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Background

Rapid development of large buildings in Tokyo metropolitan area
Increasing air conditioning demand due to the heat island, climate
change, ...

After the gigantic earthquake on March 11t, 2011, most of the nuclear
power plants still stop.

To meet the Paris agreement, in spite of President Trump’s decision
Olympic game in 2020 in SUMMER

Accommodation, transportation ...

Very hot summer can be expected. How can we evaluate the increased
air-conditioning demand? Not only issue in 2020

Energy conservation technologies for the buildings
= ZEB, ZEH, SmartCity, etc.

Improvement of energy conservation technologies, e.g. HeatPumps
= Reevaluation of unused energy sources



Utilization of River Heat and Waste Heat of

Distributing Substations — Nakanoshima Area

(Osaka City)

- Office and hotel buildings with 48,000m? area
and 396,843 m? total floor area

- Large scale cooling energy storage by ice and
water

- Liguid cooling turbo refrigerator

Utilization of River Heat— Hakozaki Area
(Chuo-ku, Tokyo City)

Office and hotel buildings with 254,000m?
area and 284,000 m? total floor area
Large scale energy storage system

28% total energy conservation



Unused Heat Sources

River as a heat source
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Koto-ku, the bay-side area of Tokyo has
many rivers and canals — some can be
used as a heat source.
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- However, highways, roads and dikes are
the barriers to transport thermal
energy.

- Long distance transportation of low
temperature heat is not efficient.

- We pick up certain buildings which
locate from the Sumida-river within
500m and not separated by highways.
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Unused Heat Sources : River as a heat source

Progress of Heat Pump Technologies
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Comparison of COP improvement by river heat
Case of Hakozaki area (JHSBA, 2016)

IBEC [ibec, 2016] indicates the COP of next
generation HP for

cooling to be
5.2 (ambient temperature 35°C)
6.5 (ambient temperature 25°C)

heating to be
4.8 (ambient temperature 0°C)
6.7 (ambient temperature 15°C).



Progress in Heat Pump Technologies

Cooling COP of Conventional HP
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1bec, http-//www.ibec.or.jp/best/vrogram/m 131 kikitokusei pdf



http://www.ibec.or.jp/best/program/m_131_kikitokusei.pdf

Unused Heat Sources : Underground heat as a heat source

“Potential Underground Heat Utilization Map for Tokyo” provided by Tokyo
Environmental Division [Tokyo, 2016]

Figure 5 Example of potential underground heat Flgure 6 Example of potential underground heat
of Tokyo-bay area (red:high blue:low potential) of Tokyo area (red:high blue:low potential)



Progress in Heat Pumps for underground heat utilization
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Ministry of the Fnvironment, http-//www.env.2o.ip/volicy/etv/pdt/list/h27/052-1502a. pdf
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Example of Underground Heat Utilization — case of Sasada building in Tokyo

W Electricity Consumption for Air Conditioning
3000

[C] Ambient air cooling for 2005-2007 =
[T] Underground cooling for 2008-2009 =z
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Annual energy consumption conservation is 49%.

http://www.city.yokohama.lg.jp/izumi/02suishin/02kikaku/pdf/01issho-hokokusho-chichu.pdf



http://www.city.yokohama.lg.jp/izumi/02suishin/02kikaku/pdf/01issho-hokokusho-chichu.pdf

Waste Heat from Subway Stations
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Figure Waste heat utilization from subway
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Relatore
Note di presentazione
江東区中央区には約14路線の地下鉄が複雑に張り巡らされており，ここから排熱されるエネルギーを利用する．
この地下鉄熱の利用条件は，一日の平均乗降客数が10万人以上の目安がある．


Waste Heat from Substations
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Relatore
Note di presentazione
都市部には地下に大規模な変電所や配電変電所が設置されており
この変圧器からの排熱を有効利用され始めている．
特に江東区には多くの変電所が存在している．
実際に導入されている中央区永代橋変電所を基準に，
廃熱利用可能変電所を抽出した．
そこで，中央区では2か所，江東区では4か所となる．



Progress in the Underground Heat Utilization — Boring and Drilling

Estimation on the initial cost of conventional ambient HP and underground

heat HP in thousand yen

Ambient HP

Undergrround heat

HP
HP (180kW) 9,900 6,900
Construction cost 259 236
Pump 300
Piping 313
Additional construction 868
. . 8,738
Boring and Dirilling 3 602
17,415
Total 10,159 12 369

Conventional
New
Conwentional
New

(Ohoka, 2017)



Unused Heat Sources : Sewage Treatment as a Heat Source

Assessment of potential sewage heat supply

Plant name Sewage treatment | Heat endowment | Recoverable heat
(m3/day) (TJyear) (TJ/year)
Ariake 30,000 2,163 12.2
Sunamachi 658,000 18,184 274.0

Potential heat endowment in KW
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ZEB Technologies : ex. double-skin wall

Summer: natural circulation ~ Mid: ambient air cooling Winter: heat recovery
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Some results of Field test:

- Double skin reduces heating load by 17% and cooling load by 13%.
- Natural circulation reduces cooling load by 16%.

