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Table 1.1 Summary of purchasable residential FC-CGS

Product maker Panasonic co.
Toshiba fuel cell power systems

co.
JX Nippon oil & energy co. Aisin seiki co.

Year on sale 2012 2013 2009 2011 N/A 2012 N/A

Reference tax-inclusive

price in retail
yen 2,761,500 1,995,000 N/A N/A N/A N/A N/A

Type PEFC PEFC PEFC PEFC PEFC SOFC SOFC

F
C

u
ni

t

Model NA-0111ARS-K NA-0813ARS-K N/A N/A FCP-070CNA2 FCP-070CNC2 FCCS07A3N

Rated power output kW 0.75 0.75 0.70 0.70 0.70 0.70 0.70

Rated thermal output kW 0.94 1.08 1.00 1.00 0.90 0.73 0.65

Power output range kW 0.25 0.75 0.20 0.75 N/A 0.25 0.70 N/A N/A 0.05 0.70

Thermal output range kW 0.20 0.94 0.21 1.08 N/A 0.36 1.00 N/A N/A 0.05 0.65

Rated net electric

efficiency (LHV)
% 40.0 39.0 35.0 38.5 35.0 43.0 46.5

Rated thermal efficiency

(LHV)
% 50.0 56.0 50.0 55.5 45.0 45.0 43.5

Rated net total efficiency

(LHV)
% 90.0 95.0 85.0 94.0 80.0 88.0 90.0

Maximum gas

consumption
kW 1.9 1.9 N/A N/A 2.0 1.6 1.5

Exhaust heat recovery

temperature
C 60 60 80 60 60 60 75 N/A

Warm-up time min N/A N/A 60 60 60 120 N/A

Battery design life h N/A N/A N/A 80,000 N/A N/A N/A

Noise db(A) 38 38 42 38 40 38 37

Dry mass kg 100 90 105 94 135 92 94

Size(height x width x

depth)
mm 1,883x315x480 1,850x400x400 895x870x330 1,000x780x300 900x900x350 900x563x302 935x600x335

H
W

T
un

it

Model
NAT-C11ARSA

W6CU
NAC1513A N/A N/A FCG-201-DR SFCG-93 FCCT090A3N

Water capacity L 200 147 200 200 200 90 90

Storage temperature C N/A 60 N/A N/A N/A N/A 70

Dry mass kg 125 55 110 100 105 94 94

Size(height x width x

depth)
mm 1,883x750x480 1,850x560x400 1,900x750x440 1,760x750x440 1,900x750x440 1,760x740x310 1,760x740x310
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Fig. 1.1 Picture of

1 1 3
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, 2009
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(Arndt et al., 2008; Dorer and
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1 2

9

FC-CGS

CGS PV

BT ( , 2013a)

( , 2013)

PV BT

1 2 2

CGS

, 2001

, 2001; , 2008

Liao, 2005
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SP Domenica et al., 2007; Wallace et al., 2003
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al., 2008; Philpott et al., 2000 Krukanont

and Tezuka, 2007

Heinrich, 2007 , 2010

, 2011
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Gassmann et al, 1995; Kaut et al.,

2003
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Fig. 2.1 Picture of FC unit, HWT unit and GB

Fig. 2.2 Schematic diagram of PEFC-CGS experimental setup
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Table 2.1 Summary of instrumentation used in PEFC-CGS experimental setup

Location Fluid Model/Type Manufacturer Range Uncertainty*

T
em

pe
ra

tu
re

m
ea

su
re

m
en

t

FC unit and GB inlet Town gas Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

HWT unit inlet Water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

FC unit inlet Hot water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

FC unit outlet Hot water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

HWT unit inlet Hot water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

HWT unit outlet Hot water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

GB outlet Hot water Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

Testing site Air Class-2, T-type Tokyo netsugaku -100~200 C 1.2 C

P
ow

er
m

ea
su

re
m

en
t

Electric grid outlet n/a KM20-B40-FLK Omron 0~2 kW 0.070 kW

FC unit in/outlet n/a KM20-B40-FLK Omron 0~2 kW 0.070 kW

HWT unit inlet n/a KM20-B40-FLK Omron 0~2 kW 0.070 kW

GB inlet n/a KM20-B40-FLK Omron 0~2 kW 0.070 kW

Electric load device inlet n/a KM20-B40-FLK Omron 0~2 kW 0.070 kW

F
lo

w
ra

te
m

ea
su

re
m

en
t

FC unit inlet Town gas DSDa-1.6A Shinagawa 0.16~26.6 L/min 0.098 L/min

GB inlet Town gas DSDa-10A Shinagawa 1.16~166 L/min 0.78 L/min

HWT unit inlet Water Vision2000 F16.5
Yamamoto electric

corp.
2.0~35.0 L/min 1.3 L/min

FC unit inlet Hot water VN05 Aichi tokei denki 0.05~1.0 L/min 1.2 L/min

HWT unit inlet Hot water Vision2000 4F22
Yamamoto electric

corp.
1.0~25.0 L/min 0.90 L/min

GB outlet Hot water Vision2000 4F22
Yamamoto electric

corp.
1.0~25.0 L/min 0.90 L/min

P
re

ss
u

re

m
ea

su
re

m
en

t

FC unit and GB inlet Town gas JTD920A Azbil 0.75~100kPa 0.12 kPa

Testing site Air MU101 Yokogawa 0~130kPa 0.016 kPa

* Type-B evaluation based on instruction manual with the assumption of the confidence level

of 95%, the coverage factor of =2
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Table 2.2 Specification of PEFC-CGS experimental setup

