
  

THE   HYDROGEN   ECONOMY:   A   SYSTEM   ANALYSIS   

EPPa   DRheUW\   aQd   VicWRU   KhRQg   

  

1. IQWURGXFWLRQ   

  

AQal\VeV   b\   gRYeUQPeQWV,   cRQVXlWaQWV,   iQdXVWU\   leadeUV,   aQd   QRQSURfiW   RUgaQi]aWiRQV   aURXQd   Whe   

ZRUld   agUee   WhaW   "cleaQ"   h\dURgeQ   Zill   Sla\   a   YiWal   URle   iQ   Whe   WUaQViWiRQ   WR   a   lRZ-caUbRQ   fXWXUe   

[12][18][4]   [17]   [15].   PUeVideQW   BideQ'V   cliPaWe   SlaQ   SURPiVeV   WhaW   he   Zill   "eQVXUe   WhaW   Whe   

PaUkeW   caQ   acceVV   gUeeQ   h\dURgeQ   aW   Whe   VaPe   cRVW   aV   cRQYeQWiRQal   h\dURgeQ   ZiWhiQ   a   decade"   

aQd   ideQWifieV   SURdXciQg   cheaS   h\dURgeQ   fURP   UeQeZable   VRXUceV   aV   a   SURjecW   fRU   Whe   

\eW-WR-be-eVWabliVhed   AdYaQced   ReVeaUch   AgeQc\   RQ   CliPaWe   [18].   GeUPaQ\'V   eQeUg\   WUaQViWiRQ   

SlaQ   "cUXciall\   deSeQdV"   RQ   caUbRQ-QeXWUal   gaVeRXV   aQd   liTXid   fXelV   VXch   aV   h\dURgeQ   aQd   PaQ\   

RWheU   cRXQWUieV   aUe   fRcXViQg   UeVRXUceV   iQWR   deYelRSPeQW   Rf   WheiU   h\dURgeQ   ecRQRPieV   [17][15].     

  

H\dURgeQ   fXel,   ZheQ   SURdXced   ZiWh   liWWle   WR   QR   caUbRQ   ePiVViRQV,   iV   SaUWicXlaUl\   aWWUacWiYe   

becaXVe   iW   acWV   aV   a   bXffeU   WR   RWheU   fRUPV   Rf   UeQeZable   eQeUg\   WhaW   aUe   YaUiable   aQd   deSeQdeQW   RQ   

eQYiURQPeQWal   cRQdiWiRQV,   VXch   aV   ZiQd   aQd   VRlaU.   WheQ   WheVe   UeQeZableV   aUe   SURdXciQg   PRUe   

eQeUg\   WhaQ   WheUe   iV   dePaQd,   Whe   e[ceVV   eQeUg\   caQ   be   XVed   WR   Pake   h\dURgeQ   fXel,   VWRUiQg   iW   WR   

be   XVed   laWeU.   AddiWiRQall\,   iW   caQ   be   XVed   iQ   RWheUZiVe   difficXlW-WR-WUaQViWiRQ   iQdXVWUieV,   VXch   aV   

lRQg-diVWaQce   aQd   fUeighW   WUaQVSRUW   aQd   VWeelPakiQg   [17].   HRZeYeU,   PRVW   Rf   Whe   115   PilliRQ   

PeWUic   WRQV   Rf   h\dURgeQ   SURdXced   aQQXall\   WRda\   aUe   Pade   XViQg   PeWhaQe   VWeaP   UefRUPiQg,   

Zhich,   ZiWhRXW   caUbRQ   caSWXUe   aQd   VWRUage,   iV   QRW   a   lRZ-caUbRQ   SURdXcWiRQ   RSWiRQ.   WhaW'V   PRUe,   

iQ   Whe   US,   57%   Rf   h\dURgeQ   cRQVXPed   iV   XVed   fRU   iQdXVWUial   aQd   Ril   UefiQiQg,   aQd   38%   iV   XVed   WR   

Pake   aPPRQia   aQd   PeWhaQRl   [15].   ObYiRXVl\,   VigQificaQW   chaQgeV   PXVW   be   Pade   WR   Whe   e[iVWiQg   

V\VWeP   iQ   RUdeU   WR   VXSSl\   h\dURgeQ   fXel   aW   Vcale   aQd   iQ   RUdeU   WR   iQWegUaWe   iW   iQWR   e[iVWiQg   eQeUg\  

Pi[eV.   ThiV   facW   begiQV   WR   WRXch   XSRQ   Whe   PRWiYaWiRQ   fRU   WhiV   VWXd\:   aV   Whe   e[iVWiQg   h\dURgeQ   

ecRQRP\   iV   QeceVVaUil\   Vcaled   XS   iQ   Whe   cRPiQg   \eaUV   aQd   decadeV,   iW   PXVW   alVR   deYelRS   

VXVWaiQabl\±   WhaW   iV,   UeQeZable   SURdXcWiRQ   faciliWieV,   alRQg   ZiWh   efficieQW,   diVWUibXWed,   aQd   

Zell-deVigQed   diVWUibXWiRQ   aQd   VWRUage   V\VWePV,   PXVW   be   deVigQed   aQd   cRQVWUXcWed.     

  



  

IQ   WhiV   aUWicle,   Ze   Zill   SUeVeQW   aQd   deVcUibe   RXU   S\VML   V\VWePV   eQgiQeeUiQg   PRdel   Rf   Whe   

UefeUeQce   aUchiWecWXUe   Rf   Whe   h\dURgeQ   ecRQRP\.   Of   cRXUVe,   QR   RQe   kQRZV   hRZ   Whe   glRbal   

QeWZRUk   Rf   h\dURgeQ   SURdXcWiRQ,   diVWUibXWiRQ,   VWRUage,   aQd   cRQVXPSWiRQ   Zill   deYelRS.   ThiV   

PRdel   dReV   QRW   iQ   aQ\   Za\   aWWePSW   WR   SUedicW   WhiV   deYelRSPeQW;   iQVWead,   Ze   RffeU   aQ   aVVeVVPeQW  

Rf   cXUUeQW   V\VWeP   aUchiWecWXUe,   iQclXdiQg   QRYel   aQd   WeVW-ShaVe   WechQRlRgieV   Zhich   aUe   geQeUall\   

WhRXghW   WR   be   UealiVWic   aQd/RU   SURbable   acWRUV   iQ   Whe   QeaU-fXWXUe   h\dURgeQ   V\VWeP.   TheUefRUe,   Whe   

UefeUeQce   aUchiWecWXUe   Ze   PRdel   cRXld   be   aSSlied   aW   a   glRbal   RU   QaWiRQal   Vcale,   aQd   cRXld   be   

UeYiVed   WR   PRUe   accXUaWel\   UeSUeVeQW   a   VSecific   iQVWaQWiaWed   VceQaUiR   RU   cRQWe[W.   

  

2. DHILQLQJ   WKH   S\VWHP   

  

The   cRPSle[iW\   Rf   Whe   h\dURgeQ   ecRQRP\   callV   fRU   aQ   iQWUicaWe   XQdeUVWaQdiQg   Rf   Whe   fRUPal   aQd   

fXQcWiRQal   aUchiWecWXUe.   AW   Whe   RXWVeW,   iW   iV   iPSeUaWiYe   WR   defiQe   a   cleaU   V\VWePV   bRXQdaU\   WhaW   

eQcRPSaVVeV   all   Whe   cUXcial   fRUPal   elePeQWV   Zhile   abVWUacWiQg   RXW   XQQeceVVaU\   SaUWV   b\   WUeaWiQg   

WheP   aV   iQSXWV   aQd   RXWSXWV   Rf   Whe   V\VWeP.   

  

  
FLJXUH   1   BOaFN   BR[   DLaJUaP   RI   WKH   H\GURJHQ   EFRQRP\    The   s\stem   boXndar\   inclXdes   all   processes   Zith   

h\drogen   as   the   operand.   The   black   bo[   diagram   abstracts   aZa\   internal   processes   and   form,   shoZing   infloZs   and   

oXtfloZs   of   the   s\stem,   Zith   the   most   releYant   and   largest   floZs   bolded.   

  



  

FRU   Whe   SXUSRVeV   Rf   WhiV   PRdel,   Whe   V\VWeP   Zill   iQclXde   all   SURceVVeV   fRU   Zhich   h\dURgeQ   iV   Whe   

RSeUaQd.   TheUefRUe,   PajRU   flRZV   iQWR   Whe   V\VWeP   Zill   iQclXde   UaZ   PaWeUialV   XVed   WR   SURdXce   

h\dURgeQ,   iQclXdiQg   ZaWeU,   aQd   eQeUg\   XVed   iQ   Whe   YaUiRXV   SURdXcWiRQ   SURceVVeV.   

CRUUeVSRQdiQgl\,   flRZV   RXW   Rf   Whe   V\VWeP   Zill   be   SXUe   h\dURgeQ,   ZaWeU,   caUbRQ   diR[ide,   aQd   

deUiYaWiYeV   Rf   h\dURgeQ   VXch   aV   feUWili]eU   aQd   UefiQed   PeWalV;   cRQVXPSWiRQ   Rf   h\dURgeQ   iV   

iQclXded   ZiWhiQ   Whe   V\VWeP   bRXQdaU\.   DeVSiWe   Whe   facW   WhaW   h\dURgeQ   XVe   iV   cXUUeQWl\   dRPiQaWed   

b\   Whe   Ril   UefiQiQg   aQd   chePical   iQdXVWUieV,   Ze   haYe   ideQWified   SRWeQWial   eQeUg\,   iQ   Whe   fRUP   Rf   

fXel,   aV   Whe   SUiPaU\   e[WeUQall\   deliYeUed   YalXe-UelaWed   fXQcWiRQ   Rf   Whe   V\VWeP,   alRQg   ZiWh   SXUe   

h\dURgeQ   WR   be   XVed   aV   aQ   iQgUedieQW   iQ   chePical   SURceVVeV.   

  

H\dURgeQ'V   PRVW   YalXable   aWWUibXWeV   ±   iWV   YeUVaWiliW\   aQd   abXQdaQce   ±   iV   PaQifeVWed   iQ   Whe   

cRPSle[iW\   Rf   Whe   h\dURgeQ   ecRQRP\.   IWV   YeUVaWiliW\   PeaQV   WhaW   h\dURgeQ   Pa\   be   XVed   iQ   a   

P\Uiad   Rf   aSSlicaWiRQV,   aQd   VR   Whe   h\dURgeQ   ecRQRP\   V\VWeP   iQWeUfaceV   ZiWh   PaQ\   RWheU   

V\VWePV,   VXch   aV   iQdXVWUial   (fRU   e[aPSle   PeWalV   aQd   fXel   cell   SURdXcWiRQ),   eQeUg\,   elecWUic,   

iQfUaVWUXcWXUal   aQd   bXilW,   heaWiQg   aQd   cRRliQg,   chePical,   agUicXlWXUal,   WUaQVSRUWaWiRQ,   aQd   Ril   

V\VWePV   [17][4].   The   Sh\Vical   iQWeUfaceV   Rf   Whe   h\dURgeQ   ecRQRP\   ZiWh   WheVe   V\VWePV   aUe   PRVWl\   

aW   cRQVXPSWiRQ   aQd   VWRUage   lRcaWiRQV   (Table   1).   The   facW   WhaW   h\dURgeQ   caQ   be   SURdXced   Yia   

elecWURl\ViV   addiWiRQall\   iQWeUfaceV   WhiV   V\VWeP   ZiWh   ZaWeU   V\VWePV   aW   SURdXcWiRQ   ViWeV.   

  

IQ   cRQVideUaWiRQ   Rf   Whe   QaWXUe   Rf   Whe   V\VWeP,   WhiV   SaSeU   XWili]eV   blRck   defiQiWiRQ   diagUaPV   aQd   a   

deVigQ   VWUXcWXUe   PaWUi[.   ThUee   leYelV   Rf   Whe   fRUPal   aUchiWecWXUe   aUe   e[aPiQed   aQd   Whe   fXQcWiRQal   

aUchiWecWXUe   Rf   Whe   h\dURgeQ   ecRQRP\   fURP   Whe   SURdXcWiRQ   Rf   h\dURgeQ   WR   Whe   cRQVXPSWiRQ   Rf   

h\dURgeQ   iV   aQal\Ved.   

  

The   h\dURgeQ   ecRQRP\   YalXe   chaiQ   cRQViVWV   Rf   WhUee   SUiPaU\   acWiYiWieV:   h\dURgeQ   SURdXcWiRQ,   

h\dURgeQ   VWRUage   aQd   WUaQVSRUWaWiRQ   aQd   h\dURgeQ   cRQVXPSWiRQ.   ThiV   decRPSRViWiRQ   Rf   Whe   

h\dURgeQ   ecRQRP\   Qicel\   defiQeV   Whe   fiUVW   leYel   Rf   Whe   fRUPal   aUchiWecWXUe   aV   VhRZQ   b\   FigXUe   2   

aV   Zell   aV   Whe   VZiP   laQeV   Rf   Whe   fXQcWiRQal   aUchiWecWXUe   aV   VhRZQ   b\   FigXUe   3.   

