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Climate Change and Industry: Challenges and Opportunities
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£ E 20104% A AA SU7KO15 GHG) HE% 5 30% 44] Hokz Qg Aoln, &%
Ao whEr o= ok Axjo] tigt -0t FEs] Z7KE Ao melth Bl 24
TH|(IPCC, IEA, UNIDO, Global Energy Assessment)o 4] 2|2 E418H W88 3. | A
oigt AN HGL AN ZM A1) HopolH o] GHG viEwke Z&saA st ol 98l A
AL B2 Bas Ao Beke 98 54 Aodu} Hops Wdo® 3 AATE Al
Ea Ay A gy ZEEQ. 20 e 7|&d-AA1E 2R, A EoklAe] AuE
T 9g A, A Bopiae] gspl e A BRS] )2 4 9k A 9 AR &3} Auk
o] 57 PANE PSR Jhck E3 AR HopolA] A7) How getasiE 218 4 9
£ e AN

ZFH0| 7158}, LA A, Tekas) wy

Abstract The industry sector accounted for just over 30% of global GHG emissions in 2010 and
scenarios envisage a continuing rise in demand for energy-intensive materials. This article sums up
the most recent international analysis (IPCC, IEA, UNIDO, Global Energy Assessment) to give a
broad view of the curent prospects for reducing GHG emissions in industry. It does so from a
global perspective, complementing where necessary where regional and sector-specific case studies.
The article addresses the portfolio of options available, their technical and economic potentials, the
experience in the use of policy instruments in industry, the synergies and tradeoffs that mitigation
in the industry sector can have with other policy objectives, and the specific concerns of developing
countries. Long-term decarbonisation pathways for the sector are also presented.

Key words Climate Change, GHG. Decarbonisation pathways
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20109 % A MA 47}2+(GHG, Green House Gas) & 30%= 2H] FofolA wj&5 )
ThFischedick et al., 2014). 8 oU=] &-8§ FokuF, A4, T4 -4+ 3 7|e} EAol )
o Hlmg S o, 25 42 GHG WiEZ9] 7P & FHolagt & Aok A4 &okll
A= F8 oy FoFd 22 g FoKARE, F7, 85t I g AR, ¢FvE)e
oA AHgEF B sjEFol| A FLE Hata ottt AuEles 201035 A4k
< 1T v, LA tigk 871 20509l = 45~60%7HA] 23] F7HE A2 Ui
=

AAA AL FFe WS o R ALEHEA, Bo 2L T/ FAIHel ASS)
A 87AY 71$3RS}E 98LE F8hs AlZellA o3 Wsh= F 7HA] S|4 s
£+ Ik

SR = 4], T3 A9 tE Rokso] B/HE] Al ot AMlE 1
Hafof gt} ol2|d A, AABRRE HF 37 Avlzd o277, 4 LA}
AlFe] AHARl F5 B2 T3 GHG MiEF T4 S 27T & Aok 23 194 &

WU Xl(ch.7) LEAER <R/ 8 (ch, 8.9)
mesd BOLLN g L
e MY — I T Hbl~ FiBE AE

Y4E NS

i % 1
nys L ] - e A=
P 4% Mo Su o
24e) el
|
AT A BE @ Ha Hi® 28 - MUX AE
H@ &Y a4 e e - LT 2 e

| 11 T =L

WA Adeh. 7] OBAER

(I 1) 23 Y2 59 A BSOIAY ST TS T 0=, PCC HA Bt INE |
Foz Mol MO HOAO JjSUst o5t M) OIS YSK AAISZ EAIMC (1) A% M2
Shg HIEP oK 224 () HZ 224 (a) AE 2OpIMe| A 224 (3b) BAE AN
AT TEY (@) MAE-MHIA B8N (5) MH[A £9 ZA(Fischedick et al, 2014).
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TF AR YA L HlE 84S Boh F JARS] Ao EFIitt. Al AP TF
& 24, B 298 AAE AL B AARE), ALHE A BEe] 3
A EE I A AR AN 5842 4] EolollA Al A1 FAo] i
Aok Yozt 11 ¥te] g A EobllA AAEE BEot o og ARe g Y
Foke] GHG M%< ¢ & Atkel: i A9 7158 Bl 199 Hs &8 =
Aot AF9] A4 AFE 8§58 58 FAF 2 AHE F3FE A e 2ARE
Y3 Foh. o2, AV PES JE3A] FoiA Al 28 Y 5 it

O& @9, e 33 ExE o 53U F5EHE HAEoF & 2eUt o A
4 olyA] &4l FEAlsh= Zlo] AAFc2E dYsithe 42 olu] ¢4FH uHl Atk
183 25 B L FAAS} AAA 9 AlolE 725 WElES flde A
S EX2 A3 ok 3HAIRE 4] EolollA ] GHG 750l Bt i3 Aol 244
o8 WA 2 A B oFF7AA 478 v Qitk B =719 A9 A A<
118 FEol Ui 23S WEle FANA 3L vl T8 1k (k104 =
olof thgt /ML =d=2] Al E Kot ZA3] BofFar Qlth). ol & WA & ) A&
7FsdE A A AR Aol olF. e R 3 7| AF g9
ol d& ¢AET

S AN B F dF= HZ =4 A7 DAl IPCC, IEA, UNIDO, Global Energy
Assessment)ol| A AAIG Zlolt il o3 AELS TH3 @ FZ ol i FHH
& N ZHE AAEEA, AH Eoboll A 9] GHG BlE& %S E0laat gtk ol & 98l A AlAl=
EE 28T A 1AL 8 AY. 18 EF Eoollx e ARATE ARtk 53,
A8 7Fed A9H EZEL, O IE 7|EF-AAF FAY, 2 BokellAe] B
ST 28 AY. Y 2oklAe 9318 T8l o BF SR VA 7 de dY F
€ 3 A ET L EE=o] 5 BAAE BASLA fvh =g 4] EokllA
Ao g gaislE FIT 7 v WHE AANIT o8, AR 5 Qe A4 9] Ao]
2 123

(MA 1) =30 olxl= S

rulo

ofz Frlo] YSe XY |X, 18 FZO O 2FS UZls HFAN HeiS ohe Fac

Tefpich AT 4R0N M 2OIE 00| o] B2 BAAIL 4+ Ut JI5IE MBpIE Bt

(UNIDO, 2013).

2701 0lpt biot 20|, ©5u MBS OILiK Tord £XIS Bate ool Sl tfe
398 BEE AXet Uk 22 S0f ol U FI0|Me| oK BRY MA 50| FOFOLY
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Olof ZAIHA H MA 44t SdxIo| 0f2{gt gizlvl D[Xl= F= T ZO|FCHIEA, 2014). Pk Of
ek NEE=Y=0N g/ AZE S47(80 242 A2 MY 20k 55| S90iCHSaygin et
al, 2011b). HEEH=S2 =71 ZF A5KE SO7IHA oA 2 4 3o 24 29 HAs=EA
(low-technology)®ilA| DICIZ, 50| HA==2A] AZx EAo= HESln Qlon, 0 FY2 Yoz
Al%E ofdo|ck oF Lizto] 717t Mstshs HIZ O mf, 22 04X 28X Z2AA, 3Zof of
oF SXh= T MAl LY BIEY 2elE 2ol YEAl ast #Solch b5 MY oHA B8
£ A2 50| /EEd=9 7174 Holg mebhs £50| Deeh antg Ieoks A2
HNEEY=0| 25 Pl FHO|CHFischedick et al, 2014). A2EA2 =&, N2 = H=0A LA
asd0 FAMS 490 AN 2ul0]: UNIDO (2011)01M Qs LIE), 2|0 WEEd=0[2t
= 280N LY 20| 27t 7IMQE 5 0190l Hats BOFE 2AE SOiLte ACHVI &
). ole ¥ES Ao W, =4I 22 VIeas SA= Al Sa%t 3T DR
BENEAR O[5 COM)7L F2 Chof gutet Z2HMEE 10| mME TAES BOolEnt SHg M
Y EFQ201E4-23(0[5F HFC-23)9] BR0A 2 + UK DM HA| H=HH ASS EXI5H7| 2
ot 70| EQdICHWara, 2008).

[I. a7 2ok AAA F4l

2H A ALS B ElE FAE A9 Avlet ALk T8 4 ClvA] ks (FET
7E] @] it AHEEE oUA Y ohe] WstE ATFoEN YolE Utk FA=
T23-7]€3 80Sd BF Fa% TS VIt Y CdvA Hekee 53] Mds
ol A 1990 F-E 200097HA] @A 3] ZAastH o, 7)o 71& Wsy)t 78 IF
< vHT 24 o] A& 20119 °o|FE A9 WFES HolA il ok Avrt A Al
AZ o2 2 Aiko] F7FSHHAIEA, 2012) 13t YF A= F-8AEo] Ht) o=
3, A AA INFYLKHGDP)AA AHJo] ARAFH= HIEo] ZAAFASANE B35k
AAZAQ] A oA 48]9} GHG W& 53] F7FHA T 199019l 10.4GtCO2eq®]
A GHG HlE%-2 13.0GtCO2eq7HA] 7o, @Al= 19709 % X9 F vljo] 2%
CHFischedick et al., 2014) (1% 2 D).

HE & ZHE R

5| mER A AusE T oY mE

LR BT TR

bl 3y
LT .
WA |

GHE Emisslans [€AC0, ey

GG Emissiors |GoC0, eqipr|

(a8 2) © MA| Aol ol X|-7by 2MIEA HiZEY, 1970~2010U (Fischedick et al, 2014). F0|:
He HO| A= HeM2| S Mef7] oiE, Al7| 224 8 J[EF @52 20lME A B
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olFd F7F FAHE 7sAR 7P 2 9912 H] OECD 37129 &4 8% 7}
th o] H7h= @A 4 oUA F 66%F AHE-3HAL 1o, ©l& 200089 50%lA 5
7Vet X 0| THIEA, 2014). E3F MAEA=L oUA] A 2419 Ho YA o7 =
3, ol &% 4 d B¢ AlSE AgoltkBanerjee et al.. 2012; IEA, 2014)(8F= 1 Z+
). BAN, 4] EofellA vehd 723 sk 4] dluiA] dA AR F 5o oy A
A 4 FokEA AME, 88} Af 318k 2 9 AR, ¢Fu)E)7t A S vlEol
S 58Tk 199019 57%HE ©] T = 2011d0= 67%=E F7FFIATHIEA, 2014).
ol F &oke Aol A3 AR TF T oF T5%E &HIsHY, o] itsleth wiEd 5
80% 717to] He %S SYAIZITHIEA, 2012). 4H]9] ol4lsleha vjE A91e kst
oluix] TA AH vlE, 418 A719} d ALkeE 13 7Y vl Eo] 1o, 72 AA &
& HEF T 40%8 AAZTE YA 20%s Z2A2 BE wjEE ARE gike] 7
5 Y<lo|thFischedick et al., 2014). 2010 A A|A| GHGS] A4 vlE®d 5 Al o)
< ofAlo}, 1¥]Al 1/42 OECD =71e] Aoz 1§k Aol thFischedick et al., 2014).

=27} 3 ALE AME A& YE vl wE 4] viEFF) zbolrt ok He ¥
Folof SHATHE 194 ol =7k VIet 57F = 37)). 59 A5 F5FEFE 4
2L FEAE, AR AR AE Az vWiEES JA viEF T 27%0] Dk,
o= AIA 19121 vl=toll ME7h= X0 thMinx et al., 2011). A8 7122 WiEd
FUT F A9E AA K Skelton et al., 2011).

(U2 2) 24UIA ZSo= QIft 2o} 2t &3}

EH- HBANE 20K : &, A48, S¢-42 8l 7|eF EX[O[)0|M 2AVIAE ASAZ[HEH A
FO0ro] 2A7tA HIEEHO0| S0{LIA| HCh OJME, 247IA A= T 5 YR0= I@EEE &
Ho| gFCL OE S0 AkSAtel A Cfx|, M= AS0| Zaot A 9+7F =txl= A{0|Ck
N4E ZA O 2R0|F 22 dge ANE 0|86 XSAE U 4% ASA AFBe= Qloh 2
M7tA HiEEE 29 4+ QUCE Od2iL 14 20|50 42, ASA 82 442 Z3AME £+ U=
2ATIA BiEF0| Hlol, x| Moz OIFh 2AHTEA HIEFO0| M ES 4 UCTHGeyer, 2008).
L2015 FHAHF Ishto] 2ATIA HEHS Z4A71H HiE tjdoz oF a3k 1= Al
ARS DOKSHOf Sh=Cl|, OFX7EA| O|F Ao 71 Atefl= SiCHKIm et al, 2011). AkS4t 715 2
Of0|M O % 2ATIA BIEE A4z MY HIET A4S Woh= oHH, TE 200 detHo
2 0fojH Woj= MO0|= HFC-134a CfA, 24Helo] Feks =7 O|X|= COR744)9t 22 WHO|E
AFEOHHLutsey & Sperling, 2008). 1= 274 I AE 1EHOM= A0 WAHE HiEEsS e
SHAl 21, 7= A=20 238 I /A0 ME o4Hx] 2842 =0l= oo FHoiHYeo &
Gabbai, 2011). 2L} XAHO| LHAHE! GtazRe THAX, ApAfol 2A, S£7FEQI 7[=0] F7HeHA
HS9o| oA w42 Hojxg|= f910] =ICHMonahan & Powell, 2011). ‘Sartori & Hestnes
(20070 =% A= MAX, |A SAC MEHE=E 2E AE2 A= £¥ MUHX a7
2~38%0| FS O|FICE KOHX| AZ0| 42 0| =X Hel= 9~46%7HK| FOHE %= UCk
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Il 71543} 1= 917 ekt A4

ojojA= U8 e E AT GHG viEF 749 FAF 7FsAd S A3 et
o|E fdlA= 18 1914 JHFH o R HoE Y Ee B83Th Y ZEEA 29 o
| 8l g4 Fofee} #de] e A 4L Ve #dolgke ' B dtlA o
T I 9] AE el aAe] Z84, 71e A} Eokeke] €8 #A|, 78 T4 AH
kS0l FEH o8, I AA=A, T3 EZT 9 o HollA A Eot 7HA
© ARl AAFH S e, Be BAHLE) TR, 7He® 5 AFH 24
< B3l =&tk

1. 7l 2 MEf ot

A = A7) E2F oA FHekH Fopol|A oyA] B Z2Ax F8A4L w4 A
< O|FAANE ofF F 7]E Nk I A YL F3E] Atk L= A2 =
A3 ArloA = dUA] A0l 2 7|ES &8 o e e Es AulE
A g de A == gt Atk oAyA] ot i os ' 4j9
A ZEA2 9 AxAH 71 ST s gdtt duA 2848 A9 Qkeol
ZA) 3K Fischedick et al., 2014). T AoAE G343l §7)AQ) N EE 23 &
of e 54 Hofol HL87Fsd 83 HA7HE7EBAT) 2 HAAS7EBPI)VES
A E Aol

1) X} Lot

EE ] BokllMe F7] 2 Z2A|2 25 2 AZHGA 10% o4, 18 58
A Zzgl(e] B A F7ILFTDONA 20% oS Aokl WMo E dUA] a84E =
Y 4= UtkBanerjee et al., 2012; McKane & Hasanbeigi., 2011). TR 4H] 348 E8,
F471949 739 AA Ao AA] 9 ICTE A8 &332 v 8o 2 59, 457,
Z7] A4 718 59 A3S A 3= o E8-0] FtHMasanet, 2010). 4H 3] &
4 M &3] THEE dof 7FedS Adgol &30 AkElelth EU 2770 AFde] 734

1) 471871 EBAT)S AET Au|AE PAshs 71 U A 283 WHL ov)si, YHAZr|&
(BPT) 4+ W) i 7-2-0] SRENA AMRE =25 F 443 ol UA] & FSHA Hde] S Uehd
£ 71&< 9V ¥} (UNIDO, 2011).
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2 AR gEA] AAG AHE B3 dUA] &RFE 3% FAAZ] e FHET
(EIIF & Ecofys, 2013).

