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Figure 1-1. Capacity of renewable energy in the world [1].

[E AL TORTD 5T, TR HROFEEITUORTL DR BT LA~/ 225 Z &
MWL, DRRETF LN S TCHD MADRD 5 5H[13], DR %, R HIOER
Bt e, BAOH MBI RIISE LT, 23X —FRERICL 2B HHE 2 —
ZRALSE, BOITREOE =7 BOBNHEEEZMATY | BENHE ORI 2 BB S &
20T A ATHDH[14], Ll EETIRGOFTEIISCTEEAT P a—b
PRE DT, FEEFBITL BN 2 &M~ DR 28 AT 25 2 LIFREET
b BH[15], T RBEIFITHOWTIE, A 2B HE SN TR Y, FEE 1.2 fitk~
HZLET D,

1.2. B XX —HEiFOREE & K

T AREAL, mR R DL VR TR L — 2 RN L — B AT L 7oA
BEICADE Tz N F—2 G T 26D TH D, ZTHITEY = RLF—DRRHIRY, H



HF Y v T2 5 Z LN L 0D, ET RO IIETHEZE < HV[10,16]. I E
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Sy y | BEHENR) AL OKEITHD | FRUC S NB[10], AR TR,
B THT X EFIAT 5 2 0ICE = X OB AE BT 5720, KEROTFH/LF
JES FTREZR BAFIZ DWW TS 2, Table 1-1 12 20 MW LA D = R EAN[17] D Lol
R, AR A4 OHFHAMFIZ OV TR RS,

Table 1-1. Energy storage technologies.

Technology = Materials GHG Abiotic Energy Power  Suitable
used in intensity resource capital capital  storage
energy depletion  cost cost duration
storage (ARD) [10]
system

kg- $/kWh $/kw
Sbeg/kWh

Pumped 5-100 2000- hours-

storage [10] 4300 months

hydropower [10]

(PSH) system

Compressed 2-120 400- hours-
air energy [10] 1000 months
storage [10]
(CAES)
Flywheels 1000- 250-350 secs-mins
14000 [10]
[10]




Table 1-1. Energy storage technologies. (continued)

Li-ion battery LiCoOg, 396.5 kg- 6.8x10° 600-3800  900- mins-days
LiNiO2, CO2eq/kWh  [19] [10] 4000
LiFePO4, [19] [10]
LiPFe [18]
Lead-acid PbO,, 50-400 200-600 mins-days
battery Pb, H2SO, [10] [10]
[10]
Flow battery V. ZnBr 150-1000  600- hours-
[20] [10] 2500 months
[10]
Hydrogen 0.97 kg- 500-750 hours-
CO2eq/kgH: [22] months
[21]
Molten salt NaNOs, 33.4 kg- 1.5x10* 10 [25, 100-400 mins-
(thermal) KNOs [23] CO-2eq/kWh  [24] 26] [10] months
[24]

kB (PSH) 1%, BMAOREWERIZ L HMHRRE N E< . HHRORBERED
#199% % 56D % & = R E AT T D [22], AKNAFEE %%HmeT_m%hzétw@
PR A R IE L R T A PN Z VRO T R O E AL ORI K & RS
BT, BHOTBEORE WK T EFREEMIK A L THRET H[10]. = FOREKIZAR
D& O A 2 OB T HMLEND Y | HIEAIET R ESITIRE S b2
[27]. TS o< IC#E S5 L1TRGT, HEETRHHT 2 72OICHIcRET 5 2
LIINFEETH 5,

m
m-ﬂ"

727 (CAES) 1%, BAITEDDIWIFIZH F4RCHEIR, # v 7 7e EORT
22 R IRV IABEELELR DO T L, BAREN L D &, ISt
[N S NS B A [RliE S8 CHET DA TH D [17], HEF 2RI 2 &
ZRIRT 256130 72 e i 7 ERAME CHIE ISR B ISR b5,
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T IA KA —NVEEIL ENE, BRIRENTEEASROPICRES N7 74 &K
4~w(%ﬁﬁ)@@%izw%~mﬂﬁbfgzéyzfAfképmoAI¢
FGABA =N ERETHOIFETEINC L DRV —BEL BT 570 Th 5, &
WD FEAE DS FTHE TRVE IR E AN 2 & D3RE72 78 . R 70 = L — Rl 130 L
TRV (Table 1-1 &28)

{LFEHIL, W OEXULFRISIZ L > TEREZEZTHO T, MV IR L FRiE 6
RbOxE ZREME NN HFERICE o THRELEENEZEET L0 BEAIND,
K AL & B0 2 O B & BB L > TR SN TR Y | ER TRl ¥ —
AL RN —H BT 5 2 & CRIEZT 5, kKBTI~ 2 flEO b
DRHE SN TIHY | Bl CEMTHOWONIME kA TH D (B 213[29,30])
UF 7 hAFERIL, IEMIT LiCoO, =0 LiNiO,, LiFePOs, AT A —AR | EMEIX
LiPFe 72 ED U F 7 MG & BRI L= b OB HW SN H[18], shZElIL, &b
JRK AW BITWD ZRER T, IEMRA PbO,, AL Pb, SEMERILAEEE DM X C
W5 [10].

LRy 7 27—t REMO—FTH 5, Bt/ LTI H D EMIR Y 7
D%, MEDOET DE|/A A2 %8 AT BRI EER L. %\%@“@%E% AN/
LB TS ZE 24 2 & TRKEEITH[20], BILECHWE L LTI, NP7 A0
-REREPHOBND,

KT, IKRACAIREL, A T~ X702 ERx RIFEIN G | BUrfig, R Enr
2 2L BERRETH H[31), B AGIEIL. ®IEX 7 b, KBRS R0,
TUERET AFNT T usFH 2 (MCH) Lo T KL BT BT D HIEN &
%32, AKFEOFIHFGIEE LTIE, KOBR RO WIS % DT REFE LSO KSR A
A —EUNFETFHNDH[32], BREMEMIT, EREAEZIY HT N TE, IR
e LT, U UmBRetEM (PAFC) | WRlRFEEZAEFER (MCFC) | EHARR LY
JERRELERL (SOFC) | [EfAE /» FIREkEM (PEFC) 7236 5[33], KFEZ MW -3E
B Z7 A4 7% A 7 0icB1T 5 CO PR EDOFM & LT, M OHFTx TREL/IE
L. BRTOREBICFAT 25 600N SN TEY, =3 —F v U 7 OFEHESY
TIAF 2= Lo TUE, BREFEOKFZEZHND LY, R A L CCS (Carbon
capture and storage) DFLAGHHDITA, CO PEHEN D72 7 D550 5[34], FF
(2. AKRFOHAL, MCH KR, 72 B=TBEEIZ L 5 CO PRHEMN RE W2, Zh
HO7 A TORBZROF|FRL CCS & DAL HLEN COHNICAEZTHDL Z &N
RIS T,



LB (Thermal Energy Storage: TES) 13, B\ RL¥—7%  BHEN BN (LR
DY TR T 2 TETH D, KRBUERER S 2T 2L LTI, EICKBEVEE (CSP)
& DMAEDETHNLNTUWA]23], CSP Tid, £t - HEEGRS TR HAEH S
NTEBEBIRI B2 BUHADORSBAFIH L TH — o TRE L, 2MEEIIx L
TREN DI L ZTEBT 5H[35], PAZEH O CSP TOZEBR BHI IR AV S
NTEY ., ZOAFRNEEITIGE Y > 7 T292 C, &ild4¥ 7 T38~565 CL7poTW
%[36], CSP LIAMZ, ) & #AG DRI ANEEENIREZ I N TE Y | BBV iy
(WECw) TENC KV FA LIzElR T 0L — 2 BN AR U, 15 5728 T CSP &[]
BRIZZ — B CORBICFIAT H[37], £z, LEEF =R EROEN 2 BUTLH L T
FEL, TEIE UCHRET D HEM O A A L Carnot Battery & FF/£41[38]. Carnot
Batteries & 41T b7 m =7 T, KEMEREFET LT — AT LA ZRHERD
OERELCEUE L7Z HHETORR N ED H7=[39],

BRI & RR S — B VI K D REEMAG DY E B EIT, BEEERE LT
TELEMICHA, FRL B TERE AR L TOBRET 272 ORNETIEH 503,
HEMELO A NN EME VL B AT AL EBREOF VKT A N THDLZ
EMDNoTHEV[40], b5 R Meax HE L Thx e BBWP B BRFE S v T
% [41), FEERIE OVERME &2 T2 2 2 2 7 BLOZBL  KIGEVEE O 7= I EL S,
BUETIIRAEIN TH B L W2 5, WElEOMIZIZ, a2 ) —h, ) avi
i L HEBMEIL L7 oy BREDLNLTWD, a7 ) — I, 1 X
v K CEBMEI O CIREAREZ AL SEL—T 7 T4 TR S, E8EHT
KA NERFEPLETH Y | BEIIAREUC /2 00T W, HIRSCED R 22
7RI LTS, FBEMIEIZ & o LCA Bl CIE, RE L v b2 2 ) — o
BB O MR- O FE B 13/ S < 72 203 BRAFOMEMERE 2 T 5 2 &3
TE, T AT AOHEGEE BMELTE D720, 1kWh 2720 OBRBEREIT/ NS e D
[42].

FLUEETHWD 72DIZiE, BFERICHIZ R 2 fKI OV & 700 R ERL, KEATER, 3H 8
HMiAMERIC 720 LB Z B D, ZRkEMIE, B IIFEEE O = L X — PR AN ) & &
. KHEITH & BREINTE A O XX — IR TR T 5, BIERTIE, FERH
(DT FN I Z BB D A LT F U ADT=HOMB DT A ARIEL B |
T )L X — TR O PR TR IR EE Tl A+ 72 ATt mv, 70, ZIREMITA D
ERVPMLETHY, BRHEEEDZV[19], Z07=, MEETHROLE 2T
HIDICRKEED IREMAEBAT HOIIRME LB NS, KFITFIHT 57201



IREFEMISCKFE N A X — B R EOREZBEANT DLERH Y | T b I TBAERE B
DEIRTHHHIZDAX MEITRDEWVHIRER DD, EEL AT LT, FEHUATH
DR DB L > TRIEARK ALK T 2 2 LN TE 5720 AZRFEEHOHKR
F—ErDHLTIHTIIENEZOFEERMT L ENATRETH 5, HEABINITREFA L
T B OMAE D THEMATRERBM TH Y | BUEDORIERE T H X L —XTEAAGET
bHEEZBND,

1.3. BB 3 D FFE FTREME

BOEEIT R B 2 N T U Tl 2 AR pE U ARG I E R S O X R T 2 EETH D |
BB TR, TREEL I, 76 L TADEFEZIT O FETE 0 5, (1) #7080
FUEM T 57T 5 FETT TS = &, 2) #Hiiomesdtb L THLET 3HETTHS =
Lo | EEFRINTWD[43], WL EAET H72OIIE, BLERECFM R £ & L3
EFT o7, JEMIESCAEPER TOWRMNFNRE,  [FHife rTaE72 A% H1E (SDGs) |
THFET . FEATRE T LV LR 2 RHLT 5 [44] 72D IRk r e R BLESEIC R 5 2 &
DB TH D, FrZ, BREEAZPIE | BREEICHUE LB T v 2 28 ALK
L2, B EZHER T2 B3RO TVD,

REETIT, MR RETIRICZEOT RNV — 2 LB L TIHR, ZRLF—jFL
L b agEt 235 2 L2 nizd IREDHRT A (GHG) HEHEDH L o T
%, Figure 1-2 |2, 5 & A ARIZEIT D GHG HEH & DRI O NFR % 71~ 97[45, 46], 2019
FEDOMROERM D GHG HEH &1 31.9Gt-COeq TH Y . JEE « BIEAITHE ) =R L F—
FLJR D GHG HEH &% % 7 - BAO W E BTG U CAERMICEL Yy L7254, B5E3 (Industry)
D3 KT 38.6%% 56, W CEJL (Building) 27.3%. i&Eig (Transport) 26.6% & 72> C
W5 [45], HARTOER O GHG #HEHEIE 1.2 Gt-COxq TH 0 . HiEm 5 5 EIAE
X, TRAX—EIROEEIM (TH5H%) 2 375% (EX - Bllok) <, s
—BROTETmEAKORGOFEREZEDED L 39.0%E 720 | AT RS &
WEIETH H[46], =F/LVF—HEEITFM 129E) TH Y, 2D 5 H D 43.5%% #liE3E
D OT[47], BEE ORI UX—FIHIL, BHET TRIBAEZFAT L Z 0
T EFHET H 5 [48],
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Figure 1-2. GHG emissions by sector, 2019. (a) Global [45]. (b) Japan [46].