  

  

   



  

TDEOH   1:   IQWHUIDFHV   ZLWK   WKH   H\GURJHQ   EFRQRP\   

  

Interfacing   S\stem   Ph\sical   Interface   

IQdXVWUial   SWeel   SURdXcWiRQ   faciliWieV  

OUe   UefiQiQg   faciliWieV   

GlaVV   SURdXcWiRQ   faciliWieV   

E[SlRViYeV   maQXfacWXUiQg   faciliWieV   

CRQWaiQeU-filliQg   faciliWieV   

FXel   Cell   PURdXcWiRQ   FXel   cell   filliQg   faciliWieV   

H\dURgeQ   YehicleV     

EQeUg\     LaUge-Vcale   XWiliW\   VWRUage   lRcaWiRQV   

SWeam   meWhaQe   UefRUmiQg   SlaQWV   

MeWhaQe   diVWUibXWiRQ   SiSeV   

H\dURgeQ   deUiYaWiYe   SURdXcWiRQ   faciliWieV   

ElecWUic   ReQeZable   eQeUg\   SURdXcWiRQ   ViWeV   

UWiliWieV   

IQfUaVWUXcWXUal   aQd   BXilW   EQYiURQmeQW   SWRYeV   

HeaWiQg   aQd   cRRliQg   V\VWemV   

Chemical   MeWhaQRl   SURdXcWiRQ   faciliWieV   

AgUicXlWXUal   FeUWili]eU   SURdXcWiRQ   faciliWieV   

TUaQVSRUWaWiRQ   H\dURgeQ   fXeliQg   VWaWiRQV   

FXel   cellV   

H\dURgeQ   YehicleV   aQd   fUeighW   YehicleV   

ShiSV   

Oil   PeWURleXm   UefiQiQg   faciliWieV     

WaWeU   ElecWURl\]eUV   

OffVhRUe   ZiQdmillV   

CRQceQWUaWed   VRlaU   SlaQWV   

All   cRQVXmSWiRQ   lRcaWiRQV   Rf   h\dURgeQ   fXel   (becaXVe   ZaWeU   iV   a   

SURdXcW   Rf   Whe   cRmbXVWiRQ   UeacWiRQ)   



  

Each   fRUPal   caWegRU\   iV   fXUWheU   decRPSRVed   iQWR   VXb-blRckV.   TheVe   elePeQWV   Rf   fRUP   SeUfRUP   

RQe   RU   PRUe   acWiYiWieV   WR   SURdXce,   WUaQVSRUW,   VWRUe,   RU   cRQVXPe   h\dURgeQ.   The   DeVigQ   SWUXcWXUe   

MaWUi[   (FigXUe   3)   SUeVeQWV   Whe   SUiQciSle   elePeQWV   Rf   fRUP   WhaW   Pake   XS   Whe   leYel   2   aUchiWecWXUe   Rf   

Whe   V\VWeP.   AV   Ze   caQ   Vee,   Whe   fRUPal   VWUXcWXUe   iV   UelaWiYel\   liQeaU:   Whe   elePeQWV   Rf   h\dURgeQ   

SURdXcWiRQ   aUe   each   cRQQecWed   WR   VRPe   elePeQWV   Rf   WUaQVSRUWaWiRQ   aQd   VWRUage,   aQd   WheVe   

elePeQWV   iQ   WXUQ   aUe   cRQQecWed   WR   lRcaWiRQV   Rf   VWRUage   aQd   cRQVXPSWiRQ.   

  
FLJXUH   2   H\GURJHQ   EFRQRP\   BORFN   DHILQLWLRQ   DLaJUaP    At   the   highest   architectXral   leYel,   the   h\drogen   econom\   

consists   of   prodXction   facilities,   storage   and   transportation   infrastrXctXre,   and   consXmption   locations.   

  

  



  

  
FLJXUH   3   H\GURJHQ   EFRQRP\   DHVLJQ   SWUXFWXUH   MaWUL[    This   matri[   shoZs   the   formal   relationships   betZeen   

elements   of   the   leYel   2   architectXre   of   the   H\drogen   Econom\.   YelloZ   sqXares   represent   a   ph\sical   connection   from   

the   roZ   title   to   the   colXmn   title.     
  

Of   QRWe   aUe   Whe   diffeUeQW   leYelV   Rf   Vcale   aW   Zhich   Whe   YaUiRXV   V\VWeP   elePeQWV   RSeUaWe.   AV   caQ   be   

VeeQ   iQ   FigXUe   3,   QRW   eYeU\   h\dURgeQ   SURdXcWiRQ   faciliW\   W\Se   iV   cRQQecWed   WR   eYeU\   W\Se   Rf   

WUaQVSRUWaWiRQ   RU   VWRUage,   aQd   iQ   WXUQ,   each   WUaQVSRUWaWiRQ   RU   VWRUage   elePeQW   iV   cRQQecWed   RQl\   WR   

VSecific   cRQVXPSWiRQ   lRcaWiRQV.   TheVe   cRQQecWiRQV   aUe   PRVWl\   deWeUPiQed   b\   Whe   Vcale   aW   Zhich   

h\dURgeQ   iV   beiQg   SURdXced.   FRU   e[aPSle,   VWeaP   PeWhaQe   UefRUPiQg   (SMR)   beQefiWV   

VigQificaQWl\   fURP   ecRQRPieV   Rf   Vcale,   aQd   VR   WheVe   faciliWieV   aUe   XVXall\   laUge   aQd   SURdXce   laUge   

TXaQWiWieV   Rf   h\dURgeQ;   WheUefRUe   clieQWV   ZhR   cRQViVWeQWl\   bX\   YeU\   laUge   aPRXQWV   Rf   h\dURgeQ  

(VXch   aV   XWiliWieV   RU   UefiQeUieV)   aUe   PRUe   likel\   WR   bX\   fURP   WheVe   SURdXcWiRQ   faciliWieV   WhaQ   

VPalleU,   diVWUibXWed   SURdXcWiRQ   faciliWieV.   ThiV   PRdel   iV   ideal   fRU,   aQd   cRXld   eQable   Whe   

cRQVWUXcWiRQ   Rf,   diUecW   SiSeliQeV   fURP   Whe   SURdXcWiRQ   ViWe   WR   Whe   VWRUage   RU   cRQVXPSWiRQ   ViWe.   OQ   



  

Whe   RWheU   haQd,   elecWURl\]eUV   aQd   ShRWRcaWal\]eUV   dRQ'W   beQefiW   fURP   Whe   VaPe   ecRQRPieV   Rf   Vcale   

aV   VWeaP   UefRUPiQg,   aQd   VR   aUe   PRUe   likel\   WR   be   diVWUibXWed   aQd   lRcaWed   aW   Whe   lRcaWiRQ   Rf   

cRQVXPSWiRQ,   VXch   aV   aW   a   fXeliQg   VWaWiRQ.   TheVe   VPalleU   aPRXQWV   Rf   h\dURgeQ   aUe   PRUe   likel\   WR   

be   Sackaged   fRU   WUaQVSRUW   b\   fUeighW   WUXckV   RU   VhiSV,   aQd   WR   be   deliYeUed   WR   VPalleU-Vcale   

cRQVXPeUV,   VXch   aV   glaVV   SURdXcWiRQ   SlaQWV   aQd   bXildiQgV.   TR   gaiQ   a   beWWeU   XQdeUVWaQdiQg   Rf   Whe   

h\dURgeQ   ecRQRP\,   WhiV   SaSeU   e[aPiQeV   each   Rf   Whe   WhUee   SUiPaU\   acWiYiWieV   Rf   Whe   h\dURgeQ   

YalXe   chaiQ   ideQWified   abRYe.     

  

3. H\GURJHQ   PURGXFWLRQ   

  
FLJXUH   4   H\GURJHQ   PURGXFWLRQ   FaFLOLWLHV   BORFN   DHILQLWLRQ   DLaJUaP    The   class   H\drogen   ProdXction   Facilities   

speciali]es   into   man\   different   methods   of   prodXction   and   their   associated   forms;   cXrrentl\   the   most   deYeloped   and   

affordable   prodXction   methods   are   steam   methane   reforming   and   electrol\sis.   

 

AV   SUeYiRXVl\   PeQWiRQed,   Whe   cXUUeQW   SUiPaU\   PeWhRd   Rf   h\dURgeQ   SURdXcWiRQ   iV   VWeaP   PeWhaQe   

UefRUPiQg,   Zhich   SURdXceV   "gUa\   h\dURgeQ."   WaWeU   VWeaP   iV   UeacWed   ZiWh   QaWXUal   gaV   WR   SURdXce   

SXUe   h\dURgeQ   aQd   caUbRQ   diR[ide;   heQce,   WhiV   fRVVil   fXel-baVed   PeWhRd   Rf   h\dURgeQ   SURdXceV   

CO2   ePiVViRQV   [16].   SRPeWiPeV   SMR   faciliWieV   aUe   eTXiSSed   ZiWh   caUbRQ   caSWXUe   aQd   VWRUage   

WechQRlRg\,   aQd   VR   caWegRUi]ed   aV   SURdXciQg   "blXe   h\dURgeQ"   [17].   Ideall\,   all   fXWXUe   SMR   SlaQWV   

VhRXld   be   eTXiSSed   ZiWh   CCS,   aQd   fRUWXQaWel\   e[iVWiQg   SlaQWV   caQ   be   UeWURfiWWed   ZiWh   CCS,   

WheRUeWicall\   PakiQg   WheP   caUbRQ   QeXWUal.   HRZeYeU,   iQ   SUacWice,   WheUe   aUe   PaQ\   XSVWUeaP   

ePiVViRQV   aVVRciaWed   ZiWh   PeWhaQe,   aQd   caUbRQ   caSWXUe   UaWeV   fRU   VWeaP   PeWhaQe   UefRUPiQg   aUe   

geQeUall\   55-90%   [17].   TheUefRUe,   iQ   RUdeU   WR   WUaQViWiRQ   WR   a   WUXl\   lRZ-caUbRQ   V\VWeP,   RWheU   

PeWhRdV   Rf   h\dURgeQ   SURdXcWiRQ   VhRXld   be   SUiRUiWi]ed,   aQd   SMR   Pa\   acW   aV   a   WUaQViWiRQ   



  

SURdXcWiRQ   PeWhRd   aV   Whe   h\dURgeQ   ecRQRP\   gURZV   [17].   ThiV   iV   alVR   WUXe   Rf   RWheU   h\dURgeQ   

SURdXcWiRQ   PeWhRdV   baVed   RQ   fRVVil   fXelV,   VXch   aV   PeWhaQe   S\URl\ViV,   Zhich   SURdXceV   "WXUTXRiVe   

h\dURgeQ"   aQd   VRlid   caUbRQ,   aQd   cRal   gaVificaWiRQ   [4].  

  

OQe   Rf   WheVe   RWheU   PeWhRdV   iV   elecWURl\ViV,   iQ   Zhich   h\dURgeQ   iV   SURdXced   diUecWl\   b\   VSliWWiQg   

ZaWeU   iQWR   iWV   cRQVWiWXeQW   elePeQWV.   The   RQl\   SURdXcWV   Rf   Whe   elecWURl\ViV   UeacWiRQ   aUe   h\dURgeQ   

aQd   R[\geQ,   aQd   Whe   iQSXWV   aUe   ZaWeU   aQd   eQeUg\.   The   UeacWiRQ   RccXUV   iQ   aQ   elecWURl\]eU,   Zhich   iV   

cRPSRVed   Rf   aQ   aQRde,   caWhRde,   aQd   elecWURl\We.   ElecWURl\]eUV   aUe   caWegRUi]ed   b\   WheiU   

elecWURl\We,   Rf   Zhich   WheUe   aUe   WhUee   PaiQ   W\SeV.   IQ   SRl\PeU   PePbUaQe   (ZiWh   a   VRlid   SRl\PeU   

elecWURl\We)   aQd   alkaliQe   (WUadiWiRQall\   ZiWh   liTXid   alkaliQe   VRlXWiRQ   elecWURl\WeV,   alWhRXgh   VRlid   

RQeV   aUe   iQ   Whe   R&D   VWage)   elecWURl\]eUV,   ZaWeU   aW   Whe   aQRde   UeacWV   WR   SURdXce   h\dURgeQ   iRQV,   

Zhich   PRYe   acURVV   Whe   PePbUaQe   WR   Whe   caWhRde   aV   Whe   fUee   elecWURQV   flRZ   WhURXgh   aQ   e[WeUQall\   

dUiYeQ   ciUcXiW   WR   Whe   caWhRde,   ZheUe   Whe   h\dURgeQ   iRQV   UeacW   WR   fRUP   SXUe   h\dURgeQ   gaV.   SRlid   

R[ide   (ZiWh   VRlid   ceUaPic   elecWURl\WeV)   elecWURl\]eUV   RSeUaWe   aW   PXch   higheU   WePSeUaWXUeV   

(700-800ÛC),   bXW   aUe   QRW   aV   elecWUiciW\-iQWeQViYe   aV   Whe   RWheU   WZR   [6].     