1 ¥ke] WA Wt TEA2 53 JME HE g AE 2l Fol AtkBanerjee et
al., 2012). Brown et al. (2013)°]] W= v]= A Q75 F 4] GHE o] A=
A Bl A 9%}, 203530 18%0 B8 Zo=z Belr)

HloUA] ARE-S BIE, ] ®oke A AlA A 2 28 F 84%F A-H| 3 TKBruckner
et al. 2014). o]9] f-E9] Fof B AYoi = 724, e HE HHSE olF=E WiE
FAk=rt 93 A5¢) T 952 A¥sh=s FAoIth 2y ditkre Ao I )
YL Zolgd B} A4S A8 Ho] YT Zlo= oFdka ok AR, 44
A Hoke] A7) ARR-oE Q1T A viEF JA E8Asel tjEo] AT ZIoE 4
ZE, B4 JgEE 8 TR Eol89 A ZEAAE B 152 H7|SIAA
of g}

2009 HE oUiA] LB F ovlol e, HYE, 11 yte] A4 7 el e A
A AHE LS 6%l GITHIEA, 2012). o)) F2 FFFL v AL Hx g Ax) Fo}
ol o] FA(FBR) AHS. A TN FF HA7] B8, AFE Y EokllA9 &5
A3l Foloh. 12y 71 A (o AFR F7). vlel w2 7)¥E BejuA]), Wzt
8 A4 UolA AR 7Fsd dluA e vlFe S7HE = U th(Banerjee et al., 2012). A
A 7Fsd oAt 7HAE 83 7Fe AL the UlgellA EopdE bR A jith

AEE 71 DAY thF 2 A &obollA 7Fs3H(Gutowski et al., 2013). 2|28
2 AZ2E A ALt BAGNA AUAE Ao 3, ol 53 A, 4FvlE, AAE
B2 44 FofollA] o]n] - ofE A foll= 43| =& FE7HA - AldEHL Yok £
A B84 Ao 2A AL A RAE AEE-L LA tiF F8E Fol7|Etk 1
g T3 A AROE 71A & Bolth. T FA FA AR s AL HA <]
$571 AT A dvs A= 719e oo & Zlolth tizlle] A AE8 AA= 1
Gl AAe] Frle) wel I FZo] AR Bl ofle)l AFL-L T A9
40 F9-Et A& S AIAFE, F8ES AEE LA T2 AA FIFE
Atk 53] A2 &419] Agolle Fi &AE o83 e F Ae AAE] gles
2 F83% 7|¥0] It

ok ol4ksleka 32050 A0 30%7HA), Bk 4 Fan)e 53] v A HekH A
QoA 9] B4 viEFo] H4d Aoz d7AdT FF 4, 1Ps 4FuFE, A2 3
g g A% ZAA] 9 FAF Al A U Be U8 EollAe wiEs A BXE
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A= dloll E80] @ 4 Joatx 2 ). vlovA] sjlEF 749 A4S, F4AEs e
4 Al OE Wl : dEYohE A3 FE B W 3 9 A 8-S F3) )
%2 =Y 4 ArkFischedick et al., 2014).

(MA 3) HMIX|ORZS of2et Exi= 7HM oS

HxoZe 2iHc= 3 #A2Apt JhH vtsds Bk £ U SiFEE =+0|ch gLt
BPT(Best Practice Technology)2t H|wSt0] ™ £Ofo| M 7HsHES 055k S =2 AF8E
£ QICHBanerjee et al, 2012; Fischedick et al, 2014; Saygin et al, 201lb). HIX|OpZ0)= Crkst
YHO| AUCL O S0 3 5 tErHEES HEHSALL OHA] 2840 7FY =2 K99 E# 0f
HX| AF8S A 7I1FEC=2 HABH= AIARIE QUCE J2{LHAIHE X|&7bsd O|UME[E, SA-H
4ge], SN F0[slt e HHSS HIEe) 7|1US0| A ARE 370otA] 30| met, &
WM T 4T 520 ofer YKo S AlRlSH=s WA o= HHF|L RUCE Saygin et al. (2011b)2
MA 71288 didez MA OHX] ARE GOIHE +FEot Zu, AACl o4x] HH 7ksds
17.3+46 B/yr 702 APZOICHOMRY # 1 &), SfX|2F £5] @Fst ofZat 242 5¢ 200 of

ot NEE BRI #E0 H2 god o, 0| X0 2= E2 7kt 4 Qitk

(& 1) Saygin et a. (011b)oi HME! YHUES ST 32, MM TR + U= o-ikel

_ ZE olUx Al HAHQ H MA
8N4 9-30 7.7-182 6.1
AHE gl M3 22-26 37-78 31
S5t ok= ol Moot 7-19 7.7-97 23
Hxo gl A 28-25 5.2-16 19
HIGHE =% 19-29 16-24 10
Meg 40 3.0-34 21

(1) 2%

A7} Bopoll A9 oA Fs= vlwF FFFo, 20003014 2011d Ake] ol =]
A2 6.2% F7F3FATHIEA, 2014). &4 =232 A7 AAA 2] 749 201088 210kgol Al
20501 d9ll= 270~319%g/capita® F71E AL E o ZHTHIEA, 2012). IEA (2014 A F9
BAT(Best Available Technology)E 414 3 7|29 374 Aol H&E -5 duA AR
% % 21%E HFE F Y& 0 E YTHI o 20509 % oS &M FE 31%E
o] BT Kemmeli et al., 2014). B2} 8% <1 7] 2(EAF, Electric arc fumace) AH8-2] 5
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7V 7] vl H71E -84 W&ol Aleke w=THFischedick et al.. 2014; Milford et al..
2013). AAZ, HT FF2 287] F848 EAZE 3] £32/44E(BOF) 719 vlF
< S87kAL ITHIEA. 2014). 53 240 HEFES #1A 2 A& 76k A8 E
GBrE) AT A= "o

A7} FopollAe] F714 Wtells E /A, A 7F2=E o] 8]t luiA] A, B} 3
g A3 My, vEe UL 53 Y A8 AL 98 1 2 FF 9E gA(nlo)
L2, #H7]E, A71Es8l, 7k 716 DRL =, HE33 2 AMS), d443Hd8(CDQ) 2
TP ARE Fo] E e Ch(Fischedick et al. 2014, Hasanbeigi et al.. 2013c; IEA. 2014:
Worrell et al, 2010; Xu et al, 2011). 20| FAI 7|2+ oliste4 3] A% 7|
(el3t CCS), F48UH, 127k ¥ 9 3¢ 58Uy 22 ASo] U
(Hasanbeigi et al., 2013a; IEA, 2014).

FRQ3e] F8= 24712 A7 A7 Z2AEULCOS) ¥3l= 71€3- 73413
A0 B oH, AAl= A dFE A VA= RS AU Z2AHEZ A
o} o= CCS7F 7t AYA SBERE =55 22 512 ol JITHIEA, 2014;
Tsupari et al., 2013).

(2 AHE

AREE vlE5A83E43, fE. &tk Azt 8E 5 A FAAA ARSH= o
HA F R8-S AR, FFA(Mee] 1gd] e G gdagt ) Az 3L
oA =T} v H& Aotk AIME FAel 49| oA 8l vjE =} A=A
SO E(EA, 2012), AHNE B4t AAA A8 9 35 98 A% £ 4-77] 584
2 AT = JE A= JASITE EA 2014)= A ClUR] AR Zhaol g’ 7)1<3
7F5738 18%= AFP3ItE Oda et al. (2012)2 20153 o= &E&Ao] 71 2 x| Ho]
7P =& AY vl 75%4 B oUAE LBl YR

AHE Az HHNA H]§ F8&0] 2 W2 FYA} ANE v &L Ao 2 HE
Sk Aot ARIE W S9397 7% S2). ¥F Y93 7848 9 tiAA 7149 o}
2t A4 v 82 g2t F JAARE SPAY dAAIE A8 AR WA E HoF
&= "WHo|tHFischedick et al., 2014). o]2%F ATtollA] thA| A S (od:228]7], vlo] 2u2>,
Hetolo] R #H-H)2] AMS-2 TR FEolH, HIES o83 W oE AINE F7ellA
avlehs A8 F 9 12-15%F 4& F IS 2= HRITKIEA, 2014). Hasanbeigi et al.
(2013b, 2010) 2005\ Ei= AIHIE 4HQdo)] AMS-E ASFE (O F 80%E Bl § B&H 0



20 ofzlo} oiEt: 2x|-PrEI= jy =

2 ARE3EA) oF 20% Y T e, o] AL 2010 RIE AIME 1ol A ARG
7] 9 A5 FAEF] 747} 6ull, 1.58]0l ks Feletal FA 3T ol 2010~2030d
Ale], H18 EE&4E =00 Ad 7 doldth

ccsell A3 AHIE 7l 7|€A 02 73RN ol&A 7R AlFS AXA] Fgko
o, o= AREY =& v8-& T4 F7HE Ao E FAHATHCroezen & Korteland, 2010;
IEAGHG, 2008; Naranjo et al., 2011). ThA|7Fs3t AlHE AYAEL 0| £ O LSS
FdstE Frlskal dth(Hasanbeigi et al., 2012).

3) SEHAIF 2 HsED

ool £ A, AlFel de 38 AL vl EFZH otk "l dHolE 84
T EAolgte SHA 333 olE RS FAETE Tk o] HopollAe] oA A&
AR3he AL 2479 F A4rEolth. (H8 AMEHE) ¢EYL 94, Jdgd 52
d2 & F At dEH;Me FF7] E3E T3l THEolA=. ol 3 oFF 4HdolA
ANAAE 7P Bol &Hshe HEFHAoIthRen et al. 2006). T57] 3 38 HAAE
BPTel| 2t Ja#lo|=3thd A FF=E 23%, Yol BATE 12% =9 5 ot
(Fischedick et al., 2014; Saygin et al., 2011a). [EA (2014)= ¥-oFS FE3lo] B< o, BPTS
288 739 A oA AHE-F tu] 24%, Broeren et al. (2014)2 @A &3 div] 25%
E Y F UL Aoz Yougith =3 2010-2030'3 Ale] ALEHE 3EHAE AL
% 60%+= HIOECD =710l A4 ZLe =R o SHtiBroeren et al., 2014).

SIEHA|F Eols 3u9EEA SEUSE U Angith gdrYol 2 WEke Alx 3
Aol 337 Fo] Hehg AS3InE, &4 lEFS T71E Ao 9 FEHDaioglou
et al, 2014). A7k vlo| vl ~E FFUEE ABIHIE A A5 a4 vEF
& 74T 5 YJoiE vl g B EXo]lg gFFA0] A5HTHRen and Patel, 2009).

ZEZE L YolA vlEFE £017] A% e WRloEE Av4 dEEe HE A
€ 5 575 @A A7 Fol Aok dEYl8 A Ax B EARM, e FEFE 7
Aol A8 5 = CCS/ICCU 2L A7)EL dUA] 8408 IS F e B B2
o|¥E& AFRt 53| nlolilslekA Tt AT o] EopillA F8% Qkxdo|th. HFC-22
Az B A vlEE= HFC-239] ¥ £°l= 2= T23HARE 23 S AL8, 24 d
ot 4t Al oA vjEE = olgtsbd e RS A B ol 2R Al 3 &

2) o] £ok2] {9 B A2 ST 3 F ol T FFE Ik oA HEIZ ARRHE 314
52| FA| Tz A G o w2} A F EokR E-E 5 7] WEolth



7|

7]

G873 M JA] F87F HFO]THEPA. 2013).

4 "= 9 AA

AA R B2 Q5L wid 3% o) FE3] 718k thBanerjee et al., 2012). o] &
op M E FHL oA EEA 71&S FHEE 4 rHKramer et al., 2009; Laurijssen et
al, 2012). &8 FAE 7Feshs I7He . AE)ele Bot 72V 33 ol
AA FAEC] FEER oA o, o]E F7ke] A duiA] EE&A8L vl$ F8%
EAo|tHBanerjee et al., 2012). AA|Z, o] FokllA Hz} Eojual e 3+ Y50 g

SHdl : A AL oduA] F B4 FAYEE E9E F e T8 Yot AAE
NeE AN HA ARS HIE2 FE3] FUFERAL Qe 2011 F 3 Bl A9
YA AHE- H]-E-L 70%°) DFTHCEPL 2012). IEA (2014)= A|A] B HZ Aalo)] ALL-F
£ dyAY 7Fsd AEES 26%E AT

8 AA AQol] B Bialo] W2 ouA] FFY F 50% ©)/F-S vio] emj o)1,
FEAAFAAFHCEPL 2012)2 2011'd A8 AT 5 95%c EHFLHCHP)E 42
ZolAtka it ol Z. violuj29} CHP7} AAACNA &3 = e B} 2 7}
AL E30h 20139 CEPI= 8414 2dg 1E3te, AL 2 07| AN 388
(DES)E ARS8l BEE s 5 9lom, o= Q&) A 59 o]t ea vEF F 20%0
D FE 20509744 Y T Ut 3ARARA 243 ZAH}E LHEIITHCEPL 2013).
Jonsson & Bemtsson (2012)2 - B 2 AA| 4Hdol] dig CCS 8-S AF3H o,
71 A3 wjETFo] B2 A- I CCS 7RI X7 AHe] BAX ks AP EE 4
AL LA

%) BlEpEASTEHLE T

AZo|F SAZl i 19U AHFS 2010~2050' Ale] 2-38) 71 AR o=H
th ol 53] wE(Et2 2 ) 9 AAE v ES s EokollA EFvES AHSSE
AHEI7F Eolual Q7] wlEoltHIEA. 2012). A&7l oA E&4L 2t Ad 33
Eo] EAHA, &FrF 449 duA Jekee #E3] AL dok F5L 258
AAAANFE iR ELAFo] £ 13 EFrlF =711, ol A4 F39 vlF
o] Eol%t7] wFo|tkSinden et al., 2011). Z¥Tjet= FulF o2 FFo] BojA|= BHIAL
O|E(F: &FuF2e YHE AS3hs TA &4 HiEde 4EAE F JE 9AE
3] BWTHIEA, 2014). 284 YA FAEE Eole ALCZ2E 89 ueg oyt

ssfel A =xn 715 21



22  of2lo} ojEt= 2X|-prE= mjy g

E HEEE YA 5 ok A7) EETT TS R0FE ACAE 84 JAYEE
0= Zlo] BAolth. & €FvF 34 T Ak 8 T E o] 83ka glek 7+
H&-F2 3204 B A7) #4 e ¢FvF 449 GHG F WEF T
80% ©]’2 XA JFCHFischedick et al., 2014). GE<, A|F<2] BATE #-&3thd oy A]
FLAE B} 59 & Qth [EAE @A WA ARRZF9 11%E €2 F IS A= |
THHEQITHIEA, 2014).

