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Abstract: Following the Paris Agreement in 2015, the worldwide focus on global warming coun-
termeasures has intensified. The Japanese government has declared its aim at achieving carbon
neutrality by 2050. The concept of zero-energy buildings (ZEBs) is based on measures to reduce
energy consumption in buildings, the prospects of which are gradually increasing. This study in-
vestigated the annual primary energy consumption; as well as evaluated, renewed, and renovated
buildings that had a solar power generation system, and utilized solar and geothermal heat. It
further examines the prospects of hydrogen production from on-site surplus electricity and the
use of hydrogen fuel cells. A considerable difference was observed between the actual energy con-
sumption (213 MJ/m2), and the energy consumption estimated using an energy simulation program
(386 MJ/m2). Considerable savings of energy were achieved when evaluated based on the actual
annual primary energy consumption of a building. The building attained a near net zero-energy
consumption considering the power generated from the photovoltaic system. The study showed
potential energy savings in the building by producing hydrogen, using surplus electricity from
on-site power generation, and introducing hydrogen fuel cells. It is projected that a building’s energy
consumption will be lowered by employing the electricity generated by the hydrogen fuel cell for
standby power, water heating, and regenerating heat from the desiccant system.

Keywords: zero-energy building; renewable energy; hydrogen; hydrogen fuel cell; surplus power

1. Introduction

Following the Paris Agreement in 2015, global warming countermeasures have been
adopted globally [1,2]. The Japanese government has declared that it aims at achieving
carbon neutrality by 2050 [3]. It has been stated that the role of the energy sector, which is
responsible for 93% CO2 and 85% of other greenhouse gases, is critical for the realization of
carbon neutrality [4]. Japan’s energy reduction policy aims at providing a stable energy
supply, by increasing the use of renewable energy, and expanding nuclear energy policy
with safety as a top priority [5].

National energy supply is classified into industrial, consumer, and transportation
sectors. The consumer sector is managed by the construction sector (homes and office
buildings). Based on energy demands in 2019, 14% of Japan’s CO2 was emitted from the
household sector, and 17% from the business sector [6]; therefore, energy in the consumer
sector needs to be reduced to achieve carbon neutrality. This trend is common in many
countries [7–9]. The total energy consumption of buildings accounts for 30% of the world’s
energy consumption [10]; fossil fuels and electricity account for 30% of global energy
consumption, whereas the contribution of renewable energy is significantly lower (3%) [10].
It has been reported that global energy-related CO2 emissions of buildings are 26% [10].
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Zero-energy buildings (ZEBs) are gaining attention for improving the energy per-
formance of new, renewed and/or renovated buildings [7,11–13]. There are passive and
active methods to save energy in buildings. During the planning stage of a building, the
airtightness and insulation of the building and the design and insulation of windows affect
the cooling and heating loads in the room, which relate to reducing the energy consumption
of air-conditioning equipment [14–17]. Therefore, reducing the cooling and heating loads
in the building planning stage is an important factor to reduce the amount of energy con-
sumed in the building. Therefore, to achieve ZEB, the use of high-efficiency equipment and
renewable energy is essential. Commonly used renewable energies in buildings include
geothermal energy (well water, groundwater, river water utilization, etc.), solar heat, and
solar power [18–22].

However, there are many difficulties in using renewable energy sources in buildings.
It has been reported that the energy consumption of such buildings fluctuates depending
on the season, and the energy supply using natural energy is unreliable. In particular,
the energy supply of solar power generation is difficult to predict depending on weather
conditions and the time of day [23]. Therefore, renewable energy must be planned in
connection with the amount of electricity in a building or area; and new storage systems
must be expanded for surplus electricity. Batteries, hot water storage tanks, and phase-
change materials are widely used as energy storage devices in buildings [24,25].

Recently, hydrogen production using surplus electric power has been achieved. Al-
though there are various hydrogen production techniques, the thermal decomposition of
methane and the electrolysis of pure water are particularly interesting [26–28]. However,
if the energy used for hydrogen production is renewable, the environmental load can
be further reduced. Renewable energy sources which include wind power, solar energy,
biomass, hydropower, and geothermal power [29], have the potential to exceed the global
energy needs [30]. However, hydrogen production and utilization are difficult, owing to
geographical, social, and technical constraints [31]. Regardless, it is necessary to actively
attempt the production of hydrogen using surplus power and the use of hydrogen in
buildings or areas.