FHC ATRE 2 DR D T2, I —HR Y =2 — M TV EEF L E k3 i L <
W2, 2021 4F 1 ARFRTHAZ G 124 1 E & 1 #il3 2050 FFE TOH—R Yy =2 —
NIV OEREZES L TCNWS[49], I—ARr=a— kT 1L, GHG OFEHE & WL E
A SE, 2L L TCGHGHHEZEricd 52 THDH, I—FRr=a—FT
ZEBTD70100F, B F—R GHG PRI AL OER, Bk & RIZE D
GHG HEHEZHI L. BB TE RWEEe, ZERkkE (COy) HIBIZIZ KRR =2 %
RN BIGEIT, FE DA TREH D CO, WX T 5 72 8 DRSS, CO, % [H]IY
L CHFEoF 4% CCS (Carbon capture and storage) <° CCU (Carbon capture and utilization)
DEAZ M D Z & TLRAHTD CO D SELMENDH 5, =1/ F—HEJHD GHG
PR BAL 2 BT 2 72 BIERIZIRS T, EEOLARERHE EZHIR L, fFox
OEANEAHEINT D2 EEITHML T D, RENFEOMHE 2T XTHZRTH
ZEEARTEERNRA =T 7 07 L LT, 2007 4 TS E SR R L —100% 7 7
v 7 4 —2 (Global 100% Renewable Energy Platform) | 723837 & #1[50]. Figure 1-3 (2
TR, xR BORENRSME LTV H[51], HARTIE, B, BRI,
INGEEEMZ WD HERBICITEREN R B Z <, BEEOSIMIM STV D,
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Figure 1-3. Number of RE100 members [51].

BT, WRAIC LV RE T 0 ANER L7200 28 TOXRBLETER, {bfa
PREHE SR D = 2L F—DOFFIZ L D GHG PEHHE A AT 5 2 L ITREE AR ORE &
W25, Flo, HlanF oA NV AEISEDOTATIC LV . B LWATEREXORIFT A B %
—H T TR ) A PNRERL VTR  BARORIE(EDOEZRY IZIT LYY =R
TN = TYH VOB D ORE IS OREN RO Hid KD ITkko72[52], £ D
e, IEETHLL PV D AT ) =0 R AF—FHPRMETHY | =¥ —
OHIFEMEAZ BIE L, B rOEAEZHMIE TN Z EBRD LD,
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BB CTON—R Yy =2 — b T VOFEBICAT T GHG HEH B2 {5 720 O XI5
& LT, Hfx RBEThin T g, N—AMEFETIX, N—2AlofE 7 o+ 2Tl
(b2 lR 2Rk & (chemical oxygen demand: COD) <°/EW{b ik 35 35K & (biochemical
oxygen demand: BOD) 732 < & £41% BE/K (palm oil mill effluent: POME) 233844 % 23,
Z®D POME 7> B/3A F A B RS A A KFE 0 EOB TR E BT D070 THI TV
%[53-55], & A ¥ MUETIE, AV MBI EAREN LR D720, oS
D> B AibKE A B3 U T2 IRf DR A A T2 EBRIRGT[B6]°7 A 7 A 2 L3 (LCA) [57].
PEEREFEME AW HEOBRET ot A0 I a2 b —y a VB8R ERENTWDS, £
7o. B AV FEO =R VX — MR & LT, LA BRED DR IEO AL Z BB KO R LI
BICOID B2 T2 & X OBEICBIT HMEAD Y I 2 L—3 a3 U2 X DT[59]1%°. 1Y
G2 L7256 @ LCA FEHl[60]. A& TR Th 5 KGE A V72 325 CHRlE
L7ctE A2 FOWEFEH HITHIL TV DH[61], BT o A TiL, =1L ¥—e LT,
A T AHROBRECE S 2 FIH LT85 6 ORRF MR [62] B s . T o
AIREME 7R & DFE[63] 78 STV 5, JRHE T -0 bk i BE TR ToME T v & 212K
B AR L 7ot T, FEBRIC K 2 2 REHE-> A BB O TH By &L RR B PERTAT 72 &3
SN TWA[64-67], BEETH Tld, RHMERD OIS L7 KRG E L HEmZEAL
7-HF D LCA FEAM[68]°. KBS FE & A SIFEE, CHP 28 A L7- & & ORFIERAM[69]
PITHONTWD, 2O X912, BEETITREA 2 ZEM T, MW HSRO /A A~ X &2 5k
B3 2o, G 7 et 20z xrF—Ji L L TEEBMEFT 20 A~ 2 & v
TRREIDM T T\ 5,

BOEZED H 2 WA T, BREAMRECC I OIE 2 BFE TRV A2 & LT,
PRI LT D E IR D FERED B = % L — | K| BIFEEM 73 & & W BRI A5 Ha
9% [PEFEIA (Industrial Symbiosis) | 238 5[70], PEFEILANFhE S vz RO E
H7Za it & LT, 7 > ~—2 @ Kalundborg #2361 & 41 5 [70], Kalundborg Ti, —
KT —RRIEEY), KA, FEEATORMAT, EEMETY, RN— NG TS K%
72 ETCHAEMMA I TEY, JEIHIIZE ) 0EE e LT A [71], Kalundborg @7
EMORy FU—213 BERDEEEZTLICEVOAY v FOT2DHIT 1960 FENND
BB DBEBINEED B AL, IRA SN2 DO TH D, Mg b RIR I EZE

10



WA FHUOER 2GRS 27 FBARELTEY ., £ 6 b Kalundborg &
FEEIC, HEMBALO 7= DO A F & LT, HUIBICIRZE L7 b O3 REgE ATRE 72 I THE
BILTE[72], £OMICh I —m v SGEERT A U, PERETEELRET D =
7 NMEZF U, Eco-industrial park FEIZAL 5 T3EMHATERL S C & 72[73, 74],

BUEDPEFEILAE T B70 2 BE SR CRIPEMSBERY 2 A B S N D 5813 %W
N, HUBEJR T 2 e 32 2 EE THEH L, RENCAER L7-ZK5%d KO ) 2 80 1
U HHHET 2 2 L bRET STV D, B T ORIEY T 5 /30 A ZH|H L7 CHP
VAT HDZBWT, HE T AT AR AM I RAA A~ A2 A5 #filliZeE R
LORETH L TCoRAF—n ZEHIHTE 5 2 LR8N bhro TWA[TE], 7721,
LR T35 OPEEVE R D5 Z L o CTRUE T35 & B2 20T CEM T 2 i <t FER
BT L DBERE IR R D B 5 = & 3D Dyo TH Y [76]. EVE T3 OITHE o Hilik CF|
AT 52 ENEE L, Mk & FEREO A A S ET 2 72 DIl2id, EEREORH
EFETMZ, BIGESCEFEE R EDAT =7 RNV E —DOWM IR TH H[17], 4k,
PERETOI—AR =2 — NI NVEFEBT 7201213, HIBOFEIEY oA A~ Z720F
TL ., ZEMEFT R L, HIlIZH 2R RERAFMAT 22 N0 EE RS, &
E Tl RICHREESE & 3B IC B b o T ZERRDBND & TSNS, BEIC
RSN TE 7= T34 oA HEIC, B & MR OTE D I x B 5 BN H 5,

1.5. 0F &

REETH =R =a2— b I NVEEBT 57201208, BT T & EEEI T
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Figure 3-3. Energy flows of paper production and power generation derived from wind.
Adapted from [i].
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Table 3-1. Parameter settings. Adapted from [i, ii].

Parameter Value Assumption

Product amount [t/y]

BKP 334,000 Calculated from [105, 106]
TMP 15,800 Calculated from [105, 106]
DIP 6,380 Calculated from [105, 106]
Newsprint paper in rolls 161,000 Calculated from [105, 107]
Uncoated printing paper 103,000 Calculated from [105, 107]
Coated printing paper 218,000 Calculated from [105, 107]
Sanitary paper 104,000 Calculated from [105, 107]
White board 89,400 Calculated from [105, 107]

Capacity utilization ratio [%6]

BKP 70 [107]
TMP 70 [107]
DIP 70 [107]
Newsprint paper in rolls 87 [107]
Uncoated printing paper 87 [107]
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Table 3-1. Parameter settings. Adapted from [i, ii]. (continued)

Coated printing paper 87
Sanitary paper 87
White board 93

Periods of maintenance stops [d]
Long-term 15
Short-term 1

[107]
[107]
[107]

Number of times there were short-term maintenance stops per year [-]

Pulp production 0
Paper production 35
Board production 15

Load of production line [%6]

Pulp production 73
Paper production 100
Board production 100

Heating value

Black liquor 13.9 MJ/BDkg
Bark 13.9 MJ/BDkg
Scrap tire 14.4 MJ/BDkg
Paper sludge 33.5 MJ/kg

Refused plastic and paper fuels  10.9 MJ/ADkg
(RPF)

Heavy oil 41.7 MJ/L
Natural gas 40.9 MJ/Nm?
Steam of outlet of boiler

Temperature [°C] 500

Pressure [MPa] 10

Calculated from the capacity
utilization ratio

Calculated from the capacity
utilization ratio

Calculated from the capacity
utilization ratio

[104]
[104]
[104]
[104]
[104]

[104]
[104]

[102]
[102]
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Table 3-1. Parameter settings. Adapted from [i, ii]. (continued)

Rated capacity of turbine [MW¢]

Condensing extraction turbine 45

Condensing extraction turbine 49

Recovery ratio [%0]

Condensate 90

Drain 70

Scale of windmill
Diameter of rotor [m] 80
Rated capacity [kW] 2,100

Wind speed of cut-in/cut-off 4/25
[m/s]

Molten salt of TES in the hot/cold tank
Inlet temperature [°C] 580/290
Density [kg/m?] 1740.2/1905.5

Specific heat of molten salt (C, 1543
[J/kg K])

Intercept of enthalpy of molten ~ —392828
salt (b)

Pressure of extraction steam:
0.25 MPa [102]. Efficiency:
19% HHV

Pressure of extraction steam:
1.2 MPa [102]. Efficiency:
19% HHV

Inlet water of boiler/outlet
water of condenser

[102] Inlet water of
boiler/outlet water of paper
milling process

[108]
[108]
[108]

[37]

Temperature: 500 °C/290 °C,
60 wt% NaNOs and 40 wt%
KNO; [26]

(>222 °C: the melting point).
46 wt% NaNOs and 54 wt%
KNO; [109]

(>222 °C: the melting point).
46 wt% NaNOs and 54 wt%
KNOs. Enthalpy of molten
salt is calculated with C, and
b (equation (3-28)). [109]
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Table 3-1. Parameter settings. Adapted from [i, ii]. (continued)

Lifetime [y]
TES tank
Diameter [m]

Minimum molten salt level
height [m]

20

22.4
0.7

Thickness of lateral walls of TES tank [mm]

SUS304 stainless steel

Mineral wool

Aluminum sheet

40
400

1

Thickness of roof of TES tank [mm]

SUS304 stainless steel

Calcium silicate board

Aluminum sheet

6
400

1

Thickness of the bottom of TES tank [mm]

SUS304 stainless steel
Firebricks
Sand

Concrete

Thermal conductivity [W/(m K)]

SUS304 stainless steel
Mineral wool
Aluminum sheet

Calcium silicate board

40
455
196
926

21
0.037+0.0002T
237

0.0674+4-10"5(T+273.15)
+6-108(T+273.15)2
+9-1012(T+273.15)3

Heat transfer coefficient to the tank wall [W/m? K]

Air

Molten salt

10
500

[42]

[42]
[110]

[110]
[110]

[42]

[110]
[110]

[42]