A GFES Yk b 20 duAls 13 EFrE A4t vlugls o
3~8% TEO| EE(EA, 2014), HHZ &FuFe AARE HlFE SUTHE viEFE A
=¥ F Itk A ¢FrF AL 5 48] A dAlA] o] Rl FtHE, ¢FvE
L AN A =5 a3 AE ol yRF o2 Y&-8HAth(Cullen & Allwood, 2013). 4=
v & #2718 &F0F] AHS-E Eo7]. vlgEE EEshe A17]1€(Liu et al. 2012). 8
AHATFE T3l vH7 EFrEY F849S Ao AELES =¥ 5 Atk

o= Asl. gAY F= G488 v Y ¢FvE A AV AL DA
o AdFulF e HLT = Yt ccsoll I A7 JA] o)A AFR=HAT

(6) 71ek &oF

AU A 71 5 oUA Jgsr) Blad Be Az Boks il F4v]Y0] A
ko 9lom, agrld V&S B T4 e vl =0k gt o gL UEd
9] A, TA719E A AAre] 24 o] "ok 1 Fan). 183 AZAATNA F
27148 B2 Aol & RE-S A3 Banerjee et al., 2012). CHP, ¥u¥ 3 BHYY
M 2L 1zt 71&el] it TRl MebES A AFE vl ok q7IAE AeE Eok
E J=E Bo] TAHeE AuRuA vt Hud f2d AE T F SHF L ES R
okl /] AEHE Fudr] VESIY FEZ G FAE v§ B8AHS EUOEH
olilsle A FHEF F 5-35%F Y I Utk Fritzson & Bemtsson, 2006). F3F L5
7VE AE:AIIE A4 . 7148 45 32E AR Aole 15-20%2] AUAE
Hokgk 4= 9JrKGalitsky et al., 2003). Xu & Flapper (2011)= AA|A FAIZ 712 4ol A
o] YA ARRFE UF £Y F ok 3T fAF A Al AX 37 A S
AREad 274, 5% JANITHE 7l4de] 7Fs3HtHCullen et al., 2011).
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CiohHrE MY HIEES daAR + UAs 718 2 482 CsY Aoz 0|55t UrH2050100=
30%7HA] Y 4 AL IV &), ¥ff CCSE 251 7k F0l 712 X2 SE2 ok 73X0|H,
A= BA0 A= 712 A2 9 EH SF FAl 7X0lck O2iLt HMAIE 801 7ts 59l tiHE
MY CCS ST 1XE0|H, LHA] 122 7k50] SHE J&0Iti2x 25 Hg it S78)(Global
CCs Institute, 2011). 7k~ K2| I stet HF MYAZLIOF ®Z)o| ¢ AE7RA Ljof oo &
=E O|MelEAS EHSH= CCS= x| A 7SOt Yoz Hofgtn Qlon, O HIE 2,
Az2| 2bd oHX] 28d S7f2k= Z20tE d=CHKuramochi et al, 2012a). A|HELL HZ 5, Bt
HIEF0| =2 4 FOHI1 F)o| 49, A=7tA U &5 O[MSIEA s HHA0N s
+ AE FAECE WX|BE 0K #X] HCHCheng et al, 2010). CHE #A E40] F20= 4t
IS o AL 27 299 & QoL CCsel 49 O davt gitk= A2 88 5 9
L}O|CHCroezen and Korteland, 2010). 2L} == O|MzEt4AE MAUXo=z A2 H2, MM
2 HnH Fojx|o] YAF Ul O[AefEta ZHAIZE2 Oif 7 B2 HO|CHMazzotti et al, 2005).
AU ces-ojAn) M FE-O= B2 A7t BRoith FAA MY o GAKISel ¢t m=
B, CCSE Mg 4% 24Y 5+ U= FAES S0 2& off 2okt X928 S50 718 2
gz 59 A2 ‘24 2do|ct O k3o zE 08 At 518 off, "dibtd &4
#=0|AUCHNapp, 2014).

3) &xff E8d

A2t B& o] 50| 414 GHG HilE% 5XE 87 27 35417171 flsiA & v~
2 84 584 71E 99 e wyo] B adiths Z1E 72 gltiAllwood et al., 2013,
2012, 2010; Fischedick et al., 2014; Gutowski et al., 2013; Milford et al., 2013). 7F5-3F <}t
o2& &4 A Ao Aol A &4 £0)7], 28E &A1Y AR, BAE FH A
3 AT HEHEESE A% BA Fol Jdon, ol ZEAX FA 8 2L A
W2e B8l Ao $4 5 Ik ol AFe= Ve £ Y 2o P A
= Q3lE Bl A=A} Anizke] ol S vE & e A ¥V Fa=
ST7EeE] WE F 58 FA RS Fud A). dA) o3 ks HAHL o
F317] o9, olF AAT Ale vz AL golth AlZEF HITWde Odd
HWebo] A &of & A o3k W2, 11 89k & Eokdll 9FE v = 1A
(k2= 2 Fanel] g 1o} Zo| Q& o7t B astth vl AAS Hed A S2 F+
ANH 7Ve8E BolFe AHECIth

(1) B8 &4 £017]
A A= AR F V4 EFF F 122 SAFLE THEOAA] AL A4 B
Al HZI(Fo] WE-H s AEgydct Z2A 2 A B 48 FAdd dH S 53



24  ojzlo} ojEt= 2X|-PrEIE ojy g

A AN H7EHE FE Y F JE 71€F UL A2 AL AHATE
535 AF2AE AFHonMilford et al., 2013, 2011), ZA 7 LFuF 29L& 242} oy
FNETF F 17%, 6%, o5t EA FHEF F 16%, 7%E =Y F YL AL E Jd=dHr)

Q) &4 A 2 AEA=

A 5 % o5 FAA 24 Q7H(Cooper. 2014; Cooper & Allwood, 2012)°] W=,
c#E 22 9 ¢FuFE BF F30%e AF FHol € v A 5 Aok FHo)
o3t &A= Brh B2 559 ARS-E 913 < E(E), F20] & &A= HEHAY
FHo] U ARdA FEIEATE 22 AlE (e BEY FHEEA)] Aol AA =7}
7Vsstth Ee] Agdde A8 ¥F uA, Aukg A9 A T2 A Wel Aok &
FolEd A& AFE L2 ABT 5 Aok AFL £3E7E 74 T FAH FAFE
BATE F A= AAA dof ARE v 5 Jom. AFE QB B FFFS
7k FAoItk AT ZE ke dufA] &40 2 Z& ofUth JUAE A
3= AF BAE Fo] 8T AFY A= 22 o] 1’- Z-9-oltKGutowski et
al., 2011).

3) 48 24

B2 AT A9 A &4 glol 13747 FAIE 2 F Aok A @7 23 AF
g AAE T3l AlA 245 ALE T 9 30%E AEAE F Aok AA FE ARE F
30%F AAske st AAES] AFY A e S AT EN A 87TESE %
=Y T o, 22 WAoo s dFuFe 8T7FE 9 % FE T Utk 1Y oY
g AF AF T vre AAF 4. 183 A Assele datel] B33 Ut
(Carruth et al., 2011).

(@) FF =v SAFe] AF 9 9%

pd MA A2 8% F oF 0% H7|He BEFES tiAshs dol ARR-|nk 3
T AFE e AE BF T g w712 BA AAREol 7HsE etk 3.
gitd o g 713 o]l 2 AFY AAAH L AAZ ARREE 7130 vl 8
ZtHCooper et al., 2014). (FAIFo] o d)HF wA A, Hot djg HQ] AEL S 5+
2 Jadel= A AFE Ak Weto] Zhsdith A5 A9 Aoy A9
B8 vgEith 8 HeE eudelle AHRA 87 W3k e 105 7 bl 9
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71Zko] o}F Bo] g2 WEE A= 3= Z97F B

(A 5) MY FoRt H3 2 2o milY S

AMEAATERILE MAZFXA Y, Ke[Hoz 2o Ao A= 27 ofyo] 7|7t H=HaAls 4
Wots Adlist= oo Zaor o] ZHE FHoty, J|s-7¢txo] 2HE 25 o =2
O] 2 4 QUCk Ao Y= 7I1US2 FAMSO]:HY) A, 7I¥AE /= 22 UK &8
d 715 3S0E Sl 0|YS S+ 4 ULk O Alo] HHaAZt AXf S U K] A0
Hebg| ojmer Feks O[Al=A0 oigt A= OFEIA] Aol Qick

IHSIAD 7k, o sjere| Y= Anm Y A0 ZZEH J(Kalundborg)= AP A
MaAol AHo=z HEIbEICHJacobsen, 2006). A 60H0| ZA, 7|YQ AFAR)S Zto] A I
O[4X] AHefiye YUHS AHSAUCL O|EHT 20005 H A[RE ZMEfMATHA] HA| Z2 1A
g, H= TR0 A= et T2 1lES2 MEMRUTHR] THS 9 MASHAAE HIH
O Fe{otClShi et al, 2010). ABE o2 el H[ES Z0[7| 9fdi MEE O 55t E= =
ZHIASET2 1 MNISPYS 7|US0A F=20|0, 7[S7t AHEANE SHsECE =0 MAUS T
717t Wo| =2 HE =84S Zd%on, 0|52 NISPE H43X0|zt H7leH|{International
Synergies Ltd, 2009). == 13 AS 0P F SEP ZAECZE 7[sH 2N A Zsio| &
Z2 mo 4 OlrlZhu et al, 2014).

0g =0, 8 9 Hx MAUS Z50=2 +WdH= CCS 22i{AH 2 20po| wAkHH siF2 Hrt
H2 7tsdE FMAIPIE 53], AR 3das 3e Leto] 2% ARTEOZ HIMH=OL TA|
FH HZE NYoM HiEEE QESHo| 0| 2 70| 18 Z<0|CKDong et al, 2014, 2013;
Geng et al, 2010). UL MEjCA| T2 (20| AL DHARZ BS|= JI9tA[|(van Berkel et al,
2009)= TA-AQZE SMAAE Soll FHOM HiSEE 0HE7|2S 0|83 AHES AL A
HOf O|AMSIENA HEEZ 15%E S o0, ot |t e JiME 7H56ICHHashimoto et al., 2010).
27102 O|20|T AH FEX = /=40 ES| ZQstL S 22 5ot U4 7tsd
Off CHEH A= OFEITA| O|ROfX[X| RRACHFischedick et al, 2014). A1 LY Of[HX] ! A AFES
S 5 A F 7K So=E MAl7| ARE S Xj2E(Chen et al, 2012), M4 MAIE G
H= X2l& 55 5 UCk MYUE40| AH[ZE i@ =2 HOICE O2[n Al MZEY MA84 &
H|Z2 2000~20504 AfO| 4H| =0{d Aoz OfFx=0l Ol A 20pH A8 AHY 571
SOME 7P =2 =0f £9HHOECD, 2012). AA84 228 JHMS 4= QU EotflE ofg 744
7} RACh(Geng et al., 2007).

=3
=
=]

T
o

oR

H
o g

2. ¥R

[ic]

EZ4A 2 AZRF 8 £ A EoF §F 9 GHG wEF B2 9L it
(Fischedick et al., 2014). o] %< W O& AFoE WAHE AFo|V A2 +8
ZF5E 98l == Ve e AAE SAAAF BF F8310 WAFE 86 T
Ao g JFE WA= AL ABAFo] ADdh= Aulzo) gk F8olth wWEkA, Aulx
FoE Y Bok GHG wl&ol| Y=x3ich

el A AR3% AAACRE 8+ F7F FAlolth IEA (2012)F 20101 201kgo]AE
1909 A7 AAA 4n)Eo] 205039l 270-319%g =22 71 Aol Ythrith
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2009 1919 ABIFF 450kgS 7| E3F ARES] 79 20501 d 0] 470~590kg7HA] A= o]
S7HE Ao 2 o ddr) vwd AL FTHEol AR £ ok F7PE Aok AL
#Hallof 3ot (T2 A2)7H BIOECD H7F2] 20093 1909 A|HE AH] 2 218kgH O
™, 205013 ll= 480~570kgol] ©]& ZoE HRIth 7MHEFES] % SIS # £AA 9
8 205009 28] o) Bold Z o= ot AEEA 9 AMA 8= JEG
R HoA F7FE Ade]t(IEA, 2012).

.14 A537E vke} o), 24 ARFE S0 AF 2 Aul: & A8 &+
AE 7IEF IR e O F U553 &4 B84 IR+ AR HdEs |
Slol] YIS Wil A4S LA JIY 5 33 ok T2 54 BolY =
ATH. A W 71e #E WS BAEshe AF (- gaA. ArEE feF ol Wstsie
aB|Rke] A=) 2 AT AL otk webA et FF E1E TG 8
#E oS AnzL A sl £3)-glo]x el W3l Qe FA. ARA PEL 1
#Haflof gt o3 HAHEL ] U8 HEE AHeth

T, JUSE M AFE AR, A= A2 Wg glo] AIF 85 &%
ol FoFA AH-2 ARA AF IS oA AZHF A AHE. 221E 229
7] A7 (Bajzelj et al., 2014), UIFdo] Hold AF2] FFAIE E4FH(d : 7HF oY
MEIR), HIGHEZESt §. BT}t A2 AFoE YT 759 AHlEE A : Fol
A A AR ¢7).

