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Abstract

:

In the article, the method and algorithm for a control strategy of the operation of a micro combined heat and power (mCHP) unit and for reducing the power consumption peaks (peak shaving) are proposed and analyzed. Two scenarios of the mCHP’s operation, namely with and without the control strategy, are discussed. For calculation purposes, a boiler fired with wood pellets coupled with a Stirling engine, manufactured by ÖkoFEN, was used. These results were used to analyze two scenarios of the control strategy. In this study, the operation of mCHP was simulated using the energyPRO software. The application of this control strategy to dispersed mCHP systems allows for a very effective “peak shaving” in the local power grid. The results of calculation using the new algorithm show that the electricity generated by the mCHP system covers the total demand for power during the morning peak and reduces the evening peak by up to 71%. The application of this method also allows for a better reduction of the load of conventional grids, substations, and other equipment.
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1. Introduction


Nowadays in Poland, ≈80% of the electricity is generated in the central coal-fired power plants and transmitted through the old electric grids to distant customers [1]. In addition, most households have heating systems based on high emission coal-fired boilers, which have a low efficiency. One of the possibilities to solve these problems is a wide application of modern highly efficient a micro combined heat and power (mCHP) unit powered by renewable energy sources (RES). It could decrease the load of electric grids and reduce air pollution from fossil fuels.



In 2004, the European Directive 2004/8/EC (together with the amendments in 2012/27/EU [2]) was introduced in EU countries to increase energy efficiency and strengthen the power supply security by developing highly efficient combined heat and power production in cogeneration, i.e., CHP plants. An additional aspect is a reduction of the negative impact from the combustion of fossil fuels on the environment and on global warming. Over many years, the European Directives have been limiting the emission of greenhouses gases into the atmosphere. Therefore, in recent years in many countries, one can observe an increase in the share of energy produced using renewable energy sources (RES) and decentralized CHP plants. Nowadays, the main aim is to optimize the generation of heat and electricity as well as reduce the losses due to energy transmission.



The conversion of the production of heat and electricity using fossil fuels to the production using renewable energy sources (RES) has already started and is implemented globally to some extent. In some countries, the conversion is well underway and in others it has just started. A large part of the renewable energy sources is characterized as non-controllable and fluctuating. One of the consequences of this is that the energy supply structure will change from the demand-controlled supply to the availability-controlled consumption. Furthermore, conversion to RES should be accompanied by a detailed study of how the discrepancy between availability and consumption can be balanced and how to achieve built-in flexibility.



A sector where there is a potential for flexibility and balancing the energy consumption covers households. This sector also accounts for a major part of the total electricity and heat consumption.



The consumption of electricity is increasing but the local power transmission grid has not been changed and updated properly. Old wires and transmission equipment and their integration with RES power systems have a negative impact on the operational parameters of the power grid such as voltage reduction, frequency fluctuation, etc. Higher consumption of electricity, specifically during daytime, generated huge peaks of power consumption in the grid. These peaks have a huge impact on fluctuations in the grid and can lead to an overload or blackout [3]. That is why in many countries, the demand side management introduces the peak-time tariffs for the reduction of energy consumption in households [4,5,6]. Globally, morning and evening power peaks in the power grid were distinguished. Therefore, many studies focus on strategies for peak shaving in the electrical grid for better power quality and lower energy transmission losses. In many publications, battery energy storage systems (BESS) and electric vehicles (EVs) applied to peak smoothing were reviewed and analyzed [7,8]. However, these technologies are still too expensive for wide residential application.



One type of the considered devices for cogeneration in residential areas are micro combined heat and power (mCHP) systems with electric power production of 1–5 kWe. Such systems have very high overall efficiencies of total energy conversion, which can reach 90% [9,10]. Recently, mCHP units are used mainly for heat production, where electricity is generated as the support of the power grid. The interest in mCHP systems based on renewable energy sources (RES) and their development are growing. Some examples are:



mCHP system with an internal combustion engine (ICE) using methanol as fuel.



mCHP system with an external combustion engine like a Stirling engine (SE) or an organic Rankine cycle (ORC) system using biomass as fuel.



Fuel cell supplied by hydrogen.