This study investigated the energy consumption of a renovated building and the sur-
plus electricity generated through renewable energy. Additionally, we tried to understand
how hydrogen production using surplus electricity affects the reduction rate of the energy
consumption of this building.

2. Outline of Research
2.1. Overview of ZEB in Japan

Figure 1 shows the structure of a ZEB in Japan. We evaluated the energy consump-
tion patterns in office buildings, in accordance with Japan’s “2016 Energy Conservation
Standards” [32]. According to this standard, the annual primary energy consumption of
a building (office building) is 1686 MJ/m2. The energy consumption of a ZEB and a near
ZEB must be reduced by at least 50% and 75% or more, respectively, to meet this standard
value. A ZEB is a building in which energy consumption is reduced to zero or less by using
not only high heat insulation and high airtightness, but also a highly efficient mechanical
system and renewable energy.
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Figure 1. The structure of ZEB in Japan.

2.2. Building Overview

Figure 2 and Table 1 show the photographs and outlines of the target building, re-
spectively. The building, having an area of 1101.53 m2, total floor area of 2258.65 m2, and
height of 13.7 m, was built as a research facility in 1992 in Ibaraki Prefecture, Japan. The
standard floor height of the building was 4.0 m, and it was a reinforced concrete structure
with three floors above the ground. During 2009–2010, a system was implemented in the
building that used solar and geothermal heat (underground heat utilization system) as
an air-conditioning and heat source to reduce the energy consumed. In addition, a solar
power generation system was installed. The details of the equipment system are presented
in Section 2.3.

Figure 2. Photo of the target building.
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Table 1. Outline of the target building.

Location Ibaraki Prefecture

Building area 1101.53 m2

Total floor area 2258.65 m2

Height of the building 13.7 m, Base floor height: 4.0 m

Construction RC construction

Floor 3 floors

2.3. Equipment Overview

Tables 2 and 3 show the outline of the equipment and the heat source equipment,
respectively. The heat source consisted of a water heat pump (30 kW) and an air-cooled heat
pump (85 kW). Hot water (50 ◦C) generated by a solar heat collector (25 kW) was used as
the heat source during winter. Geothermal heat directly uses groundwater (approximately
16 ◦C) when the building is cooled in the summer. It was also used for the regeneration of
the desiccant system in the summer.

Table 2. Outline of the equipment.

Heat source

Use of geothermal heat
Solar thermal panels
Air-cooled heat pump
Water source heat pump

Air conditioning AHU + Single duct
Packaged air conditioner (air heat source)

Ventilation Living room area: No. 1 ventilation unit
Restrooms: No. 3 ventilation unit

Lighting LED Lights

Elevator One hydraulic elevator

Table 3. Outline of the heat source.

Air-cooled heat pump
Cooling capacity: 85 kW, Heating capacity: 85 kW
Cold water volume: 244 L/min (usual) 12→7 ◦C
Hot water volume: 244 L/min (usual) 40→45 ◦C

Water source heat pump

Cooling capacity: 20 kW, Heating capacity: 24 kW
Cold water volume: 70 L/min (19.1→15.0 ◦C)
Hot water volume: 60 L/min (30.0→36.0 ◦C)
Cooling water volume: 70 L/min (22.0→27.0 ◦C)
Heat source water volume: 395 L/min (12.0→7.0 ◦C)

Solar thermal panels Heat collecting area: 2.0 m2, Circulating water
volume: 3 L/min

Air-cooled heat pump
Cooling capacity: 85 kW, Heating capacity: 85 kW
Cold water volume: 244 L/min (usual) 12→7 ◦C
Hot water volume: 244 L/min (usual) 40→45 ◦C