Aulx =8 AYE T3 vlE It @ AFoE 8T7E FZAN - 259
BT A2 AHL-ES EolHA ol FARE FTFAZ F Ue OE olF S AT,

AHAERQ] x| FFE VXA oA Aulz 87 FFEE EUTHA  7FE 9
& olE3h= AgE EUh.

olZgt Wt A JHeAE AFHOE AT A ol AZMA Qith B 4 B
ofF o= 3 9 A Weke] FHATF= & Holy, Fischedick et al. (2014)2 ©|
of A AHAT B AJNE AEF T

AFE e do TR &A1 & T3 AHlE F8 F5E A% AFY KA
g 2ole 2L AR 51 A e AL FH R vg Ak Agr) 71FW
3} 4312 s A|&7Fedt 4] 3 AAKSCP) BE o] AER AL HT S04 AFE o
olth. Mulx &9F Hagt AFe & EE AF BT 24 EYHFS Soluxl =
A A 2= A&7Fsd ¥ 3 AT AE7FsT Aol tigk i BEHEC.
2008)S H< At o] FFM 27 B2E FH3aL Uk e A&7 AlE



7|

7]

g AH| 2 5 F9U 283 OE Shde ol# 3 AlF B AHI29] 8 FFtolt) o)
ol ApTA =+t 18|al ol gARL o= 2pd, Jdl|A] 2Pl AN, SAFFEE FF
2L FAH =771 E3}E AT o2& A w7 Aol FAA AL Folry] g
3, FolET AFH 53X AF 9 Avxe] 8 T4AE AHF R YA FFo] A
F-3ict.

53] &53 YRS Ao s sl AF R Az i 871 SV e A
A=l A9 8 FEEke dde B84, 181 =49 A0 de AFE
2ot wehA SCP Aol = M= d=, Aol met 22t b2 dgo] 878 o]
EHH GDP 22 ALt AE E83h= Aol A& A7k oJ[UMEER T3t 9l
t}. (of : U2] GDP °|UAME]EE Fo]A(Beyond GDP Initiative)) <714 §+ 2-g Uolr}, 4+
g2lo A A= AL Tl BHo FHS WstE FAAE F Y= oJUAEEE Q)
el - ARE &),

A7 & 8 #E Rbolge AR tig dedt dSol EAF W8Stk 9]
Hol= o] EHE AlFe AR AL AZ(Ea 239) AlFS vk HE 5 T8
g 84 9 A2 Bof= v gofsith 25d A3 Ropill A BadA oE 5 Q)
£ olgd BAHE U B2 A4o] A== Uk

V. 2713 2 hast et

Ao HlEF ZAE A% T8 RIS 73, o9 AFY 71s8d #9448
AF33ATE 7oA Eopd AU o & AFH A 78S TH3AL H29
AT YE-S A9 E 3. GHG W& dF £Y F Je 2714 ke F= &tk

[EA (2014, 2012)= HAAIF S E BATE AP 45 20509 = AF9] ANUA F4
HIF F 20%HES Y 5 Aol 43t ol F A8 E A4 34 2 A 257
BAT F°l =23l 3ln, 187 k& 735 o|F fJado| == 3] B2 v]8o] A
"ot 39, B4 4L 978 U8l w2 BATE 3E93HA 388 4% oviA 3
FEE oF 25%, 47|A OA HAAHE Tl 20%E F7IE FE S U THFischedick et al.,
2014)( 54 Fopd A Y& vk 3 Fan). Aol ©EH(0~-50USD/iICO2eq, Yo7} 0 ©]
3k2]) A H]§ W= 7Fs3dh Y vlE Fekert ool ZARHE HE ST oA A
I3 H3LE HIAY cCS 22 FHAHQ Wkte] aFEHEH Ar)de v§ R
(50~150 USD/CO2)°] w}-ETkFischedick et al., 2014). L&V 7+ 7FsA S Brlstes 34

sstet Mol =Xt 7|5 27
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of2lot OilEt: 2X|-2t=3|e miyd

M= T83 F7PE Aol aEdof it

Hof AA, Holtt FEoER S EAE T EddA s 4] #okd] ZIEA] iy
AZ oA AHEF A4S ZEE 31, GHG HlE%F 244 535 22-38%2 A3}
(Clarke et al. (2014), Fischedick et al. (2014)°l4 183k o}z 198 3 1. o] & A+olA
£ FJF YA F 4-57%00 G A7), 4. T4 o)A E HIES AvA A8
2 AL A5 s AvEn

HBol Azl eol A9 A Yo BATE FA &8 AL EE AEL 7]€9

243 st HAFFH R 8 7%TE 53], CCS(AY 4, ¥k 4 FaE 53 Fope] 3
A uEFE Y 7 Jde 7P AR 4]E WURle E Hyh=tk [EA (2014, 2012)&
2DS AU 22T 2 B9 E AT F Jde HF Y 78S 7R AlvEl )t 3
B3 AlgS B3l CCS A8o2 4 viETF F 30% oS £¥ F Jen, 18A &
< 7 205037k HlEFL EEA FE ZoE G4

|
g e £| 100
o H Oll
Hl 20 I : | . JLE'} .
80
kS|
= I ol 5
o 40 JEH' "
i g, .
v o
L= s I 3
5" o iI° .
£ nExn = R [P B
§30-650 ppm €0 e 5% -
80 B 430-530 ppm CO.eq mm - I -
O PO 2F(RF) w8 -

@ TOiE HI(EM) e o

100 0
2030 2050 2030 2050

126 | 189 16 | 189 107 se| 9% 07| 86 | o

(O3 3) 2%:20304, 2050 7|FA| CH| AtQ! 20F U HF OUX| 49 HZE, 2opd L oy
21001 430-530 ppm, 30-650 ppm0f| EE6H= Zi4 AlLIE|2. @ 2% :20304, 2050EH 7|ZFA| CH| At
o =2oF | AF ofX] MEta Gg HF #sl 20pd oL CijH| 21004 430-530 ppm, 30-650 ppmoi|
EEoHE Z4 AlLl2|Q. MEk AgolE= FH7| & 44, HO|QOHX|7t =atEICKCarke et al. (2014)
Z 72l 637, 6.38).



7|

7]

2DS AlUElL B A Ayl At wEE, AAA Hi 7)20] 448} o] %o 1]
& 2°C 458 7% 2 g2 vlEH FAIE 23t FulE Z o2 ¢dE T IEAA
AAZ 2DS EFE SASEYE 20259714 wlEFe] 17%E E9oF d=dl. ole
2007-2011'd Afo] F7H3E vl &l 2= oltt. o|2jd FRE SR XE 74
o] 7] wj&ol, olqx] E&4 2 CCS Q= H§ F&A0] T2 ke AdYsof 3}
HZo AT 2 233} A (ol : IPCC2) ARS, IEA2] ETP 2014)E8 - 9713 B3 dlA
E o, &4 5847 8 T4AE B3l 2o 2 A3E AE 7 Jvha A% A71E
o2 B o, HF duyA &uA(d: A7) == 4712 D 48 7 AAYoux)e &
(AR E4sh= 3 Uetolt

[FAE A58 AU E B3 787} vX= ST E H3o= AE3|Ien (™ 4
F 9% 19 F3) IF AN 29| 4 U8 F Y= A FeE UF Yoyt §
& Frt AUl g2E &4 584 9 8 74U 7HAE BE9E AE3H S 5 |l

713 BRA B AU es &4 2 F8E V[EHo 2 tRa 9loeug ol
Hebse] Ad 8 5E AESH= dlo $HAI7F ) 2. (Fischedick et al., 2014), A3 =
qehe 2AE A5 AYAZAT FAIE Aeode AdEE 92 7 Idok

Z . 4
g B eE ¥ iAWY WCcs ] A S0 0 nicd
= 10,000 [ER -2 ] & 5H =0 2DS = 50
Wes g 22 2= @ 25 R
EEo
B unE
B0 — B o]
—
| I
. = Epg .
L] 1000 I
2000 00 .
sl—H =
2010 2020 2030 2040 2050 I FE P FE R R PEE L E
2 s gz B B8 88z eS8
~ 32213z 3s:izzze3
FEEE33;::FEE11;;:
- o oaw E R - S E i

(a8 4) 5t T MY HOHEZY, AHE, 3PHHIE/A|, Bo/MXl, Y2R0lE)el ZTA o|Aetets o
{FHIEE 24 2% J82 A AL M= ZUEA 2012)2, ZA YotsS HAISIRICEL Aio|
AR ES2 [EAQ| 4DS X4=9 AlLjZ|e, Sk=* 9ith= 2DS A9 A|Lj2|eE LieHCE 2ol 24
2 4ADSHH 2DSO| A{4=Q A|LIZ|Q0 met FefA]= HiEE0| 7|ofor A4 ¥ots LEfdct @ 2% 7
212 IEA9| 'AIM Enduse’, 'DNE21+ TRO|AM A ZFE HIZH0| CCSE X810 AAF HIEES LIE
Uick A|L{2|QOtc CCSE X829 819 H0E7} BA|E|0] QICKFischedick et al. (2014)0] 12! 10.14).
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(MA 6) X| 9711 NRW2| 4] 2of g4 AlLR|2, &0 B2

L 2ESRIHAETATFNRW) = FEOA 7FS 2% SYUAIFo|n, SLoN Hgoz xAHel
7|2 HS H(CPL) 2 AfEiD 0|7 SiCf CPL2 1990E: GHG HiZESF CHH| 2020E77kR] E| 4 25%,
2007HK] |2 80%2tES SO| 1A FOAM Fot HRrO|TE NRWe| GHG BiEd2 =29 GHG b
£ $ 9 1/3(201230f= 305 MtCO2eq), EUO| GHG BIEE 5 <F 7%0| 2o, 0= AHQI9]
GHG HiZgmt Z2 A0t mZ0 NRWE St REo| 7|2Hsl 58S ZEok= 2H80A
0f? 520t X|Y0[ct. CPLOIM Q+toh= ZHME 7|2 B90HCPP)2 F= HAlel 24 S#HE 2O0FE,
71ZE= 2o, O3 FAIES] H=HO HOE Wtk MY 2OME CiESH= O3 SAMKIS
2 K9G8 A oUx] X HIEF AlLf2le 2EE, T ALE|R Jjde P 20iE 7|2ET
ts’8 HE 0P80 HO5IRCHSchneider et al, 2015). °f 40| O8] SAMIS2 16719 HHS
T2 X0 24 28E Holzlofo] ErRlch 9 OHA] Hoy MYUS tiEsh= 052 &
Y 2 & T 43 2o, 2d/Ee 9 AHAF B, XISRRIEH, A & B2 L
Ct.

OlHx] 3 7|=8st 2ebg nefed o, Ofs AL 7|8k AlLl2|Q 2A= HEot HojE ¢, 23
S Zutof| oigt 2ot SRYE S, 24 Aol FsEio HAF Ho| 2851 Th(Mathy et al,
2015; Schmid & Knopf, 2012). NRWOIIA] E7|H 7|2t} 2ol 57 +AS 2l HOH 222
8% A2 0 =F Ao siEoict

V. A3} 7)3]

GHG W& 74 532 T 799 A 9 73e tdst, Ad=(38A) =
of W} HAIE & At o7)ele Bt FEA% 579 ZEAdAE, SEEH A%
3, 54 A4 9 =& 83t ol EEth(V Fan).

oz &4l thal vlwd 7|3 o] FoX A Aol W=, viEFe] tF A
o] A% 5 E7Fsd 713 EAAEC] BA &E 7 on. EE g iREe
H-8 E&A0] AN duiA] &84 P4 Welshs BEAT AE, B, FAH A
7} EAFTHF, oA &8 7). B9k oy} o] EHA JAAAY A= Qs Yeht
t 952 & gus A3y YeldthFischedick et al. 2014). 7]199] A9 gutdow
AEAL I SR B Eo] B PEAT F2 AR dFE vXe= 54 F 3
Uo|tHIEA, 2013). 2E5¢ HA B2 dolgulol2r) A7 Yell, 7193 33 AFAE=
53] A4l Uit J&go) 2HE T vl 9 o9 4L HAET 5 A HA
THIEEP, 2013). €& oA #E] AZ8(EMS). ZHAE dlx|npy] 22 2 7982 tf 7o
=7t A RHR)APEA o] At ApEA o 2 A E7]= 3, o]E B3l CllUA B Bl A|
AZtol] Q3 ARE ot = Yok AFL A4 Hl8o] F g A H|-&of Bls|
@2 H|FE AA S 71F0), &4 EE848S AYshs PR 433 ol o] Ut



7|

7]

A g AT H=537 g Eo], o3 L2 7| E Jl2e=tt 11.2004 BetRol,
AF AHE-e] EANT} 7HE Ao MR L AlF A8l FHAA FTIEAAE B
do] F7FFAA 8 A7 W A ] B-E3T

ti7le] 74, 24 AHNA 71 T EoF Ao EAEE A HARL O
o2& 7|13 % dA Aot 4] GHG Z4E 53l 72 & e tEHRA Tl zs
Uiz =& AAE ALLHF A7, 10 BE vE AZE 53 A FUE FE F
t}.

=9 oA A 71& 2 2 YiHZ0) diF A A7 v S A7 A3
A2t BEAE Eol= ol 7HE 2 719 E @ AL oy Aef wieke] =4 2 A4, 9
Uz Aok B 7)€l gk £29 tHZhang and Wang, 2008). Zhang et al. (2014) A& 5
o] A7} Ao g 1% ti7| e HlEFS Sol8d LHEEZ AFAE TAMER
A EE&AFE Foof ot FARITE duA] T&F Uk ARFA g FAIERL 1]
3 Ho} E87Q] v| o2 53] o3t AE HEd 7] vlEFE Sole He =
ol At =3 AF Aol 2w, B ARFAE 7)Ee] 9ol vl ofe}
NAA LHFE kx| o)

Yoyl 25 B8l $PEE 9 287] A vE AZE B3 T4 AEE A 713,
e A5 FAolge AAE AE & Aok =7 AP ZEA| 29 AP A, B
FLAQ A ed dE B4 3% 7Hs3chBourgouin, 2014; Fischedick et al., 2014).
ool 2E0lYS HIHE wiols 4 Wjte] A3 vlg(d: Ed 87 Ve =Y A
xo] £4)e a#sfoF dH(Worell et al, 2003), F471Holu 9 7]4e] A= A
g vjgo] JUFH o= ¢ F 5 UthZhang & Wang, 2008).

831 4] GHG 74 Wb Ao an AANFHSZ tpA| Tal A9t AL Ayt
o] 2x 38A/FRA AHNE VA 5 Yok ANFHCE E o T4 Ve e Ao
A He ol HAYst= vl8L] AFsh= HZ SolA Gt ol FoiA AL ok Yo}
7}, olsl AR A-8dhe £9& viElR e AlZke OE 4 Utk H EATH Al9s
AHOECD, 2014)°l] W=, AAAHQI o|A] &&4 Z2IHES APF 739 vid GDP
7} 0.25~11% 7= 3L o] 2 QI3 118 F=E. oUA HE9 tiF Aol 7 A=
AdEitt mebA AR AAIEE Bl v)E RAPH TS Haslehe A, 71 s ¢
L0 i AL B2 MjEFL Sl duiA L84S Y 744 7)E ke vt
3= Zlo] 28 FRAL Avk2 6 Fa).

