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The high levels of energy consumption commonly seen today have severe consequences. For example, energy consumption in buildings traditionally takes the form of electricity generated from fossil fuels, which causes serious air pollution. Hence, the efficient application of clean energy systems in buildings is crucial. An increasing number of small-scale apartment buildings, such as single-room apartments and dormitories, have emerged as modern culture, and societal trends have led to a greater number of people living on their own. In this study, two strategies were proposed to improve the efficiency of solid oxide fuel cell co-generation systems (SOFC–CGSs) in small-scale apartments. A small-scale apartment building in Busan, Korea, was selected as the research object to verify the effect of the proposed strategies. One strategy was sharing a single SOFC–CGS among multiple households, and the other was integrating an SOFC–CGS with a photovoltaic (PV) system. The efficiency of the SOFC–CGS is expected to improve under these two operational strategies. In addition, the two proposed operational strategies were combined to improve the efficiency of the SOFC–CGS. To verify the proposed strategies, various simulations were conducted in this study. The simulation results indicate that each of the proposed strategies can improve the efficiency of the SOFC–CGS and save energy to varying degrees.
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INTRODUCTION
Research Background
In recent years, the significant energy consumption arising from modern life has led to energy shortages and environmental problems. Because the energy consumption of buildings accounts for a large proportion of total energy consumption, clean energy systems for buildings have been developed and studied by researchers in recent years. There are two main energy resources used in buildings in Korea: electricity and natural gas. Natural gas, as a primary energy resource, emits minimal air pollutants when used. In contrast, although electricity is usually advertised as a clean energy resource because it emits no air pollutants when used, the process of electricity generation may emit large amounts of air pollutants. In Korea, 31% of electricity is produced by combusting coal, and only 4% of electricity is produced using renewable energy (KEPCO, 2016). Chang and Lee (2019) demonstrated that electricity generated from a public power plant cannot be considered a clean energy resource in Korea. As a clean energy device, the solid oxide fuel cell (SOFC) consumes hydrogen or natural gas and generates electricity through chemical interactions, and this procedure has no negative impacts on the environment (Lee et al., 2009). However, the electricity generation process can cause significant heat dissipation. To utilize dissipated heat and thereby increase the efficiency of the SOFC, the solid oxide fuel cell co-generation system (SOFC–CGS) was developed. An SOFC–CGS, which combines an SOFC with a water tank and a backup boiler, can collect heat dissipated from the cell stack and use it to heat a tank of water.
Recent fuel cell–related studies have explored methods for improving the efficiency of residential fuel cells mainly by considering the working principles of the fuel cell subsystems. In residential buildings, to optimize the subsystem efficiency of proton exchange membrane fuel cell hybrid power systems, Bizon et al. (2018) applied the global extremum seeking algorithm. Adam et al. (2015) proposed a more efficient heat recovery subsystem for fuel cells. Arsalis et al. (2015) designed a coupled system including a vapor-compression heat pump and a micro-combined heat and power (micro-CHP) to improve the heat use efficiency of residential fuel cells. Milcarek et al. (2020) considered using fuel-rich combustion from a residential furnace to enhance the power for fuel cell startup. Hoseintabar–Marzebali (2019) applied a dynamic strategy to properly control DC/AC (direct current/alternating current) converters, and they introduced a utilization factor to improve the transient performance of residential fuel cells. An energy management system can also boost the efficiency of residential fuel cell use (Rouholamini and Mohammadian, 2015; Aki et al., 2016). Ou et al. (2021) applied the optimal Pontryagin minimum principle to build an energy management system for realizing fuel minimization, battery protection, and hot water supply. An energy demand–oriented approach was studied to improve the efficiency of residential fuel cells (Ozawa and Kudoh, 2018a). Ozawa and Kudoh (2018a) tested the properties of the fuel cell cogeneration system in different types of residential houses. Nguyen and Ishihara (2021) proposed a peer-to-peer energy supply method to increase the self-efficiency of such dwellings.
