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Abstract

:

An analysis was carried out for different thermodynamic cycles of power plants with air turbines. A new modification of a gas turbine cycle with the combustion chamber at the turbine outlet has been described in the paper. A special air by-pass system of the combustor was applied, and in this way, the efficiency of the turbine cycle was increased by a few points. The proposed cycle equipped with an effective heat exchanger could have an efficiency higher than a classical gas turbine cycle with a regenerator. Appropriate cycle and turbine calculations were performed for micro power plants with turbine output in the range of 10–50 kW. The best arrangements achieved very high values of overall cycle efficiency, 35%–39%. Such turbines could also work in cogeneration and trigeneration arrangements, using various fuels such as liquids, gaseous fuels, wastes, coal, or biogas. Innovative technology in connection with ecology and the failure-free operation of the power plant strongly suggests the application of such devices at relatively small generating units (e.g., “prosumers” such as home farms and individual enterprises), assuring their independence from the main energy providers. Such solutions are in agreement with the politics of sustainable development.
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1. Introduction


Values related to respect for the natural environment are becoming a common phenomenon in many countries. Contemporary fears result from limited access to natural resources, degradation of the environment, and continuous energy demand. This results in the main threat to the socio-economic development of current and future generations. Transformations taking place in the market economy and environmental protection should account for the search for new technological solutions in the field of energy. Only a balanced and cautious approach to such actions can effect an increase in energy efficiency.



The energetics play an extremely important role among other areas of sustainability. In addition to energy security, sustainable energy is extremely important, and should be perceived as a durable and environmentally friendly access to heat and electricity.



Striving for methods of energy production and distribution that are least invasive for the natural environment should be a focus in the economic management of this good, and as a consequence, should promote an increase in efficiency and a reduction of pressure on the environment [1].



Considering the concept of sustainable development, it seems necessary to strive to create an entire energy system that is able to meet the requirements of this concept. Such actions can contribute to the implementation of the principle of sustainable development, and at the same time, bring tangible benefits to the environment and to prosumers as well.



Dispersed energy, including the energy generated by prosumers, shows that the idea of sustainable development has an impact on the functioning of the economy. It is seen as one of the elements of improving the local security of energy supply to complement the centralized energy supply system [2]. It is the consumer/prosumer that will have an impact on the changes in the energy sector, which will be based on the correlation of various types of fuels that are often available under local systems [3].



The excessive turnover of natural raw materials creates a number of regional conflicts, leading to a lack of energy stabilization and an increase of ecological threats. The constant pursuit of increased energy efficiency, including the development of competitive fuel and energy markets, must take into account the reduction of the aggressive and devastating development pace of these rational changes.



Currently, many countries are trying to develop a new concept of energy development which can evaluate their energy systems in terms of compliance with sustainable development policy [4]. Such observations may lead to the search for improved energy management systems [5]. Research on the potential inherent in such systems may prove to be a chance for the further development of a given region. This is one of the challenges for the domestic energy sector.



The aim of this research is to indicate the possibility of implementing high-efficiency turbine systems for prosumer’s energetics within the concept of sustainable development and energy security.



The Polish system is characterized by a relatively low energy production efficiency. A drawback of the national power generation sector is the relatively low efficiency of energy production from coal [6,7,8]. For distributed power generation, the efficiencies of small electric power plants are even lower [9,10,11], and the organic Rankine cycle (ORC)-based thermal power plants reach an efficiency only slightly exceeding ten percent [12,13,14]. Within the framework of the prosumer power industry, there are no solutions that can help generate energy 24 h a day [15,16,17]. As part of the development of the microelectric plant, it is possible to use micro power turbines [18,19,20,21] and bladeless adhesion turbines [22,23]. Solar collectors are currently very popular, but can only operate during daylight hours [24,25,26]. Other solutions which do not make use of solar energy have relatively low efficiencies, which makes their installation and operation rather unprofitable.