HAAA 2ol A E o, 4] 2 Aulx Bofoll ik A AL FA Y B g
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A E3xol|, 28|31 I A B 3HF FFE v|A 5 Utk o]d 2|9 o] F7Fs}
© W ARPEE AlEn 3 Gl E, Mestl et al. (2005)2 F= Bl IMKER) W 27
ALk BA A A7 E2E AR 735 vl8o] Bo] B U= E73taL EEA |
oA QA He olejo] e WRECE QI o]9jof] vIg] HAHOE & & At T4
gtk CCSE 4ol A &3k AAHNA A He 2AFRES 558 o4, 4L
de ML & 74T Sl AR HlEFE A4A1E 5 tKuramochi et al.,
2012b).

(8t 7) Ligdnt 7|48}

=0 AY0| 2HAufof oXl= DElE S0l= FHo| xES £ AoL, JIRHF e MY
Oof oAz S HAl 80|22 ZHOICh 7|=#=t oA 4l =g, J2(0 240|L B3, ofH
#2 MHIA 20[0f DjX= Fek=i2 HlwN 22| 2eM Aok a2iLp 2 2 Mzl oiet e
0| ot A= 240 STSITHIPCC, 2014). Kjellstrom et al. (2009)2 +82 HAX E2 7P
SHOlA, 7152t 5 Mikdo| RN ez njX= FgES OlgXez ALY 152 ALk
Q0| mat, £3] 7|27F &8 B710] 4 HIIFo=R MY &40 15~27%0| 2¢ 4 ACtn of
F3CE O %ol =7k= 6%71A]) 0[S +2 & AUCk Hsiang (20102 1A R 4 ol 24 7t
2|28 Aot =7to| HisY Wikdo| 7|20 SASHH o=z ofe ettt IS DjFCHy EHRCE
70 Qe Wit Z2hA, 2|0 Aoz kY F ot XY, dHlo] FF, ZIA0| et Brt
ST AA2 ofe 2HoCE 0= Q8 MA SS3Khazai et al, 2013), 7[HF A2, A4 FRRL
2 EelE YS & on, =2 HIXe MY Jkstt WA Ao RE8E A4E 5 A7 ol
C}. ot 7|2 Helo H3op| 2o ARmls WAE(0: 24 EXI8 Mol ofgt Q7 SOjLtH
A BiEE0l 5012 & RUCHBourgouin, 2014).

VL B3 54

GAE Ao 2= 4ol AL Thed R A ke WASh AL B EAE S
5 5 gl on(Fischedick et al. 2014), @ oAM= B3 = 9 =71 439 F84
Q12jo] FolA| 1 Q). AF Foll= olEHH 2 FF AAFH #7203, FAFH o= AE
7VFed 71E BF T EAAE BEE e AR Yo, VY £ FFely == 4%
e 2-& g 718 E o] 83t sk A= Stk @A oUA 2 g4 E84E F
T3k e WollA APLE Fof, ©AA 2 A|(of - Abeelen et al., 2013; TP, 2014)°)] =
2 A== YS9 A7 g@egh vk, B3] A4 B84 W9l A8 AlEE
R3S, =8 FE A 2] 7he] A i FAE FHL Ho|ok(ll.2 Fa).

EE A AF 5840 9L "R AFAQ 805 YolE & fIANL of
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T
£

I8 55 B8l ddA 2 vlE 240 dis) AF 2R 8 5 de E7E E A
Fog E 4 I} (olHT B FF 9 ALF W7} AE2 Fischedick et al. (2014)°1]4]
golE £ Qltt) 7|4 & = e AFH B AF xEZE L, T8 & 584
T 48 B A IREE AN X2 TR T Ae = AFE AA. 287 o
A Ex A3k E4 AlFol WAE wiEF ZAE 8 28F LA Q1 = 3
(Allwood et al., 2012)9] B2 = 7}Fs3}c}.

&H| OZHA ZE/ARIE we g I g

I 7elH

GIOIEN %, AL BLIHY

|8 @A
g oz #E0Y
R ! BEHY, E28
SSN e ZZoa
e @ 28 { o
ge ne A2 aRmoe s —

(38 5) AR L) OfX| U Eta BEA Y WOlS BARY 4 = HAM(Fischedick et al. (2014)0]
7121 10.15, Tanaka (2011)0f 2#3h

VIL Z2E3k A4 AL 22]3 35 - 513 B3

AHHE GHG HUl viE £oF T shioln, A 7FeA. 23 4F(el : AFelA9] A4l
E), AHE(d: B olA Q] Asahel o|Ede & AA BoFede] 1ae A 22
54 7Kt AL AdFelAT F83% #HAPE otk A&Ue RS
(Sustainable Development Goals)E AP A, A|2H-2 BA /AL F3, AlA QI EA]
A F83 4Te S8t JTHUNIDO. 2014).
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AAA A7 Aol A FE7 A3}, oA AodEs T3] WopAAL o a0 =
Y A="olu @8 T 22 w4 7led €8 JdvA Ag=rt =2 24
2 A% 3 Az Eole oA P Z2A A & UIF A W3] B e
7HAAL ok 71 gFe] 4] EolellA F83 71€ Bd ouA g ujlE 584 it R
5 9% Al A28k A 7hed ouAd AR Sl ok AT I AsTT B
g Bloll, o]& et g 242 tiF-Ee] I71 3 Eokollx A3 AFH = o] Fof
AaL Aok

24 8l AFY] AHE E84E Eolal &3 AFe 88 AR s AFE
g8 mied T AT FES L A= B e s e Bd A A
2 Ao 7= 7Fe T vlE2 SAT 7 flok diF e s mdY 53 RAAA &
2 5Fo| SRR Pok A WS FHo= BN ok B FEAS Al
2}, dubd oA 8-S AT Eoln, =T Wi B PSS tFA =t
A g FAAE R AFH 2AE e A Y HZE o] =2
T e 9T 9 7L B7 A7} Ao

i ke A8k A (AEA FAdel AAY AF Blgo] B2 ke B¢
A=) 2 7HA EAH wiZol 27300 A3t ditkre] =717t 2] A% 24 A9
X2 A3 e duA E&46 U FA 9N w2 ARARTE 2AE g Aok
a3 HAH] Ve F vee AUEE 9Fa ey O F dEHols € e
CSCE oF7HA] 434 A A T8 tFe] 452 AAA F3ith vobrl Al2"F
AL Fdke A= A8 7HA Aol E=AE AL Ak oS8 AFdZE Ea 4t
A} 71t AA Zokte] it F38AIE GHG 24l tig 583 Felojtth. Ao U
BollAe A EF A, 12la 359 AEE T 713 24 7l  tiAl 24
ol gk &34 24 73], f“ﬂlx} A3s A3E 5% &84 S g 3 24
713)& olopls7|= Atk o=, e dTdAs 719 SE9 Y 583 A
ate] s}, Al W ZJ'J_E 4dE T A= FF ol FrPT ot ojF AYS
3l o2 7R AF EAIE TFoE =olshaA. A ke XA FEAEE =Y
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Climate Change and Industry:
Challenges and Opportunities

Maria Yetano Roche / Manfred Fischedick

Wauppertal Institute for Climate, Environment and Energy

Abstract The industry sector accounted for just over 30% of global GHG emissions in 2010 and
scenarios envisage a continuing rise in demand for energy-intensive materials. This article sums up
the most recent international analysis (IPCC, IEA, UNIDO, Global Energy Assessment) to give a
broad view of the current prospects for reducing GHG emissions in industry. It does so from a
global perspective, complementing where necessary where regional and sector-specific case studies.
The article addresses the portfolio of options available, their technical and economic potentials, the
experience in the use of policy instruments in industry, the synergies and tradeoffs that mitigation
in the industry sector can have with other policy objectives, and the specific concerns of developing
countries. Long-term decarbonisation pathways for the sector are also presented.

Key words Climate Change, GHG, Decarbonisation pathways

. Introduction

The industry sector accounted for just over 30% of global GHG emissions in 2010
(Fischedick et al., 2014). When compared to the major energy-end use sectors (transport,
buildings, AFOLU), industry is currently the largest emitter of greenhouse gas (GHG) emissions.
The key energy intensive material-conversion sectors (cement, iron and steel, chemicals, pulp
and paper and aluminium) dominate the energy use and emissions in industry. Most scenarios
envisage a continuing rise in demand for materials, by between 45% to 60% by 2050, relative
to 2010 production levels.

The transition from current patterns of industrial production to a future in which goods are
produced sustainably requires new more integrated approaches. Two particular aspects of this

change,from the standpoint of climate change mitigation, are:
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On the one hand, there is the need to consider the industry sector as inextricably linked to the
other sectors of the economy. From this perspective, opportunities for the reduction of GHG
emissions can be found over the whole supply chain of industrial materials and goods, from the
raw material to the provision of final services. As shown in Figure 1-1, energy and emissions
efficiency are only part of the picture. Material efficiency in manufacturing (e. g., through reducing
yield losses or re-using old materials without recycling) and in product design (e. g., designing for
extended product life or for lower material use) are increasingly regarded as essential strategies for
the industry sector. Moreover, industrial sector output can be reduced by using products more
intensively in other sectors of the economy (e. g in transport through car sharing, therefore
reducing the number of cars per individual; or in buildings through higher building occupancy,
potentially leading to lower cement demand). Finally, there is potential for reducing the demand for

services without affecting wellbeing.

The other change in perspective relates to the need to see address the multiple synergies between
policy goals. It has already been demonstrated that investing in industrial energy efficiency makes
financial sense at the firm level, and many current policies aim to bring down the barriers between
the investor and these financial gains. However, GHG mitigation in industry holds potential benefits
to the wider economy that remain understudied and unexploited. The industry sector lies at the
heart of the many governments’ decisions regarding the maintenance of wealth and the creation of
employment (see Box 1 for a closer look at the case of developing countries). It is in this context
that sustainable industrial production can bring about productivity and competitiveness advantages,

along with gains in public health and other policy realms.

Some of the above perspectives have been put forward by the most recent international
analyses (e.g. IPCC, IEA, UNIDO, Global Energy Assessment). We sum these up to provide a
broad viewof the current prospects for reducing GHG emissions in industry. It does so from a
global perspective, complementing where necessary where regional and sector-specific case
studies. The article addresses, among other things: the portfolio of options available, their
technical and economic potentials, the experience in the use of policy instruments in industry,
the synergies and tradeoffs that mitigation in the industry sector can have with other policy
objectives, and the specific concerns of developing countries. Long-term decarbonisation
pathways for the sector are also presented. At the end, the most pressing gaps in knowledge are

synthesized.
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Figure 1—=1. A schematic illustration of industrial activity over the supply chain (including traded
emissions), according to latest Assessment Report of the IPCC. Options for climate change mitigation
in the industry sector are indicated by the circled numbers: (1) Energy efficiency, including increased
material recycling; (2) Emissions efficiency; (3a) Material efficiency in manufacturing; (3b) Material
efficiency in product design; (4) Product-Service efficiency; (5) Service demand reduction. Source:

Figure 10.2 in (Fischedick et al., 2014)).
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Box 1. Implications for developing countries

The industry sector lies at the heart of the many governments’ decisions regarding the
maintenance of wealth and the creation of employment. Manufacturing offers developing
countries an opportunity to grow and improve the quality of life of their populations (UNIDO,
2013).

As discussed in Section 2, emerging economies now account for the majority of the production
capacity for energy-intensive materials. The high shares of new energy-efficient capacity in India
and China have however largely offset the upward effect of this change in the global centers of
production (IEA, 2014). Moreover, small-scale industry sectors such as textile, food and beverage
and SMEs are particularly important for developing countries (Saygin et al, 2011b). As developing
countries reduce the income gap with developed countries, the shift seen in their economies in
the last decades, from low-technology to medium- and high-technology manufacturing, will
continue. Placing investments in new energy-efficient processes and plants at the right moments
of a country's structural change will be one of the keys for managing global industrial emissions.
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The strategy for promotion industrial energy efficiency in Least-developed countries (LDCs) will
depend on the rate at which they follow the structural change trend of developing countries
(Fischedick et al., 2014).

Notwithstanding structural considerations, there is also growing evidence of the financial case for
energy efficiency investments in developing countries (e.g. as summarised in (UNIDO, 2011)), and
of the role of co-benefits of mitigation in industry in a developing country context (see section
6). The effect of climate finance mechanisms, including future ones such as the Green Climate
Fund, on the industrial sector is of importance in this context. The large volume of credits and
projects in the CDM gives an indication of the potential, but the systems need to be improved
to avoid strategic behaviour, as the case of industrial HFC-23 shows (Wara, 2008).

II. Global trends of the sector

Trends in industrial energy use and emissions are understood through the study of the
changes in material consumption and production and in industrial energy intensity (amount of
energy used to produce a unit of value added). The latter is in turn driven by both structural
and technological factors. Industrial energy intensity decreased markedly from 1990 to 2000,
especially in developing economies and due mainly to technological change. It has however
remained fairly stable since (UNIDO, 2011). Moreover, this progress has been more than off set
by growing industrial production worldwide (IEA, 2012). As a result, and despite the declining
share of industry in global gross domestic product (GDP), total industrial energy consumption
and GHG emissions have continued to rise. GHG emissions grew from 10.4 GtCO,eq in 1990
to 13.0 GtCO,eq and are now double the levels of 1970 (Fischedick et al., 2014), see Figure
2-1.

The increase is largely fuelled by rising materials demand in non-OECD countries, which
now use 66% of industrial energy, up from 50% in 2000 (IEA, 2014). Developing countries are
the also the largest producers of energy-intensive materials, and will continue to be so during
the next decades (Banerjee et al., 2012; IEA, 2014) (see Box 1). At the same time structural
changes in the industrial sector meant that the five most energy-intensive industry sectors — iron
and steel, cement, chemicals and petrochemicals, pulp and paper, and aluminium - increased
their share of total industrial energy use to 67% in 2011 from 57% in 1990 (IEA, 2014). These
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sectors consume about three-quarters of all fossil fuels used in industry and are responsible for
almost 80% of total industrial CO, emissions (IEA, 2012). Industry has a range of emission
sources: direct energy-related emissions and indirect CO, emissions from the production of
electricity and heat for industry each account for a 40% share of the total. The remaining 20%
is composed of process-related emissions, mainly from cement production (Fischedick et al.,
2014). In 2010 over half of global direct GHG emissions from industry originated in Asia, and
a quarter in OECD countries (Fischedick et al., 2014).
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Figure 2—1. Total global industry direct and indirect GHG emissions by source, 1970 — 2010 (Source:
Figure 104 in (Fischedick et al, 2014)). Note: the categories "wastewater treatment and landfill" and
"waste Incineration and others", while shown in this figure, are not included in the scope of this

paper.
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It is important to note that the trade of products leads to significant differences between
‘territorial” and ‘consumption-based’ measures of industrial emissions (as indicated in Figure 1-1
by the area named "Rest of the world"). Thus, in China, the share of embodied emissions in
exports (mainly electronics, metal products, textiles, and chemical products) to total annual
emissions accounted for 27% of total emissions, or a value greater than the total emissions from
any country other than the U.S. (Minx et al., 2011). Western Europe tends to top the list of

largest net importers of emissions (Skelton et al., 2011).

