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Abstract

:

Micro-cogeneration (mCHP) is a promising solution for the generation of heat and electricity in households, it contributes to reducing carbon dioxide emissions in countries where the production of electricity is mainly based on fossil fuels. Its dissemination in Poland faces barriers in the form of high purchase prices in relation to electricity productivity. In this work 1% of the household population in Poland was analyzed using the Monte Carlo method. It was found that for mCHP to become economically profitable for a group of at least 10,000 households, its price should fall from around 18,000 euros (711.5 euros/kWth and 18,000 euros/kWe) to 4800 euros (189.7 euros/kWth and 4800 euros/kWe) and for 100,000 households to 4100 euros (162.1 euros/kWth and 4100 euros/kWe). These calculations were made for fixed gas and electricity prices. The analysis also included cases of various changes in gas and energy prices. Faster growth of electricity prices than gas prices reduce the profitability barrier. In addition, a building located in Lesser Poland region was analyzed, with an above average demand for electricity and heat. Gas micro-cogeneration becomes profitable for this household at a price of 3700 euros (146.2 euros/kWth and 3700 euros/kWe) at fixed gas and electricity prices.
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1. Introduction


In 2018, energy consumption in households accounts for 26.7% of the total energy consumption in Poland. Therein, households consumed 53.2% of heat, 20.7% of natural gas, 18.4% of liquid gas (mostly for space heating and food preparation) and 16.5% of electricity [1]. According to KOBiZE data, in 2017 greenhouse gas emissions (excluding emissions from international aviation and maritime transport and land use, land use change and forestry) in Poland obtained 413.8 million tons of CO2 equivalent. This means that their emissions have been reduced in comparison to 1990 and 1988 by 12.8% and 28.3%, respectively. More importantly, the energy sector was largely responsible for greenhouse gas emissions (in 2017, its share has been 82.7% of total emissions) [2]. From an environmental point of view, Poland has been a signatory to the UN Framework Convention on Climate Change since 1994 and the Kyoto Protocol since 2002, and thus participates in efforts to reduce climate change undertaken by the international community. In the first commitment period, resulting from Poland’s ratification of the Kyoto Protocol, Poland undertook measures to reduce its greenhouse gas emissions in 2008–2012 by 6% compared to emissions in the base year (for Poland the base year was set for 1988). However, in the second commitment period set out in the Doha amendment and the “Europe 2020” strategy, it was planned to reduce greenhouse gas emissions by at least 20% jointly with the European Union in 2013–2020 compared to the base year [3]. These goals can be achieved, among others by using modelling and simulation during solving energy-oriented problems [4], eliminating hard coal-fired units, adapting novel, environmentally friendly technologies (with low–carbon and recyclable construction materials) [5], using renewable energy sources [6] or by reducing transmission and distribution losses through decentralized generation [7]. The use of combined heating and power (CHP) units for residential building energy production, called micro-CHP (mCHP), is one of the decentralized generation methods, which can increase the energy efficiency by generating heat and electricity simultaneously [8]. Wherein, micro-CHP unit is classified in this category, when its maximum electric capacity is up to 50 kWe (other two categories includes “small-scale or mini cogeneration” unit if its maximum electric capacity ranges from 50 kWe to 1 MWe and “cogeneration” unit—for 1 MWe and more) [9]. CHP units can be installed near to the end user, what eliminates the losses of useful heat during distribution between unit and end user [10]. The comparison of energy flow for the building working with and without CHP is shown on Figure 1. In case of conventional building, the thermal and electricity loads are supplied, respectively by the boiler and power grid. In case of building using CHP unit, the building loads are supplied simultaneously—space heating and district heating use the heat recovered from CHP, while the generated power is utilized for the electric load. The grid power can be provided to the building when the generated power is not enough for the electric load. In addition, in opposite situation, when greater power is generated than it is required, surplus power can be returned to the grid [11].



Given the available micro-CHP technologies, two categories can be distinguished, namely: technologies based or not based on thermodynamic cycles used for power generation [8]. The first category (based on thermodynamic cycles) includes both internal and external combustion technologies, e.g., Organic Rankine Cycles (ORCs) [12], internal combustion engines (ICEs) [13], microturbines [14], Stirling engines (SEs) [15,16], new expander technologies such as Wankel-type expanders, etc. [17]. The second group of technologies, the one not based on thermodynamic cycles, mostly contain fuel cells [18] and solar photovoltaic hybrid technologies (PV/T) [19,20]. The use of ORC in combined heat and power production is well known and extensively studied technology, which can be used with a wide range of heat sources such as biomass [21], geothermal [22], solar [23] or waste heat [24]. However, in case of micro-CHP (below 50 kWe) this technology is not mature enough and face some challenges connected with designing small size turbine or expansion machine and compact, highly efficient heat exchangers appropriate for such unit [12]. In addition, micro-CHP ORC systems face the same problems as large units with dependence on ORC system design from working fluid selection and operating parameters [25]. The other group of micro-CHP applications, which can operate with wide range are internal combustion and reciprocating engines. Reciprocating engines can provide very good fuel conversion efficiency and at the same time a high power to weight ratio. Currently the most interesting (in the range of 1–5 kWe of output power) in the ratio efficiency/cost is ICE (usually “Otto engines” and “Diesel engines” are categorized as ICE) [26]. What seems important, ICE is well-known and established technology, but still offers room for research and the efficiency improvement [8]. Most of the ICE units use natural gas as energy source and this low fuel adaptability can be classified as disadvantage of those technologies. However, there are some studies, which considered alternative fuels (syngas form biomass [27] or hydrogen enriched with natural gas [28]) for ICE engines. Multi-fuel capabilities (mostly gaseous or liquid fuels) and high-grade waste heat are advantages of a small combustion turbines. Additionally, microturbines as micro-CHP units can offer a compact size and low noise. However, their efficiency is lower than in case of ICE engines and a decrease of efficiency at partial loads can be observed which cause technical barrier in spreading this technology [29]. Harrison and On [30] have considered Stirling engines to be one of the most promising technologies within micro-CHP. They allow strict control of the combustion process and high fuel adaptability, which makes them suitable for integration with renewable energy resources. In addition, SE have a lower noise level than ICE, which is why they seems to be a good solution for residential applications [31]. To demonstrate the high fuel adaptability of SE, study of solar dish Stirling micro-CHP system for residential applications (in five different Iran cities) has been conducted [32]. Studies shows that the best electrical efficiency can be obtain by fuel cell micro-CHP. The comparison of micro-CHP technologies shown that fuel cells have great potential for residential applications, however, a capital costs are still too high [33]. In addition, each CHP system is composed of not only a prime mover, but also a thermal storage unit and an auxiliary boiler (used to cover peak thermal demand) [34].