Residential fuel cells and fuel cell vehicles can provide power to support each other. To compensate for the shortage of hydrogen stations in Japan, Haneda et al. (2017) proposed a method that uses the fuel processor system in the residential fuel cell to supply hydrogen to fuel cell vehicles. Robledo et al. (2019) proposed a vehicle-to-grid charging method that uses the power generated from fuel cell scooters for residential use.
From the perspectives of techno-economics and policy, Pellegrino et al. (2015) analyzed the feasibility of applying residential fuel cells in Germany and Denmark. From the perspective of environmental impact, some researchers demonstrated that residential fuel cells can significantly lessen residential greenhouse gas emissions (Koki and Akihito, 2013; Koki et al., 2014; Ozawa and Kudoh, 2018b). To find the best approach to improve fuel cell efficiency, Longo et al. (2019) conducted a life cycle energy and environmental analysis of a residential solid oxide fuel cell micro-combined of heat and power (micro-CHP) system. The results revealed that the operation step causes more than 97% of the energy impact; hence, improving the operation efficiency of the system can be an effective approach to reducing the energy impact.
Recent studies on improving the efficiency of residential fuel cells have mainly concentrated on typical apartments or houses. However, pluralistic culture and lifestyles in the modern society have led to a growing number of small-scale apartments for youths living alone in Korea. Therefore, the focus of this study was the operational efficiency improvement of SOFC–CGSs in small-scale apartments. The strategies proposed herein can guide the installation of SOFC–CGSs in small-scale Korean apartments in the future.
Research Contribution
The goal of this research is to improve the efficiency of SOFC–CGS in small-scale apartments. In order to clarify the novelty and contribution of this study, the typical approaches to improve the fuel cell efficiency of recent studies were organized in Table 1, and the typical technical methods were compared with the strategies proposed in this study.
TABLE 1 | Typical approaches of the residential fuel cell efficiency improvement.
[image: Table 1]According to Table 1, from a technical prospective, most of the recent studies concentrate on optimizing the subsystem and energy management system to improve fuel cell efficiency. As technology of the fuel cell vehicles is also rapidly developing in recent years, the integrated utilization of the residential fuel cell and fuel cell vehicle is also an effective approach to improve the efficiency of the devices. It is revealed that the efficiency of the residential fuel cell varies with different energy demand pattern. However, the studies of fuel cell efficiency improvement strategies through energy demand side analysis are comparatively less. Therefore, due to the increasing number of the small-scale buildings in recent years, the aim of this study was to explore the strategies to improve the efficiency of residential SOFC–CGSs in small-scale apartments from an approach of the energy demand side analysis. A small-scale apartment building in Korea was selected as a research object to verify the strategies proposed in this study. The contribution of this research is that two strategies were proposed to improve the efficiency of SOFC–CGS in terms of the energy usage pattern of the small-scale apartment building. The first strategy involves sharing a single SOFC–CGS between multiple households because a higher load factor can improve the efficiency of the SOFC–CGS. The second strategy involves integrating an SOFC–CGS with a small photovoltaic (PV) system. The PV system satisfies the low levels of the residential electricity demand during the mid-day hours. The efficiency of the SOFC–CGS can be regarded as 100% during these hours because when the PV system is fulfilling the electricity demand, there is no natural gas consumption in the SOFC–CGS; moreover, there is no need for restarting the device because the standby duration of the SOFC–CGS is 24 h; in other words, there is also no electricity usage from the SOFC–CGS during several hours of mid-day standby. In addition, the two strategies can be combined (that is, an integrated SOFC–CGS and PV system can be shared by multiple households) to improve efficiency. The conclusion section summarizes the advantages and disadvantages of each strategy. In order to conduct the simulation analysis, the building was modeled using commercial software, and a program for an SOFC–CGS was created based on a calibrated mathematical model (Sumiyoshi et al., 2015; Yamamoto, 2018; Yamamoto et al., 2018).
