which results in a higher quality of the frozen product. The HF method is 

characterized by a very high heat transfer coefficients from 1000 W·m−2K−1 to 3000 W·m−2K−1 [12]. Further 

research has shown many advantages of HF systems, such as: reduced food weight loss, finer structure of ice 
crystals [12] and the use of natural coolants (e.g. sodium chloride aqueous solutions) [18]. Depending on the 
product, various fluidization media are used: brines, ice slurries and sugar-ethanol solution. The highest heat 

transfer coefficients were obtained for the ice slurry, namely of  the  order  of  1000-2000 W·m−2K−1, while 

the heat transfer coefficient for the classic immersion method is approximately 432 W·m−2K−1 [19]. 

Moreover, the freezing time for small vegetables and fruits ranged from 1 min (for green peas) to 9 min (for 
strawberries) [19]. To describe the heat transfer in the HF system, Verboven et al. [14] conducted an 
experimental study in which the food was replaced with aluminum spherical samples. According to the results 

in this article, the heat transfer coefficient was in the range from 154 W·m−2K−1 to 1548 W·m−2K−1.  

Recent studies on the HF method were performed using simultaneous laboratory-scale measurements and 
computational fluid dynamics (CFD). The CFD methods are based on the laws of fluid mechanics and heat 
transfer to accurately simulate the fluid flow and heat and mass transfer between products and the refrigerant. 
To determine the temperature change and the convective heat transfer coefficient on the surface of the sphere, 
the most basic model was formulated. The model covered simulation of the freezing system with one 
stationary spherical sample and a single orifice [20]. In the next stage of research, the formulated numerical 
model was extended by analysing the phenomenon inside the sample, which was the actual food product, 
namely potato [21]. These researches were focused on the analysis of the freezing of water inside the sample 
and the absorption of the refrigerant. Consequently, it was possible to determine the quality of the frozen 
product. Further analyses were focused on the numerical simulation for various numbers and positions of 
orifices and the distribution of the food samples inside the tank [22]. Next, the authors of [22] simulated the 
physical movement of products during hydrofluidisation, which corresponds to industrial scale process [23]. 
Nevertheless, the validation procedures were focused on a comparison of the global process parameters. 
Therefore, a more detailed experimental analysis is required to fully validate the heat and mass transfer 
phenomena during the HF process. The experimental effort should be focused on the local parameters of the 
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flow field as well as on the temperature distribution inside the HF tank. To capture the fluid, flow the particle 
image velocimetry (PIV) can be used. 

2. Experimental rig and measurements 

In order to investigate required parameters inside the hydrofluidisation chamber, a dedicated experimental rig 
was designed. The general design of that test rig was adapted from [18]. However, numerous modifications 
were introduced for more detailed experimental analysis. In particular, the construction of the 
hydrofluidisation chamber, as well as the sample mounting system, are more advanced comparing to the one 
described in the literature and mentioned above. The introduced changes are aimed at extending the 
measurements capability by using advanced flow visualization techniques (PIV) to determine the local flow 
field parameters. The general layout of the test rig with crucial elements marked is presented in Fig. 1. Two 
main elements of the experimental rig can be distinguished, namely the hydrofluidisation chamber and the 
refrigerant tank. The hydrofluidisation chamber is equipped with transparent elements at the front, the left and 
the right sides in order to enable the PIV measurements. Both elements were made of AISI 316L stainless 
steel and were thermally insulated. The refrigerant flow can be realized in two loops. The medium preparation 
loop is used to stabilise the coolant temperature throughout the system, while the freezing chamber loop 
supplies the refrigerant into the hydrofluidisation chamber.  

2.1. Hydrofluidisation chamber 

As it was previously mentioned the hydrofluidisation chamber is equipped with transparent elements to 
enable PIV measurements. As shown in Fig. 2.1. the transparent tank was installed inside the chamber. At the 
bottom of this tank, numerous stainless-steel plates having a different number of orifices with variable 
diameters can be installed. Therefore, a single jet as well as a multiple jet system can be analysed. Moreover, 
the experimental rig is adapted to investigate the freezing process of small vegetables and fruits e.g. 
strawberries or potatoes. In order to simplify the measurements of fluid flow, food products were replaced 
with copper spherical sample with a diameter of 20 mm. In the preliminary investigation of the heat transfer 
in processed product, the copper sample was replaced with the actual food product, namely radish. The 
sample is attached to the movable arm and its position can be precisely set using two step motors. The 
construction of the experimental rig allows for the simultaneous placement of one or more samples.  

Fig. 2.1. The scheme of the experimental rig
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2.2.  Flow and thermal measurements 

To ensure refrigerant circulation the experimental rig is equipped with a vertical multistage pump. The installed 
pump is rate 1.83 kW at 50 Hz. The maximum working pressure is 16 bar whereas the flow is in the range 2.4-

7.8 m3 h−1. The pump may operate within the temperature range between -30°C to 80°C. The whole pump was 

made of AISI 316L stainless steel. Mass flow rate is controlled by the TECO L510s inverter. The valve system is 
used to switch between the work in the medium preparation loop and the freezing chamber loop. The mass flow 
rate of the medium is measured by two Coriolis mass flow meters which are characterized by high accuracy of 

±0.1% for the mass flow rates higher than 300 kg min−1 and max. ±2% of the reading for lower mass flow range. 

In order to analyse the temperature distribution, numerous T-type thermocouples were installed in the 
experimental rig. All sensors were installed in the piping system within the compression fittings. Three 
additional thermocouples can be placed inside the HF chamber, namely in the surrounding liquid, on the sample 
wall and in its core. 

2.3. PIV system 

As it was already mentioned, in order to analyse the refrigerant flow field around the spherical sample, the PIV 
method was used. This technique allows for the visualization of the fluid flow field in the laser light section 
within the region of the sample under examination. For this method, the equipment provided by Dantec (Dantec 
Dynamics Flow Sense 4M MK4 II) was used. The flow is recorded using a fast camera equipped with a 

2048x2048 CCD sensor with a pixel size of 7.4 ·10 −6 m and with a Carl Zeiss APO-Sonnar T·135 mm f/2 lens. 

In order to illuminate the studied region, the Quantel Twin BSL 200 double pulsating laser was used. Two 
consecutive laser pulses illuminate a slice of a flow field with particles suspended in the flow. The scattered light 
from the particles is captured in two consecutive images on a digital camera. Registration of recordings can take 
place due to synchronization of both devices with Dantec Dynamics Synchronizer. Thanks to the Dantec 
Dynamics DynamicStudio 3.41 software, it is possible to process recorded recordings. To make these 
measurements possible, an appropriately selected particles of polyamide with an average particle size of 5 µm 

and the density of 1030 kg·m−3 are introduced into the medium. The measurement includes a 2D cross-section 

with a field of view equal to 63x63 mm. For each measurement, the camera position was selected to reach an 
area 20 mm below the spherical sample. Consequently, regardless of the H/d ratio, the arrangement of the frame 
was approximately the same for all considered cases. The laser was positioned on the left-hand side of the 
experimental rig and its beam illuminated only that side of the sample. Therefore, only the left-hand side of the 
recordings was analysed. It was assumed that the flow is symmetrical on both sides of the sphere. For each 
experimental run, 200 double frames were captured. Captured images are not ready for immediate processing. 
Pre-processing tools allow to perform a wide range of advanced features to optimise image quality, calibration 
and masking. In Fig. 2, the stages of processing are presented. Firstly, the high-pass filter was used to reduce the 
noise and enhance the contrast. In consequence, the seeding particles are better visible. Then the average flow 
field was calculated through an average correlation method. The images were divided into smaller areas for 
calculating the mean particle displacement between two corresponding sub-areas. Because the time interval 
between two laser pulses is known, the particle average velocity can be determined. Afterwards, the peak 
validation was used. This method compares the relative height of the highest peak in each sub-area to the 
second-highest peak. This tool is used to reject incorrect vectors, which relative height parameters exceeded the 
set value. In the next step, using range validation, it is possible to manually reject incorrect vectors based on the 
expected range of velocities. The vector length can be specified in the recipe. The last method used in the whole 
post-processing stage is moving average validation, which is based on comparing neighbouring vectors. If in a 
given neighborhood the vector deviates too much from the others, it can be replaced by the average of the 
surrounding vectors. Vector results can be represented using the 2D plot, as shown in Fig. 2.2. In order to obtain 
that plot, the scalar map function was used. In this method, individual velocities are represented by colours. 
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Fig. 2.2. PIV analysis stages [24] 

3. Results 

3.1.  Fluid flow measurements 

The results of fluid flow measurements presented in the current paper are selected cases from the most recent 
paper describing the experimental investigation of the hydrofluidisation method [24]. As it was previously 
mentioned, the experimental effort was focused on the analysis of the fluid velocity within the single jet and 
around the stationary spherical sample. The measurements included analysis of various ratios of the distance 
between the sample and the orifice (H) to the orifice diameter (d), as well as various mass flow rates. Two orifice 
diameters were investigated, namely 3 mm and 5 mm. The heat transfer was neglected for PIV measurements. 
Therefore, all of the PIV measurements were carried out for refrigerant at ambient temperature. The list of the 
analysed cases is presented in the Table. 3.1. The distance between the sample stagnation point and the orifice 
outlet varied from 50 mm to 70 mm for the orifice diameter of 5 mm and was equal to 50 mm for the orifice 
diameter of 3 mm. Consequently, the H/d ratio ranged from 10.0 to 16.7. The Reynolds number for investigated 
cases varied from 85 000 to 138 000.  

Table. 3.1. Investigated cases 

Case d, mm �̇�𝑚, kg·h-1 Re H/d, - 
1 5 411.75 85000 10.0 
2 5 407.57 85000 12.0 
3 5 404.06 84000 14.0 
4 5 657.48 138000 10.0 
5 3 147.09 86000 16.7 
6 3 185.84 110000 16.7 

 

The velocity fields for H/d ratios of 10.0 and 16.7 and for Re numbers of 85 000, 86 000, 110 000 and 138 000 
are presented in Fig. 3.1. The velocity reduction in the area directly under the sphere, i.e. the stagnation area, as 
well as the boundary layer of the solution, are clearly visible. As expected, an increase in the mass flow rate 
resulted in a higher fluid velocity. The velocity magnitude along the jet axis is significantly higher for the H/d 

ratio equal to 10.0, i.e. cases (a) and (b), and is approximately 6 m·s−1 and 10 m·s−1, respectively. For the H/d 

ratio equal to 16.7 an increase in the mass flow rate did not influence the velocity significantly.  The velocity 
values along the jet axis for this case range from 2 m/s to 4 m/s for cases (c) and (d), respectively. At the same 
time, clear differences in the flow within the boundary layer can be noticed. The fluid velocity in this area for 
cases (a), (c), (d) in Fig. 3 does not exceed 2 m/s, whereas in the case (b) it reaches the value of about 5 m/s. As a 
consequence of the mentioned observations, it can be concluded that for each case the increase of the H/d ratio 
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caused a drop in velocity magnitude along the jet axis and at the same time did not significantly affect the 
velocity near the sample wall for an H/d value of 16.7. 

 

Fig. 3.1. Comparison of the velocity fields (m·s−1) for various Re numbers: (a) Case 1 (b) Case 4 (c) Case 5 (d) 

Case 6 [24] 

In Fig. 3.2. the velocity fields for various distances between the stagnation point of the sample and the orifice 
outlet are presented for the constant Re number of 85 000. The measurements were carried out for 5 mm orifice 
and the H value varied from 50 mm to 70 mm. Consequently, the H/d ratio ranged from 10 to 14. Each PIV 
recording was made to cover the area of 25 mm under the stagnation point. Therefore, regardless of the analysed 
case the location of the sphere in each frame is similar. According to the expectations, the jet velocity decreases 

with increasing H/d ratio. For thea H/d ratio of 10, the velocity in the jet axis is about 6 m·s−1. For other H/d 

values, the velocity is lower, namely 5 m·s−1 and 4 m·s−1 for the cases with H/d=12.0 and H/d=14.0, 

respectively. Comparing the velocity fields near the sample wall, it can be noticed that the maximum difference 

in velocity magnitude is about 1 m·s−1. 

 

Fig. 3.2. Comparison of velocity field (m/s) for Re ≈ 85 000 (a) H/d = 10.0 (b) H/d = 12.0 (c) H/d = 14.0 

In order to carry out a more detailed analysis of flow behaviour for various H/d ratios, the velocity profiles were 
prepared. The current paper presents the results of velocity profiles along the jet axis for selected cases. The 
comprehensive analysis of the velocity profiles in the discussed system is presented in detail in the study of 
Palacz et al. [24]. The aforementioned authors discussed the velocity distribution within the jet axis as well as 
within the horizontal line at the stagnation point level and at the sample centre level. In Fig. 3.3. the relation 
between the jet velocity and the H/d ratio is presented. These profiles were prepared for the Re number equal to 
85 000 and two orifice diameters. In consequence, the ratio H/d ranged from 10.0 to 16.7. The cases H/d in the 
range from 10.0 to 14.0 refer to the 5 mm diameter orifice. According to the expectations, the velocity 
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magnitude within the jet rapidly decreases when the fluid reaches the stagnation point. The same trends can be 
observed on all characteristics. The decrease in velocity can be considered as steady and relatively slow. The 

difference in the maximum velocity of the jet for H/d equal to 10.0 and H/d equal to 14.0 is just about 2 m·s−1. 

 

Fig. 3.3. Comparison of velocity profiles along the jet axis for Re ≈ 85 000 

As it was previously mentioned, the results collected during the experimental investigation were used for the 
numerical model validation. The validation covers a comparison of the PIV measurements with the numerical 
calculations employing two turbulence models, namely k-ω SST and RSM (Reynolds stress model). PIV 
recordings were used to compare the velocity field within the jet region and around the sphere, while the mass 
flow measurements were used to control the operating conditions. The comparison of the obtained velocity fields 
is presented in Fig. 3.4. The measurements were carried out at ambient temperature. Therefore, the heat transfer 
during process was neglected. Velocity fields presented in Fig. 3.4. were compared for Case 3 from Table 1, 
namely the H/d ratio of 14.0. The field of observation for these velocity contours covers nearly 30 mm of the 
area below the stagnation point. As it can be seen in Fig. 8, for the k-ω SST model, the values of velocity within 
the jet core and the sample wall are close to the experimental results, while the RSM model is less accurate. 
Moreover, using the k-ω SST model, the phenomena of the stream detachment from the wall is much better 
simulated. For the RSM model the fluid flow near the sample wall is more dispersed. 

 

Fig. 3.4. Velocity magnitude field (m·s−1) around the sphere obtained from PIV measurements and CFD model 

using two turbulence models for the H/d = 14.0, MFR=0,1132 kg·s−1 [27] 
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3.2. Thermal measurements 

The preliminary investigation of the heat transfer within the hydrofluidisation freezing process was conducted. In 
order to determine the temperature distribution two thermocouples were installed inside the analysed samples. 
The location of these thermocouples is presented in Fig. 3.6. The additional thermocouple was used to measure 
the temperature of the surrounding fluid. The cooling medium was an aqueous solution of ethanol (17% of the 
mass concentration). As it was already mentioned, the thermal measurements were carried out for the actual food 
sample. In the first stage of the thermal measurements, the analysed sample was strawberry. The measurements 
were carried out for H/d ratio of 10.0 and coolant temperature of -7.5 °C.  Nevertheless, in Fig. 3.5. an example 
of temperature distribution during freezing process within previously mentioned locations is presented. The 
trends for the temperature profiles recorded during the experiments are consistent with the freezing process 
presented in the recent literature [25]. As it can be seen in Fig. 3.5., the sudden increase of the sample core 
temperature was noted during the process. In particular, the core temperature increased by 4K at 20th minute of 
the process. That phenomenon is directly associated with phase change and the release of latent heat. Moreover, 
the freezing time of the analysed sample was relatively long. According to the literature, the freezing time for 
strawberries is about 9 min [19]. This significant difference may be due to the non-spherical shape of the product 
and to the fact that the fluidisation effect was not achieved during experiments. In particular, the sample was 
attached to the sample mounting system. Hence, the sample position was fixed during the process. Consequently, 
the HTC values were significantly lower compared to those of the industrial HF freezing process. Due to 
problems with sample mass and shape repeatability, further research on strawberry samples was abandoned. 

 

Fig. 3.5. Temperature distribution for strawberry sample 

In the next stage of temperature investigation, the strawberry sample was replaced with a radish due to its 
spherical shape. The measurements were carried out for various H/d ratios. The full list of the analysed cases is 
presented in the Table. 3.2. The coolant temperature during the experiment was about -6°C while the Re number 
was about 85 000.  

Table. 3.2. Investigated cases 

Case Type H/d, - d1, mm d2, mm Mass, g 
1 radish 10.0 3.2 2.9 17.26 
2 radish 12.0 2.9 3.4 17.93 
3 radish 16.6 2.7 3.2 13.52 
4 radish 20.0 3.2 3.1 17.04 
5 radish 23.3 3.1 2.7 16.02 
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In Fig. 3.7. comparison of temperature distribution within the radish core for various H/d ratio is presented.  It 
can be noticed that in the initial phase of the freezing process the temperature profiles were similar to all 
considered H/d. According to the presented results, it can be stated that the freezing process started after about 8 
min. at the temperature of approximately -1°C for all cases. The core temperature of the radish, for the H/d of 
20.0, reached the temperature of the surrounding liquid after about 30 min., while for the other cases, the time 
was about 38 min. In relation to the total duration of the freezing process, a difference of 8 min. can be 
considered as significant. However, it should be emphasized, that the investigated samples were slightly differed 
in mass and shape, which could also affect the freezing time.  

 

 

 
Fig. 3.6. T-type thermocouples location [26] 

 

Fig. 3.7. The temperature profiles within the radish core [26] 

4. Conclusions 

To summarize, in order to analyze fluid flow inside the HF chamber, a dedicated experimental rig was designed 
and presented in this work. In addition, gathered results were used for the numerical model validation. Due to the 
use of transparent elements, namely transparent HF tank as well as transparent walls of the HF chamber, the test 
rig was adapted to perform PIV measurements. Moreover, it was equipped with high-quality measuring 
instruments. The main purpose of this thesis was to analyze the fluid flow around the stationary sample during 
the HF process. The presented measurements were carried out for a single spherical copper sample with a 
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diameter of 20 mm. Moreover, two orifice diameters of 3 mm and 5 mm were investigated. The influence of the 
orifice diameter, the refrigerant mass flow rate and the distance between the sample and the orifice outlet to its 
diameter on the jet velocity were investigated. The presented results indicate a significant influence of the 
investigated parameters on the course of the hydrofluidisation process. However, analysing the flow field around 
the sample, it can be stated that only for the H / d ratio in the range from 10.0 to 14.0 the increase in the number 
Re caused an increase in the velocity value around the sample walls. Moreover, it can be noticed that the 
distance between the sample and the orifice outlet for the Re≈ 85 000 has minor effect on the velocity fields near 

the sample surface. The maximum difference was about 0.4 m·s−1. As a consequence of the mentioned 

observations, it can be concluded that the H/d ratio has a greater impact on local velocity magnitudes than the 
distance change itself. Moreover, the results of the preliminary temperature measurements are discussed through 
this paper. Thermal measurement was carried out for two food samples, namely strawberry and radish. The 
freezing time for strawberry was about 50 min., which significantly exceeds the time reported in the literature. It 
was found that the reason could be the non-spherical shape of the sample. Therefore, in the next part of the 
experiment, radishes were used. To sum up the analysis of the impact of the H/d ratio on radish freezing time, it 
can be stated that the freezing process was the most effective for the H/d of 20.0. For the investigated cases the 
maximum difference in duration of the process was about 500 sec. In summary, the variation of H/d ratio for 
presented cases can be considered significant in terms of heat transfer. Nevertheless, in the next stages of the 
experimental investigation, the presented results should be repeated for food samples of similar shape and 
weight. 

For the numerical model validation, two turbulence models were examined, namely k-ω SST and RSM. One 
arrangement of the single orifice and single sphere was analysed. The comparison of both turbulence models 
with gathered results from the PIV measurements shows that the numerical model predicts the refrigerating 
medium velocity with satisfactory accuracy. Nevertheless, according to results presented in Fig. 9, the k-ω SST 
approach performs better for the flow within HF system. The k-ω SST model predicts the fluid flow with higher 
accuracy within the region near the sample wall.   

It is important to emphasize that the experimental investigation is a part of ongoing project. The further 
investigation of the HF freezing process will be enhanced by analysing the relation between the flow field and a 
various number of orifices as well as various number of samples installed inside the HF chamber. 
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Abstract 

Increasing share of renewable energy sources in the power generation sector results in the need of 
having an intermediate storage system to support intermittent nature of energy produced from renewable sources. 
For industrial scale, energy storage can be realized by means of mechanical or chemical systems. Chemical 
energy storage is the branch intensely developed, as it possesses very big potential. One of the most frequently 
considered means of energy storage is via hydrogen production. This, however, brings a few difficulties 
connected with the properties of the hydrogen, its transportation and distribution. A solution to those problems, 
can be introduction of other, hydrogen containing energy carriers, as a part of hydrogen-based storage 
technology. One of the candidates is ammonia. Besides its high toxicity, ammonia handling is much easier than 
handling hydrogen. Ammonia can eventually be combusted, and energy stored in ammonia can be easily restored 
into electricity, by means of technologies very similar to those available today. Combustion of ammonia does not 
produce any CO2, however considerably higher NOx generation is inevitable, which requires special attention. 
This study presents results of equilibrium computations of ammonia combustion for selected thermodynamic 
parameters (temperature and pressure), and air to fuel ratios. As expected, the maximum temperatures occur 
close to stoichiometric oxidizer to fuel ratios of  𝑛𝑛𝑂𝑂2/𝑛𝑛𝑁𝑁𝑁𝑁3 = 0.75 and are increasing with increasing pressure. 
The predicted NO, NO2 and N2O are increasing to approximately the stoichiometric ratio and then remain 
virtually constant, where the NO is 3 orders of magnitude higher than NO2. The predicted NOx concentrations 
can be however considerably higher than in real systems due to the assumption of equilibrium.     

Keywords: energy storage, ammonia for power, combustion of ammonia 

1. Introduction 

The current world is experiencing rapid energy transition process. In the topic of electricity generation, switching 
from the fossil into the renewable fuels is quite a challenging task, that, however, eventually will need to be 
implemented on a worldwide scale to prevent further great influence on the environment. The process of 
transition not only requires advanced technologies and better conversion of ‘green energy’ into electricity, but 
also the proper energy management systems. Part of the energy management is energy storage, that deals with 
the intermittent nature of some renewable energy sources and helps to mitigate the influence of over- and 
underproduction of electricity on the grid [1]. For the technical realization of a large-scale economy based on 
regenerative energy systems, an intermediate storage is required. Large-scale energy storage remains an issue, as 
most of the existing solutions are ineffective for a long-term storage or are not economically feasible. One of the 
promising technologies is energy storage via hydrogen production. This method, however, faces lots of problems 
connected with storage of the hydrogen, such as low volumetric energy density, high transportation costs or 
hydrogen’s penetration through the solid walls, that cannot be easily nor directly solved. One of the possible 
ways to overcome this problem, is indirect use of hydrogen – using its derivatives as alternative energy carriers 
[2]. Very beneficial is use of carbon-neutral derivatives, as those don’t cause emission of CO2 while being burnt 
[2]. The carrier investigated in this paper is ammonia and its combustion. Ammonia is characterized by easier 
and more widespread production, lower storage cost, longer possible storage period, higher volumetric energy 
density, easier distribution and handling [3]. It is an energy carrier, which can be used just for transportation of 
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hydrogen, or be combusted directly [4]. Moreover, fully developed infrastructure for ammonia storage, 
transportation and distribution already exists, and the current power generation technologies can be applied for 
its utilization after introduction of minor changes. Thereby, it proposes solution to the hydrogen-based energy 
storage systems and can make possible to bring it into industrial scale. Several drawbacks of ammonia as a fuel 
exist, with the most important being its high toxicity [5]. If getting into contact with life organisms, it may cause 
permanent health damage [6].  

2. General characteristics of ammonia 

Ammonia (NH3) is a chemical compound of hydrogen and nitrogen, the simplest stable one. It is colorless 
pungent gas [7] lighter than air. Ammonia is highly toxic, even small amounts are irritating for the living 
organisms. It is vastly used as fertilizer, refrigerant, in plastic, dyes, textiles, detergents and pesticides sectors 
[8]. Ammonia is characterized by low burning velocities in air (maximum of 0.09 m/s) approximately 4.5 times 
smaller than methane and 32.3 times smaller than hydrogen. Its high auto-ignition temperature (630 – 650 °C), 
indicate its low flammability. Combustion of ammonia is associated with high fuel NOx generation and possible 
NH3 emissions which can lead to health hazards. Ammonia-air flames are also characterized by lower radiation 
than hydrocarbon flames thus leading to lower heat transfer rates due to lack of CO2 in the products [9]. The 
process of combustion characterizes with low combustion intensity, in comparison to other hydrocarbon fuels. 
The global reaction of ammonia combustion can be written as: 

4NH3 + 3O2→ 2N2 + 6H2O 

In this idealized case of ammonia combustion, the only products are nitrogen and water, the real case, however, 
leads also to presence of many minor species, including the NOx. Selected characteristic properties of ammonia 
are given in the Table. 2.1. The assessment of ammonia as a hazardous substance given in the Table. 2.2. 

Table. 2.1. Properties of ammonia, [10] 

Density, kg/m3 0.86  
Molar mass, g/mol 17.031  
Flammability range, % of dry air 15.15-27.35 
Energy density, MJ/kg 22.5  
Volumetric Energy Density (liquid ammonia), MJ/L 11.5  
Boiling point, °C -33.35  
Melting Point, °C -77.7 
Auto-Ignition Temperature, °C 630 
Maximum burning velocity, m/s 0.09  
 

Worldwide annual production of ammonia exceeds 170 Mt [11]. The production is dominated by China (around 
32%). In Europe it is equal around 21 Mt, with Germany leading in the production [8]. The hydrogen used in 
ammonia synthesis is mostly produces by steam methane reforming or by gasification of coal, which is 
associated with CO2 emissions. To produce the desired end-product ammonia, the hydrogen is then catalytically 
reacted with nitrogen (derived from process air) to form anhydrous liquid ammonia. This step is known as the 
ammonia synthesis loop (also referred to as the Haber-Bosch process) [12] [9]: 

3H2 + N2 → 2NH3 

  

https://en.wikipedia.org/wiki/Haber-Bosch
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Table. 2.2. Assessment of ammonia as hazardous substance, [13] 

Hazard Rating (NFPA) 
Health 3 
Flammability 1 
Reactivity 0 
Additional Information: 
Corrosive, may ignite and burn with explosive force, poisonous gases produced in fire, containers may 
explode in fire 
Hazard Rating Key: 0=minimal, 1=slight, 2=moderate, 3=serious, 4=severe 
 

3. Equilibrium modelling 

The aim of this section is to model the combustion of ammonia assuming equilibrium of the products. In all the 
calculations the combustion process was assumed to be isobaric and adiabatic. Equilibrium modelling results 
provide important information about the process, however, due to the assumption of infinitely fast reactions (or 
infinite process time) the predicted products composition and thus the temperature may considerably differ from 
the real combustion systems. This is particularly important for predicting NOx formation which, at typical 
combustion temperatures, is a relatively slow process, and thus the predicted NOx concentrations with the 
assumption of equilibrium are considerably higher than those in reality. The calculations were performed using 
an open-source code Cantera, a suite of tools for problems involving chemical kinetics, thermodynamics, and 
transport processes. The data pre- and post-processing was realized by a code written in Python programming 
language. The set of species taking part in process were limited to those present in the GRI3.0 mechanism, from 
which also the thermodynamic data were taken. The computed parameters were the adiabatic flame temperatures 
and composition of products for various oxidizer-fuel ratios and for various pressures. 

4. Results and discussion 

4.1. Combustion in Oxygen 

First computations were done for isobaric and adiabatic combustion of ammonia in oxygen for various molar 
oxygen to ammonia ratios. In Fig. 4.1. the adiabatic flame temperature is presented for pressures: 0.1 MPa 
(atmospheric pressure), 1 MPa, 5 MPa and 10 MPa. In Fig. 4.2., for the same range of pressures, molar fractions 
of products are presented. In Figure 3, NOx emissions are presented, as, due to their order of magnitude, the 
values wouldn’t be visible in Fig. 4.2.    

The highest temperature occurs in the moment, when the ratio oxygen/ammonia is close to 0.75, which 
corresponds to stoichiometric parameters of ammonia combustion (0.75 moles of oxygen needed for 1 mole of 
ammonia combustion). Temperature in maximum point is equal to 2840 K for atmospheric pressure. For the 
highest pressure, maximum temperature is around 500 K higher. Possibility of obtaining high temperatures is 
important in designing the combustion stand, to choose proper materials. The maximum temperature appears in 
the moment when almost whole hydrogen coming from ammonia is oxidized to H2O. The further drop is 
connected with appearance of excess oxygen, as it is seen on Fig. 4.2. The part of the enthalpy is used for heating 
it up, which causes drop of the temperature. 
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Fig. 4.1. Temperature profiles during ammonia combustion depending on the pressure, combustion in oxygen 

 

Fig. 4.2. Molar fractions of species during ammonia combustion in relation to pressure, combustion in oxygen 
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Fig. 4.3 NOx molar fractions in relation to pressure, combustion in oxygen 

As shown in Fig. 4.2. the point where oxygen/ammonia ratio is equal to around 0.14 is where the biggest amount 
of hydrogen is released do to ammonia decomposition at high temperature at sub-stoichiometric conditions. 
Increasing water vapor fraction is a result of oxidation of hydrogen as the amount of oxygen increases. It stops 
increasing while excess amount of oxygen is provided. With increase of pressure, the amount of hydrogen 
released drops, but at the same time the amount of water vapor created increases. Fig. 1 shows, that with the rise 
in pressure, there is also an increase of temperature at equilibrium conditions. At the different pressures the 
particles behave differently. If the pressure is higher it is more difficult to decompose the polyatomic species. 
But then, when they break, with bigger pressure they combine easily, and bigger amount of them will enter 
reactions, mostly with oxygen. As can be seen the higher the pressure the lower is the H2 concentration at the 
same 𝑛𝑛𝑂𝑂2/𝑛𝑛𝑁𝑁𝑁𝑁3 and more H2O is formed, as can be seen in Fig. 4.2. This results in higher flame temperatures.  

As a result of the oxidation reaction of ammonia mainly H2O and N2 is formed, however with the high 
temperature and excess amount of oxygen, the nitrogen undergoes oxidation, and is being transformed mostly 
into NO, and in smaller amounts to NO2 and N2O, as presented in Fig. 4.3. Maximum mole fraction of the 
formed NO is 0.0152 mol/mol. Generation of NO leads to formation of NO2, as a result of proceeding chemical 
reactions. Restricting the emission of NO itself is also important, as, although it is not a pollutant itself, released 
to the atmosphere it would enter the reaction with oxygen present there and form NO2. NO2 is highly unwanted 
substance, which is considered to be on of major air pollutants. Maximum amount of NO2 created is 0.0000147 
mole. Majority of formed NOx in typical combustion systems is thermal NOx, created at the high temperatures in 
flame in oxidizing atmosphere. Since the fuel is ammonia, its decomposition will be associated with formation of 
intermediates, which will be then oxidized to nitrogen oxides. Therefore, the fuel mechanism will play an 
important role in NOx formation. NO2 concentration from combustion at 0.1 MPa is 11 times smaller than that at 
10 MPa. Similarly, N2O concentrations are increasing. The NO2 remains however 2-3 orders of magnitude 
smaller than NO and N2O 2 orders of magnitude smaller than NO2. Therefore, with the increase of pressure, the 
concentrations of the harmful substances increase as well, however the differences are not very large. This 
increment is a result of previously mentioned different behavior of particles at different pressures. It should be 
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also stressed that the assumption of equilibrium may lead to considerably higher NOx concentrations than those 
in real systems. 

4.2. Combustion in Air 

Next computations were done for isobaric and adiabatic combustion of ammonia in air for various molar oxygen 
to ammonia ratios. Combustion in air is more probable to be performed in reality, as oxygen is expensive, and it 
might not be economically feasible to combust ammonia in pure oxygen. Fig. 4.4., 4.5., and 4.6. present cases 
analogical to Fig. 4.1, 4.2., 4.3., the differences between them are discussed below.  

 

Fig. 4.4. Temperature profiles during ammonia combustion depending on the pressure, combustion in air 

Temperature profile in case of combustion in air behaves similarly to the combustion in oxygen case. 
Temperatures obtained in combustion in air case are generally much lower (around 700 – 1000 K) and the 
differences between different pressures are not very noticeable. Lower temperatures are caused by the fact, that 
less oxygen is being provided and presence of oxygen is crucial for exothermic chemical reactions to occur. 
Those reactions are responsible for the heat release and rise in temperature. In each mole of air, there are only 
0.21 moles of oxygen. 