NA-0813ARS-K

FC-75CR13

13A

1 3WAC100/200V50/60Hz

200~750W

210~1080W

60~80

NAC1513A

147L

1.5%/h

1 3WAC100/200V50/60Hz

NMA-824RFW-RA

RUF-K2402SAW

1 3WAC100/200V50/60Hz

CompactRIO

NI cRIO-9074

8

-20~55°C

RH10~90%RH( )

/ Ethernet/TCP/IP

National

Instruments

NI9213

-40~70°C

10~90%RH

National

Instruments

T

JIS 2

-100~200°C

150mm

SUS316

3m

T

JIS 2

-100~200°C

0.32mmK T

3m

(1/4)
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Table 2.2 Specification of PEFC-CGS experimental setup

DSTJ3000Ace

JTD920A

0.75~100kPa

-15~85

0.1%

250ms

NI9205

DIFF

200mV~ 10V

-40~70°C

10~90%RH

National

Instruments

( )

MU101

DC6~24V

EIA RS-232-C

0~130kPa

520kPa

2Pa

FS 0.01%

RS232

NI9870

RS232

-40~70°C

10~90%RH

National

Instruments

DSDa-1.6A

0.16~26.6L/min

0.6L

1 10L

0.2

220Pa

0.1L/P

DSDa-10A

1.16~166L/min

4L

/ 1 2 /100L

300Pa

1L/P

(2/4)
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Table 2.2 Specification of PEFC-CGS experimental setup

VN05

0.05~1L/min

3L/min

0.025L/min

0.001L/P

Vison2000 F16.5

2.0~35.0L/min

100L/min

-20~60°C

35~85%RH( )

Vison2000 4F22

1.0~25.0L/min

100L/min

-20~60°C

35~85%RH( )

NI9421

-40~70°C

10~90%RH

National

Instruments

KM20-B40-FLK

-10~55°C

25~85%RH( )

1%FS 1digit

2.5%FS 1digit

0.3Hz 1digit

5%FS 1digit

RS485/RS422

NI9871

RS485

-40~70°C

10~90%RH

National

Instruments

2

RDP224

~ 15

DC4~20mA

-10~50°C

30~85%RH( )

(3/4)
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Table 2.2 Specification of PEFC-CGS experimental setup

PCZ1000A

0~40°C

20~80%RH

50~1000W

5% of set

1W

PC

OS Windows 7 enterprise(64bit)

Inter(R)core(TM)i3-2120CPU@3.30GHz

4.00GB

2 3

JIS C 8823 , 2013

1 1

( 2.1 )

2.2

( 2.2 )

2.2 FC

( 2.3 )

(4/4)
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( 2.4 )

( 2.5 )

PEFC

PEFC PEFC FC PEFC

PEFC

( 2.6 )

( 2.7 )

( 2.8 )

( 2.9 )

( 2.10 )

( 2.11 )

( 2.12 )

( 2.13 )

PEFC
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( 2.14 )

( 2.15 )

( 2.16 )

PEFC

( 2.17 )

( 2.18 )

( 2.19 )

HWT

( 2.20 )

( 2.21 )

HWT

HWT HWT HWT

GB

( 2.22 )

( 2.23 )

( 2.24 )

GB GB

GB GB GB
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2 4

2 4 1 PEFC

0.75 kW

0.75kW PEFC

0.75kW

8 26 2.4 0 min

517 min 1

2.3 0 min

2.4 GB

FC HWT

PEFC-CGS

PEFC 0.8 h 0.24 kWh

0.35kWh 1.5h 0.04 kWh 0.25 kWh

2.3

1.16 W/s 76.4 W/s

2.5 HWT FC 77 C

HWT 2.6 GB 40

2.7 2.8 HWT

5 HWT 75
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FC

2.9 PEFC 0.75 kW

100 500 min

2.10 3

15 L/min 2.11 2.12

HWT GB HWT 2.10

Fig. 2.3 Energy flow of gas, thermal and power for identifying FC parameter
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Fig. 2.4 Power consumption of GB, FC and HWT unit for identifying FC parameter

Fig. 2.5 Temperature profile of passing through PEFC for identifying FC parameter

Fig. 2.6 Temperature profile of passing through GB for identifying FC parameter
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Fig. 2.7 Temperature profile of ambience for identifying FC parameter