MATERIALS AND METHODS
Research Methodology
In the first part of this study, the annual energy consumption of the target residential building was predicted using the software Design Builder (Version 5.5). The calculation model of Design Builder used in the study was EnergyPlus (Version 8.2.0). EnergyPlus is a sophisticated calculation engine used to analyze building heating, cooling, lighting, and ventilation, and Design Builder is a calibrated software system created based on EnergyPlus and has a clear user interface. In the second part of this study, strategies for improving the efficiency of SOFC–CGS were investigated. As the programing language Visual Basic.NET has excellent compiling speed and a mature Graphical User Interface module, it was chosen to build the programs to simulate the clean energy systems in this study, and the Visual Studio 2019 Community Version was used to compile the program. In the programs, the calibrated mathematical models of PV systems and SOFC–CGSs were referred from previous studies. Eventually, the effects of each strategy were verified, and the drawbacks and advantages of each strategy were identified.
Modeling the Small-Scale Apartment Building
Along with the drastic development in Korea, the average age of marriage has been increasing to approximately 30 years, and many young people are choosing not to get married. Thus, many young adults live on their own, and this phenomenon has led to the emergence of numerous small-scale apartments. Generally, a small-scale apartment is defined as an apartment that can accommodate one or two people and has an area of approximately 20–30 m2. Small-scale apartment buildings are usually developed near university campuses, factory sites, and suburban areas near business areas. In Korean residential houses or apartments, the conventional energy supply scenario for buildings is to use natural gas for room heating, cooking, and water heating and to use electricity from a grid for lighting, cooling, and electrical devices. As the problems of energy shortages and the environmental impacts of energy production are being paid increasing attention by the Korean government, clean energy devices such as residential fuel cells are being promoted for application in buildings. However, as the number of small-scale apartment buildings is significantly increasing, how to efficiently apply clean energy devices in this type of building should be considered. Therefore, in this study, strategies for improving the efficiency of SOFC–CGSs in small-scale apartment buildings were investigated under the traditional energy supply scenario. In this study, a small-scale apartment building near a university campus was selected to serve as an example, and a model of the selected small-scale apartment building was developed by using Design Builder. Based on the EnergyPlus Engine in Design Builder, the annual building energy consumption was analyzed. Figure 1 shows the model of the selected building.
[image: Figure 1]FIGURE 1 | Model of the selected apartment building: (A) 3D model, (B) configuration.
Weather data in Busan were obtained from the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) database. The occupancy schedule of different parts of the small-scale apartment building was obtained from the ASHRAE standard 90.2, 2010 (American Society of Heating, 2010). The specifications of the small-scale apartment building are briefly summarized in Table 2. Other energy consumption standards, such as heating, cooling, lighting, and occupancy density, were obtained from the Korea Energy Agency and are shown in Table 3 (Kim et al., 2009; Jang et al., 2010; Jehean, 2017). According to the construction thermal specifications of Korean construction law, the thermal parameters of the exterior wall, interior wall, and roof of the building were set in the model as shown in Table 3. The hourly energy consumption of the selected building within a year was precisely predicted through the accurate input parameters.
TABLE 2 | Specifications of the selected apartment.
[image: Table 2]TABLE 3 | Construction specifications of the selected apartment building (Kim et al., 2009; Jang et al., 2010; Jehean, 2017).