Box 2. Cross—sectoral GHG mitigation effects

Some strategies for GHG mitigation require a system-wide view, as emissions reductions in one
end-use sector (e.g. transport, buildings, AFOLU) may come at theexpense of increased emissions
in industry. Examples of this involve material substitution in vehicles and the demand for new
materials for new buildings. GHG emissions from vehicle use can be reduced if cars are built with
lightweight materials such as high-strength steel and aluminum. However, for primary aluminum,
the increase in GHG emissions from material production may be larger than the GHG savings
from vehicle weight reduction (Geyer, 2008). Emissions reductions for aluminum-intensive vehicles
would require the creation of a closed-loop recycling system of the resulting end-of-life scrap; a
practice that does not currently occur (Kim et al, 2011). An example of a vehicle technology
aimed at reducing GHG emissions with positive effect in industrial emission is the replacement of
the conventional air conditioning refrigerant, HFC-134a, with an alternative refrigerant with lower
global warming potential such as CO, (refrigerant 744) (Lutsey and Sperling, 2008).

Emissions embodied in construction materials are in general not considered when a building is
designed and constructed, as focus often lies on improving the energy efficiency of its
operation and maintenance (Yeo and Gabbai, 2011). Embodied carbon can however be
particularly relevant for low energy buildings because of the increased levels of insulation, the
heavier mass of materials used and the additional technologies (Monahan and Powell, 2011).
Sartori and Hestnes (2007)found out that between 2% and 38% of a traditional building lifetime
energy demand is associated with all the material used in the construction, rehabilitation and
maintenance phases. This range may increase to 9-46% for a low-energy building.

[II. Options and potential for climate change mitigation

In the following sections, we review estimates of potential for reduction of GHG emissions

from industry. We do this by following loosely the options outlined in Figure 1-1. The options
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related to reducing the energy and carbon intensity of production processes are dealt with under
a broad "technology-related"category. Other options include material efficiency, collaboration
among industries, and demand-side options. Finally, we make a synthesis of the overall potential
(be it technical or economic) in the industrial sector as a whole and in specific sub-sectors,

drawing from quantitative analysis where possible.

1. Technology—related options

Despite significant improvements in energy and process efficiency in the energy-intensive
sectors in the last decades, substantial potential to further technology-based improvements still
exists. New-build facilities in emerging economies can employ the most energy-efficient
technologies, whereas a range of options exist for retrofitting. Moreover, in the less energy
intensive industries, there are still many energy efficiency options both for process and
system-wide technologies and measures (Fischedick et al., 2014). The following sections look at
key best-practice and best-available technologies!) which can be applied in a cross-cutting or

sector-specific manner, as well as the most promising break-through innovations.

1) Cross—cutting options

In industry, energy efficiency opportunities are found across all sectors, with savings
potentials of over 10% in steam and process heating systems and of over 20% in motor systems
(e.g., pumps, fans, air compressors) (Banerjee et al., 2012; McKane and Hasanbeigi, 2011).
Electronic control systems and the use of ICT can cost-effectively help to optimize the
performance of motors, compressors, steam combustion, heating, etc. in both large industrial
plants and SMEs (Masanet, 2010). Improved insulation in industrial plants is an example of a
saving potential that is often overlooked: it has been estimated that installing or improving
industrial energy insulation would cost-effectively reduce the energy consumption of EU27
industry by 3% (EIIF and Ecofys, 2013).

1) BAT and BPT can be defined as: "BAT (Best Available Technology): the most energy-efficient way of producing
goods and services that is commercially viable and in use; BPT (Best Practice Technology): the top performing
technologies and practices for industrial energy efficiency among those in use bymost plants within an industry"

(UNIDO, 2011).



8 Maria Yetano Roche / Manfred Fischedick

Other cross-cutting opportunities include process integration, heat pumps and cogeneration
(Banerjee et al., 2012). Brown et al (2013)estimate that industrial cogeneration could meet 18%
of U.S. electricity requirements by 2035, compared with its current 9% market share.

Including non-energy uses, industry consumes 84% of global coal and peat (Bruckner et al.,
2014). The switch to less emission-intensive fuels and feedstocks is already underway in most
sectors and regions due to structural or cost optimization reasons, however most forecasts
present a need to further accelerate fuel switching in order to achieve emission targets in
industry. Similarly, indirect emissions from electricity use in industry are also forecast to
decrease as the grid decarbonises, but greater electrification of industrial processes is needed to
reduce carbon intensity to the necessarily levels.

Direct use of biomass, waste and other renewable energy sources accounted for 6% of the
final energy use in 2009 (IEA, 2012). This is mainly due to the use of black liquor in pulp and
paper sectors and the use of bagasse in sugar factories and other uses in traditional industries.
It is however feasible to increase the share of renewables in industry for process heating(e.g.
solar thermal for low-grade steam, biomass-based thermal energy), cooling, and power (Banerjee
et al., 2012). Some key opportunities for renewable energy are dealt with in the individual
sector-specific sections below.

Significant improvements in recycling technologies and practices are possible in all sectors
(Gutowski et al., 2013). Recycling leads to an energy saving when producing new material and
is already applied —sometimes to very high degrees- in industry, particularly in steel, aluminium
and paper. Although often seen as a material efficiency strategy, strictly, recycling does not
reduce demand for material, as it shifts demand to the secondary material market. It is important
to remember that recycled metal uses can be limited by the limited grade of secondary metals:
the quality of recycled metals is often dependent on the addition of pure primary materials.
Additionally, recycling depends on the availability of secondary materials: the rate of stock
replacement and of demand affect decisions on investing in recycled materials. This is
particularly the case for new materials because there is no stock in products where the
secondary material can be taken from.

Most forecasts envisage that a large part of emission reduction in energy-intensive industry
will occur by carbon dioxide capture (up to 30 % in 2050, see Box 4). Innovative materials

such as lightweight steel, high-strength aluminium, novel chemical and construction materials
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may help in achieving emissions reductions in the industry or other sectors (see Box 2). Finally,
in terms of non-energy emissions reductions, opportunities exist for hydrofluorocarbons used as

refrigerants tobe replaced by alternatives (e. g., ammonia) and for emissions to be reduced by

leak repair, refrigerant recovery and recycling (Fischedick et al., 2014).

Box 3. Estimating improvement potentials with benchmarking

Benchmarking is primarily a tool that helps plant managers to assess their improvement potential.
However, it can be used as a policy tool, for estimating the improvement potential for the whole
sector compared to BPT (Banerjee et al, 2012, Fischedick et al, 2014; Saygin et al, 2011b).
Benchmarking methods vary: some systems choose a representative sample of plants, or propose
the average energy use of the most-efficient region as the international benchmark. However,
increased data disclosure by companies (including by associations such as the Cement
Sustainability Initiative, the World Steel Association and the International Aluminum Association) is
translating in a way of carrying out benchmarking for a significant share of the total production
volume. By compiling actual energy use data measured at companies globally, Saygin et al
(2011b) estimate a global energy saving potential at 17.3+4.6 El/yr (see Table 1 below).
Uncertainty around these values is nevertheless significant as there is a paucity of high-quality
data, especially for complex sectors like chemicals.

Table 1. Energy saving potentials in the manufacturing industries by application of
the methodology in (Saygin et al., 2011b)

Sector Improvement Total final energy Total worldwide

Potential (%)* use (EJ/yn! energy savings

potential (EJ/yr)
Iron and steel 9-30 7.7-182 6.1
Cement and lime 22-26 3.7-7.8 31
Chemical and petrochemical 7-19 7.7-9.7 23
Pulp and paper 28-25 5.2-16 19
Non-ferrous metals 19-29 16-24 10
Food and beverages 40 2 3.0-34 21

1 First value of each ranges indicates the value estimated for Industrialised countries, whereas the

second value corresponds to developing countries.
2 Value only available for industrialized countries.
Source: adapted from (Saygin et al, 2011b).
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2) Sector—specific options

(1) Iron and steel

Energy intensity is relatively stable in the steel sector, but its energy use grew by 6.2%
annually from 2000 to 2011 (IEA, 2014). The demand for material is projected to increase from
210 kg of crude steel in 2010, to between 270 kg/capita and 319 kg/capita by 2050 (IEA,
2012). The IEA (2014) estimates that about 21% of energy use could be saved if current BATs
were applied in all new and refurbished plants, while (Kermeli et al., 2014) puts the figure at
31% of the projected levels of consumption in 2050. Increasing the use of the more efficient
electric arc furnances (EAF) is constrained by the costs of electricity and the availability of
scrap (Fischedick et al., 2014; Milford et al., 2013). Indeed, due to insufficient scrap
availability, China has recently increased its share of blast furnace/basic oxygen furnace (BOF)
technologies (IEA, 2014). The phasing out of open-hearth furnaces and limiting coal-based
direct reduced iron (DRI) production are also required to meet targets.

Additional options in this sector include improved heat and energy recovery from process
gases, better process coupling, improved fuel delivery through pulverized coal injection, fuel
switching and feedstock substitution (use of biomass, waste, electrolysis, gas-based DRI,
charcoal, ferro-coke) and use of coke dry quenching and top pressure recovery turbines
(Fischedick et al., 2014; Hasanbeigi et al., 2013c; IEA, 2014; Worrell, E et al., 2010; Xu et al.,
2011).

Emerging technologies include CCS, hydrogen reduction, capture and recovery of blast
furnace gases and smelting reduction (Hasanbeigi et al., 2013a; IEA, 2014). The European-based
Ultra-Low Carbon Dioxide Steelmaking (ULCOS) consortium has faced technical and financial
problems, and is now replaced by the Low Impact Steel making project, which aims to

demonstrate a commercial-scale blast furnace with CCS (IEA, 2014; Tsupari et al., 2013).

(2) Cement

Cement accounts for most of the energy use in the processing of non-metallic minerals (lime,
glass, soda, ceramics, brick, etc), with clinker production being the most energy intensive step.
Despite the recent improvements observed in the energy and emission intensity of cement plants
(IEA, 2012), many options still exist to improve the thermal and electric efficiency of cement

production as well as for fuel and feedstock switching. The IEA (2014) estimates that the
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overall technical potential for current energy use reduction is 18%. Oda et al. (2012) found that
the least efficient regions consumed 75% more energy than the best in 2005.

Cost-effective options in cement manufacturing are in switching to best practice
clinker-to-cement ratio (i.e. reducing the clinker content in cement). Energy savings can also be
obtained by using clinker substitutes, although the potential and costs are dependent on regional
availability and the price of substitutes (Fischedick et al., 2014). The use of alternative fuels
(e.g. waste, biomass, scrap tires and waste oils) is an important area of study, and it is
estimated 12% to 15% of the power consumed in a cement plant can be generated through
waste heat recovery (IEA, 2014). Hasanbeigi et al. (2013b, 2010)estimate that about 20% of
the fuel used by Thailand’s cement industry in 2005 could have been reduced (80% of which
cost-effectively) and that savings equivalent to 6 and 1.5 times the total electricity and fuel use
in the Indian cement industry in 2010, respectively, could be realized almost cost-effectively for
the period 2010 -2030.

Fitting cement kilns for CCS is technically feasible but it has yet to be piloted, and it is
estimated that it could increase the costs of cement considerably (Croezen and Korteland, 2010;
IEAGHG, 2008; Naranjo et al., 2011). Other innovations, including emerging alternative cement

products, are awaiting commercialization (Hasanbeigi et al., 2012).

(3) Chemicals and fertilisers?)

The chemical industry is very heterogeneous, with a large number of inputs, processes and
products. This poses considerable challenges in terms of data availability and analysis. However,
a small number of intermediate products dominate the energy use in this sector: for example,
ammonia (for fertilizer production), chlorine and ethylenes. Ethylene is produced via
steam-cracking, which is the most energy consuming processing the chemical industry (Ren et
al., 2006). Upgrading all steam cracking plants to BPT could reduce energy intensity by 23%
with a further 12% saving possible with BAT (Fischedick et al., 2014; Saygin et al., 2011a). In
the sector as a whole, the IEA (2014) estimates that application of BPT could save 24% of
current energy use, while Broeren et al. (2014) find that 25% of emission reductions are

possible with BPT. Between 2010 and 2030, 60% of new capacity for production of chemical

2) The way the scope of this sector is defined has important implications on its emission balances and mitigation
aspects: refining or the processing of fossil fuels for use as energy vectors may or may not be considered within the
chemicals sector.
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products is projected to be built in non-OECD regions (Broeren et al., 2014).

The chemicals sector is a great consumer of fossil fuels as feedstocks. Carbon emissions from
this use are projected to increase due to greater use of coal in ammonia and methanol
production (Daioglou et al., 2014). Promoting the switch to natural gas or biomass as a
feedstock could reduce carbon emissions but at a higher cost and land-use requirements (Ren
and Patel, 2009)

Other options in the portfolio for emission reductions are switching to low-carbon fuels,
increasing recycling and saving on process heat. Emerging technologies such as CCS/CCU in
ammonia/urea production and polymer synthesis, or catalytic cracking can provide further energy
efficiency benefits. Abatement of non-CO, gases is particularly important in this sector: the use
of secondary catalysts, thermal destruction of N2O emissions from nitric and adipic acid
production and the improvement of plant operation conditions for nitric and adipic acid
production are key options, as are the reduction of HFC-23 emissions from HFC-22 production
(EPA, 2013).

(4) Pulp and paper

Demand for paper and cardboard continues to grow at rates of over 3% per year (Banerjee
et al., 2012). A broad range of energy efficiency technologies are available for this sector
(Kramer et al., 2009; Laurijssen et al., 2012). This is particularly the case in countries that
operate small-scale mills (e.g. China, India), although these countries are rapidly installing larger
modern paper mills using imported recovered paper (Banerjee et al., 2012). Indeed, increased
feedstock substitution (i.e. using recovered paper) is one of the main areas of potential for
decreasing energy and carbon intensity in this sector. The share of recovered paper used in
paper manufacturing is increasing steadily, and paper recycling in Europe and North America
approached 70% in 2011 (CEPI, 2012). Overall, the IEA (2014) estimates that the technical
potential for energy use reduction in paper and pulp production is 26%.

The European paper industry reports that over 50% of its energy supply is from biomass, and
CHP accounted for 95% share of its power use in 2011, according to the Confederation of
European Paper Industries (CEPI, 2012). This means that biomass and CHP hold further
potential globally. Regarding innovative breakthroughs, in 2013 CEPI announced promising

lab-scale results of the application of deep eutectic solvents (DES) allowing production of pulp
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at low temperatures and atmospheric pressure, which could potentially reduce CO, emissions by
20% from current levels by 2050 (CEPL, 2013). CCS for the European pulp and paper industry
has been studied by Jonsson and Bemtsson (2012), showing that there is a challenging
geographic miss-match between the location of the emission clusters and the location of

probable CCS infrastructure.