There have been many studies on various micro-CHP application both in single family house and multi-family house [11,35] that shows the great potential of micro-CHP in reduction of the residential building consumption. Bianchi et al. [36] provide general guidelines for using micro-CHP in single family house. Their study showed that appropriately sized both the CHP prime mover and thermal storage system can save 15–45% of primary energy depending on the used micro-CHP unit. Barbieri et al. [34] analyzed the feasibility of different CHP type (ICE, micro-gas turbine, micro-Rankine cycle and Stirling engine) for meeting energy demand of single house. The study shows importance of appropriate selectin of size of thermal energy storage unit. In addition, the economic analysis showed that a reasonable level of the CHP marginal cost is near 3000 euros/kWe. Economic and environmental assessment has been conducted in Ito research [37]. The economic analysis showed that the target cost of the micro-CHP unit (with the back-up boiler) is about $6200 under current grid price in Japan and achieve ten years payback for 1 kW. Streimikiene and Baležentis [38] conducted multi-criteria assessment analysis to compare four micro-CHP technologies (reciprocating engines, microturbines, Stirling engines and PEM fuel cells) for buildings in Lithuania. The study has taken under consideration economic, social and environmental criteria. The best results have been obtained for microturbines, followed by engines, but the difference between them was not significant. Ren and Gao [39] investigated the use of gas engine and fuel cell CHP-unit in residential buildings in Japan. Their study show that the fuel cell technology obtained better parameters for the examined residential building from economic (annual energy cost reduced by 26%) and environmental point (annual CO2 emissions reduced about 9%). Lee et al. [40] analyzed the feasibility of integration CHP system into buildings for two different regions in USA. The results show 21% and 27% cost savings in mid-Atlantic region and Great Lakes region, respectively. Entchev et al. [41] discuss the integration micro-cogeneration system designed for demonstration house in Canada. For this study, a Stirling micro-CHP unit was used with an electric output of 736 We and a thermal output of 6.5 kWth. The study has showed that analyzed unit met demand for heat and electricity during testing period. Wajs et al. [12] conducted research on the prototype of domestic ORC system integrated (which allows to generate 760 We, almost 1 kWe in Rankine Cycle module) with a typical commercial gas boiler.



For the multi-family house, Arteconi et al. [35] evaluated integration of micro solar ORC plant with residential buildings. The analyzed system included concentrated linear Fresnel reflector solar field (producing heat at temperature in the range of 250–280 °C), a phase change material (PCM) thermal energy storage tank and 2 kWe/18kWt ORC unit. The analyzed system produced 50% of energy demand for six dwellings with 6% and 9% of cost and energy saving, respectively. Rodrἱguez et al. [42] analyzed several designs of hybrid system (composed of solar thermal collectors, photovoltaic panels and internal combustion engine) for the same six-story residential building in five different Spanish locations with diverse climate conditions. All analyzed case studies were compared in terms of primary energy consumption and emissions and the Life Cycle Cost analysis. Based on this, the most optimal solution is presented. Kim et al. [43] reported the proper capacity of internal combustion engine micro-CHP unit based on the number of apartments units being served. The analysis focused both on energetic and economic criteria and was done based on Korean load profiles. Jung et al. [11] also analyzed internal combustion engine-based the micro-CHP system in multi-family building with the floor heating system in Korea. Appling of such system causes reduction of primary energy consumption by 18.4%, CO2 emissions by 11.8% and operation cost 9.6%, respectively. Spitalny et al. [44] studied the possible market expansion of heat pumps and micro-CHP based on the residential sector in Germany. The analysis showed that the micro-CHP have high potential in multi-family house, while heat pumps are better suited to single-family house. Caliano et al. [45] analyzed the optimal operation of micro-CHP system producing heat and electricity to multi-apartment housing in Italy. Two operating strategies were implemented—in the first, the heat production was limited by user heat demand; win the second—heat dumping is allowed.



In spite of the large amount of research and analysis, huge market and potential benefits of reducing primary energy consumption and greenhouse gases (GHG) emissions, micro-CHP systems still have a lot to do to reach a sufficient state of maturity and become an important alternative to the standard heating systems as Dentice d’Accadia et al. [46] and De Paepe et al. [47] showed. In addition to environmental and energy issues, the problems with diffusion of this technology into the market is affected not only by some technological obstacles, but also by gas and electricity prices, which influence competitiveness of micro-CHP unit (that should be characterized by easy operation and low investment cost). Paepe et al. showed that micro-CHP system in residential applications is not attractive due to the high investment cost and long payback period. However, Hawkes and Leach [48] specified that in cold climate areas (with higher thermal needs and time working) the potential interest of this units can be bigger.