Fig. 2.8 Temperature profile in HWT for identifying FC parameter

Fig. 2.9 Water-flow-rate profile between HWT and FC for identifying FC parameter
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Fig. 2.10 Water-flow-rate profile from HWT via GB to demand for identifying FC parameter

Fig. 2.11 Water-flow-rate profile from GB to HWT for identifying FC parameter

Fig. 2.12 Water-flow-rate profile from water to HWT for identifying FC parameter

2.13 HWT FC

2.9 3.5 L/min 2.13

3.7 L/min FC HWT
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Fig. 2.13 Water-flow-rate of PEFC unit at a day

2.3 PEFC-CGS

12.9 15.9kWh PEFC-CGS

% 2.4 2.14

Table 2.3 Total amount of energy consumption and output of PEFC-CGS

Input kWh Output kWh

Electricity Gas Electricity Heat

FC unit 0.28 15.32 5.63 7.28

HWT unit 0.003

GB 0.002 0.30 0.003
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Table 2.4 Energy balance of primary energy consumption and energy supply

Primary energy for input

MJ
Energy supply MJ

Fuel for

electricity
Gas(HHV) Electricity Heat

FC unit 2.73 61.13 20.27 26.2

HWT unit 0.029

GB 0.020 1.20 0.012

Sum 2.78 62.33 20.27 26.22

Fig. 2.14 Energy balance in terms of primary energy consumption

2 4 2 HWT

2.15 2.24 HWT 700 940 min

4 HWT HWT 1.47 %/h

( 2.25 )

( 2.26 )

( 2.27 )

HWT 5

HWT HWT HWT HWT
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Fig. 2.15 Energy flow of gas, thermal and power for identifying HWT parameter

Fig. 2.16 Power consumption of GB, FC and HWT unit for identifying HWT parameter
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Fig. 2.17 Temperature profile of passing through PEFC for identifying HWT parameter

Fig. 2.18 Temperature profile of passing through GB for identifying HWT parameter

Fig. 2.19 Temperature profile of ambience for identifying HWT parameter
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Fig. 2.20 Temperature profile in HWT for identifying HWT parameter

Fig. 2.21 Water-flow-rate profile between HWT and FC for identifying HWT parameter

Fig. 2.22 Water-flow-rate profile from HWT via GB to demand for identifying HWT

parameter



2 PEFC-CGS

34

Fig. 2.23 Water-flow-rate profile from GB to HWT for identifying HWT parameter

Fig. 2.24 Water-flow-rate profile from water to HWT for identifying HWT parameter

2 4 3 PEFC GB

PEFC

0.05kW

0.75kW 0.20kW

JIS C 8823 , 2013 30

10

2.25

2.26 0.75 kW

0.2 0.3 kW
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2.3 2.5 PEFC 0.395 PEFC

0.740

Fig. 2.25 Gas consumption and PEFC output

Fig. 2.26 Power and thermal output of PEFC unit

2.27 2.28 /

2

0.459 0.705
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35%

750W

, 2011; , 2014 LHV

39 56%

2.29

0.4 L/min

Fig. 2.27 Overall net electric efficiency of PEFC unit

Fig. 2.28 Overall thermal efficiency of PEFC unit
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Fig. 2.29 Water flow rate of PEFC unit at steady state

2.30 GB GB

0.996 GB

0.986

Fig. 2.30 Gas consumption and thermal output of GB unit
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2 2.5

Table 2.5 Extended uncertainty based on measured values

Averaged value of extended

uncertainty (k=2)

Averaged value of ratio

expanded uncertainty of

measured value (k=2)

Gas consumption kW %

Power output kW %

Thermal output kW %

Overall net electric efficiency % %

Overall thermal efficiency % %

2 5

PEFC-CGS

3

PEFC-CGS

FC-CGS
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3 1

(PVS)

SOFC PEFC-CGS PVS BT

GB (CS)

PVS

BT

3 2

3 2 1 PEFC

3.1 PEFC-CGS PVS BT

PEFC PVS BT PEFC

GB GB 3.1 PEFC-CGS

PEFC PEFC PEFC

HWT GB

PVS BT PVS PEFC

PEFC
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3 2 2 SOFC

3.2 SOFC-CGS PVS BT

SOFC PEFC

Fig. 3.1 PEFC system with PVS and BT

PEFC

Purchased
electricity

Electricity
demand

Power supply
to PEFC-CGS Power output from PEFC-CGS

Purchased
gas

GB

Heat
exchanger

PEFC-CGS

RF

Heat

Electricity

Electric
heater

Controller

Reheated
hot water
demand

Space
heating
demand

Hot water
demand

Pump

PEFC Hot water storage unit

PVS

BT

unit

Power output from PVS

Exhausted
heat

HWT

CPE

PPE

Electricity fed back
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Fig. 3.2 SOFC system with PVS and BT

3 2 3

GB CS

CS PVS BT 3.3 PVS

BT CS PVS BT

GB PVS BT CS PVS

BT
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Fig. 3.3 Conventional system with PVS and BT

3 3

BT HWT

1 1

PVS

( 3.1 )

3.1 3.2 PVS
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(3.1)

