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Abstract: A residential cogeneration system (CGS) is highlighted because of its efficient energy usage
on both the supplier and consumer sides. It generates electricity and heat simultaneously; however,
there is insufficient information on the efficiency according to the condition of usage. In this study,
we analysed the performance data measured by the home energy management system (HEMS)
and the lifestyle data of residents in a condominium of 356 flats where fuel cell CGS was installed
in each flat. The electricity generated by CGS contributed to an approximately 12% reduction in
primary energy consumption and CO, emission, and the rate of generation by the CGS in the
electric power demand (i.e., contribution rate) was approximately 38%. The electricity generation
was mainly affected by the use of electricity up to 4 MWh/household/year. Gas or water use also
impacted electric power generation, with water use as the primary factor affecting the contribution
rate. Electric power generation changes monthly, mainly based on the water temperature. From
these results, we confirmed that a CGS has substantial potential to reduce energy consumption and
CO; emission in condominiums. Thus, it is recommended for installation of fuel cell CGS in existing
and new buildings to contribute to the energy-saving target of the Japanese Government in the
residential sector.

Keywords: cogeneration system; fuel cell; energy-saving effect; condominium; HEMS

1. Introduction
1.1. International and National Policy against Global Warming

In the international movement to combat the threats of climate change, cogeneration
systems (CGSs), especially fuel cells, are becoming common because of their high energy
efficiency. Global recognition of the requirement for an effective and progressive response
to the urgent threat of climate change led to the enactment of the “Paris Agreement” [1]
at the Conference of Parties to the United Nations Framework Convention on Climate
Change 21 (COP 21) held in 2015. According to this agreement, the target of the global
warming temperature limit was 2 °C, and the Japanese Government, along with other
countries, declared a Nationally Determined Contribution (NDC) [2]. The reduction target
of greenhouse gas (GHG) emissions was 26% by 2030 compared to 2013, and this NDC
also included a reduction of 40% in the residential sector, which accounts for 14% of energy
consumption in Japan [3]. To realise this NDC, the Japanese Government designed global-
warming countermeasures plans [4]. There, the approaches in the residential sector were
the higher energy-saving performances of residential buildings, the introduction of high
energy-saving appliances, including fuel cell CGSs for residence, and the home energy
management system (HEMS).
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At COP 25 held in 2019, the necessity to shift the target of global warming temperature
limit to 1.5 °C was discussed; therefore, the Japanese and other governments planned to
reduce greenhouse gas emissions to zero by 2050 [5]. To achieve this, the reduction target
was increased in 2030 to 46% from the prior target of 26%; in particular, the target of the
residential sector was increased to 66%. Thus, residential energy-saving measures are
becoming an urgent issue.

1.2. Expectations of Fuel Cell Cogeneration System (CGS)

In Japan, a shortage of electrical power was experienced after the Great East Japan
earthquake in 2011, which led to excessive energy-saving measures in offices and residences.
Several field studies after the earthquake indicated the possibility of reduced productivity
of occupants due to these measures, and energy-saving strategies that do not affect comfort
and productivity were required [6,7].

Cogeneration systems (CGSs), especially fuel cells, have become increasingly common
because of their high energy efficiency and their ability to produce electric power and
heat simultaneously on site. On the supplier side, they have the potential to reduce the
peak load of centralised electric power plants as well as losses caused by transmission.
On the consumer side, they are also expected to serve water that is stored in tanks as well
as generate power if a natural disaster occurs.

In Japan, a residential fuel cell CGS has been developed and has been in use for more
than 10 years in detached houses and greater than 5 years in condominiums. The Japanese
Government has set the goal of installing 5.3 million residential fuel cell CGSs in 2030 on
the strategic road map of converting energy usage to hydrogen and fuel cells [3]. However,
they are not being implemented as rapidly as expected. One of the reasons might be that
the initial cost is much higher than the cost of a conventional home boiler. Another factor
might be that there is not sufficient information on the impact of a fuel cell CGS in an actual
building and the conditions required to realise the potential performance of this system.