[image: Table 3]There are four floors with the same configuration in the selected apartment building, and each floor has five rooms. Because the calibrated commercial software Design Builder is used to predict the energy consumption of each room, it is assumed that the energy consumption pattern and amount in each floor should be the same. Furthermore, under this research method, the energy consumption patterns of the five rooms on each floor are assumed to be the same. Therefore, only the rooms on the first floor are selected to show the detailed data of this study. Busan has four distinctive seasons. January 15 and 16 are selected as the representative dates of winter; July 15 and 16 are selected as the representative dates of summer; and September 24 and 25 are selected as the representative dates of the intermediate seasons. Based on the ASHRAE standard schedule for residential houses (American Society of Heating, 2010), the hourly electricity and hot water consumption of Room 1 on the first floor on the representative dates are shown in Figure 2A. Because heating energy was provided directly by natural gas, the SOFC–CGS operation does not consider heat energy consumption. As shown in Figure 2A, without counting the heating energy demand, the electricity energy demand and hot water demand of Room 1 in winter and the intermediate seasons are the same; because of the fluctuating cooling energy consumption, the electricity demand in summer is higher than in other seasons. In contrast, the hot water demand in each season is the same since hot water demand is not influenced by weather conditions. Figure 2B shows the annual energy demand of each room on the first floor. According to the area of each room, the total annual natural gas demand (including heating energy need) and electricity demand of Rooms 1 and 2 are relatively low and those of Rooms 3, 4, and 5 are relatively high.
[image: Figure 2]FIGURE 2 | Energy demand analysis of the small-scale apartments: (A) hourly electricity and hot water demand of Room 1 on the representative dates in each season and (B) annual energy consumption for first floor rooms.
MODELING OF SOLID OXIDE FUEL CELL CO-GENERATION SYSTEM AND PHOTOVOLTAIC
Modeling of the Solid Oxide Fuel Cell Co-Generation System
The maximum efficiency of the SOFC device considered in this study is around 46.4%. However, the efficiency of the SOFC–CGS is improved to 77.4% because the efficiency of heat usage of the SOFC–CGS is a constant 31%. Within the SOFC–CGS, the water tube transfers heat from the cell stack to the water tank, and the subsystem radiator works when the water tank overheats. The limit control temperature of the water tank is 65°C. The water temperature before entering the backup boiler is adjusted to ≤33°C by mixing with city water; the backup boiler can reheat the water temperature to 40°C. Figure 3A presents the detailed working procedure of the SOFC–CGS. According to Figure 3A, the backup boiler also supports the supply of hot water for heating through another pipe, and the temperature of hot water for heating in Korea is generally around 35°C–45°C. The hourly simulation analysis was conducted as the hourly climate data were utilized in this study.
[image: Figure 3]FIGURE 3 | Working procedure and efficiency pattern of the SOFC–CGS: (A) working procedure of the SOFC–CGS and (B) correlation between load factor and efficiency of SOFC–CGS.
Figure 3B and Eq. 1 clarify the efficiency of SOFC–CGS. Table 4 organizes the specifications of the SOFC–CGS model in this study. Based on the data in Figure 3B, we can confirm that the efficiency increases when the load factor increases. However, the efficiency of heat usage is constant regardless of the load factor.
[image: image]
where LoadF (%) represents the load factor and EfRate (%) is the efficiency of electricity generation of the SOFC.
TABLE 4 | SOFC–CGS specifications.
[image: Table 4]The SOFC–CGS model was retrieved from a previous study (Sumiyoshi et al., 2015; Yamamoto, 2018; Yamamoto et al., 2018). The detailed calculation of the SOFC–CGS working procedure follows Eq. 2 through (Eq. 10). Initially, the limit amount of electricity production at the current moment is calculated by utilizing the tracking velocity of electricity production and electricity production at the previous moment.
[image: image]
where Elmcur (kWh) is the limit amount of electricity production at the current moment, Elpre (kWh) is the electricity production at the previous moment, SPel (kWh/h) is the tracking velocity of electricity production, and Tinter (h) is the time interval of the calculation. If the electricity demand is greater than or equal to the limit amount of electricity production at the current moment, the electricity production of the SOFC at the current moment is the limit amount of electricity production; otherwise, it is equal to the electricity demand.
The next step is to calculate the load factor and natural gas consumption of the SOFC with Eqs 3, 4.
[image: image]
[image: image]
In Eqs 3, 4, LoadF (%) is the load factor, Elmax (kWh) is the limit electricity production of SOFC, Ngcon (kWh) is the natural gas usage, and EfRate (%) is the electricity production efficiency of the SOFC at the current moment. Meanwhile, the heat dissipation from the cell stack is calculated through Eq. (5).
