Supplementary Material

This document introduces the values of input parameters used in the optimizations of the IPA of Singapore.
Table A.1 reports the energy and economic characteristics of the port yard tractors and tugboats fleets.
Table A.2 reports the energy and economic characteristics of the HRS chosen to refuel the port yard tractors
and tugboats fleets. Table A.3 reports the cost, performance and carbon impact of each energy system unit,

related to the current energy and market scenario.

Table A.1 Energy and economic characteristics of the port yard tractors and tugboats fleets [1-6].

Unit Yard tractor Tugboat
Number of
vehicles i 160 6
Diesel demand kgoi/day 124 2357
H, demand kgH./day 21 400
costorhybrid | ne/unit 162 1000
Lifetime of
hybrid Hs sol. year 25 25
O&M cost of 0
hybrid Hs sol. % S S

Table A.2 Energy and economic characteristics of the HRS chosen to refuel the port yard tractors
and tugboats fleets [7-9].

Unit Yard tractor Tugboat

Number of HRS - 6 2
Peak hourly kgH2/h 100 200
capacity

Daily capacity kgH./day 600 1200
Cost M€ 2.5 5
O&M cost % 5 5
Lifetime year 25 25




Table A.3 Value of the model input parameters. Parameters are related to the costs, performances

and carbon impact of the energy conversion and storage units, and energy flows entering and

outgoing from

the energy system.

Photovoltaic plant
Description Unit Value Refs.
Apvmax :\r/llst);l?;/t?(i)lﬁ ble area for PV km? 0.24 Assumed
Cov Cost of PV €/kWp 840 [10-12]
Cpvoey | O&M cost of PV % 1 [10,13-15]
Npy PV efficiency % 18 Assumed
LTpy Lifetime of the PV plant year 15 [10,13-15]
Lithium-ion battery
Chatt Cost of battery €/kWh 380 [11,16]
Chattoey | O&M cost of battery % 1 [17-21]
Npatt Battery efficiency % 90 [17-21]
kmaxpact | Max batt capacity - 0.9 Assumed
kminpare | Min batt capacity - 0.2 Assumed
LTpatt Lifetime of battery year 15 [17-21]
Alkaline electrolyzer
Coect | Cost of AEL (BoP + stack) €/kWe 2500 [22-24]
Celectogy | O&M cost of AEL % 2 [22-24]
Celectyqy, | COSt OFf AEL stack €/kWel 1600  |[22-24]
Dining,.. | Minsize of AEL KWel 1000  |[22-24]




Lolect AEL proportionality coefficient | kg/kWh 0.0074 |[22-24]
2elect AEL proportionality coefficient | kg/kWh 0.0063 |[22-24]
3plect AEL proportionality coefficient |- 0.3 [22-24]
kmaxeiect | Max power load of AEL - 1 [23,25]
kminetece | Min power load of AEL - 0.2 [23,25]
LT o100t Lifetime of AEL BoP year 20 5235227€§Ei
LTeiect ., |Lifetime of AEL stack year 10 5%52276—3?2]_
Hydrogen compressors
Ceompau (%fanl\élrgsss;rof LP and HP % 8 [13,15.44]
Ccompyp | COst of HP compressor €/kWe 7000 [45,46]
Ccompyp Cost of LP compressor €/kW 6000 [45,46]
etag Electric motor efficiency - 0.96 Assumed
eta;g Isentropic efficiency - 0.8 Assumed
etamecn, | Mechanical efficiency - 0.98 Assumed
Leomppp ig’ﬁﬁﬁﬁig&iﬁg coefficient of 1\ yhyig 177 |[45,46]
Leompyp m‘;‘;ﬁ]‘ggg’r coefficientof  |\\whikg  |0.61  |[4546]
2eompp i;oggrrrt]iggzlsig coefficientof | 23238 |[45.46]
kzcompHp arsgz:ggpgsigyr coefficient of | 0.67 [45,46]
kmax,comp |Max power load of PEME - 1 Assumed
kmin,comp | Min power load of PEME - 0.2 Assumed
LTeomp,, |Lifetime of LP compressor year 10 [13,15,44]