In Fig. 4.5. products of combustion in air are presented. What can be noticed is much higher amount of nitrogen 
released. Presence of nitrogen is a cause of NOx creation, when it enters the reaction with oxygen. In case of 
combustion on oxygen, nitrogen comes only from ammonia, in case of combustion in air, additional 0.79 mole of 
nitrogen is provided per each mole of air. Molar fractions of hydrogen while combusting in air are generally 
much lower, around 30% less than in combustion in oxygen case, which is the cause of smaller temperatures. 
General behavior of species during combustion process is analogical to the combustion in oxygen. 

In comparison with NOx emissions presented in the Fig. 4.3., emissions of NOx in Fig. 4.6. are lower. It could be 
expected, that since in second case, there is more nitrogen and thereby more NOx could be formed. However, it 
needs to be noticed, that most of the NOx created are created via thermal mechanisms, in presence of high 
temperatures. In case of combustion in air, temperatures are lower and thereby less NOx are created as a result. 
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Fig. 4.5. Molar fractions of species during ammonia combustion in relation to pressure, combustion in air 

 

Fig. 4.6. NOx molar fractions in relation to pressure, combustion in air 
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5. Summary 

Ammonia is more and more frequently considered as a future energy carrier. Its properties allow to handle and 
transport it in a more convenient way than hydrogen. Its main disadvantage is its high toxicity. It is believed that 
currently known combustion and power generation technologies can be used for ammonia utilization after minor 
modifications. The ammonia to power technologies will therefore contribute to decrease of carbon dioxide 
emissions, as its combustion does not produce any CO2. The hydrogen from which it is produced should also be 
obtained from a carbon free source, like electrolysis or biomass gasification. The performed calculations allowed 
to predict the behavior of NH3 at various oxidizer/fuel ratios and pressures with the assumption of equilibrium. 
As expected, the maximum temperatures were obtained for close to stoichiometric conditions and at the highest 
pressures. The predicted NOx concentrations showed that the NO is the major pollutant formed and NO2 
concentration is 2-3 orders of magnitude smaller. Care should be however taken when interpreting the results 
due to the well-known over-prediction of NOx concentrations when equilibrium is assumed. This research may 
contribute to developing ammonia combustion installations. It indicates on what aspects to focus while designing 
the combustion stand, and what is predicted outcome. It is shown that combustion in oxygen is not a proper 
method, and due to lower NOx emissions, it is better to combust ammonia in air. The amount of obtained heat 
will be lower, but it will allow to avoid high costs of pure oxygen. A more detailed study, involving chemical 
kinetics, should be performed to analyze this behavior in more detail at the studied conditions. Ammonia is very 
versatile medium and there are many possible ways of its utilization. Further development and research are 
needed in this respect, to fully discover the advantages that can be obtained, and to bring the technology to a 
wider scale of use and proceed towards low-carbon economy. 
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Abstract 

One of problems with renewable energy sources is that some of them cannot guarantee continuous work or 
delivery of energy at given parameters. Example of such issue can be wind turbines. Those have priority in 
delivering electricity to the grid. It is hard to predict how long and how much electricity will be delivered to the 
grid from wind turbines, because wind is not steady. System DSR (Demand Side Response) is widely introduced 
in many countries as an insurance for stable work of electrical grid in peak hours. The operator of electrical grid 
is contracting companies for reducing their power consumption for certain amount of time. But those companies 
have to somehow maintain production and to do that they need electricity. One solution of accumulation of 
energy – besides pumped-hydro power pants – is Compressed Air Energy Storage (CAES). It allows to store 
energy in the form of compressed air. The air can be later released into turboexpander which connected to 
electric generator will produce electricity. Such installation can operate for few hours. Such system can deliver 
heat, cold and air at desired pressure. Depending which by-products are utilized the round-trip efficiency of such 
system changes. It ranges from 17% up to around 70% or even high for trigeneration. 

Keywords: CAES, Mathematical modelling, Compressed Air Energy Storage, Trigeneration, Small scale 
system, Performance assessment 

 
1. Introduction 

One of the problems with renewable energy sources is that some of them cannot guarantee continuous work or 
delivery of energy at given parameters [9]. Example of such issue can be wind turbines. In Poland wind turbines 
have priority in delivery of electricity to electric grid. This regulation creates disturbances in work of 
conventional power plants. They have to decrease its load in order to create space for electricity from wind 
turbines. It is hard to accurately predict how long and how much electricity will be delivered to the grid from 
wind turbines, because wind is intermittent source of renewable energy.  

System DSR (Demand Side Response) is widely introduced in many countries as an insurance for stable work of 
electrical grid in peak hours. The operator of electrical grid is contracting companies for reducing their power 
consumption for certain amount of time [10]. But those companies have to somehow maintain production and to 
do that they need electricity. The solution which is supposed to facilitate the integration of RES is energy 
storage. 

One solution of accumulation of energy – besides pumped-hydro power pants – is Compressed Air Energy 
Storage (CAES). It allows to store energy in form of compressed air. The air can be later released into 
turboexpander which connected to electric generator will produce electricity. CAES system can be applied as 
regulator into electric grid [7] or as system which increases sustainability of work in facilities. Such installation 
can operate for few hours (discharge time for installation in McIntosh is set to around 26 hours) [5].  

Such system can deliver heat, cold and air at desired pressure. Heat is extracted after each compression stage to 
increase efficiency of compression and reduce thermal strains inside vessel [8]. Air is then stored in natural 
caverns or above-ground vessel. After turboexpander cold is produced. It can be used for technological purposes 
or released into environment. Electricity is also produced during expansion. 
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This paper is a summary of the work on the mathematical model of the CAES system. This model simulates the 
charging and discharging of an air tank, as well as the production of electricity, heat and cool. 

2. Aim of the project 

Aim of the project is to design small scale CAES plant with above-ground vessel, investigate its performance as 
well as ways of integration with other systems. Depending on the needs the CAES can produce electricity, heat 
and cold. Maximum pressure of air in the tank is assumed to be 200 bar. Minimal pressure inside vessel is 10 
bar. Vessel is charged to designed pressure and then air is discharged and expanded through turboexpander down 
to atmospheric pressure. Energy needed for compression and energy produced by turboexpander are calculated. 
Dynamic model will be programmed in Microsoft Excel. 

3. Study of possibilities 

This study of possibilities is mostly aimed at the CAES systems with above-ground vessels. Solution with above-
ground vessel is location independent [2]. Higher pressure differences are possible which results in higher 
energy densities realizable [2]. But the investment costs and land consumption are high due to the size of the 
vessel [2]. Therefore, the critical issue of above ground air storage option is to make benefits of all products that 
can be potentially generated within the system. Creation of a relevant business model is typically based on the 
value stacking. In the case of distributed CAES system cogeneration or trigeneration solution is possible. 

Applications are well presented by Briola [1]. “The CAES systems can be used in several different applications 
such as for space cooling by integration with a vapor compression cooling cycle, for the supercharge of diesel 
engine, for trigeneration, for storing of the mechanical energy produced by special devices (such as wind 
turbines) through direct connection with the compressor group, for power supply to isolated end-users by 
integration with diesel engine and in vehicle drivetrain. Moreover, Liquid Air Energy Storage and Underwater 
Compressed Air Energy Storage systems were proposed.” 

Several configurations of CAES are possible. System A-CAES (Adiabatic-CAES) is a system in which no 
external energy is supplied while discharging. Configuration which utilizes some kind of external energy is 
Diabatic-CAES which is usually integrated witch Joule-Bryton cycle. Combination of those two above is also 
possible and is known as hybrid CAES [1]. 

3.1. Diabatic CAES 

As for today there are only two existing CAES plants. One is in Huntorf, Germany and the second one in 
McIntosh, Alabama, USA. Both are based on Diabatic CAES solution. They have air storage in natural 
underground caverns. Compressor and gas turbine are on the same shaft and are coupled via gear box [3]. In 
Huntorf plant during discharging and expansion natural gas is used. Aforementioned plant has efficiency of 
about 42% without utilization of waste heat and about 55% with utilization [3]. 

3.2. Adiabatic CAES 

Higher efficiency – up to 70% [5] – can be achieved while heat of compression is used for rising the temperature 
of air during expander operation. Such solution allows to rule out need of additional fuel combustion. Necessary 
technical solutions are currently developed independently in Germany and USA. 

3.3. Air storage solutions 

Aforementioned CAES plants are using natural salt caverns for air storage. There are also concepts for using 
drained gas caverns or porous sandstone layers [5]. Advantage of using salt caverns is that there are no losses in 
pressure during storage and no reaction between rocks and oxygen. Disadvantage of such solution is that those 
plants are location dependent, but on the other hand they consume only small part of land. The more mobile 
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solution is CAES with above-ground vessel. In such configuration land consumption is high due to size of 
vessel, but it can be built almost everywhere. 

4. Methodology of calculation 

Calculations are conducted for three main components which are shown in Fig 4.1: 

a) Storage site which in this case is assumed to be a battery of vessels. 
b) Charging cycle which consists of two compression stages (CLP,CHP) with inter-cooler (HE1) 

between them and post-cooler (HE2) before storage vessel. 
c) Discharging cycle which is turboexpander (T) coupled with electric generator (G). 
 

Fig. 4.1 – System scheme. CLP – Low Pressure Compressor; CHP – High Pressure Compressor; T – 
Turboexpander; M – motor, G - Electric Generator; HE – Heat Exchanger 
 

Calculation step is assumed to be 15 minutes. Air is considered as ideal gas. Thermodynamic properties 
𝜅𝜅(𝜕𝜕𝑖𝑖), ℎ(𝜕𝜕𝑖𝑖) are evaluated using CoolProp 6.2.1 add in. It is assumed for whole cycle that there are no pressure 
losses. Heat losses through the walls are present only when air is in the vessel. Cycle is assumed to be operating 
for the first time, according to this knowledge author is aware of disturbances in workflow of system Pressure at 
the outlet of compressor is determined by pressure in vessel in given step. Mathematical models used for each 
component are described below. Model was programmed in Microsoft Excel.  

4.1. Charging process 

Charging model is dynamic model described by differential equations (1)(2). Solution of this system is 
numerical solution and is carried out step by step.  

The calculations were based on mass (1), and energy (2) balances of the air vessel: 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜

=  �̇�𝑚𝑖𝑖𝑖𝑖
𝑉𝑉

 (1) 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜

=  �̇�𝑚𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖 − �̇�𝑄𝑙𝑙 (2) 

where:  
𝜌𝜌 - density, 
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𝜕𝜕 - time,  
�̇�𝑚𝑖𝑖𝑖𝑖- input air mass flow,  
𝑉𝑉 - cavern volume,  
𝑈𝑈 - internal energy,  
ℎ𝑖𝑖𝑖𝑖-input air specific enthalpy,  
�̇�𝑄𝑙𝑙 - heat losses. 
Differential equations of (1) and (2) are described below in (5) 

Efficiency of compression 𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 of j-th stage is assumed to be 85% for speeding up and simplification of the 
process of calculation. 

 𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 =
ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑠𝑠 − ℎ𝑖𝑖𝑖𝑖
ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑖𝑖𝑖𝑖

 (3) 

Variables related to the j-th stage of compression and time (𝜕𝜕𝑖𝑖), are defined as follows:  

a) Mechanical power at the time step  𝑁𝑁𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)  of j-th stage of compression is calculated as 

follows: 

 𝑁𝑁𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) = �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)[ℎ𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖) − ℎ𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)] (3) 

b) Mass of air 𝑚𝑚(𝜕𝜕𝑖𝑖) inside vessel is evaluated as differential equation from (1): 

 𝑚𝑚(𝜕𝜕𝑖𝑖) = 𝑚𝑚(𝜕𝜕𝑖𝑖−1) + �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1) (5) 

c) Pressure at the outlet of compressor P4 is determined by vessel and is calculated using 

equation (6): 

 𝐺𝐺𝑣𝑣 = 𝐺𝐺4 =
𝑅𝑅 𝑇𝑇𝑣𝑣(𝜕𝜕𝑖𝑖)
𝑉𝑉 𝑚𝑚(𝜕𝜕𝑖𝑖)

 (6) 

d)  Value of temperature at the outlet of j-th compression stage is calculated as follows: 

 𝑇𝑇2𝑠𝑠,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) = 𝑇𝑇1
𝑒𝑒𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)
𝑒𝑒𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)

𝜅𝜅�𝑜𝑜𝑖𝑖�−1
𝜅𝜅

 (7) 

 𝑇𝑇2,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) = 𝑇𝑇1 +
𝑇𝑇2𝑠𝑠,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)

𝜂𝜂𝑖𝑖
 (8) 

e) Mass flow rate of air �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖 for each step is calculated from ratio of real mass flow rate and 

nominal mass flow rate:  

 �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖 =
𝑦𝑦(𝜕𝜕𝑖𝑖)
𝑦𝑦𝑁𝑁

 (9) 

Dimensionless values of mass flow rate for compressor were taken from EBSILON software. 
Air is compressed from ambient conditions which in this case are: 

Table 4.1 Ambient conditions 

Parameter Value Unit 
𝐺𝐺𝑙𝑙𝑚𝑚𝑎𝑎  101325 𝐺𝐺𝑎𝑎 
𝑇𝑇𝑙𝑙𝑚𝑚𝑎𝑎  293,15 𝐾𝐾 
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For simplification it is assumed that the air is dry. 

Specific points from dimensionless compressor chart (Fig. 4.2) were read manually and if necessary 
approximated based on following equation (10) for straight line. Such approximation is possible because lines 
between points can be regarded as straight lines: 

 
𝑦𝑦𝑠𝑠 − 𝑦𝑦1
𝑒𝑒𝑠𝑠 − 𝑒𝑒1

=
𝑦𝑦2 − 𝑦𝑦1
𝑒𝑒2 − 𝑒𝑒1

 (10) 

Where subscript s indicates coordinate of point to be found, but one of values xs or ys must be already known. 

CMV line on compressor chart indicates maximum available point of work for each flap position. Line was 
created by division of each flap line into ten parts where beginning is indicated as 0 and the end as 1. Point 0,9 
on each flap position is the point where switching to next flap position must be done. This division was made 
manually by the author. 

Energy balance in the intercooler and post-cooler (j-th heat exchanger) is described with equation (11). 
Intercooler cools down the air to temperature of 40℃  

 ��̇�𝑚𝑙𝑙(𝜕𝜕𝑖𝑖)[ℎ𝑁𝑁𝐸𝐸,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) − ℎ𝑁𝑁𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)]� − ��̇�𝑚𝑤𝑤(𝜕𝜕𝑖𝑖)[ℎ𝑁𝑁𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜,𝑤𝑤(𝜕𝜕𝑖𝑖) − ℎ𝑁𝑁𝐸𝐸,𝑖𝑖𝑖𝑖,𝑤𝑤(𝜕𝜕𝑖𝑖)]� = 0 (11) 

Where mass of water flowing through heat exchanger is calculated as follows: 

Where 𝛽𝛽𝑤𝑤 = 4.19 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔𝑘𝑘

 is specific heat of water. 

Internal energy inside vessel is integrated in each step included mass of air flowing into the vessel and the heat 

losses. 

 �̇�𝑚𝑤𝑤(𝜕𝜕𝑖𝑖) =
�̇�𝑚𝑙𝑙(𝜕𝜕𝑖𝑖)[ℎ𝑁𝑁𝐸𝐸,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) − ℎ𝑁𝑁𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)]

𝛽𝛽𝑤𝑤  Δ𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜−𝑖𝑖𝑖𝑖
 (12) 

 𝑈𝑈𝑙𝑙(𝜕𝜕𝑖𝑖) = 𝑈𝑈𝑙𝑙(𝜕𝜕𝑖𝑖−1) + 𝐻𝐻𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)[𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1] − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖−1)[𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1] (13) 
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Fig 4.2 Dimensionless compressor map with CMV line indicating maximum possible operation points for each 
flap position. Red line indicates how author moved on this map and which points were choose for calculation. 

Where heat losses Qout are assumed as heat exchange between air and walls of the vessel only via convection and 
are calculated as follows: 

Temperature inside vessel is calculated using Excel’s “What if” tool. Knowing enthalpy inside vessel and mass 
of air in given time step, it is possible to calculate specific internal energy u. Specific internal energy is 
calculated second time for 𝐺𝐺𝑣𝑣  and 𝑇𝑇𝑣𝑣  using CoolProp. Having those values, specific internal energy from 
CoolProp is set to the value from the first 𝑢𝑢 by changing temperature 𝑇𝑇𝑣𝑣 value. The same algorithm is applied 
while discharging.  

4.2. Air storage process 

Evaluation of storing process is made simultaneously with charging or discharging. Conditions inside vessel 
determine work of compressor train and turboexpander. Moreover, in this paper discharging is assumed to be 
conducted immediately after charging to maximum pressure. 

4.3. Discharging process 

Discharging process is also described by differential mass (1) and energy (2) equations. Discharging model is 
calculated numerically step by step. 

Emptying process is described by following energy balance and is written based on equation (2): 

 𝑈𝑈𝑙𝑙(𝜕𝜕𝑖𝑖) = 𝑈𝑈𝑙𝑙(𝜕𝜕𝑖𝑖−1) − 𝐻𝐻𝑙𝑙,𝑣𝑣(𝜕𝜕𝑖𝑖)[𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1] − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖−1)[𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1] (15) 
Mass of air inside vessel is evaluated using equation (16): 

 𝑚𝑚(𝜕𝜕𝑖𝑖) = 𝑚𝑚(𝜕𝜕𝑖𝑖−1) − �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖 − 𝜕𝜕𝑖𝑖−1) (16) 

Designed value of mass flow rate for turboexpander was taken from AtlasCopco catalogue of turboexpanders 

[14] and was equal 100000 𝑚𝑚𝑖𝑖
3

ℎ
. After recalculation for conditions inside vessel and kilograms it gives value of 

�̇�𝑚𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜,𝐷𝐷 = 39.791𝑘𝑘𝑔𝑔
𝑠𝑠

. From this value will be calculated actual mass flow rate through turboexpander. 

Mechanical power produced on turboexpander in time (𝜕𝜕𝑖𝑖) can be evaluated with equation (17): 

Since pressure inside vessel, temperature of air in vessel and pressure at the output of turboexpander are known 

the mass flow rate of air flowing into turboexpander must be determined. In order to do that Stodola’s Ellipse 
Law is applied [11]  

 
𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)�1 − 𝜙𝜙𝑖𝑖𝑖𝑖2 (𝜕𝜕𝑖𝑖)𝑌𝑌(𝜕𝜕𝑖𝑖) (18) 

Where: 

 𝜙𝜙𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) =
�̇�𝑚𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)√𝑇𝑇(𝜕𝜕𝑖𝑖)

𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖)
 (19) 

 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖) = 𝑘𝑘𝐴𝐴𝑣𝑣[𝑇𝑇𝑣𝑣(𝜕𝜕𝑖𝑖) − 𝑇𝑇𝑙𝑙𝑚𝑚𝑎𝑎] (14) 

 𝑁𝑁𝑅𝑅𝑖𝑖 = �̇�𝑚𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)[ℎ𝑅𝑅𝑖𝑖,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) − ℎ𝑅𝑅𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖)] (17) 
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 𝑌𝑌(𝜕𝜕𝑖𝑖) =
𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖,𝐷𝐷

2(𝜕𝜕𝑖𝑖) − 𝐺𝐺𝑅𝑅,𝑜𝑜𝑜𝑜𝑜𝑜,𝐷𝐷
2

𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖,𝐷𝐷
2(𝜕𝜕𝑖𝑖) 𝜙𝜙𝑖𝑖𝑖𝑖,𝐷𝐷

2(𝜕𝜕𝑖𝑖)
 (20) 

By algebraic rearrangement equation for mass flow rate through turboexpander was obtained: 

 
�̇�𝑚𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜(𝜕𝜕𝑖𝑖) =

𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) �
−�

𝑃𝑃𝑇𝑇,𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑇𝑇,𝑖𝑖𝑖𝑖�𝑜𝑜𝑖𝑖�

�
2
−1

𝑌𝑌(𝑜𝑜𝑖𝑖)

√𝑇𝑇(𝜕𝜕𝑖𝑖)
 

(21) 

where T – is the temperature of air flowing into turboexpander expressed in Rankine  

Variables related to the turboexpander operation in time (𝜕𝜕𝑖𝑖)are defined as follows: 

a) Pressure at the inlet to turboexpander 𝐺𝐺𝑅𝑅,𝑖𝑖𝑖𝑖 is determined by vessel and is calculated in similar way as 

equation (6) using appropriate values. 

b) Mass flow rate �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕𝑖𝑖) is calculated using Ellipse Law (19) (20) (21). 

c) Temperature after turboexpander is calculated using equation (7)(8). 

d) Efficiency of turboexpander is read from characteristic Fig 3.2 dimensionless compressor map with 

CMV line indicating maximum possible operation points or each flap position. Line marked with 

diamonds indicates how author moves on this map and which points were chosen for calculation. 

Fig 4.3 Dimensionless Turboexpander Performance Map from EBSILON software. Design point and point of 
actual work are shown. 

5. Results 
5.1. Energy balance of one cycle 

The components of energy balance are listed below. Fig 5.1 shows how those components relate to CAES plant. 

a) Energy of inflowing air, calculated using following equation : 

 𝐸𝐸𝑙𝑙,𝑖𝑖𝑖𝑖 = � �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕)ℎ𝑙𝑙,𝑖𝑖𝑖𝑖

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 (17) 
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In this paper specific enthalpy of inflowing air is always the same since the ambient conditions remains 
unchanged through the whole process of calculation. 

b) Electric energy needed for compression: 

Electric energy required to drive the compressor will be calculated twice since there are two stages of 
compression in the system. 

c) Cold obtained at the outlet of turboexpander: 

d) Heat removed in heat exchangers 

Heat exchangers will be also calculated twice since there are two of them in system. 

e) Heat losses during charging and discharging : 

f) Internal energy of turboexpander 

 

Results from calculation of energy balance for one cycle are shown in Table 5.4. 

Fig 5.1 Energy Balance components 

Table 5.4 Results of Energy balance for one cycle 

Parameter Vaule Unit Reference 
Energy entering Control Volume 

𝐸𝐸𝑙𝑙,𝑖𝑖𝑖𝑖 11790565.817 𝑘𝑘𝐽𝐽 (17) 
𝐸𝐸𝑙𝑙𝑙𝑙,𝑖𝑖1 4611643.966 𝑘𝑘𝐽𝐽 (18) 
𝐸𝐸𝑙𝑙𝑙𝑙,𝑖𝑖2 4964484.947 𝑘𝑘𝐽𝐽 (18) 

�𝐸𝐸𝑖𝑖𝑖𝑖  21366694.730 𝑘𝑘𝐽𝐽 − 

Leaving Control Volume 
𝐸𝐸𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑,𝑅𝑅 4022295.299 𝑘𝑘𝐽𝐽 (19) 

 𝐸𝐸𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖 = � �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕)Δℎ𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜−𝑖𝑖𝑖𝑖

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕  (18) 

 𝐸𝐸𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑,𝑅𝑅 = � �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕)Δℎ𝑙𝑙,𝑖𝑖𝑖𝑖−𝑜𝑜𝑜𝑜𝑜𝑜

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 (19) 

 𝐸𝐸𝑁𝑁𝐸𝐸,𝑖𝑖 = � �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕)Δℎ𝑁𝑁𝐸𝐸,𝑖𝑖𝑖𝑖−𝑜𝑜𝑜𝑜𝑜𝑜

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 (20) 

 𝐸𝐸𝑣𝑣,𝑙𝑙 = � 𝑄𝑄𝑙𝑙(𝜕𝜕)
𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 (21) 

 𝐸𝐸𝑅𝑅𝑖𝑖 = � �̇�𝑚𝑙𝑙,𝑖𝑖𝑖𝑖(𝜕𝜕)Δℎ𝑙𝑙,𝑖𝑖𝑖𝑖−𝑜𝑜𝑜𝑜𝑜𝑜

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 𝜂𝜂𝑅𝑅𝑖𝑖 (22) 
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𝐸𝐸𝑁𝑁𝐸𝐸,1 6801706.240 𝑘𝑘𝐽𝐽 (20) 
𝐸𝐸𝑁𝑁𝐸𝐸,2 44390.991 𝑘𝑘𝐽𝐽 (20) 

𝐸𝐸𝑣𝑣,𝑙𝑙,𝑐𝑐ℎ𝑙𝑙𝑟𝑟𝑔𝑔 1991802.619 𝑘𝑘𝐽𝐽 (21) 
𝐸𝐸𝑣𝑣,𝑙𝑙,𝑑𝑑𝑖𝑖𝑠𝑠𝑐𝑐ℎ𝑙𝑙𝑟𝑟𝑔𝑔 −20604.469 𝑘𝑘𝐽𝐽 (21) 

𝐸𝐸𝑖𝑖,𝑅𝑅 3395588,172 𝑘𝑘𝐽𝐽 (22) 

�𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜  16235178.852 𝑘𝑘𝐽𝐽 − 

    

�𝐸𝐸𝑖𝑖𝑖𝑖 −�𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜  5131515.878 𝑘𝑘𝐽𝐽 − 

 

From the results it can be seen that the difference in energy that needs to be put into the cycle and energy gained 
from the cycle as heat, cold and energy on turbine is around 5 GJ. 

5.2. Behavior of temperature and pressure inside the vessel 

Since the plant is assumed to be new build the vessel is being charged for the first time. Due to this knowledge 
the shape of temperature line and pressure line from Fig 5.2 can be explained. The vessel is trying to achieve 
energy balance with surrounding but is still charged which results in “sinusoidal” shape of abovementioned 
lines. The other cause for that maybe mass flow rate – which is showed in Fig 5.3 – at which air was compressed 

into the vessel.  

Fig 5.2 Temperature and Pressure inside vessel during charging process 
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Fig 5.3 Mass Flow Rate of air in compressor train 

The sinusoidal shape of mass flow rate through compressor is a result of changing flap positions to maintain 
required level of compression. The work points are shown in Fig 4.2 indicated by the red line. 

As seen in the next Fig 5.4 the discharging process is conducted smoothly. This is due to constant mass flow rate 

through the turboexpander. 

Fig 5.4 Discharging process. Pressure and Temperature inside vessel are shown 

5.3. Results from whole period of work 
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Designed CAES plant is capable to charge fully in 3.5 hour. Discharge time is equal 3 hours and 15 minutes. The 
time strongly depends on size of vessel and performance of compressor and turboexpander. The most important 
results are shown in Table 5.5 and values are given in GJ for legibility. 

 

Table 5.5 Results from whole operation 

Parameter Vaule Unit 

� 𝑁𝑁𝑙𝑙𝑙𝑙,𝑖𝑖
𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 3180.147 𝐺𝐺𝐽𝐽 

� 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑁𝑁𝐸𝐸

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 1429.947 𝐺𝐺𝐽𝐽 

� 𝑄𝑄𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑,𝑅𝑅

𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 664.868 𝐺𝐺𝐽𝐽 

� 𝑁𝑁𝑅𝑅𝑖𝑖
𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝜕𝜕 561.276 𝐺𝐺𝐽𝐽 

5.4. Efficiency of CAES plant 

Efficiency of abovementioned plant can be calculated in four ways. First, simple efficiency η𝑃𝑃 , which shows 

ratio of power generated on turbine to the power that is necessary to drive the compressor train.  

Since the heat from compression is removed, it can be utilized and the second efficiency ηℎ is obtained. 

Utilizing cold along with electricity we obtain the third efficiency η𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑.  

When all three useful energies are utilized we obtain trigeneration η𝑜𝑜𝑟𝑟𝑖𝑖. 

Table 5.6 Efficiencies of CAES plant 

Parameter Vaule Unit Reference 
𝜂𝜂𝑃𝑃 17.65 % (23) 
𝜂𝜂ℎ 62.61 % (24) 
𝜂𝜂𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑 38.56 % (25) 
𝜂𝜂𝑜𝑜𝑟𝑟𝑖𝑖 83.52 % (26) 

6. Conclusions 

 𝜂𝜂𝑃𝑃 =
∫ 𝑁𝑁𝑅𝑅𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕

∫ 𝑁𝑁𝑙𝑙𝑙𝑙,𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕
 (23) 

 𝜂𝜂ℎ =
∫ 𝑁𝑁𝑅𝑅𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕 + ∫ 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑁𝑁𝐸𝐸
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕

∫ 𝑁𝑁𝑙𝑙𝑙𝑙,𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕
 (24) 

 𝜂𝜂𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑 =
∫ 𝑁𝑁𝑅𝑅𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕 + ∫ 𝑄𝑄𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑,𝑅𝑅
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕

∫ 𝑁𝑁𝑙𝑙𝑙𝑙,𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕
 (25) 

 𝜂𝜂𝑜𝑜𝑟𝑟𝑖𝑖 =
∫ 𝑁𝑁𝑅𝑅𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕 + ∫ 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑁𝑁𝐸𝐸
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕 + ∫ 𝑄𝑄𝑐𝑐𝑜𝑜𝑙𝑙𝑑𝑑,𝑅𝑅
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕

∫ 𝑁𝑁𝑙𝑙𝑙𝑙,𝑖𝑖
𝑜𝑜2
𝑜𝑜1

𝑑𝑑𝜕𝜕
 (26) 
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There are multiple ways to integrate CAES with other systems. It can deliver pressurized air at demanded level 
and in demanded amount. Use of more than one expansion stages and throttling valves gives opportunity to 
satisfy wide range of pressures. Amount and time of delivery of pressure, electricity or/and cold depends at most 
on size of vessel and mass flow rate through turboexpander.  

In abovementioned cycle is no heating of air before turboexpander which gives very low temperatures at the exit 
of turboexpander. The average temperature at the outlet is the -151.25℃. This gives excellent opportunities of 
integration with cooling systems or use of the cold for technical purposes. 

Heat from compression can be stored and then used for heating up the air before turboexpander if the cold is not 
needed - for example if air is used for technological purposes such as for tools which are driven by compressed 
air. Heat from compression -as well as cold from expansion - can be used for district heating or cooling. 
However, there is an issue with transportation of such medium due to probable heat losses during transport. 
Another way of utilizing waste heat are Thermal Energy Storages [11][13] 

Electricity is used in motor to drive the compressor train. When CAES is integrated with wind turbines it gives 
opportunity of stable frequency and amount of delivered electricity. 
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Abstract 

Recently the new technology has been developed namely the perovskite solar cells. It is considered as 
innovative substitute for the conventional silicone solar cells. Perovskite technology shows satisfactory results 
reaching the values of currently used solar cells. The material shows features such as high elasticity and low 
manufacturing cost which can be a revolution for the photovoltaic market. The concept is still being developed 
and upgraded as it requires many improvements before it meets the requirements to be fully released to the 
market and commercialized. The main issues which perovskite solar cells face is their instability and the 
presence of lead amounts in their structure. However, perovskite have already found use in many applications 
and show great potential to be applied in various branches.  

Keywords: perovskite, solar cells, perovskite-based solar cells, photovoltaics 

1. Introduction 

Plans of energy transition in Poland take into account rising shares of renewable energy to 27% by 2030 [1]. So 
far data from 2018 shows that Poland hardly reached 12% [2]. Therefore, it is clear that the challenge is big. One 
way of achieving that goal is by introducing solutions for solar energy conversion into useful energy, as this 
technology is gaining more potential every year. Solar energy has the highest potential among available 
renewable energy sources. It can be transformed into electricity with the use of photovoltaic solar cells. The 
weather conditions in Poland are not the most favorable, however it is enough to develop this area and increase 
shares of renewables in total energy production. This aim could be achieved by introducing innovative solutions 
into the energy production not only in Poland, but all over the world to meet the requirements. In Poland the 
annual solar radiation on the horizontal plane takes values between 950 - 1250 kWh / 𝑚𝑚2 while the average 
insolation is 1600 hours per year [3]. By now the efficiency of standard silicon-based photovoltaic panels is 
about 17% and keeps improving [4].  

Recently perovskite solar cell technology is getting more and more attractive. The potential of photovoltaics in 
general is very promising and still being developed showing better results each year. The use of perovskite in 
power generation is another breakthrough that could bring the solar technology of energy production to the next 
level. Over last ten years the efficiency of perovskite solar cell reached almost 22,7% in 2018 , while in 2009 it 
was on the level of only 3% making it the fastest improving solar technology in history [5]. Right now the 
research shows efficiencies reaching even up to 25% [6], and theoretical efficiency of 30% according to Clean 
Energy Institute in Washington [7].  

Generally, perovskite is naturally occurring mineral forming a crystal lattice or most commonly a hybrid of 
organic-inorganic lead or tin halide-based material. The mineral was first discovered in Ural Mountains in 1839. 
perovskites material is a class of semiconductors which can be processed on many ways, where one of them 
enabled patenting first perovskite solar cell in 2009. The pioneering device however would only work for couple 
of minutes as the electrolyte dissolved the perovskite structure almost instantly. Perovskite solar cells have 
become highly efficient in a very short time, which is a huge success of research and development, however a 
number of challenges still remain before they can become a competitive commercial technology. Although still 
imperfect the perovskite solar cells can revolutionize the market and solar technology in the future allowing to 
meet the energy transition requirements and goals towards clean, carbon-neutral environment.  
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2. What is a perovskite? 