Calculated from [110]
Calculated from [42]
Calculated from [42, 111]
Calculated from [42]

[110] at 500 °C

[110] T: Temperature [°C]
[112]

[110] T: Temperature [°C]

[113]
[113] (referred from water)
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Table 3-1. Parameter settings. Adapted from [i, ii]. (continued)

Heating/cooling devices in the vicinity

Coefficient of performance 0.7 [12]
(COoP)

T

R TIHOAFERENL, BAROKBE LS 45512, 2,120 t-paper/d & L7z[105], H
T, 24 RefE <, R, RIE, KJUBOBREIZ R T 5, MR, BEFEO
BT MICESWTHEK T O — ki & LT, BKP, H—FA =1 v
(TMP) | Wi v (DIP) | BriHAL, FEBRTAHL, BILAL AR Ala
E L72[104], #f5& LB TS CoK R OAFEREIL, B AROERAERE RO Tl sy
L Table 3-1 IR L2 LD IR E LT, "EOAEET A DAY o2 —/VE, 1ERE
1 FEMHAL CHE L7 (Figure 3-4) , {LZ7 0t R LT 0 2D A T F U AD
T2ODT A ARIZ, ENENEMEEHE L, (b7 e A TH SV THEETIX
FHWOA LT F U ARKETHY , K7 0 2 TH DK - BORELE IR & a0
AUTFUAPMBETH D, AT ADZHDT A ARIEOHIRK & FR, 33 X0%
FET A OAKIE, Table 3-1 IZ/RLZEBVICERE Lz, BEEREOMIX, F—H
IATONIR WK D ITAFET A o T LI LT,

kgL LTSI COMRBHE, WDF (N—7 [ BEXZ A7, 2T v ¥ il L UBE
7T AT 7 HREREL (RPF) ) | IR, Ak, B, RRTAE Lo, RA T ORES]
IZAARDO KBTS COEA2S5IZ L CER L[105] (Table 3-1 &) | MEVFORE
TNERAZ ERIC ERE LTz, WK TILO TES 1, &EIEAE TES ICE A CoelmE-IT
FERMZFIM T %, C-PMES £7213 T-PMES #+H L= UK T 813, 789 - e B & /K
b3 D7z, BIJ=x ¥ — L BMOBREI T 5 2 & 248E Lz, BARTIIHRD
AEPERDNHAD LTV D 726 B IERAE OB 2ME T L T2 23[114], #REHZ B L T
B4 LIF 52 LT PMIMEEEZHIT 52N TE D,
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——Linel (BKP) ——Line2 (TMP) Line3 (DIP for printing paper)

Line4 (Newsprint paper in rolls) ——Line5 (Uncoated printing paper) ——Line6 (Coated printing paper)
—Line7 (Sanitary paper) ——Line8 (White board)
%? 50
g 40
©
32 30 F
g. 20
g lO Il‘-I\IIIII-II- III!I-I-!IIII I!l (1] | ' I!l L1 ] I!Iiill
" AN RAMARRLTR R
<E( 1-Jan 31-Jan 2-Mar 1-Apr 1-May 31-May 30-Jun 30-Jul 29-Aug 28-Sep 28-Oct 27-Nov 27-Dec

Figure 3-4. Operation schedule for the production lines. Adapted from [i, ii].

Y. 1%4)

JE ) =R ¥ —I%, WECH TEUZE#ESI N D, WECH DR —F —F0TE/LOKRE S
72 VX BE DO SIFEED 2.1 MW, #k & Rk OB A2 87 L 7= (Table 3-1 ¢ 1) [108].,
WECH DFEZEARE/11E. Figure 3-5 (27~ L2 & ) ICEEEIC s L C =B cR &SN 5 A )
WEDRT — H IS T BN IR D T-[115], [T, F4ETHRE L
BHR T I 0 & 5 IR O Tl b JEUR OV B A0 4 487%E L7= (Figure 3-6) [116],

2500

2000 |

1500

1000

500 |

0 1 1 1 1
0 5 10 15 20 25

Figure 3-5. Power curve of heat output of a 2.1 MWw WECw. The power curve was

estimated from the wind turbine data [115]. Adapted from [i, ii].
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20

Figure 3-6. Wind speed and ambient air temperature taken from data for Kushiro,
2018 [116]. Adapted from [i, ii].

REEZ AT 5 TES & > 7 ORI, TES # v 7 b DJEE | TES # v 7 oflik
RPEFIZ L D GHG EHEZ 95 L CTEHETH D, TESF 7, mikF 7 LK
WA I RBY, ZFOREIHEERS T O IO R/ 5 8 TR ST 5, TES
B DOREIEIL, CSP DPERE DT DY S 2 L—3 3 L DD X v 7 OO EVEES
ETT AL SN TEV[110]. EEOBRMAEEITIESWOIZBREZE LTl ST 5 [42].
AAFZETIE, LCA & TES O DOBEAD Y 2 2 L —3 3 |2 Table 3-1 (2R L=l & fi
ML,

I D 77 2

BOR TS0 6 058, (IR L) 13, #IsELGIC X - TR T2 L E LT,
BGREL, WK T 5085 2 A OGS i, radfisk, 18inkia, ERiEx DT — X
[117]% 2612 L REE & S CHERE LTe, BARELT — X [L172IE, 2 O T —23H 0 | 1
DITAAD VEMOARREE TH D, ZDOARREEE fP(T). BETICBTHH
FIARERE ] OBRAERE S 720 OBGEE & L L, HBEAIZ B ARD TUOIIAE S 5 H D H
[FIENTR 228 & ] Wl + AUl & D BAFR[116]70 6 il & OBk ZHEE L 72 (Figure
3-72M) . WED ofP(T) XHHO AR ERIRE . BEFE - G50 f'P(T) 137 515k
IR5UE EFRBEIBIR 2 R Lz, & 9 LD T — Z [117]1%, 1 H O REGEZIXT
THAFEOE AN CREH Z L icksnTH Y, r'P(T) & LT Figure 3-8 (75
L7z, RIS 2BEER Q" (0) 13, ¢f'P(T). r'P(T). Misk | Omifi 4; Tk
ns,
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Q") = 2 ¢/ (Tamp ()P (0)4; 31

K@D & 0 EFFEIIREE & RIS U THEET A Z &N TE H L DT> 72, Figure
39 IIHEE LIZBVEE TH 5, AIEIT Figure 3-6 1278 L7222 V., fiigk o s 134 pE
BOZBIZLEHMRTSEOH 2 BIRARTH 2 E B HTNICFET Dt mfbEz AV
[118].

(@ (b)

600 800
% 500 | fE 700
3 400 L Space cooling S 600 Space cooling
= = 500 -
2 300 | I
g Space heating § 400

L 300 r .
g 200 3 Space heating
T 100 & 200 \
O © 100 |
T T

0 : “ : 0 N I i
0 10 20 30 40 0 10 20 30 40
Ambient temperature [°C] Ambient temperature [°C]
(c) (d)
400 700
fE 350 ¢ Space cooling ;CE 600 | Space cooling
£ 300 r £ .
> = 900 ™\ Space heating
=. 250 r : X
— Space heating - 400
c 200 c
£ 150 | £ 300 ¢
S S 200 t
T 100 f °
8 50 | \ / & 100 f /
T T
0 1 1 1 0 1 1 1
0 10 20 30 40 0 10 20 30 40
Ambient temperature [°C] Ambient temperature [°C]

Figure 3-7. Relation between heat demand and ambient temperature [116,117].
Adapted from [ii]. (a) Offices. (b) Stores. (c) Hotels. (d) Hospitals.
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(b)
120%

100%
80%
60%

R ()

40%
20%

0%
0:00 6:00 12:00 18:00 0:00 0:00 6:00 12:00 18:00 0:00
Time Time

(d)
120%

100%
80%
60%

RIP ()

40%
20%

0%
0:00 6:00 12:00 18:00 0:00 0:00 6:00 12:00 18:00 0:00
Time Time

—e— Space cooling (Summer) —— Space heating (Summer) —— Hot water (Summer)
--x-- Space cooling (Winter) --¥-- Space heating (Winter) --x--Hot water (Winter)

-+ Space cooling (Other) - Space heating (Other) -+ Hot water (Other)

Figure 3-8. erD (t), ratio of heat demand to maximum heat demand in a day [117].
Adapted from [ii]. (a) Offices. (b) Stores. (c) Hotels. (d) Hospitals.

B Spacecooling ™ Spaceheating ™ Hot water

8000
7000
6000
5000 il
4000 o
3000 I ‘
2000
1000
0 m
1-Jan 31-Jan 2-Mar 1-Apr 1-May 31-May 30-Jun 30-Jul 29-Aug 28-Sep 28-Oct 27-Nov 27-Dec

Heat demand [GJ/h]

Figure 3-9. Estimated heat demand. Adapted from [ii].

KL TEBIC L D FE

KR EPEASNIGE, BHOFTMRNT VA &2ROI20, BARTEE A%
BOHAHEEITHOID[11], TES 2 HA LIZBEMG S 2T LG GRS %
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7o, KRG EOHNTHDLETHATEST 52 ENEE L, KR EICE DY
T ATHEEE N R D720, KGR EOH 2 AFELEART v ¥y A bR

L. ZEDOMAnEdEE%E T 5 2 & 2t Ulc, AR T, KUgEiAbimE S i T,

FHRTER B H T OB O MBI A TIGICE AT 5 2 & 2ME LTV 5, KEBETEEIC
L OREEOLEE %, HIEOVLFED A HE[119] & ALEEDOE AR T > v v /L [80]7h>
HHEE L. AuifpiE & & B I o mAE83] TR+ 2 Z & TikiE L2 SR T8 )810 0 K
JeREIC L HRER EPY % Figure 3-10 (277,

2000

— 1500
<

;
O, 1000
&
= 500 |

0
1-Jan 31-Jan 2-Mar 1-Apr 1-May 31-May 30-Jun 30-Jul 29-Aug 28-Sep 28-Oct 27-Nov 27-Dec

Figure 3-10. Estimated power generation by PV around the paper mill.

323 TRAX—INZYI 21— 3 CHWEEK

EEWEF 2258 L BVERGRE 2RO TS ORI EHET D57
DIZHRE LTHELE EITH O U0 E X Nomenclature & 2B = L)  E8rid
LoQUidnity |3 ZNFHIEER L TARED EROEETH D,

Egrld Z Egrld (t) (3_2)
Qvicinity — Zt Q‘Vicinity(t) (3_3)

EE(r) & QUIUmY(e) E, TR TN 2 ) TR L R T D, SRR
L BEEICE AL, QNN 1, BEE OMP() L BGEEICK T 5 MR
fo ity TR SNB,

Q’Vicinity(t) — rvicinityQ’HD (t) (3_4)

QP (t) 1% 3.22 ED M DAEFZT/R L1218 0 Mk OKIRN HIREHETH D728,
H(3-B) & (BN H, QVINY D KEIX rVaNY KT HZ L TROLND,
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PMP COES L BOFTHEITZZ EPPY () L Qfie*™(r) TS, Figure3-4 ©
BERT Y a2 — MR LICRO LR Pi(t) OEBLHEAIND,

EPPPE () = Xy pf' e (D), (3-5)
Qipa™(®) = Zipiip PiD). (3-6)

#X(3-6)D PMP THW LN HIREARRDEIIL 12 £ 0.25MPa ThH D, ¥ —E L DFEHK
RETRDEERLZILI0MPa & L, AKEIIAGNITR LIz ) ICREEO LR LT,

REZKUTHAEKR Z — e Tt S 15 & L, K& IT(3-8) 0> b R, B /%1
DIy EMRIT—EE L, ERHDERSEE Lz,

Qm turbme(t) — tmam{EPaper(t) + Egrld(t)} (3_7)
Q‘le.;.turbine(t) tex {Epaper(t) + Egrld(t)} (3-8)

BT CIT EAKE RLUIZFNFNTY —E L & PMP SRS L, B S5,
FI 7B ATORBIZLD T AZRE, BINTEEKE RLyrOZ 2L E—
QAN ) & Qo (t) 1EA(3-9) & (3-10)H B EHE L=,

QAN = ¥y, {gfraingsteam ()} (3-9)
Q‘con(t) — tcon{EPaper(t) + Egrid(t)} (3'10)

BUGE T4 & MR ORENETE 09 () 13, RGIDICL YRk, KERKOARLIE
AT — b~y B =N DR T~ T2, Q%P () IR ENZBETH Y . WECH D
DEFEKOBE QWEd (6) L. BA TORBEFCOMEBHHBEOEE M) OfIT
Kobd (K(312) . QU@ 1T, FHELLOBEDOTITRD b (3(3-13))
ZD ERIXCFORA ZOH ) ERSEE LT,

Q‘dem (t) — Q}Tz;turbine (t) + Zl {Q'ls.';fam (t) _ Q'll?;.turbine(t)} + Q'vicinity(t)
D.