LTeompyp | Lifetime of HP compressor year 10 [13,15,44]
Compressed hydrogen storages
CHS.p Cost of LP H, storage €/kgH> 1000 [22,23,47]
CHSpp Cost of HP H; storage €/kgH> 1500 [22,23,47]
CSgun S()tf:gg e<:Sost of LP and HP H; % 2 [21,48-52]
Dinings Min size of H, storage kg 100 Assumed
kmaxns |Max Hz storage capacity - 0.8 Assumed
kmin us Min H, storage capacity - 0.2 Assumed
LTys,, Lifetime of LP H, storage year 25 [21,48-52]
LTys,,, Lifetime of HP H; storage year 25 [21,48-52]
High-Temperature PEMFC
Cre Cost of FC (BoP + stack) €/kWe 4000 [24,53-56]
CFCgqee | COSE OF FC stack €/kWei 2500 [24,53-56]
Crcosy | O&M cost of FC % 1 [24,53-56]
Dining Min size of FC KWei 100 [24,53-56]
ko Eg)portionality coefficient of kg/kWh 259 [24,53.56]
ks Eg)portionality coefficientof | -0.38 [24,53.56]
ks, Ilzg)portionality coefficientof | 078 [24,53.56]
K Ilzg)portionality coefficientof | 0.11 [24,53,56]
kmax.rc Max power load of FC - 1 Assumed
kmin rc Min power load of FC - 0.3 Assumed




LTgc Lifetime of FC BoP year 20 [24,53-56]
LTgc,,,., |Lifetime of FC stack year 10 [24,53-56]
Refrigerator of the hydrogen refuelling station
Crefr Cost of refrigerator €/kWe 5374 [13,15]
Crefroem | Q&M cost of refrigerator % 1 [13,15]
LTrefr Lifetime of refrigerator year 15 Assumed
Thermal energy storage
CrES Cost of thermal energy storage |€/kWh 30.21 [12,16]
O&M cost of thermal energy |,
CTESpgm storage % 1 [12,16]
Proportionality coefficient of
Kires thermal energy storage ) 0.95 [12,16]
Max power load of thermal
Kmax,TEs energy storage - 1 [12,16]
Min power load of thermal
kminTEs energy storage - 0.3 [12,16]
Lifetime of thermal energy
LTrgs storage year 20 [12,16]
Vapour compression chiller
Cree Cost of vapour compressor €W 142 [12,16,57]
chiller
O&M cost of vapour 0
vccosm | compressor chiller % 2 [12,16,57]
Min size of vapour compressor
Diminyee chiller KWei 100 [12,16,57]
k, Proportionality coefﬂqlent of | 7.052876 |[12,16,57]
vee vapour compressor chiller
Kz, Proportionality coefﬂqlent of KWe, 10.64651 |[12,16,57]
vapour compressor chiller
Max power load of vapour
Fmazxvee compressor chiller i ! [12,16,57]
Kminyee Min power load of vapour i 0.12 [12,16,57]

compressor chiller




Lifetime of vapour compressor

LTyvcc | chiller year 25 [12,16,57]
Absorption chiller
CaBC Cost of ABC €/kWi 220 [12,16,57]
CaBCogy | O&M cost of the ABC % 2 [12,16,57]
Dmin,ge. | Minsize of the ABC KWin 100 [12,16,57]
. :’hr:['aat\)étéonality coefficientof | 17153 |[12,16,57]
Ky, fhrgfétéonality coefficient of KW, 0.0462 |[12,1657]
kmaxapc |Max power load of the ABC - 1 [12,16,57]
kminagc | Min power load of the ABC - 0.17 [12,16,57]
LTypc Lifetime of the ABC year 25 [12,16,57]
Electric power grid
Cal Price of power sold €/kWh 0.03408 |[58]
ch Price of power purchased €/kWh 0.06958 |[12]
Cinvgria ggxetrogi:;grgggggn;e'ec”ic ekWaly 11941 |[59]
Eyria ;Zrcl:ﬁ’;i‘;;"tp”m of grid kgeozWh  |0.49 | [60]
Fossil fuels
Caiesel Cost of Diesel €/kgoil 1 Assumed
Ejicsel Carbon footprint of Diesel Kgcozeq/KQoil | 2.67 Assumed
Cne Cost of Natural Gas €/kg 0.2272 | Assumed
Eng Carbon footprint of natural gas |kgcozeq/kgne |2.75 Assumed