For the purpose of this work, the ÖkoFEN mCHP unit [11] fed with biomass in the form of pellets was chosen for further analyses. It was initially assumed, and then verified, that the heating power of the device together with the appropriate heat storage meets the requirements for the heat supply of the example house described in Section 3 of this work. A higher capacity heat storage extends the possibilities for application of this mCHP unit for higher heat demand cases. There are also mCHP devices of higher power on the market; however, most of them are fueled with natural gas. Regardless of their power, they can be used for electricity peak shaving in a similar way as described in this paper.



Most publications concerning mCHP units, energy storages, and load-shifting control strategies are focused on one or two of these topics, but rarely on a combination of all three [12,13,14]. This article presents mCHP devices as smart power generation systems where heat and electricity are generated only during periods of high demand for electricity in a household.



This description is intended as an introduction to two articles: about peak shaving and the further about impact on the environment using biomass in distributed mCHPs instead of coal in central power plant during the peaks.



The main purpose of this article is to develop a method and algorithms that can be used for the control strategy of the operation of an mCHP unit in order to reduce its power consumption peaks (peak shaving). Two scenarios of the mCHP’s operation, namely with and without the control strategy, are presented. The profiles of power and heat demand were created and used to calculate the power and heat production of a biomass-fired mCHP device that operates in an exemplary house. For the calculation purposes, data of a boiler fired with wood pellets coupled with a Stirling engine, manufactured by ÖkoFEN, are used. The data are as follows: a nominal thermal power of 9 kWth and an electrical power of 0.6 kWe at the total efficiency of 90% (with peaks of 13 kWth and 1 kWe respectively) [11]. These results were used to analyze two scenarios of the control strategy. In the first scenario, the standard control of the mCHP unit, which depended on the water temperature in the heat storage tank, was assumed. In the second scenario, the operation time of the mCHP depends on the duration of morning and evening peaks of energy demand. In this study, the operation of the mCHP unit was simulated using the energyPRO 4.0 software. The application of this control strategy to dispersed mCHP devices allows for a very effective “peak shaving” in the local power grid. The surplus of the heat produced by the domestic mCHP device is stored in a tank and can be used for heating.




2. Review of the Literature


Different studies highlighted the advantages of an mCHP system in a typical residential building [15,16,17]. Martinez et al. [17] provides a broad review of available micro combined heat and power systems. The first part of this review is focused on the existing energy conversion devices with internal combustion engines (ICEs) and other propulsion systems such as Stirling engines, organic Rankine cycle (ORC) systems, and fuel cells. The second part deals with the mCHP systems supplied by renewable energy sources, mainly the solar energy-based technologies (e.g., PVT combined with an ORC system). Based on this thorough analysis, the cogeneration plant can achieve a total efficiency of 75–95%. They concluded that mCHP systems with ICEs are characterized by a higher efficiency than the other devices, but they also indicated that an mCHP system with a Stirling engine is an attractive technology thanks to external combustion where biomass or waste can be used as fuel.



Rosato et al. [18] analyzed the operational performance of mCHP units coupled with thermal storage tanks situated in several apartment buildings. They both agreed that mCHP systems are both profitable and reliable and can be more energy-efficient than traditional power systems. The mCHP technologies with microturbines and Stirling engines can provide a proper fit to the demand of each household with regard to a positive ratio between thermal and electrical energy than other solutions like ICEs or fuel cells [19]. They indicated that mCHP systems can play an important role in the household production of electricity, even exceeding the amount produced by a domestic photovoltaic (PV) plant.



Ummenhofer et al. [20] carried out experimental tests of an mCHP unit with an ICE coupled with a thermal energy storage (TES) and an electric energy storage (EES). They focused on the performance of charging and discharging the EES to improve peak time coverage of the power grid. The smart control system of the mCHP device coupled with the EES was applied. They indicated that an appropriate selection of the specific system’s components with correct management of the working time of the tested mCHP system gave additional benefits associated with higher coverage during periods of peak energy demands and a shorter run time. In general, the number of run-time cycles of the mCHP unit has a greater impact on the level of self-sufficiency achieved than their respective run-time duration. Both the operation time and start-up time of the mCHP unit with the EES should be adapted to a residential setting and different peak energy demand periods.