—Q9rain (¢ — At) — Q" (¢ — At) (3-11)
QP (D = OWES, (0 + Q™' (312)
Q") = QR (O + QB (D) + QRSO + QS (® + ORE'(©) (3-13)

UK T COMEH SN DBEIO AFATREMEIZ DWW T BIRSCBEIEWIAEL & W o TR R B
BREHT, BKP RLECTIGOMREBIZ L0 B HIR S 5 25, ALbak kD GHG HEH
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BAHITE D720 ALARE L0 BB 2B L THERT 2 Z L E L
A

CF O#:4. TES 7=, 0%P(0) & 09™(t) 1T L R AMERDH D, TR
F—DFEAENT v R BRSO, RB1)EHT L oz, o) e L7,

Q™el(e) = 0™ (v) (3-14)

—J5C. TF OFA . TES [ZiEmiay v 7 LIKEX 7 3d 0 . BUETH 5 IR[E %
JF LTV D, B t I8 244 v 7 OEEEO BIZZhEh MEE () & MIS3(®
THEEIN, ZOEFHET M™TES cR&Ens,

MTES = MTES () + MTES () (3-15)

IR % > 7 P ORI, 0%'P(t) IC k- TS, @R 7 ickbnd, iRy
V7R OBEEIL, BASHLER A L TAKE AR L, MARICIKIRSY 7 IR S D,
Bl A 7 LARIR S 7 O AN OTRIE X Z 4241 580 °C & 290 °C IZREE L7z, IRl
DEGL B & B B R IR L TR T, B tIZH T 2 BETRE e BE QIES (o) 1%, X
(B-16) THLIZ L ST, WRlED = 2 —EL | MIES () LIRR % > 7 O RAREHE
it MTES DEHBITEDED ZETROBND, MGy min 13, Table 3-1 123 L

cold_min

e 2 VN TERIRRVLE L SNDERBEO®m I NHRD BN D,
TES(®) = {h(580 °C) — h (TIES (¢ — A) ) H{MIES (¢ — At) — MIES i, (3-16)

h(T) (ZIEE T IR 2RO 2 v E—ThH Y TIES () 1HEIE & > 7 ORRlE
RETHL. QUI(E) 1T, WECh TIFOND QWid, () (B2 ALBIR) &, KLk
AN LNLEE QIP¥N(E) & QM) &, QIES(t) MORWEEE LR LICRD
EolchiEEnsg, QUel(e) 1, HEEN TES OFBEBARVE Y ITHE &SN 5 7=
. 0Nl () R rIcRSE b HD (R(3-1T))

Q"el(DAL = QREX(D) — QWES, (DAL — QU™ (¢ — AB)AL — Q°(¢ — AB)At (3-17)
KiR 2 > 7 inb@is v 7 @is v 7 hBARIR Y > 7 BT % Bl 0O B i
MEgu(©) & Mige(® 1E, K(3-18) & 319 L icenzh Q™ (@) & Q4
MOEH SN,

MIES () = —— L~ (3-18)
CtoH n(s80 *0)-h(TTES (1))
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Qdem(t)
Tgfts(t))—h(zgo °C)

Miitoc(t) = n (3-19)

MIES@) & MIES(t) 1%, K(B-200& @)Lk dic, FrroAptHacBT
DERR OVEEN 5RO B LM, ERE OB E) #13(3-22) & (3-23) 2" L7z & o Zel
PR 2 3% T 7=

Mpge (£) = Mpoe (¢ — At) + MEG (¢ — M)At — Mifeoe(t — At)At (3-20)
Mgia(t) = M{giq (t — At) + Mifeoe(t — ADAL — Moy (t — At)AL (3-21)
Miitoc (DAt = Mygp (t — At) (3-22)
Mg (DAL = Mg (t — At) (3-23)

iy L LIRS L7 IcE 2 BB QIES () & QIES() 1k BB LI/ILTx -
VARMEASFF S v 2L e — b | Z 2 7 BEND OREE 015098 (1) L QIaN8e(r) % il

WTR 7= (((3-24) & (3-25)) , X v U BEND ORI, TARMEIRE L KIEDAELS
Table 3-1 (TR~ L 72 BMRE R L B2 W CEtR LTz,

QRES(£) = QFES(t — At) + h(580 °C)M{ES (¢t — At)At

—h (TS (t — At) ) MEES. (¢ — ALAL — Qpee “*°(t — At)AL (3-24)

QIES (£) = QIES (t — At) + h(290 °C)MEES.(t — AD)AE

—h (T;,Eg(t - At)) MEES (£ — ADAL — Q°3528° (¢ — At)At (3-25)

B8y OEBEOMA L icBF sy 2t — h(TE®) & h(THSO) B %
(3-26) £ (B-27) TR L= &k 912, MR OBE L BN RO BNLD, &7 v 7 DERHED
TUHLE—RNbinD Z LT, H(3-28) TR L= BURD B IR OIREE 23R 5 = LA
T %,

TES _ Qnor@® )

h (Thot (t)) - Mg('fts(t) (3 26)
TES _ Qcoia®

h(TER®) = SRe (3-27)
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h(T)=C,T+b  (3-28)

VI EOFEIZ.LH 1 HD0:00 725 12 A 31 H 24:00 £ T, 1 KRR ENL CHE L7,
LAEDL BRI Z EFETE D L HICTH7H, 1A 1 HO 0:00 DIEREEO & &R E
X, 12 A 31 HD 24:00 LRI T/ X OICEE LTz, 1 F%@ LI-ERENF CIic
5 E DI LR 5EE « SRR DR 715 % Figure 3-11 12”9, TES OREEZHE L
TR DFEEITRAELRD D, REIIIFEAEL, 1 A 1 HO0:00 DEiE - KR
B D DFEREORERBEDOROME A IBE, ZORKO 1 HEMOFREOLEFFE L,
BEABEBOMEFICE > C, BBEEIFEAE S, 1 1 A 0:00 OFREO R « IRE % 5% 0E
LET, FREOORFEMAERN, EMEE L CERARMENE-ILEDLL I, &
BENFIZ 0L EORAL, BEEIITAELMEE, 12 A 31 A D 24:00 O
HWOREL 1A 1 AD0:00 DfEE LTHRAT S (ERlEORITE X 22\ , F % iE
L CEREDN DT 20882 0 DL EE I TEREITHEMNT 528 0 REIC /2 28613, 7
BELIIFEAEELL 2T 12 H 31 H 24:00 DA OB L EE %2 1 4 1 B 0:00 1218
AT 5, Fl A& L CTEREN D L 0 RGICRD F I ITEAED G572 8
IMEDRFEKT Lo AL EEE L IIRARE D SE D5, BB E AR L
1H1H 000 DIFAMEDE - IREZHE L CERRLZFIRE T L 2MVIRL, £z
WLUCTERENEDL LT, FEEN 0122008 H 558 EELITEAEBOHERD 5,
INERE LT TES OXRICBITDRKOGEEEIFTEHAETHY . AFETIE, =
D FEBE TR L LT L, BEETRROM G % LI-HA1%. BRAROHEE
BOE L, E LIz EDTAAE T -7 LT, BHETE L EORKNEL RO B24HL S
)

5l

o
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Set TES capacity

« Set the amount of power and
heat selling

« Set the amount and temperature
of molten salt in hot and cold
tank at 0:00 on 15t January

Calculate stored heat from 1st January
to 315t December

Is the amount of stored heat
on 1st January the same as that
on 315t December?

Is the amount of stored heat
on 1st January larger than that
on 31st December?

No No

Is there a time when the amount
of stored heat becomes zero?

Is there a time when the amount
of stored heat falls bellow zero?

Is there a time when the amount
of stored heat falls bellow zero?

Is there a time when the amount
of stored heat falls bellow zero?

Decrease the amount of
Yes power or heat selling

Decrease the amount of
power or heat selling

* Increase the amount of Substitute the amount
power or heat selling and temperature of molten

« Substitute the temperature salt on 315t Dec. for that
of molten salt on 315t Dec. on 1st Jan.

for that on 15t Jan.

Substitute the amount

and temperature of molten
salt on 315t Dec. for that
on 1st Jan.

« Increase the amount of
power or heat selling
« Substitute the temperature

of molten salt on 315t Dec.
Amount of power for that on 15t Jan.
or heat selling k

A \ \ \

Figure 3-11. The way to calculate the amount of power or heat selling.

324. VI alb—varyFEBIOEAT Y FORE

WL E BV MR DT A TV A VNV AT AN U F ) X 321 HHTEZ L@ T
HY ., FEREHALIX, Table 3-2 (2R LB T OFMOAER L Lz, LCA D7 47
7Ty R =2 1E, AFECHRELZET LVOZFRLF—INLDOV I 2 b —T 3 0
Lo T AbaBREN SR ALEWE DNy 7 7T RT—X X, LCA DIZbDT —X
NR—ZTdh % LCl ¥— & ~—Z IDEA version 2.3[120]3 & TN JLCA-LCA 5 — & _X— %
2020 AR 1 RR[121) 2 D L7e, FefEix. BAOEDMHGOPHE & LT, K=
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DEELTWDARKIFEEENET D & Ui, 788UL, B, T AOME, BH
B LB NERET DL Lic, mEFEHEIO COP X, HaORHICEDL LT, Kk
FEAM 2 3BT 2 728D . —RAOIS IR B RS O H T COP AMEWIR I U 0> COP IZFH
35 07 & L7=[12], AAFZECIid, SR TS 2 2L — i & U Ca%itd 5 0 Bk
IZESZY T, B (Va—b) R=ATYIalb—ral&fioizizd, ZEHO/R
BOY A X IEEET, BEREICLIBREARND LCADDRI LT,

PRELOFE R EIL, BA TORIINLHE L, A1 7D 1% 50~100%DOHiFH TZ41t
EHDHZ L E LT, MBYFORRNIIARA 7 ERIC ERGE LTz, BIRAA T/ INEF T,
HIRABETHEAT 572012, BKP 7 A  OEBKRIEFCRIEFTICEKRONEEEZ T
FL BIEARA T NEYE TR AR T 25 ST mEMERAT 5 & Lic, BIKOBREEC
L5 GHG #EHEIX, BIKICE ENDRENPAM OKERE CRINSNIZRETH D
720 & Uiz, BEEEWR A 7 CIIMiBIRELE U CTHIRMER ST\ 5 7-9[122], BEHE
WiRA Z /INEFE O D 10%3 A IR T D & AGE LTz, BEEW Off i &1 T
AFAREREIZR O TW D, RUFSE TIIBEEM D+ AFRRETH D ERE LTz,
BEFWM AR A T CHEFEOBEEY RIS 55613, ThENOBEEY ORMEOE S
(e L ClE Sy LT,

J& 1 Z RIS %7200 WECH X, 2 IMWe Sk D ERH N 2 FFOREDH A LT+ 5 =
ETCTHABEZHE L, BARIT, AAROKHE Y 1 F7 7 — A L [F%FD 1008
MW, Z g KOBEAR L L, TOMIZ, 2IMW, (BH 1) &, Y4 77 —20D 1/2
fFIZ 4725 50.4 MW, 25t L7z, TES OB AKUIL 8~4500 kt & L, 8~15 kt 1 1 kt
D, 20~100kt I 10kt 37>, 100~500 kt (% 50 kt F°->, 500 kt LA 1% 250 kt 97> 4500
kt &= CTHiff L7=, TES Oig/NEAEE 8 kt & L 7= D IFHUK T35 D B3 SR KRS E e
72T, TES % 4500kt L AL T H 587 « 7EBVE (T8 L LC-GHG |3 L7272
TES Dl KE AR 4500kt & L7z (332 HZM) , BTSN WTw-ES ZHAT S
BRI, TES O A &L 2~300kt & L, 2~10kt (T 1kt 352, 10~30kt |% 2kt °2,
30~100 kt /% 10 kt $°>, 100~300 kt 1% 25 kt TSkt L7z, 72721, 72HEMHIC TES %
2KtEALTZGEITIE, BETEEBENETRE LT DI LN TE NI L
72