[image: image]
where Htout (kWh) is the heat dissipation of the SOFC at the current moment and EfHt (%) is the efficiency of heat dissipation. As shown in Figure 3B, the heat dissipation efficiency is constantly 31% in this model.
The heat transfer method from the cell stack to hot water tank is through a water tube; the water in the water tube absorbs the heat from the cell stack and transfers it to the water tank. The water temperature in the water tank is controlled by adjusting the water flow velocity in the tube according to the input water temperature to the radiator. The controlled temperature of the radiator is 34°C; if the temperature is more than 34°C, the water velocity can be determined by Eq. 6; otherwise, it can be determined by Eq. 7. Moreover, Eq. 8 can be applied to calculate the heat loss from the radiator when the water temperature entering the radiator is more than 34°C.
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In Eqs 6–8, Vlw (L/h) represents the water velocity; Twout (°C) is the limit water temperature out from the cell stack, and it is a constant value of 65°C in the model; Twin (°C) is the water temperature entering the radiator at the current moment; Cpw (kWh/(L/h) °C) represents the specific heat capacity of the water. Htrad (kWh) is the heat loss from the radiator; Twbo (°C) and Twbi (°C) are the water temperatures entering and exiting the radiator, respectively.
The natural gas usage from the backup boiler is determined at last in this model. Through Eqs 9, 10, the effective heat supply and natural gas usage from the boiler are determined.
[image: image]
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In these equations, Ngbp (kWh) is the natural gas usage from the boiler; Htbs (kWh) is the effective heat supply from the boiler; Efbp (%) is the boiler efficiency, which is 95% in the model; Twdd (°C) represents the demanded temperature of the hot water; Twbi (°C) is the water temperature entering the boiler at the current moment; and Vodd (L/h) represents the demanded hot water quantity at the current time.
The program flowchart is presented in Figure 4. In the program, the weather data and system specifications are set first, and then the electricity consumption, natural gas consumption, heat usage, and heat dissipation are calculated through the mathematical model. Based on this calculation process, the calculation loop will continue until data are no longer input.
[image: Figure 4]FIGURE 4 | Calculation flowchart of the SOFC–CGS model.
Modeling of the Integrated PV and Solid Oxide Fuel Cell Co-Generation System
One of the strategies proposed in this study for improving the efficiency of the SOFC–CGS is integrating the SOFC–CGS with a PV system. This works for two reasons. The first reason is that the PV system can satisfy a low electricity demand from each room during the mid-day hours. The PV system generates its peak electricity during the mid-day hours, and a small PV system is able to generate enough electricity during those hours to satisfy the room energy demand. The second reason is that during the hours when the PV system generates enough electricity for the room, there is no need for any electricity generation from the SOFC–CGS. Therefore, the efficiency of the SOFC–CGS can be assumed to be 100% during those hours.
To analyze the integrated SOFC–CGS and PV system, a mathematical model of the PV system was developed in this study based on the previous research by Yoza et al. (2014). Table 5 shows the specifications of the PV model. The amount of electricity generated by the model can be calculated by the following Eq. (11).
[image: image]
where η is the conversion efficiency of the PV panel, n is the number of PV panels, SPV is the area of a single PV panel, IPV is the effective solar radiation on an inclined panel surface, and tCR is the ambient temperature. The best installation angle for PV panels in Busan, Korea, is 30° (Oh et al., 2012). Moreover, the effective solar radiation on an inclined panel surface can be calculated by using the method proposed by Erbs et al. (1982).
TABLE 5 | Specifications of the PV.
[image: Table 5]Using the mathematical models of the SOFC–CGS and PV, a program for the integrated SOFC–CGS and PV system was created. The calculation flowchart of this program is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Calculation flowchart of the integrated SOFC–CGS and PV system program.