In Reference [21], dynamic modelling was conducted to investigate the significant impact of the demand side management (DSM) on the operational performance of air supply heat pumps (ASHPs) with mCHP units for heating a residential building. Cooper et al. [21] show that the DSM can reduce the peak electricity demand of a heat pump in the local power grid. However, in the investigated scenarios, it is unlikely that the peak demands can be reduced sufficiently such that they will not exceed the capacity of the local distribution transformer if ASHPs are used in all dwellings. By using a combination of mCHP units with ASHPs, it is possible to supply heating to all dwellings without exceeding this capacity. The authors concluded that heat pumps with mCHP units do not achieve the maximum performance due to a limitation in the operation regimes of the DSM, which are optimized for the power grid.



Angrisani et al. [22] carried out simulations to assess the thermo-economic performance of an mCHP system used in households with a low energy demand. They focus on the estimation of the economic profitability of a cogeneration system since it is strongly influenced by the amount of electricity generated and consumed by its user. The results of this study indicate that the installation of mCHP systems in buildings with a low energy demand allows for increasing the percentage of electricity generated and consumed by users. It reduces the bidirectional electricity flow between the users and the power grid, and its impact on the grid due to the large diffusion of distributed generation systems. Moreover, this study shows that the load sharing approach among users with different load profiles leads to better energy and economic results compared to conventional systems. Weather conditions have a strong influence on the operational hours of the mCHP unit, which obviously affects the thermo-economic performance of the system.




3. Energy Consumption Profile


For analysis purposes, a typical 250-square-meter house, localized in Legionowo near Warsaw in Poland, was assumed. The house was built using outdated residential building methods, and its energy performance coefficient was equal 110 kWh/m2 year, so the building had a higher heat loss to the atmosphere than new low-energy buildings. The house was inhabited by four people, two adults and two children. For working days in winter, the power consumption daily profile was assumed based on the internal reports of the Institute of Fluid-Flow Machinery, as shown on the plot in Figure 1. For the remaining seasons, the power consumption profiles were determined based on the standard customer’s profile from tariff G11 from the Polish energy group ENEA. The following are examples of the power profiles for this house in central Poland.



In Figure 1, two peaks of power consumption are observed. These power peaks are called morning and evening peaks, and occur when the inhabitants are the most active in the house. Yearly demand for electricity in that house was calculated and was ≈3.6 MWh. The morning peaks occurred at the almost same time; however, the winter one was the highest and the summer one was the lowest. The autumn evening peak was shifted by 2 h in comparison to the winter one at 5 pm, the spring one by 4 h, and the summer one by 5 h. The winter evening peak was also the highest while the summer one was the lowest; however, the differences were higher than in the morning.



The heat demand for space heating was calculated as well. The heat loss of the building was calculated based on the heat transfer coefficient, temperature differences, and heat transfer area of the main construction elements. The heat loss due to the ventilation system was also taken into account. However, the radiation effect of the sun was not taken into account. The outdoor temperature measurements in 2015 were obtained (through the energyPRO software) from the meteorological station located in Legionowo near Warsaw. These data were used in an MS Excel 2013 program to calculate the heat demand for heating each hour and exported as a time series to the energyPRO software. The heating season started on 1 October 2015, and ended on 31 May 2015. In Figure 2, the profiles of the outdoor temperature on a representative day of four seasons are presented.



The temperature inside the building during the heating season was assumed to be 20 °C when the house was occupied and 16 °C otherwise. The house was occupied by four persons from 12 a.m. to 8 a.m. and from 4 p.m. to 12 a.m., and not occupied from 8 a.m. to 4 p.m.



Based on the above assumptions, the heat demand was calculated. In Figure 3, the heating profile of space heating is shown. One can notice that the heat demand strongly depended on the outside temperature and on the number of people in the house (the morning and evening peak demands). During the working day with no people inside, the heat consumption was 30–80% lower than during morning and evening activities.



Based on the experimental data [23], the heat demand for heating of the domestic hot water (DHW) was assumed. Figure 4 shows the profiles of the heat demand for DHW for each representative day. As can be seen on the plot, morning and evening peak heat demand can also be distinguished.