  

If   Whe   elecWUical   eQeUg\   XVed   WR   VSliW   ZaWeU   PRlecXleV   cRPeV   fURP   UeQeZable   aQd   caUbRQ-fUee   

VRXUceV,   WheQ   Whe   UeacWiRQ   SURdXceV   "gUeeQ   h\dURgeQ,"   PakiQg   elecWURl\ViV   QeaUl\   SeUfecW   fURP   a   

caUbRQ   ePiVViRQV   SeUVSecWiYe.   AddiWiRQall\,   elecWURl\]eUV   dRQ'W   beQefiW   fURP   Whe   VaPe   ecRQRPieV   

Rf   Vcale   aV   SMR,   aQd   VR   caQ   UaQge   fURP   aSSliaQce-Vi]ed   fRU   VPall-Vcale   diVWUibXWed   SURdXcWiRQ   WR   

XWiliW\-Vi]ed   (elecWURl\ViV   VRXUce).   The   challeQge   ZiWh   elecWURl\ViV   iV   iWV   hXge   elecWUiciW\   

UeTXiUePeQW:   eVWiPaWeV   VhRZ   WhaW   elecWUiciW\   accRXQWV   fRU   RYeU   half   Rf   Whe   cRVW   Rf   elecWURl\ViV   if   

Whe   elecWURl\]eU   RSeUaWeV   aURXQd   5,000   fXll-lRad   hRXUV   [17].   AV   VXch,   decUeaViQg   UeQeZable   

eQeUg\   SURdXcWiRQ   cRVWV   Zill   helS   Pake   elecWURl\ViV   SlaQWV   a   PRUe   Yiable   aQd   aWWUacWiYe   alWeUQaWiYe   

WR   SMR.   

  

TheUe   aUe   a   QXPbeU   Rf   RWheU   gUeeQ   h\dURgeQ   SURdXcWiRQ   PeWhRdV,   WhRXgh   PRVW   UeTXiUe   PRUe   

UeVeaUch   aQd   deYelRSPeQW   WR   becRPe   ecRQRPicall\   Yiable   [10].   TheUPRchePical   ZaWeU   VSliWWeUV   

XVe   high   WePSeUaWXUeV   SURdXced   b\   e[ceVV   QXcleaU   heaW   RU   cRQceQWUaWed   VRlaU   WRZeUV   WR   dUiYe   a   

VeUieV   Rf   UeacWiRQV,   WakiQg   iQ   ZaWeU   aQd   Uec\cliQg   iWV   chePical   UeacWaQWV   each   c\cle   [10].   IQ   

ShRWRelecWURchePical   PeWhRdV,   a   VSecial   claVV   Rf   VePicRQdXcWRUV   aUe   e[SRVed   WR   VXQlighW   WR   VSliW   



  

ZaWeU   diUecWl\   WR   SURdXce   h\dURgeQ   [9].   FiQall\,   biRlRgicall\-dUiYeQ   h\dURgeQ   SURdXcWiRQ,   Yia   

feUPeQWaWiRQ   (PicURbial   biRPaVV   cRQYeUViRQ)   RU   diUecW   ZaWeU   VSliWWiQg   (ShRWRbiRlRgical   

SURdXcWiRQ)   cRXld   be   a   lRZ-   WR   QR-caUbRQ   PeWhRd   fRU   h\dURgeQ   SURdXcWiRQ   iQ   Whe   fXWXUe   [7][8].   

The   iQfUaVWUXcWXUe   Qeeded   fRU   WheVe   SURceVVeV,   aQd   WheiU   cXUUeQW   aQd   SUedicWed   SURdXcWiRQ   

efficieQcieV,   VXggeVW   WheVe   SURdXcWiRQ   PeWhRdV   Zill   RSeUaWe   aW   laUgeU,   ceQWUali]ed   VcaleV   

[7][8][9][10].   CRQWiQXRXV   UeVeaUch   aQd   deYelRSPeQWV   aUe   VeeQ   iQ   Whe   field   Rf   h\dURgeQ   

SURdXcWiRQ   (GXaQ\X).   

  



  

  
FLJXUH   5   H\GURJHQ   PURGXFWLRQ   AFWLYLW\   DLaJUaP    The   model   inclXdes   11   different   methods   of   h\drogen   prodXction   

and   shoZs   the   inpXts   crossing   the   s\stem   boXndar\   to   sXppl\   them.   See   FigXre   A.1   in   the   Appendi[   for   the   fXll   

actiYit\   diagram.   

  

4. H\GURJHQ   TUDQVSRUW   DQG   SWRUDJH   

  



  

  
FLJXUH   6   H\GURJHQ   SWRUaJH   aQG   TUaQVSRUWaWLRQ   IQIUaVWUXFWXUH   BORFN   DHILQLWLRQ   DLaJUaP    The   class   H\drogen   

Storage   and   Transportation   InfrastrXctXre   speciali]es   into   man\   different   kinds   of   infrastrXctXre,   some   of   Zhich,   

sXch   as   h\drogen   fXel   stations,   depend   on   others.   

  

TheUe   aUe   PaQ\   Za\V   Rf   WUaQVSRUWiQg   h\dURgeQ   fXel   fURP   SURdXcWiRQ   WR   cRQVXPSWiRQ   lRcaWiRQV   

(FigXUe   6).   IQ   iWV   SXUe   aQd   gaVeRXV   fRUP,   h\dURgeQ   iV   e[WUePel\   iQefficieQW   WR   WUaQVSRUW,   ZiWh   aQ   

eQeUg\   deQViW\   Rf   0.01   MJ/L   aW   1   baU   [17].   H\dURgeQ   iV   WUaQVSRUWed   aV   a   gaV   eiWheU   WhURXgh   SiSeV   

RU   fUeighW,   iQ   SUeVVXUi]ed   VhiSSiQg   cRQWaiQeUV,   RU   iQ   SUeVVXUi]ed   VhiSSiQg   Yehicle   WaQkV.   A   

dedicaWed   h\dURgeQ   SiSe   V\VWeP   ZRXld   be   ecRQRPical   fRU   laUge   PaUkeW   aQd   fXeliQg   VWaWiRQ   

dePaQdV.   WheQ   XQdeU   eQRXgh   SUeVVXUe,   h\dURgeQ   Pa\   be   WUaQVSRUWed   aV   a   liTXid   iQ   WUXckV,   Zhich   

iV   a   PRUe   ecRQRPical   RSWiRQ   WhaQ   WUXckiQg   gaVeRXV   h\dURgeQ,   bXW   RQl\   fRU   lRQgeU   diVWaQceV   (fRU   

e[aPSle   WR   VXSSl\   laUge-caSaciW\   fXeliQg   VWaWiRQV),   becaXVe   Whe\   UeTXiUe   liTXefacWiRQ   faciliWieV.   

AlWeUQaWiYel\,   h\dURgeQ   caQ   be   SURdXced   RQ   ViWe   iQ   a   VPalleU-Vcale   diVWUibXWed   faVhiRQ   RU   iQ   laUge   

TXaQWiWieV   b\   XWiliWieV   Zhich   WheQ   diVWUibXWe   Whe   elecWUiciW\   SURdXced   b\   Whe   fXel   [15].   FiQall\,   

h\dURgeQ   cRXld   be   Pade   iQWR   aPPRQia   (liTXid   aW   aWPRVSheUic   SUeVVXUe,   15.8   MJ/L   eQeUg\   

deQViW\)   RU   aQRWheU   deUiYaWiYe,   Zhich   cRXld   be   a   VRlid   aQd   PRUe   eaVil\   WUaQVSRUWed   [17].     



  

  
FLJXUH   7   H\GURJHQ   SWRUaJH   aQG   TUaQVSRUWaWLRQ   IQIUaVWUXFWXUH   AFWLYLW\   DLaJUaP    This   snapshot   of   the   storage   and   

prodXction   lane   of   the   actiYit\   model   shoZs   the   YarioXs   processes   inYolYed   Zith   transporting   and   storing   h\drogen.   

See   FigXre   A.1   in   the   Appendi[   for   the   fXll   actiYit\   diagram.   
  

AQRWheU   RSWiRQ   fRU   h\dURgeQ   diVWUibXWiRQ   iV   WR   bleQd   h\dURgeQ   iQWR   e[iVWiQg   PeWhaQe   diVWUibXWiRQ   

SiSeliQe   V\VWePV   [15].   H\dURgeQ   fXel   caQ   be   Pi[ed   iQWR   QaWXUal   gaV   XS   WR   5-20%   b\   YRlXPe   

deSeQdiQg   RQ   Whe   aSSliaQce   aQd   VWill   be   XVed   jXVW   aV   QaWXUal   gaV   ZRXld   be,   ZiWh   QR   daPage   caXVed   

WR   Whe   aSSliaQce   [1].   If   gUeeQ   h\dURgeQ   iV   Pi[ed,   WhiV   cRXld   decUeaVe   Whe   ePiVViRQV   aVVRciaWed   

ZiWh   Whe   fXel   SURSRUWiRQall\   WR   SeUceQW   h\dURgeQ   cRQWeQW.   ThiV   WUaQVSRUWaWiRQ   PeWhRd   iV   



  

addiWiRQall\   aWWUacWiYe   becaXVe   iW   UeTXiUeV   PiQiPal   WR   QR   iQfUaVWUXcWXUe   iQYeVWPeQW   aQd   caQ   be   

TXickl\   iPSlePeQWed.   AlWeUQaWiYel\,   h\dURgeQ   bleQded   ZiWh   QaWXUal   gaV   caQ   be   e[WUacWed   

dRZQVWUeaP   aW   Whe   XVe   lRcaWiRQ   b\   PeWhRdV   VXch   aV   SUeVVXUe   VZiQg   adVRUSWiRQ,   PePbUaQe   

VeSaUaWiRQ,   RU   elecWURchePical   h\dURgeQ   VeSaUaWiRQ   [1].   The   ecRQRPic   deWailV   Rf   WheVe   

WechQRlRgieV   aQd   Whe   SURceVVeV   b\   Zhich   Whe\   fXQcWiRQ   aUe   be\RQd   Whe   VcRSe   Rf   WhiV   UeSRUW,   bXW   iW   

iV   iPSRUWaQW   WR   QRWe   WhaW   iPSlePeQWaWiRQ   Rf   aQ\   Rf   WheVe   e[WUacWiRQ   caSabiliWieV   ZRXld   UeTXiUe   

addiWiRQal   iQfUaVWUXcWXUe   aQd   XSfURQW   iQYeVWPeQW.     

  

SWRUage   Rf   h\dURgeQ   caQ   alVR   be   WUick\± gaVeV   PXVW   be   VWRUed   iQ   WighW   cRQWaiQeUV   aQd   Wake   XS   

laUge   aPRXQWV   Rf   VSace.   YeW   agaiQ,   WheUe   aUe   PaQ\   RSWiRQV   fRU   h\dURgeQ   VWRUage   (FigXUe   6).   IQ   

EXURSe,   QaWXUal   aQd   dUilled   ValW   caYeUQV   aUe   XVed   WR   VWRUe   h\dURgeQ   fRU   laUge   cRQVXPeUV,   VXch   aV   

XWiliWieV,   aQd   WaQkV   Rf   YaU\iQg   Vi]eV   RffeU   a   SRWeQWiall\   PRUe   YeUVaWile   aQd   WUaQVSRUWable   VWRUage   

PechaQiVP.   AddiWiRQall\,   h\dURgeQ   fXeliQg   VWaWiRQV   RffeU   laUge   VWRUage   caSaciWieV,   aQd   becRPe   

PRUe   ecRQRPicall\   Yiable   aV   WheiU   caSaciW\   iQcUeaVeV,   alWhRXgh   WheUe   aUe   PaQ\   facWRUV   beVideV   

Vi]e   WhaW   alVR   iPSacW   Whe   ecRQRPicV   Rf   fXeliQg   VWaWiRQV.   

  

5. H\GURJHQ   CRQVXPSWLRQ   

  

  
FLJXUH   8   H\GURJHQ   CRQVXPSWLRQ   LRFaWLRQV   BORFN   DHILQLWLRQ   DLaJUaP    AlthoXgh   there   are   other   Xses   of   h\drogen,   

for   the   pXrposes   of   this   model,   Ze   haYe   speciali]ed   the   H\drogen   ConsXmption   Locations   Class   into   foXr   

sXbclasses:   the   ManXfactXring   Sector,   the   ConstrXction   IndXstr\,   the   Energ\   IndXstr\,   and   the   Transportation   Sector.   