Perovskite solar cells is a type of thin-film cell made with the use of perovskite material as a semiconductor layer 
absorbing the light. The construction is very similar to the conventional silicon-based solar cells. However, the 
perovskite solar cells show extraordinary features thanks to the great capabilities of perovskite. A perovskite 
solar cells are considered a great alternative for most popular on the market silicone solar cells as they show 
great absorption features, relatively high-power conversion efficiency (PCE) and those are relatively cheap in 
manufacturing. Moreover, the material enables producing very thin cells that can be used for many applications, 
for example in the construction sector for covering, not only the rooftops, but also whole building walls.  
  
Perovskites show a unique crystallographic structure that contributes to high performance and effective photons 
conversion. Perovskite material has the same crystal structure as calcium titanium oxide. The term perovskite 
generally states for the mineral 𝐶𝐶𝑎𝑎𝑇𝑇𝑆𝑆𝑂𝑂3, but is used interchangeably for any structure that has the same generic 
form and the structure as the perovskite mineral.  In general, perovskites have chemical formula 𝐴𝐴𝐴𝐴𝑋𝑋3 , where A 
and B state for cation, where A comprises organic compounds and B states for elements such like lead (Pb) or tin 
(Sn). X anion bonds to both A and B, and states for halide ions like I, Br, and Cl. The perovskite crystallographic 
arrangement is as demonstrated below in [Fig. 2.1.].  
 
The ideal perovskite structure designated by general formula 𝐴𝐴𝐴𝐴𝑋𝑋3 contains a metal cation B surrounded by six 
anions X in such a way that they form a regular octahedron. A is a metal cation located between successive 
octahedrons and balancing the network charge. The structure can be arranged on multiple ways. One of the 
simplest representations of perovskite lattice structure is positively charged cation B in the center of the 
structure. The external corners are occupied by as well positively charged cations A and the faces of the cube 
occupied by negatively charged anion X visibly smaller than the cations A and B.   

 

 

 

Fig. 2.1. Perovskite crystal structure, source: [11]  

The elements that create a perovskite structure can be combined on many different ways. The selection and 
combination of material is crucial in determination of physical and chemical properties of the perovskite like 
bandgap, the lengths of spectrum absorbed, diffusion lengths etc [8]. It may influence e.g the bandgap which for 
perovskites usually is in the range of 1.55eV corresponding to an absorption of wavelenghts of about 800 nm for 
𝑀𝑀𝐴𝐴𝐺𝐺𝑏𝑏𝑀𝑀3 to bandgap of around. 2.3 eV in case of 𝑀𝑀𝐴𝐴𝐺𝐺𝑏𝑏𝐴𝐴𝑟𝑟3 which therefore has higher voltage potential [9].  
 
Most of efficient perovskites is based on metal halides from Group IV like previously mentioned lead or tin. In 
case of metal halide perovskites the most popular and often encountered are caesium lead halide (𝐶𝐶𝛽𝛽𝐺𝐺𝑏𝑏𝑋𝑋3) and 
methylammonium lead halide (𝐶𝐶𝐻𝐻3𝑁𝑁𝐻𝐻3𝐺𝐺𝑏𝑏𝑋𝑋3 ). This type of lead-based perovskie solar cells are particularly 
effective due to their features such as strong light absorption, long charge-carrier diffusion lengths, a tunable 
band gap and the ease of manufacturing. Moreover, the material has a high defect tolerance and can be processed 
at low temperatures [10]. 
 

3. Perovskite solar cell principle of operation 

The perovskite solar cells operation is based on the same principle as in case of traditional solar panels, namely 
they consist of a semiconductor that absorbs solar energy and initiates the flow of electrons. Negatively charged 
electrons surrounding the atoms in the crystal lattice absorb the photons that have energy beyond the band gap. 
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Then those are prompted to the conductive electronic states in crystal known as the conduction band. In turn the 
conductive pass of the charge causes a hole is left behind in the lower energy states of the crystal known as the 
valence band. Then the positive and negative charges are collected in the opposite electron nodes known as 
anode and cathode.  The excited electrons are captured then by wiring and converted into usable electricity.  

The typical perovskite solar cell is composed of 5 functional layers including respectively glass cover, anode in 
form of transparent conducting film, n-type compact layer, perovskite absorber, p-type hole transport material 
layer and cathode [15] . More specifically the perovskite solar cells are composed of layers such as in standard 
solar cells. As shown in [Fig. 3.1.], the basic construction of PCS consists of a layer of glass, Fluorine-doped Tin 
Oxide (FTO). FTO is a media for the electron’s transportation on top of which a metal such as 𝑇𝑇𝑆𝑆𝑂𝑂3 is placed 
which combined with FTO creates an anode in the perovskite solar cell. On top of that the perovskite material 
which is a semiconductor absorbing the light is being deposited to generate electrons and holes. As well known, 
the perovskite absorber can generate the charges by directly absorbing the insight light. Next the layer of spiro-
OMeTAD is placed on the perovskite layer which enables the holes transportation and finally the gold wires 
which both makes the cathode in the solar cell. The perovskite layer absorbs light and creates electrons in the 
conduction band and holes in the valence band. On one side 𝑇𝑇𝑆𝑆𝑂𝑂3  selectively transfers electrons from perovskite 
to the FTO anode, and on the other side spiro-OMeTAD selectively transfers holes through the carbon particles 
to the FTO cathode. Once the electrons are placed on the anode and holes are transported to the cathode the 
external load can be connected. The electrons themselves are free to travel through the circuit executing work, 
then the electrons return refilling the holes and that completes the circuit.  

 

Fig. 3.1. Perovskite solar cell structure  source: [7] 

The wavelengths of visible light are in the range of 400 and 700 nm, where those lengths correspond to the 
bandwidth wavelength absorbed by silicon solar cells. In this case any radiation with a longer wavelength lacks 
the energy to produce electricity [16]. At the same time the optical absorption spectrum of the solar cells made 
from perovskite material can covered up to 800 nm [17]. Hence strong absorption of visible light is considered as 
the main strength of the perovskite material in the solar cell. 

4. Perovskite promising potential  

One of the biggest perovskite solar cells success is the rapid technology development. The concept improved a 
lot since the release of first perovskite solar cell and quickly achieved results close to ones shown by standard 
silicone or galium-based solar cells. The efficiency of perovskite cells is impressive for such a fresh concept and 
relatively low time of research; therefore, the idea seems to be very promising at this stage. Research shows that 
in the close future the results of perovskite-based cells might exceed the conventional solar technology.  

Another great advantage of perovskite solar cell is that they are based on a material that can be produced in a 
laboratory environment which significantly decreases costs comparing to the silicon-based panels where the 
silicon is first extracted and has to be undergone processing before being applied. Moreover, the perovskite can 
be obtained thought process called “solution-processing” which is based on the same principle as printing 

https://www.cei.washington.edu/education/science-of-solar/perovskite-solar-cell/
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newspapers [13]. Thus, it can be seen that the process of perovskite solar cell production is much simpler and not 
only cheaper but also less time-consuming. 

What is more, perovskite solar cells have unique features and properties that make them an attractive material 
used for the solar cells production. The solar cells made of perovskite, however very thin still maintain the 
reliable efficiency, thus the cost of material is highly reduced and the cells can be incorporated to any surface, 
those less demanding but also more challenging as a building facades or small electronic devices. Also due to 
their properties the material and overall cell mass is significantly reduced which additionally lowers 
constructional stresses and allows for wider range of applications.  

From the point of view of energy production, the perovskites also show range of useful features such as great 
conductivity, magnetoresistance and ferroelectricity [14]. Perovskites can be also combined on many different 
ways of compounds resulting in various desired properties. Therefore, the technique of perovskite manufacturing 
makes them adjustable to the required conditions of operation and environment. All of above allows researches 
for optimization and selective design of the perovskite solar cells.  

In addition, the advantage of perovskites is their very high absorption coefficient, even exceeding the absorption 
of gallium arsenide or silicon solar cells [19]. This allows manufacturing of extremely thin cells with a thickness 
of only a few hundred nanometers. Reduced thickness corresponds to significantly smaller distances charges 
generated in the cell need to cover which minimizes losses. 

The possibility of choosing the composition of the perovskite from a wide range of organic and inorganic 
materials allows obtaining varied properties. An example is the modulation of the wavelength of absorbed light, 
which allows for the production of solar cells of various colors. Therefore the perovskite solar cells might be 
additionally considered not only as a device generating electricity, but also a decorative elements, e.g. in 
photovoltaics integrated with the building [19]. 

Application of the organic component in the perovskite structure allows the production of flexible thin-film cells, 
which significantly expands the range of possible applications. For comparison the silicon-based solar cells are 
very brittle and fragile therefore those require application of thick safety glass covers. Additionally, by adjusting 
the thickness of the active material in the perovskite cell, it is possible to produce modules with different levels 
of transparency. 

Last but not least, the perovskite technique can be used for the production of tandem-type solar cells. More 
specifically the perovskite come together with silicon-based solar cells combining great properties of both types. 
This concept allows the cost reduction and boosting the cell efficiency as with the use of one cell [13].  

5. Perovskites’ limitations 

One of the biggest problems of perovskite that limits its mass production is their long-term instability. The lack 
of stability in case of perovskite solar cells is often caused due to such factors as water, light or oxygen. More 
specifically the PCS still hard it finds to overcome the high temperatures and moisture degradation due to the 
material properties. The perovskite material undergoes decomposition in the humid ambience due to the 
hydrolysis of the compounds. The further degradation decreases significantly device efficiency as the 
compounds dissolve out of the perovskite resulting in porous structure that accelerates further oxygen and water 
absorption [18].   

Several strategies have been proposed to resolve this problem such as replacement of the compounds or by 
surface passivation. Namely, it is necessary to substitute the faulty material with perovskite of better resistance 
to external factors or additionally providing proper insulation which influences significantly the efficiency the 
price of solar cells.  Recently, utilizing passivation interface strategy is also one of the methods minimizing the 
moisture influence and improving the stability of cells. The passivation layer reduces the defects at the 
perovskite surface and facilitates electron extraction in the active layer. Also its hydrophobic properties influence 
enhanced solar cell stability as it protects the device from water damage and contributes to the moisture-
resistance of perovskite solar cell [18]. Another solution to improve perovskite solar cell stability is combining 
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2D-layered perovskites instead of 3D, which rises their intrinsic stability but also causes poorer overall 
performance [8].  

The second weakness of perovskite technology is the presence of lead in the active layer. Through leaching of 
the perovskite into the environment concerns still remain about exposure to toxic lead compounds. Although 
those are not numbers high enough to eliminate the perovskite technology completely, the research is being done 
in order to find lead-free perovskites. On the contrary some research has found the lead toxic impact to be 
negligible. Compounds such as  𝐶𝐶𝐻𝐻3𝑁𝑁𝐻𝐻3𝑆𝑆𝑛𝑛𝑀𝑀3  are taken into consideration as a substitute that could prevent 
negative lead effects for human health and environmental safety. Although lead-free perovskite solar cells are a 
good alternative, their power conversion is significantly lower than lead-based devices. Therefore, at this point 
this is what holds back the perovskite solar cells commercial production on a higher scale [19]. 

The perovskite solar cells at this stage in terms of performance suffer current-voltage hysteresis. This issue is 
critical as it is related to the power conversion efficiency and stability of the device. The considered factors 
influencing the device characteristics might be connected with bulk or surface defects, ferroelectric properties of 
perovskite related to its slow polarization or the excess of ions being able to migrate as a result of interstitial 
defects [20]. 

What is more, despite of the general low production cost, the overall cost is also problematic in the perovskite 
solar cells manufacturing. Currently most common electrode material for perovskite solar cell production is gold 
which significantly contributes to the higher overall cost. On the contrary the cheaper solar cells have a short 
lifespan, thus they do not meet the requirements. The solutions for expanding the lifespan of perovskite solar 
cells and increase their durability most often has an impact on rising prices of manufacturing and also increased 
mass which is to be solved before introducing this device to the market.  

6. Conclusions 

In summary, the perovskite solar cell is definitely a great breakthrough in the solar energy sector. It is clear 
that perovskies will able not only to compete with silicon as a large-scale technology in the solar power plants, 
but they also have the potential to revolutionize and take over the thin-film cells market. In addition to their 
high-power conversion efficiency, the fabrication of thin film organic-inorganic solar cells would bring a 
significant commercial benefit. Those light, elastic, cheap and efficient cells can find application in many sectors 
and devices used on daily basis such as smartphones, tablets or notebooks. Great features will allow application 
of perovskite solar cells in the production of energy-generating clothing, buildings elevations made of solar 
batteries and electric cars supported by solar energy. All those challenges together with reaching the standards of 
carbon neutral policies can be achieved thanks to perovskite technology. Despite the limitations still holding 
back the perovskite solar cells to be commercialized, it is highly probable that in the near future the solar energy 
might be dominated by the perovskite technology. Future research of the perovskites is likely to focus on 
improving the stability and reducing defect of the technology. The strategies for improving the perovskite solar 
cells performance consider inter alia passivation, inclusion of 2D perovskites and better optimization of interface 
materials. Improving the stability and reduction in the environmental impact of lead are to be continued areas for 
research. Beyond solar there is still a broad range of application and potential use for perovskites such as fuels 
cells, light-emitting diods or electrochemical sensing.  
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Abstract 

Energy Storage is one of crucial tool for enabling effective integration between renewable energy and unlocking 
the benefits of local generation, the resilient energy supply. The development of the technology continually 
proves the value to the grid operators around the world. This article will describe more about the principles of 
Compressed Air Energy Storage (CAES), type of the technology, advantages and disadvantages of the 
technology. There will be a brief description about ocean compressed air energy (OCAES) as a potential 
development and challenge in the future.  

Keywords: CAES, Renewable Energy, Compression, OCAES 

1. Introduction 

Environment and ecosystem balance are severely damaged over the past year. Renewable energy power 
generation become one of many solutions and attract attentions for ecological economy. But the big problem in 
the power generation of renewable energy is the stability of the grid system according to energy source that has 
been used.[2] The power is intermittent and fluctuant.[3] The electrical energy storage (EES) has recognized as 
one of the most promising approaches in addressing the challenge of intermittent source of renewable energy. [2] 

After more than 20 years of EES development, there are various energy storage technologies with different 
characteristic to suit different capacity and requirements. The most accepted EES that have been proved in large 
scale is pumped hydroelectricity storage (PHS) and compressed air energy storage (CAES). PHS is a mature 
technology but the development is constrained by special geology. Recently, CAES has been proven to be an 
alternative to PHS based on high reliability, feasibility and low environmental impact. [4,5] Figure 1 shows costs 
that is needed for CAES development is relatively similar with other energy storage technologies, but at the 
same time produce extensive cost of capital power.  

 

Fig.1.1. Comparation of energy storage technologies according to capital energy cost and capital power cost [1] 

The present article gives an overview of basic principle and description of each CAES types. Advantages and 
disadvantages of using CAES will be discussed followed by challenge in the CAES development. Ocean 
compressed air energy storage will be explained briefly in the potential development of energy storage.  
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2. Basic Principles of Compressed Air Energy Storage  

Compressed air energy storage (CAES) plants are largely equivalent to pumped hydro power plants in terms of 
their applications. In CAES plant, the work of system is not about pumping water from lower zone to the upper 
pond. But it is used the ambient air or other gas that will be compressed and stored in an underground container. 
When the electricity demand is rising, the pressurized air is reheated and expanded in an expansion turbine 
before going through a generator for power production. [4,5] 

The special thing about compressed air storage is that the air heats up strongly when being compressed from 
atmospheric pressure to a storage pressure of approximately 70 bar. Standard multistage air compressors use 
inter- and after-coolers to reduce discharge temperatures to around 149 and 177°C and cavern injection air 
temperature reduced to around 43 - 49°C. The heat that has been compressed is either being extracted during the 
compression process or removed by an intermediate cooler. The loss of this heat energy then has been 
compensated for during the expansion turbine power generation phase by heating the high-pressure air in 
combustors. The heating process is using natural gas fuel, or in the other way using the heat from combustion 
gas turbine exhaust in a recuperator to heat the incoming air before the expansion cycle. Alternatively, the heat 
of compression can be thermally stored before entering the container and used for adiabatic expansion extracting 
heat from the thermal storage system. [2] 

2.1 Compressors and Expanders 

The design of compressors and expanders are chosen according to the application of storage. Capacity of the 
storage will determine the pressure of air and type of compressor that will be used. Multi-stage compressors with 
higher energy storage density can reach 30MPA of storage pressure. The CAES system pressure is about 8 MPa 
and combined with axial flow compressors and centrifugal compressors. [6] 

 
3. Current Development of Compressed Air Energy Storage 

3.1 Type  
3.1.1 Diabatic 
Diabatic Cycle dissipates the extra heat with intercoolers into atmosphere as waste. Upon removal from the 
storage, air must be reheated to expansion in the turbine to power a generator. It can be accomplished with a 
natural gas fired burner for utility grade storage. Additional heat from fuels and the lost heat due to expansion 
will degrades efficiency. [9] 

 

Fig. 3.1. Diabatic Cycle for CAES [7] 

3.1.2 Adiabatic 
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In the adiabatic cycle the thermal energy recovered during the compression cycle is stored and used later to 
reheat the stored air during the generation cycle to reduce or even eliminate any fuel consumption. Adiabatic 
cycle uses sensible or latent heat storage and recovery materials. Adiabatic CAES plant is the plant where no 
fuel is used during the plant’s generation cycle. The roundtrip efficiency for this type of plant has been 
estimated to be 65% [10] 

Adiabatic cycle retains the heat produced by compression and returns it to the air when the air is expanded to 
generate power. With adiabatic compression, some of compression work goes into heating the gas. Efficiency 
will be reduced if this heat is lost to surroundings, and the same quantity of heat is not added to the gas upon 
expansion. [7] 

 

Fig. 3.2. Adiabatic Cycle for CAES [7] 

3.1.3 Isothermal [7] 

Isothermal cycle approaches attempt to maintain operating temperature by constant heat exchange to the 
environment. They are only applicable for low power levels without adding other heat exchangers. The 
theoretical efficiency of isothermal energy storage approaches 100% for small and slowly cycled devices and 
perfect heat transfer to the environment. In practical things, both of these cycles are hardly obtainable because 
heat losses sometimes are unavoidable.   

The isothermal process maintains constant temperature. Compression process that generate heat must flow to 
the environment so the temperature will remain constant. In practice this is often not the case, because proper 
intercooling requires a compact internal heat exchanger that is optimized for high heat transfer and low 
pressure drop. Isothermal compression can be approximated only at low flow rates when there is no internal 
heat exchanger in the particularly small system. For higher inherent heat exchanger, small compressors are 
needed due to a higher ration of surface area to volume.  
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Fig. 3.3. Isothermal Cycle for CAES [7] 

4. Advantages and Disadvantages of Using Compressed Air Energy Storage  

4.1 Advantages  

Compressed air energy storage designed for specific application which can provide benefit to owners, 
operators of power generation facilities. Economically said, that CAES plant can provide significant energy 
storage at relatively low costs. The plant has unlimited flexibility for providing precise amount of load 
management at the utility or regional levels. [8] 

From electrical department, the utilization of CAES can provide VAR support. It can supply reactive power in 
the synchronous condenser mode. It can be operated 24 hours a day in the synchronous condenser mode, since 
it does not require any air from the storage reservoir. Other than that, CAES provide frequency regulation 
which can provide much better frequency control than a base load power plant.  

From optimization point, CAES can store nighttime wind energy for delivery during the higher priced daytime. 
It will increase use of generation facilities during off-peak hours when it is on charging mode. CAES will 
absorb excess generating capacity with its compressor during times when the demand is decreasing. 
Furthermore, CAES plants have fast startup time. On the emergency mode, the startup times from cold 
conditions are about 5 minutes, while on normal startup times are about 10 to 12 minutes. [11] 

4.2 Disadvantages  

The development of CAES still ongoing on many parameters. Despite on many development plans on research 
and development on CAES, there are a few potential reasons that can be barriers. The underground geology is 
one of the main risk issues by utilities. Site selection is something limited since there still needs on the 
presence of mines, caverns, and certain geological formations. That is why the land or site selection for CAES 
is one of the main issues. [11] 

From technological point, the requirement for additional heating in the expansion process is one of 
disadvantages that still trying to make progress on research to be solved. Other from that, in the case with 
energy conversion, certain losses are inevitable. There will be less energy makes it to the grid if it passes 
through the CAES system than in a similar system without storage. But, still there will be more improvement 
from research in the future to minimize the loss in the grid lines.  

5. Future Development of Compressed Air Energy Storage  
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5.1 Potential 

The 70% of world is surrounded by Ocean source, which has the potential to provide a significant amount of 
renewable energy. Ocean compressed air energy storage (OCAES) system is a promising system for ocean 
resources. In OCEAS, energy is stored in the form of highly compressed air in the underground storage tank. To 
store compressed air at high constant pressure, OCEAS uses hydrostatic pressure in Deep Ocean. Compared to 
land based, OCEAS has significant improvement on isothermal energy compressed air. Ocean compressed air 
energy storage system can be designed for a large-scale energy storage with the use of hydraulic/pneumatic 
components. [12] 

In OCAES, energy will be stored as a compressed air in an underwater storage. OCAES takes the advantages of 
hydrostatic pressures in the deep ocean to store compressed air. It will be constant high pressure in the certain 
position deep in the ocean. When electricity demand is needed and for the energy recovery, compressed air will 
be passed through the expander to produce the electricity. [12] 

Generally, OCAES use isothermal type of CAES. Isothermal OCAES has a potential to have high roundtrip 
efficiency. Other benefits from isothermal OCAES is this system can eliminate the need for fuel and high-
temperature thermal energy storage. Ideal isothermal compression will not add thermal exergy which lead to 
avoid loss of exergy. Meanwhile in expansion process, exergy from compressed air is completely converted to 
electrical energy. Round trip efficiency for isothermal OCAES is between 50-70%. [13] 

 

Fig. 5.1. Schematic of Ocean Compressed Air Energy Storage system [13] 

5.2 Challenge 

The prime challenge in installing a compressed air storage system is the infrastructure and space requirements 
which eventually results in higher cost and complexity. This concept has distinct benefits such as close location 
to energy sources and relatively large volume of storage. Nevertheless, feasible studies are still immature and 
certain problems must be overcome in order to develop a fully functional, large-scale operating concept. The 
major problems are related to the safety of operation i.e. isolation of workings designated for air storage from the 
remaining coal, provide leak tightness at high pressure, underground storage integrity and stability during 
injection/withdrawal cycles. Only after overcoming and solving these major issues this concept might be 
feasible. [11] 

6. Conclusions 

CAES systems can be used on very large scales. Unlike other systems considered large-scale, CAES is ready to 
be used with entire power plants. Apart from the hydro-pump, no other storage method has a capacity as high as 
CAES. Typical capacities for a CAES system are around 50 to 300 MW. The storage period is also the longest 
since its losses are very small. A CAES system can be used to store energy for more than a year. 
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Fast startup is also an advantage of CAES. A CAES plant can provide a startup time of about 9 minutes for an 
emergency start, and about 12 minutes under normal conditions. By comparison, conventional combustion 
turbine peaking plants typically require 20 to 30 minutes for a normal startup. If a natural geological formation is 
used (rather than CAS), CAES has the advantage that it doesn't involved huge, costly installations. Moreover, the 
emission of greenhouse gases is substantially lower than in normal gas plants.  

The main drawback of CAES is probably its reliance on a geological structure. There is actually not a lot of 
underground caverns around, which substantially limits the usability of this storage method. However, for 
locations where it is suitable, it can provide a viable option for storing energy in large quantities and for long 
times. In summary, a CAES system: can be used in large scales, has a fast startup time, and is a low-cost 
installation when geological formations are used. The main drawback is its reliance on geological structures. 
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Abstract 

Heat pipes are extensively used in the recent trend as highly efficient passive heat transfer devices. One such 
application is focused by this paper. Here, a study has been made to evaluate experimentally and numerically 
the performance of a two phased closed thermosyphon heat pipe, and its implementation in car cabin, so as to 
remove the accumulated thermal radiations and to restore the thermal comfort of the passengers, after being 
parked for a long time under sunny areas. 
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1. Introduction 

A heat pipe is an evacuated cylindrical sealed tube containing a working fluid. It is divided into three sections 
which are evaporator section, adiabatic section and condenser section. Heat and mass transfer of the working 
fluid occurs inside the heat pipe primarily due to the transfer of latent heat, in and out of the heat pipe. There 
are many different kinds of heat pipes but for simplicity purpose, this paper considers the two-phase closed 
thermosyphon heat pipe incorporating a six layered screen mesh wick. Fig. 1.1 shows the schematic of the 
heat pipe. 
 

Fig. 1.1. Schematic diagram of the heat pipe 

2. Heat Pipe Design 

2.1. Design constraint

mailto:hodmech@kcgcollege.com
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  Table. 2.1. Design requirements of heat pipe 
 

Design type Dimensions 
Heat pipe length (lhp) 10.16 cm 
Evaporator length (le) 02.54 cm 
Condenser length (lc) 02.54 cm 
Adiabatic length (la) 05.08 cm 
Outer diameter of heat pipe (do) 01.58 cm 
Inner diameter of heat pipe (di) 01.39 cm 
Wall thickness (tw) 00.17 cm 
Vapor space radius (rv) 00.69 cm 
Surface area of heat pipe (Ahp) 01.53 cm2 
Area of vapor space (Avs) 00.38 cm2 
Capacity (Q) 300.0 W 
Operating temperature range (Tmin – Tmax) 300 – 343 K 

 
2.2. Heat pipe geometry 

 

 
Fig. 2.1. Heat pipe geometry and dimensions 

3. Material Selection 

3.1. Heat pipe 

• Material: ACR – L type soft copper pipe 
• Outer diameter – 1.5875 cm 
• Wall thickness – 1.7780 cm 

Legierski et al [1] investigated the simulation of transient characteristics of heat pipes and they found that the 
effective thermal conductivity of the heat pipe is time dependant during its transient state of operation. 

Annamalai and Ramalingam [2] performed experimental and CFD analysis of air cooled heat pipe and they 
found that an increase in evaporator heat flux causes the system to attain steady state at a higher temperature. 
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3.2. Wick 

Kempers et al [3] attempted to characterize the evaporator and condenser thermal resistance of a screen mesh 
wicked heat pipes and found that conduction is the dominant mode of heat transfer across the wick in the 
condenser while conduction or boiling heat transfer can happen at evaporator depending on the vapor pressure 
and heat flux 
 
Kempers et al [4] investigated the effect of number of mesh layers and fluid loading on the performance of 
screen meshes wicked heat pipes and they found that by increasing the number of mesh layers increases the 
maximum heat transfer quantity along with a slight increase in thermal resistance. 
 
Putra et al [5] evaluated the thermal performance of screen mesh heat pipes with nanofluids and found that 
using nanoparticles form coatings over the screen mesh that aids in reducing the thermal resistance of the heat 
pipe. 
 

• Material: Copper mesh 100 
• Wire diameter – 0.1143 cm 
• Opening – 140 microns 
• Opening area – 30% 

3.3. Working fluid choices 

Per Wallin [6] provided certain guidelines on the determination of operating limits of heat pipe as a function 
of temperature, that helps in selection of appropriate working fluid. 

• Distilled water 
• Acetone 
• Methanol 

The selection of working fluid is based on the operating limits of the heat pipe which are evaluated in the next 
topic. 

4. Operating limits and working fluid selection 

In order to make sure that the heat pipe operates satisfactorily, the limitations of the heat pipe must be evaluated. 
There are five different limitations that are critical to the performance of the heat pipe. They are viscous limit, 
sonic limit, entrainment limit, capillary limit and boiling limit. Fig. 4.1. shows the different limitations to be 

considered as a function of temperature and axial heat flux 

Fig. 4.1. Operating limits of the heat pipe 
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4.1. Viscous limit 

The vapor pressure difference between the evaporator and condenser end is very small at low temperatures, then 
the viscous forces may be dominant. During start-up when the temperatures are low, the dominant viscous forces 
prevent the operation of the heat pipe until the working range is achieved. The criteria for the consideration of 
viscous limit [8] is given by (1) 

(ΔPv/Pv) < 0.1 (1) 

Viscous limit is of minimal importance for normal temperature applications according the Handbook of heat 
transfer. 

4.2. Sonic limit 

The sonic limit is to be considered at the minimum working temperature. Equation (2) is used to calculate sonic 
limit 

 

 

Table. 4.1. Sonic limit heat flux 

WORKING 
FLUID 

SONIC LIMIT HEAT FLUX 

Water 1.448 KW/cm2 
Methanol 5.870 KW/cm2 
Acetone 4.660 KW/cm2 

The heat pipe has a circular cross section and is required to transport 300 W, so the actual heat flux is 0.048 
KW/cm2. Comparison with the sonic limitations of various working fluids as shown in Table. 4.1. we can see 
that the limit is not going to be reached for the fluids. 

4.3. Boiling limit 

The degree of superheat ΔT required to cause boiling in the evaporator is given by (3). ΔT is evaluated at 
maximum temperature, as the lowest permissible degree of superheat will occur at maximum temperature 

 

 

Table. 4.2. Sonic limit heat flux 

WORKING 
FLUID 

SONIC LIMIT HEAT FLUX 

Water 9.000 K 
Methanol 0.717 K 
Acetone 0.690 K 

The calculated values of degree of superheat for the three choices of working fluid are given in Table. 4.2. 
Preference must be given to those fluids that have the highest degree of superheat since the chances of boiling in 
the wick will be reduced. In our case water gets the first preference as the working fluid followed by methanol 
and acetone. 
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4.4. Entrainment limit 

The entrainment limit is evaluated at maximum temperature of operation and is given by (4) 

 

 

Table. 4.3. Entrainment limit 

WORKING 
FLUID 

ENTRAINMENT LIMIT 

Water 15786.20 W 
Methanol 10917.34 W 
Acetone 7401.33 W 

The heat pipe has a circular cross section and is required to transport 300 W. Comparison with the entrainment 
limitations as given in Table. 4.3. we can see that the limit is not going to be reached for the fluids. 

4.5. Capillary limit 

The performance of the working fluids can be evaluated by the Merit Number. The formula for evaluating merit 
number is given by (5). The Merit number for different fluids are shown the figure below 

 

 

Capillary limit is only a comparative criterion that can be used to select the working fluid. Capillary limit plays a 

very significant role when the heat pipe is operated in orientations other than the vertical 

Fig 4. Merit number of selected working fluids 

From the results of evaluation of the above limits, we can infer that water suits as the best working fluid. 

5. Experimental analysis 

Fig. 5.1. shows the experimental setup of the heat pipe. The adiabatic section and the protruding ends of 
condenser and evaporator section are insulated by means of glass wool. Fig. 5.2 shows the front view of the heat 
pipe setup.  
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Fig. 5.1. Experimental setup 
 

Fig. 5.2. Front view of the heat pipe setup 
 

                               
(a) (b) (c) 

 
Fig. 5.3. Close up view of (a) evaporator, (b) adiabatic and (c) condenser 

Three thermocouple wires are connected to the heat pipe, one for each region, and the other end to a multipoint 
scanner for temperature measurement. The voltage is controlled by means of a voltmeter to provide a supply 
power of 18W. Three sets of readings were taken and the average of them is tabulated in Table. 5.1. 

Table. 5.1. Experimental results 
 

Evaporator 
(°C) 

Adiabatic 
(°C) 

Condenser 
(°C) 

Time (Sec) 

65 45 42 3 
62 49 44 6 
59 50 54 12 
56 51 46 24 
53 51 47 45 
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51 50 46 54 
49 49 46 75 

6. Implementation 

Hussain H. Al-Kayeim [7] et al investigated the accumulation of thermal radiations and its distribution inside a 
parked car cabin and they found that most of the hot air accumulates in the top part of the cabin and natural 
circulation takes place due to differential heating. 

Peyghambarzadeh et al [8] investigated the thermal performance of different working fluids in the heat pipe and 
found that increasing the evaporator heat flux increases the evaporator heat transfer coefficient and increasing 
the inclination angle of heat pipe decreases its thermal resistance. 

The heat pipe system is implemented in Maruti 800 car for practical testing and four locations are marked 
where the heat pipe is to be placed. They are 

• Two on either side of the A pillar of the car 
• Two on either side of the C pillar of the car     

Fig. 6.1. Installed heat pipe system 

Three thermocouple wires were connected in the car, one to measure the ambient temperature, one to measure 
the temperature of the car cabin and the other to measure the temperature of the heat pipe. Fig. 6.1. shows the 
installed heat pipe on the car. As it can be seen, the evaporator is located below the roof of the car while the 
condenser is located above the roof of the car. 

Table. 6.1. Results after installing heat pipes 
 

Before heat pipes After heat pipes 
Peak inside temperature 59°C Peak inside temperature 43°C 
Ambient temperature 40°C Ambient temperature 38°C 
ΔT 19°C ΔT 5°C 
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7. Conclusion 

The results of the experimental and practical implementation of passive car cabin cooling system proves the 

temperature drop inside the car cabin. The temperature inside the car came down from 19°C to 5°C after 
installing the heat pipes, thus proving that the heat pipe is an efficient passive heat transfer device that effectively 
satisfies the application of car cabin cooling. 