EFFECT OF APPLYING SOLID OXIDE FUEL CELL CO-GENERATION SYSTEM OR PHOTOVOLTAIC IN THE BUILDING
Effect of Applying Solid Oxide Fuel Cell Co-Generation System in the Small-Scale Apartment
First, the effect of using an SOFC–CGS in each room of the small-scale apartment was analyzed. There are numerous hourly simulation results from all rooms, so just the sample simulation data for Room 3 were chosen to present in Figures 6A,B, show the electricity production and heat supply from the SOFC and the energy reduction from the radiator. Based on the data in Figures 6A,B, we can confirm that the electricity and hot water demand are mainly concentrated in the morning and evening, and the energy supply pattern corresponds with the energy demand. As the representative date in this figure is in the summer, the electricity demand fluctuates because of the fluctuating cooling energy demand. Therefore, the electricity production from the SOFC is at the limited value when the electricity demand is at the peak value. Figure 6C summarizes the efficiency performance of the system under this energy supply scenario. The efficiency of the system is the highest in Room 3 as the energy demand and load factor are the highest among the five rooms. The results show that a higher energy demand leads to higher efficiency performance of the system. Based on the working principles of the SOFC, two strategies were proposed for improving the efficiency of the system.
[image: Figure 6]FIGURE 6 | Energy performance of using one SOFC–CGS in each room: (A) electricity production and demand of SOFC–CGS simulation for Room 3, (B) heat dissipation and usage of SOFC–CGS simulation for Room 3, and (C) annual electricity production and heat usage efficiency of one SOFC–CGS/room.
Effect of Applying the Photovoltaic System in the Small-Scale Apartment
Generally, peak energy demand in residential buildings occurs in the morning and evening. In contrast, the PV system generates the largest amount of electricity around mid-day. Therefore, using a large PV system without using an energy storage system, such as a storage battery, will degrade the efficiency performance of the PV system. On the contrary, the energy consumption of residential rooms during the mid-day hours is low, and Figure 3B shows that the electricity generation efficiency of SOFCs is lower because of lower load factors. If a small PV system is used to satisfy the low electricity demand from the rooms during the mid-day hours, the SOFC–CGS operational status changes from running to standby, and the efficiency of the SOFC–CGS can be regarded as 100% due to the absence of natural gas consumption during these hours. Another advantage of this strategy is that a small PV system will not cause a heavy financial burden. Therefore, a single PV panel with a 1.3 m2 area was selected to be simulated in each room before simulating an integrated PV and SOFC–CGS.
Figure 7A shows the simulation results for Room 3. Even though the amount of electricity generated from a 1.3-m2 PV system is small, it is enough to satisfy the electricity demand from the room during the mid-day hours. Figure 7B shows the annual electricity generation and supply from the PV system for the representative rooms.
[image: Figure 7]FIGURE 7 | Energy performance of only using a 1.3-m2 PV system in each room: (A) PV simulation results for Room 3, (B) annual electricity demand, and PV system generation and supply.
ANALYSIS OF THE PROPOSED STRATEGIES
Analysis of Hourly Simulation Results
The first strategy proposed in this study to enhance the efficiency of the system was sharing one SOFC–CGS among multiple (two or three) rooms. It is shown in Figure 2B that from the view of annual energy consumption/room, the annual energy demand of Room 2 was the lowest and that of Room 3 was the highest. To maintain the balance of the energy demand in different rooms, it was decided that Rooms 2 and 3 would share one SOFC–CGS and Rooms 1, 4, and 5 would share one SOFC–CGS. Figure 8 shows the hourly electricity demand and generation together with the heat output of the cell stack and heat dissipation of the radiator for Rooms 2 and 3 on the representative date of a year. These can be compared to Figure 6, which shows similar data for only Room 3 when operating one system.
[image: Figure 8]FIGURE 8 | SOFC–CGS simulation for Rooms 2 and 3: (A) electricity production and demand and (B) heat dissipation and usage.
