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Abstract

:

Over the past 20 years, net-zero energy house (NZEH) construction costs have steadily decreased because of many reasons, such as technical progress, energy-saving design obligations, and dramatic cost reductions in renewable energy systems, especially solar power systems. Currently, the costs of NZEH are estimated to be about 5% higher than similar-sized houses. These additional costs are mainly for installing PV systems, which can be offset by energy saving costs. This study assessed energy performance and load matching through remote monitoring systems, and energy costs were analyzed for two-family houses. The two houses were all-electric houses and different in both size and location. A 6 kWp grid-connected PV system and 16 kW air source heat pump for space heating and domestic hot water were equally implemented. After data analysis, 100% of the energies were supplied through the PV system for 3 years, thus achieving net-zero energy. According to the Korean residential electricity tariff system, the annual electricity charges were, on average, between USD 105.1 and USD 121.4 after adding demand charges and value-added tax for import electricity charges. The energy cost reduction rate, compared to the same house without a PV system, was about 95%, and the simple payback period of the 6 kW PV system in NZEH was about 6 years. In addition, the annual load cover factor and supply cover factor as load-match indices between electricity generation and the load were in a range of 0.39–0.49 and 0.37–0.42, respectively.
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1. Introduction


The past 20 years have seen considerable progress in the development of energy-efficient buildings that significantly reduce energy usage. Since 2020, the Korean government has required net-zero energy by law for new public buildings with a total floor area of over 1000 m2, and from 2025, the scope will be expanded to include public buildings with over 500 m2, as well as private buildings. For this reason, the building energy-saving design standard has been strengthened further since 2018. Various incentives have also been provided for net-zero energy buildings (NZEB) and renewable systems, such as relaxation of building standards (floor area ratio and building height restriction), acquisition tax reductions by up to 20%, 70% subsidy for the installation of BIPV and fuel cells, and 50% subsidy for the installation of 3.3 kWp PV systems [1,2].



However, the market share of NEZH is still low (the market entry of NEZH continues to be restricted). It is assumed that construction costs, which are 5% higher than conventional houses, will reduce its competitiveness [3]. If additional construction costs are offset by energy-saving costs, NEZH could increase its competitiveness. In other words, the implementation strategy for NZEH is to present the empirical evidence of cost-benefit.



As prior studies related to NZEHs have shown, several simulations have been conducted to achieve net-zero energy through a combination of energy-efficient technology and renewable energy. Optimizing the design of building envelopes (insulation and windows, airtightness performance, and more) for the load reduction in residential buildings [4,5,6,7,8,9,10,11,12] is one way to achieve this. Baek et al. analyzed energy usage for six houses of the same shape, size, and renewable energy system located in Daejeon, Korea, which were designed with the object of net-zero as empirical cases of NZEHs. The results showed a significant difference in energy usage according to the occupants’ awareness of energy-saving and habits. Each house’s actual energy self-sufficiency (solar fraction) was somewhere between 39 and 78% in 2014 [13]. Lim et al. evaluated the energy performance for farmhouses located in the middle region of Korea, wherein solar domestic hot water systems of a collecting area of 5.4 m2 and a 6 kW PV system were installed. The annual energy productions of PV and solar thermal systems were 6125 kWh and 1564 kWh, respectively, and the energy self-sufficiency rate was 97.1% [14]. Christian evaluated the energy performance and economic feasibility for the four NZESs built during 2002–2004. The average daily energy costs for the houses were USD 1.01, 0.88, 0.79, and 0.75, and the annual energy rate supplied from the PV system was estimated as 20–27% [15]. Stephan et al. evaluated the feasibility of the net-zero life cycle primary energy and greenhouse gas emission (NZLCPEGHG) buildings. The analysis was conducted on research apartment buildings with an effective area of 154m2 per household in Sehaille, Lebanon. To achieve NZLCPEGHG, they concluded that it would be necessary to improve the insulation performance of the buildings (U-value of 0.32 W/m²·K), reduce the electrical demand for applications, and install a 6.5 kWp PV system (building total of 52.4 kWp), including tubular gel batteries, for each household. The resulting additional capital costs and life cycle costs were USD 75/m2 and USD 47/m2, respectively, and the net-zero life cycle energy and greenhouse gas emission balances were expected to be reached at years 48 and 49 [16]. Kosonen et al. conducted an energy performance evaluation for the zero-energy log house (ZELH) in southern Finland. The ZELH, with a space heating area of 183 m2, had a 21.1 kWp PV system, and the electricity self-sufficiency rate was higher than 35% for 3 years from 2017 till 2019 [17]. Stefanović et al. discussed the possibility of achieving NZES through PV system installation—in case of no reinforcing insulation or strengthening insulation performance—in five ways for non-insulated houses built in 1927 and located in Serbia. As a result, it has been shown that investing in some part of the insulation of a house, and then in a PV system, can be the most economically advantageous way to have a house with a net-zero energy cost. A total investment of EUR 6164 is required to install a PV system without reinforcing the insulation performance of the house, and the payback period is 11.7 years. However, when insulation performance was the highest among the five methods, the PV system investment cost and payback period were EUR 4494 and 8.5 years [18].