Acknowledge 

Laboratory support offered by Department of Mechanical Engineering, KCG College of Technology. 

Reference 

[1] Leigierski J., Wiecek B., and Gilbert de Mey, “Measurements and simulations of transient characteristics of 
heat pipes,” Microelectronics Reliability, Science Direct, vol. 46, 2006, pp. 109-115. 

[2] Annamalai A.S, Ramalingam V., “Experimental Investigation and computational fluid dynamics of a air 
cooled condenser heat pipe,” Thermal Science, vol. 15, 2011, pp.759-772. 

[3] Kempers R., Robinson A.J, Ewing D., Ching C.Y., “Characterization of evaporator and condenser thermal 
resistances of a screen mesh wicked heat pipe,” International Journal of Heat and Mass Transfer, Elsevier, 
vol. 51, 2008, pp. 6039-6046. 

[4] Kempers R., Ewing D., Ching C.Y., “Effect of number of mesh layers and fluid loading on the perfromance 
of screen mesh wicked heat pipes,” Applied Thermal Engineering, Science Direct, vol. 26, 2006, pp. 589-
595. 

[5] Putra N., Septiadi N., Ridho Irwansyah, “Thermal performance of screen mesh wick heat pipes with 
nanofluids,” Experimental Thermal and Fluid Science, Elsevier, vol. 40, 2012, pp. 10-17. 

[6] Per Wallin, “Heat pipe, selection of working fluid ,” Energy Sciences, Lund University, Sweden, 2012. 

[7] Hussain Al-kayiem H., Noble B., Sneddon I.N., “Study on the thermal accumulation and distribution inside 
a parked car cabin,” American Journal of Applied Sciences, January 2010. 

[8] Peyghambarzadeh S.M., Shahpouri S., Aslanzadeh N., Rahimnejad M., “Thermal performance of 
different working fluids in a dual diameter circular heat pipe,” Ain Shams Engineering Journal, Elsevier, 
vol. 4, 2013, pp. 855-861.



 Contemporary Problems of Power Engineering and Environmental Protection 2019 197
  
  

Future of Fossil Fuels and Renewable Energy – A Review 

Saman Hussein Aljaf 1,Vishal Gorecha12, Chrisanthemum Wadwadan3 

1Department of Energy and Environmental Engineering, Silesian University of Technology, e-mail: 
samanhussein8@gmail.com; 
2Department of Energy and Environmental Engineering, Silesian University of Technology, e-mail: 
visgor318@gmail.com; 
3Department of Energy and Environmental Engineering, Silesian University of Technology, e-mail: 
ctwadwadan@gmail.com 
 

Abstract 

With the increasing pressure from the Paris Agreement, big companies are starting to invest on technologies 
towards the use of renewable energy sources such as photovoltaics, wind turbines, biomass, and others in order 
to ensure that the temperature increase will not exceed 2oC in this century. One of the drivers for energy 
transition includes the fact that fossil-based fuels are expected to be depleted in 100 years considering the 
continuous increase in energy demand. With this in mind, suppliers of fossil fuels who are the key players in the 
energy transition are continuously researching, seeking, and experimenting new technologies in order to develop 
reliable and renewable sources of energy. Energy transition cannot be stopped or hindered. It is the future that 
needs to be embraced by everyone – industries, suppliers, policy makers, and consumers. 

Keywords: energy transition, renewable energy, fossil fuel 

1. Introduction 

Climate change is a hot topic for the past few years already due to the observed occurrences in the environment. 
Some occurrences include shifting of weather patterns and rising sea levels. Over the past centuries, greenhouse 
gases (GHGs) kept on accumulating in the atmosphere, therefore trapping the sun’s heat on earth. According to 
the United Nations, the average global temperature on earth is related to the concentration of GHGs in the 
atmosphere [1]. Moreover, it was observed that ever since the time of Industrial Revolution, the GHG 
concentration in the earth’s atmosphere has been increasing progressively along with the global mean 
temperature. It was also mentioned that the most abundant GHG is carbon dioxide (CO2) and it comprises 
around two-thirds of the GHG in the atmosphere. Carbon dioxide is produced mostly from burning of fossil fuels 
[1]. In addition to this, the increase in the consumption of fossil fuel-based resources and varying ways of life is 
one of the key drivers of global resource usage and the leading contributor of increasing GHG emissions [2]. 

Due to the concerns about GHG emissions and its effect on the increasing average global temperature, the Paris 
Agreement was created with the purpose of uniting all nations with the goal of combating climate change [3]. 
The main aim of the Paris Agreement is to limit below 2oC the global temperature increase this century and to 
lessen it more to 1.5oC. The agreement also aims to help and support other countries to deal with the effects of 
climate change [4]. 

It was identified that the energy supply sector is the leading contributor of GHG emissions [5]. Since economic 
growth is linked with the increase in the demand for power, coal and other fossil fuel-based products plays the 
major share in the global fuel mix. Global demand of energy consumption is expected to rise in the next decades, 
and fossil fuel will still remain as dominant source. Currently, with the growing desire of low hydrocarbon 
emission and clean energy, society faces a real challenge of how to obtain clean, reliable, and affordable energy - 
energy that directly impacts climate change. According to a study that was conducted by University of Oxford, 
since 1900, the energy consumption has increased at a rate of 2.8% per year and has continued to increase at a 
rate of 2.2% annually in the 21st century [6].  Therefore, the energy consumption demand is expected to exceed 
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100,000 Terawatt Hours in 2050 if the demand of energy increases by 1.7% per year. Moreover, increasing 
demand of energy in the future is beginning to concern the society and governments to seek for alternative 
energy which can minimize the carbon dioxide emissions into the environment. It is also important to mention 
that this prediction has been based on increasing global population, increasing incomes, and declining poverty. 
Fig. 1.1. shows that fossil fuels are still big contributors on the energy mix by 2050. 

 

Fig. 1.1. Share of Energy Mix by 2050 [6] 

There is a general concern that the current renewable technologies will not be able to meet the required demand 
of energy consumption in the future, due to low producing energy from renewable sources. To demonstrate, in 
2017, the energy produced from solar and wind sources were 1850 Terawatt-, and the estimation of combined 
annual growth rates are around 270 Terawatt-hour. Consequently, to provide 50% of the total energy 
consumption to the world, it will take more than 175 years [6]. Fig. 1.2. and 1.3. shows share of fossil fuels and 
renewable sources for years 2017 and 2018, respectively. 
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Fig. 1.2. Electricity Generation (TWH) by Fuel in year 2017 [7] 

 

Fig. 1.3. Electricity Generation (TWH) by Fuel in year 2018 [7] 

Besides the wind and solar sources, hydro power has been continually growing at its peak by an average of 180 
Terawatt-hour annually, while the nuclear is increasing gradually 10% per year which is around 50 Terawatt-
hour [6]. Even though the renewable energy constantly increases each year, fossil fuel is still very essential to fill 
the global energy needs.  According to the study from University of Oxford, 120 million barrels per day, and 400 
trillion cubic feet of natural gas will still be needed to meet the required energy of the world in 2050 [6]. 
Therefore, a huge amount of hydrocarbon emissions will be released into the environment as shown in Fig. 1.4. 
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[7]. It can also be observed from Figure 1 and Figure 2 that the process of energy transition is very slow due to 
many factors such as how the renewable technologies will evolve, which sort of energy will society choose, and 
most significantly, the implementation of government policies on the power plants. Therefore, it will take a very 
long period of time in order to provide enough energy to meet the global demand with zero emission. 

 

Fig. 1.4. Carbon Dioxide Emission [7] 

2. Energy Transition Narratives 

There are different setups which can be considered for the future of energy in terms of the speed of transition. It 
can be grouped into two primary narratives – gradual and rapid [8]. The Gradual Narrative infers that the energy 
world of tomorrow will look roughly the same as that of today – implying that the global energy system has an 
inertia incompatible with the Paris Agreement. On the other hand, the Rapid Narrative infers that the current and 
new clean energy technologies are rapidly supplying all the growth in energy demand and together with new 
policies will reshape markets, business models and patterns of consumption leading to a peak in fossil fuel 
demand in the course of the 2020s [8]. 

Whether the world will follow a path of a gradual or rapid transition will also make a significant difference to 
business across the energy spectrum. The rapid transition will bring new opportunities but the need to adapt to 
faster change will be greater. While the global energy system and the factors that impact it are more complex 
than any scenario or narrative can capture, this paper builds on different existing scenarios and summarizes the 
main ways in which they differ. It also highlights what to look for over the course of the next decade to see 
which narrative plays out. 

2.1.  Implications for the Fossil Fuel Sectors 

Growing economies and populations will drive continued growth in demand for natural gas, oil and, to a lesser 
extent, coal and that the impact of the transition on these sectors will be muted with a gradual shift towards 
natural gas within the fossil fuel mix. And as technology improves, the fungibility between fossil fuels and 
renewables will further increase [8]. Table. 2.1. compares different factors that affects energy transition under 
gradual and rapid narratives. 

Table. 2.1. Factors for Arguments [8] 

FACTORS GRADUAL NARRATIVE RAPID NARRATIVE 
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What matters Storage 

New energy technologies are relatively small 
and will take decades to overtake fossil fuels 
[9] 

Flow 
New energy technologies will soon make up 
all the growth in energy supply [10]. 

Technology 
growth 

Linear 
New energy technologies are expensive and 
face insoluble economic or technical 
impediments to growth, meaning that growth 
rates will only be linear [8]. 

Exponential 
Solar and wind are already cheaper than 
fossil fuels for the generation of electricity 
and that electric vehicles (EVs) are about to 
challenge internal combustion engines 
(ICEs) on price, that the barriers to growth 
are soluble for the foreseeable future, and 
that these disruptive new energy 
technologies will continue to enjoy 
exponential growth. They anticipate the rise 
of new technologies, such as green hydrogen 
[11], to lead to further waves of change. 

Policy  Static 
It is necessary only to model policies that are 
certain to happen, that the forces of inertia are 
very powerful and that policy-makers will 
remain cautious and slow-moving. 

Dynamic 
The forces for change are considerably 
greater than those for inertia, and that 
technology opens up the opportunity for 
policy-makers and regulators to design 
markets to better provide for all consumers’ 
needs. As the necessity for action becomes 
clear, there will be an Inevitable Policy 
Response [12]. Modelling only the existing 
policy environment understates trends in 
policy-making. 

Emerging 
market 
energy 
pathways 

Copy 
The emerging markets (i.e. China and India) 
will broadly follow the path taken by developed 
markets and use more fossil fuels as they get 
richer and energy demand rises. Recent years’ 
investments in infrastructure, such as coal-fired 
plants, are seen to lock in consumption for 
years to come and increase the costs of 
transition, thereby slowing down its pace [13]. 

Leapfrog 
The emerging markets will enjoy an energy 
leapfrog to new energy technologies and 
significantly less energy-intensive forms of 
economic development, while providing 
critical improvements in the quality of life. 

Is the energy 
transition just 
about solar 
and wind? 

Solar and wind are too small to drive an energy 
transition [14]. 

Technology disruption started with solar and 
wind, has since spread to renewable 
integration technologies, is now moving into 
transport, and will shift into other areas of 
energy. As in any transition, the low-
hanging fruit of change is plucked first, 
leaving the more problematic areas for later. 

How 
important are 
different 
fossil fuels? 

Coal, oil and natural gas and every fossil fuel 
sector in every country are different, and 
highlight the areas that appear to have few 
renewable energy alternatives 

The energy transition will drive peaks in one 
fossil fuel sector after another. First coal, 
then oil, then gas will be impacted, in one 
country after another, in a pattern whose 
shape and trajectory will become 
increasingly familiar. 

What is the 
role of 
finance in the 
energy 
transition? 

The capital invested in the fossil fuel sectors 
and the market need for fossil fuels are so 
considerable that investors in aggregate will not 
speed up the transition but will be a neutral 
force investing across the energy spectrum 
where they see the best opportunities for returns 
on capital. 

The financial sector as a whole will act to 
increase the speed of change as it searches 
for new growth opportunities, becomes more 
environmentally sustainable and restricts the 
flows of capital to declining industries. 

What about 
countries that 
resist the 
energy 

Many fossil fuel exporters and the current US 
administration are resistant to an energy 
transition, and large emerging economies like 
China and India will continue to fuel demand 

Four out of five people live in countries that 
import fossil fuels, meaning that they would 
stand to benefit from a transition to local 
renewable energy sources. In particular, 
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transition? growth for all energy sources. China and India are the largest and third 

largest fossil fuel importers and are strongly 
committed to a transition. 

Recent 
developments 

Rapidly rising energy demand, the roll-back of 
environmental protection in the US and the fact 
that renewable energy capacity growth in 2018 
was similar to that in 2017. 

Continued and unexpected fall in renewable 
costs, the continued S curves [15] of new 
energy technology growth, and the rising 
pressure from financial markets and society 
for policy-makers to take more assertive 
action. They note that disruption is already 
happening in a series of energy and related 
sectors, from coal to electricity, turbines to 
cars. 

 

2.2.  Questions and Argument 

Table. 2.2. Questions and Argument 

QUESTIONS ARGUMENT 

What should people count on? The key issues to watch over the course of the next decade have been laid 
out to see which narrative will prevail. In technology, the focus is on the 
cost and growth rates of the key disruptive technologies – solar, wind, 
batteries, EVs and green hydrogen. In policy, the focus is on whether 
politicians implement more rigorous actions to make fossil fuel users pay 
for their greenhouse gas externalities. In the emerging markets, the 
question is whether China and India will be able to continue to implement 
new clean energy and energy efficiency technologies at scale and whether 
the path they are setting will be followed by South-East Asia and Africa. 

Signals? A series of signposts are presented. Pass these and the Rapid narrative is 
on track. Fail to pass them and the Gradual narrative is playing out. Three 
targets have been set for 2030: solar electricity at $20-30 per megawatt 
hour (MWh); advanced lithium-ion batteries at $50-100 per kilowatt hour 
(kWh); and carbon taxes implemented on around half of emissions at $20 
per ton, with three peaks to take place in the 2020s in the event of Rapid 
transition: peak demand for new ICE cars; peak demand for fossil fuels in 
electricity; and peak demand for all fossil fuels. 

Can technology solve everything? Technology is helping to solve dynamic problems that will drive an 
energy transition, the forces of inertia are very powerful. So, strategists 
and planners will help to reach the goals in time. 

Don’t rage activists? Activists are now focused on the increasing effects of climate change and 
are demanding policy makers to take an action with regards to this 
problem. 

Should the voice of nonprofit 
organization’s research towards 
environment and economy be 
ignored? 

The voice of nonprofit organization’s research towards environment and 
economy must be heard and most especially it must be supported by the 
government. 

 

3. Conclusions 

Both the gradual narrative and rapid narrative are both right, but it depends on the driving forces that will affect 
the decision making of key players in the world especially government and different unions of countries. One of 
the drivers for energy transition includes the fact that fossil-based fuels are expected to be depleted in 100 years 
considering the continuous increase in energy demand. With this in mind, suppliers of fossil fuels who are the 
key players in the energy transition are continuously researching, seeking, and experimenting new technologies 
in order to develop reliable and renewable sources of energy.  
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Another factor that affects the energy transition is the current economic state of different countries. Even if they 
wanted to transition to an environmentally friendly option or renewable sources of energy, their economic state 
will decide for it. Especially if the cheapest option are fossil fuel-based products such as coal and oil. Unless 
these countries receive support from the developed countries, the energy transition specifically in the third-world 
countries will be very slow. 

With the increasing pressure from the Paris Agreement, big companies are starting to invest on technologies 
towards the use of renewable energy sources such as photovoltaics, wind turbines, biomass, and others in order 
to ensure that the temperature increase will not exceed 2oC in this century. Energy transition cannot be stopped 
or hindered. It is the future that needs to be embraced by everyone – industries, suppliers, policy makers, and 
consumers. Policy makers play a very important role in energy transition. They must create policies that will 
dynamically stimulate study into new low, zero and negative-carbon technologies, as well as assisting in 
investigations with innovative business models that promotes decarbonization. 
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Abstract 

Waste managements is a very serious issue at the moment. Due to growing problem of currently dominating 
method – landfilling – alternatives are sought-after. Out of many possibilities, several are considered most 
promising – combustion, gasification, pyrolysis, anaerobic digestions and landfill gas. Combustion is most 
common alternative for landfilling while other methods are only developing. They differ in the extent of 
feedstock, product of process, possible application and impact on environment. All of them have advantages and 
disadvantages but keeping in mind problems with landfilling they should all be considered. No best method can 
be selected – the preferred one should be chosen based on several criteria, for specific place and requirements. 

Keywords: waste management, combustion, gasification, landfilling 

1. Introduction 

One of natural parts of human life is generation of waste. With the population constantly growing, the amount of 
produced waste is also increasing. For many years the most common method of waste disposal was storing them 
on landfills. It allowed the problem to be moved, both physically and in time. Permanent growth of amount of 
waste on landfills and increasing generation eventually became a problem. The most basic issue was related to 
people inhabiting more and more areas and simply lack of place for location of landfills.  

Another important aspect was the escalation of interest in environmental issues. It became known that certain 
wastes are in fact very harmful to surroundings. Storing them on landfills does not only make the vicinity 
dangerous; often the pollution penetrates the soil contaminating it, sometimes can reach water and pollute it 
influencing reservoirs located far away [1]. 

Thus a search for a better solution began. A simple way seemed to be burning of waste; until it was realised that 
if not performed under proper condition, that also emits severe pollution to environment. Improvement of 
combustion installations and cleaning of exhaust gas helped to make it safer. 

Development of new technologies, as well as growing interest in alternative fuels, due to depletion of fossil fuel 
sources, led to further insight into possible use (and at the same time removal) of wastes. Often the methods 
applied to fossil fuels were considered, after introducing certain modifications. Nowadays the most common 
technologies considered when it comes to thermal utilization of wastes, apart from afore mentioned combustion, 
are gasification, pyrolysis, anaerobic digestion and landfill gas. 

In this paper all those methods shall be discussed and compared, keeping in mind the products of their 
application and environmental impact.  

2. Combustion 

Combustion is the simplest and most common mean of use of fossil fuels, transferred later to wastes. It is a 
process of oxidation of fuel with release of thermal energy. The wastes are destroyed by controlled burning in 
high temperature, with at least minimal stoichiometric amount of oxidizer required. Currently it is the most 
common method of waste disposal after storing on landfills. 

Usually the temperature during the process is about 800 degrees Celsius or more; heat energy, gases and ash is 
released. The exact calorific value depends on waste composition, which varies, but it is estimated that about 65 
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to 80% of energy content can be recovered [2]. The heat is then for thermal applications (e.g. when it is needed 
for an industrial process) or to generate steam for electricity production.  

Of course only organic wastes undergo oxidation; maintaining high temperature allows to also melt some part of 
inorganics. In certain systems, designed mainly for waste volume reducing, auxiliary fuel is used to obtain much 
higher temperature and melt all inorganic materials, allowing for up to 97% reduction of volume – all is turned 
into ashes.  

Regarding the gases released, due to mixed content of wastes and often presence of undesired substances, flue 
gas control is necessary. Before realising to environment, the gases are cleaned, usually in few stages, to avoid 
the release of harmful substances and also to eliminate odour [3]. Since now incineration plants are often built in 
cities to lower the costs of transportation, that second reason is very important. 

Another product of combustion is slag – if plant is operated properly, it will contain small amount of organic 
materials and of course heavy metals from wastes. It can be used for example in road construction to avoid the 
need of storing. Other residues generally require storing. Considering the nature of waste, they are all considered 
hazardous and need to be disposed of in a safe manner. Ashes undergo treatment to minimise their toxicity 
before disposing of them [2]. 

Amongst advantages there is less space required than when storing on landfills, possibility to apply even with 
hazardous wastes which cannot be stored, elimination of risk of contamination of soil and water, generation of 
heat and electricity. Main problem related to combustion of wastes is related to people attitude to the subject. 
Before the awareness on the topic increased it was quite common for people to burn the household wastes in 
house furnaces. That method is very dangerous since it is emitting dangerous substances to environment during 
combustion. Although modern waste incinerators are nothing like burning in house furnaces and process is 
completely safe, unaware people still are afraid of this solution. Social opinion may cause problems with 
building of waste incineration plants, and in fact have led to some of them being cancelled in the past. Other 
problem is very high investment cost, significant part of which is flue gas cleaning system, and the fact there are 
some ashes and residues left which need to be disposed of properly. 

3. Gasification 

Gasification is a conversion process of carbonaceous materials into gas. The product of gasification is gas 
usually called syngas – gas composing mainly of CO, H2, CO2 and H2O. The process is run by partial oxidation 
of feedstock with oxygen, air or mixture of one of those substances with steam [4]. Although the process itself is 
known for many years, the application of biomass and waste as feed is much less investigated than that of coal. 
Many concepts prepared for fossil fuels can also be used with solid waste, obviously in certain conditions 
requiring some modifications.  

The term ‘gasification’ is merely the name of the process itself, yet when ‘gasification plant’ is discussed it 
usually refers to the whole system, including conversion of produced syngas into energy carriers which may later 
be used. An important aspect of gasification is that it comes in many options. The first division that can be made 
is the application of obtained syngas. It can be either combusted or processed. 

3.1.  Combustion 

Combustion of unprocessed syngas is often referred to as ‘two-step oxidation’ due to similarity with waste 
incineration process (‘one-step oxidation’) [5]; raw syngas is combusted and heat can be used for a cycle, in 
most cases Rankine cycle with steam as working medium. Steam is expanded in turbine producing electricity, of 
course there is also possibility extract useful heat – just as in conventional Rankine cycle. With two-step 
oxidation the main question occurring is whether it is reasonable to apply gasification instead of incineration. It 
has several significant advantages over combustion: syngas is a better fuel than waste, since it can be measured 
and controlled in an easier manner; combustion of syngas is more controllable than of waste due to its uniform 
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composition and homogenous reaction (oppose to waste being a heterogenous reaction); residues from 
combustion of syngas are easier to handle; certain pollutants are reduced in flue gas from syngas. 

On the other hand, the disadvantages should not be disregarded. Syngas needs controlled storage due to its 
toxicity and explosiveness, so it is more difficult and costly than municipal solid waste (even though hazardous 
waste also has some limitations of storage); addition of ‘second stage’ of oxidation results in greater investment 
costs. The two greatest difficulties in the process are the quality of raw syngas and flue gases composition. With 
mixed municipal waste their exact composition is nearly impossible to establish. That creates additional 
difficulties when considering the system for gasification and results in variable syngas composition produced. 
Since in most cases air is used as oxidizer – it is much cheaper than application of pure oxygen – syngas contains 
non-combustible nitrogen. The exact composition depends on the waste, system and its parameters, but a sample 
composition can be presented [6]: 34% CO, 28% H2, 29% CO2, 7% CH4 and others. 

Discussing the flue gas, it is possible to obtain it cleaner than with combustion of waste, mainly lower amount of 
dioxins, furans and NOx can be achieved. All of that depends however on the system and its properties, for 
example the temperature – higher (and system associated with it) allows for lower emission of NOx and dioxins, 
lower for better removal of metals [5]. In most cases the flue gases still require cleaning. Usually the system for 
removing harmful substances from exhaust gas is very similar or even the same as when wastes are incinerated, 
so this aspect is not advantageous when comparing those systems. 

An interesting aspect to consider is a social one. Waste incineration plants are often regarded by society as 
harmful to environment and emitting unpleasant smell, even though in modern systems it is not the case. 
Gasification is considered as more modern approach, which could result in less negative feedback from society. 

3.2. Processing 

The second main option with gasification is processing of syngas. The result is much wider range of possible 
applications. It can be cleaned-up for increased heating value and from undesired components (such as acid 
gases, particulates, impurities) and used in more efficient systems, for example gas turbines or internal 
combustion engines for electricity production and possibly also heat. Syngas can also be processed after clean-up 
and transformed into chemicals or liquid fuels. The main advantage of that solution is the independence from 
other sources – no need for import and more constant price than constantly variable market prices of resources.  

Also further processing of syngas and its purification may result in production of hydrogen. Hydrogen is often 
referred to as ‘fuel of the future’ and has many possible applications, some of which are still being investigated. 
It could be used in fuel cells for clean production of electricity or even as transportation fuel. The greatest issue 
with hydrogen is its limited availability – this system allows for its production, making it very interesting [4].  

The greatest advantages of further processing of syngas is of course the amount of possible applications; also, 
less pollutants are released to the environment if no combustion is taking place, or if combusted syngas is clean. 
The problem is that the cost of cleaning and processing of syngas is very high; if the obtained raw syngas is of 
low quality, the expense is even greater.  

4. Pyrolysis 

Pyrolysis is a thermochemical decomposition of carbonaceous material. The process is conducted at high 
temperature in absence of oxygen. The products of pyrolysis are generally gaseous, liquid or solid. It is regarded 
as more flexible than incineration, also the emission of certain pollutants is lower – thus making it a rather 
interesting solution. Several types of reactors may be used for pyrolysis – usually rotary kilns are applied, due to 
their high heat transfer and low energy consumption [7].  

In studies, usually a certain type of wastes is analysed for pyrolysis – such as garden waste, food, paper, rubber 
plastics etc. However, in municipal solid waste a mixture of waste is present – even if segregation is introduced 
(and still it is not mandatory in many places), some wastes get mixed. Since the process yields certain 
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differences depending on type of waste, building a reactor for very heterogenous mixture, with variable moisture 
content, is rather problematic, but it also has some advantages. 

Inorganic wastes do not undergo combustion process, they may cause slag or in high enough temperature can 
only be reduced to ash; in case of pyrolysis, addition of inorganic to organic waste (which is often the case for 
mixed municipal waste) results in improved quality of obtained product: gas has lower CO2 fraction and more 
hydrocarbons, liquid better heating value. Nonetheless, if for example electric or electronic equipment is present 
in the mixture, emissions must be monitored thoroughly and controlled, since there is a risk of hydrogen 
chloride, sulphide and several other harmful substance release. [7]  

As it was already mentioned, the products of pyrolysis are either gas, liquid or solid. Increasing of temperature of 
the process results in higher gas yield and lower contribution of two other phases. Generally speaking, the aim of 
pyrolysis is to recover energy from waste. More specific application, related also to the composition, depend on 
type of the product. 

Pyrolytic gas is used in combustion process. It composes of CO2, CO, hydrogen, methane and some light 
hydrocarbons [7]. The heat from combustion can be used in cycles for producing of electricity and possibly heat; 
the most common use, however, is as energy source for the process of pyrolysis. The problem is the presence of 
H2S in pyrogas, possibly in relatively high concentration. As a result the emissions must be controlled, or the gas 
needs to be cleaned prior to use, especially if the exact composition of waste is not known. 

Pyrolytic oil has a wider range of applications; the problem is its composition which is highly dependent on the 
feedstock and parameters of the process and also influences possible use of the oil. It can be used in some 
industries, e.g. detergent industries, for the process of manufacturing; similar to pyrogas, it is sometimes applied 
to run the process of pyrolysis; it can be combusted (or co-combusted) for generation of heat for steam 
production to obtain electricity [8]. 

Pyrolytic char is generally less desired than products in other phases. Although the heating value is similar to 
that of coal, heavy metals and hazardous elements are present, making combustion more problematic. It is still 
realised, but could cause problems in boilers and will certainly require exhaust gas monitoring and cleaning. 
Heat from combustion can also be used for steam generation. 

The technology of waste pyrolysis is still being developed, yet it seems to have a very high potential. Its greatest 
advantage is the possibility to use almost any type of waste. A good example is pyrolysis of tyres. Pyrolysis 
allows the separation of carbon black from tyres and the released volatile matter has energy recovery potential 
related to natural rubber presence in tyre composition [9]. It is an opportunity for safe disposal of tyres and 
recovery of energy from it. Generally tyre utilisation after their use is very problematic and not many satisfying 
solutions have been found to solve that issue. 

5. Anaerobic digestion 

Anaerobic digestion is a process which breaks down organic matter in strict anaerobic conditions (lack of 
oxygen) to produce biogas and digestate. Biogas is the main and desired result and can be used as fuel; digestate 
still has some valuable properties and can also be utilised.  

First step is selecting the feedstock source. Many can be used – e.g. agriculture wastes, food wastes (municipal, 
commercial), wastewater and certain sludges - but there are some strict limitations. It must not contain inorganic 
materials, wood wastes, soil, antibiotics or pesticides [10]. Pre-treatment is mandatory – to eliminate the waste 
which do not undergo anaerobic digestion – but is also highly recommended for increased efficiency and to 
minimise the possibility of damaging the system. Physical, chemical, biological or combined pre-treatment can 
be applied.  

The process has several options. Apart from classification depending on size of the installation, digestion can be 
either single-stage or multi-stage. The first one is more economical and simpler in use, the second offers better 
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efficiency and greater production of biogas. The process requires monitoring to ensure its proper proceeding – 
amongst others pH, carbon to nitrogen ratio and methane content should be controlled [11]. 

The result of the digestion is biogas. Typical composition of biogas produced from waste is about 45% methane, 
35% carbon dioxide and other gases – water vapour, oxygen, nitrogen, impurities [12]. Biogas is usually cleaned 
prior to use for improved heating value or simply to eliminate harmful substances which would be released to 
environment or could damage the systems. The main threat is hydrogen sulphide – that substance is very 
dangerous to installations due to corrosive properties. Then it can be used by replacing natural gas in production 
of steam and possibly heat, either in gas turbines, internal combustion engines, boilers or even fuel cells [13]. 
After upgrading it could be transformed into biomethane and used in transportation fuels or injected to natural 
gas system. 

The digestate contains nitrogen, phosphorus and potassium, making it possible to use as fertilizer. However, in 
some countries it is forbidden to avoid excessive amount of those elements in soil, in which case its disposal is 
more problematic. Since it still has relatively high heating value (approximately 14MJ/kg) [14], possible 
applications as heat source are being researched.  

The greatest advantage of anaerobic digestion is wide range of application and possibility of using waste with 
high moisture content. In afore mentioned solutions, since heat needs to be delivered, high moisture content 
requires more heat for drying, sometimes making the process unprofitable. The problems are mainly the need for 
processing of fuel and obtained biogas.  

6. Landfill gas 

Landfill gas basically comes from the process of anaerobic digestion, but the situation is different than in 
previous chapter. Here the wastes are not moved to another facility for the process of digestion. The gas is 
collected from wastes already stored at landfills; in lower layers anaerobic conditions occur, and presence of 
organic waste leads to natural process of landfill gas generation. 

The gas is collected by a system of underground pipes and transported to a facility, in most cases near the landfill 
– for simple reason of lower transportation costs. Since it comes from unsorted waste, as it is in the case of 
anaerobic digestion, it requires more cleaning. Usually it is realised in two stages – the gas is cleaned upon 
entering the facility, then it is compressed – since collected from landfill has rather low pressure – then it is 
cooled down and cleaned again [15].  

Sample composition of landfill gas is about 48% methane, 32% carbon dioxide, 18% nitrogen, other gases [16] – 
generally it is similar to biogas produced in process of anaerobic digestion, since it undergoes the same process. 
Also the possibilities of application are similar, so they shall not be discussed again. 

Apart for the extraction of landfill gas to use as fuel and for economical reasons, mainly it is important for the 
environment. If it is not collected, the gas, of which nearly half is methane, is released to the surroundings. 
Global warming potential of CH4 is much higher than that of CO2 – 1kg of released methane is considered an 
equivalent of 25kg of carbon dioxide [17]. The installation cost for landfill gas recovery is high but due to the 
influence on environment the solution should be considered. 

7. Summary 

Five methods of energy recovery from wastes were considered. Each of them has some strengths and 
weaknesses. The main difference is in limitation of feedstock as well as in products obtained, along with possible 
application, and environmental impact, which assessment was the main purpose of this paper. For the sake of 
wider consideration, gasification is divided depending on whether raw syngas is combusted or processed further. 
The comparison of the solutions is given in Table. 7.1. 
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Table. 7.1. Comparison of methods 

Method Feedstock Product Application Environmental impact 

Combustion 
All waste, 

inorganic may 
cause problems 

Heat Steam production (for 
electricity) and useful heat 

CO2, N2O, NOx, NH3, 
dioxins, furans [18] 

Gasification + 
combustion 

Recommended 
only organic 

waste 
Raw syngas Externally fired cycles Similar to combustion 

but lower amounts [5] 

Gasification + 
processing 

Recommended 
only organic 

waste 

Clean syngas, 
hydrogen, 

chemicals or fuels 

Internally fired cycles - in 
internal combustion 

engines, gas turbines, fuel 
cells; transportation 

Minimal [5] 

Pyrolysis All waste Pyrogas, pyrolysis 
oil, pyrolysis char 

In internally or externally 
fired cycles, fuel for 

pyrolysis 

Mainly PM, HF, HCl 
[19] 

Anaerobic 
digestion 

Biodegradable 
waste 

Biogas or 
biomethane, 

digestate 

Gas turbines, internal 
combustion engines, 

boilers, fuel cells, 
transportation, injection to 

natural gas system 

CO2 (non-ideal 
anaerobic conditions), 
NH3, S in biogas, CH4 

losses [20] 

Landfill gas 
Landfill with 
biodegradable 

waste 

Biogas or 
biomethane As above 

As above; preventing of 
methane release to 

environment 
 

The products, described in Table 1, are in most cases fuel (except for combustion – the product is already heat). 
It may have different applications, but the concept is the same – energy from waste is recovered as fuel and can 
be put to use. 