In addition, Figure 8 also shows that when multiple rooms shared one system, the energy demand from the rooms and the load factor of the system were increased, thereby improving the electricity generation efficiency of the system because of the efficiency mathematical model of the system. In addition, when the system was shared, the heat dissipation from the radiator was reduced, which improved the heat usage efficiency for hot water since the hot water demand increased when sharing one system among multiple rooms.
The second strategy proposed in this study for increasing the efficiency of the system was using an SOFC–CGS integrated with a small PV of 1.3 m2 in the room. As mentioned in the previous section, the energy demand in a residential building is mainly concentrated in the morning and evening, and the energy demand in the mid-day hours is low. Hence, it was hypothesized that a small PV would be able to satisfy the low electricity demand from Room 3 during the mid-day hours to increase the efficiency of the system. Figure 9 shows the hourly results of the electricity supply from each device and the heat reduction and supply from the SOFC–CGS on the representative dates. It also indicates that the small PV satisfied the electricity demand during the mid-day hours from Room 3, which eliminated the need for heat supply from the SOFC during these hours. Therefore, the heat loss from the radiator was also nil. The natural gas usage during those hours for the system was nil, hence, the efficiency of the system can be regarded as 100% during those hours.
[image: Figure 9]FIGURE 9 | PV/SOFC–CGS simulation for Room 3: (A) electricity supply/system and (B) heat reduction and supply.
System Efficiency Analysis
The electricity production efficiency and heating utilization rate of the system in each case are shown in Figures 10A,B. In these figures, there are two groups of data. The first group in the 3D bar charts is the red column, which shows the results of the cases of using an SOFC–CGS in one or multiple rooms. The other group is the blue column, which shows the results of the cases of using an integrated SOFC–CGS and PV system in one or multiple rooms.
[image: Figure 10]FIGURE 10 | Energy performance of the proposed strategies: (A) electricity production efficiency of the SOFC–CGS for each case, (B) heat usage efficiency of the SOFC–CGS for each case, and (C) annual amount of electricity drawn from the grid for all cases.
As shown in the red columns of Figure 10A, the high load factor of electricity generation of the system resulted in high efficiency; when the demand was increased, the load factor of electricity generation also increased. When multiple rooms shared one system, the electricity generation efficiency was 6%–11% higher than that when each room used one system. According to the second strategy, the electricity demand was low during the mid-day hours, which results in a low load factor and low efficiency of electricity generation of the cell stack. When the PV system satisfies the low electricity demand during the mid-day hours, the efficiency of electricity generation of the system can be regarded as 100% in all cases with a PV in the system. Therefore, by comparing the blue columns with the red columns, it can be determined that for both cases; the efficiency of electricity production of the integrated SOFC–CGS and PV system was 2%–3% higher than that of the SOFC–CGS.
The red columns in Figure 10B show that the heat usage efficiency of the SOFC–CGS was 1%–3% higher when used for multiple rooms than when used for one room. The hot water demand was significantly higher for multiple rooms, so the heat loss was reduced because more heat transferred from the cell stack to water tank was utilized for hot water, which also increased the heat usage efficiency. The blue columns in Figure 10B show that the heat usage efficiency of the integrated SOFC–CGS and PV system was 2%–3% higher than that of the SOFC–CGS in both cases. The heat supply from the SOFC–CGS and loss from the radiator is nil during the mid-day hours when the PV satisfies the electricity demand, which also indicates that the heat usage efficiency during these hours can be regarded as 100%; therefore, the efficiency of heat usage is higher in these cases.
In Figure 10C, there are three groups of data; the red columns and blue columns show the amount of electricity drawn from the grid for the cases shown in Figures 10A,B. The green columns show the amount of electricity drawn from the grid when neither device is used. Figure 10C compares the annual amount of electricity drawn from the grid for each case. The annual amount of electricity drawn from the grid was the same whether an SOFC–CGS was used on its own or together with a PV system because the amount of electricity supplied by the devices in each case was the same.