Structure of households’ energy consumption per inhabitant by various energy commodities in the Poland and in the EU-28 is presented below in Figure 2. In Poland, coal still has a high share among commodities at the level of 32.1%, while in the EU-28 its consumption for household needs is marginal—2.6%. The largest share of energy commodity in the structure of energy consumption in households in the EU has natural gas and it is 36%. In order to reduce these disparities, an analysis of the increase in the share of micro-CHP units based on natural gas in single-family houses in Poland was carried out. Equally important, natural gas micro-CHP units are currently the most popular solution in EU, and their service is not demanding and more importantly it is available in Poland, which can also influence the preference for this type of solution on the domestic market. This study demonstrates the possibilities of technical and economical application of natural gas micro-CHP technology in households in Poland. This research was based on a real demand profile of a households in Poland. At this moment, there are no solutions on the direction in which those micro-CHP technologies should develop in household sector, so that their use can be profitable. The novelty of the result of this analysis is to answer the question of how great is the potential for this type of solution in Poland–in other words, do we have enough gas-connected households that have such heat energy consumption that the use of micro-CHP is economically justified. The novelty of the result of this analysis is the development of guidelines for the technical and economic feasibility of implementing micro-CHP systems in households in Poland. For example, how much electricity and heat should produce micro-CHP unit to diffuse into the market, at what prices of the device or electricity the solution is profitable, etc.



The analysis adopted the method involving the construction of an energy balance and cash flow model for a heat and electricity source in a hypothetical household. In the Monte Carlo simulation process, the values of technical parameters are drawn from the probability density distributions describing the structure of these parameters for the household population in Poland. A set of randomly selected data in one iteration characterized a single household. For each simulation 134,325 data sets characterizing a sample of 134,325 hypothetical households in Poland were drawn. Simulations were made for different variants of fuel (gas) and electricity prices. The proposed approach to analysis was successfully used to assess the potential of passenger car technology for compressed natural gas [49] and assessment of the potential for reducing pollutant emissions and improving energy efficiency in the household sector in Poland [50]. In addition, the potential of micro cogeneration installations for a single case—a building located in an area with high air pollution in Poland—was analyzed [51].



Economic and technical analysis of the cogeneration using Monte Carlo simulations were carried out, among others, by:



Momen et al. [52] Monte Carlo simulations was used to estimate variable electricity and gas prices, focusing on the commodity market. Yearly prices for individual customers (households) are currently nearly constant. In addition, optimization of the operating parameters of a 30 MW cogeneration source was included in the analysis.



Westner and Madlener [53]—the financial support systems for investment in CHP were reviewed for individual European countries. NPV simulations on a sample of 100,000 units (with power over 0.5 MWe) was carried out.



Carpaneto et al. [54]—Monte Carlo simulations were used to determine uncertainty and probabilistic models for cogeneration with a capacity of several hundred kWe. The fluctuations in fuel and energy prices as well as heat demand over time were also considered.



Siler-Evans et al. [55]—the impact of cogeneration on the power and electricity market as well as the impact on the amount of CO2 emission charges was analyzed using Monte Carlo simulations.



Marquez et al. [56]—Monte Carlo simulation was used to determine operational availability for cogenerations plants when working over hours and years.



The above-mentioned analyses, however, did not concern the estimation of the potential of using a given technology in a broadly understood society, among others due to the fact that analyses concerned power levels that are not applicable in households.



The study is organized as follows: in Section 2 the data presenting electricity and heat demand both from literature and for the selected building is presented and analyzed, in Section 3 methods and assumptions used in analysis are described, Section 4 presents results and their discussion and finally the conclusions are provided in Section 5.




2. Data for Analysis


2.1. Literature Data Presenting the Demand for Electricity and Heat for Households


The demand for electricity in households varies for individual hours of the day and depends on many factors such as: time of the year, day of the week (weekend/weekdays), number of inhabitants or their habits and routine activities. Regardless of all these factors, the common feature are periods of increased demand during the day, associated with staying in the building and performing activities that require electricity. Below are literature examples of daily electricity demand profiles for residential buildings located in Ireland, Denmark United Kingdom and Poland.



Fintan McLoughlin et al. [57] have developed 10 typical profiles of electricity users for households in Ireland. Profiles were developed based on intelligent measurement of energy consumption over a 6-month period. These characteristics show how varied and diurnally variable the demand for electricity can be. Profile No. 4 (WD IR), shown in Figure 3, is the profile with the highest number in this country. At the same time, it is also the closest to the profile characteristic for users in Poland (WD PL).



Kyriaki Foteinaki et al. presented in the article [58] a representative daily electricity load profile they developed for Danish households. Two profiles were developed and then compared with three measured data sets of different sizes and from different regions of Denmark. Obtained characteristics are similar to the profile characteristic for residential buildings in Poland (Figure 3)



José Luis Ramírez-Mendiola et al. presented in the article [59] a comparative study between simulated data on electricity demand in residential buildings and measurement data from UK Household Electricity Survey. For loads in the UK, morning and afternoon increased loads are also characteristic, as in the examples discussed above for Ireland and Denmark.



In the analysis, it was decided to use a simplified homogeneous profile for the whole year, not distinguishing characteristics for individual months and seasons. Literature analysis and analysis of the demand characteristics for the examined existing object confirmed that such simplification is sufficient to achieve the objectives of the article.



Figure 3 shows the average daily electricity load profile normalized on the individual maximum of each load profile for Poland, UK and Ireland. Data for Poland comes from the study [60] and present the demand specific to users of the G11 tariff: customers having single-time zone meters with a single electricity rate per kWh. The G11 tariff is the tariff most often chosen by households [61].



Attention in the summary presented in Figure 3 draws much smaller variation between the load at night and daytime for the Polish profile, compared to profiles specific to UK and Denmark. This is probably related to the different specifics of household operations, including larger use of electrical appliances in countries such as UK or Denmark.