The environmental impact is quite similar in most methods. The focus is put on emissions during the process, 
less combustion of fuels (except gasification with combustion). Although different substances are released, 
regulations make it mandatory to apply filtration systems which must bring them below limits. In case of biogas 
as product, cleaning is usually conducted to eliminate undesired substances – mainly sulphur – to avoid emission 
of sulphur oxides during combustion later on. When it comes to landfill gas, it prevents from methane release to 
environment – and methane has a high global warming potential. All this methods prevent wastes from being 
stored on landfills, where they could contaminate soil or water – this is a great influence of all of them on 
environment. 

A question may be raised as to which of those technologies is the best. Ideal solution for waste management 
would be minimising waste generation by people and secondary achieving as high recycling level as possible. 
However, those options are very time consuming and problematic to implement, also they still leave some 
wastes which cannot be processed. Methods described in this paper are ready for implementation and mainly 
only require funding for their introduction. Regarding which one should be selected – it depends on several 
factors, such as technological limitations – whether or not they can be separated to organic and inorganic; 
location – to avoid high transportation costs over long distances. A very important aspect is demand for product: 
wastes can be used to produce heat, electricity, hydrogen, natural gas – if a product can be put to use, that would 
allow for more rapid return of investment, and in some cases that could be the critical argument. Basically, 
financial aspect is possibly the most important factor in choosing one technology. Although it was not described 
thoroughly in this paper, often the decision comes down to choosing the most financially justified solution. 
Considering the environmental gain and elimination of problem of storing wastes, subsidies are usually 
provided, both from countries governments and in Europe from European Union. Still, the investment cost may 
make some of the solutions impossible to implement. Overall, there are many criteria and it is difficult to say 
which method is the best. It needs to be assessed based on specific cases, based on many aspects. 
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Abstract 

Energy comparative analysis of solar power plants with central and linear absorber was conducted to compare 
different technologies of solar electricity generation using Rankine Cycle to produce power. In this way, the 
most important parameter was to find their efficiencies for the same chosen location therefore same solar 
irradiation data and decide which one is better or if there are no significant differences. The central receiving 
system yielded an efficiency at the level of 28%, and the parabolic trough solar power plant at the level of 24%. 
Those values are for the averaged hour by hour solar data. The power output for both system was also different, 
the parabolic trough produced 7.05 MW of electricity and the central receiving system generated 7.99 MW. The 
additional calculations were done to see the improvement while using thermal storage tank. It was assumed that 
the nominal power of the power plant is 7.05 MW. The analyzed case showed that for both parabolic trough and 
central receiver system efficiency raised, but again the efficiency was higher in case of central receiving power 
plant 26% to 23% in the parabolic trough solar power plant. 

Keywords: central receiving solar power plant, parabolic trough, direct normal irradiation, gross electrical 
power, nominal efficiency, annual efficiency, thermal storage 

1. Introduction 

Nowadays, the electricity production from solar irradiation is a direct process. To produce electricity from solar 
radiation, one has to use the so- called solar concentration technology. This kind of process is a very interesting 
option, especially when living in a world where the emission of CO2 and other gaseous substance is rising 
tremendously fast, which affects health and the way of living. Additionally, regulations from the European 
Union cause that Poland has to adapt to European standards regarding gas emissions. Four different 
Concentrated Solar Power technologies can be distinguished, that are available on the market and can be used to 
absorber the sunlight and change it into heat: central receiver system, parabolic troughs, Fresnel reflectors and 
parabolic dishes. Two main leading technologies are the central receiver system and parabolic trough system that 
are used together with the Rankine Cycle to produce electricity.  

Parabolic trough power plant shown in figure 1.1 contains of many parabolic troughs (1) field through which the 
heat carrier is heated up. The trough shaped mirrors are reflecting sun rays onto the thermally efficient tubes 
placed in the focal line which contains the heat carrier. The heat transfer fluid transports the heat to the steam 
generator (3). Created steam runs into the turbine (4) where is expanded generating the mechanical work, and 
thus producing the electricity in the generator (5). Then steam condenses in the condenser (6) from where is 
transferred via the pump (7) back again to the steam generator (3), and the whole process is repeated again. 
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Figure 4.1 Scheme of parabolic trough power plant; 1- parabolic trough solar field, 2- heat transfer fluid hot tank, 
3- steam generator, 4- turbine, 5- generator, 6- condenser, 7,8- pump, 9- heat transfer fluid cold tank 

Figure 1.2 shows the central receiver power plant with the solar tower (1) as a main point which is equipped with 
absorber- containing the heat transfer fluid to deliver the absorbed heat to the Rankine Cycle. The solar tower is 
surrounded by heliostat field (10), each heliostat is tracking the sun to reflect the sun’s rays into the receiver, 
located on a tower.  

 

Figure 1.2 Scheme of central receiver power plant; 1- solar tower- absorber, 2- heat transfer fluid hot tank, 3- 
steam generator, 4- turbine, 5- generator, 6- condenser, 7,8- pump, 9- heat transfer fluid cold tank, 10- heliostat 
field 

2. Aim and scope 

Aim was to compare different technologies of solar electricity generation using Rankine Cycle to produce 
power, find their efficiencies for the same chosen location therefore same solar irradiation data and decide which 
one is better or if there are no significant differences. For the purpose of this project it was chosen that the solar 
data will be for Poland, more specifically for Katowice region- the precise data are presented later in the project. 

The main value that controls everything in the whole process is the mass flow rate of the molten salt (�̇�𝑚 Rsalt). 
Results of mass flow rate shown further are the maximum available values at certain sun’s radiation. This value 
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is calculated taking into account the energy delivered from solar irradiation, assumed temperatures at the inlet 
(tin) and outlet (tout) of the collector/absorber and the specific heat capacity of salt (cp_salt). The area of aperture 
(A) of both power plants is presumed to be the same, however the number of heliostat is different than the 
number of parabolic trough collectors in the same area- those numbers are calculated according to the 
manufacturer’s data base. Based on those assumptions, the electric power output (Nel) of the steam turbine is 
calculated, as well as the nominal efficiencies (ηeNomPT ;ηeNomCR) and the annual efficiencies (ηe_year_PT ;ηe_year_CR) 
of both systems. However, the main calculations are done for the annual average values, just to show what is the 
average electricity energy output (Nel) as well as the average efficiencies. First, the case with straight electricity 
production will be used and then the assumption of thermal storage case with the also assumed nominal power 
output. 

3. Solar data for chosen location 

The selected location is nearby small villages, where a gigantic piece of land is located which is intended for 
agricultural purposes and might be a suitable area for such project. The place (figure 3.1)  is in the southern part 
of Poland, in the Upper Silesia province, close to the city of Pyskowice. The solar data for this location (figure 
3.1) with coordinates 50.486° North and 18.593° East is generated using the interactive tool from European 
Commission website. The solar data is the hour by hour direct insolation. 

 

Figure 3.1 Precise location of Solar Power Plant in Poland [5] 

Table 3.1 is showing the solar irradiation data gathered from the European Commission interactive tool for years 
from 2007 until 2016, for the slope of 30° and for the chosen location. All the values in this interactive tool are 
the hour by hour data. Then they are averaged for each month of the year and again recalculated to achieve the 
final result in two different units. 

Table 3.1 Average solar irradiation for each month  

MONTH IRRADIANCE, 𝑊𝑊
𝑚𝑚2 INSOLATION, 𝑘𝑘𝑊𝑊ℎ

𝑚𝑚2∗𝑑𝑑𝑙𝑙𝑑𝑑
 

January 35.66 0.86 
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February 52.54 1.26 
March 87.02 2.09 

April 143.80 3.45 
May 212.74 5.11 

June 197.03 4.73 
July 215.33 5.17 

August 169.54 4.07 
September 130.06 3.12 

October 74.82 1.79 
November 42.08 1.01 

December 31.59 0.76 

Yearly average 116.016 2.78 

 

Table 3.2 was calculated to show how many hours in a month one have the access to sun rays thus the solar 
power might work. Even though the data was accurate, the number of sun hours does not take into account the 
intensity of radiation.  

Table 3.2 Number of sun hour in a month  

MONTH SUN HOURS HOURS IN 
MONTH 

% OF SUN 
HOURS 

AVERAGE SUN 
HOURS PER DAY 

1 252 744 33.87% 8.13 

2 267 672 39.73% 8.61 

3 365 744 49.06% 11.77 

4 415 720 57.64% 13.39 

5 483 744 64.92% 15.58 

6 480 720 66.67% 15.48 

7 492 744 66.13% 15.87 

8 448 744 60.22% 14.45 

9 374 720 51.94% 12.06 

10 317 744 42.61% 10.23 

11 253 720 35.14% 8.16 

12 248 744 33.33% 8.00 

SUM 4394 8760 50.16%  

 

4. Energy comparative analysis 

Nomenclature 

cp_water  - water specific heat capacity, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔∗𝑘𝑘

; 

cp_salt  - molten salt specific heat capacity, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔∗𝑘𝑘

; 

h1 - specific enthalpy in point 1, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

; 
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h2 - specific enthalpy in point 2, 𝑘𝑘𝐽𝐽

𝑘𝑘𝑔𝑔
; 

h2s - specific enthalpy in point 2s, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

; 

h3 - specific enthalpy in point 3, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

; 

h4 - specific enthalpy in point 4, 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

; 

m - month; 

�̇�𝑚 Rsteam - steam mass flow rate, 𝑘𝑘𝑔𝑔
𝑠𝑠

; 

�̇�𝑚Rsalt - molten salt mass flow rate, 𝑘𝑘𝑔𝑔
𝑠𝑠

; 

p1 - pressure in point 1, MPa; 

p2 - pressure in point 2, MPa; 

p3 - pressure in point 3, MPa; 

t1 - temperature in point 1, °C; 

tsalt - temperature of the molten salt, °C; 

tin - temperature at the inlet of the collector, °C; 

tout - temperature at the outlet of the collector, °C; 

tyear - number of sun hours in year, h; 

tm - number of sun hours in a month, h; 

tadd – additional number of hours, h; 

A - field aperture area, m2; 

Eel - annual electricity production, kWh; 

Is - direct normal solar irradiation, 𝑊𝑊
𝑚𝑚2; 

Nel - gross electrical power, MW; 

NiT – internal power of the turbine, MW; 

�̇�𝑄𝑙𝑙𝑣𝑣- available solar heat flow rate, MW; 

�̇�𝑄𝑠𝑠𝑠𝑠 - solar gain energy transfer rate, MW; 

�̇�𝑄𝑔𝑔 – heat transfer rate delivered to the steam generator , MW 

�̇�𝑄𝑑𝑑 - thermal power delivered to the steam cycle, MW; 

�̇�𝑄𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟- annual average solar heat transfer rate, MW; 

∆�̇�𝑄𝑠𝑠- surplus of solar available heat transfer rate, MW; 

𝑄𝑄𝑠𝑠𝑜𝑜𝑜𝑜𝑟𝑟𝑙𝑙𝑑𝑑- stored heat, TJ 

ηa - absorber efficiency, %; 

ηopt_PTC – optical efficiency of the parabolic trough , %; 

ηopt_CRS – optical efficiency of the central receiver system , %; 

η iT - internal turbine efficiency, %; 
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ηmT - mechanical turbine efficiency, %; 

ηsG - steam generator efficiency, %; 

ηG - electricity generator efficiency, %; 

ηST – efficiency of storage tank, %; 

ηstored – efficiency with stored energy, %; 

ηeNomPT -nominal efficiency of the parabolic trough system,%; 

ηeNomCR - nominal efficiency of the central receiver system,%; 

ηe_year_PT - annual efficiency of the parabolic trough system,%; 

ηe_year_CR - annual efficiency of the central receiver system,% 

Two different solar power plants are studied in this subsection. Both are using the same heat transfer fluid- 
molten salt: solution of  60% sodium nitrate (NaNO2) and 40% potassium nitrate (KNO3). Temperature and 
pressure in each point of the cycle are taken from real cases and for typical thermodynamic cycles using steam 
turbine. Turbine internal and mechanical efficiency again are taken from real cases. All values that were used to 
calculate the efficiency of both cycles are shown in table 4.1. It is assumed that temperature, pressure and 
efficiencies of each component does not change to produce electricity. The main factor that produces the desired 
power is the mass flow rate, obviously that much as the solar radiation allows to. 

Table 4.1 Values for calculation 

QUANTITY  VALUE UNIT 

cp_water  - water specific heat capacity 4.19 
𝑘𝑘𝐽𝐽

𝑘𝑘𝑘𝑘 ∗ 𝐾𝐾
 

cp_salt  - molten salt specific heat capacity 1.51 
𝑘𝑘𝐽𝐽

𝑘𝑘𝑘𝑘 ∗ 𝐾𝐾
 

p1 - pressure in point 1 17 MPa 

p2 - pressure in point 2 0.01 MPa 

p3- pressure in point 3 - saturation 0.01 MPa 

tin - temperature at the inlet of the collector 300 °C 

tout - temperature at the outlet of the collector 550 °C 

tsalt - temperature of the salt 425 °C 

t1 - temperature in point 1 530 °C 

𝐴𝐴 - area 2500000 m2 

�̇�𝑄𝑙𝑙𝑣𝑣- available solar radiation 29 MW 

ηopt_PTC - optical efficiency of the PTC 75 % 

ηopt_CRS - optical efficiency of the CRS 85 % 

η iT - internal turbine efficiency 80 % 

ηmT - mechanical turbine efficiency 97 % 

ηG - electricity generator efficiency 96 % 

ηST – storage tank efficiency 90 % 

ηsG - steam generator efficiency 95 % 
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4.1 Parabolic trough solar power plant analysis 

Scheme in figure 4.1 is showing the parabolic trough power plant. Values of points shown in red color are all 
presented in the table 4.1 except the point 4, which is the value of enthalpy which is equal to enthalpy in point 3 
and will be calculated later in the project. 

 

 

Figure 4.1 Scheme of parabolic trough power plant; I- parabolic trough solar field, II- heat transfer fluid hot tank, 
III- steam generator, IV- turbine, V- generator, VI- condenser, VII,VIII- pump,  IX- heat transfer fluid cold tank 

Firstly, the available power (4.1) for given solar field aperture area is calculated for each hour and then averaged 
to receive one value. 

 �̇�𝑄𝑙𝑙𝑣𝑣 =  𝑀𝑀𝑠𝑠 ∗ 𝐴𝐴 (4.1) 
�̇�𝑄𝑙𝑙𝑣𝑣 = 116.016 ∗ 250000 = 29003993.08 𝐺𝐺 ≈ 29 𝑀𝑀𝐺𝐺 

Secondly, knowing the field aperture area, hour by hour solar data and optical efficiency (which is the 
multiplication of mirror reflectivity, transmittivity of the glass, absorptivity of the absorber tube and interception 
factor) of the parabolic trough, the collected heat by the absorber tubes (4.2) is calculated. 

 �̇�𝑄𝑠𝑠𝑠𝑠 = �̇�𝑄𝑙𝑙𝑣𝑣 ∗ 𝜂𝜂𝑜𝑜𝑐𝑐𝑜𝑜 (4.2) 
�̇�𝑄𝑠𝑠𝑠𝑠 = 29003993.08 ∗ 0.75 = 21752994.81 𝐺𝐺 = 21.75 𝑀𝑀𝐺𝐺 

Next point is to calculate the mass flow rate (�̇�𝑚 Rsalt) (4.3). To get this value one have to have the specific heat of 
salt (cp_salt  ), temperature at the inlet of the collector (tin) and at the outlet of the collector (tout) and collected heat 
by the tubes (�̇�𝑄𝑠𝑠𝑠𝑠). 

 
�̇�𝑚 𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜 =

�̇�𝑄𝑠𝑠𝑠𝑠
𝛽𝛽𝑐𝑐_𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜 ∗ (𝜕𝜕𝑜𝑜𝑜𝑜𝑜𝑜−𝜕𝜕𝑖𝑖𝑖𝑖)

 (4.3) 

 

�̇�𝑚𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜 =  
21752994,81

1516.1 ∗ (550 − 300)
= 57.39 

𝑘𝑘𝑘𝑘
𝛽𝛽
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Additionally, the heat (4.4) which is delivered from the parabolic through field to the steam generator (�̇�𝑄𝑔𝑔) is 
calculated. In this case, it is assumed that there are no losses to the environment in the transmission of heat thus 
the value will be similar to the (4.2) equation 

 �̇�𝑄𝑔𝑔 = �̇�𝑚𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜 ∗ 𝛽𝛽𝑐𝑐𝑠𝑠𝑎𝑎𝑠𝑠𝑜𝑜 ∗ (𝜕𝜕𝑜𝑜𝑜𝑜𝑜𝑜 − 𝜕𝜕𝑖𝑖𝑖𝑖) (4.4) 
�̇�𝑄𝑔𝑔 = 57.39 ∗ 1516.1 ∗ (550 − 300) = 21.75 𝑀𝑀𝐺𝐺 

Then the heat delivered to the steam cycle (�̇�𝑄𝑑𝑑)(4.5) knowing the efficiency of the steam generator (𝜂𝜂𝑠𝑠𝑁𝑁). 

 �̇�𝑄𝑑𝑑 =  �̇�𝑄𝑔𝑔 ∗ 𝜂𝜂𝑠𝑠𝑁𝑁 (4.5) 
�̇�𝑄𝑑𝑑 = 21752994.81 ∗ 0.95 = 20665345 𝐺𝐺 

Next, using the T-s diagram the enthalpies in point 1 and 2s are determined. 

Enthalpy in point 1 – h1 = 3372.88 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

                   

Enthalpy in point 2s – h2s   = 2020.00 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

 
Using the formula for internal efficiency of the turbine (4.6), the enthalpy in point 2 is calculated (4.7). 

 
𝜂𝜂𝑖𝑖𝑅𝑅 =

ℎ1 − ℎ2
ℎ1 − ℎ2𝑠𝑠

 (4.6) 

 

 ℎ2 =  ℎ1 − 𝜂𝜂𝑖𝑖𝑅𝑅 ∗ (ℎ1 − ℎ2𝑠𝑠) (4.7) 

ℎ2 = 3372.88 − 0.8 ∗ (3372.88 − 2020) = 2290.58 
𝑘𝑘𝐽𝐽
𝑘𝑘𝑘𝑘

 

Calculation of the enthalpy in point 3 (h3) knowing that in this point the pressure is the saturation pressure, so 
one can read this value from steam saturation tables.  

Enthalpy in point 3- saturation (p=0.01 MPa) – h3  =417.44 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

 

Then knowing that in the pump is no increase of enthalpy since the compression work in pump two orders of 
magnitude lower than expansion work in turbine, one can say: 

h3=h4 

Enthalpy in point 4     h4  =417.44 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

 

Afterward, the steam mass flow rate is calculated (�̇�𝑚 Rsteam) (4.8) knowing the pressure (p1) and temperature (t1) 
of steam after the steam generator, so also knowing the specific enthalpy (h1). 

Other values that are known are the enthalpy in point 4 (h4) and the heat delivered to the steam cycle (�̇�𝑄𝑑𝑑). 

 
�̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙𝑙𝑙𝑚𝑚 =  

�̇�𝑄𝑑𝑑
(ℎ1 − ℎ4)

 (4.8) 

 

�̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙𝑙𝑙𝑚𝑚 =  
20665345 

(3372.88 − 417.44)
= 6.99 

𝑘𝑘𝑘𝑘
𝛽𝛽

 

Later on in order to achieve the electrical power generated (Nel) the internal power of the turbine is calculated 
(NiT) (4.9).  

 𝑁𝑁𝑖𝑖𝑅𝑅 = �̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙𝑙𝑙𝑚𝑚 ∗ (ℎ1 − ℎ2) (4.9) 
𝑁𝑁𝑖𝑖𝑅𝑅 = 6.99 ∗ (3372.88 − 2290.58) = 7567.79 𝑘𝑘𝐺𝐺 = 7.57 𝑀𝑀𝐺𝐺 
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Finally, the electrical power of the turbine (Nel) (4.10) is calculated since the mechanical efficiency of the 
turbine (ηmT) and generator efficiency (ηG) is known. 

 𝑁𝑁𝑙𝑙𝑙𝑙 =  𝑁𝑁𝑖𝑖𝑅𝑅 ∗ η𝑚𝑚𝑅𝑅 ∗ η𝑁𝑁 (4.10) 
𝑁𝑁𝑙𝑙𝑙𝑙 = 7567.79 ∗ 0.97 ∗ 0.96 = 7047.12 𝑘𝑘𝐺𝐺 = 7.05 𝑀𝑀𝐺𝐺 

The nominal efficiency of the parabolic trough system (ηeNomPT) is calculated (4.11).In general, it is the output 
divided by the input. In this case it is the electrical power generated (𝑁𝑁𝑙𝑙𝑙𝑙) divided by the real available heat from 
sun (�̇�𝑄𝑙𝑙𝑣𝑣). 

 
η𝑙𝑙𝑁𝑁𝑜𝑜𝑚𝑚𝑃𝑃𝑅𝑅 =

𝑁𝑁𝑙𝑙𝑙𝑙
�̇�𝑄𝑙𝑙𝑣𝑣

 (4.11) 

 

η𝑙𝑙𝑁𝑁𝑜𝑜𝑚𝑚𝑃𝑃𝑅𝑅 =
7047127.96

29003993.08 
∗ 100% = 24 % 

The annual efficiency of the plant (ηe_year_PT )(4.12) depends on the annual production of electricity and on the 
atmospheric conditions that affect the amount of solar radiation falling on the mirror. 

 
𝜂𝜂𝑙𝑙_𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟𝑃𝑃𝑅𝑅 =

𝑁𝑁𝑙𝑙𝑙𝑙 ∗ 𝜕𝜕𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟
�̇�𝑄𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟

 (4.12) 

tyear (4.13) value is the value taken from table 3.2 

 
𝜕𝜕𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟 =  � 𝜕𝜕𝑚𝑚 = 4394 ℎ

12

𝑚𝑚=1

 (4.13) 

�̇�𝑄𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟  value (4.14) was calculated taking into account the table 3.1, number of days in a year and the solar field 
aperture (A). 

 �̇�𝑄𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟 = 𝐴𝐴 ∗ 𝑀𝑀𝑠𝑠 ∗ 365 (4.14) 
�̇�𝑄𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟 = 250000 ∗ 2.78 ∗ 365 = 254054655 𝑘𝑘𝐺𝐺ℎ = 254.05 𝐺𝐺𝐺𝐺ℎ 

Finally, the equation number (4.12) is used which is written above and calculation of the annual efficiency of the 
parabolic trough solar power plant is done. 

𝜂𝜂𝑙𝑙_𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟𝑃𝑃𝑅𝑅 =  
7.05 ∗ 4394

254.05 ∗ 103
∗ 100% = 12 % 

4.2 Central receiver solar power plant analysis  

Scheme in figure 4.2 is showing the central receiver solar power plant. All values of points shown in red color 
are all presented in the table 4.1 except the point 4, which is the value of enthalpy which is equal to enthalpy in 
point 3 and is calculated later in the project. 

First of all, the determination of the available power, the formula (4.1) was used. It is calculated for given solar 
field aperture area for each hour and then averaged to receive one value. The value is the same as in the case of 
parabolic trough power plant.  

�̇�𝑄𝑙𝑙𝑣𝑣 = 116.016 ∗ 250000 = 29003993.08 𝐺𝐺 ≈ 29 𝑀𝑀𝐺𝐺 

Secondly, knowing the value above and optical efficiency of central receiving system (ηopt_CRS) (which is the 
multiplication of mirror reflectivity, transmittivity of the glass, absorptivity of the absorber tube and interception 
factor) of the central receiver , the collected heat by the absorber tubes (�̇�𝑄𝑠𝑠𝑠𝑠) is calculated by using the equation- 
(4.2). 
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�̇�𝑄𝑠𝑠𝑠𝑠 = 29003993.08 ∗ 0.85 = 24653394.81 𝐺𝐺 = 24.65 𝑀𝑀𝐺𝐺 

 

Figure 4.2 Central receiving solar power plant I- solar tower- absorber, II- heat transfer fluid hot tank, III- steam 
generator, IV- turbine, V- generator, VI- condenser, VII,VIII- pump, X- heat transfer fluid cold tank, X- heliostat 
field 

Then the mass flow rate (�̇�𝑚 Rsalt) is calculated using equation- (4.3). To get this value one have to have the specific 
heat of salt (cp_salt ), temperature at the inlet of the collector (tin) and at the outlet of the collector (tout) and 
collected heat by the absorber (�̇�𝑄𝑠𝑠𝑠𝑠). 

�̇�𝑚𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜 =  
24653394.81 

1516.1 ∗ (550 − 300)
= 65.04 

𝑘𝑘𝑘𝑘
𝛽𝛽

 

The heat from equation- (4.4) which is delivered from the central receiver field to the steam generator (�̇�𝑄𝑔𝑔) is 
calculated. In my case, I have assumed that there are no losses to the environment in the transmission of heat 
thus the value will be similar to the (�̇�𝑄𝑠𝑠𝑠𝑠). 

�̇�𝑄𝑔𝑔 = 65.04 ∗ 1516.1 ∗ (550 − 300) = 24.65 𝑀𝑀𝐺𝐺 

Then the heat delivered to the steam cycle (�̇�𝑄𝑑𝑑) using equation- (4.5) knowing the efficiency of the steam 
generator (𝜂𝜂𝑠𝑠𝑁𝑁). 

�̇�𝑄𝑑𝑑 = 24653394.81 ∗ 0.95 = 23420724 𝐺𝐺 = 23.42 𝑀𝑀𝐺𝐺 

Next, the enthalpies are determined, and are the same as in the case of parabolic trough solar power plant are 
taken from table 4.2. [10] 

Enthalpy in point 1 – h1 = 3372.88 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

 

Enthalpy in point 2s – h2s  = 2020.00 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

 

Enthalpy in point 2 from the equation (4.7) 

ℎ2 = 2290.58 
𝑘𝑘𝐽𝐽
𝑘𝑘𝑘𝑘

 

Calculation of the enthalpy in point 3 (h3) knowing that in this point the pressure is the saturation pressure,  
value is taken from table 4.3. Plus the calculation of enthalpy in point 4 (h4)  which is the same as in point 3 (h3) 
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Enthalpy in point 3 – h3 =  417.44 𝑘𝑘𝐽𝐽

𝑘𝑘𝑔𝑔
 

Enthalpy in point 4 – h4= 417.44 𝑘𝑘𝐽𝐽
𝑘𝑘𝑔𝑔

      

The steam mass flow rate is calculated (�̇�𝑚Rsteam) using formula- (4.8) knowing the pressure (p1) and temperature 
(t1)- (table 4.1) of steam after the steam generator, so also knowing the specific enthalpy (h1). Other values that 
are known are the enthalpy in point 4 (h4) and the heat delivered to the steam cycle (�̇�𝑄𝑑𝑑). 

�̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙𝑙𝑙𝑚𝑚 =  
23420724

(3372.88 − 417.44)
= 7.92 

𝑘𝑘𝑘𝑘
𝛽𝛽

 

Later on, in order to achieve the electrical power generated (Nel) the internal power of the turbine is calculated 
(NiT) using the equation (4.9).  

𝑁𝑁𝑖𝑖𝑅𝑅 = 7.92 ∗ (3372.88 − 2290.58) = 8576.83 𝑘𝑘𝐺𝐺 = 8.58 𝑀𝑀𝐺𝐺 

Lastly, the electrical power of the turbine (Nel) using the -(4.10) equation is calculated since the mechanical 
efficiency of the turbine (ηmT) and generator efficiency (ηG) is known. 

𝑁𝑁𝑙𝑙𝑙𝑙 = 8576.83 ∗ 0.97 ∗ 0.96 = 7986.75 𝑘𝑘𝐺𝐺 = 7.99 𝑀𝑀𝐺𝐺 

The nominal efficiency of the central receiver system (ηeNomCR) is calculated just like the equation- (4.11) which 
is the . It is the electrical power generated (𝑁𝑁𝑙𝑙𝑙𝑙) divided by the real available heat from sun (�̇�𝑄𝑙𝑙𝑣𝑣). 

η𝑙𝑙𝑁𝑁𝑜𝑜𝑚𝑚𝑃𝑃𝑅𝑅 =
7986745.02

29003993.08 
∗ 100% = 28 % 

The annual efficiency of the central receiving plant (ηe_year_CR ) shows the formula (4.12) depends on the annual 
production of electricity and on the atmospheric conditions that affect the amount of solar radiation falling on the 
mirror. (tyear) is equal just like in the parabolic trough power plant so 4394 h. The annual available heat is the 
same like in (4.14)  

𝜂𝜂𝑙𝑙_𝑑𝑑𝑙𝑙𝑙𝑙𝑟𝑟𝑃𝑃𝑅𝑅 =  
7.98 ∗ 4394

254.05 ∗ 103
∗ 100% = 14 % 

5. Conclusions 

Even though Poland is not one of the main countries in the production of energy from renewable energy sources, 
has relatively not bad solar conditions. The sun is the basic source of free energy and does not make any harmful 
damages to the environment. That is why the production of energy from solar radiation becomes more and more 
popular. In the analysis carried out, comparing a solar power plant with a central absorber to the solar power 
plant with a linear absorber the efficiencies were found. The central receiving system yielded an efficiency at the 
level of 28%, and the parabolic trough solar power plant at the level of 24%. Those values are for the averaged 
hour by hour solar data. The power output for both system was also different, the parabolic trough produced 7.05 
MW of electricity and the central receiving system generated 7.99 MW. Another very important parameter is the 
annual efficiency, probably the most reliable value in order to compare both technologies. The annual efficiency 
for central receiving system equals 14%, and for the parabolic trough system it is equal to 12 %. This efficiencies 
are significantly lower than previous ones, because it is affected by the weather conditions, the demand and 
production of electricity. It should be noted here that, this is due to the insufficient amount of solar heat in the 
fall and winter months. On the other hand, during the summer months, the Sun is able to provide much more 
energy than it is needed for the work. 
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Abstract 

Based on the measurement data of sorption isotherms on coal samples, the sorption capacity was estimated using 
the Multiple Sorption Model. Then, based on ex-situ research, the sequestration capacity of coals in the field of 
Polish resources of this raw material was estimated with the use of literature data, taking into account only 
unexploited deposits. The theoretical sequestration capacity of all balance, but not mining deposits was estimated 
at 200 billion tons of CO2, which will cover demand for many years of storage. At the same time, it was found 
that this theoretical value would be severely limited due to the actual conditions of the deposits and the technical 
possibilities of injecting this gas. 

Keywords: greenhouse gases, sequestration, coal, sorption modeling 

1. Introduction 

As climate change is a major problem meet by the civilization, scientist and engineers search the method to 
mitigate the one of main cause of the greenhouse effect – emission of CO2. Many works were done till now to fit 
this need, starting from increase of process effectiveness in main branches (power, steel or cement production or 
transportation), development of less CO2 emission technologies to CCS methods. The methodology of carbon 
dioxide capture and sequestration is mature in oil industry, till it is used from decades for separation of CO2 
from natural gas and its injection to exhausted shale with simultaneous enhanced oil recovery (EOR)[1]–[5]. 
Technology is adopted to power industry and is continuously developed on the step of CO2 separation, 
compression and transport. Main way for the gas sequestration is geologic storage in: porous rock structure or 
geosynclines under insulating cap rock, underground saline water levels and in porous organic deposits, which 
are with weak exploration potential. Last geologic structure involves coal bed in closed coal mines, unused deep 
coal seems with no commercial meaning.  

Coal is a porous substance with organic origin transformed in geochemical conditions and in the geologic time-
scale. Coal matter is very complex mixture of different organic compounds resulting in partially rigid and 
partially elastic structure. Another property of this geologic form is presence of texture in many levels – nano, 
micro or macro porous system in so called coal bricks and butt-cleat composition in extra-macro scale. Butt-cleat 
formation of coal substance cause presence of transport channels for gases and liquids (especially water in 
shallow levels). Such a complicated structure of coal gives possibility to continuous and stable storage of gas in 
the sorption way. Many authors publish their works within this subject trying to understand the process and 
fitting the idea to possible technology[6]–[23]. Simultaneously it appear that injection of CO2 to coal bed induce 
the methane production which increases the economic efficiency of the technology [10], [18], [24], [25]. 