The amount of electricity drawn from the grid when sharing a system between multiple rooms was 2.4 times higher than when not sharing. However, the amount of electricity drawn from the grid when using an SOFC–CGS with or without a PV system was much less than the cases that did not use any devices.
Therefore, the two strategies proposed in this study have a significant effect of improving the efficiency of an SOFC–CGS with mild influence on the electricity usage from the grid.
CONCLUSION
As modern life is driving an increasing number of youths to live on their own, small-scale apartments are being rapidly produced by real-estate developers. Therefore, efficient operation strategies for clean energy systems in small-scale apartment buildings should be explored. In this study, based on the operation regulations of residential SOFC–CGSs and the energy demand pattern of the small-scale apartment, two strategies were proposed to improve system efficiency in small-scale apartments. Then, a small-scale apartment building in Busan, Korea, was selected as the research object for simulation analysis. Positive results were obtained, and it is verified that the strategies proposed in this research can noticeably improve the efficiency of SOFC-CGS in small-scale apartments. The specific conclusions are presented below.
(1) The first strategy proposed in this study was to use one system for multiple rooms because higher power demand can lead to higher cell stack electricity production load factor and higher electricity production efficiency. In addition, higher hot water demand can lead to higher heat usage to reduce heat loss from the radiator. According to the result of the verification analysis, the operating conditions of applying one system in each room and sharing one system among multiple rooms were both simulated. In the case of applying one system to one room, the electricity production efficiency was 13%–22%, and the heat usage efficiency was 22%–23%. In the case of applying one system to multiple rooms, the electricity production efficiency increased to 28%–29%, and the heat usage efficiency increased to 24%–25%. Therefore, it is confirmed that the first strategy can significantly improve the efficiency of the SOFC-CGS in the small-scale apartments.
(2) The second strategy was using small PV systems (single panel with 1.3 m2 area) together with a residential SOFC–CGS. Small PV systems can satisfy the low electricity demand from the rooms during the mid-day hours, and the electricity production and heat usage efficiency of the system can be regarded as 100% during these times owing to there being no energy demand or supply from the SOFC during these times. In terms of the result of the verification analysis, the efficiency of electricity production of an SOFC–CGS integrated with a small PV system (1.3 m2) was between 1% and 3% higher than that of an SOFC–CGS operating on its own when being used for one or multiple rooms. The heat usage efficiency of the SOFC–CGS integrated with a small PV system was between 2% and 3% higher than that of an SOFC–CGS operating on its own when being used for one or multiple rooms. Although the efficiency improvement effect of the second strategy is not as high as the first strategy, it has the advantage of utilizing renewable energy to substitute for the primary energy usage from the fuel cell. Furthermore, there will not be a large financial burden when a small PV system (1.3 m2) is used.
(3) Compared to the device efficiency when only applying one strategy, the verification analysis showed that the electricity production efficiency and heat usage efficiency of an SOFC–CGS can be improved by 2% if both strategies are used (that is, an integrated SOFC–CGS and PV system is shared among multiple rooms). Therefore, the application of these two strategies simultaneously is recommended in practice.
(4) Due to the fact that 31% of electricity is produced by combusting coal in Korea, the usage of the electricity drawn from the grid has a negative effect to the environment. According to the analysis results in this study, the amount of electricity drawn from the grid when sharing an SOFC–CGS with or without a PV system among multiple rooms was 2.4 times higher than when using one system in each room. However, the amount of electricity drawn from the grid when using the SOFC–CGS with or without a PV system than not using any device was much less. Thus, the strategies proposed in this research can not only improve the efficiency of the SOFC–CGS but also benefit the environment.
The limitation of this study is that only the efficiency improvement strategies of the residential SOFC–CGS for the small-scale apartment buildings were discussed. However, the rapid development of the modern technologies such as information technology creates various life styles which can noticeably influence the energy consumption pattern of the households. Therefore, the efficiency improvement strategies of the residential SOFC–CGS for the households with various life styles will be investigated in the future.
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