Water source heat pump

Cooling capacity: 20 kW, Heating capacity: 24 kW
Cold water volume: 70 L/min (19.1→15.0 ◦C)
Hot water volume: 60 L/min (30.0→36.0 ◦C)
Cooling water volume: 70 L/min (22.0→27.0 ◦C)
Heat source water volume: 395 L/min (12.0→7.0 ◦C)

Solar thermal panels Heat collecting area: 2.0 m2, Circulating water
volume: 3 L/min
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In summer, groundwater, at approximately 16 ◦C, was used for the radiation panel.
However, if the cooling capacity is insufficient, the water heat pump would operate.
Furthermore, if the cooling capacity remains insufficient, an air-cooled heat pump is used.
In winter, hot water (approximately 50 ◦C) obtained from a solar heat collector was used
for the radiant panel in the room. When the heating capacity was insufficient, the water
heat pump was operated.

In addition, a solar power generation system was installed on the roof of the building.
The power generation capacity of the photovoltaic system was 42 kW. A first-class ven-
tilation system was installed in the office space, and a third-class ventilation system was
installed in the bathroom. Light-emitting diodes (LEDs) were used for lighting. Figure 3
shows a diagram of an air-conditioning system that uses renewable energy. Figure 4 shows
an image of the energy utilization system of the building.

Figure 3. Diagram of air conditioning system using renewable energy.

Figure 4. Image of the energy utilization system of the building.
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3. Evaluation of Energy Consumption Using the Building Energy Simulation
Tool (BEST)
3.1. Outline of BEST Program

The BEST was used to simulate the energy consumption of a building [33]. The BEST
calculates the energy consumption of equipment, air-conditioning, ventilation, lighting, hot
water supply, elevators, etc., and can predict the total energy consumption of a building. It
is imperative to study ZEB for a carbon-free society in order to increase renewable energy
such as solar power generation and solar heat utilization, which are essential for smart
energy infrastructure, and to reduce peak power via cogeneration and heat storage. This is
a “comprehensive energy simulation tool for buildings”, that allows for a comprehensive
examination of building technologies. This program is useful to researchers, equipment
designers, builders, building equipment manufacturers, maintenance managers, building
designers, urban building planners, and building owners at various stages.

3.2. Outline of Simulation

The simulation conditions are listed in Table 4. The meteorological data used were the
Automated Meteorological Data Acquisition System (AMeDAS), provided by the Japan
Meteorological Agency [34]. The cooling period was from July to September and the
heating period was from November to March. Considering the actual office occupancy rate,
working hours were set from 08:30 to 18:00 on weekdays. This study used 100% internal
heat generation, air conditioning, ventilation, and lighting during working hours. For
conference rooms with short usage times, the system utilization rate was set to 20%.

Table 4. Simulation conditions.

Meteorological data Japan, The Automated Meteorological Data Acquisition
System (AMeDAS)

Insulation performance Urethane foam insulation (70 mm), Thermal
conductivity:0.028 W/m·K

Window glass Low-E Double glazing (Thermal transmission rate:
2.48 W/m2·K)

Air conditioning system
Air conditioning time 8:30~18:00
Cooling period July~September (28 ◦C, 60% RH)
Heating period November~March (20 ◦C, 40% RH)

Internal heat generation
Personnel density 0.1 (person/m2)
Lighting heat generation 16.3 (W/m2)
Heat generation of electrical equipment 12 (W/m2)

Lighting Light-emitting diode (LED)

3.3. Simulation Results

Figure 5 shows the breakdown of the energy consumption of the building in each
month, and Figure 6 shows the simulation results of the annual primary energy consump-
tion by the BEST program. The primary energy consumption per unit area during the
winter heating period is 42–47 MJ/m2. January exhibits the highest primary energy con-
sumption during the heating period. The primary energy consumption per unit area during
the cooling period was 26–33 MJ/m2, and the primary energy consumption for heating
was higher than that for cooling. The lowest primary energy consumption of the year was
observed in mid-April and May (21 MJ/m2).
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Figure 5. Breakdown of energy consumption of the building in each month.

Figure 6. The simulation results of the annual primary energy consumption by the BEST program.