0-1

SOFC PEFC BT HWT

(MILP) (Papadimitriou and Steiglitz, 1998)

AMPL(Fourer, et al., 2003)

CPLEX version 12.3 CPLEX

IBM, 2012

3 4

3 4 1

4

3.4

( , 2009)

PEFC 3.5 3.1

250 700 W
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FC-CGS SOFC

3.6 3.2 150 700W

3.7 HWT

HWT

SOFC PEFC-CGS

3.3

BT

6 kWh 20 kWh 1/3C

92% 0.02%/h 10%

BT 1C BT 1

( , 2008) PVS

4 kW 3.8 PVS 1

3.4

( , 2013; , 2013) CS

3.7

Fig. 3.4 Daily average values of energy demands in each month
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Fig. 3.5 Performance characteristics of PEFC

Table 3.1 Efficiency of PEFC

Power output W 250 500 700

Power efficiency (LHV) % 35 39 38.5

Thermal efficiency of heat output (LHV) % 38 51 55.5

Fig. 3.6 Performance characteristics of SOFC

Table 3.2 Efficiency of SOFC

Power output W 150 700

Power efficiency (LHV) % 24.0 46.5

Thermal efficiency of heat output (LHV) % 39.0 43.5
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Fig. 3.7 Characteristic values of several pieces of equipment

Table 3.3 Electricity consumed by pumps

Auxiliary boiler

Operational status of pumps

Electricity

consumed by

pumps

Hot water supply
Space heating

supply

Reheated hot water

supply
W

Off

Off Off Off 0

On Off Off 30

Off On Off 80

On On Off 110

On

On Off Off 40

Off On Off 90

Off Off On 80

On On Off 110

Off On On 160

On Off On 110

On On On 170
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Fig. 3.8 Power output from PVS

Table 3.4 Conversion factor of primary energy

Conversion factor Value

Primary energy of purchased gas (HHV) MJ/Nm3 45.0

Primary energy of purchased electricity MJ/kWh 9.76

3 4 2

3.5 BT Nos. 1 6

PEFC-CGS PE Nos. 7 10

SOFC-CGS SO Nos. 11 16 CS

PE CS PVS

Nos. 2 3 8 12 13 3.5 BT

6 20 kWh

BT(6) BT(20)

(3.1)

0.001

PVS

(3.1)

( 3.2 )

PVS
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( , 2013)

1

10 min

0-1

3.5 Nos. 4 6 PE+ PVS +BT 0-1

2 016 5 043 7 780

MILP

3 4 3

(a)

3.9(a) (b) 3.5

(a) (b)

No. 1

11 PE CS

3.9(a)

CS

( 3.3 )
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Table 3.5 Several systems compared by numerical analysis

No. Calculation systems
Value of

N

Capacity

of BT

kWh

1 PE

2 PE+ PVS - 0.001

3 PE+ PVS - 1.0

4 PE+ PVS +BT(6)- 0.001 6.0

5 PE+ PVS +BT(6)- 1.0 6.0

6 PE+ PVS +BT(20)- 1.0 20

7 SO

8 SO+ PVS - 1.0

9 SO+ PVS +BT(6)- 1.0 6.0

10 SO+ PVS +BT(20)- 1.0 20

11 CS

12 CS+ PVS - 0.001

13 CS+ PVS - 1.0

14 CS+ PVS +BT(6)- 0.001 6.0

15 CS+ PVS +BT(6)- 1.0 6.0

16 CS+ PVS +BT(20)- 1.0 20

PVS

3.9(a)

PE 13% PE+ PVS - 69% PE+ PVS +BT(6)- 71% CS 0% CS+ PVS -

CS+ PVS +BT(6)- 56% PVS

PE 69 13=56% CS

56% BT

CS PEFC 71

69=2% BT
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PVS

3.7(b) PE 13%

PE+ PVS - 24% PE+ PVS +BT(6)- 40% PE+ PVS +BT(20)-

46% CS 0% CS+ PVS - 14% CS+ PVS +BT(6)-

32% CS+ PVS +BT(20)- 42% PVS

PE 24 13=11% CS 14% BT

40 24=16% 32 14=18% PVS BT

PE CS PVS BT

BT

46 40=6% 42-32=10%

3.10 CS

SO 3.9(b)

PVS

BT PVS

PVS

BT 20 kWh

PEFC-CGS PVS

PE+ PVS
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Fig. 3.9 Annual energy saving ratio of PEFC and CS, (a) Case- , (b) Case-

Fig. 3.10 Annual energy saving ratio of SOFC

(b)

3.6

PEFC PEFC PE 7 533 h/year

PE+ PVS - 7 499 h/year PE+ PVS +BT(6)- 7 876 h/year

PVS PE+ PVS - 4 368 kWh/year PE+ PVS +BT(6)-

4 496 kWh/year BT PVS PEFC

PVS PE+ PVS +BT(6)-

PE+ PVS - PEFC
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3% 377 h/year 338 kWh/year BT PEFC