Figure 5 shows the total heat demand (the sum of space heating and DHW heating) for a representative day for each season. The yearly demand for heat was equal 27,654 kWh and for electricity 3600 kWh as calculated using the energyPRO software. In the summer, heat demand was only for heating DHW. The greatest demand for heat took place during winter when the heat was consumed for space heating and DHW. In the transition period (spring or autumn), the heat demand was 2 times lower than during the winter season. Figure 6 presents the comparison of heat and power consumption. Each respective morning and evening peak consumption of the heat and electricity took place at the same time across seasons.



To reduce the amount of electrical energy drawn from the grid during morning and evening peak demands, both heat and electricity should be produced using an mCHP cogeneration system.




4. Modelling of a Biomass-Fired mCHP Unit for Peak Shaving


The simple modelling of the operation of an mCHP system was carried out using the energyPRO 4.0 software. Figure 6 shows the main part of the developed model. For heat and electricity production, the biomass-fired boiler ÖkoFEN Pellematic Condens_e (ÖkoFEN, Niederkappel, Austria) with a Stirling engine was used. The boiler was supplied with wood pellets, which were burnt in the combustion chamber where the heat was produced. The exhaust fumes heated up the Stirling engine connected to the generator producing electricity. The hot water flowed from the mCHP system to a thermal energy storage (TES) tank and supplied the heating system of the building. The generated electricity satisfied the actual power demand of the building and it was possible to export the energy surplus to the national power grid via a direct connection. When the Stirling engine did not operate, the building was supplied from the power grid.



The results of the heat and power demand calculation for one year were used as the input time series to the control algorithm developed using the energyPRO software. In the standard control algorithm, the mCHP device operates depending on the temperature of hot water in the TES tank (i.e., on the amount of heat stored in the tank). If the temperature in the tank is too low, the mCHP device is switched on and operates until the storage is fully charged.



The standard algorithm uses the mCHP device primarily for the production of heat and its supply to the thermal energy storage tank. The amount of heat produced depends only on the storage temperature:


(Q˙th,Pel)prod=fst(Tstorage)



(1)







The additionally produced electricity is used up in the house and/or exported to the power grid.



The authors developed the method and algorithm for the shaving of the peak electricity demands. In this algorithm, the mCHP unit with a Stirling engine was primarily used for electricity generation mainly during these high electricity demands. The amount of the electricity and heat produced depended on the electricity profile and heat demand profile, time of the occurrence of peak demands, and the storage temperature:


(Q˙th,Pel)prod=fnew(Q˙th,demand,Pel,demand,τpeak,Tstorage)



(2)







The mCHP unit was also used for heat production during peak-free periods and the produced electricity was used up in the house and/or exported to the power grid.



Description of the new algorithm:



Based on the given power demand profile the time of appearance and duration of the morning and evening power peaks were determined.



The heat demand profiles for different seasons were determined.



Based on the given power profile and determined heat demand profile, the profile of the mCHP unit’s operation was adaptively determined; this prepared profile was further used to control the operation of the mCHP unit during its exploitation.



The primary goal was peak shaving.



The secondary goal was the supply of heat to the heating system and domestic hot water.



Heat was mainly produced in combination with the electricity generation during the peak energy demands. However, the mCHP unit could produce heat for longer than during the peak energy demands in order to store the highly enough amount of heat to prevent the mCHP unit from turning on during the peak-free periods.



If the amount of heat in the thermal storage was less than 10%, the mCHP unit had to also produce heat during peak-free periods.



The heat losses of the storage were calculated using the Fourier law with the default values of insulation conductivity and thickness using the energyPRO software (λ = 0.037 W/mK, δ = 100 mm).



Due to the thermal inertia of the mCHP system, a signal for the start-up of the mCHP system was sent 1 h before the peak energy demand occurred.



The amount of the electricity generated in the mCHP system that exceeded the electricity demand was exported to the power grid.



The buying cost of pellets and the varying price of electricity during peak and peak-free periods was taken into account.



The mCHP worked during the morning and evening peak energy demands in order to reduce power peaks (peak shaving).