The amount of heat demand for heating depends on degree days (Figure 4). The number of degree days is the product of the number of heating days and the difference between the average outdoor temperature and the average temperature of the heated room. Heating days are those days when the average daytime temperature is below 15 °C. The warmest region in this is the southwest (2797 K·day/year) and the coldest is the northeast region (3416 K·day/year). Figure 4 also includes the percentage share of the number of households (shp) in individual voivodships in the total number of households in the country.



Figure 5 presents the distribution of electricity consumption and Figure 6 gas for households in Poland, prepared on the basis of data from Central Statistical Office in Poland [1]. The developed distribution shows that most households consume 1500–2500 kWh per year of electricity, which is 14.61% of all households and about 1000–2000 kWh per year of energy from natural gas, which is 20.8% of all households using natural gas. Demand for heat and gas consumption for heating purposes in households is presented in Table 1.



Based on the summary “Energy consumption in households in 2018” [1], it was determined that among all rural households, 8% use single or dual-function gas boilers for the needs of central heating and domestic hot water preparation. This group was identified as the target market for cogeneration boilers in the first approach, also due to access to the natural gas network and having appropriate boiler rooms and flue pipes. Coal fired boilers users who currently do not have access to the gas are another potential group. It could be expected that eventually they will also be interested in such a solution, however for the purposes of the article it was decided to consider only a group of users with access to the gas network.




2.2. Energy Demand for the Selected Building


In addition to data nationwide, a real object was selected for analysis—a building that in 2018 and 2019 was inhabited by an average of 4.5 people, one of whom was retired. The consumption of electricity was primarily influenced by the use of electricity to prepare meals: electric induction hob and water boiling. The building’s thermal needs were met by a single-function gas condensing boiler integrated with a domestic hot water buffer tank. In the summer, the basic source of energy needed to prepare hot water was a solar system (3 flat collectors). The consumption of electricity and natural gas in the individual months of 2018 and 2019 are shown in Figure 7 as the average daily consumption. In winter months higher energy consumption than in summer can be noticed. It is related to the operation of the central heating installation (auxiliary energy) with greater lighting needs. In turn, in the summer months the use of air conditioning in two rooms was important.



The average daily heat demand for hot water preparation in Poland is around 7.3 kWh [62]. As it results from Figure 7, the daily requirements for the analyzed building are significantly higher than the indicated average for Poland, this applies to all months of the year. Similar observations can be made on the basis of Figure 5 and Figure 6, where it is clearly seen that the building is in a group of high gas and electricity consumption in comparison to other facilities of this type. Despite the fact that analyzed building is characterized by high consumption of natural gas in comparison to other rural households in Poland, only minimally matches the recommendations for using the smallest cogeneration boiler available on the Polish market like Vitotwin [63], for which the suggested efficiency limit is at least 20,000 kWh/year (natural gas) and 3000 kWh/year electricity.



Figure 8 clearly shows a shift in the morning peak for weekdays to earlier hours than for weekends. For the analyzed building, the increase of electricity consumption in the early morning hours is typical, which is related to the specificity of work and habits of residents. For the national average, this increase is shifted by about 2.5 hours. Higher values can also be noticed on weekend evenings (09:00–11:00 p.m.). Higher variability of electricity consumption was observed for the analyzed building than for the general profile of G11 tariff users in Poland. Similar loads were also observed in the hours of 2:00–5:00 a.m. due to the power consumption of fridge, router and standby devices. Presented results were affected by a higher value of energy consumed during the weekdays for the analyzed building than for the average in Poland (by 30%).



In the analyzed building, electricity consumption in 2018 amounted to 5590 kWh, which places the house in 5% of households with the highest energy consumption in Poland (Figure 5) [1]. However, when analyzing the number of inhabitants living in the house (average annual: 4.5 people) taking into account the average electricity consumption per resident of rural areas in 2018, which is 1088 kWh/year, the analyzed building is close to the average. Similarly, the building is located in terms of natural gas consumption, also in the highest group—Figure 6, but in this case it is also influenced by the fact that 21.8% of rural households in Poland in 2018 consumed natural gas and only 1.7% was equipped with a single-function gas boiler (as in the case of analyzed building). Generally, natural gas was used in 55.7% of households in Poland, but more than half of the recipients (51.9%) used it only for cooking meals (often with access to heat network), of which 14.0% for apartments heating.





3. Methods and Assumptions


Assessment of the economic potential for using natural gas mCHP technology in households in Poland, required the construction of a stochastic model of energy balance and cash flow for a hypothetical household. Data on households were generated by the Monte Carlo method from probability density distributions prepared on the basis of an analysis of the national structure of households. Based on the generated values, the energy balance and cash flow values for hypothetical 134,325 households were calculated. This is a sample (1%) from the population of 13.432 million households in Poland (whole population WP).



The model adopts two alternative variants of equipping the hypothetical household with an energy source. The first variant assumes that a traditional gas-fired boiler will be installed in the facility. It will be used to generate heat (heating and domestic hot water DHW preparation). All electricity will be taken from the power grid. The second option assumes that the heat demand will be entirely met by the mCHP boiler and the electricity generated in the boiler will satisfy all or part of the building’s electricity demand. Electricity deficits will be satisfied from the power grid.



The following technical parameters characterizing the household were adopted for the analysis:




	
Access to the gas network and district heating is described by binomial distribution. It was assumed that the assembly of mCHP is possible only in the case of objects that are connected to the gas network (55.74% of the population of single-family houses in Poland). Access to the gas network in each voivodeship is described by a different binomial distribution built based on the data presented in Table 2. At the same time, it was assumed that in the case of buildings connected to the municipal heating network (40.11% of the population of single-family houses in Poland), the assembly of mCHP is not justified.



	
Two daily electricity demand profiles (Figure 8) at an hourly interval: one for weekdays and the other for non-working days (weekends and holidays). It was assumed that the ratio of working days to non-working days is 5:2.