T-PMES X° WT-ES 705 O 7EERIT, RB-2)Ir-T L olc—iEe Lz,

Eerid() = g&4 - (3-29)

const
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B TR KR E A B AT 54 (3.3.6 THEM) 1%, WECH % 100.8 MW, & A
L7z, EBB80)orRT & oic, selmEmas KL EIC XL 5 10 HIR L CieE
THZEE LT,

Eerid(y) = g8 _ EPV (3.30)

const

KESHEREIC LD ANEL EEY Ly EPV kx < 4n b X0k Esd() 130 b

const

L. T-PMES ° WT-ES 72 H DR EIZ LW Z & & Lz,

WALV AL LT AR TH ONIMT WECH 2 E AT 5854 % il d % 72 Table
32\ TR LI 21 D YT U AZikiE LTz, ¥ F U A4 SLIFBUR ORI LY TN—2
FUA L Uiz, v U A S2~S12 1352%E., ) U 4 S13~S21 13788 % L1-5E8 Th 5,
TES 72 WBLRORME T4 TH 5 C-PMES &, TES 23 A L7z T-PMES T, T-PMES T
X WECh DF A LIS L, ZNZnD >+ U AT, BTG OE £ 73w E 45

Gitr & L7e WG B &% E LTo, WECH D3 A &L 100.8 MW, & L, B TGO NI O
HEAT 55513504 MW T2 A L, #IE AR 100.8 MW, & 725 K D12 L7z,
R T2 A9 5 TES 1. 50~500 kt C 50 kt J">fmt L7z, ST IO WTw-ES
[ZE AT 5 TES 1%, LC-GHG M3 /& 72 2555 L L, FemfIE 30 kt, 78R T 24kt &
L7z BII3HDOMEREZSM) . MM TILHINT WTwES 3% HEFE, TES OREANGEZ
FCIZT 5720, 8K TIHHNIZE AT D TES 258 BHREE 30 kt, FEEMRET 24 kt 3™ 5
L7,

BT 5585 L 5EBA\O W )7 &9~ 55613 WECH % 100.8 MW, A U 72550 7 ¢,

BEL I A RBBEOEIS TH S oy O 2 E LT-HHC, WREE 72 5B E RO K
KiEERDZ, 332 HOFERLY, ERAOH%E Lfo;;—a@%?%@@mﬂuﬁs TES %
4,000kt A L7-HrD 3952 T Th V. = DD rVenity 73 40.6% CThr > 7=, D78,
L SEED M 7 LI BFORE T, Vet 28 10%, 20%, 30%% (iE L= A DOEE R %
K7z,
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Table 3-2. Scenario settings. Adapted from [i].

Scenario Energy systems at the paper mill Outside the paper mill
(WTw-ES)
C-PMES T-PMES WECH Power Heat Power Heat
selling selling selling selling

30 kt-TES 24 kt-TES

S1 v

S2 v v

S3 v v*d

S4 v v v*d

S5 v*a

S6 v*a v

S7 v*b v*d

S8 v*b v v*d

S9 v*a v*d

S10 v*a v*d v

S11 v*b v*e v*e

S12 v*b v*e v v*e

S13 v v

S14 v v*d
S15 v v v*d
S16 v*a v

S17 v*c v*d
S18 v*c v v*d
S19 v*a v*d v

S20 v*c v*e v*e
S21 v*c v*e v v*e

*a: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 kt-TES
*h: 20, 70, 120, 170, 220, 270, 320, 370, 420, 470 kt-TES
*C: 26, 76, 126, 176, 226, 276, 326, 376, 426, 476 kt-TES
*d: 100.8 MW,-WECh

*e: 50.4 MWe-WECh
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3.3. 8K TR BT B2 BRI & &) DB AT

331 RN F—INFEDVI 2L —T g

32 HiCH AR/ XN = AT LAEHA LK TS VX —T7 e —% I a
L— gL, —filE LT, Figure3-12 |2 40kt-TES & 100.8 MW.-WECH, % Sk T.55
A (F VU A S10) L, 588E LI SA DR R4 77, Figure 3-12 ()L TIH O~
ANF—FELEERE, TES ¥ v 7 NOWMEEL . ()ITREHEE &4 L TR, =
DOBEITOTEERIL 61.3 MW TH-7=, PMP T S 5% /) & 7&K 1T, Figure 3-4 12
IRUTEAM - SV T OAFERIE U CEE Lz, BIIRILICE DAFET 1 > O ERRE,
PMP @ f VX —FEH D3 5 23, WECH CMBVF N5 OBUTE I NS 572,
R > 7 OFEBEDNKISICHEN U, EREENSIRY v 7 O ERIZET S &, TES
DABEAZMZ DT DITMBIF DO N 2K T S, EET A OFMICE Y &Ry v 7
DOlEEE XD L7z (Figure 3-12 (b)&fR) , EEEZ RN T D7D, &l
VU O EE T RXTHEA L, XE2)OmIENFEIZ/ZR 58038 523, 2t 10 A
16 Hiz#kt = »7= (Figure 3-12 ()& 1R) .

(@ Periods of long-term maintenance
Line 1 Line 2 Line 3 Line 4 Line5 Line 6 Line 7 Line 8

400 —
350 gl
300 e
250 |
200
150
100 |y
50 *
0 — i
1-Jan i 31:Jan 2-Mar: 1-Apr :
®

2000

40— Power

g 35,

W 30X —— Steam: 0.25 MPa
q %G —— Steam: 1.2 MPa
L {200

i1 15 § — Power selling

b R 105

Wh) 5 2 == Hot tank

C° == Cold tank

== Natural gas
Heavy oil
= Coal

I Waste-derived fuel

Fuel consumption [GJ/h] Power or steam [GJ/h]

1-Jan 31-Jan 2-Mar 1-Apr 1-May 31-May 30-Jun 30-Jul 29-Aug 28-Sep 28-Oct 27-Nov 27-Dec = Black liquor

Figure 3-12. Hourly variation in energy flows at the paper mill with 40 kt-TES and
100.8 MW.-WEC. Adapted from [i,ii]. (&) Energy demand and stored heat. (b) Fuel
consumption.
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3.3.2. ZENFAT & R ) 08U D B BT AT

RUR TR b DR, 588, LC-GHG %, TES, WECHy DE AR X A
OWTHB LT, #ilE LT, R TEIC TES & WECH 2 A L7EE LIzFED T A
6 & 10, FEENL7=RED U A 16 & 19 OFER%Z/~7, Figure 3-13 (2, e R & T2
BORREZRT, JEERFITIEL 400~450 kt, FEEMRFITIX 3,750~4,000 kt @ TES Z#EH AL
felE, ENENEER, BEAENRKE o7, TES /NS WERHE, BRBEFTS WECH
DFEENEN K] U CEEFTREZR LR D723 TES OB Z K& < L TES OFRIDHR
ABENHEINESES &, LV EL ORI X —%5EE - BRAHAOBES) « BUIEHBTE
7co WECh Z3E AT 25 &, 587 - BERITEIMM L7223, TES 2N TH IR (FEEY
1% 8~11 kt, 7EEVRFIE 8~10 kt) (%, WECH DEAFEIZEARAR < 788 - 72EEILFE CIZ
olc, ZAUE, TES 23N T WECH 28 A L T HAEM O TES Ofs ABED N L
RN TH D, 7272 L ALABEL L 0 B HEROB T R L F—DHRNMEE SN DT
B, WECH DA L0 RENN B3 L7z, TES O A BN BREIZRGA1E, £8O
WERISE OB VENZ 72 555, TES O AEE ik%b:ekp& WECH DHEFNT L - T LR
B 5T0, WRMEOIRENMET L7 < - EEEIME T L7,

FI&

e
N
[
o
o

.;.«&éééééé&&éééééélf

= 2000
2
=
21500
B = 100.8 MW, = 100.8 MW,
5 1000 *50.4 MW, *50.4 MW,
g 2.1MW, 2.1MW,
a 500 *0 MW, *0 MW,
0 1 1 1 1 1 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
TES capacity [kt] TES capacity [kt]

Figure 3-13. The amount of power or heat selling with various TES capacities in the
paper mill. Adapted from [i, ii]. (&) Power selling. (b) Heat selling.

LC-GHG (22T, 72ER % Figure 3-14 (a)lZ, 72#4\FF% Figure 3-14 (b)I1Z/~kJ, TES
& WECHy D ANIZ XY | AR ORI L OWEHIC L D GHG 235ET 503, 72ER

TIEARK I E A . TR T AR S B HROBMZ K D GHG #HIIMC& 57
¥, TES X° WECH D72\ C-PMES £ ¥ LC-GHG ZHIJK CTX 7=, %7 TES ##E A+ 5
&L AR O - BEREIZ L D GHG HEH &S, BEEEAC LD GHG HIllliEL &
A1V . LC-GHG 389N L7=, FEREREICIT 40 kt, FEEAREICIE 30 kt O TES % A L 7=k

57



12, FEECIERMNC L D GHG OHITED TES ° WECH D&% - BEIEIC L 5 GHG HEH &

F0 b+ REL 2D, LC-GHG 23/ &7 o7z, TES DFEAEN/NS S, WECH &
WAL THEE - BEAESMEM L2754, BAOOFHICLY mamwm‘ﬁ%%

Mz B, LC-GHG 1HEd Lz, TES ZmEIIEAT D &, TES OEEFRLCHEIEIC

GHG HEH &M L, 578 - JEEE S8 LT GHG BB &M 35729, LC-GHG

DL 7=,

@ 1800 ®) 2000
—1600 | § 1800 )
= $ $
51400 | “e° cr1600 - e”e
©'1200 | ¢ 9 11400 © ¢% "
Q1000 | g% ©1200 ¢
3 ¢ %1000 9"
Q80 48 © 800 | _59°
5 600 W ------------- 5 600 ﬁﬂ’ --------------
O 400 F °0 MW, 2.1 MW, O 400 b ° 0 MW, 2.1 MW,
- 200 | *50.4MW, ©100.8MW,| | = 200 | *50.4MW, ©100.8MW,

0 1 1 1 1 O 1 1 1 1

0 1000 2000 3000 4000 0 1000 2000 3000 4000
TES capacity [ki] TES capacity [kt]

Figure 3-14. LC-GHG of installing various TES capacities in the paper mill. The
dotted line represents LC-GHG from C-PMES. Adapted from [i, ii]. (a) When power
was sold. (b) When heat was sold.

3.3.3. IR TR NI ELEAN LT25E

BTN WTn-ES 25 A L7l EE R, 728G, LC-GHG 2o\ T, TES,
WECH DA B A28 2 TH#: L7-, Figure 3-15 |2, 72 & & AR OR R4 ~d, 7EE
BEORKIEIT, WECH & 2.1 MW, 8 A L 72 IF(2 13 TES6 kt T 1.8 TJ, 50.4 MW, DK% 125
kt © 57 TJ, 100.8 MW, DX 250 kt T 115 TJ & 7o 72, SEEAEO R AMMIZ, WECH &
2.1 MW, B A L7213 TES5 kt T 4.7 TJ, 50.4 MW, O 80 kt T 151 TJ, 100.8 MW,
DRFX 302kt T302T) & 72572, WECH DEIIEIZKT LT, 527 « FeAAEDHINED )
WL BED WECH & AH bW 7= RN EA S - B 3L X — 2 23R AIFH C
X5 L biroic, TES OEAENBREISAX, 3.3.2 H Tk~ 7= Blg L [k, &
AR ORE DMK T L3 < 720, 5858 - FERVEME T L7,
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Figure 3-15. The amount of power or heat selling with various TES capacities in
WTn-ES. (a) Power selling. (b) Heat selling.