As discussed above, there is uncertainty about the reliability of cost–benefit data because the cost–benefit, according to the implementation of NZEH, varies by time, country, and climate. A lack of empirical evidence on the cost–benefit of NZEH has increased this uncertainty.



This study investigated the detailed energy system and information of two existing NZEHs, aiming to analyze the cost and benefit according to NZEH implementation. Electricity consumption and production data were measured with an edge computing-based remote monitoring system over the past 3 years. Load mating and energy cost during this period were also analyzed. The findings provide actual cost–benefit information of NZEHs, which are in the interests of different builders, engineers, and architects.




2. Houses for Case Study


The two houses in this study are part of a project conducted by the architect, engineer, and house owner with the objective of energy zero right from the initial design stage. Based on what occurred in previous low-energy housing projects, mass and envelope designing have been performed from the initial stage of designing to effectively use natural environmental elements, such as solar energy and winds, by minimizing energy that would otherwise be lost to the outside [13]. In addition, excessive insulation and strengthening the airtightness performance were avoided due to the cost, and the investment was focused instead on renewable energy.



2.1. Architecture Scheme


Figure 1 and Figure 2 present the two houses’ south floors. Gongam house and Gwangdeok house are located on the ground without surrounding shielding in Gongju and Cheonan, Korea, and were completed in September 2015 and April 2016, respectively. There is no climate difference between the two regions, located about 36 km away from each other. The annual average temperature and annual insolations are 13 °C and 1.400 kWh/m2·a. Gongam house is a two-story building with a total floor area of 149 m2, while Gwangdeok house is a one-story building with a loft and a separate building with a total floor area of 109 m2. Light-frame wood structures that had structural stability and were easy to construct were used for both houses. Both houses were planned in a long east–west shape for natural ventilation and light, with a window-to-wall ratio of 13.5% for Gongam house and 6.3% for Gwangdeok house, and both the living rooms and bedrooms facing the south side.




2.2. Building Insulation and Air Tightness


Table 1 shows the envelope insulation levels of the two houses. The insulation performances of the houses were slightly higher than the insulation standard at the time of construction, but these were designed lower than the current insulation standard of Passivhaus. In the case of the external wall of Gongam house, cellulose insulation materials with a thickness of 140 mm were filled between the structural timbers, and an EPS 100 mm in thickness was additionally inserted to reduce thermal loss at the structural timbers. In Gwangdeok house, cellulose insulation materials with a thickness of 185 mm were filled between the structural timbers, while an EPS of 30 mm was additionally installed. The triple-glazed windows with a U-value of 0.98 W/m2 K and g-value of 0.45 were used for the two houses, and the blower door test results were 1.3 ACH and 1.25 ACH when the pressure difference between the room and outside area was 50 pa.