PEFC PEFC

PEFC

Table 3.6 Annual values of optimal operational results of several systems compared

Systems

Operational results

PE PE+ PVS PE+ PVS +BT

BT(6kWh) BT(6kWh) BT(20kWh)

Purchased electricity kWh/year 1 764.7 1 397.2 1 409.3 997.2 388.8 275.6

Gas consumption of auxiliary boiler Nm3/year 375.7 375.6 425.1 374.0 523.7 627.7

Gas consumption of PEFC Nm3/year 828.4 826.8 638.2 902.0 475.0 289.1

Power output from PEFC kWh/year 3 548.3 3 542.1 2 748.9 3 880.0 2 058.3 1 251.7

Operational hours of PEFC h/year 7 533.2 7 498.8 5 146.2 7 875.9 3 458.5 2 127.5

Average load factor of PEFC* % 67.3 67.5 76.3 70.4 85.1 84.0

Adverse electricity to grid kWh/year 4367.7 3 366.9 4 495.5 1 578.2 708.7

Power supply from BT kWh/year 480.1 1 848.6 2 560.9

*This value is calculated under the condition when PEFC is generating power.

PEFC PE+ PVS - PEFC

5 146 h/year PE+ PVS +BT(6)- 3 459 h/year BT PEFC

PEFC

PE+ PVS - 76% PE+ PVS +BT(6)- 85% BT PEFC

PEFC GB BT PE+ PVS

+BT(20)- PE+ PVS +BT(6)- PVS 870 kWh/year

BT

3.8
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( 3.4 )

3.11 PEFC

BT PVS

25%

3.12 SO

SOFC 3.13

BT BT

3.13 BT PVS 90% PVS

BT

PEFC

3.14 11 9

PEFC PVS

PEFC

BT

3.15 3.14 BT

PE+ PVS +BT(6)- PE+ PVS +BT(20)-

3.15 14 BT BT 20 kWh

BT

PVS
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Fig. 3.11 Power supplying ratio from each source of PEFC

Fig. 3.12 Power supplying ratio from each source of SOFC

Fig. 3.13 Power supplying ratio from each source to electricity demand to BT
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Fig. 3.14 Daily optimal operation of PE+PVS+BT(6) on November 9th, (a) Case- , (b)Case-

Fig. 3.15 Daily optimal operation of BT on November 9th

3 5

PVS

MILP CPLEX

SOFC PEFC-CGS CS PVS BT

BT 16
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4 1

CGS

CGS

4.1

KL

CGS

Shen Shen, 2012
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Fig. 4.1 Analysis framework of relationship between primary energy consumption and

demand profiles

4 2

4.2 40 32

, 2001 3 6 72

15.49 GJ/year 11.79 kWh/day

13.05 GJ/year 9.93 kWh/day 4.2(b)

72 365 26307

8 4 kWh/day

15 60 kWh/day PEFC-CGS HWT

10kWh HWT PEFC

1 2 PEFC-CGS

1 1
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PEFC

Fig. 4.2 Measured demand, (a) annual, (b) daily

4 3

4 3 1 PEFC-CGS

4.3 PEFC-CGS 4.1 4.2 PEFC

, 2012 PEFC

85% HWT 200L GB 83%

Fig. 4.3 Schematic diagram of PEFC-CGS
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Table 4.1 Efficiency of PEFC

Load factor % 35.7 71.4 100

Electricity power output kW 0.25 0.50 0.70

Electricity power efficiency (LHV) % 30.0 34.0 35.0

Thermal efficiency (LHV) % 30.0 45.0 50.0

Table 4.2 System specifications

Specification Value

Auxiliary boiler efficiency % 83.0

Controller electricity consumption W 10.0

Coefficient of thermal loss %/h 1.3

Electric heater efficiency % 95.0

Electricity consumption of pump for cyclic water W 10.0

Electricity consumption of pump for heat circulation W 50.0

Electricity consumption of pump for hot water W 70.0

Electricity consumption of radiator fan W 15.0

Electricity consumption of start-up in first term Wh/30min 300.0

Electricity consumption of start-up in second term Wh/30min 200.0

Gas consumption of start-up in first term Nm3/30min 0.016

Gas consumption of start-up in second term Nm3/30min 0.024

Hot water outlet temperature from the PEFC unit 60.0

Minimum ratio of thermal storage tank % 10.0

Thermal storage tank capacity L 200.0

4 3 2

4.4 GB CS

Fig. 4.4 Schematic diagram of CS
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4 4

MJ/day

kWh/h Nm3/h

kWh/h 2

4 4 1

4.1 3

( 4.1 )

0.5 h

4 4 2

4.2 4.7 PEFC

( 4.2 )

( 4.3 )

( 4.4 )

( 4.5 )
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( 4.6 )

( 4.7 )

2 PEFC PEFC

PEFC 4.8

4.9

( 4.8 )

( 4.9 )

PEFC PEFC 4.10

4.11

( 4.10 )

( 4.11 )

1 h

2 4.12 4.13

2

( 4.12 )
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( 4.13 )