2. Materials and Methods


Part A in [27] presents the results of an efficiency analysis of modified air turbine cycles intended to work in large electric power plants. The analysis of small electric power plants (from several to several tens of kilowatts) presented here was based on the assumption that the maximal turbine inlet temperature is between 850 and 900 °C. Moreover, much lower efficiency values were assumed for cycle components [28,29]. For instance, the assumed efficiency of the turbine was 82%, compressor—80%, electric current generator—90%, and combustion chamber—95%. Assumptions adopted for the analysis are presented in Table 1.



The pressure drop in gas turbine combustion chambers is usually about 2%, or even 5%. However, in our analysis we considered the possibilities of building high-efficiency gas turbines with small output. Thus, our investigations were carried out on experimental stands with specially designed combustion chambers and regenerators, where pressure losses for some variants were even lower than 1% [15,17].



Like for large power plants, highly efficient heat exchangers were used [30,31,32]. Five different variants of gas turbine set configuration were analyzed (Figure 1): in each variant, the heat exchanger (called the regenerator) played a key role. Taking into account a micro-scale of the considered power plant, only the compact heat exchangers with passive techniques of heat transfer augmentation were suitable. Heat exchangers with cylindrical mini-channels [33,34] and plate heat exchangers [35,36] were preferable. Moreover, heat exchangers with micro-jet technology are very promising [37], which besides the high thermal performance, are characterized by low flow resistance. The selected plate heaters with minichannels were characterized by a very high effectiveness (higher than 95%, final temperature difference lower than 20 °C), low pressure losses (lower than 1%), while leakages were significantly reduced by applying 3D printing technology.




3. Results and Discussion


The assumptions adopted in the Introduction formed the basis for the thermodynamic analysis of the above power plant variants. The relative efficiency values obtained for these variants after assuming the turbine inlet temperature T3 = 900 °C are shown in Figure 2, with variant 1 as the reference, while Figure 3 shows optimal compression values for individual variants.



Compared to the analysis performed for large power plants (Part A), decreasing the efficiency of cycle components (for very small power values) resulted, to some extent, in the decrease of relative efficiency differences between variants [39,40,41], and in the reduction of optimal compression values [42]. On the other hand, the effect of the efficiencies of heat exchangers were more noticeable. For instance, decreasing the final temperature difference T5 – T2 from 50 to 10 °C in variant 3 increased the efficiency by about 11.5% (compared to 9.5% for large power plants, Part A). From a practical point of view, the solutions corresponding to thermodynamic cycles of variant 3 and variant 5 seem to be most attractive (Figure 1). In this latter case, the air flow bypassing the combustion chamber could be directed to the high-temperature exchanger or used for cogeneration purposes [43]. The combustion chamber in variant 3 was rather strange for the gas turbine community, but the way of heating the working medium from a small temperature to a high temperature by an external burner is well known in various other power plants. This idea is applied, for example, in steam boilers for electric power plants or small water heaters for home applications.



In variant 5, the working fluid was bled, and in this way the heat delivered to the combustion chamber was reduced and the outlet temperature T6 was decreased, and the cycle efficiency was increased. The amount of the bled stream depended on the final temperature difference in the heat exchanger and on the compressor pressure ratio. In the analyzed variants, the bled stream varied from 3% to 16% of the main stream. For the optimum pressure ratio (Π = 2.65), the final temperature difference in the heat exchanger was 10 °C, and the bled stream amounted to 9.1%.



It should be emphasized that the use of a high-efficiency generator (small final temperature difference) led to a reduction of the optimal compression value as compared to the basic system without a regenerator. The effect of compression on the efficiency of individual variants of turbine sets is shown in Figure 4. Such comparatively low pressures led to an increase of the specific volume of the working medium, and to an increase of the volumetric flow rate, which facilitated the design and operation of the flow parts of the compressors and turbines.