This task-oriented description of the algorithm was performed by the low-level, internal optimization algorithms included in energyPRO. The option “Island Operation” was on, and covering the internal electricity demand took precedence over the optimization of the electricity production sent to the electricity market. The option “User Defined Operation Strategy” was set to the default profile for one electricity production unit. The electricity and heat demand profiles were given, as well as the size, insulation conductivity and specific heat of the thermal storage, its lower heat energy limit, and the ambient temperature. The minimum, nominal, and maximum electric and thermal power of the mCHP unit was also given. Based on this input data and option settings, the internal energyPRO algorithms optimized the operation profile of the electricity/heat production in the mCHP, which was the algorithm output. Each month was optimized separately; however, the state at the month’s end was the initial state for the next month.



Figure 7 shows a comparison of the profiles of energy demand, its production and heat stored for the standard control, and the new algorithm during the winter. In the standard algorithm, the mCHP device operated when the heat demand was high to fill the 3-cubic-meter storage tank up to 63 kWh. In the new algorithm, the mCHP unit operated only during morning and evening times and supplied the tank with heat up to 33 kWh and 28 kWh, respectively. The charging time of the TES tank and its charge level were different for both analyzed algorithms. In the standard control algorithm, the tank was charged up to 100% capacity, but in the new algorithm, the charge level was 35–66% of the tank capacity.



Figure 8 shows the power production in the mCHP unit, the power demand, and the difference between them. When this difference is positive, it is exported to the power grid and drawn from the grid when it is negative. Looking at Figure 8, it can be seen that more power was drawn from the power grid when the standard algorithm was used.



When the mCHP unit operated using the new algorithm, it satisfied the total demand for power during the morning peak and up to 71% of the total demand during the evening peak. In the standard algorithm, the mCHP unit worked periodically and its operating time depended only on the temperature level of the hot water in the tank, irrespective of whether any peak demands occurred. As the results show, the low coverage of the electricity consumption and production is visible. The mCHP unit that used the standard control algorithm often worked during peak-free time, but unfortunately at the same time when the electricity drawn from the power grid was the cheapest. Analyzing both algorithms, it can be concluded that for the standard algorithm, over 2.6 times more electricity was drawn from the power grid during the peak energy demand. When the new control algorithm was applied, 3.7 times less electricity was exported to the power grid within the year. Thanks to the new algorithm, less electricity needed to be drawn from the power grid and energy needs were met to a greater extent.



Figure 9 shows the different profiles of demand for electricity and its production for all four seasons in one year using the new algorithm. Having analyzed the graphs, it can be seen that the production of electricity strongly depended on the demand for heating. In the winter the morning peak was completely covered by the electricity from mCHP, while the evening peak was up to 71%. In the spring, almost all power demand was covered by the mCHP production because the power demand was lower than in winter. The morning peak was completely covered and the evening one was covered up to 83%. In the second transition heating periods (autumn), the morning peak was also completely covered; however, the evening one was less covered (up to 80%) than in spring. In the summer, the power demand was the lowest; however, both the morning and evening peaks were almost not covered by the power produced in the mCHP. This was caused by impossibility of utilization of the heat produced by the mCHP since the heat demand was the lowest in the summer.



Figure 10 shows a comparison of the heat demand of the building, the heat produced by the mCHP system, and the amount of heat stored in the 3-cubic-meter tank for four seasons in one year using the new algorithm. In the winter, the mCHP also operated before the morning peak to additionally produce heat due to the highest heat demand in this season. The heat was stored in the tank TES and utilized during the break between the morning and evening peaks. The mCHP was turned on before the evening peak for the same reasons as before the morning one. In the transition heating periods (spring and autumn), the mCHP operated during the morning and evening peaks only. However, the amount of heat produced during the peaks was sufficient to cover the heat demand. In the summer, the mCHP almost did not operate because the thermal storage reached its upper limit (63 kWh) and was almost full all the time due to the lowest heat demand in this season. Actually, the mCHP operated 2 h every second day only.



In the next step of modelling the operation of the mCHP system, the efficiency of heat and electricity production for different sizes of the TES tank were compared. In Table 1, the calculation results obtained using the energyPRO software for the operation of the mCHP unit within one year with three different tank sizes are presented. The total yearly efficiency is defined as the sum of heat and electricity production divided by fuel consumption within the year. The mCHP system with the largest tank (i.e., 5-cubic-meter tank) was able to produce the highest amount of electricity. The largest tank had the highest charge level as well. This also means that the largest tank had about 43% more heat loss than the 3-cubic-meter TES tank. The mCHP unit with the 3-cubic-meter tank (63 kWh) had the highest total efficiency of cogeneration. However, this comparison of the efficiencies did not take into account the investment costs, which may be decisive when the choice of the tank is made.