  



  

  

FLJXUH   9   H\GURJHQ   CRQVXPSWLRQ   AFWLYLW\   DLaJUaP    H\drogen   is   primaril\   consXmed   as   fXel   or   an   ingredient   in   

chemical   or   indXstrial   prodXction   processes.   This   final   lane   of   the   ActiYit\   Diagram   shoZs   the   oXtpXts   of   the   s\stem.   

 



  

The   cRQVXPSWiRQ   Rf   h\dURgeQ   cRPeV   iQ   PaQ\   fRUPV.   AV   a   fXel   VRXUce,   iW   SURYideV   UelaWiYel\   

cleaQ   aQd   UeQeZable   eQeUg\.   AV   a   UaZ   PaWeUial,   iW   eQableV   Whe   SURdXcWiRQ   Rf   feUWili]eUV   aQd   PaQ\   

chePical   SURdXcWV.   AV   aQ   iQdiVSeQVable   elePeQW   Rf   UefiQiQg   SURceVVeV,   iW   UeVXlWV   iQ   cleaQeU   

SeWURleXP   aQd   UedXced   PeWalV.   HRZeYeU,   Whe   PeaQV   b\   Zhich   h\dURgeQ   iV   cXUUeQWl\   XVed   iV   likel\   

jXVW   Whe   WiS   Rf   Whe   icebeUg.   ReVeaUch   iV   beiQg   cRQdXcWed   WR   e[SlRUe   RWheU   SRVVible   beQeficial   XVeV   

Rf   h\dURgeQ.   FRU   e[aPSle,   a   UeceQW   WUial   WR   SURdXce   cRPPeUcial-gUade   VWeel   ZiWh   h\dURgeQ   iQ   

Slace   Rf   liTXified   QaWXUal   gaV   \ielded   VXcceVVfXl   UeVXlWV.   

  

The   XbiTXiW\   Rf   h\dURgeQ   PeaQV   WhaW   h\dURgeQ   iV   cRQVXPed   aW   QXPeURXV   lRcaWiRQV   Rf   diffeUeQW   

VecWRUV.     

  

6. H\GURJHQ   CRQVXPSWLRQ   

  

6.1   MDQXIDFWXULQJ   SHFWRU   

  

  
FLJXUH   9   H\GURJHQ   CRQVXPSWLRQ   LRFaWLRQV:   MaQXIaFWXULQJ   SHFWRU   BORFN   DHILQLWLRQ   DLaJUaP    The   

ManXfactXring   Sector   consists   of   different   t\pes   of   factories,   Zhich   Xse   h\drogen   as   a   chemical   ingredient   in   their   

prodXcts,   or   as   a   processing   agent,   as   is   the   case   for   PetroleXm   Refinement   Facilities.   

  

IQ   Whe   PaQXfacWXUiQg   VecWRU,   h\dURgeQ   iV   XWili]ed   WR   SURdXce   aPPRQia-baVed   feUWili]eU   WhURXgh   

Whe   HabeU-BRVch   SURceVV,   h\dURchlRUic   acid,   PeWhaQRl   aQd   h\dURgeQaWiQg   ageQW,   jXVW   WR   QaPe   a   

feZ.   H\dURgeQ   iV   alVR   XVed   WR   UefiQe   UaZ   PaWeUialV,   PRVW   cRPPRQl\   PeWalV   aQd   SeWURleXP.   



  

EQYiURQPeQWal   SRlicieV   aQd   legiVlaWiRQV   like   Whe   CleaQ   AiU   AcW   haYe   fRUced   PaQXfacWXUeUV   WR   

cRPSl\   ZiWh   VWUicW   PeaVXUeV   aQd   WhiV   Zill   cRQWiQXe   WR   gURZ   aV   Ze   face   SUeVViQg   deadliQeV   WR   PeeW   

Whe   diffeUeQW   eQYiURQPeQWal   challeQgeV.     

  

6.2   CRQVWUXFWLRQ   IQGXVWU\  

  

  
FLJXUH   10   H\GURJHQ   CRQVXPSWLRQ   LRFaWLRQV:   CRQVWUXFWLRQ   BORFN   DHILQLWLRQ   DLaJUaP    H\drogen   Xse   in   the   

constrXction   indXstr\   centers   on   Xse   in   complete   bXildings   in   stoYes   and   heating   and   cooling   s\stems,   t\picall\   as   a   

replacement   for   natXral   gas   in   appliances.   

  

IQ   addiWiRQ   WR   Whe   heaWiQg   SRWeQWial   Rf   h\dURgeQ   aV   Ze   Vee   ZiWh   gaV   VWRYeV,   h\dURgeQ   iV   XVed   aV   a   

cRRlaQW   WR   cRRl   dRZQ   PaQXfacWXUiQg   SlaQWV   aQd   URckeWV   (SchachW).   H\dURgeQ   haV   Whe   higheVW   

WheUPal   cRQdXcWiYiW\   aPRQgVW   all   gaV,   ZiWh   a   YalXe   Rf   0.18W/PK.   CRQVWUXcWiRQ   iQdXVWU\   XWili]e     

  

6.3   EQHUJ\   IQGXVWU\   



  

  

  
FLJXUH   11   H\GURJHQ   CRQVXPSWLRQ   LRFaWLRQV:   EQHUJ\   IQGXVWU\   BORFN   DHILQLWLRQ   DLaJUaP    The   energ\   indXstr\,   

along   Zith   the   transportation   sector,    is   likel\   to   be   the   consXmption   class   that   Zill   groZ   the   most   as   the   h\drogen   

econom\   groZs   in   the   coming   decades.   This   class   speciali]es   into   distribXted   fXel   cells   for   small-scale   energ\   

resilienc\   and   poZer   plants,   operating   on   a   Xtilit\   scale.   

  

H\dURgeQ   iV   aQ   alWeUQaWiYe   WR   fRVVil   fXelV.   IQ   SRZeU   SlaQWV,   h\dURgeQ   UeacWV   ZiWh   R[\geQ   WR   

geQeUaWe   elecWUiciW\,   Zhich   Zill   be   XVed   WR   SRZeU   Whe   elecWUic   gUid.   The   aWWUacWiRQ   WR   XVe   h\dURgeQ   

aV   a   UeSlacePeQW   fRU   fRVVil   fXel   cRPeV   fURP   Whe   facW   WhaW   h\dURgeQ-geQeUaWed   elecWUiciW\   SURdXceV   

QR   gUeeQhRXVe   gaV   ePiVViRQV.   AccRUdiQg   WR   Whe   U.S.   EQeUg\   IQfRUPaWiRQ   AdPiQiVWUaWiRQ,   cXUUeQW   

faciliWieV   iQ   Whe   U.S.   haV   Whe   SRWeQWial   WR   geQeUaWe   250   MW   Rf   elecWUiciW\   aV   Rf   OcWRbeU   2020   [19].   

  

6.4   TUDQVSRUWDWLRQ   SHFWRU   



  

  

  
FLJXUH   12   H\GURJHQ   CRQVXPSWLRQ   LRFaWLRQV:   TUaQVSRUWaWLRQ   SHFWRU   BORFN   DHILQLWLRQ   DLaJUaP    There   is   mXch   

e[citement   aboXt   the   potential   of   h\drogen   in   the   Transportation   Sector,   and   the   infrastrXctXre   that   mXst   be   

deYeloped   is   heaYil\   interdependent   for   this   sector   to   become   economicall\   Yiable:   fXeling   stations   are   Xseless   

ZithoXt   h\drogen   Yehicles,   and   the   inYerse   is   also   trXe.   

  

TheUe   aUe   debaWeV   ZiWhiQ   Whe   cRPPXQiW\   aV   WR   ZheWheU   h\dURgeQ   fXel   cell   YehicleV   (HFCVV)   Zill   

becRPe   Whe   SUeYailiQg   W\Se   Rf   eQYiURQPeQWall\-fUieQdl\   Yehicle.   SRPe   UeVeaUch   iQdicaWeV   WhaW   Whe   

PajRUiW\   Rf   Whe   SRSXlaWiRQ   SUefeU   baWWeU\   elecWUic   YehicleV   (BEVV).   MRUeRYeU,   PaQ\   SXblic   

figXUeV   RU   UeQRZQed   e[SeUWV   iQ   UeleYaQW   fieldV   like   ElRQ   MXVk   aQd   JRVeSh   RRPP   haYe   iQ   Whe   SaVW   

SXblicl\   VWaWed   WhaW   Whe\   dR   QRW   belieYe   iQ   a   fXWXUe   ZheUe   HFCVV   aUe   cRPPRQl\   XVed   RU   WhaW   

HFCVV   aUe   RYeU-h\Sed.   HRZeYeU,   HFCVV   aUe   geQeUall\   YieZed   SRViWiYel\   (MaUia).   ThiV   iV   

eYideQced   b\   Whe   iQcUeaViQg   XVe   Rf   h\dURgeQ   fXel   cellV   iQ   Whe   WUaQVSRUWaWiRQ   VecWRU   aQd   Whe   

cRQWiQXiQg   UeVeaUch   effRUWV   iQ   adYaQciQg   h\dURgeQ   fXel   cell   WechQRlRg\   (YRgeVh).     

  

SiPilaU   WR   iWV   aSSlicaWiRQ   iQ   Whe   eQeUg\   iQdXVWU\,   h\dURgeQ   iV   XVed   WR   SRZeU   SaVVeQgeU   YehicleV,   

fUeighW   YehicleV   aQd   VSecialW\   YehicleV.   While   Whe   PaUkeW   fRU   h\dURgeQ   fXel   cell   elecWUic   YehicleV   

iV   YeU\   VPall   UelaWiYe   WR   baWWeU\   elecWUic   YehicleV   aQd   WUadiWiRQal   SeWURleXP   SRZeUed   YehicleV,   

YaUiRXV   VXUYe\V   haYe   iQdicaWed   WhaW   WhiV   QXPbeU   Zill   cRQWiQXe   WR   gURZ.   TheUe   aUe   alVR   RYeU   

25,000   fRUklifWV   SRZeUed   b\   h\dURgeQ   iQ   Whe   UQiWed   SWaWeV   iQ   2019   [2].   H\dURgeQ   iV   alVR   beiQg   

e[SlRUed   fRU   iWV   SRWeQWial   WR   SRZeU   RWheU   PRdeV   Rf   WUaQVSRUW   like   bikeV,   dURQeV   aQd   VcRRWeUV.     



  

  

6.5   NRYHO   UVH   

  

H\dURgeQ   Sla\V   aQ   iQcUeaViQgl\   iPSRUWaQW   URle   iQ   Whe   Pedical   iQdXVWU\   ZheUe   

h\dURgeQ-cRQWaiQiQg   cRPSRXQdV   haYe   lRQg   beeQ   XVed   iQ   Whe   deYelRSPeQW   Rf   dUXgV   b\   

ShaUPaceXWical   cRPSaQieV.   FRU   e[aPSle,   Whe   diVcRYeU\   Rf   Whe   Sh\ViRlRgical   caSabiliW\   Rf   

h\dURgeQ   VXlfide   aV   Zell   aV   Whe   aQWi-alleUgic   aQd   aQWi-iQflaPPaWRU\   UegXlaWiRQ   abiliW\   Rf   

PRlecXlaU   h\dURgeQ   haV   RSeQed   XS   QeZ   aYeQXeV   Rf   WUeaWPeQW   fRU   ceUWaiQ   diVeaVeV   aQd   ailPeQWV   

(JRhQ,   [3][13]).   PeQdiQg   fXUWheU   UeVeaUch   aQd   Rfficial   aSSURYalV   b\   gRYeUQPeQW   ageQcieV   fRU   

YaUiRXV   dUXgV   RU   WUeaWPeQWV,   h\dURgeQ   Pa\   Vee   PaQ\   QeZ   aSSlicaWiRQV   iQ   Whe   Pedical   iQdXVWU\   

WhaW   caQ   VaYe   cRXQWleVV   liYeV.   
  

7. NHWZRUN   AQDO\VLV   

  

ThiV   VecWiRQ   aQal\VeV   H\dURciW\,   a   h\SRWheWical   iQVWaQWiaWed   aUchiWecWXUe   Rf   aQ   XUbaQ   h\dURgeQ   

ecRQRP\   baVed   RQ   Whe   UefeUeQce   aUchiWecWXUe   deVcUibed   iQ   RXU   SUeYiRXV   UeSRUW   (Vee   FigXUeV   

A1-A11   iQ   Whe   ASSeQdi[).   The   aQal\ViV   iV   baVed   bRWh   iQ   WUadiWiRQal   gUaSh   WheRU\   aQd   

HeWeURfXQcWiRQal   GUaSh   TheRU\   [20].   