Relatively high turbine set efficiency was obtained in variant 3, which could reach as much as 39% at the turbine inlet temperature equal to 900 °C. For variant 5, the efficiency was on the order of 35%, but this variant allows the hot air bypassing the combustion chamber to be used for cogeneration purposes, for instance. Moreover, this variant was adjusted for cooperation with an external combustion chamber fed with practically arbitrary fuel. Based on this variant, preliminary design calculations were performed for a series of turbine sets, with powers ranging from 10 to 50 kW. Designs were worked out for compressors, turbines, heat exchangers, and selected combustion chamber variants (for different chemical compositions of burned biogas). The main parameters of the designed turbine units are shown in Table 2.



Figure 5 shows a turbine set with visible compressor and turbine flow parts, while Figure 6 presents selected microturbine set variants, including the variant adjusted for cooperation with an arbitrary combustion chamber, and the variant with the boiler which can burn practically arbitrary fuel (with an additional chamber for partial pyrolysis).




4. Conclusions


The article proposes and analyzes a unique small power plant that can burn arbitrary fuel. The uniqueness of this solution is testified by:

	
The unique design and technological solution;



	
The low parameters of working medium (pressure and temperature);



	
The working medium is clean air, which has numerous advantages compared to poisonous, combustible, physically unstable, expensive, and environmentally hazardous working media used in ORC power plants. This property of the working medium increases the time of power plant failure-free operation (in contrast to gas turbines and piston engines currently in operation);



	
A high efficiency of power generation—higher by several or even more than ten percentage points than the efficiencies of other competing solutions.








This high efficiency of the device producing electric energy (also heat and cold, if necessary), along with its reliability of operation, ensures long lasting profitability for its users (i.e., prosumers and small energy producers). Entry to the market with this product fills the gap in the supply of such devices. With its further use for own purposes or sale, the possibility of profitable energy production from different types of fuels makes the prosumers (households, small businesses, etc.) independent from the thermal and electric power plant and/or electric network.



Part B of the article gives the description of the proposed thermal cycle and its sample execution, complemented with preliminary designs of a series of turbine sets with powers ranging from 5 to 50 kW (Figure 1).



The results of the design analyses confirm that good conditions can be created for the production, distribution, and service of power plants for the distributed and prosumer power industry:

	
Turbine sets with powers from 3 to 10 kW for cooperation with gas boilers for the prosumer power industry;



	
Turbine sets with powers from 20 to 100 kW for small production plants and agro-power engineering;



	
Turbine sets with powers from 100 to 500 kW (1000 kW) for small power plants, small production plants, sewage treatment plants, and landfill sites.








The proposed turbine sets can be adjusted for operation in cogeneration systems (simultaneous production of heat and electrical energy) and trigeneration systems (simultaneous production of electrical energy, heat, and cold).



They can also be adapted for burning various fuels (liquid and gas fuels, coal, wood, biogas, pellets, garbage, waste, etc.), and their advantage is that the turbine and compressor flow parts remain clean during the entire useful life of the power plant, without exhaust pollution. Consequently, they do not need frequent repairs and cleaning. This is a particular advantage, compared, for instance, to biogas-fed piston engines working on landfill sites and in cleaning plants. The proposed modifications of turbine sets with combustion chambers at turbine exit can be successfully used in compressed air energy storage (CAES) systems. In these systems, the combustion chamber works permanently at a constant pressure that is close to the atmospheric pressure. This is a great advantage, because in typical applications, the combustion chamber works at the very high and changing pressure of the air flowing out of the compressed air storage tank.



Examples of high-efficiency turbine systems for public and prosumer power industries which were presented in Part A and Part B of the article can be modified and expanded in order to reach even higher efficiencies. Higher efficiency can be reached by:

	
Optimizing cycle parameters;



	
Using multi-pressure waste heat boilers;



	
Increasing the gas turbine inlet temperature;



	
Expanding the gas cycle (inter-stage coolers, sequential combustion chambers).