(Shoji and Hiwatari, 2005)



Evaluation of Air-conditioning Power Demand in Summer Days

To what extent will air-conditioning power demand increase when ambient
temperature rises?
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Figure 2 Relationship between temperature and total power demand
in Tokyo Electric Power Company area (Ministry of Env, 2004)



Fraction of Air-Conditioning Power (MW) ; Summer-peak Fraction of Air-Conditioning power (MW) ; Summer
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Estimated Constitution of Air-conditioning and Other Power Demand in Koto Area

PROCEDURE

- We looked for the average temperature sensitivity of air-conditioning electric power demand so as to
give 12.5% increase in total.

-  We found 40% increase in air-conditioning demand causes 12.5% increase in total electric power

demand. 1

Enthalpy change of air from 30°C (ambient) to 26°C (conditioned) is 33% higher than that from 29°C (ambient) to
26°C (conditioned) without dehumidification. 40% is not so surprising.



Model Formulation
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Figure 1 Energy Flow for Consumers and District Energy Center



We developed Two Models: Focusing on Summer Temperature and Unused sources

A year is divided into 19 categories:

(summer, winter or middle)*(working day or holiday)*(fine, cloudy or rainy) + summer peak 3
days.

Case basic: conventional energy facilities only

case-0: PV

case-1: PV + CGS

case-2: PV + CGS + power transportation between consumers

case-3: case-2 + power sales to utility

case-4: case-3 + heat transportation between 151 sub-regions via energy center

Case-5a All options including unused heat sources w/o power sales to external utility
Case-5b All options including unused heat sources with power sales to external utility

We also calculated three weather cases

A: Temperature in summer day rises 1°C in average
B: Temperature in summer day rises 2°C in average
= Total cost minimization of 151 sub regions



Simulation Results of Model-1: Installed Capacity of Energy Equipment

B CGS capacity B Gas boiler capacity
Gas heater capacity HP capacity
B Absorption chiller mpy
B Heat exchanger W Hot water trans. capacity
B Chilled water trans. capacity
25000
20000
§ 15000
z
‘S
© 10000
[g3]
© - [ . —
u N S =
A B H H 0 N
case basic  case0 casel case? case3 cased

(a) Average Year Summer

Capacity [MW]

B CGS capacity

Gas heater capacity
B Absorption chiller
B Heat exchanger
B Chilled water trans. capacity

25000

20000

15000

10000

5000

B Gas boiler capacity

HP capacity

mpV

B Hot water trans. capacity

case basic case0

casel

case2

case3

cased

(b) 1°C hotter than average summer

Capacity [MW]

B CGS capacity B Gas boiler capacity
Gas heater capacity HP capacity
B Absorption chiller mPpV
Bl Heat exchanger B Hot water trans. capacity
B Chilled water trans. capacity
25000
20000

15000

10000
- I I I
0

case basic case0 casel case2 case3 case4d
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As can be expected, the demand for capacity implementation increases as temperature rises.
From the view of total costs, gas boiler + absorption chiller play main role.

Although PV and CGS seem to play marginal role, they contribute to cost and CO2 emission as shown in the

next figure.

When power transportation among consumers is available, the increase of energy equipment installation is

suppressed, whereas it increases again when sales to utility is possible.




Simulation Results of Model-1 : Total Costs

Total Costs in millionyen
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Total costs increases by 12% in average and by up to 18% in 1°C hotter than average year, whereas 31%
and 41% in 2°C hotter case.
Apartment houses and Office buildings show large increase while athletic gym does relatively low.
In office buildings, cost represents minimum value in case-2, where excess power selling to utility is

available.




Simulation Results of Model-1: CO2 Emissions by Building Types

CO2 Emissionin 1000t-CO2
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(b) 1°C hotter than average summer

(c) 2°C hotter than average summer

CO2 emissions increase by 19% at maximum and 9% in average when summer average temperature
rises 1 degree while 53% at maximum and 24% in average in 2 degree higher case.
Emission from office buildings substantially increases whereas that in apartment houses shows

relatively small changes.

CO2 emission of commercial buildings decreases significantly when CGS is introduced,




Simulation Results of Model-2: How unused heat sources contribute?