Ammonia




Ceracker | COSt of NH3 cracker €/kWe 900 [61]
Cerackerpgy | O&M cost of NH3 cracker % 3 [61]
CNH3g;, |Cost of NHsimported via ships |€/kgH: 4.55 [23,62,63]
CSnus Cost of NHjs storage €/kgH: 35 [64,65]
CSnmagey | O&M cost of NHs storage % 1 [64,65]
mingracker | MIN Size of NH3 cracker kw 1000 [61]
Eb3gn, ;:ha::abson footprint of NHs via kgeosea/kgHa |2.5 [66]
. ilrlzgzrrgggearlity coefficientof | 0.76 [61]
mascracker | M POWEr 1020 O NFs . L |y
kmin,cracker | Min power load of NHs cracker |- 0.3 [61]
LT rqcker | Lifetime of NH3 cracker year 25 [61]
LTs, . Lifetime of NHs storage year 25 [64,65]
Liquified hydrogen
CLH24;, | Cost of LH; imported via ships |€/kgH: 5.45 [23,62,63,67]
CLH2yqp Cost of LH; vaporizer €/kWe 9300 [64,65,68]
CLH2yap0e,, |O&M cost of LH; vaporizer % 1 [64,65,68]
€Sy 1o Cost of LH: storage €/kgH> 35 [64,65]
CSinzpey | O&M cost of LH; storage % 1 [64,65]
Drminypz,,, |Minsize of LH, vaporizer KWej 100 [64,65,68]
ELsthip S(’tha::)bson footprint of LH, via kgcorekgHs |3.1 [66,69]
. Eﬁfg;t;grr]?zl;try coefficientof | 0.90 [64,65,68]



Proportionality coefficient of

2unzvap | |H, vaporizer kWh/kg 0.79 [64,65,68]
Kmax,LHzyap Cﬂ;’;;ﬁﬁ;’gef load of LH; - 1 [64,65,68]
KminLH2ogy x;)”ofi‘;‘évrer load of LH; : 0.3 [64,65,68]

LT uz,,, |Lifetime of LH, vaporizer year 25 [64,65,68]

LTs,,, Lifetime of LH. storage year 25 [64,65]

Liquid organic hydrogen carrier
Crotcon, ghoi;tSOf LOHC imported via ¢y oy, 4.4 [23,62,63,67]
CLOHCqen Ei:;i?)t/g:o;gnHat(i:on unit E/kWe 16000  |[70,71]
CLOHC aenouu c?eﬁ%r%%sgn(;itgsrﬁt % 3 [70,71]
Csionc | Cost of LOHC storage €/kgH. 50 [70,71]
CSroncyey | O&M cost of LOHC storage % 2 [70,71]
Drminsoncen cl;gihnyzirzc?gzgé_tg:lﬁnit KWe 100 [70.71]
Eyomc g:hait;)bson footprint of LH; via KgconeqlkgHs |4.6 [66,69]
oy |, SELLIY et . 075 o
oo | S SIS g 037|071
i | MO I OTLOKE. | L o
hminioncan | mpONE L SALONC | 03 o
LTuoncqen IJ;L?LTSQZL;%:KJHH year 20 [70.71]
LTs, ,c  |Lifetime of LOHC storage year 20 [70,71]
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