  

H\dURciW\   iQclXdeV   26   bXffeUV,   4   WUaQVSRUWaWiRQ   UeVRXUceV,   Zhich   UeSUeVeQW   Whe   edgeV   Rf   Whe   

PRdel,   aQd   3   RSeUaQdV:   Ze   diVWiQgXiVh   beWZeeQ   gaVeRXV   aQd   liTXid   h\dURgeQ,   aQd   gaVeRXV   

h\dURgeQ   iQ   SUeVVXUi]ed   WaQkV   (FigXUe   13).   Si[   bXffeUV   aUe   claVVified   aV   SURdXcWiRQ   ViWeV:   RQe   

VWeaP   PeWhaQe   UefRUPiQg   SlaQW,   fRXU   elecWURl\]eUV,   aQd   RQe   iPSRUW   dRck.   SMR   aQd   elecWURl\ViV   

aUe   Whe   SURdXcWiRQ   PeWhRdV   iQ   Whe   PRVW   adYaQced   VWageV   Rf   deYelRSPeQW   aQd   PRVW   XVed   WRda\.   

The   SMR   SlaQW   iV   b\   faU   Whe   laUgeVW   SURdXceU   iQ   H\dURciW\,   aQd   e[clXViYel\   SURdXceV   gaVeRXV   

h\dURgeQ.   The   elecWURl\]eUV   aUe   Rf   YaU\iQg   Vi]eV.   TZR   aUe   SUiYaWel\   RZQed   b\   iQdXVWUial   

h\dURgeQ   cRQVXPeUV,   aQd   WZR   RWheUV   aUe   XWiliW\-RZQed;   WheVe   alVR   RQl\   SURdXce   gaVeRXV   

h\dURgeQ.   We   ZaQWed   WR   addiWiRQall\   iQclXde   Whe   iPSRUW   dRck   WR   UeSUeVeQW   WhaW   H\dURciW\   iV   

QeVWed   ZiWhiQ   Whe   gUeaWeU,   glRbal   h\dURgeQ   ecRQRP\.   The   iPSRUW   dRck   iPSRUWV   WaQkV   Rf   gaVeRXV   

h\dURgeQ.   TheVe   Vi[   bXffeUV   aUe   all   claVVified   aV   HeWeURfXQcWiRQal   GUaSh   TheRU\   (HFGT)   

WUaQVfRUPaWiRQ   UeVRXUceV   becaXVe   Whe\   bUiQg   h\dURgeQ   iQWR   Whe   V\VWeP   bRXQdaUieV   (Table   2).   



  

TheVe   UeVRXUceV   each   SeUfRUP   RQe   Rf   WZR   WUaQVfRUPaWiRQ   SURceVVeV:   "SURdXce   gaVeRXV   h\dURgeQ"   

RU   "iPSRUW   gaVeRXV   h\dURgeQ."   

  

  
FigXre   13    H\GURFLW\    Sketch   H\drocit\   is   made   of   26   nodes,   4   transportation   resoXrces   Zhich   perform   3   different   

holding   processes,   and   3   operands.   



  

  

Tables   2,   3,   and   4    (From   top   left)     

Table   2    H\GURFLW\   TUaQVIRUPaWLRQ   RHVRXUFHV    These   21   transformation   resoXrces   perform   an\   of   the   8   

transformation   processes   listed   in   Table   5.   Together   Zith   the   Independent   BXffers,   this   is   the   entire   model.     

Table   3    H\GURFLW\   IQGHSHQGHQW   BXIIHUV    These   5   independent   bXffers   store   different   forms   of   h\drogen,   performing   

one   or   more   of   the   3   holding   processes   listed   in   Table   5.   Together   Zith   the   Transformation   ResoXrces,   the\   make   Xp   

the   bXffers   of   the   s\stem.     

Table   4    H\GURFLW\   TUaQVSRUWaWLRQ   RHVRXUFHV    These   4   transportation   resoXrces   make   Xp   the   edges   of   the   model   and   

perform   one   or   more   of   the   holding   processes   listed   in   Table   5.     

  

FiYe   Rf   Whe   QRdeV   aUe   claVVified   aV   VWRUage   iQfUaVWUXcWXUeV:   WZR   liTXid   h\dURgeQ   VWRUage   WaQkV,   RQe   

ValW   caYeUQ,   aQd   WZR   h\dURgeQ   fXel   VWaWiRQV.   The   VWRUage   WaQkV   VeUYe   aV   lRQg-WeUP   backXS   VWRUage   

fRU   Whe   eclecWic   gUid   (geUPaQ-Xae).   The   ValW   caYeUQ   VWRUeV   gaVeRXV   h\dURgeQ   fRU   Whe   gUid   PRUe   

WePSRUaUil\   Zhile   acWiQg   aV   RQe   Rf   iWV   SUiPaU\   SURYideUV.   The   fXel   VWaWiRQV   hRld   gaVeRXV   h\dURgeQ   

WePSRUaUil\   aV   Zell,   aQd   VeUYice   h\dURgeQ   YehicleV.   Each   Rf   WheVe   VWRUage   iQfUaVWUXcWXUeV   aUe   

claVVified   aV   HFGT   iQdeSeQdeQW   bXffeUV,   ViQce   QR   WUaQVSRUWaWiRQ   QRU   WUaQVfRUPaWiRQ   SURceVVeV   

RccXU   aW   aQ\   Rf   WheP   (Table   3).   TZR   RWheU   WUaQVfRUPaWiRQ   UeVRXUceV   aUe   iQYRlYed   iQ   Whe   



  

WUaQVSRUWaWiRQ   aQd   VWRUage   Rf   h\dURgeQ:   Whe   cRQdeQVaWiRQ   SlaQW,   Zhich   cRQdeQVeV   Whe   gaVeRXV   

h\dURgeQ   SURdXced   b\   Whe   V\VWeP   iQWR   liTXid   h\dURgeQ,   aQd   Whe   WaQk   filliQg   VWaWiRQ,   Zhich   fillV   

SUeVVXUi]ed   WaQkV   ZiWh   gaVeRXV   h\dURgeQ   WR   be   WUaQVSRUWed.   TheVe   WZR   WUaQVfRUPaWiRQ   UeVRXUceV   

SeUfRUP   Whe   SURceVVeV   "cRQdeQVe   gaVeRXV   h\dURgeQ"   aQd   "fill   SUeVVXUi]ed   h\dURgeQ   WaQkV."     

  

The   fRXU   WUaQVSRUWaWiRQ   UeVRXUceV   iQ   H\dURciW\   aUe   (1)   WaQkeU   WUXckV,   Zhich   caUU\   bXlk   gaVeRXV   

aQd   liTXid   h\dURgeQ   iQ   WheiU   WaQkV,   (2)   deliYeU\   WUXckV,   Zhich   caUU\   WaQkV   Rf   gaVeRXV   h\dURgeQ,   

(3)   SiSeV,   Zhich   WUaQVSRUW   gaVeRXV   h\dURgeQ,   aQd   (4)   fXel   SXPSV,   Zhich   WUaQVSRUW   gaVeRXV   

h\dURgeQ   fURP   Whe   fXel   VWaWiRQV   WR   fXel   cellV   iQ   h\dURgeQ   YehicleV   (Table   4).   TheVe   WUaQVSRUWaWiRQ   

UeVRXUceV,   alRQg   ZiWh   Whe   iQdeSeQdeQW   bXffeUV,   aUe   each   caSable   Rf   aW   leaVW   RQe   hRldiQg   SURceVV,   

Rf   Zhich   WheUe   aUe   WhUee:   caUU\   liTXid   h\dURgeQ,   caUU\   gaVeRXV   h\dURgeQ,   aQd   caUU\   SUeVVXUi]ed   

WaQkV   (Table   5).   

  
Table   5    H\GURFLW\   PURFHVVHV    H\drocit\   contains   both   

transformation   and   holding   processes,   Zhich   serYe   to   describe   the   

"e[perience"   of   the   operands   Zithin   the   s\stem.   Unless   otherZise   

specified,   the   processes   haYe   gaseoXs   h\drogen   (H)   as   their   

operand.   

  

The   fiQal   WhiUWeeQ   WUaQVfRUPaWiRQ   UeVRXUceV   aUe   all   ViWeV   Rf   

cRQVXPSWiRQ.   The   RSeUaQdV   iQ   WhiV   V\VWeP   aUe   gaVeRXV   

h\dURgeQ,   liTXid   h\dURgeQ,   aQd   WaQkV   Rf   gaVeRXV   

h\dURgeQ,   WheUefRUe   aQ\   SURceVV   WhaW   XVeV   RQe   Rf   WheVe   WR   

SURYide   eQeUg\,   Pi[eV   aQ\   Rf   WheVe   fRUPV   Rf   h\dURgeQ   

ZiWh   RWheU   VXbVWaQceV,   RU   PRYeV   WheP   acURVV   RXU   V\VWeP   

bRXQdaU\   iV   cRQVideUed   a   ViWe   Rf   cRQVXPSWiRQ.   IQ   H\dURciW\,   WheUe   aUe   fRXU   iQdXVWUial   

cRQVXPSWiRQ   ViWeV,   iQclXdiQg   aQ   aPPRQia   SlaQW,   a   PeWal   UefiQeU\,   aQ   Ril   UefiQeU\,   aQd   a   chePical   

SlaQW.   TheUe   aUe   WZR   XWiliW\   cRQVXPeUV:   aQ   elecWUiciW\   SlaQW,   Zhich   XVeV   laUge-Vcale   fXel   cellV   WR   

WXUQ   h\dURgeQ   WR   elecWUiciW\   WR   be   diVWUibXWed   b\   Whe   gUid,   aQd   a   V\QgaV   SlaQW,   Zhich   Pi[eV   

h\dURgeQ   ZiWh   PeWhaQe   WR   be   diVWUibXWed   Yia   Whe   PeWhaQe   diVWUibXWiRQ   V\VWeP.   We   iQclXded   6   

h\dURgeQ   YehicleV   iQ   RXU   V\VWeP;   iQ   UealiW\   WheUe   ZRXld   be   PaQ\,   PaQ\   PRUe   iQ   RUdeU   WR   VXSSRUW   

WZR   h\dURgeQ   fXel   VWaWiRQV,   bXW   fRU   Whe   Vake   Rf   ViPSliciW\,   Ze   decided   WR   RQl\   iQclXde   Vi[   iQ   Whe   



  

PRdel.   FiQall\,   Whe   e[SRUW   dRck   WUaQVfeUV   h\dURgeQ   RXW   Rf   Whe   V\VWeP.   BecaXVe   WheVe   all   WUaQVfeU   

h\dURgeQ   RXW   Rf   Whe   V\VWeP   bRXQdaU\,   Whe\   aUe   cRQVideUed   WUaQVfRUPaWiRQ   UeVRXUceV   (Table   2).   

AlWRgeWheU,   Whe   cRQVXPSWiRQ   UeVRXUceV   SeUfRUP   fRXU   diffeUeQW   WUaQVfRUPaWiRQ   SURceVVeV:   

"cRQVXPe   gaVeRXV   h\dURgeQ,"   "cRQVXPe   liTXid   h\dURgeQ,"   "cRQVXPe   SUeVVXUi]ed   h\dURgeQ   

WaQkV,"   aQd   "e[SRUW   h\dURgeQ"   (Table   5).   

  

7.1 FRUPDO   AGMDFHQF\   MDWUL[   

FigXre   14    IQIORZ   AGMaFHQF\   MaWUL[    This   matri[   shoZs   the   formal   connections   betZeen   the   transformation   

resoXrces   and   independent   bXffers   of   H\drocit\:   Zhere   there   is   a   one,   there   is   an   infloZ   from   the   roZ   resoXrce   to   the   

colXmn   resoXrce.   ObYioXsl\,   as   all   large   fle[ible   engineering   s\stems   are,   this   matri[   and   the   s\stem   it   represents   

are   Yer\   sparse.   The   meanings   of   the   model   s\mbols   are   listed   in   Tables   2   and   3.   



  

FigXre   15    OXWIORZ   AGMaFHQF\   MaWUL[    This   matri[   shoZs   the   formal   connections   betZeen   the   transformation   

resoXrces   and   independent   bXffers   of   H\drocit\:   Zhere   there   is   a   one,   there   is   an   oXtfloZ   from   the   colXmn   resoXrce   

into   the   roZ   resoXrce.   ObYioXsl\,   as   all   large   fle[ible   engineering   s\stems   are,   this   matri[   and   the   s\stem   it   

represents   are   Yer\   sparse.   