Changes in Energy Facilities Cost Reduction from Case-0 (conventional)

MW c domal Full Option : Case-5 Full Option :Case-5
onventiona :
w/o trans. w. trans. Cost Reduction w/o trans w. trans

CGS 0.0 706.8 721.5
DetachedHouse 31.9% 16.0%

Gas heater 1257.7 706.5 705.8
Gas boiler 4617.7 3197.1 3190.2 ApartmentHouse 29.9% 18.7%
Absorp.chiller 2672.7 417.0 422 .1 Hospital 36.0% 34.4%
HeatPump 182.3 60.0 98.0 CommerceBldg. 24.7% 23.2%
PV 0.0 1082.1 3115.6 AthleticGym. 27.1% 26.0%
Heat echanger 0.0 715.6 730.7 27 20 26.8%
HotWater trans. 0.0 246.0 248.9 Hotel 1.2% 0%
Chilled water trans 0.0 2633.1 2632.6 HighOfficeBldg. 16.0% 10.0%
HP for River 0.0 120.3 118.9 Low OfficeBldg. 19.5% 16.9%
HP for Ground 0.0 205.8 2041 DEC( BillionYen) 7.08 —4.59
HP for Subway 0.0 15.1 15.1 Total 20 5% 29 1%




Simulation Results of Model-2: How unused heat sources contribute?

CO2 Reduction from Case-0 (conventional)

Cost Reduction from Case-0 (conventional)

CO2 reduction

Full Option Case

Cost Reduction

Full Option :Case-5

w/o trans. w. trans. w/o trans. w. trans.
DetachedHouse 24.4% 24.4% DetachedHouse 31.9% 16.0%
ApartmentHouse 24.4% 24.5% ApartmentHouse 29.9% 18.7%
Hospital 34.8% 33.5% Hospital 36.0% 34.4%
CommerceBldg. 24.8% 22.9% CommerceBldg. 24.7% 23.2%
AthleticGym. 25.0% 25.3% AthleticGym. 27.1% 26.0%
Hotel 17.8% 17.3% Hotel 27.2% 26.8%
HighOfficeBldg. 24.2% 24.2% HighOfficeBldg. 16.0% 10.0%
LowOfficeBldg. 32.3% 34.2% Low OfficeBldg. 19.5% 16.9%
DEC( kt-C0O2) 35.54 -10.07 DEC( BillionYen) 7.08 —4.59
Total 21.9% 26.7% Total 20.5% 22.1%




Relationship between whole supplied energy (GJ) and whole sales of district heat
supply utilities — Prices of District Heat Supply
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23.0 (yen/kWh): warm water for room heating
14.1 (yen/kwh): chilled water for room cooling
33.6(yen/kWh): hot water for other purposes



Sensitivity of the HP capacity for the unused energy in the different heat transportation price; by consumer
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commercial buildings (co), office buildings (of), detached houses (dh), apartment houses (ah), sport
gymnasium(sp), hospitals(hos), and hotels(hot) as well as district heating and cooling energy supply center (DHC).

As the thermal energy transportation price decreases, the utilization of unused heat
sources tends to diminish.



Conclusion

We develop two models to see the new HPs with unused heat sources and heat
transportation among 151 250m*250m meshed subregions in Koto-ku, Tokyo.

- Thanks to the progress of HP and other energy technologies, many opportunities
to utilize unused renewable heat sources are being extracted.

- Underground heat sources can be largely implemented if the potential source is
available. Surveys on the geographical conditions are substantial.

When energy transportation among consumers is available,

- Total Cost cold be reduced by 20.5%(w/o excess power sales) and
22.1% (w. excel power sales)

- Total CO2 cold be reduced by 21.9%(w/o excess power sales) and
26.7% (w. excel power sales)

- Implementation of Next-generation HP reduces annual cost by 7.7%
and CO2 emission by 8.5%.
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Model Development

Electric -
power from = T # Electric power load Efficiency Cost
utility CGS 0.4 (elec. power) 30 (thousand yen/kW)
| o q 0.45 (heat utilization)
—» st prap - Boiler 0.95 3.2 (thousand yen/kw)
PV == Ambient air HP 4.7(cooling COP) 50.3 (thousand yen/skw)
M : 3.1 heating COP)
Chas engine i‘};‘?‘gm 2 Cooling load 3 0 (hot water COP inwinter)  32.6 (thousand yen/kW)
Cag ™ CiEs Fy ! 4.7 (hot water COP in others)
| = *  Heating Inad [ River heat HP 5.2 (cooling COP) 62.8 (thousand yen/kw
(fas hoticold W 4 4.2 (heating COP)
™ water service Underground heat HP 6.0 (cooling COP) 68.7 (thousand yen/kw)
rrachine 4.3 (heating COP)
A Gas heater 0.9 10.6 (thousand yen/kW)
- Steamboiler —= - Absorption refrigerator 0.7 21.4 (thousand yen/kW)
i PV 0.13 3.94 (thousand yen/m2)
k
. . J Hot Hot Water
Boiler ther derpand

We developed two models:

Model-1: Detailed technology assessment model: COP is a function of capacity utilization rate.
= Non-linear model for three building

Model-2: Disaggregated Regional model: Koto-ku area is divided into 151 subregions (250m X 250m mesh).
= Linear programming model for seven categories, i.e. commercial buildings (co), office buildings (of),
detached houses (dh), apartment houses (ah), sport gymnasium(sp), hospitals(hos), and hotels(hot)

Expansion of model-2 with detailed description on technological properties is currently going on.