PEFC 4.14

( 4.14 )

4.15 HWT 4.16

( 4.15 )

( 4.16 )

HWT HWT

4.17

( 4.17 )

4.18 4.19

( 4.18 )

( 4.19 )

GB

GB
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( 4.20 )

4.21

4.22

( 4.21 )

( 4.22 )

( 4.23 )

PEFC GB

2 2

( 4.24 )

4 5

Kosmelj,
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1990 Bishop, 2006

KL

1 3

48 30 48

12

12 1

KL Hershey, 2007 2

Bregman Banerjee, 2005

KL

4 5 1

( 4.25 )

2

( 4.26 )
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( 4.27 )

3

( 4.28 )

EM Dempster,

1977 EM R

mclust Fraley, 2006 Bayesian

Information Criterion(BIC) Schwarz, 1978 1 4

4

3 48

(a) (b)

Fig. 4.5 Sample of fitting Gaussian Mixture Model, (a) Hot water demand, (b) Electricity

demand
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4 5 2 KL

KL

( 4.29 )

2 KL

( 4.30 )

2 KL

( 4.31 )
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CGS
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( 4.32 )

( 4.33 )

KL

Bregman KL

( 4.34 )

KL KL

KL

KL :

( 4.35 )

4 5 3

KL

Ward Ward, 1963

2 KL

( 4.36 )

16 16

4
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4 6

4 6 1

PEFC-CGS CS

( 4.37 )

(a) (b) 1 (c) 1

PEFC (d) 1

PEFC

PEFC

( 4.38 )
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Fig. 4.6 Distribution of primary energy reduction ratio in optimal operation, (a) annual, (b)

daily, (c) DHW demand vs daily primary reduction ratio with contribution ratio, (d) frequency

of primary energy reduction ratio

4.6(a) -0.33 12.08%

4.6 (b)

26307 5.64% -11.71 20.34%

15% 15 kWh/day 20 kWh/day

5 kWh/day

PEFC-CGS

0.7 kW 24 hour = 16.8 kWh/day

1.0 kW 24 hour = 24 kWh/day

4.6(b) 26307
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PEFC

1.43 0%

CGS 20.34%

1

4.6 (c) 20 kWh/day PEFC 100%

5 kWh/day PEFC 0%

PEFC

4.6 (d) PEFC-CGS -3%

7%

4 6 2

2 4.3

2 19 21 GJ/year

A B 10 8%

-4.5 16.0 -4.4 19.6% 2

B 19.6% A

B 4.5 B
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A 2 kWh/day

10 20 15 25 kWh/day

4.5(b) (a)

4 6 3

PEFC-CGS

4.2(b)

6 A PEFC-CGS

Table 4.3 Characterisitcs of two houses

(a) House A (b) House B

Annual electricity demand GJ/year 18.83 19.06

Annual DHW demand GJ/year 21.20 21.06

Residential type Detached house Apartment

Age of householder 40 s 50 s

Number of occupants 4 4

Annual primary energy reduction ratio % 10.32 7.73

Range of daily primary energy reduction ratio % ~16.03 4.35~19.60
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Fig. 4.7 Daily primary energy reduction ratio, (a) House A, (b) House B

Table 4.4 Demand groups

Group name Number of elements, days DHW demand , kWh/day Heat-to-power ratio

A 9807 6.0 ---

B 971 6.0 0.5

C 6958 6.0 0.5 1.0

D 4920 6.0 1.0 1.5

E 1926 6.0 1.5 2.0

F 1725 6.0 2.0

B F 5

4.6 4.10 (a)

(b)

(c)

(b) (c)

B F

10% D E

10%

PEFC-CGS
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2

4.11 2

4.11(a)

C 5 -

C B

A

B 19.6% -

18.8% - - 4.8(a)

- - -

PEFC-CGS

4.8 D - -

- 15%

4.9 E

- - -

PEFC-CGS
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Fig. 4.8 Clusters in Group B, (a) primary energy reduction ratio, (b) averaged demand

patterns, (c) dendrogram
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Fig. 4.9 Clusters in Group C, (a) primary energy reduction ratio, (b) averaged demand

patterns, (c) dendrogram
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Fig. 4.10 Clusters in Group D, (a) primary energy reduction ratio, (b) averaged demand

patterns, (c) dendrogram
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Fig. 4.11 Clusters in Group E, (a) primary energy reduction ratio, (b) averaged demand

patterns, (c) dendrogram
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Fig. 4.12 Clusters in Group F, (a) primary energy reduction ratio, (b) averaged demand

patterns, (c) dendrogram
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Fig. 4.13 Cluster histograms labeled from a monthly perspective, (a) House A, (b) House B
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5 PEFC

5 1

PEFC-CGS PV BT

PV

SP PV

SP

PEFC 1 kW

HWT GB

Hawkes,

2005

5 2

5.1 AC PV BT PEFC-CGS

SP 1
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PV PEFC BT BT

PV BT PEFC

Fig. 5.1 Schematic diagram of energy system

5.2 PV

2

1 -and- WS

WS PV 1

1 -and-

MILP
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, 2002; Nemhauser et. al., 2004; John and Francois,