There were no monthly differences in the primary energy consumption for ventilation,
lighting, hot water supply, elevators, and outlets. However, the gas consumption of
the main body of an air-conditioning heat source was widely used during the heating
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period. The power consumption of the air-conditioning heat source was high during
both the cooling and heating periods. The power consumption was highest in August
(9.7 MJ/m2), while being the lowest in April (1.0 MJ/m2). The simulation result of the
annual primary energy consumption using BEST was 386 MJ/m2·year, which was 77% less
than the standard value (1686 MJ/m2·year) for office buildings. From this result, it can be
inferred that the building can nearly achieve ZEB status at the renewal planning stage.

3.4. Actual Measurement Results of Annual Primary Energy Consumption in the Target Building

This building was completed in 1992, and it was renovated in 2009–2010 to install
renewable energy systems. In 2011 and 2012, the optimum operating conditions for air-
conditioning equipment were adjusted according to the indoor environment (temperature,
relative humidity, and indoor air quality) to reduce the energy consumption of the building.
Figure 7 shows the ratio of energy consumption to the primary energy consumption per
annual area for each item (2013). The energy consumption for each item was obtained
from the energy management system installed in the building. The calculation period
for the energy consumption was from April 2013 to March 2014. It was observed that
standby power consumed the most power, accounting for 42% (20,235.6 kWh/year) of
the total power consumption. The ratio used in the elevator was 19% (9154 kWh/year),
and the lighting in the common space was 12% (5781.6 kWh/year). The cooling rate was
5% (2409 kWh/year), while the heating rate was 7% (3372.6 kWh/year), and the energy
used for air conditioning was 12% (5781.6 kWh/year). The energy consumption of the
outlet was 7% (3372.6 kWh/year), and that of lighting and other energy sources was
3854.4 kWh/year. The total power consumption of this building was 48,180 kWh in 2013,
and the annual primary energy consumption per floor area was 213 MJ/m2·year. It was
found that compared with the standard value of annual primary energy consumption
(1686 MJ/m2), energy consumption could be reduced by approximately 87%, and a near
ZEB could be achieved.

Figure 7. The ratio of the energy consumption for each item to the primary energy consumption per
annual area (2013).

However, this primary energy consumption is not calculated/does not consider the
amount of power generated by solar power generation. The total amount of solar power
generated in 2013 was 55,450 kWh/yr. The amount of primary energy power generation
per annual area was 245 MJ/m2·year after converting the total amount of power generation.
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We achieved a value of−32 MJ/m2·year when the primary energy consumption per annual
floor area of the building was subtracted from the amount of power generated by solar
power generation, which can be considered as the accomplishment of ZEBs.

Figure 8 shows the monthly average, and average surplus power generated by the
solar power system in the building during the period 2013–2017. Over a period of five years,
the month of May showed the highest average power generation potential (5403 kWh),
whereas November showed the lowest power generation potential (3422 kWh). The average
annual total power generation and the surplus power of the building were 51,816 kWh
and 29,269 kWh, respectively. Surplus electricity accounted for approximately 56% of
the total power generation, and this surplus electricity reverse-flowed to local electric
power companies.

Figure 8. The monthly average and average surplus power generated by the solar power system. in
the building during 2013–2017.

The Japanese government has supported subsidies for renewable energy systems to
promote their use. Renewable-energy-based power can be used directly in a building, but
surplus power must be sent back to the power company as per the government subsidy
policy. However, it has been pointed out that the electricity generated by solar and wind
power might result in overvoltage or voltage shortages, lowering the overall efficiency of
the system. Therefore, it is highly recommended to use surplus energy onsite.

3.5. Investigation on Use of Surplus Electricity On-Site

Figure 9 shows the hydrogen production system using surplus electricity and the
direction of its use. We believe that the surplus electricity used depends on the energy-usage
strategy of the building. Since this building has a large standby power and requires hot
water for heating and regenerating the heat of the desiccant system, this study examined
a method using hydrogen to achieve the same result. Pure water was electrolyzed using
surplus electricity to produce hydrogen, which was then stored in a hydrogen tank. It was
assumed that the stored hydrogen could be reused as an energy source for buildings by
producing hot water and electricity using hydrogen fuel cells.
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Figure 9. The hydrogen production system using surplus electricity and the directions of its use.