The aim of the work is research the CO2 sorption capacity  by the use of numerical modeling of sorption process 
in hard coal samples (ex situ method). Consecutively, results of modeling are transformed to the field conditions. 
Multiple Sorption Model elaborated by the team is applied to the analysis of sorption capacity. 
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2. Copolymeric coal structure 

Coal is a complicated organic copolymer substance formed as a result of geochemical changes. Its genesis also 
causes the occurrence of a mineral substance which sorption properties are negligible compared to those of a 
carbonaceous substance. From the point of view of sorption modeling, the components of carbon mass were 
divided into groups called components (Fig. 1): 

• arene domains - quasi-crystalline deposits made of joined plates containing condensed benzene rings: 
their size, structure and molar content depend on the degree of transformation of the carbonaceous 
substance - these parameters remain in an increase relation to the degree of carbonization; 

• crosslinked chains - aliphatic, alicyclic and heterocyclic compounds: their molar partition also increases 
in relation to the degree of carbonization; 

• noncrosslinked chains - aliphatic, alicyclic and heterocyclic compounds with a molar partition 
decreasing along with the increase of carbonization of the carbonaceous substance; 

• pores (especially submicropores or nanopores): holes in the carbonaceous material constituting sorption 
centers for sorbate particles; 

• mineral admixtures: deposits derived from admixing a sedimentation basin by natural minerals. 

The first two components constitute the macromolecular network of coal, constituting a limitedly rigid structure 
covering the entire volume of coal mass. The displacement of macromolecular phase objects is associated with 
overcoming large cohesion forces, and therefore requires a lot of energy. The third component is an elastic 
molecular phase whose objects can move inside the macromolecular network under certain conditions. The 
energy necessary to overcome the cohesion forces of the molecular phase is definitely smaller. The pores present 
in the carbonaceous substance are high-energy contacts for sorbate particles (especially submicropores - holes 
comparable with the size of the sorbate molecule, sometimes called nanopores in the point of view of their real 
size). 

 

Fig. 2.1. Components of coal structure accordingly to Multiple Sorption Model 
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3. Multiple Sorption Model (MSM) 

Described in chapter 2 copolimeric structure of coal results in the composition of model describing 
thermodynamic dependences taking part in the process of gas molecule location in the system. Presence of both: 
rigid macromolecular phase and elastic macromolecular phase cause co-existence of several phenomena like 
adsorption, expansion of pores, contraction of pores and absorption. Adsorption is a surface phenomenon 
involving adhesion forces while absorption is a bulk sub-process in which molecules need to introduce the 
energy necessary to producing of free volume not present earlier in coal matter and it happens in the cost of 
cohesion forces. Expansion and contraction of pores are contradictory processes mixing cohesion-adhesion 
forces to widen the submicropores filled with molecules of a gas or to shrink empty pores in their neighborhood. 
Such a properties of sorption system result in set of model formulas based on the Flory Polymer Solution Theory 
[26]. Model take into account sets of parameters like structural (partition of arene domains, crosslinked and 
noncrosslinked chains, partition of pores divided in group micropores and bigger pores), energetic (cohesion 
energy density of coal and penetrant, solubility parameter of coal [27], parameter of adsorption energy, 
parameter of absorption energy). The set of distributions is calculated under simulation experiment, i.e. pore 
volume (before location of gas), pore capacity (after location of gas), energy correction parameter (introducing 
non-ideal contact of penetrant molecules to coal components surface) and finally energy distribution. System is a 
priori divided to 11 subsystems (absorption, 9 for expansion and adsorption) giving poly-sorption isotherms and 
after summarizing it effects in isotherms of total sorption, adsorption (mono and polylayer), expansion and 
absorption as multisorption set of isotherms (Fig 3.1). [13], [28]–[30] 

 

 

Fig. 3.1. Multi-isotherms of CO2 sorption in different types of coal; a) lignite, b) sub-bituminous, c) bituminous, 
d) anthracite; circles - measured sorption isotherm, lines: 1 - total sorption, 2 - polylayer adsorption, 3 - 
monolayer adsorption, 4 - expansion, 5 - absorption; y-axis - a [mmol/g], x-axis - p/p0. 
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It should be remembered that the process of gas sorption in coal is complex and the location of molecules in 
specific places is accompanied by their flow both in transport channels and in mass in the form of absorption, as 
a result of which gas molecules move throughout the entire coal deposit over the elastic part of the carbonaceous 
substance. These properties result in the need to consider all sorption sub-processes in the calculation of the 
sequestration capacity.  

4. Samples of coal 

Ten samples of coal from Polish collieries are taken into investigation. Characteristic of samples is presented in 
Table 4.1 

Table. 4.1. Proximate analysis of coal samples 

 Sample → Be  Tu1  Tu2  Br  B82  A-K  Th  Vi  Wa  M85  
 Lignites Sub-bitumin Bituminous Anthracites 

C
daf

  %  65.9  70.2  75.9  79.6  80.88  86.4  86.4  87.6  89.1  92.41  

V
daf

  %  57.39  54.06  54.04  40.9  40.8  29.2  27.2  27.9  16.4  6.09  

A
a
  %  3.8  n.a.  12.3  15.5  2.48  6.15  7.89  7.78  8.92  3.7  

W
a 
 %  21.1  8.3  8.3  1.65  3.76  1.55  1.13  1.25  0.9  0.81  

Cdaf - content of coal in dry and ash free sample, Vdaf- volatile mater content in dry and ash free sample, Aa - ash 
content in analytical state of sample, Wa - humidity content in analytical state of sample 

Selected coal samples covers the range of coal from lignite up to anthracite and are representative to Polish coal 
deposits. However sorption of CO2 is possible in all types of coal  but shallow deposits like lignites are less 
suitable for carbon dioxide sequestration because of weak layer of cap rock. This situation results in high-
possible gas escape from the storage facility. Figure 4.1 schematically present the situation. 

 

Fig. 4.1. Schematic presentation of coal deposit location in Poland 

Together with so-called maturity of coal the depth of deposit increase. Lignite has a shallow bed with thin layer 
of over burden and possibility of gas leakage, sub-bituminous coal lays deeper and possibility of stable storage is 
bigger. The better situation is observed for bituminous coals which are located in large depth hundreds of meters 
but in some cases layers of coal are in direct contact with surface due to the tectonic activity in the past. So, the 
most suitable for CO2 storage are deposits of sub-bituminous coals. Unfortunately, most of them are heavily 
exploited and only the levels under 800 m are possible for sequestration or deeper. This levels of coal are defined 
as non-technical or non-economical for exploration.  

5. Sequestration capacity calculations 

Firstly, the total sorption capacity of coal samples is calculated from the MSM model. One could understand that 
molecules of a gas permeate through coal deposit and find pores in distant part of deposit by the migration 
commonly by the butt-cleat structure and penetrative (absorption) way. Some investigations shows that butt-cleat 
structure squeeze and stop the flow of CO2 after several days, as a result of coal matter swelling [11]. There are 
still place for the flow of gas molecules but in the penetration/absorption way which is significantly slower. 
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Molecules are located in coal in every stated earlier way (adsorption, expansion and absorption) in the coal mass. 
Sorption capacity evaluated by the application of MSM in the average pressure 3,4 MPa is used for calculation 
of sequestration capacity. Selection of such a pressure is an effect of achievable results for sorption isotherms 
measurements.  

Information about available non-technological coal resources was taken from the publication [31]–[33].  

Values given from MSM in moles per gram of coal are recalculated with using of  data from [29] and [30] to 
obtain the total sequestration capacities for different types of coal. Results of calculations are presented in the 
Table 5.1 and on Figure 5.2. 

Table 5.1. Resources of coal possible for sequestration and sequestration capacity 

Coal Type  Accesible for sequestration*  Theoretic sorption  Total capacity  

 Gg mmol/g Gg 
Lignites 14 200 0,0963 60 168,2 
31-33 3 416 555 0,754 113 347 628,7 

34 664 322 0,93 27 184 056,2 
35 1 095 284 1,18 56 867 145,3 

36-38 164 461 0,875 6 331 748,5 
41-42 145 0,815 5 199,7 

Total →      203 795 946,6  

This rough estimation shows the possibility of placing in off-balance deposits over 200 milions of tonnes of 
CO2. Certainly, one should evaluate the real possibility of the gas injection. This number means the total 
theoretical capacity and probably would be decreased by the real technical possibility of gas injection and 
storage. Situation is presented in the chart (Fig 5.1) as the pyramid of  potential-cost balance. 

 

Fig 5.1 Effect of technology cost on the possibility of realization 

The best storage potential is related to the smaller amount of gas introduced to the geologic structure. Increasing 
the amount of gas stored in the coal deposit is connected to the increasing cost of technology. 
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Fig. 5.2. Possible, theoretic amount of CO2 storage in different types of coal in Polish resources 

Lignites are generally less suitable for sequestration from the reason stated earlier (Fig 5.2). Sub-bituminous coal 
types 31 - 34 (accordingly to Polish national coal classification) are suitable conditional because of extensive 
exploration of this resources for power production purpose. Samples of bituminous coals types 35-38 comes 
from mines which are recently closed and could be involved to the sequestration methodology. Last class of 
coals - anthracites are meaningless because of very small amount off such  coal types in Poland. 

Another problem is the assumption of relatively low gas pressure which is injected to the coal bed. Most of 
acquired data on the accessible coal for sequestration proof that depth of sequestration exceeds 800 m. In bed 
conditions it means overcritical conditions in which carbon dioxide forms overcritical fluid with nearly constant 
density (Fig. 5.3). If one assume the density of gaseous CO2 on the surface as 100% than it could be obtained 
that volume of the same gas at 800 m is 0.32 % and density is about 700 kg/m3. This property of the gas in one 
hand gives possibility to increase sequestration capacity, in second hand this state of gas could cause appearance 
of reactions with coal matter with changing of its properties as well as properties of surrounding strata[34], [35]. 
These issues demand further investigations. 
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Fig. 5.3. Schematic presentation of changes of CO2 volume with increasing pressure at different depth of cap 
rock.  

6. Conclusions 

Approach connecting ex-site modeling of sorption isotherms of CO2 gives possibility to evaluate the theoretical 
sorption capacity in different way than ECBM-CO2 methodology [10], [36], [37]. Preliminary works lets to state 
the possibility of long term storage of  CO2 in the coal deposits recognized in Poland (Fig. 6.1) 

 

Fig. 6.1. The scheme of CO2 sequestration process in Poland. Data on CO2 emission are acquired  from Eurostat. 

There is possibility to accumulate about 600 years of CO2 production from industrial burning of fuels 
(theoretically) in all types of coal and about 190 years of CO2 production in bituminous coal (theoretically). 
Certainly, these numbers are overestimated in the technical point of view but it gives the picture of possible 
solution for problem of greenhouse effect by the CCS techniques. Every location should be evaluated separately 
for this purpose, not only in the point of view of theoretic capacity but especially in the direction of sealing of 
the gas. Problem of CO2 sequestration in coal deposits should be further studied in the purpose of accurate 
forecast.   
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Abstract 

The increasing use of renewable energy technologies for electricity generation, many of which have an 
unpredictably intermittent nature, will inevitably lead to a greater need for electricity storage. Although there are 
many existing and emerging storage technologies, most have limitations in terms of geographical constraints, 
high capital cost or low cycle life, and few are of sufficient scale (in terms of both power and storage capacity) 
for integration at the transmission and distribution levels.  

This paper presents Carnot Batteries, that want to resolve these problems: using an electric heater, we can 
convert power to heat, store it and then (when we want to discharge) pass it through a conversion cycle, 
converting it to power again. Principles, performance parameters and implementations of this technology will be 
showed in this review. 

This article will show the great potential we have inserting this system in small applications, but also in huge 
thermal plants, resolving geographical limitations, with low capital cost and long cycle life 

Keywords: Carnot Battery, PTES, Pumped thermal Energy Storage 

1. Introduction 

Many countries worldwide turn to the exploitation and utilization of renewable energy because of severe 
environmental problems caused by the use of fossil fuels. It is predicted that renewable energy will account for 
29% of total power generation in 2040[1]. However, because of intermittence, fluctuation and other uncertainties, 
renewable power generation faces with challenges of reliability and stability. [2] 

Since the power grid cannot store electricity by itself, this has led to the development of Electrical Energy 
Storage (EES) technologies. Energy can be stored in various forms, such as mechanical, chemical, electrostatic, 
magnetic, biological, and thermal.Despite the large number of available storage technologies, only three of them 
can be considered as large-scale electricity storage technologies currently (>100 MWh): pumped hydro storage 
(PHS), compressed air energy storage (CAES) and flow batteries.  

Currently, Pumped Hydro-Electricity Storage (PHS) and Compressed Air Energy Storage (CAES) are the main 
technologies employed at large scale, but they both suffer from geographical constraints, environmental issues 
and high capital cost. In this scenario, Carnot Batteries (also called PTES, Pumped thermal Energy Storage) are a 
promising storage option: they can combined them with all the renewable sources and retrofit existing thermal 
plant, they don’t have geographical limitation, and they will have a lifespan longer than Lithium-Ion Batteries 
for a longer storing time. Potentially, there are some studies that show that roundtrip efficiency of Carnot Battery 
can be 80%, that is more or less the efficiency of Pumped Hydro, and it is for sure more than Compressed Air 
Energy Storage. 

https://www.sciencedirect.com/topics/engineering/electrostatics
https://www.sciencedirect.com/topics/engineering/hydro-storage
https://www.sciencedirect.com/topics/engineering/compressed-air-energy-storage
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“Today we are at a point where we can also bring the benefits of the technology to the places where we don’t 
have so much sunshine, and therefore to help them to get from the ColdAge to the StorAge”[1] 

- Michael Geyer (Senior Advisor, DLR-German Aerospace Center) 

2. Carnot Storage Principle – State of the Art 

A Carnot Battery operation could be divided in two part: charging of the Thermal Energy Storage (with an 
electrical heater or a heat pump), and the discharging of the Thermal Energy Storage (delivering power to the 
cycle). 

 

Fig. 2.1. Carnot Storage Principle 

Carnot Battery uses thermal energy storage: there is a tank of same materials (there are different concepts about 
it), then we charge it with heat. The simplest approach is to place electric heater (a resistance) and heat up this 
storage medium to a certain temperature. To discharge this unit, we simply pump the heat currier (that is usually 
thermal oil) which takes heat from the tank, and deliver it to the evaporator of the discharging cycle. [4] [5] [6] [7]  

If we install a thermal energy storage system in power plant, we can switch off the boiler, and we can produce 
steam using this cycle. We have evaporator then we have expander, where we produce power back to the grid, 
and also we release some heat to the atmosphere.  

 

If we consider that in Organic Rankine Cycle (ORC) the highest efficiency we can obtain is 25%, and that the 
compressor has an efficiency of 95%, we can obtain the round trip efficiency (of the all system) that is 22-25%, 
not very high. 

ηround is limited by the Carnot efficiency resulting from the maximum and minimum temperatures of the power 
cycle used in the discharge process. In technical implementations, a thermodynamic cycle with external heat 
supply will be applied. 

There are three different approaches to increase the efficiency, rearranging the cycle. 
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1) We replace resistance heating with heat pump cycle. With heat pump cycle we deliver heat to the 
compressor (we compress energy fluid and not air), then we have condenser, we store in condensation the 
energy heating (in charging cycle), and we have evaporator. With a heat pump we not only use electrical 
energy for charging, but we are able to absorb some energy from environment (can be ambient heat). The 
losses are compensated with additional energy that we can absorb from environment (so for nothing). If 
we want to deliver power back, we have discharging cycle (that can be Rankine, Transcritical, or Brayton 
cycle). We have Heat Pump COP (Coefficient of Performance) greater than 1 (even 5 sometimes). So for 
the all system we have to multiply to something higher than one: if we had 22% *3 = 66%. The issue is 
that, at the moment, we need a high temperature heat pump cycle, that are not so common. Many 
companies are working with high temperature heat pump: we are able to store heat in high temperature, 
but actually on the market we can store it only to 165°C (it’s not so very high). But even if we run the 
cycle with low temperature, the equation is always true, so we can have high efficiency also with low 
temperature. [10] 

2) If we don’t have the possibility to use some energy, we can close the cycle (using for example waste heat 
energy). Sometime is not possible use energy from environment, due to the working fluid used in 
charging cycle (for the property of the fluid, sometimes we need to have evaporation at high temperature, 
like 40-60 °C). For example, each industrial factory has waste heat, even low temperature (for 
conditioning, air system, chillers, compressors, …), so we can store this waste heat. If this energy from 
different sources of wasting heat is not use (for example it is dissipated and wasted in atmosphere), then 
we don’t put it in the input energy (we could use the energy somehow). It’s always case sensitive. 

3) To close the cycle, we can use two thermal storage systems. During discharging, we don’t have to 
discharge heat in the atmosphere, but we can discharge heat in the low temperature tank. Then, in 
charging, we take heat from low temperature tank and we pump it to a high temperature tank. 

Increasing the roundtrip efficiency of storage systems does not only allow ensuring the security of supply with a 
lower total capacity of renewable energy generators but also helps to reduce the investment in the infrastructure 
required to transfer electricity between sources and storage systems, reducing the size of the thermal storage 
systems. 

To charge and discharge the thermal storage we usually use three thermodynamic cycle solutions: 

1) Linde-Rankine cycle: Linde cycle for charging (for heat pump) and Rankine cycle for discharging. It is the 
simplest one, so it will have the lowest temperature, and the lowest efficiency. If we look at temperatures, the 
system is quite difficult to apply in reality because the storage will take place at very low temperature ( -25°C 
and -50°C), so it can be combined with some industrial refrigerator tank. If we have a demand from the factory 
for a very low temperature fluid, this cycle can be used[9] 

2) Transcritical cycle. It means that condensation takes place over critical point, and then we cold down on 
saturation line (for discharging). But in charging, we have traditional evaporation cycle.  So, Transcritical cycle 
will work partly under umbrella and partly over umbrella. 

3) Brayton cycle. It can be located at any temperature, even 400-500°C). Brayton cycle is the cycle of gas 
turbine: we have compression, then we have the delivery of heat (in case of power cycle). Brayton can be 
reversible, so it can work as power cycle or as heat pump cycle, but it uses two heat exchanges (compressor and 
expander). 

3. Performance parameters 

There are three main performance parameters: 

• Round trip efficiency: 
𝑛𝑛𝑒𝑒𝜕𝜕 𝑤𝑤𝛽𝛽𝑟𝑟𝑘𝑘 𝛽𝛽𝑢𝑢𝜕𝜕𝑒𝑒𝑢𝑢𝜕𝜕
𝑛𝑛𝑒𝑒𝜕𝜕 𝑤𝑤𝛽𝛽𝑟𝑟𝑘𝑘 𝑆𝑆𝑛𝑛𝑒𝑒𝑢𝑢𝜕𝜕

 

• Energy Density: 
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𝑛𝑛𝑒𝑒𝜕𝜕 𝑤𝑤𝛽𝛽𝑟𝑟𝑘𝑘 𝛽𝛽𝑢𝑢𝜕𝜕𝑒𝑒𝑢𝑢𝜕𝜕
𝑟𝑟𝑒𝑒𝛽𝛽𝑒𝑒𝑟𝑟𝑣𝑣𝛽𝛽𝑆𝑆𝑟𝑟 𝑣𝑣𝛽𝛽𝑣𝑣𝑢𝑢𝑚𝑚𝑒𝑒 

 

• Power Density: 
𝑎𝑎𝑣𝑣𝑒𝑒𝑟𝑟𝑎𝑎𝑘𝑘𝑒𝑒 𝑒𝑒𝛽𝛽𝑤𝑤𝑒𝑒𝑟𝑟 𝛽𝛽𝑢𝑢𝜕𝜕𝑒𝑒𝑢𝑢𝜕𝜕
ℎ𝛽𝛽𝜕𝜕 𝛽𝛽𝑦𝑦𝑣𝑣𝑆𝑆𝑛𝑛𝑑𝑑𝑒𝑒𝑟𝑟 𝑣𝑣𝛽𝛽𝑣𝑣𝑢𝑢𝑚𝑚𝑒𝑒

 

The important factors to evaluate an electrical energy storage technology are its round-trip efficiency and its 
capital costs per MW installed capacity and per MWh of storage. In this matter, PTES have relatively high 
energy density, which translates into a small plant footprint and low capital cost per MWh. [11] 

Energy density of PTES is generally much higher than other energy storage systems due to the possibilities of 
thermal storage materials. With temperatures ranging between 500ºC to -150ºC, correspond to energy densities 
of 130kWh*𝑚𝑚−3 to 60kWh*𝑚𝑚−3 (using magnetite as a thermal storage material). [3] 

Regarding round trip efficiency, this is most simply computed through the entropy budget. The system entropy 
must be the same before and after a storage cycle because it is a property of state, so any entropy generated 
during the cycle must be discarded as waste heat. This heat represents a loss from the stored energy that cannot 
be re-transmitted as grid power [10]. 

We can divide the main losses of the systems in three sectors: 

1. Compression and expansion losses 

Turbomachines have an achievable polytropic efficiency of 90% [12], compression efficiencies varies from 75 
to 80% [11]. This low values for compressor may be associated with valve pressure drop and hence there is a 
possibility to increase this efficiency. In a PTES system the gas will stay longer in the device (in comparison 
with a turbo-compressor) meaning there will be considerable heat transfer to the environment. Main losses 
can be due to: pressure drop through the valves, cyclic heat transfer through the cylinder walls and mixing of 
fresh intake gas with the residual gas [11]. 

2. Pressure losses 

Due to pressure losses in pipework, heat exchangers, reservoirs and valves the expander has a lower pressure 
ratio than the compressor. Pressure losses will have a greater impact in performance if it occurs in the low 
pressure part of the cycle[3] [11]. 

3. Thermal reservoir losses 

Main sources of heat loss in the reservoir occur due to frictional pressure loss and heat transfer irreversibility. 
Thermal losses occur because heat exchange takes place across a finite gas-solid temperature difference [11]. 

4. Limitations and constrains 

We can divide the limitation and constrains of Carnot Batteries in Materials and Design. 

4.1.  Materials 

I) Steel Limitations 

Closing the Brayton cycle enables the background working fluid pressure to be raise, greatly reducing the cost 
per engine watt. The turbine rotation speed and blade angles fix the working fluid velocity to first approximation, 
therefore, increasing the pressure simply increases the number of moles of working fluid passing a given point 
per second which increases total power. 

Nonetheless, the use of high pressure severely limits the temperatures that can be employed. Raising the 
temperature of a steel eventually causes it to exhibit creep, a deformation that ends in full mechanical failure at 
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higher temperatures. This effect does not have an influence in short time but is a big design constrain on the 
scale of 40 years. This phenomena must be taken into considerations for high pressure systems which will work 
with temperatures above 700 K, although this limit can be raised to about 800 K by adding some impurities to 
the carbon steel[10]. 

II) Storage Media 

Electricity is stored in the form of thermal potential (there is a temperature difference between environment and 
the reservoir). Thermal storage materials can be solid, liquid or phase change materials. Each of these have their 
own advantages. Solids, such as gravel or metal oxide are cheap, abundant and non-toxic. Liquids allow the 
system to be pressurized to reduce the cost and the thermal energy to be stored statically at a single temperature. 
Phase change materials tend to have a much higher energy density than the previous materials.  

Temperature limitations due to usage of steel make solar salt a good choice for the high temperature storage 
medium.  Solids and liquids have heat capacities of approximately 3R per mole, where R is the ideal gas 
constant, in the temperature range of interest. The great advantage of gravel or solar salt is their low cost, plus 
solar salt is liquid, so it enables heat transfer by counterflow, minimizing entropy creation. Solar salt also has 
low vapor pressure, high compatibility with steels, it is environmental friendly, does not disintegrate in response 
to thermal cycling stress the way a solid would and creates no explosion hazard[10]. 

The upper operating temperature of solar salt exposed to air is not presently known. Corrosion of stainless steel 
by these salts is mild and amounts to approximately ten micrometers per year at 550ºC[10]. 

The storage media should be chosen based on the temperature range we want. Water under pressure will be the 
cheapest option for the range of 120-150 ºC. For 200-300 ºC thermal oil can be used. We can store heat in 
ceramic materials (like in magnesite block, where we are able to store heat up to 600°C). But if we want to have 
different temperature profiles we have to use PCM (phase change materials): molten salt are used as PCM, there 
are different molten salt on the market, and with them we are able to reach 700-800°C.  

III) Working Fluid in Heat Pump 

The working fluids in this application is limited to gases that are extremely stable at high temperatures and far 
from liquefaction or solidification phase transitions at mildly cryogenic ones. Mechanical advantages of working 
near a critical point are not as important in this case as the danger of fluid raining or snowing out and damaging 
the turbine blades. For this application 𝐶𝐶𝑂𝑂2  is discarded because it suffers from liquefaction and freezing 
transitions in the range of 200-300 K. Taking into account these considerations and requirements for economic 
viability and environmental friendliness restrict the possibilities to Ar and 𝑁𝑁2. Argon has a lowered compression 
ratio and, potentially, higher adiabatic efficiency due to it being a gas with no internal degrees of freedom. 
However, 𝑁𝑁2 requires only minor modifications for being use in some jet engines [3] [10]. 

Other working fluids currently used in industrial compression heat pumps are shown in the following table: 

Table. 4.1.1 Refrigerants used in industrial compression heat pumps 

Refrigerant Maximum Sink  
Temperature [ºC] 

Minimum Source  
Temperature [ºC] 

R245fa 140 15 
R600a (Isobutane) 140 0 
R717 (Ammonia) 110 -30 
DR-2 160 35 
SES36 160 35 
R744 (CO2) 130 About -10 

 

IV) Working Fluid in ORC Cycle 
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• Dry working fluid. When we start expansion, we have always any points in dry region. During 
charging, to avoid enter in the wet region (we could destroy the compressor otherwise), we need to 
super-heat the fluid. So, dry fluids need super-heated steam at the entrance of the compressor, that 
means we need to use regenerate heat exchange to regenerate some heat from cooling, to super-heat this 
steam. In discharging, we have typical Organic Rankine Cycle, so we can start expansion from 
saturation line, then we expand, and then we have to cool (we also use regeneration), then we have 
condensation, pumping and re-heating. 

• Isentropic fluids: part of their saturation umbrella is vertical, so entropy is almost constant (that’s why 
we called isentropic). Charging and discharging are isentropic  

• Wet fluids (example, carbon dioxide): the umbrella is open. If we start expansion from any points of 
saturation line, we always go to liquid. So, the issue is that we need to have super-heated fluid during 
discharging. If we have high isentropic efficiency, we can go down and enter the wet region. 

If we want to operate with evaporation temperature around environment condition (15 °C) we have pressure 
around 1 MPa. Theoretically if we end up close to the saturation line, then the heat that we could be able to 
absorb from environment would be from 300 kJ/kg to 600 kJ/kg. So we are able to absorb around 300 kJ from 
each kg of working fluid. 

Another issue is throttling: if it is too much (with an high pressure difference), we will not enter the condenser 
with the fluid close to the saturation line but we are going to evaporation with a sort of mixture. Then the ability 
to absorb heat will be limited by throttling. In this case we can look for isobutane. For isobutane is quite 
convenient, because in any point we are always able to absorb some it: it doesn’t matter if we have the ending 
point after throttling, it’s always left some space to absorb some energy for the external source of heat. This 
energy will compensate the losses. In case of toluene, it will be a limitation, because the ability to absorb heat 
will be limited. So, what we have to look at if we want to select the perfect working fluid? Not only pressure and 
temperature but also some balance energy issues.  

4.2.  Design 

At fixed pressure ratio, the efficiency and energy density are both improved by either increasing 𝑇𝑇1 or decreasing 
𝑇𝑇3 seen in Fig.1. If compression and expansion losses dominate, then the efficiency is governed mainly by the 
ratio 𝑇𝑇2/𝑇𝑇3 since this determines the ratio between compression and expansion work. Increasing this ratio makes 
the cycle less susceptible to compression and expansion losses. On the downside, improvements regarding these 
parameters result in increased costs and technical difficulties since they imply higher top temperatures or 
pressures, or lower bottom temperatures. The benefits of higher work ratios might be diminished by increased 
thermal losses in the reservoir[11]. 

 

Fig. 4.2.1 Layout of PTES system. Key: BV buffer vessel; HR/CR hot/cold reservoir; CE/EC reversible 
compressor-expanders; HX1/HX3 heat exchanger[11] 
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Geometry parameters can also be varied, such as the hot and cold reservoir aspect ratios (L/D) and particle 
diameters. Small particles five large heat exchange but increase the frictional effects. Similarly, long reservoirs 
give lower thermal losses, but the reduction in cross-sectional area means higher fluid velocities and therefore 
higher pressure drop.  In the cold reservoir, due to lower gas density, pressure losses are more significant and 
therefore the optimum aspect ratio is lower and optimum particle size larger than for the hot reservoir [11]. 

Overall, there are two main design options: 

I) Two different machines (charging and discharging cycle). Integrated devices concept can be used, this means 
there is a compressor and an expander as two machines, but remaining elements are the same so they are heating 
exchangers (that can work reversibly). During charging, the compressor is switched off, the valves are closed 
(cycle runs in reverse) so the evaporator becomes a condenser and condenser becomes an evaporator.  

II) Most advanced concept at the moment is a reversible machine. We can use scroll compressors in low 
temperature cycle (below 100 ºC): some of these scroll compressors can work reversibly. When we deliver 
mechanical power, the compressor will compress the fluid, but if we put some pressure (by delivering high 
pressure fluid from one side), it will work reversibly, so it will turn to a mechanical power up. 

5. Concepts for technology implementation from small to large scale (from domestic 
applications to power plants) 

We have now 10 year experience worldwide with molten salt tanks, and they have shown that they are operating 
in large commercial sizes up to 250 MWe for 6 hours, and that they can have a lifetime up to 35 years (where 
basically, for the electrochemical batteries is still a dream to come).  We can implement them not only on 
thermal plants, but also on nuclear plants and combined them with all intermittent renewable’s sources, to 
shoveling the peak of electricity demand. In the following table we will show the projects already on the market, 
and the researches going on: 

Table. 5.1 Actual projects and researches 

Name Capacity Energy Storage 

1. NADINE (National Demonstrator for Isentropic Energy Storage) 
[7] [13] [14] [15] [16] 

research 

2. CHESTER Challenge [17] [18] research 

3. University of Edinburgh experimental test [19] research 

4. Small-scale prototype at Liege University, Belgium [20] [21] research 

5. Southern Australia, Adelaide-based “1414 Degrees” Startup [22] [23] 
[24] 

 10 MWh  

6. SandTES Pilot Plant, Wien [35] 280 kWth   

7. Siemens Gamesa: 3 ETES (Electric Thermal Energy Storage) 
Solutions [25] [26] 

1,4 MW  24 hours 
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8. Newcastle University small scale demonstrator [27] [28] 2-5 MW  8 hours 

9. Start-up Malta Inc. [29] [30] 10 MW  6 hours 

10. SaltX Pilot Plant, Berlin [31] [32] [33] [34]  10 MWh  

11. Torresol Gemasolar power tower, Spain [36] 19,9 MW  15 hours 

12. Noor Ouarzazate 3, Morocco [37] 150 MWe  7,5 hours 

13. Solana Plant, Arizona, USA [1] [38] 280 MW  6 hours 

14. Noor Energy 1, Dubai [39] 950 MW  24 hours 

 

6. Retrofitting of coal plants 

“Retrofitting former coal plants with giant Carnot Batteries could be the key technology for storing large 
quantities of energy in a carbon-neutral energy system of the future”. 

-  Institute of Engineering Thermodynamics at DLR (German Aerospace Center) [1] 
German coal committee is a commission that is constituted by all basically social stakeholders, politicians, 
unions, industry, etc and they have made a publication and a recommendation that Germany would gradually 
step out from its coal power generation by 2038. 

Actually, there are 46 gigawatts of coal plants in German, 7 gigawatts will be shut down by 2022, the total of 23 
gigawatts (half of it) should be shut down by 2030, and the remaining would be shut down by 2038. If we want 
to shut down the fossil plants and minimize the carbon emissions, we need lots of storage to convert the variable 
electricity production into a dispatchable electricity production, that will supply the electricity when the demand 
is needed. So, at the DLR (German Aerospace Center), they are studying with a large German utility the 
possibility of converting existing coal plants into storage plants, giving coal plants a second green life by adding 
a storage system to them. We can bank on over 10 years of experience of concentrating solar power, expanding 
the solar power technologies to the cloudy countries by just adding a molten salt thermal storage. 

 

Fig. 6.1 (DLR - Michael Geyer presentation - 8 April 2019) Actual thermal plants grid[1] 
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The thermal plants are usually operating with coal, biomass, etc... and in future the idea is to eliminate the coal 
and add thermal storage (what we call the “Carnot battery”): it will be charged with electricity from the grid and 
then it will deliver its heat to the existing plants, being converted into the existing cycles.  

 

Fig. 6.2 (DLR - Michael Geyer presentation - 8 April 2019)  Implementation of a Carnot Battery in the grid[1] 

The advantage of these plants is that they are already there: they exist, they have a grid connection, they have 
permits, they have people who operate them, and so this means this is much easier to convert them. How a coal 
plant can be converted into a storage plant? Starting with an existing coal plant, with his thermodynamic cycle, 
we have the coal boiler that produces high-pressure steam that goes into the turbine, then the turbine moves the 
generator and the generator makes electricity: it successively goes back and closes the cycle. 