1.3. Previous Studies Related to Fuel Cell Cogeneration Systems (CGSs)

Several studies on fuel cell cogeneration systems (CGSs) have been conducted to
estimate the energy-saving efficiency or CO, emissions reduction in residential buildings.
Ferguson et al. [9] developed a simulation tool to predict the performance of CGS in a
building environment. They investigated various sized proton exchange membrane (PEM)
fuel cells through a case study in a Canadian detached house. They found that the optimal
size of fuel cell for the house was 3 kW, which provided greater than 93% of the total
electricity required within the house. Dorer et al. [10,11] compared the reduction capacities
for primary energy and CO, emission of CGS and other devices in Swiss residences
by simulation. They confirmed that fuel cell CGSs achieved 6-48% of primary energy
reduction in comparison with a gas boiler. Pellegrino et al. [12] compared the impact of
different supporting systems for residential CGSs in Italy and other European countries.
Di Marcoberardiano et al. [13] investigated the techno-economic assessment of 5 kW proton
exchange membrane fuel cell (PEMFC) CGSs with different gas compositions in Europe.

The energy use system is substantially different in Japan from European and North
American countries. Generally, Japanese residences do not use steam or hot water for
heating or washing clothes. However, the hot water demands for bathing are much higher
than those in European or North American countries. Japanese apartments do not have a
central heating system, but gas boilers are installed in each flat. Energy efficiency level is
not mandatory in residential buildings. As for electricity, reverse power flow from CGSs to
the commercial power grid is not permitted in Japan.

There have also been several studies conducted in Japan on this topic. Kuroki et al. [14]
investigated the effect on energy saving, CO, emissions reduction, and utility cost saving
of residential polymer electrolyte fuel cell CGSs in a detached house through a simula-
tion. They concluded that the effects were higher in the cold climatic regions in Japan.
Wakui et al. [15] analysed the energy-saving effect of CGS in a detached house combined
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with a plug-in hybrid electric vehicle using an optimal operational planning model based
on mixed-integer linear programming. Aoki et al. [16] compared the energy-saving effec-
tiveness among three types of CGSs with a variety of families by simulation in a detached
house. They concluded that the energy-saving effect was influenced by the existence
of household members during the daytime on weekdays and the frequency of bathing.
Ono et al. [17] evaluated the possibility of utilising the surplus capacity of hydrogen pro-
duction in the residential CGS for fuel cell vehicles and investigated energy supply in
collective housing environments in Tokyo. The effect of sharing one CGS between two
households in apartments was examined through a simulation [18], while the performance
of CGS in detached houses has also been analysed [19]. Yamamoto et al. [20] compared
the detailed performance of CGS according to the demand change in two detached houses.
Akabayashi et al. [21] simulated the effect of the peak electricity demand reduction by the
numerical installation of 100-300 thousand CGS units in winter or 700-1500 thousand CGS
units in summer into residences of northern Japan. Arinami et al. [22] simulated the impact
of primary energy consumption reduction by the nation-wide usage of surplus electric
power generation by CGS.

Most of the studies were based on simulations, and there are only a few field studies
using measured data in large condominiums. In 2018, condominiums accounted for 43% of
the housing in Japan [23]; thus, it is important to conduct research in this field.

1.4. Objectives

The main objective of this study was to clarify the realised energy-saving effect and
CO; emissions reduction in a cogeneration system (CGS) installed in a condominium
by analysing measured energy performance data and several factors that might affect
efficiency. The specific objectives of this study were to:

1.  Estimate the energy-saving effect of CGS by the distribution of the performance data:
the electricity /gas/water use, the primary energy consumption and CO, emission,
and the electricity generated by CGS;

2. Clarify the relationship between the energy-saving effect and electricity /gas/water usage;

3. Analyse the factors related to the seasonal variation in the energy-saving effect of
CGS; and

4. Clarify the relationship between the energy-saving effect of CGS and the type of residents.

2. Materials and Methods

This study focused on the condominium where a polymer electrolyte fuel cell cogen-
eration system (CGS) was installed in every flat for the first time in the world. We analysed
the measured performance data of electricity/gas/water use and the electricity gener-
ated by the CGS to estimate the characteristics of the energy-saving effect according to
their relationship.

2.1. Investigated Residential Building

The condominium is located in the southeastern urban area in Tokyo [24-26]. It is an
18-stories building, with 356 flats. There are two types of floor plans: three bedrooms with a
living-dining room and kitchen (3LDK: 71.01-77.13 m?), 272 flats; or four bedrooms (4LDK:
80.86-90.23 mz), 84 flats. Floor heating is installed in the living-dining room, and the
heating source is not provided by cogeneration system (CGS) but by a backup gas boiler
(Figure 1).
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Figure 1. (a) Investigated condominium; (b) installed polymer electrolyte fuel cell cogeneration
system (CGS).