WTn-ES @ LC-GHG #% Figure 3-16 (2779, FEEERFIZIL, WECH % 2.1 MW A L7
FIC 13X TES3 kt, 50.4 MW. DFE(T 18 kt, 100.8 MW, DF§(% 30 kt T LC-GHG A3/ & 72
572, WECH 7S 50.4 MW, & 100.8 MW. DL, WTn-ES 7255878 SN 7B R K
FEBEERIET D Z & T, LC-GHG A L 7e o7, TEERFCIX, WECH & 2.1 MW, & A
L72H5121% TES2 kt, 50.4 MW, DRI 12 kt, 100.8 MW, D 24 kt T LC-GHG 235/
Eipol, FEEMEL WECH 23 50.4 MW, & 100.8 MW, DFEIZ, LC-GHG 2VE & 72~ 7z,
TES Z RN HA LI2E 13, 3.3.2 HE[FERIC TES OEFRPHEREIC L D GHG HEt &

HEI L, LC-GHG 38 L 7=,
@ gg ®) go
= 70 | +100.8MW, =70 1| +100.8MW,

S 60 | «50.4MW, R g 60 | +50.4MW, o |
o 50 [|+2.1Mw, . 050 rl.2.1MwW, L ]
Q40 ¢ .. | Qa b L.
=30 | . ° =30 f .
Q2 t 20 t
® 10 o® 010 o’
Q Y L : 9 e loget
= 10 F. " 10 e

-20 -20

0 100 200 300 0 100 200 300
TES capacity [kt] TES capacity [kt]

Figure 3-16. LC-GHG of installing various TES capacities in WT-ES. (a) When

power was sold. (b) When heat was sold.
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3.3.4. BAT T Y D

H AR O KBS 72 B 5 FEFT & [F1% D 100.8 MW,k D WECH % #% (& L 7=35412. Table
3-2 THE LTV AD LC-GHG % Figure 3-17 & Figure 3-18 (29, TES (% 0 2>
5 500kt £ TS50kt T O TE(LERT, R—ADTF VYA SL &k LT, BELTHNE
T 57201 TES ° WECH 3 A L, BIOfbakkl 2135 2 & T GHG HEH &
BEIM U723, 587 LT BN A IR K I3 E 4 | 788 L 7= BN L AR OR OBV A RER L
14572 GHG B EAF HNT=HA 1L LC-GHG MK T 72, 72EFORE£I Figure
3-17. FEEWIE Figure 3-18 127”7,

Figure 3-17 (a)lZ, 7 U # S1~S12 D&%, Figure 3-17 (b) & (c)iZ LC-GHG %
Y, C-PMES 2 L. 728 L7=Kfd 7 U 41% S2~S4 T, LC-GHG I Figure 3-17
TR, S1 & S2 Zlkid 5 &, S2 TIIMEHNHE &4 NS CrEE L7122, 788
(2 &% GHG HIJ& T LC-GHG IEHI L7z, A THIMT 2 kt & TES % V72 WTw-ES
ZE AN L7z S3 Tl&, TES & WECH D& - FEFEIZ L % GHG FEHE I L7225, 78
BT DI L THIETE, LC-GHG 1XS1 LV b L7z, 8K TH & WTn-ES Ol 705
e L7z S4 Tl BRI S2 & S3DAFHE 725, S1~S4 Tid, S4 ® LC-GHG A3k
H/hE <, SLITHAT 23.4%0 L=,

>F U A S5~S8 1%, B THZ WECH 2 AEJ TES 7217 A48 A L7z T-PMES %
B L7234 . LC-GHG % Figure 3-17 (b)IZ7< L 7=, S5 T, SR TN H FZRED
BHCHRFE~TEEBLTELT, WTnES HEAL TV e, 5EEEIZ 0 THhHD,
Figure 3-17 (a) TI&FRV =, S7 Tl WTn-ES OHMNH D58 LI-7-», 7BEREILS3 &
[fC&7eolz, S5 & S7 D LC-GHG i, TR THAEE L TW Wiz, S7 D TES 73
50 kt A SNT-EERE, SL LMLz, BT EREE LWEE, TES Ol
JE 2 MR D 70BN T A R B 2 B 2 728, S1 KD LC-GHG 2381 L2471y,
AR T 588 LI a 13, S6 & S8 ITRT L 91c, ARAIIFEEHKD GHG % Hl
JBT&, LC-GHG I3 L7z, S5~S8 Tid, el @EN ik b £ -7 S8 T TES % 50 kt
WA LT R b /NS W LC-GHG 27~ L. S1 & 0 & 24.8%/ D7 by o 7o, BTG & W
ES D2 b B L2 & T, GHG HIHENKE S 2o/ TH D,

> F U A S9~812 TiE WECH 3 A L 7= T-PMES %%/ L. LC-GHG | Figure 3-17
(ONZR L7, S9 & S11 TIFRAR T 513588 L Tk 53, TES % 100 kt L F3 A U 7= f
S1 KV % LC-GHG M# 2 7=, R THA 569 L7- S10 & S12 TiX, S10 D 4N EE &
3% < 720, LC-GHG |%S10 & S12 Dili 5T S1L L W/ h& < 7aoiz, BR TN 51352

60



BLRSE & SO &Ll d 5 &, SO D MRS EFIHTE 2728 LC-GHG 13072 < 72
ST, R TIHORNHFEE L2 S6 & S10 Tik, S10 057238, B EZFIH UREHE
BAHIRCE - LICRER S £ <. LC-GHG 11 L7z, WECH %z Bk T34 & ik T
BENIZE N L7= S8 & S10 &bl 5 & S10 O35 &EN %< . LC-GHG 13472 <
7rotn, BHRTH & WECH Z#lA At Z & T, TES OIRAEE O EiE - (KR~ > 7 [H
DIFERPIEFAL L CIRBEOREME T L35 20 BBICHATE 5B x L ¥ —
DHIUT2720Tdh D, WECH Z R THONAOM TIZEA L7z S12 TiE, S8 &Lt
2 LC TES100 kt Lk FC LC-GHG #3347 < 72 o7z, TES %% 50kt DFfIL, 7EFEHIL S8 O
T EmoTohy, S12 OJ 3 RENEE 83072 < LC-GHG v 472 < e o7z,

Figure 3-18 (a)l2, 7 VU 7 S13~S21 M73#EE % | Figure 3-18 (b) & ()i~ LC-GHG %

R, AT LTS T U A O TREAENR G L0 - 72 DiE, 27U 4 S19 T TES % 500
kt HEA LR Ch o7z, 5eEWRFIC C-PMES Z#:H L7z S13~S15 @ LC-GHG [ Figure
3-18 (D) T, FEE L 7= BNMEAT B Sk D BE (B T % | S13~S15 D4_T T S &
Y LC-GHG I3 L7z, WECw72 L CT-PMES #8:H L7=%4&. S16, S17 TiX TES50
kt, S18 TIX TES 100 kt LA FEA L7, BT K - TH52IZ GHG AT =,
&Y LC-GHG (Ii#4 L7z (Figure 3-18 ()&= H) . WECH #H A L7 T-PMES Z#£H L
72 S19~S821 CT% ., @Va?ﬁﬁ%@ TES (S19 /% 200kt LA T, S20 /% 50kt LR, S21 1% 150
kt AF) 38 A L7=8A12 LC-GHG (30 L7, 7624 L7z S13~S21 Thet LC-GHG 73
WIginoT=dDlE, WECH %fﬂﬁ/\?}/)ﬁt T-PMES 7257220 L 7= S19 C TES 50 kt 3 A L
2R T, S1 K0 b 5.6%b7ienoil,

FTRTOTFUAOHFT, TES %z 50 kt LA L5EE L7z S10 @ LC-GHG 23 b/ &
< N—AD SL LI#E LT 28.4%jk/) L7z, BT L TES, WECH Z/lABbE 5
LT BASNTEAC I AR L BROARUERT L LN TE L, L
L. TESRWECKZEALTNDHEWST, 4T LH GHG HEH &N AT 2 LITRS
72, BRI, TES K TIGICE AL TH, B TEH N HRE - B L 2 0IGE0, i
D TES 238 A L= 541X, LC-GHG 1T L 7=,
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Figure 3-17. Results of scenarios 1-12 with 100.8 MW.-WEC. Adapted from [i]. (a)

Power selling. (b) LC-GHG of scenarios 1-8. (c¢) LC-GHG of scenarios 9-12.
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Figure 3-18. Results of scenarios 1 and 13—-21 with 100.8 MWe-WECh. (a) Heat

selling. (b) LC-GHG of scenarios 13—-18. (c) LC-GHG of scenarios 19-21.
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3.35. 5B/ L EANDO W F 1T > T-%
R T3 585 & FBEAD I 7 & L6 2 Mt L7z, Figure 3-19 (QIZR3 X 91258
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L (Figure 3-19 (b))
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Figure 3-19. Both power and heat were sold from the paper mill with 100.8 MWe-

WEC. Only power selling (0%-r"c"%) and heat selling (Max- r“"%) are the same as

the results shown in Figure 3-13 and Figure 3-14. Adapted from [ii]. (a) Heat selling

given to sell both power and heat. (b) Power selling which could be sold when heat

selling shown in (a) was sold. (c) LC-GHG. The dotted line represents LC-GHG from

C-PMES.
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Figure 3-20. The amount of power selling was controlled to prioritize power derived
from PV. (a) The amount of power selling. (b) LC-GHG. The dotted line represents
LC-GHG from C-PMES.
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Figure 3-21. Molten salt in the hot tank installed in the paper mill with 40 kt-TES and
100.8 MWe-WEC.
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Figure 4-1. Life cycles of paper products and utility facilities. The rounded-corner
objects represent facilities utilized for a long time, i.e. a paper mill, TES, WEC, and
utility facilities. The site-specific parameters of the paper mill and the region are
presented with bullet points in these objects. Adapted from [ii].
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Figure 4-2. Target paper mills. Adapted from [ii].
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Table 4-1. Target paper mills with their product amount, meteorological conditions and

capacities of in-house utilities. Adapted from T[ii].

Paper mill conditions Regional conditions

No. Paper Paper  Turbine Boiler Wind Ambient Available Reference

mill product capacities capacities installation temperature woody of paper
[99] [99] potential  (max/min) biomass product
[123] [116] [124]
t/d MW MW MW, °C 103 m?

1 Ebetsu 647 37.5 292.9 111.3 30.6/-24.4 142 [125]

2 Tomako 3,623  268.2 1150.3 331.8 30.7/-17.8 794 [126]
mai-1

3 Tomako 1,121 585 333.3 331.8 30.7/-17.8 246 [127]
mai-2

4  Kushiro- 1,207 79.3 314.7 2685.9 29/-16.5 265 [128]
1

5 Kushiro- 1,264 1325 535.8 2685.9 29/-16.5 277 [129]
2

6 Nayoro 710 12.7 73.6 315 34.3/-24.2 156 [130]

7 Asahika 793 51.9 338.6 2100 33.9/-19.8 174 [131]
wa

8 Shiraoi 1,709 83.0 498.9 252 32/-17.6 375 [132]

9 Hachino 2,480 143.8 680.8 289.8 33.8/-9.4 322 [133]
he

10 Ishinoma 4,150 206.3 1053.6 327.6 35.2/-7.8 340 [134]
ki

11 Iwanuma 2,210 179.7 855.7 35.7 34.6/-8.8 181 [135]

12 Akita 2,100 771 531.9 879.9 37.3[-95 2,077 [136]

13 Iwaki 252 16.0 96.7 1278.9 33.9/-5.2 1,035 [137]

14 Nagaoka 116 121 78.1 268.8 38.7/-6.3 601 [138]

15 Utsunom 645 11.6 130.5 35.7 36.5/-7.9 407 [139]
iya

16 Bando 1,070 179 122.2 14.7 36.5/-7.1 148 [140]
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Table 4-1 Target paper mills with their product amount, meteorological conditions and

capacities of in-house utilities. Adapted from [ii]. (continued)