	
Annual electricity demand (kWh/year) in individual voivodships is described by a lognormal probability density distribution with parameters location = 0, mean according to the data from Table 2, standard deviation = 1,467.47 kWh/year. The distribution was built on the basis of CSO data [1].



	
The annual heat demand for hot water preparation (kWh/year) was calculated as the product of the annual heat demand for DHW preparation per person (kWh/year/person) and the number of people in the household. Annual heat demand for DHW preparation per person is described by a rectangular (uniform) probability density distribution with a minimum value of 900 kWh/year/person and a maximum value of 1100 kWh/year/person. The number of persons in a household was modeled by discrete polynomial probability distributions (prepared based on data in Table 3 and Table 4) describing the structure of households in terms of the number of persons. The drawn values of people in the household were used to calculate the demand for heat for the preparation of domestic hot water in a hypothetical household. It is assumed that the distribution of domestic hot water is uniform throughout the year. The annual demand for heating a single-family house was calculated as the ratio of the individual heating demand (kWh/(m2·year)) and the area of household (m2). The individual heating demand was described by the Weibull distribution with the parameters of location = 0, scale = 140.24 and shape = 1.456. The distribution was prepared based on data published by the Central Statistical Office (CSO) [1] and concerning the individual demand for natural gas for household heating (kWh/(m2·year)). The structure of the single-family houses area in Poland was described by a continuous probability distribution prepared on the basis of data (Table 4) published by the portal Oferteo [64] and CSO data from the census carried out in 2011 [65].



	
The annual heat demand for heating household was divided into individual months of the year based on the number of heating degree days in individual months [66].



	
The number of degree days for individual months depends on the geographical location of the building. Poland was divided into 16 geographical locations. The division was consistent with the administrative division into voivodeships (the highest-level administrative subdivision of Poland). Degree days of heating were presented for the capital of each voivodeship on Figure 4. The location of the building was assigned in the process of drawing from the probability density distribution prepared based on the population of people living in individual Polish voivodeships. The source of the data have was CSO [67].








Other assumptions made:




	
Euro price was 4.5 PLN (polish zloty);



	
The share of households living in multi-family buildings in the total number of households was 55.3%, while in single-family housed in terraced, semi-detached or detached housed was 44.7%;



	
All buildings were connected to the power grid;



	
The base price of gas was 0.0489 euro/kWh (GP) [1];



	
The base price of electricity including transmission was 0.133 euro/kWh (EP) [1];



	
The base price of gas and the base price of electricity were changed depending on the dependencies adopted in Chapter 4 (EPI, GPI). In addition, in Poland, changes in energy prices for households depend on market price fluctuations over at least six-month periods;



	
The fixed distribution fee was 1.78 euros/month;



	
The producer coefficient was 0.8. The possibility of using the Prosumer program was assumed [68];



	
The cost of buying and installing a traditional gas-fired boiler was 1555.56 euros;



	
Other costs of installing the boiler or mCHP were considered the same;



	
Possible correlations between variables had not been taken into account;



	
The cost of servicing a natural gas boiler was on average 22.22 euros/year;



	
The costs of operating a micro-CHP boiler were on average 44.44 euros/year;



	
The economic efficiency calculation was performed on a monthly basis for the entire life cycle of micro-CHP boilers and gas-fired boilers, which was the same for both technologies for 15 years;



	
The micro-CHP boiler had two burners: main with nominal power equal to 5.3 kW and peak one with 20 kW;



	
Operation of the peak burner was only possible with simultaneous operation of the basic burner with full nominal power;



	
The electricity generator in the micro-CHP boiler had a nominal power of 1 kW;



	
The actual power of the electricity generator depends on the actual power of the main burner, which depends on the heat demand at the moment;








The efficiency of the micro-CHP boiler is constant regardless of the load level.



The sum of heat demand for hot water preparation and heat for heating was the basis for calculating the amount of electricity generated in the micro-CHP boiler. On the basis of the electricity demand profile, the amount of electricity overproduction was determined, which cannot be consumed and is transferred to the power grid. In case when the demand for electricity is greater than the energy production in the micro-CHP boiler, electricity is taken from the power grid. The amount of electricity collected and returned to the power grid is balanced on an annual basis and the electricity fee is calculated for electricity resulting from the balance sheet. In case when the amount of energy returned to the power grid per annum is higher than that taken from the grid, the user will not receive remuneration.



The expected price of the micro-CHP boiler is calculated on the basis of a comparison of the total costs incurred by the household for 15 years (and it includes: purchase and installation of the boiler, maintenance and service costs, fuel costs, costs of power grid use). The expected price of the micro-CHP boiler corresponds to the price at which the sum of cash flows for both analyzed variants for a hypothetical household would be equal.



The energy balance and cash flow model were made in Microsoft Excel and the Monte Carlo simulation was performed with the support of the software Oracle Crystal Ball.



As part of the research, an analysis was also carried out for a real single-family house—Analysed Building (AB) located in the Lesser Poland voivodship. The electricity demand in the building (Figure 5) equal to 5720 kWh/year was calculated based on the measured electricity consumption in the building (Figure 8). The heat demand for domestic hot water preparation in the building was 3650 kWh/year and on average 14,350 kWh/year heat was used for heating. Value estimated on the basis of measured gas consumption (Figure 6). A 26 kW gas boiler is available in the building, the price of which is estimated at 1460 euros.




4. Results and Discussion


The generated data for 134,325 hypothetical households were used to calculate the demand for electricity, heat for heating and domestic hot water preparation in Polish households. The calculated values were compared with statistical data provided by the Central Statistical Office [1,69]. The results of the comparison are shown in Table 5.



Comparison of the results indicates that the differences between the actual results and the data from the simulation are at the level of statistical error and thus can be considered as representative for the household population in Poland.



The results in the form of map charts for constant or variable values Electricity Price Index (EPI) and Gas Price Index (GPI). EPI and GPI were determined on the basis of the following relationships:


EPI = AEP/EP



(1)




where:



AEP—assumed average electricity price for the next 15 years, euros/kWh.