(5) Non-ferrous metals (Aluminium)

The per capita consumption of finished aluminium is expected to either double or triple
between 2010 and 2050, due to higher penetration of aluminium as a material in a wide range
of sectors, especially transport (see Box 2) and construction (IEA, 2012). The ongoing decline
in energy intensity of the sector has been brought about by the build up of new energy-efficient
capacity in emerging economy. For example, China is now among the world’s most
energy-efficient primary aluminium producers, thanks to high shares of new capacity (Sinden et
al., 2011). However, most of the reduction potential still lies in China, where most lower-quality
bauxite sources are currently used (IEA, 2014). Energy intensity reductions is however not
sufficient to offset the demand-driven increase in emissions. Reducing carbon intensity in this
highly electricity-dependent sector is key: although as many as half of aluminium plants are
supplied by hydroelectric sources, indirect emissions emissions-mainly electricity-related
emissions from smelters- account for over 80 % of total GHG emissions in the sector
(Fischedick et al., 2014). Moreover, there is still scope for energy efficiency improvements by
applying current BATs. Overall, the IEA estimates that the technical potential to reduce energy
use is 11% compared to current levels (IEA, 2014).

Production from recycled aluminium requires 3% to 8% of the energy to produce primary
aluminium (IEA, 2014), so a large share of emissions reduction could come from an increased
use of aluminium scrap. Most alluminium recycling currently arises at pre-consumer stage (i.e.
is internally recycled during production and in construction) (Cullen and Allwood, 2013)
Recycling rates can be increased through increased use of post-consumer scrap and new
technologies for separating the different alloys (Liu et al, 2012)and by increasing the
availability of end-of-life aluminium through demand management strategies.

Aluminium production innovations which continue to be at an R&D stage include multipolar

electrolysis, inert anodes and carbothermic reactions, while CCS for aluminium is currently
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starting to be explored.

(6) Other sectors

Substantial technology-related mitigation potential exists in other less energy-intensive
manufacturing processes such as textile and wood processing, particularly where they take place
in Small- and Medium-Sized Enterprises. SMEs are typically the comerstone of industrial
activity in many developing countries (see Box 1), and can represent a large share of the
economy in emerging economies (Banerjee et al., 2012). Many of the options relate to
cross-cutting technologies such as CHP, improved heat exchange and boilers, which are
described above. Here we select the examples of food and beverage processing in order to
provide specific insights. In food processing, literature suggests that reductions between 5% and
35% of total CO, emissions can be realized cost-effectively in the meat and slaughtering sector,
by fuel switching and investing in increased heat exchanger networks or heat pumps meat and
slaughtering (Fritzson and Berntsson, 2006). Thermal and mechanical vapour recompression in
drying of wet corn milling would allow for energy savings of 15 to 20% (Galitsky et al., 2003).
Xu and Flapper (2011)suggest that there is also a large global potential for energy savings in
dairy processing plants. Improvements in refrigeration (e.g. better insulation, reduced ventilation)

could bring improvements throughout the industry (Cullen et al., 2011).

Box 4. CCS for industry

Most forecasts envisage that a large part of emission reduction in industry will occur with CCS
(up to 30% in 2050, see Section 4). However, while there are at least seven gas processing plants
in operation equipped with CCS, and another seven under construction for gas processing and
power generation, worldwide there is only one large-scale industrial CCS facility currently in
operation, and another in execution (both for fertilizer production) (Global CCS Institute, 2011).
CCS in gas processing and parts of chemical industry (ammonia production) are seen as
possibleearly opportunities as the CO, in flue gas is already highly concentrated, resulting in
lower costs and higher process energy efficiency (Kuramochi et al, 2012a). Emission-intensive
industrial sectors like cement or iron and steel (see section 3.1) have less pure CO;
concentrations in flue gas, although these are nonetheless higher than from power plants (Cheng
et al, 2010). One of the attractions of CCS is that it does not require significant changes to
production processes, where other mitigation options might require a considerable changes or
retro-fitting (Croezen and Korteland, 2010). As regards industrial use of captured CO, the
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potential is thought to be rather small and the storage time of CO, in industrial products often
short (Mazzotti et al., 2005).

CCS in industry — as in the power sector — faces a set of barriers which are subject to much
research. A global survey of industry stakeholders revealed that, among the barriers of
implementing CCS, ‘uncertainty in payback’ was perceived to be the greatest risk across all
sub-sectors and regions. The 'risk of stakeholder acceptance’ was rated second highest, followed

by risks of productivity losses (Napp, 2014).

3) Material—efficiency

It is increasingly acknowledged that measures beyond energy and carbon efficiency
technologies are needed if GHG emission reductions in the industry sector are to meet the
needed levels (Allwood et al., 2013, 2012, 2010; Fischedick et al., 2014; Gutowski et al., 2013;
Milford et al.,, 2013). Reducing yield losses in materials production, reusing old material,
designing for extended product life and light-weight design and de-materialization are some of
the options available. They can be implemented through process innovations and new
approaches to design. These strategies require not only technical but also policy changes (see
Section 7)that can impact manufacturer and consumer behaviour by raising awareness and
changing preferences (see demand-side options section below). Their potential is currently
difficult to quantify, and there is comparatively less experience in the implementation of these
strategies. System approaches are needed to advance understanding of how these measures can
contribute to emissions reductions in the industry sector and how they impact other sectors (see

Box 2). To illustrate the potential, some selected examples are given below.

(1) Reducing yield-losses:

A quarter of all steel, and a half of all aluminium produced each year does not make it into
final products and is scrapped (and then internally recycled) in the process of manufacturing.
The technical potential for reducing the production of scrap in production by process
innovations(e.g. in blanking and stamping sheet metal) and new approaches to design has been
investigated quantitatively via case studies (Milford et al., 2013, 2011): it is estimated that total
energy use could be reduced by 17% and 6% and total CO, emissions by 16% and 7% for the

steel and aluminium industries respectively.
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(2) Reusing material and remanufacturing:

Mass flow and stakeholder analysis studies (Cooper, 2014; Cooper and Allwood, 2012) have
suggested that up to 30% of old structural steel and aluminium components could be reused
components at end of their product life. End-of-life materials can be "cascaded" to lower-quality
uses, refurbished for higher quality ones, or remanufactured in the case for goods that have
significant residual value at its end of life (e.g. toner cartridges). For steel, areas for reuse
include the replacement of building components and the reforming of ship plates. For
aluminium, the main areas of reuse are in buildings and car wheels. Potential barriers include
incompatibility between products and corrosion, while drivers include financial savings and a
currently growing supply of material. However not all options are energy efficient: that is the
case, for example, of the remanufacturing of energy-using products or of products that are

transported over long distances (Gutowski et al., 2011).

(3) Lightweight design

Many products could be one-third lighter without loss of performance. Case studies show that
around 30% of global metal use could be saved by lightweight design: exploiting lightweight
design opportunities for these five products which cumulatively account for 30% of global steel
product output could reduce global steel requirements by 5%, and similar opportunities could
reduce global aluminium requirements by 7%. However, many of these light-weighting face

economic and consumer preference barriers (Carruth et al., 2011).

(4) Increasing life span of components or whole products

Approximately 40% of annual demand for steel worldwide is used to replace products that
are discarded because of failure. However, many of the steel components within products are
still usable when the product is discarded. In particular, the potential lifespan of the steel-rich
structure is typically much greater than its actual lifespan (Cooper et al., 2014). Design
strategiescould be exploited to facilitate the replacement of components (instead of that whole
products), and to make the repair and upgrade of products more attractive. In the buildings
sector, refurbishment and new build have similar costs, but currently buildings are replaced long

before the end of their lifespan due to changing user needs or planning permissions.
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Box 5. Collaboration among industries and cross—sectoral cooperation

Collaboration between two or more companiesthat lie in geographic proximity, such as in eco-
industrial parks or industrial clusters, can help to achieve the economies-of-scale needed for
implementing mitigation options, and to overcome technological and infrastructure barriers.
Companies that collaborate can benefit from exchange of by-products(e.g. waste heat) and
infrastructure sharing, as well as joint purchase of energy efficient technologies. Few assessments
exist on the exact impacts of such collaborations on improved material and energy use.

Kalundborg, a small industrial zone on the Danish coast near Copenhagen is seen as the
archetype of the spontaneous evolution of industrial symbiosis (Jacobsen, 2006). The web of
material and energy exchanges among companies (and with the local community) has developed
over the last sixty years. Many national programmes now promote industrial symbiosis actively
through the set up of eco-industrial parks, such as the Chinese National Eco-industrial Park
Demonstration Program launched in 2000 (Shi et al, 2010). Information is often all that is needed
to bring down the transaction costs: the UK's National Industrial Symbiosis Programme (NISP) is
free for businesses and brokers resource exchanges between companies. The programme is
regarded as successful by industry, whosee rapid results in a cost-effective manner (International
Synergies Ltd, 2009). The obstacles encountered in practice relate to a lack of technological
solutions and of capacity building (Zhu et al., 2014).

Crosssectoral cooperation, such as CCS clusters that serve the power generation and
manufacturing industries jointly, offers further opportunities. In particular, urban symbiosis is seen
as a win-win strategy in many countries, particularly in China where cities suffer the impacts from
the local pollution of surrounding manufacturing areas (Dong et al, 2014, 2013; Geng et al,
2010). Within the Eco-town programme in Japan (van Berkel et al, 2009), an example of a single
urban-industry symbiotic relationship in the city of Kawasaki showed that using municipal solid
wastes to make cement lead to a reduction of more than 15% in industrial CO, emissions, with
further potential for improvement (Hashimoto et al, 2010).

Economic clusters of SMEs are of particular importance in developing economies, and the
potential for exploiting mitigation opportunities through collaboration remains underexploited.
(Fischedick et al, 2014). Two particular areas in which intra-industry and cross-sectoral
cooperation can enhance energy and material use is that of waste and recycling (Chen et al,
2012), and of water reuse and wastewater treatment. Industry is a large water user: global water
demand for manufacturing is projected to increase by four-fold from 2000 to 2050, which is
higher than for other sectors (OECD, 2012). A number of measures are available to help industrial
parks improve water resource management (Geng et al., 2007).
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2. Demand-related options

The level of demand for material goods and manufactured products has a significant effect on
the activity of the industry sector and resulting GHG emissions (Fischedick et al., 2014).
Products that replace other products at the end of their lifespans, as well as new products
-introduced to satisfy new needs, or as a result of technological advances- both come into the
equation. The demand for products is ultimately driven by the human demand for the services
that such products deliver. Demand for services is thus is in part responsible for the resulting
GHG emissions of the sector.

As introduced in section 2 above, demand is growing globally. The IEA (2012) states that per
capita consumption of crude steel amounted to 201 kg in 2010, and is expected to increase to
between 270 kg/capita and 319 kg/capita by 2050. Regarding cement, the global average per
capita consumption was about 450 kg in 2009. By 2050, the demand will average between 470
kg/capita and 590 kg/capita. This may seem a relatively small increase but regional differences
are important: non-OECD countries (excluding China) are expected to rise from an average of
218 kg/capita in 2009 to between 480 kg/capita and 570 kg/capita in 2050. The demand for
household, sanitary wrapping and packaging paper is expected to more than double by 2050,
while the demand for newsprint and printing paper will increase at a much slower pace (IEA,
2012).

As introduced in section 3.1 above, technical options exist to deliver current levels of
products and services with less material, but many of them -in particular many
material-efficiency options- are dependent on changing the preferences of consumers (be them
individual consumers or sectors, such as the public sector). Policies that incentivize
technology-related options in industry (e.g. carbon pricing, voluntary agreements etc) are not
always suited for changing consumer preferences towards products. Demand-related options
therefore include a range of policy tools aimed at driving cultural and lifestyle shifts in

consumer preferences, habits of individuals, and social norms. Such policies an either target the:

Reduction of product demand without reducing the service provided, through using products for
longer or more intensively. More intense use can entail either more precise use of consumables
(e.g. using the right amount of detergent, reducing food waste — see (Bajzlj et al., 2014)), or less

idle time of durable products(e.g. car-sharing initiatives). Delivering the same level of service with
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fewer productscan also include dematerialisation (e.g. use of e-readers instead of paper),

Management of demand for services so that it can be satisfied with less emission-intensive products

(e.g. in transport, promoting mode switching to satisfy mobility needs with less cars), or

Reduction of the demand for services (c.g. travelling shorter distances for leisure), without reducing

overall wellbeing.

There are no quantitative estimates of mitigation potential for these options. Case studies and
examples from the as yet scarce literature on demand-related options as they relate to specific
industry sectors are reviewed by Fischedick et al. (2014).

There are still relatively few policies directly targeted towards reducing the amount of
materials needed to make a product and the amount of products needed to satisfy demand for
a service. Sustainable consumption and production (SCP) policies are moreover only recently
being assessed from the perspective of climate change mitigation. Policypackages directly
reducing the products needed per unit of service, or the material input per unit of product
include the European Action Plan on Sustainable Consumption and Production and Sustainable
Industry (EC, 2008). This plan takes a two-pronged approach: supporting the supply of
sustainable products and services and stimulating the demand for these. It includes both
voluntary and regulatory instruments, such as the Eco-design, Eco-label and Energy Label
Directives, as well as the Green Public Procurement policies. However these packages include
few specific policies and, most importantly, do not set quantitative targets nor explicitly address
the reduction of demand for products and services.

The concept of "demand management" brings up complex and controversial issues, in
particular with regards to developing countries where product and service demand will most
grow due to rising incomes and levels of wellbeing. For this reason SCP policies call for
different strategies in developing and developed countries. Initiatives that question the use of
wealth indicators such as GDP are also gaining terrain (for example, the EU’s "Beyond GDP
Initiative"). There are moreover initiatives that arise from the bottom-up (e.g. social innovation),
on which policy could tap in order to trigger wider changes.

We acknowledge that this is only a brief approximation to the issue of demand-related

options. There are a host of other influencing factors and fields of knowledge, such as the
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symbolic uses of products, attitudes towards new (and vintage) products, etc. The social sciences

are currently producing far more knowledge on this issue that what can be covered here.

IV. Long term decarbonisation pathways

The sections above have described key emission-reducing options, noting where possible their
quantitative potential and profitability. This section sums up the quantiative mitigation potentials
of different sector scenarios, reviewing recent assessments and focusing on the more long-term
pathways that aim for deeper cuts in GG emissions.