17 Fuji-1 1,359 100.9 407.4 65.1 34.3/-48 166 [141]
18 Fuji-2 147 6.9 46.3 65.1 34.3/-48 18 [142]
19  Fu;ji-3 1,730 70.0 556.7 65.1 34.3/-48 211 [143]
20 Fuji-4 1,790 34.0 227.6 65.1 34.3/-48 218 [144]
21 Shimada 2,015 495 284.3 84 34.7/-3.8 246 [145]
22 Takaoka 1,853 70.7 395.3 16.8 36.7/-5.1 198 [146]
23 Kani 935 74.7 404.7 18.9 39.4/-76 1,209 [147]
24 Kasugai 2,293 125.7 651.8 27.3 40.2/-3.6 214 [105]
25 Inazawa 1,084 23.3 114.7 23.1 38.5/-43 101 [148]
26 Takasago 512 135 112.6 10.5 34.8/-2.5 800 [149]
27 Yonago 1,300 1194 707.6 33.6 37.21-54 394 [150]
28 Kure 663 64.0 337.6 96.6 34.8/-3.4 152 [151]
29 Otake 1,124 439 343.7 21 36.2/-4.3 257 [152]
30 Iwakuni 1,740 105.0 567.7 369.6 36.5-5.2 1,161 [153]
31 Anan 2,104 108.0 551.0 52.5 36.8/-2.6 866 [122]
32 Shikokuc 7,014  523.9 3219.3 113.4 37.1/-3.6 573 [154]
huo-1
33 Shikokuc 1,630 175.9 757.0 113.4 37.1/-3.6 133 [155]
huo-2
34 Shikokuc 620 40.0 209.5 113.4 37.1/-36 51 [156]
huo-3
35 Saga 1,143 25.2 147.4 84 38.2/-3.3 182 [157]
36 Oita 1,160 42.8 264.9 119.7 36.7/-3.2 1,795 [158]
37 Yatsushir 1,500 151.8 633.7 258.3 37.1/-34 1,453 [159]
0
38 Nichinan 776 51.3 302.2 107.1 33.7/-2.4 1564 [160]
39 Satsumas 753 45.9 254.9 478.8 35.5/-4.1 1,150 [161]
endai
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Figure 4-3. Relation of 39 paper mills (Nos. 1-39) between paper product and power

or heat selling. The amount of wind energy installation is given in Table 4-1. Adapted

from [ii]. (&) When power was sold. (b) When heat was sold.
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Figure 4-4. Relation of 39 paper mills (Nos. 1-39) between paper product and TES

capacity. The amount of wind energy installation is given in Table 4-1. Adapted from

[ii]. (&) When power was sold. (b) When heat was sold.
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Figure 4-5. LC-GHG for 39 paper mills (Nos. 1-39). Adapted from [ii]. (a) When
power was sold. (b) When heat was sold.
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Figure 4-7. The amount of LC-GHG reduced by WEC installation for the condition of

only TES installed. Adapted from [ii].
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Figure 4-8. Comparison of 39 paper mills between fuel intensity and LC-GHG
reduction rate to C-PMES for various situations. (a) When power was sold without
WEC. (b) When power was sold with WEC:. (c) When heat was sold without WEC.
(d) When heat was sold with WEC:.. Adapted from [ii].
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Figure 4-9. Relation between power or heat selling and remaining power of heating
furnaces when to install only TES. (a) Power selling. (b) Heat selling.
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Figure 4-10. Comparison of LC-GHG between heating furnace-limited and no heating

furnace-limited. (a) Power selling. (b) Heat selling.
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Table 4-2. Effect of installing renewable energy and TES when to minimize LC-GHG.

Heating furnace-limited

No heating furnace —limited

Features ® Increasing TES capacity could not @ Increasing TES capacity could
reduce LC-GHG because the annual increase the amount of power or heat
heat input to TES is the same, so the selling and fuel consumption. LC-
amount of power or heat selling does GHG could not be reduced because
not change. GHG emissions from fuel

consumption is larger than GHG
reduction from power or heat
selling.

Cause ® Small heating furnace ® Large fuel intensity

® Small fuel intensity ® [ arge heating furnace for demand

Wind <Standard> <Standard>

installation ® The amount of power or heat selling ® The amount of power or heat selling
increases. (Figure 4-11 (a)) does not change. (Figure 4-11

® |t is difficult to reduce fuel (@)(c))
consumption. (Figure 4-11 (b)) ® |t is easy to reduce fuel consumption.
(Figure 4-11(b)(d))
<Rare case> <Rare case>
® If wind installation capacity is small @ If wind installation capacity is large
or if wind speed is slow, the amount or if wind speed is fast, the amount
of power or heat selling does not of power or heat selling increases.
change. (Figure 4-11 (a)) (Figure 4-11 (a): Kushiro-1, 2 (No.
4,5))
<Improvement proposals> <Improvement proposals>
® Connect other VRE where the wind ® Decrease the capacity of heating
installation potential is small. furnaces.
® [ eave aroute to send steam directly
from the boiler to the turbine.
Biomass <Standard> <Standard>
installation ® The amount of power or heat selling ®  The amount of power or heat selling

does not change. (Figure 4-12 (a))

increases. (Figure 4-12 (a)(c))
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It is easy to reduce fuel

consumption. (Figure 4-12 (b))

<Rare case>

If fuel intensity decrease

significantly (fuel consumption of
the paper mill is large or regional
biomass installation potential is
large), the amount of power or heat

selling increases.

It is difficult to reduce fuel
consumption. (Figure 4-12 (b)(d))

<Rare case>

If fuel intensity does not change
(fuel consumption of the paper mill
is small), the amount of power or
heat selling does not change.
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Wind energy installed without woody biomass

4 0 MW,-wind energy installed without woody biomass

Thermal energy derived from WEC,,
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Figure 4-11. Comparison of LC-GHG with and without wind. (a) Power selling. (b)

Fuel consumption when to sell power. (c) Heat selling. (d) Fuel consumption when to

sell heat.
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0 MW,-wind energy installed with woody biomass

¢ 0 MW,-wind energy installed without woody biomass

Available woody biomass

[A/*c1] ssewoiq
Apoom a|qe|reny

[A1c1] ssewoiq
Apoom a|ge|reny

~
2

[any sS04

o O O O o O O O oo
238838888838 888888888
8332888 KRo 283828888 Ro
T T T % T T [ ongsnsiex /g T T ' . ] onysnsie /g
<] e-onyomionys ve < [ c-onpomions ve
< z-onumiodys gg ¢ 2-0NyoNYoXIYS €€
® 1 1-ongonvorius ze . T-ONUPMIOIIYS Z€
o| @m@062z €10 62
o | eimysz ¢ | ainyge
4 obesexe] 9z ¢ obesexe] 9z
joemis S L
o Jweez m Jwesiee £
o[ ®woBRLIZz ¢ ecwomElez g
@ | epewys Tz g | BPEWIUS TE g
o ving0z m ¢« [ vindoz 5
* [ eMhder S ! 2
® [ Tina 1 E | Tnd i1 g
<| opued 9T S 4| opueg 9T S
4 efwounsingt 2 <" eAwounsin oT z
o Jewnwmmrr o [ewnmmT
@ | pewoumysiotr . pfewoulys| 0T
¢ | euoumoens @« [eyourpeHe
o [ zomsnys ° | zomysny g
o| Tomysnyy 4 T-ouysny v
o| zrewoewor g @[ zleworewoy g
o |'nseaaT ¢ [ nsieqa T
< fepuasewnsies 6g » lepussewnsies 6¢
¢ | uveuyoNnss @ | UeUIYdIN 8E
o | enooe ¢ B0 9E
| ebes g A ebes g
¢ T weuy 1 - & | ueuy TE °
¢ iunxem| 0g .m @ | lunem| og m
® | ofeuox 22 = * obeuoA /z %
¢ rebnses| 1z e} * rebnsey g g
< zindst 5 ¢| ziind 81 ]
o eebenyt @ » | exoeben yT g
oloemer g wemer
'S Tewiv et T ¢ jemver T
® Toenys s @ loeuS 8
o | emexyesy 2 emexiyesy L
4 ol0feN 9 0JoAeN 9
. e Trewopwo] g L & e T-lewoxewol g
288388888 3388388
W M~ O WO < MO N M M N N A
[Aic1] Buyes temod [A/c1] uondwnsuod

[A/*c1] ssewoiq

Apoom ajqejreny
E8E8883823¢%
¥esd93eFo

o
o
o
A. m
A\
&
4
. ]
9
' m
°
o
4]
9
‘\
°
¢
A,
o
A,\
4
L 2
PR
> ]
’ m
<
3
. g
» ]
A\
A\
°
o
e ]
88888888°
§3838&888 "
[A/c1] Buyies yeaH
&)

epuasewnsies 6
UeUIYIIN 8E
0JIYsnsieA L&
BlO 9¢

ebes g¢
€-0NYIMOYIYS vE
2-0nyamoIys €€
T-ONYaNoYIYS 2€
ueuy Tg

unxem| og

4e10 62

aIny 8z

obeuoA Lz
obesexe] 9z

| emezeu| gz

rebnsey| ¥z
ey €2

eoRNeL 2T
BpRWIYS TZ

T4 2T
opueg 9T
eAiwounsin ST
wyoebeN T
fem| €T

eIy 2T
ewnuem| TT
blewoulys| 0T
ayoulyoeH 6
loelys g8
emexiyesy L
olokeN 9
Z-01ysny G
T-01YSNY ¢
Z-lewoxewoy
T-lewoxewoy g
ns1eq3 T

[A**c1] ssewoiq
poom sjqejieny

A
o
<]
=2
S
—

18,000
14,000

{ 12,000 £
10,000
8,000
6,000

o o
[s =]
o o
<

ol

LR 4

*

IepusSeWnses 6g
UeulyaIN 8e
oJIysnSIeA LE
B0 9
ebes g¢
< €-0NYIMIOHIYS vE
2-0nyaNyoNIYs €€
T-onyaN{oNIYS 2€
ueuy T
unxem| og
MeI0 6C
aIny gz
, obeuo,A /2
obesexe] 9z
emezeu| GZ
rebnsey g
ey €2
exoexel ¢c
epewliys 12
y-ln4 0z
e-ln4 6T
z-ind 8T
T-lnd /T
opueg 9T
eAiwounsin ST
eyoebeN T
Dem| €T
ey et
ewnuem| TT
bewoulys| 0T
ayouIyoeH 6
loelys 8
emeyiyesy L
olofeN 9
2-01ysNy G
T-0aysny ¥
Z-lewoxewo] €
T-lewoxewo] g
USECERY

—LM-/)—O

*
TSI, 4

L3

*
&

o0
Y WAV VIR .3 SNy

*

*

*

(R

*

25000
0000
5000
0000

[any IS0

=
S

I *
* *
oL v s A T

(=}
o
o
n

N - —
[A/c1] uondwnsuoo

Figure 4-12. Comparison of LC-GHG with and without woody biomass. (a) Power

selling. (b) Fuel consumption when to sell power. (c) Heat selling. (d) Fuel

consumption when to sell heat.
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Figure 4-13. Comparison between TES capacity and the amount of energy supply
without wind. The numbers near the points are the numbers of paper mills shown in
Table 4-1. (a) When to maximize power selling. (b) When to minimizing LC-GHG.
Red numbers are the paper mills of Heating furnace-limited.

87



(a) 34000

{1l
)
32000 | ®32
S _—
E, * 10
= 10000 | Heat supply [TJ/y]
S °2 0 <500 TJ
g 5
T 8000 1927 enn 500-1000 TJ
) 24 .
5 ¢ 3 1000-2000 TJ
g 6000 300 ¢ e 37 A 2000-3000 TJ
8 °9
2 38 17 ¢ ® 1 « 3000-4000 TJ
23¢© 31
4000 294 - e 4000-5000 TJ
20
36 22 ! @ 5000-8000 TJ
34 ° 390 3
2000 567 2300 5 ©>8000 TJ
35 o 13
180 124 16
e e | B
0O 200 400 600 800 1000 1200 1400 1600 1800 6200 6400
TES capacity [kt]
b ({
(b) 17000 o~ 1
16000 | i
__ 10000 |
e
S 9000 | *2
E Heat supply [TJ/y]
S 8000
S 0<500 TJ
©
S 7000 |
o | 27 o2 5 500-1000 TJ
© 6000 . .
o 33" 0oz 1000-2000 TJ
© 5000 F e 30 2000-3000 TJ
% 170/ 23 °8 ° 12¢
@ 4000 19 31 4  3000-4000 TJ
22 36 N
3000 | 28 //5 > , @ 4000-5000 TJ
3%/29 e 5000-8000 TJ
2000 |\ -1 e—21 *39
34 2516 35 ©>8000 TJ
L o
1000 4 14 15 6 13
26 18 (|
0 . R . N -
0 10 20 30 40 50 60 70 80 90 100 11C 300 310
TES capacity [kt]

Figure 4-14. Comparison between TES capacity and the amount of energy supply
with wind. The numbers near the points are the numbers of paper mills shown in

Table 4-1. (a) When to maximize power selling. (b) When to minimizing LC-GHG.
Red numbers are the paper mills of Heating furnace-limited.
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Figure 5-1. Energy flows of the systems installing energy storages.