  

TR   UeSUeVeQW   Whe   Sh\Vical   flRZV   cRQQecWiQg   WUaQVfRUPaWiRQ   UeVRXUceV   aQd   iQdeSeQdeQW   bXffeUV   Rf   

Whe   V\VWeP,   Ze   Pade   WZR   adjaceQc\   PaWUiceV:   RQe   fRU   Whe   iQflRZV   Rf   Whe   V\VWeP   (FigXUe   14),   aQd   

RQe   fRU   Whe   RXWflRZV   (FigXUe   15).   TheVe   PaWUiceV   aUe   YiVXali]ed   iQ   Whe   gUaSh   iQ   FigXUe   4.   IW   iV   

RbYiRXV   jXVW   fURP   lRRkiQg   aW   iW   WhaW   M1,   Whe   SMR   SlaQW,   Sla\V   a   ceQWUal   URle   iQ   Whe   V\VWeP.   ThiV   

facW   iV   cRUURbRUaWed   b\   Whe   DegUee,   EigeQYecWRU,   aQd   BeWZeeQQeVV   ceQWUaliWieV   Rf   Whe   UeVRXUceV   

(Table   7).   The   degUee   ceQWUaliWieV   aUe   gUaShicall\   UeSUeVeQWed   iQ   FigXUe   17.   NRW   RQl\   dReV   WhiV  

figXUe   aQd   Whe   calcXlaWed   ceQWUaliWieV   VhRZ   WhaW   Whe   SMR   SlaQW   iV   b\   faU   Whe   PRVW   ceQWUal   QRde   iQ   

Whe   V\VWeP,   bXW   Whe\   alVR   VhRZ   WhaW   Whe   PajRUiW\   Rf   UeVRXUceV   aUe   cRQQecWed   RQl\   WR   RQe   RU   WZR   

RWheUV±   a   SURdXcW   Rf   Whe   SURdXcWiRQ-WUaQVSRUWaWiRQ-cRQVXPSWiRQ   liQeaUiW\   Rf   Whe   V\VWeP.     

  



  

  
FigXre   16    H\GURFLW\   DLJUaSK    This   figXre   shoZs   the   directed   floZs   of   operands   betZeen   nodes   of   H\drocit\.   See   

Appendi[   for   MATLAB   script   Xsed   to   prodXce   this.   

  
Table   6    NRGH   CHQWUaOLWLHV    ResoXrce   M1,   the   SMR   plant,   is   b\   far   the   

most   central   node   in   H\drocit\,   b\   all   centralit\   markers.   The   degree   

centralit\   coXnts   the   nXmber   of   other   nodes   each   node   is   connected   to.   

The   eigenYector   centralit\   is   a   relatiYe   measXre   of   the   node's   inflXence   

on   the   s\stem.   The   betZeenness   centralit\    measXres   hoZ   often   each   

graph   node   appears   on   a   shortest   path   betZeen   tZo   nodes   in   the   graph   

[21].   

  

  

  

  

  



  

  

  

  

  
FigXre   17    NRGH   DHJUHH   DLVWULEXWLRQ    This   figXre   plots   the   nXmber   of   nodes   against   each   node   degree   YalXe   

occXrring   in   the   s\stem;   like   most   real   ph\sical   s\stems,   H\drocit\   is   made   Xp   of   mostl\   loosel\   connected   nodes,   

and   relies   on   a   feZ   more-strongl\   connected   nodes   Zhich   act   as   central   hXbs   in   the   s\stem.   

  

7.   2   IQFLGHQFH   PDWUL[   

  

The   iQcideQce   PaWUi[   VhRZV   ZheWheU   aQ   edge   iV   liQked   WR   a   QRde.   The   iQcideQce   PaWUi[   ZaV   

cRded   XS   XViQg   MaWlab   aQd   fRU   a   diUecWed   gUaSh,   Ze   XVed   1   WR   UeSUeVeQW   aQ   edge   cRPiQg   iQWR   a   

QRde   aQd   -1   WR   UeSUeVeQW   aQ   edge   gRiQg   RXW   Rf   Whe   QRde.   

  



  

  

  
FigXre   18    IQFLGHQFH   MaWUL[    This   figXre   shoZs   hoZ   each   node   and   edge   are   connected   in   H\drocit\.   From   the   

incidence   matri[,   Ze   can   tell   that   the   SMR   plant   is   the   central   component   to   the   s\stem   as   shoZn   b\   the   fact   that   all   

the   edges   are   leaYing   the   node.   It   can   also   be   seen   that   the   h\drogen   econom\   is   like   a   tree   Zhere   there   are   man\   

areas   of   consXmption   as   shoZn   b\   the   fact   that   there   are   man\   resoXrces   and   bXffers   Zhere   onl\   edges   are   coming   

in,   bXt   not   leaYing.   There   are   some   interconnecting   resoXrces   and   bXffers   as   shoZn   b\   the   fact   that   some   edges   are   

coming   into   the   resoXrces   and   bXffers,   bXt   also   some   are   leaYing   the   resoXrces   and   bXffers.   This   makes   sense   Zhen   

looking   at   FigXre   13.   

  

7.   3   TUDGLWLRQDO   GUDSK   TKHRU\   CDOFXODWLRQV   

  



  

TheUe   aUe   VRPe   calcXlaWiRQV   WhaW   aUe   UeleYaQW   WR   Whe   WUadiWiRQal   gUaSh   WheRU\.   The   VhRUWeVW   SaWh   Rf   

Whe   V\VWeP   fURP   UeVRXUce   M1,   Whe   SMR   SlaQW,   Zhich   iV   Whe   ceQWUal   hXb   Rf   Whe   V\VWeP,   WR   a   fiQal   

cRQVXPSWiRQ   lRcaWiRQ   UeVRXUce   M8,   WaQk   filliQg   VWaWiRQ,   RU   UeVRXUce   M19,   e[SRUW   dRck,   iV   1.   The   

lRQgeVW   SaWh   Rf   Whe   V\VWeP   iV   fURP   UeVRXUce   M1,   Whe   SMR   SlaQW,   WR   UeVRXUce   M21,   Whe   elecWUiciW\   

SlaQW,   Zhich   haV   a   leQgWh   Rf   3.   ThiV   VhRZV   WhaW   Whe   V\VWeP   dReV   QRW   haYe   a   lRW   Rf   iQWeUPediaWe   

VWeSV   WR   WUaQVfRUP   H   afWeU   iWV   SURdXcWiRQ   aW   Whe   SMR   SlaQW   WR   iWV   cRQVXPSWiRQ   aW   Whe   cRQVXPSWiRQ   

lRcaWiRQ.   

  

7.4   S\VWHP   CRQFHSW   

  

The   V\VWeP   cRQceSW   iV   Whe   allRcaWiRQ   Rf   fXQcWiRQ   WR   fRUP,   aQd   iV   UeSUeVeQWed   b\   Whe   PaWUi[   AV,   

Zhich   iV   calcXlaWed   b\   VXbWUacWiQg   Whe   S\VWeP   CRQVWUaiQWV   MaWUi[   (K s )   fURP   Whe   S\VWeP   

KQRZledge   BaVe   (J s ).   HRZeYeU,   becaXVe   RXU   V\VWeP   iV   UelaWiYel\   VPall,   Ze   decided   WR   iQVWead   

PaQXall\   cRQVWUXcW   Whe   SURjecWed   S\VWeP   CRQceSW   MaWUi[,   ­ s ,   b\   ideQWif\iQg   each   Rf   Whe   

SURceVVeV   WhaW   acWXall\   WakeV   Slace   iQ   H\dURciW\   aQd   PaSSiQg   WheP   WR   Whe   lRcaWiRQ   aW   Zhich   Whe\   

RccXU.   The   UeVXlW   (FigXUe   19)   iV   a   cRPbiQaWiRQ   Rf   Whe   TUaQVfRUPaWiRQ   KQRZledge   BaVe   (FigXUe   

20)   aQd   Whe   RefiQed   TUaQVSRUWaWiRQ   MaWUi[   (FigXUe   21),   Zhich   iWVelf   iV   baVed   RQ   Whe   HRldiQg   

KQRZledge   BaVe   (FigXUe   22)   aQd   Whe   (XQUefiQed)   TUaQVSRUWaWiRQ   KQRZledge   BaVe.   

  

The   WRWal   QXPbeU   Rf   degUeeV   Rf   fUeedRP   iQ   each   Rf   WheVe   PaWUiceV   aQd   kQRZledge   baVeV   aUe   

calcXlaWed   aV   fRllRZV:   

  

The   WUaQVfRUPaWiRQ   kQRZledge   baVe   (FigXUe   20)   cRQWaiQV   a   degUee   Rf   fUeedRP   fRU   each   PaSSiQg   

Rf   a   WUaQVfRUPaWiRQ   SURceVV   RQWR   a   WUaQVfRUPaWiRQ   UeVRXUce.   The   WUaQVfRUPaWiRQ   SURceVV    SURdXce   

h\dURgeQ    PaSV   WR   5   WUaQVfRUPaWiRQ   UeVRXUceV   aQd   VR   haV   5   degUeeV   Rf   fUeedRP.   The   SURceVV   

cRQdeQVe   h\dURgeQ    PaSV   WR   RQe   UeVRXUce,   SURdXciQg   1   degUee   Rf   fUeedRP.   The   WUaQVfRUPaWiRQ   

SURceVV    cRQVXPe   gaVeRXV   h\dURgeQ    PaSV   WR   11   WUaQVfRUPaWiRQ   UeVRXUceV,   SURdXciQg   11   degUeeV   

Rf   fUeedRP.   The   SURceVVeV    fiOO   h\dURgeQ   WaQNV ,    iPSRUW   gaVeRXV   h\dURgeQ ,    e[SRUW   gaVeRXV   

h\dURgeQ ,   aQd    cRQVXPe   OiTXid   h\dURgeQ    each   PaS   WR   a   ViQgle   WUaQVfRUPaWiRQ   UeVRXUce,   SURdXciQg   

1   degUee   Rf   fUeedRP   each,   aQd   4   iQ   WRWal.   FiQall\,   Whe   WUaQVfRUPaWiRQ   SURceVV    cRQVXPe   h\dURgeQ   



  

WaQNV    PaSV   WR   4   UeVRXUceV,   SURdXciQg   4   degUeeV   Rf   fUeedRP.   ThXV,   Whe   WRWal   QXPbeU   Rf   degUeeV   Rf   

fUeedRP   Rf   Whe   WUaQVfRUPaWiRQ   kQRZledge   baVe   iV   5+1+11+1+1+1+1+4    =   25   degUeeV   Rf   fUeedRP.   

  

The   hRldiQg   kQRZledge   baVe   (FigXUe   21)   PaSV   Whe   hRldiQg   SURceVVeV   RQWR   Whe   V\VWeP   UeVRXUceV.   

The   SURceVV    caUU\   gaVeRXV   h\dURgeQ    PaSV   WR   19   WUaQVfRUPaWiRQ   UeVRXUceV,   3   bXffeUV,   aQd   4   

WUaQVSRUWaWiRQ   UeVRXUceV,   cUeaWiQg   19+3+4   =   26   degUeeV   Rf   fUeedRP.   The   hRldiQg   SURceVV    caUU\   

OiTXid   h\dURgeQ    PaSV   WR   2   WUaQVfRUPaWiRQ   UeVRXUceV,   2   bXffeUV,   aQd   RQe   WUaQVSRUWaWiRQ   UeVRXUce,   

SURdXciQg   2+2+1   =   5   degUeeV   Rf   fUeedRP.   FiQall\,   Whe   hRldiQg   SURceVV    caUU\   h\dURgeQ   WaQNV   

PaSV   WR   4   WUaQVfRUPaWiRQ   UeVRXUceV,   1   bXffeU,   aQd   1   WUaQVSRUWaWiRQ   UeVRXUce,   cUeaWiQg   4+1+1   =   6   

degUeeV   Rf   fUeedRP.   AlWRgeWheU,   Whe   hRldiQg   kQRZledge   baVe   haV   26+5+6   =   35   degUeeV   Rf   

fUeedRP.   

  

The   UefiQed   WUaQVSRUWaWiRQ   kQRZledge   baVe   (FigXUe   22)   iV   a   cRPbiQaWiRQ   Rf   Whe   hRldiQg   

kQRZledge   baVe   aQd   Whe   WUaQVSRUWaWiRQ   kQRZledge   baVe   (QRW   VhRZQ).   The   SURjecWed   UefiQed   

WUaQVSRUWaWiRQ   kQRZledge   baVe   cRQWaiQV   all   Rf   Whe   Ueali]ed   hRldiQg   SURceVV-VSecific   WUaQVSRUWaWiRQ   

SURceVVeV   WhaW   RccXU   ZiWhiQ   Whe   V\VWeP,   aQd   iV   calcXlaWed   XViQg   Whe   cRQVWUaiQWV   PaWUi[.   BecaXVe   Rf   

Whe   UelaWiYel\   VPall   Vi]e   Rf   H\dURciW\,   Ze   PaQXall\   cRQVWUXcWed   WhiV   PaWUi[,   iQVWead   Rf   calcXlaWiQg   

iW.   The   WRWal   QXPbeU   Rf   degUeeV   Rf   fUeedRP   iQ   WhiV   kQRZledge   baVe   iV   ViPSl\   cRXQWed   iQ   Whe   

PaWUi[,   aQd   cRPeV   WR   65   degUeeV   Rf   fUeedRP.   