2.2. Installed Cogeneration System (CGS)

The performance values of the installed polymer electrolyte fuel cell cogeneration
system (PEFC-CGS) are listed in Table 1. CGS operates according to the daily start-stop
operation, whereby it starts and stops once a day at maximum and stays off for at least
2 h a day. Electricity is generated in relation to the demand at that particular moment.
Simultaneously, the generated heat boils water which is reserved in the storage tank;
however, the amount of the heat generation is restricted to the daily demand. By these
restrictions, the unit learns the optimal operation pattern for each residence automatically.

Table 1. Performance values of polymer electrolyte fuel cell cogeneration system (CGS) for a condominium.

Item Value
Electricity generation output (minimum) 200-750 W (rated)
Rated hot water output 1080 W
Rated generation efficiency based on lower heating value 39%
Rated heat recovery efficiency based on lower heating value 56%
Rated integrated efficiency based on lower heating value 95%
Water tank capacity 147 L

2.3. Measured Energy Consumption Data

Home energy management system (HEMS) was installed in each flat of the inves-
tigated building and was used to measure the energy consumption performance data,
including electricity purchased, electricity consumed by eight branch circuits, electricity
generated by cogeneration system (CGS), and gas and water consumption. Electricity
consumption data were measured by circuit transformer (CT) sensors (ratio error: 2% of
full scale) installed in the distribution board, gas consumption by a gas meter installed
by the gas company (verification tolerance: 3%), and water by an installed flowmeter
(instrument error: 5%). Each piece of data was recorded in 30 min intervals and stored
on the cloud server. Residents could visualise the energy use results in real-time using a
computer or smartphone. We analysed 1 year of data on energy performance from April
2018 to March 2019 in 304 flats.

Gas use was not measured for each appliance separately; thus, we estimated the gas
use for CGS for each 30 min from the generated electricity values. The gas usage other
than CGS was for the backup boiler and stovetop burners in the kitchen. The backup boiler
supplied the heat source for the floor heating in the living—dining room and the clothes
dryer and the mist shower in the bathroom, and provided boiling water to supplement the
shortage of hot water supply from CGS.

We calculated the reduction effect of CGS by comparing it with a conventional gas
boiler with an energy efficiency of 80% [27]. The calculation standard is determined based
on Japanese building energy-saving act, and the baseline energy efficiency value of the gas
boiler for individual residences is 78.2% [28].

The conversion factors for primary energy consumption and CO, emission are listed
in Table 2. CO, emission factor of electricity was based on the national average data of
2018 [29].
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Table 2. Conversion factors for energy consumption and CO, emission.
Energy Source Primary Energy Consumption (GJ) CO; Emission (¢-CO;)
Electricity (MWh) 9.76 GJ/MWh 0.462 t-CO, /MWh
Gas (m?) 0.045 GJ/m?> 0.00224 +-CO, /m°

Reduction values of primary energy consumption and CO, emission by CGS are
calculated by the following equations:

RVpe = 9.76Eg — 0.045G;.(1-56/80) 1)

RVco, = 0.462E, — 0.00224Gq(1-56/80) @)

where RV, is the reduction value of the primary energy consumption (GJ), RV, is the
reduction value of CO, emission (-CO;), Eg is the generated electricity (MWh), Gy, is the
gas used for CGS (m?3), 56% is the heat recovery efficiency of CGS, and 80% is the energy
efficiency of the conventional gas boiler.

The outdoor air temperature was obtained from the Haneda meteorological observa-
tion station, which is the nearest to the investigated building [30]. City water temperature
data were obtained from the Bureau of Waterworks, Tokyo Metropolitan Government [31].

2.4. Questionnaire Survey and Profile of Residents

We conducted a questionnaire survey of residents three times between February 2015
and November 2016, and the results are shown in Table 3. The survey items included
household profiles, lifestyle, appliance usage, energy-saving behaviour, and others. The re-
sponding rate decreased from first to third survey. They responded only once, twice or
three times. Therefore, we have adopted the latest data of each household. As a result,
we analysed 161 responses that corresponded to 53% of HEMS data that we analysed.

Table 3. Questionnaire survey.