Building for Model-1

Seasons - Summer Peak
Office buildings in Toyosu, Koto-ku - Summer, Working day
- Winter, Working day
KE BN - Mid, Working day
" Tk O B £ "**-”é”z - Summer, Holiday
st - Winter, Holiday
“! IHI Bldg - Mid, Holiday
Floor area : 88364m Time Hourly
Area : 32197I’ﬁ Energy . Cooling
Floor : 25F Demand | - Heating
_ - Hot water
A o - Lighting and others
g =

Toyosu ON Bldg,

Floor Area : 88364m
Area : 2945.5m
Floor : 30F

Cubic Gardern Bldg.

T ILEM

& Floor Area : 88364m

Area : 9357.2m
Floor : 14F

[ Floor areaxEnergy intensity = Energy demand




Simulation Cases of Model-1

PV CGS Double Skin NextGeneration| Underground
HP heat
CASEO
CASE1 X
CASE?2 X X
CASE3 X X X
CASE4 X X X
CASE>S X X X X
CASEG X X X X
CASE7 X X X X X

Case0 - Case3: Cost minimization assuming constant COP (LP model)
Case4 - Case”: Cost minimization assuming variable COP (NLP model)

CASEs 0-3 assume constant COP without partial load properties of conventional HP. Thus

cost assessment tends to be optimistic.

CASEs 4-7 formulate COP as a function of capacity utilization rate approximated by

applying quadratic function.




CASEs 0-3 do not include partial properties Sl mu |ati0n ReSU |tS Of Model_ 1

of HP. Thus cost evaluation tends to be

optimistic.
— 7
650 15 _ § 6 B UGHeat3
—. 600 0 & Z s B UGheat2
g 2 S B UGheatl
- 5 @ o 4
S 550 c 8 B Next_HP1
E 0o ©° c 3
~ 500 [s] S, B Next_HP2
- =] —
1 ° D 8 Next_HP3
8 150 o S 1
- -10 & ® Conv_HP1
O 100 -15 == Cost . 20 m Conv_HP2
R NP N N —e— Redurtion = 12 13 14 15 20 oy i3
Cceeeeeaa rate (%) B Cost of Underground heat (\/kwh) * ~°™-
<COz2Emissions > Underground heat utilization diminishes
2.7 e when its cost exceeds 14 yen/kwh,
o~ ) . .
S o 2 g assuming 10yen/kwh for conventional
] i © .
g 22 0\ HP and 12yen/kWh for next generation
S s g |8 HP
< 2.4 6 8
c 235 o ) .
S 3 7 1 % Increase with
2 .
g 22 , = COZEmission underground heat
£ 2 D
S 25 S O Reduction rate (%) utilization )
O Cb‘_)Q/ Cb(_’@ (;b(_)Q/ Cb(_)Q/ Cb(_)@ (:b‘j@ Cb‘_)@ Cb(_’@



Simulation Results (cont.)

HP operation and COP in Summer Working Day of Case6, CubicGarden bldg.

0.3

0.25

Supply in MW
o o
o © o ©
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| |
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Time
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Generation
“Under ground
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1
0

1 3 5 7 9 11 13 15 17 19 21 23

Time

HP operation and COP in Winter Working Day of Case6, CubicGarden bldg.
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Energy Demand in kJ

Examples of Energy Demand Estimation

90000 25000
80000 M
20000
70000 —o— Summer Peak —o— Summer Peak
60000 Summer 2 Summer
= Working day S 15000 —®= Working day
50000 . . © . .
Winter Working = Winter Working
40000 day c day
Mid Worki g 10000 Mid Workin
30000 d | OrKing e ) g
- 03Y & —— 0 _
20000 Summer Holiday E 5000 Summer Holiday
10000 *= Winter Holiday L = Winter Holiday
0 —e— Mid Holiday 0 'eeseresdsssttttttrreseee —o MidHoliday
1 3 5 7 9 11131517 19 21 23 1 3 5 7 9 11131517 19 21 23

Cooling Demand for Three Buildings Heating Demand for Three Buildings
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