  

FiQall\,   Whe   QXPbeU   Rf   degUeeV   Rf   fUeedRP   iQ   Whe   SURjecWed   V\VWeP   cRQceSW   PaWUi[   (FigXUe   7)   iV   

calcXlaWed   aV   Whe   VXP   Rf   Whe   degUeeV   Rf   fUeedRP   iQ   Whe   WUaQVfRUPaWiRQ   SURceVV   kQRZledge   baVe   

aQd   Whe   SURjecWed   UefiQed   WUaQVfRUPaWiRQ   kQRZledge   baVe:   Whe   SURjecWed   V\VWeP   cRQceSW   PaWUi[   

haV   25+65   =   90   degUeeV   Rf   fUeedRP.   

  

  



  

  



  

FigXre   19    PURMHFWHG   S\VWHP   CRQFHSW   MaWUL[    As   e[pected,   eYen   the   projected   Yersion   of   the   s\stem   concept   matri[   is   

sparse.   Its   total   si]e   is   73[30,   meaning   there   are   2,190   possible   connections,   of   Zhich   90,   or   4.11%,   are   reali]ed   

degrees   of   freedom   in   H\drocit\.   

  

  
FigXre   20    TUaQVIRUPaWLRQ   KQRZOHGJH   BaVH    The   Transformation   KnoZledge   Base   assigns   transformation   processes   

to   those   resoXrces   Zhich   can   complete   them.   H\drocit\'s   transformation   knoZledge   base   contains   25   degrees   of   

freedom.   The   8   processes   and   21   resoXrces   associated   Zith   transformation   are   identified   and   matched   to   their   model   

s\mbols   in   Tables   4   and   1,   respectiYel\.   

  



  

  
FigXre   21    RHILQHG   TUaQVSRUWaWLRQ   KQRZOHGJH   BaVH    This   matri[   assigns   transportation   processes   to   the   

transformation   resoXrces,   bXffers,   and   holding   resoXrces   that   can   perform   each.   The   holding   resoXrces   are   those   



  

that   perform   the   most   transportation   processes   of   an\   of   the   resoXrces   and   bXffers.   The   refined   transportation   

knoZledge   base   contains   66   degrees   of   freedom.   

  

 
FigXre   22    HROGLQJ   KQRZOHGJH   BaVH    This   matri[   matches   the   holding   processes,   of   Zhich   there   are   3,   to   each   of   the   

transformation   resoXrces,   bXffers,   and   holding   resoXrces   that   can   perform   them.   The   names   of   the   resoXrces   and   

bXffers   ma\   be   foXnd   in   Tables   1,   2,   and   3.   

  

   



  

7.   5   HHWHURIXQFWLRQDO   AGMDFHQF\   MDWUL[   

 

  
FigXre   23    HHWHURIXQFWLRQaO   aGMaFHQF\   PaWUL[    The   heterofXnctional   adjacenc\   matri[   is   a   representation   of   fXnction   

to   form.   The   heterofXnctional   adjacenc\   matri[   tells   Xs   more   information   aboXt   the   s\stem   than   the   traditional   

adjacenc\   matri[   becaXse   it   shoZs   hoZ   the   formal   element   of   the   entire   s\stem   is   connected   Zith   each   other   in   a   



  

giYen   Za\.   Like   the   traditional   adjacenc\   matri[,   Ze   can   tell   that   the   consXmption   locations   and   the   e[port   dock   are   

the   locations   for   the   oXtpXt   of   the   s\stem   and   the   prodXction   facilities   as   Zell   as   the   import   dock   are   the   locations   

for   the   inpXt   of   the   s\stem.   HoZeYer,   Zith   the   heterofXnctional   adjacenc\   matri[,   Ze   can   also   for   e[ample   tell   that   

the   SMR   plant   in   H\drocit\   is   connected   Zith   H   fXel   station   1   and   H   fXel   station   2   throXgh   liqXid   tanker   trXcks.   

There   are   no   pipes   or   deliYer\   trXcks   connecting   the   SMR   plant   Zith   H   fXel   station   1   and   H   fXel   station   2   so   

immediatel\   Ze   knoZ   more   aboXt   the   s\stem.   The   meanings   of   the   colXmn   and   roZ   labels   are   shoZn   in   FigXre   12.   

  

  
FigXre   24    HHWHURIXQFWLRQaO   AGMaFHQF\   MaWUL[   LHJHQG     

  

  

  

  



  

  

FigXre   25    H\GURFLW\   HHWHURIXQFWLRQaO   DLJUaSK    This   figXre   shoZs   the   directed   floZs   of   operands   betZeen   nodes   of   

H\drocit\   from   a   heterofXnctional   graph   theor\   point   of   YieZ.   This    digraph   proYides   more   information   as   compared   

to   the   digraph   draZn   from   a   traditional   graph   theor\   point   of   YieZ   as   Ze   can   tell   since   there   are   more   nodes   and   

processes   in   the   digraph   so   eYen   thoXgh   Ze   are   anal\sing   the   same   s\stem,   Ze   can   learn   more   aboXt   the   s\stem   Zith   

heterofXnctional   graph   theor\.   

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

FigXre   26    HHWHURIXQFWLRQaO   AGMaFHQF\   MaWUL[   NRGH   DHJUHH   DLVWULEXWLRQ    This   figXre   plots   the   nXmber   of   nodes   

against   each   node   degree   YalXe   occXrring   in   the   s\stem   for   the   heterofXnctional   adjacenc\   matri[;   most   nodes   are   

connected   Zith   2   to   4   nodes   Zith   a   feZ   nodes   that   haYe   eYen   greater   node   connections.   It   shoZs   that   H\drocit\   is   a   

Zell   connected   s\stem   Zith   a   feZ   center   hXbs.   The   nXmber   of   nodes   each   node   is   on   aYerage   connected   to,   indicate   

greater   connections   than   FigXre   5,   Zhich   is   the   same   figXre   bXt   for   traditional   adjacenc\   matri[.   This   shoZs   that   the   

heterogeneit\   of   the   s\stem   is   so   strong   that   some   connections   are   missed   in   the   traditional   adjacenc\   matri[   bXt   is   

shoZn   in   the   heterofXnctional   adjacenc\   matri[.   



  

FigXre   27    HHWHURIXQFWLRQaO   AGMaFHQF\   MaWUL[    This   is   a   YisXali]ation   of   the   heterofXnctional   adjacenc\   matri[   that   

shoZs   the   man\   connections   betZeen   each   node.   There   are   168   connections   in   the   s\stem,   Zhich   shoZs   the   

comple[it\   of   the   s\stem   so   it   is   Yer\   important   to   manage   the   comple[it\   Zell.   

   



  

  

  
Table   7    NRGH   CHQWUaOLWLHV    The   node   centralities   of   the   heterofXnctional   adjacenc\   matri[   shoZ   similar   information   

to   the   node   centralities   of   the   traditional   adjacenc\   matri[.   ResoXrce   M1,   the   SMR   plant,   is   b\   far   the   most   central   

node   in   H\drocit\,   b\   all   centralit\   markers.   The   degree   centralit\   coXnts   the   nXmber   of   other   nodes   each   node   is   

connected   to.   The   eigenYector   centralit\   is   a   relatiYe   measXre   of   the   node's   inflXence   on   the   s\stem.   The   betZeenness   



  

centralit\    measXres   hoZ   often   each   graph   node   appears   on   a   shortest   path   betZeen   tZo   nodes   in   the   graph   and   is   

calcXlated   Zith   [20].   HoZeYer,   Ze   also   see   neZ   information   Zith   the   node   centralities   of   the   heterofXnctional   

adjacenc\   matri[.   There   are   seYeral   nodes   Zith   high   node   centralities   like   M84   Zhich   is   Store   H   tanks   in   tank   filling   

stations.   This   shoZs   the   heterogeneit\   of   the   s\stem   is   great.  
  

8. H\GURFLW\   SHUYLFH   NHW   

  

The   h\dURgeQ   ecRQRP\   Rf   H\dURciW\   fXQcWiRQV   WR   SURYide   RQe   VeUYice:   SURYide   h\dURgeQ   WR   

cRQVXPeUV.   ThiV   h\dURgeQ   WakeV   WhUee   fRUPV,   Whe   RSeUaQdV   Rf   Whe   V\VWeP,   Zhich   aUe   gaVeRXV   

h\dURgeQ,   liTXid   h\dURgeQ,   aQd   WaQkV   Rf   gaVeRXV   h\dURgeQ.   The   baVic   VeUYice   V\VWeP   iV   PRdeled   

ZiWh   a   PeWUi   NeW   (FigXUe   28).   The   SlaceV   Rf   Whe   VeUYice   QeW   (ciUcleV)   UeSUeVeQW   Whe   WhUee   RSeUaQd   

VWaWeV   Rf   h\dURgeQ   (Whe   VeUYice),   aQd   Whe   WUaQViWiRQV   (bR[eV)   UeSUeVeQW   SURceVVeV   WhaW   haSSeQ   WR   

Whe   h\dURgeQ.   

  

  



  

FigXre   28    H\GURFLW\   SHUYLFH   NHW    The   serYice   net   shoZs   a   lot   of   information   aboXt   H\drocit\.   We   see   that   the   s\stem   

is   Yer\   heterogeneoXs.   There   are   three   forms   of   h\drogen   in   H\drocit\   gaseoXs   h\drogen,   h\drogen   tanks,   and   liqXid   

h\drogen.   We   see   that   gaseoXs   h\drogen   is   the   major   form   of   h\drogen   in   H\drocit\.   In   addition   to   its   Xse   for   

consXmption,   it   also   acts   as   inpXt   to   both   filling   h\drogen   tanks   and   condensing   h\drogen   into   liqXid   h\drogen.   

Each   t\pe   of   h\drogen   is   Xsed   differentl\.   For   e[ample,   liqXid   h\drogen   is   not   e[ported   bXt   h\drogen   tanks   are.   B\   

draZing   a   serYice   net   that   inclXdes   this   information,   Ze   haYe   a   mXch   better   Xnderstanding   of   a   s\stem   and   shoZ   the   

need   to   Xse   heterofXnctional   graph   theor\   to   anal\se   a   h\drogen   s\stem.   

  

  

  

9. SLPXODWLRQ   RI   H\GURFLW\     

  

The   Qe[W   SaUW   Rf   Whe   UeSRUW   iV   WR   ViPXlaWe   Whe   eYeQWV   iQ   H\dURciW\.   The   fiUVW   VWeS   WR   cUeaWiQg   a   

ViPXlaWiRQ   ZaV   WR   Pake   a   PeWUi   NeW   Rf   H\dURciW\   (FigXUe   29).   The   bXffeUV   ZeUe   UeSUeVeQWed   aV   

SlaceV,   aQd   Whe   WUaQViWiRQV   beWZeeQ   WheP   UeSUeVeQW   Whe   WUaQVSRUWaWiRQ   aQd   WUaQVfRUPaWiRQ   

SURceVVeV   WhaW   RccXU   iQ   Whe   V\VWeP.   AfWeU   cUeaWiQg   Whe   PeWUi   NeW,   Ze   cUeaWed   SURdXcWiRQ   aQd   

cRQVXPSWiRQ   iQcideQce   PaWUiceV   fRU   each   Rf   Whe   RSeUaQdV,   UelaWiQg   Whe   SlaceV   aQd   WUaQViWiRQV   

(FigXUeV   30-35).     

  

FRU   ViPSliciW\   aW   WhiV   SRiQW   iQ   Whe   ViPXlaWiRQ   deYelRSPeQW,   all   Rf   Whe   ZeighWV   Rf   Whe   WUaQViWiRQV   aUe   

1.   ThiV   cRXld   be   Whe   caVe,   WUackiQg   h\dURgeQ   RQ   a   PaVV   baViV;   fRU   e[aPSle,   RQe   kg   Rf   gaVeRXV   

h\dURgeQ   VhRXld   SURdXce   aSSUR[iPaWel\   1   kg   Rf   liTXid   h\dURgeQ,   if   efficieQc\   iV   high,   aQd   cRXld   

be   cRQdeQVed   VXch   WhaW   each   WaQk   Rf   h\dURgeQ   cRQWaiQV   1   kg   Rf   cRPSUeVVed   h\dURgeQ   gaV.   