 

Fig. 6.3 Existing coal plant [1] 

The conversion will not be difficult: 

 

Fig. 6.4 Existing coal plant with the suggested electric heater/heat storage implementation [1] 
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We add the part on the right, that we know perfectly from the concentrating solar power plants. There is a hot 
tank with molten salt at the temperature of 565°C, and the cold tank at 270°C. We have then the molten salt 
steam generators: we come there with the feed water that we preheat, we evaporate it, superheat it, and then mix 
it (with the exact settings) with the existing steam from the coal boiler, that will run through the existing turbine 
to produce electricity. 

The innovations is that on the right part we do not have mirrors (in the lack of sunshine), but we have electrical 
resistance heaters, which work with the excess production from renewable electricity or directly from the grid 
(when the electricity is cheap). In such a system, we have an efficiency of the right part of 95%, and we will 
have a cycle-efficiency of 42%. We could improve the system adding a heat pump (but this doesn’t exist today). 
So, instead of using the electric heater, we use a heat pump, and by this we could have a coefficient of 
performance which around 120%, increasing the round-trip efficiency to 50%. 

An additional improvement could be using the heat pump for discharging: we would not use anymore the steam 
cycle, putting a heat pump heat engine in it for the reconversion, reaching over 60% or close to 70% efficiency 
round-trip, during charging and discharging. It would become pretty close to what lithium-ion battery or other 
electrochemical batteries do, but in this system, we have the big advantage first of all that we can do this in many 
hundreds of megawatts for many hours, and with an expected lifetime of 35 years. 

Actually, we don’t have proof of technical concept for retrofit an existing coal plant with a molten salt storage, 
but what is completely proven is the molten salt system with its molten-salt heat exchangers. 

In small-scale, the resistance heaters are proven to heat up to 565°C, so this is a conventional technology, but 
nowhere is build one for 100-200 MWe. So, basically, the systems would use a proven technology, learning day 
after day. 

Further, coal plant in the world so far ran baseload of 6000 hours per year,, they did not need to start and stop 
daily, and it is more to get acquainted with this technology to integrate it in the plant then a technical proof of 
concept, because the molten salt storage steam cycle is running and proved for almost 10 years in utility-scale. 

In detailed engineering and detailed simulations, this new system works quite well, but of course it hasn't been 
built yet. The heat exchanges are also challenging at least for the motor system. There are lots of technical 
challenges that can be overcome, but they remain big challenges, engineering-wise and economically. 

Another great advantage is the persistence of the people working in the coal sector: often towns or cities are very 
dependent on this one source of employment and so on, and with this technology option we can at least save jobs 
in the coal plant. There are lots of jobs here commit in the power plants and converting these coal plants into two 
storage plants will conserve quite an amount of those jobs, because the plant will still be run as a thermal plant 
(basically with the same skills). 

In conclusion, if the concept works, it could help safeguard coal generation jobs while giving, for example 
Germany, tens of gigawatts of storage capacity for renewable energy load-shifting on the German grid.  

Furthermore, a single pilot could be enough to prove the commercial viability of the concept, since the 
technology, described as a Carnot battery, is based on commercially available industrial components and 
standard engineering practices.  

Thermal storage tanks are relatively low-tech, low-risk engineering concepts, he said, requiring only a steel tank, 
concrete base and the salt itself. The principal engineering task is to fit the tank into a coal plant, he said. These 
plants were not designed to house molten salt storage containers, he admitted, and a Carnot battery built from 
scratch would likely not resemble a coal plant. The cost of converting the coal plants is not expected to be overly 
significant because a large amount of the existing infrastructure would be reused and permits plus grid 
connections are already in place. 
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For operation, meanwhile, the batteries would rely on renewable energy that is currently being curtailed. Carnot 
batteries would likely complement lithium-ion battery plants on the German grid, Geyer said, with the latter 
delivering primary and secondary frequency control services. The combination of lithium-ion and Carnot 
batteries could maintain grid stability and deliver load-shifting to keep grids running on high levels of renewable 
energy for hours or possibly days, he said. However, to cope with extended periods of low wind and poor 
sunlight, for instance during winter calms, some of the converted coal plants could be equipped with gas 
boilers.Nevertheless, the Carnot battery concept only makes sense as a way of taking advantage of coal plant 
equipment and excess renewable energy that would otherwise go to waste, Geyer conceded, because the round-
trip efficiency of the storage process is only about 40 percent. [1] [40] [41] [42] 

7. Conclusions 

In this review, we showed the huge potentiality of Carnot Batteries, from small scale application to the 
implementation in power plants. It a reliable technology based on a simple principle, already used in CSP plant 
for over 10 years. We can use different cycles, and each material (solid, liquid, phase change) used to store the 
heat have his own advantage. We have losses like in all storage systems, and the efficiency actually is not 
competitive with the solution on the market, but it was showed that it will become more competitive combining 
it with an heat pump and using higher temperature (both not yet implement in operating system).  

In conclusion, a lot of prototype and experimentations are carried actually, and they will have more and more 
importance during next years, above all implement Carnot Battery in existing thermal power plant, reconverting 
and improving the actual ones, to shoveling the load peak, and reducing the cost. The possibility to install Carnot 
Battery everywhere without geographical limitation will be a huge advantage in comparison with the other 
storage system, and next years this technology will become more and more famous, leading to improvements of 
it and with more existing system implemented in the world. 
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Abstract 

Even after numerous efforts by many global organizations and national governments, the carbon dioxide 
emissions are daily on a rise. Renewables like solar, wind and hydropower are in primary focus to accelerate the 
efforts to reduce emission from the electricity sector. However, they constantly face problems of intermittency. 
The present article presents the idea of a small-scale algae-based electricity generator. A technical feasibility of 
the same is presented along with the economics. The breakeven electricity price for this is calculated to be $0.15 
USD/kWh 

Keywords: Algae, biomass, anaerobic digestion, renewable, 

1. Introduction 

The International Energy Agency (IEA) reports that the global emissions in the year 2018 were 33.4 Gt from fuel 
combustions [1]. If the world continues with the current policies this could increase to 42 Gt of CO2 emissions 
from fuel combustion by 2040[2]. Figure 1 depicts the predicted emission from the energy sector if new policies 
are implemented by various nations and what are the transitions needed to achieve the sustainable development 
targets. There are three main steps identified by IEA: energy efficiency, change of fuels to more renewable 
options and carbon capture and storage (CCS). 

 

Fig. 1.1. CO2 emissions in Sustainable Development Scenario (SDS) vs New Policy Scenario (NPS) [3] 

To reduce emissions, the renewables that are playing a major role presently are solar, wind energy, biomass and 
hydropower. Solar and wind have immense potential but have the major problem of being intermittent and hence 
usually needs a supporting powerplant to supply electricity when the sun doesn’t shine, and the wind doesn’t 
blow. Battery storage is seen as the most promising solution to this and there has been a constant decline in 
battery prices. The levelized cost of electricity from battery storage has fallen to $187/MWh in 2018. 
Comparatively, the LCOE of just solar PV was $57/MWh [4]. So, the cost of battery storage is falling but in 
most places is still quite higher than the present electricity prices. 
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Another major challenge is deploying batteries on a global scale is the waste disposal strategy. Although 
recycling methods exist which can help reuse 60-80% of the materials, there is a lack of framework in many 
countries to implement these methods. If not done responsibly, there might be a huge problem of stockpiles of 
battery waste. 

With these problems in perspective, the present article discusses the technical and economic feasibility of algae-
based electricity generation using anaerobic digestion and subsequent biogas combustion. The algae are grown in 
Photo Bio Reactors to prevent the competition with food cultivation which has been a major drawback for the 
first-generation food-based biomass. A small-scale design is preferred over one centralised generation for easy 
installation especially in places which lack grid connections presently. 

2. Technical design of the proposed generator 

Figure 2.1 shows the schematic of the proposed algae-based electricity generator. The steps in the process of 
electricity generation are discussed in the subsequent subsections 

 

Fig. 2.1. Schematic of the proposed generator 

2.1.Algae Incubator 

The algae incubator is section is where the algae reproduces taking in sunlight, CO2 from air and water along 
with nutrients. The exhaust air post electricity generation can be used to enrich the input air with CO2 for better 
algae growth rates. For example, for Scenedesmus obliquus Zamalloa et al, used a concentration of CO2 of 2% 
(v/v) [5].  

The various design of the photobioreactor have been researched extensively in literature and the most common 
and successful design has been the tubular design [6] and the same is proposed to be employed in the present 
design. 

2.2.Algae Processing 

The algae processing section in where the anaerobic digestion (AD) of the algae take place. A complete or partial 
drying for thermal treatment might be employed to improve the efficiency of biogas generation as it is known 
that thermal pre-treatment can improve biogas generation from algae by about 20 to 40% [7].  

The present design if for decentralised production of electricity and hence it might be a logistic issue to collect 
the solid waste from AD and use it for applications like fertilizers and hence it is rather burned to provide 
thermal energy for drying and thermal treatment. 
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2.3.Electricity Generation 

The final step is to generate electricity from the produced electricity. Many commercial designs exist for the 
same and can be deployed as it is for this purpose. 

2.4.Technical feasibility 

Taking the case of a typical household in India, they consume 90 kWh of electricity per month [8]. However, 
with an increasing electrification and access to more technologies this is expected to increase. Hence, for the 
present analysis a household consumption of 125 kWh/month or 450MJ is taken.  

Hakawati et al. [9] summarised the efficiency of heat, electricity and transport from biogas by evaluating 49 
technologies. The efficiency of electricity generation varied from 8% to 54%, specifically for biogas power 
station from 35% to 40%. For the present analysis, an efficiency of 40% is taken for biogas to electricity 
generation. Taking the LHV of methane as 50 MJ/kg, this would give a need of 25 kg/month or 35 Nm3/month.  

For S. obliquus, Zamalloa et al [5] evaluated that biogas production is approximately 0.5 m3/m3/day of 
incubator with 75% CH4 content. This would provide 11.25 Nm3/m3/month of CH4. Hence, an incubator size of 
approximately 3m3 is needed. Considering all the subsystems, the entire generator could be packed in a box of 
size 3m x 3m x 3m. 

3. Economics of the proposed generator 

Table 3.1 summarises the fixed cost od the proposed generator. Some of the costs available in literature were for 
larger subsystems and hence were scaled for the present design. Since installations are assumed to be done at 
home, no land cost is taken into the analysis. 

Table. 3.1 Fixed cost for the proposed generator 

Direct Fixed Costs heads Cost (USD) [9,10] 
Incubator (Photo Bio Reactor) 2,000 
Anaerobic digestor 360 
Electricity Generator 400 
Total Direct Fixed Cost  2,760 
Indirect Fixed Cost % of Total Direct Fixed Cost  
Installation 5% 
Transportation 5% 
Warehouse 4% 
Total Indirect Fixed Cost (USD) 390 
Total fixed cost 3,150  

 

The recurring cost includes the cost for nutrients supply for algae growth and maintenance requirements. This is 
taken as 6 USD per month [10]. 

With a lifetime of 20 years for the generator and assuming it to have a zero-value post that, the breakeven 
electricity price is calculated to be $0.15 USD/kWh. The electricity price in India varies from 0.08 USD/kWh to 
0.12 USD/kWh. 

4. Conclusions 

Some of the key challenges to the successful commercialisation and implementation of the proposed idea are: 
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• Since the proposed generator needs to run in a decentralised system, the PBR should work with almost 
no supervision. 

• The system should ideally have an automatic fault detection to prevent any blackouts for the household. 
• The levelized cost of electricity is still higher than the market’s cost of electricity. The PBR comprises 

the bulk of the cost (0.07 USD/kWh). Technical improvements and local sourcing of components could 
reduce the cost to achieve competitive market prices 

• Biogas is known to have problems with odour which would present a practical challenge in home 
installations 

• Depending the microalgae, the growth rate varies with the intensity of sunlight. For example, for S. 
Obliqus, Zamalloa et al [5] used a intensity of 250 µmol/m2/s. Usually a higher as well as a lower 
intensity reduces the growth rate. This could alter the rate of biogas production and hence electricity 
generation 

Despite these challenges, the present technical and economic feasibility of the small-scale algae based electricity 
generation presented here is feasible and with some improvements soon be commercialised especially for 
regions with limited or no grid connectivity 
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Abstract 

The aim of this research is to investigate the effectiveness of heavy metal ions removal (lead - Pb and cadmium - 
Cd) by alginate-based aerogel, derived from biodegradable precursor such as sodium alginate. The synthesis of 
desired material was composed of freezing in liquid nitrogen and followed by drying process - liophilisation. An 
investigation of synthetic, alginate-based aerogel properties was composed of Scanning Electron Microscopy 
(SEM-EDS), X-ray diffraction (XRD) , FTIR-analysis and thermo-gravimetric measurements (TG-DTA). The 
yield of the research suggests that alginate-based aerogel may be applicable as an effective and economically 
viable biosorbent of heavy metal ions. His biodegradability ensures highly effective process from waste point of 
view with simultaneous sorption of undesired pollutants.  

Keywords: aerogels, sorption, biosorbents, polimer compounds  

1. Introduction 

An important issue of today’s world is an environmental pollution caused by an anthropogenic pressure. The 
presence of numerous pollutants in water and soil ecosystems poses a huge danger for their consistency and 
integrity. Natural environment is polluted by carbon dioxide - CO2, sulphur oxides - SOx, nitrogen oxides - NOx, 

heavy metal ions such as: Cu2+, Zn2+, Cd2+, Pb2+, Cr3+, Ni2+and Fe2+ , phenol and its derivatives, benzene and its 
derivatives further known as BTEX, pesticides, and volatile organic compounds - VOCs (Standeker et al., 2009). 
As mentioned one of the key issue of environmental remediation is to prevent or neutralize all of previously 
listed chemical agents via adsorption, membrane techniques, extraction or ion exchange.  

In the literature an adsorption is considered as one of the most economically viable and simultaneously effective 
method of undesired chemical agents removal from water environments. An adsorption proces relies on proper 
adjustment of adsorptive material, therefore in this research paper a synthesis of polimer-based material - 
alginate-aerogel is conducted. His precursor is a biodegradable, polimer compound - sodium alginate, cross-
linked by double-charged cation - Ca2+.  The parameters such as crystallinity, texture and surface functional 
groups were investigated followed by XRD measurements, SEM investigation, TG-DTA analysis and FTIR-
analysis respectively.  

Aerogels were initially investigated by Kistler (1931, 1932) when their interesting features were examined such 
as high porosity, well-developed active surface area, numerous macropores and mezopores followed by great 
thermal conductivity.  

In general, an aerogel is a material, consist of three-dimensional, spatial structure, derived from organic, non-
organic or organic-inorganic precursors in a process called gelation accompanied by proper drying technique 
(Maleki, 2016). Gelation proces - a creation of gel out of sol seems to be the key step in formation of 3D-
structure of aerogel and its porosity. The overall scheme of gelation proces is presented in Fig. 1.1. 
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Fig. 5.1. Sol-gel process - general scheme 

2. Application of aerogels in water treatment  

According to the topic of presented research it is worth to mention that there are numerous of water pollutants. 
One could distinguish anthropogenic and natural pollutants as an effect of civilization development such as 
sewage, agriculture and heavy industry pollutants (Ali et.al., 2012; Barakat, 2011). Anthropogenic pollutants are 
highly toxic to the environment and could be divided into two main groups: 

Inorganic pollutants:  

• Metal  ions, for example : Ni2+, Cd2+, Pb2+, Cu2+, Zn2+,  
• Anions (acid residues) : AsO4

3-, HAsO4
2-, SO4

2-, ClO4
-, Cl-, H2AsO4

-, 
• Artificial fertilizers (nitrogen, phosphate) and their derivatives 

Organic pollutants:  

• Pesticides 
• Phenol and its derivatives 
• Dyes 
• Pharmaceuticals 

Pollutants entered to the environment via human activity are highly toxic and non-biodegradable therefore it 
seems to be crucial to neutralize them or capture form water-soil environments.  

Aerogels, due to their high porosity, chemical groups on the surface and well-developed active surface area 
might be applicable as potential adsorbents of undesired pollutants from water. One of few effective ways of 
undesired heavy metal ions removal is their chelatisation with surface functional groups of an aerogel that 
contain nitrogen (N), phosphorus (P), oxygen (O) or sulphur (S). Those agents may serve as a donors of 
electrons that could create a coordinative covalent bonds with metal. Furthermore, one of the main advantage of  
a sol-gel process is a possibility of  adjustment the surface chemistry of an aerogel with chelation groups via 
silicate aerogel usage. Modified by amines, silicate aerogels were proposed by Kłonkowski  
(Kłonkowski, 1999; Soliman, 1997) and co-authors (Kłonkowski et al., 1999) through bonding on their surface 
3-aminepropyltrimethoxysilane (APTMS) and 3-amino-ethylene-2-aminopropylenetrimetoxysilane. This 
bonding reveals a possibility to create a coordinative covalent bond with Cu2+ cations and their chemisorption on 
an amine-modified aerogel.  

Moreover a silicate aerogels with numerous of mono, di, tri and tetra amines poses an interesting sorption 
capacities toward heavy metal ions (Motahari, 2015; Motahari et al., 2009; Kumar  Mena, 2005). They have 
studied an amine-modified resorcinol-formaldehyde aerogel aimed to remove  Pb2+, Hg2+ or Cd2+ cations from 
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water. They examined different sorption parameters such as pH, temperature, contact time, concentration and 
initial concentration. Authors of the research have found that sorption process is directly dependent on heavy 
metal ion solution’s pH, with maximum sorption capacity equals to 157,73 mg/g of sorbent by pH = 6,6.  

The results of sorption capacity might be adjusted to Freundlich and Langmuir models of sorption. Authors of 
aforementioned studies suggest that there is a chemical bond created between surface functional groups such as 
carbonyl group (C=O), carboxyl group (-COOH) and hydroxyl group (-OH) and heavy metal ion, namely Pb2+, 
Hg2+ or Cd2+. The highest sorption capacity was examined toward Cd2+ cations equal to 400,8 mg/g of sorbent, 
where the lowest sorption capacity was examined toward Pb2+ - 0,7 mg/g of sorbent.  

3. Synthesis of aerogels  

3.1.  Sol-gel process  

The synthesis of desired material - alginate-based aerogel was conducted in an ambient temperature and pressure 
with use of pipets, plastic bootles and liophyllisator. Sol-gel process as one of the key step in aerogel synthesis 
lasts for 10 minutes. It is worth to mention that this process is responsible for proper structure formation and 
desired chemistry of the surface of aerogel.  

To a plastic bootle with a volume equal to 100 cm3 filled with 50 cm3 of  1% sodium-alginate solution, 10 cm3 of 
calcium nitrate - Ca(NO3)2 was transfered with a molar concentration equal to 0,1 mol/dm3. Throughout the 
proces stirring with use of glass spatula was performed.  Afterwards the solution was freezing with the use of 
liquid nitrogen for 10 minutes and transfered to the liophyllisator with a power output equal to  
10 mbar.  

3.2.  Drying process - liophilisation  

Drying process lasts for 48 hours and took place in a liophilisator with a vacuum pump, presented below as Fig. 
3.1. 

 

Fig. 3.1. An aereogel sample seen inside liophilisator 
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4. Laboratory work methodology  

In order to investigate the crystallinity of an aerogels SmartLab RIGAKU X-ray diffractometer was used. The 
source of radiation was a copper lamp. An identification of mineral phases was performed utilizing XRayan 
software.  

An observation of samples’ surface and structure, scanning electron microscope Quanta 200 by FEI company 
was used. The microscope was equipped with EDS detector to microelementary analysis. During an analysis an 
accelerating voltage equal to 15 kV was used.  

A FTIR analysis was performed utilizing Nicolet 6700 spectrometer from Thermo Scientific company. During 
an investigation a DRIFT scattered method was used.  

Thermal analysis with thermo-gravimetric measurements coupled with quadrupled mass spectrometer (QMS) 
was performed via NETSCH STA 449 F3 thermal analyzer in a range of temperature from 30oC up to 1000oC. 
The heating rate was equal to 10oC/min. 

An analysis of two heavy metal ions, namely lead - Pb and cadmium - Cd was performed via atomic absorption 
spectroscopy (AAS) from SavantAA GBC company with acetylene burner.  

Sorption process of two heavy metal ions was conducted via creating a series of solutions of lead and cadmium 
equal to 0.1 mmol/L, 1 mmol/L, 10 mmol/L and 100 mmol/L. Lead (II) nitrate – Pb(NO3)2 and cadmium nitrate 
tetrahydrate - Cd(NO3)2 * 4H2O were used for this purpose. Next step was consist of weightening of  25 mg of 
an alginate-based aerogel sample on an analytical weight. The samples were flooded with primary solutions of 
specific heavy metal ion and shaked on automatic shaker for 24 hours. After this process samples were 
transfered to a centrifuge and treated with a velocity of 14 000 rpm for 5 minutes.  Afterwards an analysis of 
solutions’ concentration was performed by AAS.  

5. Laboratory work results  

5.1.  Phase analysis  

 

Fig. 5.1. Diffractogram of powdered sample of an alginate-based aerogel 

As seen in the Fig. 5.1. above, an alginate-based aerogel is amorphous and only part of the sample possess 
crystalline structure, The only one phase detected by XRayan software was calcium carbonate – caclite  
(CaCO3).  
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Fig. 5.2. Diffractogram of second, powdered sample of an alginate-based aerogel 

Second investigated sample reveals a presence of three, mineral phases in an alginate aerogel powdered sample 
namely: calcite (α-CaCO3), polymorphic form of calcite - aragonite (β-CaCO3) and calcite trihydrate 
(CaCO3*3H2O).  

 

Fig. 5.3. Thermogravimetric curve of an alginate-based aerogel 
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Fig. 5.4. Thermogravimetric curve with QMS analysis of an alginate aerogel (CO2 - purple curve and H2O - blue 
curve) 

As seen on thermogravimetric curves, a two-step dehydration takes place at starting point equal to 45oC and 
ending point at 221oC. Mass loss in this range of the temperatures equals 16% (as seen on TG-curve - green 
line). Dehydration is considered as an endoenergetic effect. Second step of aerogel’s dehydration starts at 227oC 
and ends at 376oC. Mass loss in this range of temperature equals 33%. Simultaneously from the sample carbon 
dioxide is released.  

657oC is considered as starting point of phase change, namely sodium alginate changes into, simpler chemical 
compund - sodium carbonate. This exoenergetic effect ends at 700oC. Mass loss from 657oC to 700oC equals  
1,85%.  

In temperature equal to 705oC a thermal decay of sodium carbonate appears. Sodium carbonate changes into 
sodium oxide accroding to chemical equation (1). At the same time the release of CO2 is present.  

Na2CO3     Na2O + CO2↑    (1) 

 sodium carbonatesodium oxide      
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5.2. FTIR analysis 

 

Fig. 5.5. FTIR spectra of an alginate aerogel 

FTIR analysis reveals a presence of hydroxyl group (-OH) identified by 3460 cm-1 adsorption band. In addition a 
carboxyl group (-COOH) was present in a sampe identified by a band  1650 cm-1. 

Furthermore a carbonyl group (-C=O) was present with characteristic bands by a wavenumber equal to 1390 cm-

1 and 1030 cm-1.  

5.3. Microstructure analysis  

 

 

Fig. 5.6. Microstructure of a 1% alginate aerogel 
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Fig. 5.7. Plain, homogenous microstructure of a 1% alginate aerogel 

 

Fig. 5.8. EDS spectra of a 1% alginate aerogel 

As seen (Fig. 5.6. and Fig. 5.7.) 1% alginate aerogel possess plain and homogenous structure without any 
protrusions and inhomogenity. An EDS spectra (Fig. 5.8.) reveals a presence of sodium (Na), carbon (C), 
calcium (Ca) and oxygen (O) in an invesytigated sample.  
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Fig. 5.9. Visble micropores - microphotography of 2% alginate aerogel 

 

Fig. 5.10. Leaf-like structure with with given direction microporosity - 2% alginate aerogel 
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Fig. 5.9. and Fig. 5.10. reveal two new structures in a 2% alginate aerogel - leaf-like structure with numerous 
inhomogeneities on the surface, similar to a leaf of a tree and microporous structure with plenty of cavities 
visible as holes in a aerogel structure on the left-hand site of Fig. 5.11. Structure with leaves is presented in Fig. 
5.11. on right-hand site.  

 

An EDS spectra of a 2% alginate-based aerogel reveals a presence of oxygen (O), carbon (C), sodium (Na) and 
calcium (Ca) similar to 1% alginate aerogel.  

5.4. Sorption of lead 

Sorption process of a lead was conducted at an ambient temperature and pressure. Absorbance scores for 
standard solutions of  lead in a range from 0,25 mg/L Pb up to 20mg/L Pb is presented in Table. 5.1.  

Table. 5.1. AAS indications in an analysis of standard solutions of lead 

Standards AAS Calculated  

[mg Pb/L] indications 
concentration  

[mg Pb/L] 
0,2500 0,025 0,284 
0,2500 - - 
0,5000 0,059 0,684 
0,5000 0,063 0,723 
2,5000 0,171 2,089 
2,5000 0,180 2,198 
5,0000 0,400 5,447 
5,0000 0,358 4,783 
10,0000 0,695 10,767 
10,0000 0,634 9,573 
20,0000 1,134 20,736 
20,0000 1,063 18,966 
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Based on standard solutions of lead a calibration curve was developed with polynominal fit. Pearson’s match 
coefficient equals to 99,44%. Calibration curve is seen as Fig. 5.12.  

 

Fig. 5.12. Calibration curve for standard solutions of lead -  Pb 

After sorption process, scores were put into the table with proper values of dillution of the solutions and 
sufficient amount of weighted aerogels both 1% and 2%. The scores of an AAS analysis with sorption for 1%-
aerogel and 2%-aergoel are presented in Table. 5.2.  

Table. 5.2. Scores of sorption of a lead for 1%-aerogel and 2%-aerogel 

 

y = 6,3511x2 + 11,077x + 0,0049
R² = 0,9944
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Sample’s AAS  Dillution Mass Solution’s SORPTION 
symbole indication     volume   

[-] [-] [-] [kg] [L] [mmol/kg] 
RW-0,1 1,1439 1 - - - 
RW-0,1 1,1332 1 - - - 
RW-1 0,6920 10 - - - 
RW-1 0,6845 10 - - - 
RW-10 0,6792 200 - - - 
RW-10 0,6263 200 - - - 

RW-100 0,6436 2000 - - - 
RW-100 0,6509 2000 - - - 

      
   AR1-1_1 0,138 10 0,0000258 0,00025 0,045 

AR1-1_2 0,198 10 0,000026 0,00025 0,041 
AR1-10_1 0,101 200 0,0000282 0,00025 1,009 
AR1-10_2 0,082 200 0,0000261 0,00025 0,855 

AR1-100_1 0,463 2000 0,0000258 0,00025 3,257 
AR1-100_2 0,189 2000 0,0000259 0,00025 7,578 

      
 

    
AR2_1_1 0,040 10 0,000026 0,00025 0,051 
AR2_1_2 0,055 10 0,0000252 0,00025 0,048 
AR2_10_1 0,096 200 0,0000266 0,00025 0,958 
AR2_10_2 0,068 200 0,0000248 0,00025 0,828 
AR2_100_1 0,467 2000 0,0000272 0,00025 3,355 
AR2_100_2 0,494 2000 0,0000275 0,00025 3,057 
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Fig. 5.13. A graph of sorption as a function of initial concentration for a lead Pb 

Labels AR_1 and AR_2 in the Fig. 5.13. mean aerogel 1% and aerogel 2% respectively. Numbers 1, 10 and 100 
are initial concentrations of lead in mmol/L. Numbers 1 and 2 are numbers of samples in duplicates.  
Based on scores presented in Table. 5.2. one could sugest that both aerogel 1% and aerogel 2% are characterized 
by highest sorption by initial concentration of lead equal to 100 mmol/L. The sorption for this concentration is 
equal 5,417 mmol/kg and 3,355 mmol/kg. According to the scores for 1 mmol/L and 10 mmol/L the differences 
are negligible and for both aerogels sorption is quite similar.  

5.5. Sorption od cadmium  

Table. 5.3.Scores of absorbance for standard solutions of cadmium - Cd 

Standards AAS Calculated  

[mg Cd/L] indication 
concentration  

[mg Cd/L] 
0,0500 0,027 0,067 
0,0500  - - 
0,1000 0,043 0,099 
0,1000 0,045 0,103 
0,2500 0,103 0,236 
0,2500 0,102 0,233 
0,5000 0,202 0,501 
0,5000 0,201 0,500 
0,7500 0,276 0,735 
0,7500 0,290 0,783 
1,0000 0,360 1,035 
1,0000 0,340 0,959 
1,2500 0,434 1,329 
1,2500 0,413 1,243 
1,5000 0,477 1,514 
1,5000 0,453 1,412 
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Based on AAS scores for standard solutions of cadmium, calibration curve was established, as was for lead. 
Polynominal fit yields Pearson’s coeffcient equal to 99,48%.  

 

Fig. 5.14.Calibartion curve with Pearson’s coefficient for standard solutions of cadmium - Cd 

Having possessed calibration curve and formula for polynominal fit an equilibrum concentration of cadmium 
was calculated taking into consideration initial mass of an aerogel’s sample and dillution of a standard solution. 
Scores regarding the sorption on aergels are presented in Table. 5.4.  

Table. 5.4. Sorption scores of cadmium for two aerogels – 1% and 2% 

Sample’s AAS Dillution Mass Solution’s SORPTION 
symbole indication     volume   

[-] [-] [-] [kg] [L] [mmol/kg] 
RW-0,1 0,2855 10 - - - 
RW-0,1 0,2846 10 - - - 
RW-1 0,2866 100 - - - 
RW-1 0,2973 100 - - - 
RW-10 0,2519 1000 - - - 
RW-10 0,2657 1000 - - - 

RW-100 0,4235 10000 - - - 
RW-100 0,4662 10000 - - - 

            
AR1_0,1_1 0,1537 10 0,0000262 0,00025 0,0038 
AR1_0,1_2 0,0438 10 0,0000232 0,00025 0,0055 
AR1-1_1 0,021 100 0,0000245 0,00025 0,0627 
AR1-1_2 0,038 100 0,0000242 0,00025 0,0621 
AR1-10_1 0,229 1000 0,0000273 0,00025 0,0720 
AR1-10_2 0,132 1000 0,0000252 0,00025 0,3530 

AR1-100_1 0,317 10000 0,0000275 0,00025 4,0373 
AR1-100_2 0,320 10000 0,000024 0,00025 4,9647 

y = 2,6659x2 + 1,8757x + 0,0139
R² = 0,9948
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AR2_0,1_1 0,130 10 0,0000238 0,00025 0,0039 
AR2_0,1_2 0,129 10 0,0000245 0,00025 0,0041 
AR2_1_1 0,096 100 0,0000273 0,00025 0,0539 
AR2_1_2 0,092 100 0,000026 0,00025 0,0556 
AR2_10_1   1000 0,0000265 0,00025 0,6073 
AR2_10_2   1000 0,0000262 0,00025 0,6424 
AR_100_1 0,221 10000 0,0000263 0,00025 6,8357 
AR2_100_2 0,225 10000 0,0000258 0,00025 8,2725 

 

 

Fig. 5.15. A graph of sorption as a function of initial concentration forcadmium - Cd 

Simlar to sorption of lead an AR_1 and AR_2 badges mean aerogel 1% and aerogel 2% respectively. Numbers 
0.1, 1, 10, 100 mean concentration of standard solutions expressed as mmol/L. Sorption for initial concentration 
equal to 0.1 mmol/L and 1 mmol/L is similar for both 1% aerogel and 2% aerogel Fig. 5.15.  

When it comes to standard concentration of cadmium equal to 10 mmol/L better sorption express 1% aerogel 
with sorpion equal to 0,72 mmol/kg, when for 2% aerogel this value is equal to 0,642 mol/kg. 

The biggest difference between two aerogels in sorption is for standard solution equal to  
100 mmol/L Cd. For this concentration sorption for 1% aerogel is equal to 4,5 mmol/kg when for 2% aerogel 
sorption is almost twice as much and equals 8,27 mmol/kg. 

6. Conclusions 

Alginate-based aerogel as a biodegradable material , being a biosorbent, yields great sorption properties as 
compare to materials such as zeolites, metal organic frameworks (MOFs) and activated carbons used in water 
cleaning. Sorption is equal to 7,58 mmol/kg for Pb2+ ions and 8,27mmol/kg for Cd2+ ions.  

The most probable mechanism of sorption is an ion exchange, therefore both Cd2+ and Pb2+ were removed from 
water via this mechanism.  

Another, probable mechanism of heavy metal ions removal on aerogel material might be adsorption on the 
surface of an aerogel, as an effect of poor hydrogen bonds and Van der Waal’s interactions. Therefore it is an 
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effects of so called physisorption when only one mechanism that stands behind sorption is on the surface of  
a sorbent - aerogel.  