It seems that the efficiency of turbine sets for micro-energetics will clearly increase after the introduction of new high-efficiency thermodynamic cycles. For example, intensive work is currently underway on the technical implementation of a turbine set working according to the so-called Ericsson’s circuit (with efficiency equal to Carnot’s efficiency). Figure 7 shows an example of an experimental variant of a gas turbine working according to the Ericsson cycle with a design efficiency above 45%.



Summarizing the above considerations, it should be noted that, after their implementation as the prosumer’s type of energy system, the examples of high-efficiency turbine systems that can be supplied with various types of fuels can be considered as integrated activities at particular levels that contribute to the development of a sustainable market. The local energy sector needs to be modernized to introduce low-carbon and innovative models. Solutions increasing the efficiency of energy consumption give the possibility of diversification, and enable a reduction of energy consumption, as well as the primary consumption. Such effective technological changes and layout improvements can be one of the stages of combating the energy crisis, in addition to being an element of strategic development in shaping the national energy generation sector.
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Figure 1. Turbine set arrangements being analyzed. Variant 1: Turbine set operating according to the simple open cycle; Variant 2: Turbine set operating according to the open cycle with a regenerator; Variant 3: Turbine set operating according to the open cycle with a combustion chamber at the turbine exit. The air introduced to the combustion chamber had a temperature equal to the temperature just behind the turbine and it could be compared to the situation when the effectiveness of the regenerator equaled 1. Therefore, the efficiency of variant 3 could be higher than the efficiency of other variants. This solution has been well known for years [38], but it was not used in practice due to the properties of the materials for regenerators/combustors which did not allow the application of high temperature before the turbines. Nowadays, due to technological progress we can overcome these problems, and propose variant 3 as a realistic solution. Variant 4: Turbine set operating according to the open cycle with an external combustion chamber at the turbine exit and a high-temperature heat exchanger; Variant 5: Turbine set operating according to the open cycle with partial bypassing of the external combustion chamber at the turbine exit and with a high-temperature heat exchanger. 
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Figure 2. Relative efficiency of the analyzed turbine sets. 
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Figure 3. Optimal pressure ratio of the analyzed turbine sets. 
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Figure 4. The influence of pressure ratio on the efficiency of the analyzed variants of turbine sets. 
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Figure 5. The 35-kW air turbine set (compressor and turbine). 
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Figure 6. Power plant for distributed/prosumer power industry: (a) with external combustion chamber; (b) adjusted for cooperation with arbitrary combustion chamber; (c) with boiler for practically arbitrary fuel. 
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Figure 7. Example of an experimental variant of a gas turbine working according to the Ericsson cycle. 
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Table 1. Assumptions adopted for the design analysis of turbine set variants.
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	Parameter
	Unit
	Value
	Description





	ηcompressor
	[-]
	0.800
	



	ηturbine
	[-]
	0.820
	



	ηmech
	[-]
	0.980
	



	ηleakage
	[-]
	0.980
	



	ηgenerator
	[-]
	0.900
	



	ηcomb.cham
	[-]
	0.950
	



	pi/pi-1
	[-]
	0.995
	filter



	pi/pi-1
	[-]
	0.995
	exhaust gases duct/filter/silencer



	pi/pi-1
	[-]
	0.99
	combustion chamber



	pi/pi-1
	[-]
	0.99
	regenerator
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Table 2. Parameters of the designed turbine units.
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	Parameter
	10 kW Turbine
	35 kW Turbine
	50 kW Turbine





	pressure ratio
	2.3
	2.3
	2.3



	temperature in front of the turbine
	850 °C
	850 °C
	850 °C



	rotor speed
	120,000 rpm
	65,000 rpm
	55,000 rpm



	compressor
	1 stage, radial
	1 stage, radial
	1 stage, radial



	turbine
	1 stage, axial
	1 stage, axial
	1 stage, axial
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