Figure 10 shows the monthly production of hydrogen using surplus electricity.
Figures 11 and 12 show the power generation and calorific value of a hydrogen fuel cell
(Figure 8 may be referred to as surplus power). It has been reported that the power required
to electrolyze pure water to produce hydrogen is 3–3.54 kWh/Nm3 [35]. According to
the Ministry of Economy, Trade and Industry of Japan, electrolytic hydrogen production
requires 5 kWh/Nm3 [36]. Therefore, the hydrogen production shown in Figure 10 was
calculated to be 5 kWh/Nm3. The chemical formula for the amount of power generation
and calorific value of a pure hydrogen fuel cell is H2 + 1/2O2 = H2O + 286 kJ, and an energy
of 286 kJ (25 ◦C) can be obtained from 1 mol of hydrogen [37]. The amounts of power and
heat generation were calculated assuming that the power generation and heat generation
efficiency of the hydrogen fuel cell were 50% and 40%, respectively. The calculation formula
is as follows [38]:

Energy (kJ) = Hydrogen (Nm3) × 44.6 (mol/Nm3) × 286 (kJ/mol) (1)

Power generation (kWh) = energy (kJ) × 0.000278 (kWh/kJ) × 0.5 (2)

Heat generation (kWh) = energy (kJ) × 0.000278 (kWh/kJ) × 0.4 (3)

Heat generation (MJ) = heat generation (kWh) × 3600/1000 (4)

The annual hydrogen produced from surplus electricity was 5853.8 Nm3 with a month-
wise variation. The month of May showed the highest hydrogen production (654.2 Nm3),
and the month with the lowest hydrogen production was September (390 Nm3). The
amount of power generated through the use of hydrogen fuel cells was 10,378.9 kWh/year
and if this amount of power was used as standby power for this building, the current
standby power could be reduced by 51%. The calorific value of a hydrogen fuel cell is
approximately 29,895 MJ/y. The source of this amount of heat was assumed to be hot water
at a temperature of 60 ◦C. In this building, hot water is used to heat and regenerate the
desiccant system. Since the amount of hot water used for heating in winter, and of that
used for the desiccant system in summer was unknown, it was difficult to determine the
exact reduction in energy consumption. However, hot water made from hydrogen fuel
cells would lead to energy reduction in the building.
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Figure 10. Hydrogen production using surplus electricity (monthly).

Figure 11. Power generation by hydrogen fuel cell (monthly).

Figure 12. Heat generation by hydrogen fuel cell (monthly).

4. Discussion

Various measures have been implemented globally to reduce greenhouse gas emis-
sions. Countries worldwide are focusing on developing indicators for evaluating the envi-
ronmental performance of buildings. This is done to implement energy-saving strategies
and for the comprehensive environmental evaluation of buildings. Typical environmental
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assessment indicators for buildings include the Leadership in Energy and Environmental
Design (LEED) [39] in the United States, and the Building Research Establishment En-
vironmental Assessment Method (BREEAM) in the United Kingdom [40,41]. Japan also
has a building environment evaluation index, the Comprehensive Assessment System for
Built Environment Efficiency (CASBEE) [42]. It is important to evaluate the environmen-
tal performance of a building to predict its energy consumption at the design stage or
before renovation.

Recently, to reduce energy consumption in the consumer sector, there have been
ZEHs, ZEBs, and ECO-School as energy-saving strategies for housing, office buildings,
educational facilities, public facilities, and hospitals, etc. [43–45]. However, the method of
applying energy-saving technology differs depending on the purpose of the building [46].
The energy consumption of a building was evaluated from the design stage. EnergyPlus
and eQuest were used as simulation programs of choice [47,48]. BEST and web programs
are frequently used in Japan [33,49].