. Surveys Surveys
Survey Period Distributed Collected
1: February 2015 (before completion) 104 77
2: November 2015 (immediately after completion) 225 93
3: November 2016 (1 year after completion) 356 115

The profiles of the residents in each type of flat plan are shown in Tables 4 and 5. House-
holds of three members occupy the largest share (39%), followed by two members (30%).
The mean number of household members (2.72) was higher than the average value in Japan
(2.5) [32]. The share of single families (10%) was lower than that of Japanese average (25%),
and the share of three members (39%) was higher than Japanese average (20%). In most pre-
vious studies, the simulation was conducted by four family members [11,12,18,19], but the
share of households with more than four family members decreased from 38.5% in 1994 to
23.1% in 2014 [32].

In the investigated condominium, two-thirds of the married women worked outside
of the home, which is approximately the same level as that of Japan as a whole [33]. Two-
thirds of the youngest children were under 5 years old. There was no significant difference
between the residents of 3LDK and 4LDK.
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Table 4. Characteristics of household.

Total 3 LDK 4 LDK
Description
Avg. S.D. Avg. S.D. Avg. S.D.
Number of household 2.72 0.99 2.66 0.98 3.00 1.00
members (n = 161)
Age of householder (n = 160) 424 9.5 42.0 9.5 440 9.6

LDK: living, dining and kitchen; Avg.: average; S.D.: standard deviation.

Table 5. Employment status of married women and age of children.

Total 3LDK 4LDK
Description Type
n p (%) n p (%) n p (%)

Employment status of Working outside 90 64 77 66 13 54
married women Full-time homemaker 51 36 40 36 11 46

<5 years old 56 62 43 60 13 68

Age of youngest child 6-15 years old 23 25 19 26 4 21
>16 years old 12 13 10 14 2 11

LDK: living, dining and kitchen; n: number of households; p: percentage.

3. Results and Discussion
3.1. Annual Energy Use and the Effect of Cogeneration Systems (CGSs)

In this section, we analysed the effect of electric generation by the cogeneration system
(CGS) to reduce the annual energy consumption. The contribution rate is the share of
electricity generated by the CGS in the total electricity use.

Figure 2 shows the distribution of the annual generated electricity, gas or water use, and
the energy-saving effects of the fuel cell CGS. In this condominium, 1.31 MWh/household
was generated by the CGS in a year, which accounted for 38.2% of the total electricity
use of 3.35 MWh/household. As a result, the annual primary energy consumption was
reduced from 64.2 to 56.0 GJ/household, and CO, emission was reduced from 3.12 to
2.74 t-CO, /household. Therefore, the reduction rate was 12.3% and 11.7%, respectively
(Figure 2e,f).

50

Mean = 1.31
Std. Dev. =0.563

Mean = 463.6
Std. Dev. =229.838

Mean = 196.96
Std. Dev. = 82.845]

40

30

Frequency
Frequency
Frequency

0 05 1.0 1.5 20 25 3.0 0 500 1000 1500 0100 200 300 400 500

3
Generated Electriccity [MWh] Gas use [m’] Water use [m?]

@) (b) ©

Mean = 11.66
Std. Dev. =2.986

Mean =12.34
Std. Dev. =3.131

Mean = 38.22
Std. Dev. =10.252

Frequency
Frequency
Frequency

0 10 20 30 40 50 60 70
Reduction rate [%]

Contribution rate [%)] Reduction rate [%]
(d) (e) 163}
Figure 2. Annual distribution (n = 304): (a) electricity generation; (b) gas use (except for CGS);
(c) water use; (d) contribution rate; (e) reduction rate of primary energy consumption; (f) reduction
rate of CO, emission.
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Table 6 shows a comparison of the annual energy-saving effects of the CGS with
those of previous studies. The mean annual generated electricity was slightly higher
than that of a previous study, and the contribution rate was within the range of prior
studies [18]. The mean reduction rate of the annual primary energy consumption was
higher than that of a previous study, and annual CO, emission was lower than those
previously reported [14]. We confirmed by the measured data that the performance of the
CGS was similar to that previously reported based on simulations. However, the variation
in the energy-saving effect dispersed over a wide range (e.g., contribution rates of 8-65%);
therefore, it is important to clarify the factors which affect energy saving.

The Japanese Government has a target to install 5.3 million fuel cell CGSs in 2030.
Arinami et al. [22] simulated the energy reduction effect by the nation-wide installation
of fuel cell CGSs according to the Japanese target that is equivalent to 11% of residences.
They found that the primary energy reduction was 75 P]/year, and the reduction rate was
1.3% in the largest case. Our study showed a larger effect of primary energy reduction than
that of the simulated result (Table 6).