EP—base price of electricity including transfer, euros/kWh.


GPI = AGP/GP



(2)




where:



AGP—assumed average natural gas price for the next 15 years, euros/kWh.



GP—the base gas price, euros/kWh.



Calculations based on variable values of Electricity to Gas Price Ratio, are known in the literature, but it is difficult to refer them to the price of the boiler.



4.1. Results for Analyzed Building


Figure 9 shows the price at which mCHP becomes profitable for the analyzed building, determined for different EPI and GPI values. With fixed electricity and natural gas prices, mCHP becomes profitable when it costs 3700 euros. A two-fold increase of the electricity price with a constant price of gas means that the solution becomes profitable at a price of 7000 euros.




4.2. Effect of Model Reduction


For the whole country, the results are presented in the form of the share of households for which the profitability of purchasing a cogeneration boiler is at least equal to buying a gas boiler (without cogeneration) and purchasing electricity from the grid for 15 years. The obtained results are influenced by the fact that only 30% of households are single-family houses with access to the gas network.



Due to the fact that the calculations were carried out for a sample of the population, the influence of the size of this calculation sample on the results in the form of the population size for which mCHP will be profitable depending on the mCHP price was checked. The calculations were carried out for the following variants: 0.1%, 0.2%, 0.5%, 1.0% and 2.0% of households in Poland. Results as a comparison of households share for variants EPI = 1.0 and GPI = 1.0 and the abovementioned population sizes are shown in Figure 10. A similar analysis (impact of model size on simulation results) was performed by Mavrotas et al. [70]. The main purpose of this work was to analyze the use of cogeneration for the hospital using Monte Carlo simulations (uncertain parameters).



In the calculations carried out in this study, a sample of 1.0% of the population was considered, because, as shown in Figure 10, increasing the number to 2% has no effect on the results.




4.3. Results for Households in Poland


Households share (share of households for which economic profitability was achieved) for variable GPI values (from 0.4 to 3.0) and constant EPI values are shown in the following figures: Figure 11a, Figure 12a, Figure 13a and Figure 14a. Households share for variable EPI values (from 0.4 to 3.0) and constant GPI values are shown in the following figures: Figure 11b, Figure 12b, Figure 13b and Figure 14b.



Clearly for EPI = 3.0, GPI = 0.4 and mCHP price 2000 euros households share is the highest (27%), but this price situation is unlikely (especially for a combination of these three values). At 9000 euros (half of the current mCHP price) households share is 4%. With GPI = 3.0 and EPI < 2.0, even with mCHP price = 2000 euros, there is no household in Poland (connected to gas and electricity) for which such a solution would be economically viable.



For two EPI values (1.0 and 3.0) the data are presented below in the form of a graph with the log “Households share” scale and variable GPI values—Figure 15.



The above graphs show that only for cases EPI = 3.0 and GPI = 0.4 a cogeneration boiler at the current price of 18,000 euros would be profitable for 0.04% of households (approx. 5200) and in the case of EPI = 3.0 and GPI = 0.8 it is only 0.0008% of households (approx. 100) in Poland. Hence, it can be assumed that a change in the relation of energy carrier prices in the assumed range will not increase popularity. Therefore, it was determined for what mCHP boiler price it will be 10,000 (Figure 16a) and 100,000 (Figure 16b) households for which it will be a profitable solution.



With current electricity and gas prices (EPI = 1.0 and GPI = 1.0), lowering the mCHP price to euros 4800 will result in economic profitability for 10,000 households (with access to the gas network) in Poland. In turn, reducing the mCHP price to euros 4100 will result in economic profitability for a group of 100,000 households (hereinafter referred to as “selected group”—SG100k). EPI = 2.0 at GPI = 1.4 will cause similar economic effects at prices of 8100 and 6400 euros, respectively.



For SG100k (for EPI = 1.0 and GPI = 1.0), the demand for heat (heating + domestic hot water) and electricity in normalized histogram and the amount of produced electricity are shown in Figure 17. Overproduced electricity is the amount of energy produced by the cogeneration boiler, but not consumed on a regular basis, but stored in the network according to the net-metering assumptions (Prosument program [68,71]).



The energy production limit results from the number of hours per year (8760) and the boiler’s electrical capacity (1 kWe). Approximately 8.2% of households with SG100k did not show overproduction of electricity from a cogeneration boiler.



SG100k comparing to the entire population—cumulative histogram for electricity demand and for heat energy demand—Figure 18.



It is obvious that in the first-place economic profitability will be achieved (with a drop in mCHP price) for households with a much higher than average energy demand (electricity and heat) in the population of households. Electricity demand in selected households (for SG100k) above 5000 kWh/year was recorded for 60% of households. In the whole population of Poland, 4% of households has the demand higher than 5000 kWh/year.





5. Conclusions


There are currently over 13 million households in Poland. Among these households, 100% have access to electricity, and most of them are heated using fossil fuels (including district heating). Micro-cogeneration in households in Poland is currently unused mainly due to high purchase prices and limited purchase access (producers withdrew from the market: De Dietrich and Viessmann and there are no legal solutions for the electricity production through mCHP). Among the reasons for the lack of interest should also be mentioned that the vast majority of households in Poland are characterized by low demand for electricity—about 1500–2500 kWh per year. In addition, mCHP devices are not yet widely known and popular and trusted technology in Poland.



The study examined under what conditions mCHP will become profitable compared to a gas boiler and purchase of electricity from the power grid. The results of the analysis were influenced by the fact that around 27% of all households in Poland had access to the gas network while not having access to the heating network.