2011

PV 1

SP

Fig. 5.2 Operational planning framework of residential energy system

5 2 1

( 5.1 )

( 5.2 )
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PV

2

or

WS

( 5.3 )

( 5.4 )

WS

( 5.5 )

5.5

( 5.6 )
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WS

WS

5 2 2

Single-stage re-and- SS

( 5.7 )

( 5.8 )

SP 2

-

SS

( 5.9 )

3

( 5.10 )

( 5.11 )

( 5.12 )
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PEFC 2

HWT BT

(5.10) (5.12) PEFC

HWT BT 3

5 3

5 3 1

(a)

5.1 , 2011; ,

2009; , 2011 PV 3.49

kW 4.65 kWh PEFC 3
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Table 5.1 System specifications

Specification Value

Annual performance factor of air-conditioner 6.34

Auxiliary boiler efficiency for hot water demand % 92.0

Auxiliary boiler efficiency for space heating demand % 82.0

BT charging/discharging efficiency % 92.0

BT rated capacity Wh 4650.0

Electric heater efficiency % 95.0

Electricity consumption of start-up in first term Wh/15min 200.0

Electricity consumption of start-up in second term Wh/15min 130.0

Electricity consumption of start-up in third term Wh/15min 120.0

Electricity consumption of start-up in last term Wh/15min 50.0

Gas consumption of start-up in first term Nm3/15min 0.006

Gas consumption of start-up in second term Nm3/15min 0.010

Gas consumption of start-up in third term Nm3/15min 0.010

Gas consumption of start-up in last term Nm3/15min 0.014

Heat dissipation rate of HWT %/h 1.7

Higher heating value of fuel MJ/Nm3 45.0

Hot water exchanger efficiency % 86.0

Hot water outlet temperature from the heat and power unit 60.0

Hot water tank capacity L 200.0

Inverter efficiency % 95.0

Lower heating value of fuel MJ/Nm3 40.6

Maximum charging rate of BT W 1425.6

Maximum discharging rate of BT W 2246.4

Minimum ratio of hot water tank % 10.0

Minimum ratio of BT % 10.0

Photovoltaic array maximum power kW 3.49

Primary energy conversion factor of electricity at daytime MJ/kWh 9.97

Primary energy conversion factor of electricity at nighttime MJ/kWh 9.28

Self discharge rate of BT %/h 0.02

(b) PV

5.3

, 2006

3519 1173 3187 kWh/year 2004
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1

3726 3534 4232 kWh/year , 2012

PV NEDO NEDO, 2004 JIS C

8907 , 2011 5.4

2004/1/31 2 30 PV

Fig. 5.3 Daily demand data at one year

Fig. 5.4 Daily demand and PV data with date index
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15 30 60 =96 48 24 15-min

30-min 60-min 15

1 30 5.4 2004/2/1

30 1 2004/1/31

30 2004/1/2

1/30 =10

1/10

3 30

32 4 Intel Xeon 2.27 GHz 256GB

AMPL CPLEX

5 3 2

5.2 =30 CPU

WS

SS 15-min

WS SS
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Table 5.2 Numerical result for 30 scenarios ( =30)

SP 1 Expected

Value of Perfect Information

( 5.13 )

EVPI SS WS

20.96 MJ/day EVPI 63 yen/day

, 2012; , 2010

5.5

WS 5.6 PEFC

2004/1/25 2004/1/6 60-min

15-min 10

5.7 WS

15-min 60-min

WS model

(15-min)

SS model

(15-min)

SS model

(30-min)

SS model

(60-min)

Primary energy

consumption

MJ/day

88.07 109.03 109.76 111.12

Number of variables 5952 178560 86400 42480

Number of

constraints

5857 192414 93342 45270

CPU time sec 3915 28666 505 2317
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PEFC PEFC 15-min

60-min PEFC GB

60-min 15-min

1

Fig. 5.5 Primary energy consumption for each scenario

Fig. 5.6 PEFC-CGS operating time of WS model
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Fig. 5.7 Expected value of result for 30 scenarios

5 3 3

5.8 10 1 30

CPU PEFC

SS WS

( 5.14 )

5.8 21%

5.9 60-min =20

60-min =19 CPU 5.10

15-min 30-min 60-min =8 11 21

PEFC

5.9 =17 19 5.4 5.10
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PEFC

5.11 15-min =7 WS SS

SS WS PEFC

GB

15-min

=10

PEFC GB

PEFC-CGS

Fig. 5.8 Difference of primary energy consumptions
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Fig. 5.9 Performance of SS model

Fig. 5.10 PEFC-CGS operating time of SS model

Fig. 5.11 Expected values of result of two models for seven scenarios

5 3 4 SP

5.12 14 15-min =1 7 WS HWT BT PEFC

15-min =7 SS
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WS SS 5.12

13 HWT BT

15 BT

PV WS

SS HWT SS WS

HWT

BT SS WS

BT

PV

5.14 PEFC 8 15

PV

Fig. 5.12 Comparison of HWT operations
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Fig. 5.13 Comparison of BT operations