2.3. Other Energy-Saving and High-Efficiency Devices


LEDs were applied in all the lighting systems of the houses, and heat recovery ventilation systems were installed. In addition, in the bedrooms at the southern side and guest rooms, movable blind systems were installed to adjust sun radiation.





3. Energy System of the Houses


3.1. Space Heating and Domestic Hot Water System


Both houses were planned to be all-electric so the entire energy supply, including heating and cooking, would be carried out with electricity, with consideration towards the convenience of maintenance and repairing and cost-zero aspect. The air source heat pump (ASHP)LG AHUW166A1 and split-type air conditioners for cooling were equally applied for both houses. ASHP is inferior in thermal performance operation compared to the ground source heat pump but has the merit of low initial investment.



Table 2 and Figure 3 show the specifications and system diagrams of space heating and domestic hot water systems. The hot water was heated in the ASHP and is stored in a domestic hot water tank and a space heating buffer tank, respectively.




3.2. Photovoltaics (PV) System


Table 3 and Figure 4 display the specifications and system diagrams of grid-connected PV systems installed in the two houses. Roof-mount type 6 kWp PV systems were installed on both houses, and the rated efficiency of inverters was the same, at 96.79%. The DC power generated by the PV system is converted to AC in the inverter and then supplied first to the electrical demand of the house; when surplus power occurs, it is transmitted to the grid and carried over to the next month. Here, the surplus electricity carried over continues to accumulate and is offset against the next month’s import electricity. In this way, when the PV system is grid-connected, bi-directional meters are installed to measure electricity imported and exported across the grid.




3.3. Data Acquisition System


An edge computing-based remote monitoring system was established, as shown in Figure 5, to analyze the energy performance of the two houses. Here, three electricity sensors to measure import and export electricity and on-site PV generation (Next Technology System; Seongnam, Korea) were installed. The present system was constructed with an Open Home Automation Bus (openHAB - openHAB Foundation e.V.; Germany) platform and InfluxDB (InfluxData Inc.; San Francisco, USA), a time-series database (TSDB). Since an open-source software platform without a separate license was used in all the system design processes, the system construction was relatively economical.





4. Evaluation of Energy Performance of NZESs


The cumulative surplus powers of the Gongam house and Gwangdeok house were 4209 kWh and 4102 kWh, respectively, from the completion day until the end of December 2017. The surplus electricity during 3 years from January 2018 to December 2020 was monitored.



4.1. Analysis of Electricity


Figure 6 and Figure 7 show monthly export and import electricity and PV self-consumption of the two houses in the past three years. The imported electricity increased during winter and decreased in spring, while on-site PV generation decreased in winter and increased in spring, repeating every year. The maximum PV generation was 1228 kWh in April 2020, of which 537 kWh (44% of the total generation) was directly supplied to the electric load and the remaining 691 kWh was transmitted to the grid. While the minimum generation was 437 kWh in January 2018, 51 kWh (12% of the total) was directly consumed, and the remaining power was transmitted to the grid. The electricity consumption was the sum of import electricity and PV self-consumption, and it was the largest at 1102 kWh in December 2018 and the lowest at 525 kWh in May 2018. In Gwangdeok house, though electricity consumption was increased slightly in winter compared to Gongam house, consumptions were almost the same.



Table 4 shows the annual electricity distribution. The export of electricity in 3 years exceeded the imported electricity in both houses to realize net-zero energy. The average annual on-site electricity consumption and PV generation of Gongam house were 9157 kWh and 10,396 kWh, respectively, and the average annual surplus electricity of 1239 kWh was generated. Here, annual electricity consumption consisted of imported electricity of 4908 kWh and PV self-consumption of 4249 kWh, and the remaining 6157 kWh was transmitted to the grid. In Gwangdeok house, the average annual electricity consumption and PV generation were 8903 kWh and 9785 kWh, respectively—slightly reduced compared to those of Gongam house. Therefore, the resulting surplus electricity was on an annual average of 882 kWh. Meanwhile, among the annual electricity consumption, imported electricity was 5190 kWh, which increased by 5.7% compared to Gongam house.