The IEA (2014, 2012) estimates that the implementation of BATs globally could by 2050
reduce industrial overall energy consumption by 20% from current levels. For this to occur at
least-cost, all new facilities and retrofitted equipment need to reach BAT level, otherwise later
upgrades will be very costly. On the other hand, industry-specific studies suggest that broad
application of BAT could reduce energy intensity by about 25%, while innovation could
delivering further reductions of 20% (Fischedick et al., 2014) (see Box 3 for further
sector-specific estimates). These studies suggest that low cost options (in the ranges of 0-50
USD/ACOseq, and even below 0) exist, but to achieve near-zero emission intensity levels in the
industry sector would require a significant change of end-use mix or innovative options like
CCS, which are associated with higher costs (50-150 USDACO,) (Fischedick et al., 2014).
However, important regional variations exist with regards to the estimates of mitigation
potential.

Integrated models analyzing all end use sectors and their interdependencies point towards
possible reductions in industrial final energy compared to baseline and depending on the
ambition of GHG mitigation of 22 to 38% (see Figure 4.1 below, from (Clarke et al., 2014;
Fischedick et al., 2014)). The same studies see the potential for switching to low carbon fuels,
including electricity, heat, hydrogen and bioenergy ranges from 44 to 57% of final energy.

Most of these scenarios are aggressive, not only requiring immediate deployment of BAT
across a large number of production processes, but also quick commercialization of new
innovations. In particular, CCS (see Figure 4.2 and Box 4) is considered the most important
new technology option for reducing direct emissions in the sector. The IEA (2014, 2012)

estimates that more than 30% of industrial emission reductions in its so called 2DS scenario
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(i.e. the scenario which has the highest probability of staying within the 2°C targets) would be
brought about by CCS, and that without CCS, emissions in 2050 would not be reduced.
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Figure 4—1. Left panel: Final energy demand reduction relative to baseline in the industry sector by
2030 and 2050 in mitigation scenarios reaching 430-530 ppm and 530-650 ppm CO.eq in 2100
compared to sectoral studies. Right panel: Development of final energy low-carbon fuel shares in the
industry sector by 2030 and 2050 in baseline and mitigation scenarios reaching 430-530 ppm and
530-650 ppm COeq in 2100 compared to sectoral studies. Low-carbon fuels include electricity, heat,
hydrogen, and bioenergy. Source: Figures 6.37 and 6.38 in (Clarke et al, 2014).

The 2DS scenario and similar scenario investigations suggest that trends in industrial CO,
emissions must be reversed very soon if the increase of global average temperature is to be
limited to 2°C compared to pre-industrial level. To meet the IEA’s 2DS targets, emissions must
be reduced by 17% by 2025, which is the same rate at which emissions grew from 2007 to
2011. The high risk of not achieving these targets calls for the implementation of cost-efficient
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measures beyond energy efficiency and CCS. Most recent assessments and modeling exercises
(e.g. IPCC’s ARS, IEA’s ETP 2014) acknowledge that on a short- and mid-term perspective a
further contribution could come from material efficiency and demand reduction. On the long-run
decarbonisation of end-use carriers (e.g. renewable energy based electricity or synthetic gases
and fuels) is a promising option.

However, to date integrated assessment scenarios cannot accurately project the effect of
changes in material efficiency and demand reduction, although the IEA does make a first
exploration of the effects of demand in its high and low demand scenarios (see Figure 4.2, left
panel), while some of the more detailed industry models contain some elements of material
demand in the analysis. The rudimentary representation of materials and demand aspects in
long-term scenarios limits the evaluation of the relative importance of these options (Fischedick
et al, 2014), and leads to a bias in the emphasis of policymakers who prefer to rely on
quantitative targets.
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Figure 4—2 Mitigation of direct CO,eq annual emissions in five major industrial sectors: iron/steel,
cement, chemicals/petrochemicals, pulp/paper, and aluminium. The left panel shows results from IEA
scenarios (IEA, 2012), broken down by mitigation option. The tops of the bars show the IEA 4DS low
demand scenario, the light blue bars show the 2DS low demand scenario. The bar layers show the
mitigation options that contribute to the emission difference from the 4DS to the 2DS low demand
scenario. The right panel shows mitigation by CCS of direct industrial emissions in IEA, AIM Enduse
and DNE21+ models. Scenarios are shown for those subsectors where CCS was reported. Source:
Figure 10.14 in (Fischedick et al, 2014).
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Box 6. A regional study: NRW's mitigation scenarios for industry sector, a participatory
approach

North Rhine-Westphalia (NRW) is home to one of the most important industrial regions in
Europe, and is the first German state to have adopted its own Climate Protection Law (CPL),
which binds the state to reducing its GHG emissions by at least 25% by 2020 and by at least
80% by 2050 compared to 1990 levels. NRW emits about a third of German greenhouse gas
(GHG) emissions (305 MtCOzeq in 2012) or about 7% of the EU's GHG emissions, and its total
emissions are equivalent to those of Spain. The state is therefore key for meeting national and
European climate targets. The CPL mandated the development of a Climate Protection Plan (CPP)
which will break down the state-wide reduction targets into sectors and time frames andwhich
envisaged strong stakeholder participation. Stakeholders representing the industrial sector were
involved in the modelling of the regional industrial energy and emissions scenarios and in the
identification of sectoral potentials of climate protection via participatory scenario development
(Schneider et al, 2015). Six stakeholder consultation workshops with about 40 stakeholders of 16
stakeholder groups representing main energy-intensive industries, industrial associations, trade
unions, chambers of commerce, environment-/conservation and consumer organisations,

associations of municipalities, academia and others.

In the realm of energy and climate change mitigation, stakeholder-based scenario building is
being increasingly used for inputting relevant data and for improving interpretations of model
outputs, as well as for translating the results of the analysis into strategies.(Mathy et al, 2015;
Schmid and Knopf, 2012). NRW's is a rare example of the use of participatory modelling as a
basis for implementing mandatory long-term climate mitigation goals .

V. The challenges, the opportunities

Barriers and opportunities to mitigation of GHG emissions are actor-specific and can be
addressed by various levels of governance: from the broader governance framework (planning,
targets), through specific policies and instruments (see section 6).

A relatively longstanding research activity into energy efficiency in industry has revealed that,
while there may not be many insurmountable technical barriers for a large decrease in
emissions, and although many of the options are cost-effective, there are a range of information,
motivation and financial barriers that hinder energy efficient upgrades (the so-called "energy
efficiency gap"), as well as various unintended consequences of mitigation such as rebound

effects (Fischedick et al., 2014). In a firm, efficiency is often one feature of a broader
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investment decision with multiple objectives (IEA, 2013). Currently, more and more databases
are helping firms and policy makers to identify the costs and benefits of efficiency with a
particular focus on the impacts on competitiveness (e.g. (IEEP, 2013)). Lack of information on
the energy and no-energy savings that can be achieved are addressed by Energy management
systems (EnMS), audits and benchmarking, although in most countries such programmes are
either semi-voluntary or completely voluntary. Material efficiency also faces significant
implementation barriers as the share of the costs of materials in products is relative low
compared to the cost of labour and energy. This, together with a lack of research on the
potential, inhibits this opportunity. Demand-reduction options, as reviewed in section 3.2, face
even greater obstacles, as pricing does not reflect the externalities of the use of material
products, and national accounting systems reward increases in spending for products.

While mitigation measures often face barriers at the company or sector level, they also
represent opportunities. A typical example of a co-benefit from GHG mitigation in the industry
sector is an increase in productivity via reduced use of energy or raw materials inputs and
resultant production cost reduction. A study of the impact of energy saving technologies and
innovation investments on the productivity of Chinese iron and steel enterprises found that
productive efficiency growth can be attributed among other factors to the adoption and
amelioration of energy saving measures and the investments in improved techniques associated
with energy saving (Zhang and Wang, 2008). Zhang et al (2014) analysed investment required
to add energy efficiency end-of-pipe pollutant control options to reduce air pollutants emission
in Chinese iron and steel industry. The results show that energy efficiency measures are more
cost-effective to reduce air pollutant emissions than end-of-pipe controls, especially for SO2
emission reduction. They also find that some end-of-pipe technologies not only cost more but
also consume more energy.

Investments can also lead to reduced costs of environmental compliance and waste disposal,
decreased liability, new business opportunities, or improved work conditions. They also present
opportunities to improve innovation in industrial processes and stimulate investment in more
efficient production techniques (Bourgouin, 2014; Fischedick et al., 2014). It is important to
note that co-benefits need to be assessed in the light of the costs of implementation of the
mitigation options (e.g. training requirements, losses during technology installation) (Worrell et

al., 2003), which may be larger for SMEs or isolated enterprises (Zhang and Wang, 2008).



Climate Change and Industry: Challenges and Opportunities

25

The implementation of industrial GHG mitigation options can also lead to positive and
negative effects at the macro-level, i.e. on the whole economy and society. The quantification
of the benefits and costs that a mitigation technology or practice produces at this level is only
recently becoming mainstream. Moreover different stakeholders may have different perspectives
of what the corresponding losses and gains are. A recent study by the IEA (OECD, 2014)
estimates that large-scale energy efficiency programmes would result in GDP growth rate of
between 0.25 to 1.1% per year, create employment and bring about significant energy cost
savings. Health and well-being impacts could quadruple the economic savings. Identifying
mitigation technology options that results in emissions reduction and energy -efficiency
improvements as well as minimizing negative outcomes on socio-economic issues is therefore
becoming crucial, including with regards to the climate mitigation-adaptation nexus (see Box 6).

At the economy-wide level, mitigation policies in industry and services can have a positive
effect on other policy objectives such as local pollution and therefore health. Quantification of
these benefits is often done on a case-by-case basis. For example, Mestl et al. (2005) find that
the environmental health benefits of using electrical arc furnaces for steel production in the city
of Tiyuan (China) could potentially lead to higher benefits than other options, despite being the
most costly option. If existing barriers to deployment of industrial application of CCS (see Box
4) can be overcome, it could bring about local pollution benefits as it would lead to very low

emissions rates, even in the absence of local pollutant regulations (Kuramochi et al., 2012b).

Box 6. Industry and Climate Change

While this article focuses on the way in which industry can reduce its effect on the climate, the
question of what are the impacts of climate change on primary is of interest. While the effects
of climate change on energy production, agriculture and services sectors such as health,
insurance and tourism are relatively well understood, in the case of mining and manufacturing
there is only a small number of studies (IPCC, 2014). Kjellstrom et al (2009) make a theoretical
assessment of the potential impact of climate change on labour productivity under an
assumption of no adaption. Depending on the scenario considered, they estimate that
productivity losses could reach maximums of between 15 and 27% in the long-term, particularly
in humid countries. Other countries may also experience benefits (up to 6%). Hsiang (2010)finds
a statistically significant effect of thermal stress on non-agricultural output of Caribbean countries
in the last decades.
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There is a strong need for more knowledge on which are the most climate-sensitive production
processes and what locations, types of facilites and machinery have the greatest potential
vulnerability. Impacts could damage global supply-chains (Khazai et al, 2013), infrastructure and
industrial capital assets, and could reduce availability of renewable natural resources, including
water. Rising demand for products used to adapt to climate impacts (e.g. materials for flood
protection) could, perversely, create pressures to increase industrial emissions (Bourgouin, 2014).

VL Policy aspects

There is no single policy that can address the full range of mitigation measures available for
industry and overcome associated barriers (Fischedick et al., 2014), and current practice
acknowledges the importance of policy mixes and of national contexts. Policies can target
various barriers, such as lack of awareness, lack of economic incentives, and lack of
commercially available technologies, or try to harness different opportunities, such as firm-level
co-benefits or health benefits. There is a relatively solid basis of knowledge on the policies that
are currently working in the fields of energy and carbon efficiency as part of voluntary
agreements, carbon pricing and regulations (e.g. see (Abeelen et al., 2013; IIP, 2014)), but
practically no experience in the field of material efficiency, and little attention to the link
between demand-related policies and industry (see section 3.2).

Although we cannot delve into the details of the factors driving policy effectiveness in
industry, a birds’-eye view of the instruments available to policy makers in the field of energy
and emissions efficiency is given in Figure 6-1 below (some examples of ex post evaluations on
these types of policies can be found in (Fischedick et al., 2014)). We may compare this
traditional view of the policy portfolio with the instruments that could potentially incorporate
material efficiency and demand-related mitigation options into policy mixes (e.g. rewarding
lightweight design, enforcing waste prevention targets, raising consumer awareness on the need

to reduce emissions embodied in material products (Allwood et al., 2012)).
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Figure 6—1. Policies available to addressenergy and carbon efficiency-related options in industry
(Source: Figure 10.15in (Fischedick et al, 2014), based on (Tanaka, 2011)

VIL Conclusions, knowledge gaps and issues for future research

Industry is one of the largest GHG emitting sectors and has particular qualities such as its
exposure to trade and its inherent link to all other economic sectors that depend on material
commodities (e.g. cement in construction) and products (e.g. vehicles in transport). Industry is
not only the concern of industrialized countries: as we move towards the Sustainable
Development Goals, manufacturing plays an important role in stimulating economic development
and decreasing poverty worldwide (UNIDO, 2014).

By drawing from international analysis, we have seen that despite the ongoing decline in
energy intensity, there is still significant potential for improvements in energy and process
efficiency in the most-energy intensive material conversion and manufacturing sectors as well as

in cross-cutting industrial technologies such as motor systems and co-generation. Other main
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technology-related energy and emissions efficiency options for industry include feedstock
substitution, electrification, and use of renewable energy sources. Analyses of these options are
however still limited for most countries and sectors because of the lack of publicly available
data.

Substantial promise for a reduction in emissions lies in a more efficient use of materials and
products, as well as through policies aimed at reducing demand for material goods. However
estimates of potentials and costs for implementing material efficiency and demand-related
reduction strategies are not available. Material flows are often not appropriately accounted for in
modeling exercises, which further inhibits the quantitative analysis of these options. We
acknowledge that this article has only provided a broad view andthat even at this general level
we have left aside many issues that would deserve mention. One example is the role that the
waste industry has in creating incentives and disincentives for material efficiency.

Various barriers inhibit adoption of mitigation options (even those which are profitable or
have low direct costs). Even energy efficiency investments, which are the target of most
industry-oriented mitigation policies in most countries, still face high capital cost barriers.
Several innovative technologies are awaiting commercialization, but the chief example — CCS-
has as yet not been sufficiently demonstrated at a large scale in an industrial context. There are
moreover several obstacles to taking a system view: the many interactions among industries, and
between industry and other economic sectors have significant implications for GHG mitigation.
We have described possibilities for collaboration among industries, and for looking at the whole
supply chain in search for opportunities (e.g. upstream for opportunities for substitution of
materials, or downstream for enhancing material efficiency through changes in consumer
preferences). Lastly, more research is needed on the quantification of synergies between firms’
goals and policy goals, as well as on the evaluation of possible co-benefits of mitigation in
industry, which can help to tackle different policy problems jointly and therefore enhance the

political acceptability of mitigation measures.
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