In this study, the energy consumption of a building was calculated using BEST, devel-
oped in Japan. In this energy simulation program, the thermal insulation performance of
building walls, ceilings, windows, etc. and the amount of heat generated by the human
body and lighting can be entered numerically. In addition, a dynamic energy consumption
analysis is possible through the input of local weather data and the schedule for the oper-
ation of the air conditioning system. However, there was a large difference between the
energy consumption estimated using BEST (386 MJ/m2) and the actual energy consump-
tion (213 MJ/m2). The simulation results calculated the amount of gas used to create hot
water for air conditioning during the winter heating period. However, when operating
the air conditioner, almost no gas is used. The energy calculation simulation confirmed
that the energy consumption during the use of hot water by the solar heat collector was
not accurately estimated. Although we achieved high accuracy during the load calculation
of the building using simulation, the quantitative determination of the annual energy
consumption using renewable energy is difficult. In addition, the solar power generation
system installed on the roof of the building generated electricity and used it directly for the
building. However, the surplus electricity was circulated back to the local electric power
company. The total annual surplus electricity is 29,269 kWh, accounting for 56% of the
total power generation. On-site surplus electricity would undoubtedly contribute to a
low-carbon society by replacing fossil fuel-based electricity [43]. Even so, it should be noted
that on-site power generation can be over- or under-voltage, adversely affecting the quality
of the grid [50]. Therefore, to make good use of this surplus electricity, it is important to
cooperate with the energy consumption of villages and regions and to secure an energy
storage system.

There are various energy storage systems, but hydrogen production using photovoltaic
power generation has recently attracted attention [51]. In France, a hydrogen-based energy
storage system, the Greenergy Box, was developed and installed in a public building. The
Greenergy Box is an integrated modular system with a storage capacity of 0.2–2 MWh and
can provide 50–500 kW of electricity, reporting that it can guarantee the energy autonomy
of buildings [52]. In addition, the hydrogen fuel cell used in the building, produces
electricity and heat and is evaluated to have high energy independence [51]. In particular,
it was reported that the combined use of renewable energy in buildings and heat pumps
for hydrogen production would increase the efficiency of energy use [51]. Hydrogen
production using renewable energy is the greenest energy source when compared to other
energy sources, and it can contribute to energy strategies for global decarbonization [53].

This study examined the prospects of hydrogen production, and the use of hydrogen
fuel cells with surplus electricity to achieve a ZEB. This building uses a large amount of
standby power; the hot water used for heating and regenerating the desiccant external
controller is mostly consumed. Hydrogen fuel cells can use electric power and generate
heat. The annual power generation by hydrogen is expected to be 10,378.9 kWh. This
power will reduce the standby power of the building by 51%. In addition, the calorific
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value of the hydrogen fuel cell is estimated to be approximately 29,895 MJ/year, and it can
be used as hot water or to heat a building. The effect of the amount of hot water obtained
from hydrogen fuel cells on the reduction of energy consumption in this building, however,
cannot be determined. Therefore, it is necessary to investigate the amount of hot water
used and the amount of water produced in this building, in the future.

Hydrogen is a source of energy that mitigates the effects of decarbonization and global
warming. However, there are many hydrogen-production technologies, and understand-
ing the most environmentally friendly pathway is time-consuming. In addition, using
hydrogen as a national energy supply source will take a substantial amount of time to
implement [54].

5. Conclusions

The world has become more interested in mitigating global warming since the Paris
Agreement in 2015, prompting the Japanese government to proclaim that it would strive
for carbon neutrality by 2050.

In this study, the near-zero-energy consumption of a building was evaluated using
renewable energy supplementation, and the hydrogen production potential using surplus
electricity was investigated. We also estimated the amount of primary energy that could be
saved using hydrogen fuel cells and examined the prospects of using hydrogen energy in
buildings in the future. To reduce the energy consumption of the building, it is necessary
to introduce heat insulation in materials (walls, windows, etc.), airtightness, and high
efficiency equipment from the building planning stage, and the use of renewable energy
that is more effective in achieving a ZEB. Hydrogen production using renewable energy
has attracted attention as an energy-storage method. Hydrogen fuel cells are able to secure
electricity and hot water, and are considered more effective in buildings with a large amount
of standby power and in areas that require a long heating period.

The use of hydrogen as a green energy source is expected to contribute to the develop-
ment of a carbon-free society.
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