Figure 8 presents the accumulated surplus electricity for the past 3 years. In both houses, the surplus electricity decreased due to the use of the electricity for space heating in winter, but it continuously increased in non-winter seasons, including summer. The total accumulated surplus electricity of the two houses for five years from the building completion date to December 2020 was 7925 kWh and 6750 kWh, respectively. This continuous increase in the amount of (accumulated) surplus electricity means that the PV system’s capacity is somewhat over the optimal spec in both houses.




4.2. Load Match Index


Load cover factor (   f  l o a d    ) and supply cover factor (   f  s u p p l y    ) were calculated as Equations (1) and (2) as quantitative indices to evaluate the load-matching level for the two houses. The load cover factor refers to a ratio of demand supplied by on-site PV generation, while the supply cover factor is a ratio of on-site PV generation supplied to electric load in real-time [19].


   f  l o a d   = m i n [    1 ,                       o n   s i t e   g e n e r a t i o n   l o a d      ]    



(1)






   f  s u p p l y   = m i n [    1 ,                       l o a d   o n   s i t e   g e n e r a t i o n      ]    



(2)







Figure 9 shows the monthly load cover factor per year for the two houses calculated at 10 min intervals. The load cover factors of both houses were lower than 0.4 in winter (November–February), which was significantly less than that of summer at 0.6—attributed to the increases in the space heating electricity in winter. The annual load cover factor of Gongam house was in a range of 0.46–0.49, which was slightly higher than that of Gwangdeok house at 0.39–0.44.



Figure 10 shows the annual, monthly supply cover factors of the two houses. Unlike the load cover factor described above, the yearly seasonal changes were different between the two houses. The supply cover factor of Gwangdeok house in November and June was lower than 0.3, which was significantly lower than 0.6, the supply cover factor during December and August. Meanwhile, the supply cover factor of Gongam house was more than 0.3, except for January until February 2018, showing a relatively uniform distribution. The annual supply cover factors of Gongam house and Gwangdeok house for 3 years were 0.39–0.42 and 0.37–0.38, respectively. The above values are high compared to the load cover factors (0.22 and 0.25) of two NZEHs, confirmed by a previous study [20].




4.3. Analysis of Energy Cost


In the Korean residential electricity tariff structure, the surplus electricity carried over and the import electricity are offset, so that even when net-import electricity becomes “0”, demand charge, value-added tax for import electricity charges, and the Electric Power Industry Foundation Fund are charged. Table 5 shows the residential electricity tariff.



Figure 11 and Figure 12 present the monthly electricity bills and load cover factors of the two houses for 3 years. In the case of Gongam house in January 2018, the imported electricity of 802 kWh was offset by surplus electricity of 4209 kWh carried over from the previous month, and net-imported electricity became “0.” However, a total of USD 32.71 was charged, including demand charges (USD 5.26), value-added tax (USD 218 × 10% = USD 21.8) for import electricity charges (USD 218) and the Power Industry Infrastructure Fund (USD 218 × 3.7% = USD 5.66).



The electricity charges were almost linearly proportional to the import electricity (R2 = 0.9959), as shown in Figure 6 and Figure 7. On the other hand, the load cover factor was inversely proportional to the electricity charges (R2 = 0.7684). The higher the LCF, the lower the amount of power received and the lower the electricity rate.



Meanwhile, the average annual electricity bill for the past 3 years for Gongam house was USD 105.1, less than USD 121.4 for Gwangdeok house. This was because the amount was decided according to the imported electricity in net-zero energy conditions. On the other hand, the estimated annual average electricity bills when no PV system was installed in the same house were USD 1959 and USD 1888, respectively, and the energy cost reduction rates of the two NZEHs were 94% and 93%.



Currently, the outright cost of a typical PV system of 6 kWp is about USD 10,500 [21]. The simple payback period for investment in a PV system is expected to be just around 6 years. If incentives for a 3 kW PV system are applied, the payback period will be further reduced.