The CGS works under several restrictions, as we mentioned in Section 2.2. Figure 3
shows an example of the daily energy use pattern in winter over 30 min. We converted
the data by 30 min to the data by one hour, and thus the values of electricity indicate the
average kW during each interval.

In this example flat, the CGS begins generating electricity in the morning (7:30) and
stops late at night (3:00). It can be operated according to the electricity demand at that
moment; however, the generation is under the limit of the rated output capacity (750 W).
Simultaneously, the generation is limited by the heat demand of the day. In this case,
the CGS works at rated load from 8:30 to 11:00 and 17:00 to 2:30. A shortage of electrical
power is supplemented from the grid (Figure 3a).

The heat is produced while CGS generates electricity, and the water in the storage tank
is boiled within the range of daily hot water requirements. The backup boiler supplements
a shortage of boiled water. Thus the gas use, except for the CGS, increases when boiled
water is used more than the output capacity of the CGS. Although the gas use includes
cooking, floor heating, and bathroom heating, we have estimated that most gas use without
water use is for the floor heating (Figure 3b).

Table 6. Annual effect values of cogeneration system (CGS) in previous studies.

Generation  Contribution Reduction Rate of Reduction Rate of
Author Type of House Method (MWh) Rate (%) Primary Energy (%)  CO; Emission (%)
This study =~ Condominium  Measured data 1.31 38.2 12.3 11.7
Kuroki Detached house Simulation 45 10 13-17
etal. [14]
Wakui . .
etal. [15] Detached house Simulation 17
Yamamoto Apartment . .
etal. [18] house Simulation 1.2 31 7
Yamamoto Detached house = Measured data 2.1 30
etal. [19]
Arinami Apartment Simulation 73
etal. [22] house (Tokyo) ’
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Figure 3. Variation of daily energy use (example data of a flat on 1 February): (a) electricity generated by CGS and purchased;
(b) gas use (except for CGS) and water use.

3.2. Relationship among the Factors of the Energy-Saving Effects of Cogeneration Systems (CGSs)

In this section, we analysed how electricity use affects the energy-saving effect of the
cogeneration system (CGS) in terms of electricity generation, contribution rate, reduction
in primary energy consumption, and reduction in CO, emission.

Figure 4a shows the relationship between the annual electricity generation by the CGS
and the annual electricity use. They are significantly correlated, but the growth rate tends
to decrease as the annual electricity use exceeds 4 MWh/household. Figure 4b shows the
contribution rate by the electricity use, whereby the rate shows a decrease as the annual
electricity use exceeds 4 MWh/household. These tendencies may be related to the output
capacity of the CGS.
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(c) (d)

Figure 4. Relationship of annual values in each household (n = 304): (a) generation and electricity use;
(b) contribution rate and electricity use; (c) reduction in primary energy and generation; (d) reduction
in CO, emission and generation.

The reduction values increased linearly with the increase in the electricity generation.
They can be estimated using the following regression equations from the regression analysis:
RVpe = 6.6Eg — 0.45

(R? = 0.998) 3)
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RVco, = 031E; — 0.024 (R =0.997) @)

where RV, is the reduction value of the primary energy consumption (GJ), RV, is the
reduction value of CO; emission (t-CO,), and Eg is the generated electricity (MWh).

Figure 4c,d shows the relationship between the reduction rate of annual primary
energy consumption or CO; emission and the annual generated electricity. The reduction
rates of primary energy consumption and CO, emission showed a tendency to decrease as
the annual generated electricity increased by more than 2 MWh/household, which could
be related to the decrease in the contribution rate of the CGS in the range of high energy
use (Figure 4b).

3.3. Relationship between the Energy-Saving Effect of the Cogeneration System (CGS) and Gas or
Water Use

The cogeneration system (CGS) produces heat when electricity is generated, and this
heat is utilised for boiling water. Therefore, in this section, we analysed how gas or
water use affects the energy-saving effects of the CGS, i.e., electric power generation and
contribution rate.

Figure 5 shows a significant correlation between the annual gas use except for the
CGS and the energy-saving effect of the CGS. However, the R? value was not high. This
could relate to the fact that the gas use, except for the CGS, still includes several usages
other than boiling water, i.e., floor heating, cooking, and bathroom heating.