For mCHP to become economically profitable for a group of at least 10,000 households, its price should fall from around 18,000 euros (711.5 euros/kWth and 18,000 euros/kWe) to 4800 euros (189.7 euros/kWth and 4800 euros/kWe) and for 100,000 households to 4100 euros (162.1 euros/kWth and 4100 euros/kWe). These calculations were made at constant gas and electricity prices. The analysis also included cases of various changes in gas and energy prices. Faster growth of electricity prices than gas prices reduce the profitability barrier.



Calculations were made for a sample of 1% of households with different demand for electricity and heat (related to the size of the apartment, external conditions of degree days, number of inhabitants, etc.). An analysis has also been carried out showing that increasing the sample to 2% would not have a significant effect on the results.



The case of a single-family house from the Lesser Poland voivodeship, characterized by a much higher energy demand than the average value for households in Poland, was also analyzed. Micro-CHP becomes profitable at a price of euros 3700 (146.2 euros/kWth and 3700 euros/kWe) with unchanged prices of electricity and natural gas.



Micro-cogeneration is a technology with not very favorable potential due to the price. As a result of the analysis, it was pointed out that in order for it to be disseminated (even on a scale of 0.1% of the household population in Poland), changes to increase its availability are necessary. The results give an image of what subsidies should be introduced from the point of view of the country (guided by considerations of environmentally friendly solution, etc.) or producers (the effect of the scale of the sales market) to promote micro-cogeneration in Poland.
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Abbreviations




	AB
	Analyzed building



	AEP
	Assumed average electricity price for the next 15 years, euros/kWh



	AGP
	Assumed average natural gas price for the next 15 years, euros/kWh



	CHP
	Combined heat and power



	CSO
	Central statistical office



	dd15
	Degree-day values, K·day/year



	DHW
	Domestic hot water



	e
	electricity



	EP
	Base price of electricity including transfer, euros/kWh



	EPI
	Electricity price index



	G11
	Electricity price tariff in Poland



	GHG
	Greenhouse gases



	GP
	Base gas price, euros/kWh



	GPI
	Gas price index



	ICE
	Internal combustion engine



	mCHP
	Micro-combined heat and power



	ORC
	Organic Rankine cycle



	PCM
	Phase change material



	PV/T
	Solar photovoltaic hybrid technologies



	SE
	Stirling engine



	SG100k
	Selected group for 100,000 households, EPI = 1.0 and GPI = 1.0



	shp
	Percentage share of the number of households in the voivodship in relation to the total for the whole country (Poland)



	th
	thermal



	WD
	Weekday



	WE
	Weekend day



	WP
	Whole population of households in Poland
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Figure 1. Comparison of energy flow in building without/with combined heating and power. Source: based on [11]. 
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Figure 2. Structure of households energy consumption per inhabitant by various energy commodities in the EU-28 and in the Poland in 2017. Source: own study based on [1]. 
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Figure 3. Average daily electricity load profile normalized on the individual maximum of each load profile: WD PL—weekdays Poland; WE PL—weekend Poland; DK—Denmark; UK—United Kingdom; IR—Ireland. Source: own study based on [57,58,59,60]. 
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Figure 4. Map of Poland with degree–day values for each voivodship (color scale: dd15, black color) and the percentage share of the number of households in the voivodship in relation to the total for the whole country (shp—blue color). The location of the analyzed building is also marked (AB). 
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Figure 5. Distribution of electricity consumption of households in Poland together with a comparison for the analyzed building (characteristic p. 2.2) Source: own study based on [1]. 
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Figure 6. Distribution of natural gas consumption in households in Poland together with a comparison for the analyzed building (characteristic p. 2.2) Source: own study based on [1]. 
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Figure 7. Average daily electricity consumption in AB in individual months of 2018 and 2019. 
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Figure 8. Average daily electricity load profile: WD PL—weekdays Poland, WE PL—weekend Poland, AB—analyzed building. Source: own study based on [59]. 
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Figure 9. mCHP price, as an EPI and GPI function at which an investment in mCHP would be economically profitable for the analyzed building. 






Figure 9. mCHP price, as an EPI and GPI function at which an investment in mCHP would be economically profitable for the analyzed building.



[image: Energies 13 03140 g009]







[image: Energies 13 03140 g010 550] 





Figure 10. Share of households for which economic viability was achieved in the function of mCHP price (for EPI = 1.0 and GPI = 1.0) and depending on the sample size from the population. 
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Figure 11. Household share for: (a) EPI = 0.4 and different GPI; (b) GPI = 0.4 and different EPI. 
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Figure 12. Household share for: (a) EPI = 1.0 and different GPI; (b) GPI = 1.0 and different EPI. 
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Figure 13. Household share for: (a) EPI =2.0 and different GPI; (b) GPI = 2.0 and different EPI. 
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Figure 14. The household share for: (a) EPI =3.0 and different GPI; (b) GPI = 3.0 and different EPI. 
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Figure 15. The household share (log scale) for: (a) EPI = 1.0 and different GPI; (b) EPI = 3.0 and different GPI. 
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Figure 16. mCHP price, as an EPI and GPI function at which an investment in mCHP would be economically viable for: (a) 10,000 households; (b) 100,000 households, ● SG100k for EPI = 1.0 and GPI = 1.0). 
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Figure 17. (a) Energy demand histogram for heat and electricity for chosen group; (b) Produced and overproduced electricity histogram for chosen group. Selected group—Figure 16b for EPI = 1.0 and GPI = 1.0. 
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Figure 18. (a) Electricity demand cumulative histogram for whole population WP and selected group (SG100k); (b) Heat energy demand cumulative histogram for whole population WP and selected group (SG100k). 
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Table 1. Demand for heat and gas consumption for heating purposes in households. Source: own study based on [1].
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	Energy Commodity

Households Group
	Unit of Measure
	Arithmetic Average
	First Decile
	First Quartile
	Median
	Third Quartile
	Ninth Decile





	Natural gas

Household using gas for space heating
	kWh/m2
	123.55
	29.33
	50.00
	112.03
	174.60
	285.71