5. Conclusions


In this study, energy performance and energy costs were analyzed for two single-family houses that were planned with NZES from their initial design. These two houses were designed as all-electric houses, and a 6 kWp PV system and 16 kW air source heat pumps were installed for space heating and domestic hot water. The data acquisition system in each house was installed in 2017, which has since been monitoring electricity consumption and production. The analysis results are summarized below:




	(1)

	
Two houses were realized as net-zero energy self-sufficient for all forms of energy, including cooking, electric appliance, and plug load for 3 years from 2018 to 2020.




	(2)

	
The annual load cover factor and supply cover factor, calculated as load-match indices between generation and load, were analyzed, and these were in the ranges of 0.39–0.49 and 0.37–0.42, respectively. The higher the load cover factor, the lower the electricity rate.




	(3)

	
Average annual electricity charges for two houses were USD 105.1 and USD 121.4, respectively. The energy cost reduction rate compared to the same houses without PV systems was about 95%, and the simple payback period of the 6 kW PV system in NZEH was estimated to be about 6 years.









Furthermore, when the current insulation regulation is applied, it is expected that there will be no additional construction costs for NZEH. It is also expected that the cost–benefit of NZEH could be maximized if the PV system capacity is determined by the energy consumption of individual users.
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Figure 1. Floor plan and south view of Gongam house. 
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Figure 2. Floor plan and south view of Gwangdeok house. 
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Figure 3. Schematic diagram of space heating and domestic hot water system. 
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Figure 4. Schematic diagram of grid-connected PV system. 
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Figure 5. Schematic diagram of the remote monitoring system. 
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Figure 6. Monthly consumption and generation distribution in Gongam house. 
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Figure 7. Monthly consumption and generation distribution in Gwangdeok house. 
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Figure 8. Monthly cumulative surplus electricity. 
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Figure 9. Monthly load cover factor. 
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Figure 10. Monthly supply cover factor. 
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Figure 11. Monthly electricity charges and load cover factor of Gongam house. 
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Figure 12. Monthly electricity charges and load cover factor of Gwangdeok house. 
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Table 1. Thermal performance of envelope. (Unit: W/m2 K).
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	Gongam House
	Gwangdeok House
	National

Building Code (2014–2015)
	National

Building Code (2018–Present)
	Passivhaus





	Roof
	0.18
	0.18
	0.22
	0.15
	0.15



	External wall
	0.18
	0.21
	0.34
	0.17
	0.15



	Ground floor
	0.22
	0.22
	0.28
	0.17
	N/A
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Table 2. Specification of space heating and domestic hot water system.
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ASHP

	
Heating

	
Nominal capacity

	
16 kW




	
Nominal power

	
3.81 kW




	
COP

	
4.2




	
Buffer tank

	
1000 L




	
DHW tank

	
300 L
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Table 3. PV system specifications.
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Items

	
Gongam House

	
Gwangdeok House






	
PV module

	
Pmax(Wp)

	
250




	
Cell type

	
Mono crystalline




	
Efficiency(%)

	
15.22

	
16.89




	
Inverter

	
Efficiency(%)

	
96.79
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Table 4. Electricity distribution. (Unit: kWh).
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Year

	
2018

	
2019

	
2020

	
Mean






	
Gongam house

	
Import electricity

	
5031

	
4703

	
4990

	
4908




	
On-site PV generation

	
Self-consumption

	
4051

	
4468

	
4227

	
4249




	
Exported to the grid

	
6337

	
6144

	
5959

	
6147




	
Gwangdeok house

	
Import electricity

	
4954

	
4978

	
5637

	
5190




	
On-site PV generation

	
Self-consumption

	
3827

	
3637

	
3675

	
3713




	
Exported to the grid

	
6207

	
6077

	
5933

	
6072
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Table 5. Electricity tariff for residential service.
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Demand Charge (USD/Household)

	
Energy Charge (USD/kWh)






	
~200 kWh

	
0.63

	
~200 kWh

	
0.06




	
201–400 kWh

	
1.09

	
201–400 kWh

	
0.12




	
401 kWh~

	
5.26

	
401 kWh~

	
0.18
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