80 1 y=-0.000028x2+ 0.056x + 20
y = = 0.00000070x2 + 0.0023x + 0.44 (R2=030)
(R?=0.34) = '

3 . . X

= o 60
S 2
S ]
— 2 g

g S 40
= =
5 2
Q St
g §=
o 1 =)

S 20
© o

0 0

0 500 1000 1500 0 500 1000 1500
Gas use [m’] Gas use [m?]
(a) (b)

Figure 5. Relationship between the annual gas use (except for CGS) and the energy-saving effects of
CGS in each household (n = 304): (a) generation; (b) contribution rate.

Figure 6 shows the relationship between the annual water use and the energy-saving
effect of the CGS. They were also significantly correlated, and the R? value was high,
especially the contribution rate comparing with electricity or gas. Therefore, it can be said
that water use is the main factor affecting the contribution rate of the CGS.

We divided the annual electricity, gas, and water use data into three groups of
101-102 flats, as shown in Table 7. Figure 7 shows the error bars of the annual electricity
generated by the CGS and the contribution rate, according to the level of electricity use,
gas use (except for the CGS), or water use.

Comparing the influence of electricity and gas use, the electricity generation by the
CGS was more affected by the electricity use, as shown in Figure 7a. However, the contri-
bution rate was more affected by gas use (Figure 7c). In contrast, the influence of water
use is higher for both electricity generation and contribution rate, as shown in Figure 7b,d.
In particular, if the water use is high, the contribution rate is also high regardless of the
electricity use.

The traditional Japanese bathing style requires a large amount of water in a bathtub;
thus, the contribution rate is high in households with this bathing style.
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Figure 6. Relationship between the annual water use and the energy-saving effects of CGS in each
household (n = 304): (a) generation; (b) contribution rate.

Table 7. Three levels of annual electricity, gas, and water use in each household.

Items

Low Middle High
Electricity use (MWh) 1.17-2.77 2.78-3.78 3.79-7.64
Gas use (m?) 85-341 343-519 521-1589
Water use (m>) 41-156 157-215 216-529
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T Middle T Low
= 20 % T High = % I Middle
2 % z T High
= =
g b 5 . ;4
% 9 g 3 }
C % % O o ‘% %
0.5 % 05 é
Low Middle High Low Middle High
Electricity use Electricity use
@) (b)
55 Gas 55 Water
T Low T Low
“ T Middle I Middle
% I High % T High

Contribution rate [%]

Low Middle

Electricity use

(©)

High

Contribution rate [%]

25

Low

Middle

Electricity use

(d)

High

Figure 7. Relationship between the annual energy-saving effect of cogeneration system (CGS) and the
annual electricity use by three levels of gas use (except for CGS) or water use (n = 304): (a) generation
by gas use; (b) generation by water use; (c) contribution rate by gas use; (d) contribution rate by

water use.

3.4. Monthly Variation in the Electricity Generation of the Cogeneration System (CGS)

In this section, we analysed the monthly variation in energy use and the energy-saving
effect of the cogeneration system (CGS). Figure 8a shows the monthly variation in mean



Energies 2021, 14, 6611

11 of 15

electricity use per day, which consists of electricity generated by the CGS and purchased
electricity. Figure 8b—d show the error bars of the monthly mean values per day of the
contribution rate of the CGS, gas use (except for the CGS), and water use.

Electricity use is high in both summer and winter, and it is largely correlated to air
conditioning usage (Figure 8a). The mean electricity generated by the CGS was lowest in
August (2.3 kWh/day) and highest in February (5.1 kWh/day), and the contribution rate
varied from 20% in August to 49% in March (Figure 8b). In previous studies, the mean
contribution rate measured in detached houses varied from 11% in August to 41% in
April [19]. Arinami et al. [22] showed that the contribution rate on the coolest day in
summer was 15%. Although these values are slightly lower than our measured data,
we found a similar seasonal tendency.

The mean gas use except for the CGS also varied from 0.5 m®/day in August to
2.3 m3/day in February (Figure 8c), while the mean water use was approximately the
same level throughout the year, from 0.50 m®/day in August to 0.56 m®/day in February
(Figure 8d).
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Figure 8. Monthly variation (n = 304): (a) electricity use; (b) contribution rate; (c) gas use (except for CGS); (d) water use.