Figure 11 shows a comparison between the application of three different tank sizes. The tank with a capacity of 1 m3 was a little bit too small. During the evening peak, this tank was charged up to 100% capacity (31 kWh), which temporarily stopped the operation of mCHP and disturbed the process of peak shaving at 9 pm. For the 3 and 5-cubic-meter tanks, the charging and discharging processes were very similar. However, the 5-cubic-meter tank (104 kWh) was too large for this application due to higher heat loss and unused capacity.




5. Conclusions


This paper discussed the modelling of an mCHP device using the energyPRO 4.0 software. The new control algorithm of the mCHP device’s operation, which allows for reducing peak energy demands, was analyzed. The primary goal was peak reduction, the secondary goal was heat production out of the peaks (whereas in the standard algorithm the primary goal was heat production). This algorithm used the actual power and heat demand, as well as their daily profiles in different seasons, to control the heat and power production in the mCHP system. The standard control algorithm used only the temperature in the heat storage tank. Due to employing the new algorithm, the mCHP system could satisfy the total demand for energy during the morning peak and up to 71% of the total demand for energy during the evening peak. In the new algorithm, a reduced amount of energy was drawn from the power grid and the own energy demand was met to a greater extent. The effectiveness of the reduction of peak energy demands strongly depended on the demand for heating. In the transition heating periods (spring and autumn), the energy demand was satisfied to a greater extent than during the winter period. During the transition periods, the mCHP unit was able to satisfy up to 100% of the total morning peak energy demand and up to 83% of the total evening peak. In the summer, the power demand was almost completely unsatisfied by the mCHP because of the impossibility of utilization of the produced heat.



It should be noted that the size of the mCHP unit’s heat storage tank affected the efficiency of the reduction of the peak energy demands. The optimal size of the heat storage tank was chosen to be 3 m3.



The very important advantage of the analyzed algorithm is the possibility of reduction of the local (within the household) peak energy demands. This individual reduction does not require the coordination between the other households in the local power grid.



Looking into these actions from a broader perspective, installing mCHP devices in many buildings in the local power grid can decrease the grid’s load and provide more stable electric parameters during peak demands for energy.
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Figure 1. Average power consumption profile of one day. 
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Figure 2. Outside temperature within one day in different seasons. 
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Figure 3. Heat demand for space heating within one day in different seasons. 
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Figure 4. Heat demand for domestic hot water (DHW) within one day in different seasons. 
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Figure 5. Total heat demand (solid line) for space heating and DHW within one day in different seasons and the assumed power demand profile (dashed line). 
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Figure 6. Scheme of the mCHP system, graphical user interface from the energyPRO 4.0 software. 
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Figure 7. Profiles of the heat produced by the mCHP system (kW) and heat stored in the tank (kWh) with a capacity of 3 m3 during the winter season, depending on the control algorithm used: (a) standard algorithm, and (b) new algorithm. 
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Figure 8. Profiles of the electricity demand and production in the mCHP system during winter season depending on the control algorithm used: (a) standard algorithm, and (b) new algorithm. 
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Figure 9. Comparison of the electricity demand and production in the mCHP system that used the new algorithm for each representative day of (a) winter, (b) spring, (c) autumn, and (d) summer. 
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Figure 10. Comparison of the heat demand, production and storage in the mCHP system which uses the new algorithm, for each representative day of (a) winter, (b) spring, (c) summer, and (d) autumn. 
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Figure 11. Comparison of the electricity demand and production (a), and heat demand, production, and storage (b) in the mCHP system, which used the new algorithm for three different tank sizes during the spring season. 
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Table 1. The calculation results of the mCHP unit with three different tank sizes, which operated within one year.
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	Volume of the TES Tank (m3)
	Total Efficiency (%)
	Heat Production (kWh)
	Electricity Production (kWh)
	Fuel Consumption (kWh)





	1
	83.0
	27,597
	1856
	35,492



	3
	83.5
	28,850
	1991
	36,929



	5
	83.3
	29,231
	2021
	37,507
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