	Natural gas

Household using gas only for water heating and cooking
	kWh/m2
	38.11
	9.38
	17.64
	33.55
	50.13
	92.86



	Natural gas

Household using gas only for cooking
	kWh/m2
	25.13
	7.20
	10.97
	19.74
	30.77
	48.30
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Table 2. Structure of average electricity consumption in households in individual voivodships and access to the gas network. Source: own study based on [69].
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Voivodeship

	
Electricity Consumption, kWh/year

	
Share of People, %




	
Average per Inhabitant

	
Average per Household

	
Access to Gas Network






	
Lower Silesia

	
758.1

	
1848.8

	
61.2




	
Kuyavian–Pomeranian

	
714.5

	
2038.7

	
42.9




	
Lubelskie

	
665.7

	
1810.5

	
40.7




	
Lubuskie

	
730.0

	
1986.6

	
51.9




	
Łódzkie

	
783.9

	
1913.8

	
39.6




	
Lesser Poland

	
790.0

	
2088.2

	
62.3




	
Masowian

	
859.7

	
2076.0

	
53.3




	
Opolskie

	
796.3

	
2011.2

	
41.9




	
Podkarpackie

	
571.4

	
1746.0

	
72.2




	
Podlaskie

	
754.3

	
1896.2

	
28.3




	
Pomeranian

	
744.9

	
1999.0

	
49.2




	
Silesian

	
778.2

	
1911.4

	
62.2




	
Świętokrzyskie

	
606.7

	
1646.4

	
36.8




	
Warmian–Masurian

	
701.1

	
2062.3

	
42.6




	
Greater Poland

	
764.3

	
2213.6

	
47.5




	
West Pomeranian

	
691.2

	
1824.0

	
59.1
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Table 3. Structure of the number of people in households in Poland. Source: own study based on [65].
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Voivodeship

	
Share of Number of People in Households, %




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Lower Silesia

	
25.9

	
27.9

	
20.8

	
15.1

	
5.8

	
2.5

	
1.3

	
0.40

	
0.15

	
0.04




	
Kuyavian–Pomeranian

	
22.1

	
25.9

	
21.2

	
16.9

	
7.9

	
3.4

	
1.8

	
0.54

	
0.21

	
0.06




	
Lubelskie

	
23.8

	
24.4

	
19.3

	
16.2

	
9.3

	
4.0

	
2.1

	
0.63

	
0.24

	
0.07




	
Lubuskie

	
22.6

	
26.8

	
21.6

	
16.7

	
7.0

	
3.0

	
1.6

	
0.48

	
0.18

	
0.05




	
Łódzkie

	
26.2

	
26.9

	
20.2

	
15.2

	
6.5

	
2.8

	
1.5

	
0.45

	
0.17

	
0.05




	
Lesser Poland

	
22.9

	
22.5

	
18.5

	
16.8

	
11.0

	
4.7

	
2.5

	
0.75

	
0.29

	
0.08




	
Masowian

	
27.3

	
26.0

	
19.2

	
15.3

	
6.9

	
3.0

	
1.6

	
0.47

	
0.18

	
0.05




	
Opolskie

	
22.7

	
26.2

	
20.2

	
16.3

	
8.3

	
3.6

	
1.9

	
0.57

	
0.22

	
0.06




	
Podkarpackie

	
19.4

	
21.4

	
18.6

	
17.7

	
13.0

	
5.6

	
3.0

	
0.89

	
0.34

	
0.09




	
Podlaskie

	
24.6

	
25.0

	
19.0

	
15.9

	
8.8

	
3.8

	
2.0

	
0.60

	
0.23

	
0.06




	
Pomeranian

	
23.4

	
26.2

	
20.7

	
16.6

	
7.4

	
3.2

	
1.7

	
0.51

	
0.20

	
0.05




	
Silesian

	
24.5

	
27.7

	
21.8

	
15.9

	
5.8

	
2.5

	
1.3

	
0.40

	
0.15

	
0.04




	
Świętokrzyskie

	
22.1

	
24.7

	
19.5

	
16.6

	
9.7

	
4.2

	
2.2

	
0.66

	
0.26

	
0.07




	
Warmian–Masurian

	
23.3

	
26.6

	
20.7

	
16.4

	
7.4

	
3.2

	
1.7

	
0.50

	
0.19

	
0.05




	
Greater Poland

	
20.5

	
23.2

	
20.6

	
18.3

	
9.9

	
4.2

	
2.3

	
0.67

	
0.26

	
0.07




	
West Pomeranian

	
24.6

	
27.9

	
21.4

	
15.5

	
6.0

	
2.6

	
1.4

	
0.41

	
0.16

	
0.04
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Table 4. Structure of the surface of single-family houses and apartments in multi-apartment buildings in Poland. Source: own study based on [64,69].
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Area, m2

	
Probability




	
from

	
to

	
flats

	
Single-Family House






	
15

	
30

	
0.043

	
0




	
30

	
40

	
0.122




	
40

	
50

	
0.181




	
50

	
60

	
0.153

	
0.13




	
60

	
80

	
0.189




	
80

	
100

	
0.089




	
100

	
125

	
0.077

	
0.23




	
125

	
150

	
0.095

	
0.28




	
150

	
200

	
0.24




	
200

	
300

	
0.028

	
0.09




	
300

	
500

	
0

	
0.03
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Table 5. Comparison of the value of electricity and heat demand in households in Poland.
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Parameters

	
Values, TWh

	
Error, %




	
From Reference CSO [1]

	
Calculated From Generated Data by the Monte Carlo method






	
Electricity demand

	
29.28

	
30.86

	
5.4




	
Heating demand for heating

	
188.24

	
181.71

	
3.5




	
Heat demand for DHW heating

	
38.48

	
37.81

	
1.8












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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