Figure 9 shows the relationship between the monthly electricity use per day and the
outdoor air temperature. Because of the variation in electricity use by flat (Figure 9a),
we also used the binned data by monthly mean (Figure 9b). The regression coefficient was
the same for both sets of data. Due to the nature of the binned data [34], the coefficient of
determination (R?) of the monthly data is substantially higher than the monthly mean data
of each flat. The quadratic curve is the lowest at 17-18 °C. In Japan, most residents use air
conditioners in individual rooms not only for cooling but also for heating, as well as gas
floor heating in the living—dining room. As a result, the total electricity use was high in
both summer and winter.
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Figure 9. Relationship between the electricity use and the outdoor air temperature: (a) monthly mean
value of each flat (n = 3648); (b) monthly mean value (n = 12).

Figure 10 shows the relationship between the monthly mean energy-saving effect
of the CGS and the outdoor air or water temperature. Electricity generated by the CGS
decreases as the outdoor air or water temperature increases. The reason for high electric
power generation in winter is that more energy is required to heat the colder water, and
there is a preference for hot water rather than cold water in winter, although the amount
of monthly mean water use per day is similar all year round, as shown in Figure 8d.
The contribution rate also decreased as the temperature increased or decreased from
approximately 13-14 degrees (Figure 10b).
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Figure 10. Relationship between the energy-saving effect of cogeneration system (CGS) and the
outdoor air or water temperature (n = 12): (a) generation; (b) contribution rate.

3.5. Variation in the Energy-Saving Effect of the Cogeneration System (CGS) by the Type
of Residents

In this section, we analysed the relationship between the energy-saving effect of the
CGS and the type of residents. Figure 11 shows the error bars of electricity use, water use,
generated electricity, and contribution rate by family size. All values increased as family
size increased, the mean contribution rate increased from 35% in single families to 43%
in 4-6 family members. Family sizes of 4-6 had significantly higher results than those of
singles or couples. These results indicate that the large family size used the CGS more
effectively than small families due to the higher amount of hot water demand as well as
electricity demand.

We have also analysed the characteristics of residents such as age of householders,
employment status of married women, and age of youngest child, as shown in Table 5.
However, we could not find any significant difference in energy-saving effect of the CGS in
each comparison of the characteristics.
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Figure 11. Variation by the family size (n = 161): (a) electricity use; (b) water use; (c) electricity generation by cogeneration
system (CGS); (d) contribution rate.

4. Conclusions

We measured 1-year energy data in the condominium where the polymer electrolyte

fuel cell cogeneration system (CGS) had been installed in each flat for the first time in the
world and found four main results.

1.

CGS in the investigated condominium provided both a part of the hot water demand
and 38.2% of the electric power demand, thereby reducing the required amount of
purchased power. The generated electricity contributed to a 12.3% reduction in the
primary energy consumption and an 11.7% reduction in CO, emission compared
with the residents who use the conventional gas boilers and purchase all of the
electricity demand.

Electricity generation by CGS was affected by electricity use, gas use, and water use,
but most importantly by hot water use. The contribution rate of the CGS increased
with the increase in annual electricity use but decreased when the usage exceeded
4 MWh/household. In contrast, the contribution rate was high in households with
high water use, even if the electricity use was low. A large amount of water use likely
indicates a high amount of hot water demand, especially in winter.

The amount of electricity generated by CGS changes monthly; it is lowest in August
(2.3 kWh/day) and highest in February (5.1 kWh/day). It varies according to outdoor
air or water temperature. Water use was similar throughout the year; thus, the reason
could be that the heat energy demand for boiling water increases in winter. In Japan,
people have a custom of bathing frequently, and this bathing lifestyle might affect the
efficiency of CGS.
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4.  Large families use considerable amounts of water as well as electricity, and as a result,
the energy-saving effect is high in large families. For example, the mean contribution
rate increases from 35% in single families to 43% in 4-6 family members.

From these results, we can conclude that CGS contributes to the reduction in the
primary energy consumption and CO, emission and generates large amounts of electricity
in households where the electricity demand is high. As for the contribution to the reduction
in purchased electricity, the efficiency is high in households where the hot water demand
is high.

A residential cogeneration system has strong potential for the supplier side; it reduces
the peak load of the power plant and losses caused by the transmission. On the consumer
side, it reduces the purchased electricity, and residents can use the water stored in the
tank if a natural disaster occurs. Thus, it is recommended that the cogeneration system
should be installed in existing and new buildings to contribute to the energy-saving and
COy-emissions-reduction targets of the Japanese Government.
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