JE D JEGE X Figure 3-6 LRI T & L, JA) ) HEGS L OVER A~ DZE#L2)=-1X Figure
35 LWL E Lz, BERILIFMEZBL CELE Lz, T rHTOE AT L
TREAPEF G AT, EoREWNO FRE T R® X =% L, ZVITHETH e
L7oe KREIFEOGEIX, KBICET LA TS & L, KFRREEE Ch 5 EiF
HEE OB KB, 1Y 0ICKESY V7 ICAD IR RKBEDKSE % RS [ fE /2 B iR
PEAEATLE L, LER- T, EEEEOREIT, W) EKFES 7 DEAE
IZX > TR D, Table5-112, Hx R EIN & Ll 2 72O L 728 & &R
¥

JE ) D3 AR L 2.1 MWe~100.8 MW, D#iH A 2.1 MW, = & (2T L7-, &
EKRFRPE OBE AL, 1~10 MWh X 1 MWh 375, 10~100 MWh /X 10 MWh §°
-, 100~200 MWh (X 50 MWh §-> & L, TES 2 kt ([ZHH4§"% 229.3 MWh LA | T,
3.3.3 HTOMAE & [FEEIC, 229.3~1146.5 MWh (TES 2~10 kt |[ZFHY4) 1% 114.6 MWh
(TES 1 kt [ZFHY) J°o, 1146.5~3439.5 MWh (TES 10~30 kt (ZFH2%) (X 229.3 MWh
(TES 2 kt [Z#HY) J°o, 3439.5~11465 MWh (TES 30~100 kt (Z4H24) % 1146 MWh
(TES 10kt (ZFHY) §°>, 11465 MWh L) k1% 2866 MWh (TES 25kt (ZFHY) 37>
34395 MWh (TES 300 kt [ZFH*) £ THeGET L7, TES . Table 3-1 TiE L 7= iamilE
O S (Minimum molten salt level height) Z#EFFT 2720, @ik - KIEX 7 TENE
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KZHA—E T

Table 5-1. Parameter settings for comparing energy storages.

Technology Parameter Value
Li-ion battery Daily self-discharge 0.2% [10]
Discharge efficiency 85% [10]

Hydrogen production
(PEM electrolyzer)

Hydrogen tank

GHG intensity
ARD
Life time

Electricity input for an
electrolyzer

Pure water requirement
GHG intensity

ARD

Life time

Pressure (full)

Pressure (empty)
Temperature in the tank
Internal diameter

Thickness of aluminum liner
Density of aluminum liner

Thickness of carbon fiber
reinforced plastic (CFRP)

Density of CFRP
Thickness of structural steel

Density of structural steel

396.5 kg-COeq/kWh [19]
0.006798 kg-Sheq/kWh [19]
20 years [162]

5.19 KWh/Nm3-H, [34]

0.804 kg/Nm?3-H, [34]
170 kg-CO,eq/kW [162]
0.0504 kg- Sbeq/kW [162]
10 years [162]

19.6 MPa [163]

2 MPa [164]

15 °C [164]

2.4 m [165]

5 mm [164]

2700 kg/m?® [164]

19.5 mm [164]

1494 kg/m? [164]
9 mm [164]
7800 kg/m?® [110]
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Table 5-1. Parameter settings for comparing energy storages. (continued)

Hydrogen tank Life time 15 years [166]
Hydrogen gas turbine Efficiency (HHV) 51.3% [34]
Capacity factor 70% [34]
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JE S L B R AT OHABN L IE L RERIIEM L, LaL, @ﬁ@%kgﬁﬁ
UREIZIX, F= 2 EROBAENRENC/2 D & KBEIFETIZTZERSEM L 72< 72
D, BEWCHCOKEORZ 5 TES L EEMh T, TEREBA Lz, 2, F=x
HEWCITR S = x X — 80O ERBENZ L > TREDL O TH D, &1 Hifk
EREIZEALTYH, TOHEARICAGSTELAEMEFZRZ2ELRITIUL, T3
Beff o AL 51345 5 72, Figure 5-3 (2, Figure 5-2 TR L7ZfE R0 T, WD
HONEAY 2.1, 504, 100.8 MW, DIFZ LY Y L7 R AR, JBS) OB A& F UK
. BOOBEAREICEAD ST, TES, KFEATE., FEMOIETREERIIRNE Lo
7o. HEMEMER LS AITBELR & O XL =B HRO BN Do, 58
BRITEL IroT, TESIEL, FBEDEME -, TES OEAROEKEBEREN D72
{7Ipoie,
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Figure 5-2. Power selling when using different energy storages. (a) TES. (b) Battery.
(c) Hydrogen storage.
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Figure 5-3. Power selling when using different energy storages with 2.1, 50.4 and
100.8 MW.-wind energy.
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Figure 5-4. LC-GHG when using different energy storages. (a) TES. (b) Battery. (c)
Hydrogen storage.
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Figure 5-5. LC-GHG when using different energy storages with 2.1, 50.4 and 100.8
MWe.-wind energy. (a) All results of LC-GHG. (b) Results of LC-GHG between -40
and 80 kt-COzeqly.
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Figure 5-6. ARD when using different energy storages. (a) TES. (b) Battery. (c)
Hydrogen storage.
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NOMENCLATURE

Abbreviations

AD air dry

ARD abiotic resource depletion

BD bone dry

BKP bleached kraft pulp

BOD biochemical oxygen demand
CAES compressed air energy storage
CCsS carbon capture and storage
CCcu carbon capture and utilization
CHP combined heat and power
CO: carbon dioxide

COoD chemical oxygen demand
COP coefficient of performance
C-PMES conventional paper mill energy system
CPP coated printing paper

CSP concentrated solar power

DIP deinked pulp

DIP-PP DIP for printing paper
DIP-NP DIP for newsprint paper
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DIP-Bf DIP for the front of the board

DIP-Bib DIP for the inside and back of the board
DIP-SP DIP for sanitary paper

DR demand response

GHG greenhouse gas

HP high pressure

LCA life-cycle assessment

LC-GHG life-cycle greenhouse gas emissions
LNGCC liquefied natural gas combined cycle
LP low pressure

MCFC molten carbonate fuel cell

MCH methylcyclohexane

NP Newsprint paper in rolls

PAFC phosphoric acid fuel cell

PEFC polymer electrolyte fuel cell

PMP paper milling process

PoC proof of concept

POME palm oil mill effluent

PSH pumped storage hydropower

PV photovoltaics

RPF refused plastic-paper fuels

SOFC solid oxide fuel cell

SP sanitary paper
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TES
TMP
T-PMES
UPP
VRE
WB
WDF
WECH

WTn-ES

Symbols

eTES
Egrid
Egrid (t)

Egrid

const

E.paper(t)
EPV(t)

h(T)

thermal energy system
thermomechanical pulp

TES-installed paper mill energy system
uncoated printing paper

variable renewable energy

white board

waste-derived fuel

wind-thermal energy converter

wind-powered thermal energy system

area of heat utilization facility of j [m?]
intercept of enthalpy of molten salt [-]

heat demand per unit area from heat utilization facility j at temperature T
[Jn/m?/h]

specific heat of molten salt [J/kg K]

TES utilization efficiency [-]

amount of power selling to the power grid for a year [Je/y]
amount of power selling to the power grid at time t [Je/h]

amount of power selling to the power grid when selling a constant power
[Je/]

power demand in a paper mill at time t [Je/h]
power generation by PV at time t [Je/h]

enthalpy of molten salt at temperature T [Jw/kg-molten salt]
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MTES

TES
Mcold_min

TES

cold (t)

TES
Mt (6)

TES
CtoH (t)

MTES
Mpgeoc(t)

elec

pi
psteam
Lp
Pi(t)
qgraln
Q'C()n (t)
Q'dem (t)

Q‘ drain (t)

Q‘S—turbine (t)

quel(t)

fuel(t)

A fuel
cggl (t)

fuel(t)

fuel(t)

amount of molten salt [t]

minimum amount of molten salt in cold tank [t]
amount of molten salt in cold tank at time t [t]
amount of molten salt in hot tank at time t [t]

amount of molten salt transferred from cold tank to hot tank between time
t — At and t [t]

amount of molten salt transferred from hot tank to cold tank between time

t— At and t[t]

power intensity of production i [Je/t-product]

steam intensity with pressure p of production i at time t [Ju/t-product]
rate of paper production i at time t [t/h]

recovery efficiency of drain with steam pressure p [Jin/Jn-Steam]
thermal energy of condensate at time t [Jw/h]

demand of thermal energy at time t [Jw/h]

thermal energy of drain at time t [Ju/h]

amount of extracted or exhausted steam for turbine with pressure p at time
t [Jw/h]

thermal energy from boiler or heating furnace using all fuel at time t [Jn/h]

thermal energy from boiler or heating furnace using black liquor at time t
[Jin/h]

thermal energy from boiler or heating furnace using coal at time t [Jw/h]

thermal energy from boiler or heating furnace using heavy oil at time t
[Jin/h]

thermal energy from boiler or heating furnace using natural gas at time t
[Jw/h]
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%%IF )

Q"P(®

leakage
cold (t)

leakage
hot (t)

Q‘Ir)n—turbine(t)

Q*P(0)
a5 (o)
H )

Qnot ()

Qmax(t)

Qvicinity
Q'Vicinity(t)
d

vv\\;lélcTh )
HD
i (t)
rvicinity
geon

ex
tl.p.

main
th.p.

T

Tamb (t)

TES
cold (t)

thermal energy from boiler or heating furnace using waste-derived fuel at
time t [Juw/h]

thermal energy of heat demand at time t [Jw/h]

heat release from cold tank at time t [Jw/h]

heat release from hot tank at time t [Ji/h]

amount of main steam for turbine with pressure p at time t [Ji/h]
supply of thermal energy from TES at time t [Jw/h]

amount of steam with pressure p at time t [Jw/h]

stored heat in cold tank at time t [Jin]

stored heat in hot tank at time t [Ji]

maximum thermal energy additionally stored to TES media between time
t — At and t [Jun]

amount of heat selling to the vicinity for a year [Ju/y]

amount of heat selling to the vicinity at time t [Jn/h]

thermal energy from WEC, at time t [Jin/h]

ratio of heat demand at time t to maximum heat demand in a day [%]
ratio of heat selling to heat demand [%]

recovery efficiency of condensate with steam pressure p [Jin/Jin-Steam]

steam intensity of a turbine for extracted or exhausted steam with pressure
L.p. [Jun/de]

steam intensity of a turbine for main steam with pressure h.p. [Jin/Je]
temperature [°C]
ambient temperature at time t [°C]

temperature of cold tank at time t [°C]
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Thot ()

Subscript

e

h.p.

th

temperature of hot tank at time t [°C]

electricity
steam pressure for high-pressure steam [MPa]

types of production (BKP, TMP, DIP, newsprint paper in rolls, uncoated

printing paper, coated printing paper, sanitary paper, white board)
types of heat utilization facility (office, store, hotel, hospital)
steam pressure for low-pressure steam [MPa]

steam pressure [MPa]

thermal energy
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Amount of production[t/h]
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Figure S 1. Operation schedules of the production lines.
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Figure S 2. Wind speed and ambient air temperature, 2018 [116].
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Figure S 3. Estimated heat demand.
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