Fig. 5.14 Comparison of FC operations for seven scenarios, (a) WS at , (b) WS at , (c)

WS at , (d) WS at , (e) WS at , (f) WS at , (g) WS at , (h) SS

5 4

MILP

24

HWT BT

WS

SS PEFC
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6 HEMS

6 1

CGS

, 2014a DR

HEMS

SP Fleten et. al,

2008; Heinrich et. al., 2007; Wallace et. al., 2003

HEMS

6.1 HEMS

PEFC-CGS PV BT

HEMS

HEMS
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PV 5

4

5 PEFC

BT

PV

Fig. 6.1 Flow chart of HEMS operational planning method

6 2

6.2 PEFC-CGS

AC PEFC-CGS PEFC-CGS PEFC 147[L]

HWT 92 % GB Heater:H Radiation

Fan: RF 0.75[kW]

LHV 39.0% 56.0%
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Fig. 6.2 Schematic diagram of energy system

6 3 HEMS

HEMS

3

6 3 1

(a)

PV

Just-In-Time JIT

Metric learning 4

Honma et. al., 2014; Xing et. al., 2003;
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Yi et. al., 2012; , 2013

(b)

3 27 24

0/1

( 6.1 )

( 6.2 )

6.3

PEFC BT BT

( 6.3 )

( 6.4 )
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( 6.5 )

( 6.6 )

( 6.7 )

( 6.8 )

( 6.9 )

GB GB

AC PEFC AC

BT

PV

BT PV

Predicted Mean Vote ISO 7730, 1994

AC

( 6.10 )
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(c)

6.1 PEFC

BT

( 6.11 )

PV

( 6.12 )

( 6.13 )

( 6.14 )

( 6.15 )

( 6.16 )

real

Table 6.1 Added constraints for operation in real time

Equipment Target variable Constraint

BT Output electricity from BT

Input electricity into BT

PEFC PEFC ON/OFF state
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6 3 2

6.2

6 3 1 (c)

Table 6.2 System specifications

No System Assumed operational strategies

1 PE PE: Generating

2 PE+BT FC:

BT:

3 PE+PV PE:

4 PE+PV+ BT FC:

BT:

5 CS ---

6 CS+BT BT:

7 CS+PV ---

8 CS+PV+BT BT:

6 4

1 5 PEFC-CGS PV BT

BT 8

6 4 1

6.3 PV-FIT , 2014;

, 2014b; , 2014 6.3 2 PV-FIT

13 16 PV
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Table 6.3 Electricity and fuel prices

Type Kind of rate Condition Value Unit

Grid

Basic costs --- 1296 Yen/month

Fuel regulatory

costs
--- 2.35 Yen/kWh

Metered costs

7:00 - 13:00 28.99 Yen/kWh

13:00 - 16:00 54.68 Yen/kWh

16:00 - 23:00 28.99 Yen/kWh

23:00 - 7:00 12.16 Yen/kWh

Gas

Basic costs
Without FC-CGS 1026 Yen/month

Including FC-CGS 1458 Yen/month

Metered costs
Without FC-CGS 156.11 Yen/Nm3

Including FC-CGS 134.51 Yen/Nm3

PV FIT For surplus electricity 37.00 Yen/kWh

Fig. 6.3 Electricity rate and PV-FIT

6 4 2

12 JIT 12

PV
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JIT 6.4 6.7 5

PV PMV

PMV 90%

Fig. 6.4 Predicted and realized electricity demand

Fig. 6.5 Predicted and realized hot water demand
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Fig. 6.6 Predicted and realized PV output

Fig. 6.7 Predicted and realized comfortable temperature bound

6 4 3

6.8 6.9

PE+PV+BT PEFC BT

6.8 PEFC PV

6.9 BT 7
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Fig. 6.8 Planned PEFC operation based on prediction

Fig. 6.9 Planned BT operation based on prediction

6 4 4

6.10 8 5

1

5

MILP

n.d. PE PE+PV CS+PV+BT

PE PE+BT PE+PV+BT

5 79 56 82

yen/day
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Fig. 6.10 Daily operational cost of each system compared

6 4 5

6.11 6.15 CS+BT PE+PV+BT

6.11 6.12

DR

BT

6.13 6.15

PEFC-CGS BT

BT 27 BT

1

PEFC PEFC
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Fig. 6.11 Operation of CS+BT against realized values using proposed HEMS operational

method with 5 scenarios

Fig. 6.12 Operation of CS+BT against realized values using conventional method
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Fig. 6.13 Operation of PE+PV+BT against realized values using proposed HEMS

operational method with 5 scenarios

Fig. 6.14 Operation of PE+PV+BT against realized values using proposed HEMS

operational method with 1 scenarios
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Fig. 6.15 Operation of PE+PV+BT against realized values using conventional method
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