Microstructure analysis reveals three main structures of an aerogels. For 1% aerogel a typical microstructure was 
leaf-like structure visible in Fig. 5.11. On the other hand for 2% aerogel the typical structure were porous one 
visible on Fig. 5.10 and  three-dimensional structure similar to α-helix of  a DNA in an eucaryotic organisms.   

A FTIR analysis reveals inhomogeneity of the chemistry of the surface of aerogel with presence of functional 
groups such as hydroxyl group (-OH), carboxyl group (-COO) and carbonyl group (-C=O). Thanks to these 
chemical groups it is possible to create a permanent chemical bonds between a sorbent and sorbates both organic 
and inorganic.  

On the other side of the coin, a phase analysis (XRD) reveals a presence of three mineral phases in powdered 
aerogel sample  namely calcite (α-CaCO3), aragonite (β-CaCO3) and calcite hydrate - CaCO3*3H2O.  

A thermal analysis gave a proof that alginate-based aerogel is stable in the temperature up to 650oC. As an effect 
of this it is possible to utilize aerogel material in a high-temperature DeNOx process (harmful nitrogen oxides - 
NOx removal) and in selective catalytic reduction (SCR) where temperature window for typical vanadium 
catalyst on γ-Al2O3 support is between 350oC up to 500oC.  

It is worth to highlight that we do not know how both cadmium and lead are linked by aergoel material. 
Therefore it would be beneficial to utilise XPS analytical method. Thanks to this method we could measure a 
distribution of elements on the surface and identify their chemical state and concentration. This analysis would 
straightforward give an answer regarding bond character between sorbent and sorbate and element’s oxidation 
state.  

To sum up all of previously mentioned passages, investigated in this research an alginate-based aerogel, being a 
biodegradable material, might be use in industrial applications especially in environmental protection  and in 
material engineering. Based on conducted sorption experiments of inorganic pollutants (heavy metal ions) form 
water systems, one could conclude that this method is highly effective utilizing aerogels as sorbents.  

What is more, removal of heavy metal ions via adsorption process and ion exchange on biodegradable 
biosorbents is waste-free method, which complies with circular economy trend.  
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Abstract 

Oxy combustion process is one of the most promising technologies being implemented in the efforts to mitigate 
the anthropogenic impact on greenhouses gas by the fossil-fueled power plants. The ever-increasing unrest in the 
global climate evolution as a result of greenhouse gas emissions have challenged the power generation and 
industrial sectors to find technical solutions for strongly reducing these emissions to the atmosphere. These 
technologies are gathered under the appellation of carbon capture and storage (CCS), where three main CO2 
capture pathways are possible: the post-combustion, the pre-combustion, and the oxy-fuel combustion routes. 
Oxy-fuel combustion capture is not limited to coal and can be applied to natural gas with an adapted technology 
for gas turbines. The maturity of this technology is much less advanced than for oxy-coal combustion, and 
available literature is mainly limited to fundamental combustion studies and thermodynamic process analysis. In 
this paper, we are reviewing the concepts and intricacies of the oxy combustion processes of natural gas and its 
applicability in combined cycle gas turbines (CCGT).   

Keywords: oxy-combustion, CCGT, CCS 

1. Introduction 

Oxy-fuel combustion is the process of combusting hydrocarbon fuel in a nearly pure oxygen environment, as 
opposed to air. The main purpose for using oxy-fuel combustion is to generate flue gas with very high 
concentrations of CO2 and water vapor, making it possible to separate or capture the CO2 from the flue gas with 
high efficiency [1]. The benefits of oxy-fuel combustion include reduced NOx emissions, high CO2 purity, and 
lower gas volumes due to increased density [1]. The oxygen, used for this type of combustion, is obtained by air 
separation. The most widely used method for separating oxygen from air is cryogenic oxygen generation. The 
flue gas from this kind of combustion mainly consists of CO2 and H2O [2]. 

CCGT is a form of highly efficient energy generation technology that combines a gas-fired turbine with a steam 
turbine. The design uses a gas turbine to create electricity and then captures the resulting waste heat to create 
steam, which in turn drives a steam turbine significantly increasing the system's power output without any 
increase in fuel. Incorporating oxy-fuel combustion in CCGT serves at least two purposes, one being the increase 
in power generation efficiency and at the same time this technology is more ecologically friendly comparing to 
other conventional fuel combustion systems.  

2. Oxy-Combustion Process Analysis 

As in any other combustion process, temperature is one key parameter that affects the oxy-fuel combustion. 
During the oxy-fuel combustion, temperature is controlled by diluting the oxygen with a portion of recycled flue 
gas [1]. This also makes up the volume of the missing N2 to ensure there is enough gas to carry the heat through 
the boiler [2]. The substitution of N2 with CO2 in the oxidizer will lead to a reduction of the flame speed [2]. 
This causes poor combustion performance and a modified distribution of temperature and species in the 
combustion chamber [3]. A numerical investigation on the chemical effects of CO2 has been performed. A 
comparison between numerical and experimental data showed, that the decrease in burning velocity for the oxy-
fuel combustion cannot entirely be described by only considering the material properties of CO2 [4]. 
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Anderson et al. have performed experiments on a 100-kW test unit, which facilitates O2/CO2 combustion with 
real flue gases recycle. The tests comprise a reference test with air and two O2/CO2 test cases with different 
recycled feed gas mixture concentrations of O2 (OF 21 at 21% O2, 79% CO2 and OF 27 at 27% O2, 73 vol % 
CO2). The results showed that the fuel burnout is delayed for the OF 21 case compared to air-fired conditions as 
a consequence of reduced temperature levels. Instead, the OF 27 case results in more similar combustion 
behavior, as compared to the reference conditions in terms of in-flame temperature and gas concentration levels, 
but with significantly increased flame radiation intensity [5]. 

Another trial has been conducted in a 300-kWh pilot-scale facility, composed of a burner, a combustion 
chamber, a flue gas cooler and a flue gas recycle fan. Flue gas composition, O2 concentration in the feeding gas 
and the flame temperature were monitored. The results obtained showed that the flame temperature with 21% O2 
concentration in the feed gas is lower for oxy-combustion than combustion in air. However, the recycling ratio 
can be adjusted to control the flame temperature and an O2 concentration of 24% in the feed gas is necessary to 
maintain a temperature profile similar to that observed for combustion in air. It has been observed also that oxy-
combustion with flue gas recycling improves the heat transfer. Finally, the results showed also that the NOx 
emissions are highly reduced because of the absence of N2 in the feed gas [6]. 

Fig. 2.1. shows the centerline flame temperature profiles measured for combustion in air. It can be observed that 
the average temperature is smaller when the excess O2 increases because of the inert gasses’ dilution effect 
(mainly due to N2). Indeed, for a higher air flow rate, the combustion energy is released in a larger inert gas 
volume and, thus, the temperature measured decreases. Fig. 2.2., 2.3., and 2.4. show the centerline flame 
temperature profiles measured during oxy-combustion trials. It can be observed again that the average 
temperature is smaller when the excess O2 increase because of the inert gasses’ dilution effect (mainly due to 
CO2 and H2O in this case). For a given O2 concentration in the flue gas (4%), the pure oxygen flow rate is fixed 
and the O2 concentration in the oxidizer is controlled by adjusting the RFG flow rate. For a higher RFG flow 
rate, the volume of inert gases (mainly CO2 and H2O) is larger and, thus, the temperature measured decreases. 
To compare oxy-fuel combustion with conventional combustion, the baseline case chosen corresponds to 
combustion in air with an O2 concentration in the flue gas of 4%. From these results, it can be observed that the 
temperature profile in the combustor with 21% O2 concentration in the oxidizer is lower for oxy-combustion 
than combustion in air [6]. 

Oxy-fuel combustion generates a flue gas with high proportions of CO2 and H2O, which have high heat 
capacities compared to N2. This results in smaller average temperature in the combustion chamber. To attain a 
similar flame temperature to that observed for conventional combustion, the O2 concentration in the oxidizer 
must be higher than 21%. An O2 concentration of 24% in the feed gas is found to produce the closest conditions 
compared to air firing [6]. 

From this experiment, four temperature profile have been developed.  
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The same experiment analysed NOx emission also. The following figure represents NOx concentration (ppm) for 
air/enriched air and O2/RFG combustion. 

Fig. 2.5. NOx concentration (ppm) for air/enriched air and O2/RFG combustion 

Fig. 2.1. - Temperature profiles for combustion in air 
(21% O2 in air) 

Fig. 2.2. - Temperature profiles for oxy combustion 
(19% O2 in oxidizer) 

Fig. 2.3. - Temperature profiles for oxy combustion 
(21% O2 in oxidizer) 

Fig. 2.4. - Temperature profiles for oxy combustion 
(24% O2 in oxidizer) 
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Fig. 2.5. shows the NOx concentrations measured in the flue gas in the range of 21−25% of O2 in the feed gas 
for combustion in air and enriched air and in the range of 19−26% of O2 for oxy-fuel combustion. An O2 
concentration of 4% in the flue gas is used in each trial. In both cases, the NOx concentration increases when the 
O2 concentration in the oxidizer is higher. For larger O2 concentration, the average temperature measured is 
higher, which increases NOx production. It can also be observed that NOx concentrations are smaller for oxy-
fuel combustion compared to combustion in air. This is mainly due to the absence of N2 in the feed gas and to 
lower temperatures in the case of oxy-combustion (for the same O2 concentration in oxidizer). However, the 
NOx concentration is higher for oxy-combustion with 24% of O2 in oxidizer compared to air firing (21% O2). In 
fact, an air leakage maintains a relatively high N2 concentration in the flue gas (approximately 10% on a wet 
basis). Thus, a higher NOx reduction can be expected. Moreover, oxy-fuel combustion highly reduces the 
volume of flue gas after recycling. The expression of NOx emissions in terms of concentration is not suitable 
because this flue gas volume has to be taken into account. Thus, it can be said that oxy-fuel combustion reduces 
NOx production rate. 

The high proportions of CO2 and H2O in the furnace gases result in higher gas emissivity, so that similar 
radiative heat transfer for a boiler retrofitted to oxy-fuel will be attained when the O2 proportion of the gases 
passing through the burner is less than the 30% required for the same AFT.  

The volume of gases flowing through the furnace is reduced somewhat, and the volume of flue gas (after 
recycling) is reduced by about 80%. The density of the flue gas is increased, as the molecular weight of CO2 is 
44, compared to 28 for N2 [7]. 

A comparison between numerical and experimental data showed that the decrease in burning velocity for the 
oxy-fuel combustion cannot entirely be described by only considering the material properties of CO2. CO2 
affects the combustion reactions especially by the reaction CO + OH• → CO2 + H•. The competition of CO2 for 
H• radical through the above reverse reaction with the single most important chain branching reaction H + O2 → 
O• + OH• significantly reduces the concentrations of important radicals, that is, O•, H•, and OH•, leading to 
significant reduction of fuel burning rate. This hypothesis is supported by a comparison of the burning velocity 
of methane flames and hydrogen flames in a CO2/O2 gas mixture. The influence of CO2 on the burning velocity 
of hydrogen flames is less significant because the concentration of hydrogen radicals is much higher. Finally, it 
was summarized, that the chemical effect of CO2 significantly reduces the burning velocity of methane, whereby 
the relative importance of this chemical effect increases with increasing CO2 concentration in the oxidizing 
mixture [6]. 

Fig. 2.6. Heat transfer for air/enriched air and O2/RFG combustion [6] 
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2.1 Economics and Efficiency of Oxyfuel Combustion 

1. The oxy-fuel combustion contributes also to a higher boiler thermal efficiency with lower sensible heat in 
flue gas and offers the potential to lower oxy-fuel plant investment by reducing the scale of flue gas 
cleaning equipment [8]. 

2. As oxy-fuel combustion combined with sequestration must provide power to several significant unit 
operations, such as flue gas compression, that are not required in a conventional plant without 
sequestration, oxy-fuel combustion/sequestration is less efficient per unit of energy produced [9]. 

3. Oxy-fuel combustion will impose a 7–10% efficiency penalty on the power generation process. The major 
contributors to this efficiency penalty are oxygen production and CO2 compression [2]. 

4. Typical electrical power requirements range from 160 kWh to 270 kWh per ton of O2 with a commonly 
cited approximate value of 200 kWh per ton, depending on the desired purity [2]. 

5. Despite their complexity, commercial cryogenic units achieve low Second Law efficiencies in the range 
15–24% [10]. 

6. The mass and volume of the flue gas are reduced by approximately 75%. Because the flue gas volume is 
reduced, less heat is lost in the flue gas. The size of the flue gas treatment equipment can be reduced by 
75% [11]. 

7. The flue gas is primarily CO2, suitable for sequestration. The concentration of pollutants in the flue gas is 
higher, making separation easier [11]. 

8. Because nitrogen from air is absent, nitrogen oxide production is greatly reduced [11]. 

3. Combined Cycle Gas Turbine  

Combined Cycle Gas Turbines (CCGT) are a form of highly efficient energy generation technology that 
combines a gas-fired turbine with a steam turbine. The design uses a gas turbine to create electricity and then 
captures the resulting waste heat to create steam, which in turn drives a steam turbine significantly increasing the 
system's power output without any increase in fuel. The technology is typically powered using natural gas, but it 
can also be fueled using coal, biomass and even solar power as part of solar combined cycle plants [12]. 

There are many natural gasses fired oxy-combustion turbine cycles, including ones that are being developed 
commercially and ones that have been proposed by academics. These include the following [13]: 1. Semi-Closed 
Oxy-Combustion Combined Cycle (SCOC-CC), 2. NET Power cycle, 3. Graz cycle, 4. CES cycle. 

These cycles mainly differ for two criteria, the main component of the fluid used as moderator of the combustion 
temperature, being also the working fluid of the power cycle (water or CO2) and the technology used to produce 
oxygen: cryogenic distillation rather than membrane separation. Among the plants using a cryogenic air 
separation unit, the SCOC-CC and NET Power cycles use recycled CO2 as temperature moderator [13]. Among 
these cycles, Semi-Closed Oxy-Combustion Combined Cycle (SCOC-CC) is the most mature one and, also in 
practice commercially. 

3.1 Semi-Closed Oxy-Combustion Combined Cycle (SCOC-CC) 

The following figure shows a schematic of the SCOC-CC cycle. The SCOC-CC consists of five main parts: the 
topping cycle, the bottoming cycle, the air separation unit, the CO2 compression and the flue gas condenser [14]. 
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Fig. 3.1. Principle flow scheme for SCOC-CC [13] 

3.2 Semi-Closed Oxy-Combustion Combined Cycle (SCOC-CC) 

Fig. 3.2. NET Power Cycle [13] 

The NET Power cycle utilizes carbon dioxide as the working fluid in a high-pressure, low-pressure-ratio Brayton 
cycle, operating with a single turbine that has an inlet pressure around 300 bar and pressure ratio around 9, set so 
that the turbine outlet pressure matches the requirements of the downstream CO2 purification unit. The high-
pressure combustor burns natural gas in an oxidant stream resulting from the mixture of high-purity oxygen 
stream with the recycle gas stream and provides the feed to a direct-fired CO2 turbine. A regenerative heat 
exchanger transfers heat from the high temperature turbine exhaust to the high pressure recycle required to 
control the combustion temperature and cool the turbine blades. Heat from the hot air from the ASU main air 
compressor is recovered in the regenerative exchanger to enhance the cycle efficiency [13]. 
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3.3 Modified S-GRAZ cycle 

Different variants of the Graz cycle have been proposed and among the alternatives evaluated in the study, the 
Modified S-Graz Cycle presents the most attractive results. The cycle consists of a high-temperature cycle, 
including the gas turbine and associated compressors and combustion chamber, the HRSG, a high pressure steam 
turbine (back-pressure type) and a low temperature cycle, substantially including a low pressure turbine and 
condenser. The fuel along with the nearly stoichiometric mass flow of oxygen is fed to the combustion chamber, 
which is operated at a pressure around 45 bar. The working fluid, mainly composed of steam, is expanded to a 
pressure slightly above the atmospheric pressure and sent to a single pressure level HRSG, generating high 
pressure steam to be expanded in the back pressure steam turbine down to the pressure level required for steam 
injection in the gas turbine expander for blade metal temperature control. Part of the cooled gas from the HRSG 
are compressed and recycled back to the combustion chamber for combustion temperature control, while the 
remaining portion is sent to the low temperature cycle [13]. 

Fig. 3.3. Modified S-Graz Cycle [13] 

3.4 CSE Cycle 

This cycle, proposed by Clean Energy Systems (CES) uses water, both in vapor and liquid phases, as combustion 
temperature moderator. Though different versions have been proposed, the most promising cycle consists of a 
high pressure oxy-fuel combustor where part of the fuel and oxidant are combusted utilizing steam in 
supercritical conditions as temperature moderator, while hot gas produced in the gas generator is expanded in a 
steam cooled HP turbine. The HP turbine exhaust gas is double-reheated by supplementary oxy-fuel combustion 
and further expanded in a MP and a LP section of the gas turbine, down to vacuum conditions. The cooling 
stream for these gas turbine sections is part of the flue gas from the upstream turbine sections. This configuration 
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shows the best efficiency among the different schemes proposed by Clean Energy Systems, differing also for the 
different technology effort and time required to develop some of the key cycle components. CES considers this 
cycle as their long-term high-efficient solution for oxy-combustion natural gas cycle application [13]. 

Fig. 3.4. CSE Cycle [13] 

3.5. Efficiency of Different Cycles 

In one study a contrast in efficiency and performance was made for the plants, all with the same natural gas feed 
rate of 1,536 MWh (LHV basis) [13]. The performance summary for different cycles is presented in the table 
below. 

Table. 3.1. Performance Summary [13] 

From Table. 3.1., we can say that the highest efficiency of 55% is for the NET Power cycle, the other three oxy-
combustion processes have lower efficiencies of around 49%. The developers of the NET Power cycle have 
estimated an efficiency of 59% for their cycle using proprietary improvements and CES has estimated an 
efficiency of 53% for its cycle. The supercritical version of the CES cycle is a relatively recent innovation. 
Adopting a lower coolant temperature would be likely more advantageous and is currently being pursued by 
CES as part of their on-going cycle optimization work [13]. 
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From the same study [2], the two most promising oxy-combustion turbine cycles were compared with the best 
performing NGCC with post combustion capture, using the new generation of proprietary MEA-based solvent in 
the capture unit. Main technical and economic results are summarized in Table. 3.2. 

Table. 3.2. Comparison of oxy-combustion and post combustion capture plants [13] 

The Total Plant Cost of the oxy-combustion plants are higher than that of the NGCC with post-combustion 
capture, however, the higher efficiency of the NET Power cycle allows lowering the relevant LCOE and 
consequently the CO2 avoidance cost below those of the post combustion capture based plant [13]. 

4. Conclusion 

Several technologies have been developed for carbon capture and storage (CCS). The purpose of this CCS is to 
reduce the CO2 emission during fossil fuel combustion and thus, mitigate the global warming effect. Among the 
developed technologies, post combustion carbon capture technology is in commercial use. But this system is 
expensive. Combining oxy-fuel natural gas in CCGT can be an economically viable solution for CO2 capture. 
Although oxy-combustion has its own energy penalty, usage of the waste heat for running steam turbine largely 
makes up for it. 

In addition, flues gas from oxy-fuel combustion is better in heat transfer compared to flue gas generated from air 
combustion. Also, oxy-combustion generates negligible amount of NOx and the amount of flue gas is very small, 
thus, reducing the size and cost of flue gas handling facility. The efficiency of this kind of power generation 
systems ranges between 50% to 55%, which is reasonably good since this system captures most of the generated 
CO2 with almost zero NOx emission. Further development in the technology can increase the efficiency 
significantly. 
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Abstract 

Artificial neural networks are very important tools to develop a wide range of technologies, nowadays. Although 
there are a lot of different kinds of neural networks, this document focuses on the fundamental artificial neural 
network, perceptron. The aim of this document is to propose a mechatronic system as a solution of garbage 
sorting, which is known as an important task before recycling, as well as, a big problem that the world is facing 
due to excessive consumption of products. The system is aimed to separate organic from inorganic trash by a 
reduced number of epochs, a manipulator robot, and odor sensor to detect easily the trash. Additionally, the 
advantages and disadvantages of the implementation of the system are presented for the reader to discriminate 
the viability of this implementation.  

1. Introduction  

Artificial neural networks (ANN) are sets of algorithms, modeled after the human brain, that are designed to 
recognize patterns. These patterns are numerical, contained in vectors, into which all real-world data (imagines, 
sound, text) must be translated. Neural networks help to group unlabeled data according to similarities among 
the example inputs, and they classify data when they have a labeled dataset to train on. Nowadays, ANN are 
used in our daily lives, such as speech, character and facial recognition. Mostly, ANN consists on separating a 
set of elements from another, therefore, it is possible to say that we can apply ANN for garbage sorting between 
organic and inorganic. There are many types of ANN but for this specific task it is proposed to used perceptron 
for it is the simplest and easiest method. 

2. Perceptron 

Perceptron is the simplest form of a neural network for the classification of a special type of patterns. 
Basically, this neural network consists on a neuron with synaptic weights and adjustable offsets. The algorithm 
implemented to adjust those parameters for a learning process was first developed by Rosenblatt in 1958. 
Rosenblatt demonstrated that if the patterns for training the perceptron were obtained from two linearly separable 
classes, then the algorithm converges and takes as the decision surface a hyperplane between these two classes. 
This algorithm is called the convergence theorem of the perceptron. Single-layer perceptron has only one neuron. 
The perceptron is limited to classification of patterns with only two classes. It is fundamental to emphasize that 
perceptron’s learning rule is not guaranteed to converge if data is not linearly separable. The following figure 
gives a schematic representation of the perceptron. 

 
Fig. 2.1 - Schematic representation of perceptron 
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Learning rules for perceptron: 

𝐺𝐺𝑖𝑖𝑙𝑙𝑤𝑤 = 𝐺𝐺𝑜𝑜𝑙𝑙𝑑𝑑 + 𝑒𝑒𝐺𝐺′ 
𝑏𝑏𝑖𝑖𝑙𝑙𝑤𝑤 = 𝑏𝑏𝑜𝑜𝑙𝑙𝑑𝑑 + 𝑒𝑒 

Where 
𝑒𝑒 = 𝜕𝜕 − 𝑎𝑎 

 
This method is proposed because the error is a constant zero, it does make the separation between two groups 
without needing a learning rate and without having a lot of epochs.  

3. System Proposal 

For the garbage sorting task, a mechatronic system is suggested for it includes a mechanical, electronic, and 
programming subsystems that are strongly correlated. The strong dependence arises from the part that if one of 
the subsystems is dysfunctional the whole system is likely to fail.  

 

Fig. 3.1 Scheme of the proposed system and process. 

Based on figure 3.1, the process consists on putting the trash into the band in a way that the trash is distributed 
along the band having one layer of trash (avoiding lumps). This task is manually done. The band will transport 
the trash to the robot to be separated. In between the band and the robot, it is installed an odor sensor which is 
already calibrated with the odor thresholds that the inorganic trash may have. Once that the sensor sends the 
signal, the robot will pick up the organic trash and store it in a bin. The robot has already implemented the 
algorithm of the neural network perceptron to be capable of the separation, also is needed to be implemented a 
control position to it. At the end of the band, the bins will be located to continue with the post-process (the 
following process after the separation may vary). 

As it can be seen, the system is structured by a mechanical, electronic and programming subsystems. The 
mechanical is acquiesced by the robot and the band, the electronic subsystem has the sensor and its signaling, 
and the programming subsystem is immersed in the code for the manipulator and the sensor.  

3.1. Advantages and disadvantages of the system 

The implementation of the previous system has its advantages and disadvantages which are stated in the 
following table. 

Table. 3.1 Advantages and disadvantages of the proposal 

Advantages Disadvantages 
The system makes more efficient the process of 
separation of garbage. 

The implementation of the whole system is very 
expensive. 

The system is semi-automatic, therefore there is less 
human intervention with trash. 

The machinery needed has high consumption of 
current and voltage. 

Less human interaction with trash means less 
diseases and accidents. 
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The biggest disadvantage of the proposed system is the cost of implementation and the consumption of current 
and voltage. The first inversion maybe hard to pay but after sometime the money can be retrieved and the profit 
will be higher. This system can be implemented in big industries or in schools for academic purposes, such as, 
implementation of different neural networks, or different approaches of control, programming, testing sensors. In 
the industry, the company may have big profits because when doing the recycling process, the company is forced 
to decrease the consumption of raw materials.  

On the other hand, the advantages are focused on the employees or students. Regarding the price, the system is 
very to control and supervise. This process can be complemented as much as needed for it is a very dynamic 
system: more sensors, robots, can be implemented to make a lot of groups of trash (glass, paper, and metal). The 
proposed system has the simplest form with ability of being enlarged. 

4. Conclusion 

A lot of applications with ANN are used in our daily lives by making more efficient and accurate any task we 
need to be done. The garbage sorting is one of the main problems we are facing due to the over consumption and 
the production of large amounts of waste. This task is usually done by people, exposing their health and 
wellness. The proposed system does not need a lot of human interaction for it is semiautomatic. The 
implemented neural network, perceptron, is the most basic ANN that the error tends to zero with a small number 
of epochs, therefore, the process is going to be efficient by implementing the most basic and user-friendly ANN. 
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Abstract 

Adapting to climate change is commonly associated with sacrifice and reduction. People imagine a dramatic 
change from the status quo which often causes a psychological recoil. Rhetorically, people are quick to agree 
with ways to reduce their carbon footprint although in practice their actions are not reflective of their words. 
Governments are equally guilty of the same inaction due to deeper socio-political and economic roots which 
have a vested interest in maintaining the current course. In a menacing turn for the worst, global energy-related 
emissions have actually risen for the first time since 2013, reaching a record high of 33.1 Gt CO2 per year [1]. 
The sluggish actions of governments to mitigate climate change has resulted in a growing outcry from concerned 
citizens globally; most notably the Fridays for Future movement, founded by Greta Thunburg. The recent 
galvanization of millions of activists has some energy economists weighing the potential of a novel financing 
method which could change the public perception of climate change mitigation from sacrificial to beneficial. 
This revolutionary new financing channel is renewable energy crowdfunding. 

Keywords: crowdfunding, renewable energy finance, democratic investing 

1. Introduction 

Crowdfunding has traditionally been used for donation campaigns, early-adopter sales, and recently some equity 
investing on platforms such as GoFundMe, Kickstarter and AngelList. Crowdfunding works by aggregating 
small investments from many investors to result in a large financing round for a company or project. These 
platforms have rapidly scaled a significant user base, with Kickstarter as the market leader. Since its founding in 
2009, Kickstarter has raised over 4.6 billion USD for over 460,000 projects from roughly 17 million users [2]. In 
comparison, Seeds, the Collective Greenvesting financial technology platform uses an innovative repurposing of 
this funding mechanism to enable environmentally concerned citizens to invest and benefit from the renewable 
energy transition. Seeds’ unique cash flow model uses a “round-up” feature in which the user’s transactions are 
rounded up to the nearest Euro and the difference is automatically invested in the user’s renewable energy 
project of choice. ex. You buy a coffee for 1.50€, Seeds identifies this purchase and makes a separate transaction 
of 0.50€ which is invested into your selected project for a total of 2€ spent. These micro-investments will lower 
the barrier of entry so that every financial level of environmental investor can benefit from the energy transition. 
Users will receive a return on investment from the loan repayments from the collectively funded project. Seeds 
strives to connect spending with responsible saving and investing with the added social value of helping to 
mitigate the climate crisis. The rapid growth in global environmental activism signals that people are demanding 
change; Seeds plans to unleash this collective energy while distributing the profits to the masses. 

2. Review of Current Renewable Energy Finance 

Financing the energy transition has always been a challenge. For a long time renewable energy sources required 
government subsidies to be economically viable, although now economies of scale and perpetual learning have 
made some commercial solar and on-shore wind farms reach a levelized cost of energy price parity with 
conventional fossil fuels. [3] While this pivotal tipping point will signal future investment potential, this has not 
been the case for the past or the present. To date, the energy transition has been regrettably underfunded. 
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According to the International Renewable Energy Agency “In the power sector, the global energy transformation 
would require investment of nearly USD 22.5 trillion in new renewable installed capacity through 2050. This 
would imply at least a doubling of annual investments compared to the current levels, from almost USD 310 
billion to over USD 660 billion.” [4] In 2018, humanity was below 50% of the investment required to avert the 
worst consequences of climate change. This staggering statistic clearly shows that financial investment needs to 
either be redirected to the energy transition, or new financing channels need to be opened. This is where 
crowdfunding can play a pivotal role in changing the course of the energy transition. 

 

Fig. 2.1. Current vs. Required Investment in Renewable Energy [4] 

3. Benefits of Renewable Energy Crowdfunding 

To date, renewable energy crowdfunding has only accounted for a small fraction of total crowdfunding globally 
which is primarily centered in the Europe and the United States. Crowdfunding is primary geographically 
centered in developed countries with North American and Europe accounting for over 90% of the 2012 total. [5] 
Despite the concentrated nature of renewable energy crowdfunding, the potential is enormous. According to  
Bloomberg New Energy Finance, “Just 1% of current US retail investment in savings accounts, money markets 
and US treasuries would provide US$90 billion for clean energy crowdfunding, with 0.5% of the bond market 
adding a further US$190 billion.” [6] This cumulative USD$280 billion of additional renewable energy 
investment would eliminate 79% of the financing deficit needed to meet the most ambitious global carbon 
reduction goals and limit the global temperature increase to 1.5°C while avoiding the most catastrophic 
environmental consequences.  

Besides the obvious benefit of averting climate change, renewable energy crowdfunding has the secondary 
benefit of distributing the profits of the energy transition to regular people as opposed to institutional investors 
and international banks. As an alternative to traditional funding mechanisms which are focused primarily on the 
financial bottom line; renewable energy crowdfunding brings the additional social benefit of community 
involvement and improvement. As an example, a solar installation on a local school could help reduce the 
electricity bills of the school, provide jobs to local electricians, distribute the loan profits to the community and 
help diffuse the NIMBY (“not in my backyard”) phenomenon. Additionally, projects that receive widespread 
community support are more likely to receive preferential treatment with respect to permitting and legal 
complications which can threaten to derail any project.  

A more subtle benefit of renewable energy crowdfunding may actually be the most interesting facet of the 
financing model; democratic investing. Once a project’s financial viability is verified by the responsible 
crowdfunding platform, it is up to the investors to choose which projects get funded thereby promoting the 
projects with the largest social impact. This fascinating evolution of project finance will couple profits with the 
ethical implications of the project and “If this perspective proves accurate and mass production of the 20th 
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century gives way to greater personalization in the 21st, then it is hard to see the world of finance avoiding  a 
comparable transformation of its own. New mechanisms like crowdfunding that are disintermediated, 
personalized and ethical will be well poised to challenge the centralized and opaque structures of old.” (5) With 
the growth of renewable energy crowdfunding, the energy and financial industry are poised to make 
simultaneous evolutions. 

 

Fig. 3.1. Solar Panels Used to Offset School Energy Costs [12] 

4. Limitations of Crowdfunding 

While the renewable energy crowdfunding financing mechanism appears to be an extremely promising option to 
accelerate the energy transition it is not without limitations of its own. At the moment the limit for a 
crowdfunding campaign in the European Union is capped at 8 million Euros [7] and in the USA it is capped at 1 
million USD. [8] These limits eliminate the ability to fund projects such as utility scale solar and offshore wind 
which tend to have the fastest payback rate. Additionally, “In the EU there is no EU-wide legislation specifically 
targeted at crowdfunding, although the European Commission has outlined its intention to monitor progress and 
report back on the need for further action.” [9] The fractured nature of the European Union financial regulatory 
system complicates the flow of international capital. Finally, the inability to liquidate investments poses a 
challenge. Investments in renewable energy infrastructure tend to be medium to long-term investments of 5-10 
years. This can be a significant deterrent to investors who may need to liquidate their assets in the short to 
medium-term. To eliminate this obstacle, some renewable energy crowdfunding sites have worked to develop a 
secondary market, essentially a stock market, which would allow their users to buy and sell their shares within 
the community. Operating a secondary market comes with significant additional financial oversight and 
development costs so, to date, no company has perfected this concept. 

5. Conclusions 

Just as no technology can single-handedly prevent climate change, it cannot be assumed that renewable energy 
crowdfunding will be the saving grace for humanity, although it could be a significant step in the right direction. 
Mitigating humanity’s impact on the environment will require a diverse aggregation of technologies, business 
models and social movements. Each of these will represent a uniquely shaped puzzle piece that helps construct 
the plan to save the world; crowdfunding may just be a piece that nobody expected. Preventing a climate disaster 
will require a dynamic evolution of human society. Crowdfunding offers an opportunity to positively reform the 
financial system during a time of global adaptation. If people work together and “If people take back control of 
their own money and invest it transparently and tangibly in the real economy, ethics can be reintroduced into 
financial decision-making.” [11] With Seeds, this is a chance to grow together and give power to the people. 
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