HRZeYeU,   WheVe   UaWiRV   aUe   likel\   QRW   UeSUeVeQWaWiYe   Rf   UealiW\,   aQd   VR   fXUWheU   UeVeaUch   VhRXld   

iQclXde   iQYeVWigaWiRQ   Rf   WheVe   UaWiRV.   AddiWiRQal   fXUWheU   UeVeaUch   VhRXld   iQclXde   lRRkiQg   iQWR   

caSaciWieV   Rf   YaUiRXV   bXffeUV.   

  

  



  

  
FigXre   29    H\GURFLW\   PHWUL   NHW    Based   on   the   sketch   and   digraph   of   H\drocit\,   Ze   dreZ   a   petri   net   to   represent   the   

s\stem   to   help   Xs   anal\se   and   simXlate   the   eYents   in   H\drocit\.   As   Ze   can   see,   the   s\stem   is   qXite   comple[   and   has   

91   transitions   and   26   places.   The   places   are   labeled   Zith   the   same   names   as   assigned   for   the   NetZork   anal\sis   of   

the   s\stem   and   the   transition   names   correspond   to   the   degrees   of   freedom   the\   represent   (foXnd   in   FigXre   24).   
  



  

  



  

FigXre   30    PURGXFWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   GaVHRXV   H\GURJHQ    This   incidence   matri[   shoZs   

hoZ   gaseoXs   h\drogen   is   created   in   a   place   based   on   the   transition.   It   is   a   sparse   matri[   and   shoZs   the   high   degree   

of   freedom   in   the   s\stem.     

  

  



  

FigXre   31    CRQVXPSWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   GaVHRXV   H\GURJHQ    The   incidence   matri[   shoZs   

hoZ   gaseoXs   h\drogen   is   consXmed   in   a   place   based   on   the   transition.   Once   again,   this   is   a   Yer\   sparse   matri[.   M1   

is   the   SMR   plant   and   from   the   consXmption   incidence   matri[   alone,   it   looks   like   it   is   the   soXrce   of   h\drogen.   

Together   Zith   the   positiYe   incidence   matri[   of   the   serYice   net   for   gaseoXs   h\drogen,   the\   form   the   gaseoXs   h\drogen   

incidence   matri[   for   H\drocit\.   

  



  

  

FigXre   32    PURGXFWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   LLTXLG   H\GURJHQ    The   incidence   matri[   shoZs   hoZ   

liqXid   h\drogen   is   created   in   a   place   based   on   the   transition.   As   e[pected   from   the   serYice   net,   the   prodXction   

incidence   matri[   for   liqXid   h\drogen   is   eYen   sparser   than   the   prodXction   incidence   matri[   for   gaseoXs   h\drogen.   



  

  

FigXre   33    CRQVXPSWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   LLTXLG   H\GURJHQ    The   incidence   matri[   shoZs   

hoZ   liqXid   h\drogen   is   consXmed   in   a   place   based   on   the   transition.   This   is   a   sparse   matri[.   Together   Zith   the   



  

positiYe   incidence   matri[   of   the   serYice   net   for   liqXid   h\drogen,   the\   form   the   liqXid   h\drogen   incidence   matri[   for   

H\drocit\.   

  



  

FigXre   34    PURGXFWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   H\GURJHQ   TaQNV    The   incidence   matri[   shoZs   hoZ   

h\drogen   tanks   are   created   in   a   place   based   on   the   transition.   This   is   a   sparse   matri[   and   as   e[pected   from   the   

serYice   net,   the   prodXction   incidence   matri[   is   eYen   sparser   than   the   prodXction   incidence   matri[   for   gaseoXs   

h\drogen.   

  



  

  

FigXre   35    CRQVXPSWLRQ   IQFLGHQFH   MaWUL[   RI   WKH   SHUYLFH   NHW   IRU   H\GURJHQ   TaQNV    The   incidence   matri[   shoZs   hoZ   

h\drogen   tanks   are   consXmed   in   a   place   based   on   the   transition.   Like   the   prodXction   incidence   matri[   of   the   serYice   

net   for   h\drogen   tanks,   the   consXmption   incidence   matri[   of   the   serYice   net   for   h\drogen   tanks   is   also   a   Yer\   spare   



  

matri[.   Together   Zith   the   positiYe   incidence   matri[   of   the   serYice   net   for   h\drogen   tanks,   the\   form   the   h\drogen   

tanks   incidence   matri[   for   H\drocit\.   

  

AfWeU   SURdXciQg   all   Rf   WheVe   iQcideQce   PaWUiceV,   Ze   cUeaWed   a   ViPXlaWiRQ   Rf   H\dURciW\   b\   

fRllRZiQg   6   XQiWV   Rf   h\dURgeQ   WhURXghRXW   Whe   V\VWeP.   UViQg   Whe   PeWUi   NeW   aV   RXU   gXide,   Ze   chRVe   

6   Yiable   SaWhV   fRU   WheVe   XQiWV   WR   WUaYel,   PakiQg   VXUe   WR   UeSUeVeQW   Whe   SURdXcWiRQ,   WUaQVSRUWaWiRQ,   

VWRUage,   aQd   cRQVXPSWiRQ   Rf   each   RSeUaQd   (FigXUe   36).   

  

  

FigXre   36    EYHQWV   LLVW    We   imagined   hoZ   H\drocit\   ZoXld   actXall\   operate   in   real-life   and   made   a   list   of   eYents   that   

happen   in   H\drocit\.   We   tracked   the   eYents   at   each   time   step   so   that   Ze   Xnderstand   Zhat   is   happening   in   H\drocit\   

at   each   time   step.   The   "EYent   Series   Description"   roZ   contains   a   brief   description   of   the   floZ   of   one   Xnit   of   

h\drogen   throXgh   the   s\stem   along   the   transitions   listed   in   the   colXmn   beloZ   each.   

  

UViQg   Whe   eYeQWV   liVWV   aV   a   gXide,   Ze   WheQ   cUeaWed   Whe   VeUYice   PaWUi[,   Zhich   UecRUdV   Zhich   

WUaQViWiRQV   aUe   beiQg   fiUed   WhURXghRXW   Whe   eQWiUe   V\VWeP   aW   aQ\   giYeQ   WiPe   VWeS   (FigXUe   37).   The   

fiQal   VWeS   ZaV   WR   ZUiWe   a   MATLAB   VcUiSW,   Zhich   WakeV   Whe   iQcideQce   PaWUiceV   aQd   Whe   ViPXlaWiRQ   

PaWUiceV   aV   iQSXWV,   aQd   gUaShicall\   diVSla\V   Whe   ViPXlaWiRQ   UeVXlWV   (Vee   ASSeQdi[   fRU   VcUiSW).   The   

VcUiSW   XWili]eV   DefiQiWiRQ   4.22   Rf   a   TiPed   PeWUi   NeW   fURP   [19].   IW   iWeUaWiYel\   (b\   WiPe   VWeS)   addV   

Whe   "e[iVWeQce"   Rf   RSeUaQdV   WR   bXffeUV   ZheQ   Whe   WUaQViWiRQ   fiUed   aW   Whe   giYeQ   WiPe   VWeS   haV   a   1   iQ   

Whe   SURdXcWiRQ   iQcideQce   PaWUi[   fRU   Whe   giYeQ   RSeUaQd,   aQd   VXbWUacWV   WhiV   "e[iVWeQce"   Rf   Whe   

RSeUaQd   if   Whe   WUaQViWiRQ   haV   a   1   iQ   Whe   cRQVXPSWiRQ   PaWUi[   fRU   Whe   giYeQ   RSeUaQd,   UeVXlWiQg   iQ   Whe   

Qe[W   VWaWe   Rf   Whe   V\VWeP.   We   UecRPPeQd   UXQQiQg   Whe   cRde   ZiWh   Whe   iQclXded   aWWached   PaWUiceV   



  

(iQclXded   iQ   Whe   ASSeQdi[)   fRU   Whe   beVW   e[SeUieQce   Rf   Whe   ViPXlaWiRQ.   The   UeVXlWV   Rf   Whe   

ViPXlaWiRQ   aUe   VhRZQ   iQ   FigXUeV   38.     

  

  



  

  



  

FigXre   37    SLPXOaWLRQ   MaWUL[    The   simXlation   matri[   shoZs   all   of   the   transitions   that   are   fired   at   each   time   step,   and   

hoZ   man\   times   the\   are   fired.   

  

  

FLJXUH   38     H\GURFLW\   SLPXOaWLRQ    These   plots   shoZ   the   progressiYe   floZ   of   6   Xnits   of   h\drogen   throXgh   H\drocit\.   

Green   dots   represent   gaseoXs   h\drogen,   pink   dots   represent   liqXid   h\drogen,   and   black   dots   represent   tanks   of   

h\drogen.   Each   plot   shoZs   the   state   of   the   s\stem   at   the   end   of   a   time   step   from   0   to   9,   starting   from   the   top   left   and   

ending   at   the   bottom   right.   Larger   images   of   each   plot   are   inclXded   in   the   Appendi[.   Again,   Ze   recommend   rXnning   

the   attached   MATLAB   script   for   the   best   e[perience.   

  

AlWhRXgh   Whe   gUaShical   UeSUeVeQWaWiRQ   iV   UaWheU   cUXde   aW   WhiV   VWage,   iW   SURYideV   aQ   XQdeUVWaQdable   

YiVXali]aWiRQ   Rf   Whe   flRZ   Rf   h\dURgeQ   WhURXgh   Whe   V\VWeP.   FXWXUe   VWeSV   ZRXld   iQclXde   cUeaWiQg   a   

ViPXlaWiRQ   PaWUi[   WhaW   iQclXdeV   all   bXffeUV   aQd   WUaQViWiRQV,   aQd   cUeaWiQg   PRUe   accXUaWe   WiPe   VWeSV;   

cRPbiQed   ZiWh   PRUe   accXUaWe   WUaQViWiRQ   ZeighWV   aV   Zell   aV   caSaciWieV,   Whe   ViPXlaWiRQ   ZRXld   be   aQ   

iQWeUeVWiQg   aQd   PRUe   accXUaWe   UeSUeVeQWaWiRQ   Rf   Whe   iQVWaQWiaWed   H\dURciW\   aUchiWecWXUe.     

  

10. CRQFOXVLRQ   

  

AV   cRXQWUieV   aURXQd   Whe   ZRUld   WUaQViWiRQ   fURP   a   fRVVil   fXel   ecRQRP\   WRZaUdV   a   h\dURgeQ   

ecRQRP\,   VWUaWegieV   aQd   SRlicieV   caQ   be   deYelRSed   WhURXgh   a   WhRURXgh   XQdeUVWaQdiQg   Rf   Whe   

h\dURgeQ   ecRQRP\   -   ZhaW   iW   cRQVWiWXWeV   aQd   hRZ   iW   SeUfRUPV.   The   gRal   Rf   WhiV   SaSeU   iV   WR   RffeU   

SUacWiWiRQeUV,   SRlic\-PakeUV   aQd   RWheU   VWakehRldeUV   a   cleaU   YieZ   iQWR   Whe   cRPSle[   QeWZRUk   b\   

iQWURdXciQg   aQ   iQYaUiaQW   UefeUeQce   aUchiWecWXUe   fRU   Whe   h\dURgeQ   ecRQRP\   WhaW   QRW   RQl\   cRQVideUV   

Whe   cXUUeQW   VWaWe-Rf-aUW   h\dURgeQ   WechQRlRg\,   bXW   alVR   UealiVWic   SRWeQWial   adYaQcePeQWV.   



  

NeYeUWheleVV,   WheUe   Pa\   be   SRWeQWial   iQQRYaWiRQV   VR   gURXQdbUeakiQg   RU   WRR   faU   iQ   Whe   fXWXUe   WhaW   iW   

iV   QRW   cRQVideUed   iQ   WhiV   SaSeU;   iQ   VXch   caVe,   Whe   UefeUeQce   aUchiWecWXUe   caQ   be   bXilW   XSRQ   RU   

PRdified   WR   PRUe   accXUaWel\   UeflecW   Whe   cRQWePSRUaU\   V\VWeP.   AVVXPiQg   WhaW   WhiV   UefeUeQce  

aUchiWecWXUe   UePaiQV   UeleYaQW,   Whe   PRdel   caQ   VeUYe   aV   a   baVe   PRdel   fRU   aQ\   iQVWaQWiaWed   

aUchiWecWXUe   Rf   Whe   h\dURgeQ   ecRQRP\,   Zhich   ZRXld   fXUWheU   ePShaVi]e   Whe   SaUWV   Rf   Whe   PRdel   

WhaW   aUe   UeleYaQW   WR   Whe   VSecific   ecRQRP\   iQ   TXeVWiRQ.     

  

BRWh   Whe   WUadiWiRQal   gUaSh   WheRU\   aQd   heWeURfXQcWiRQal   gUaSh   WheRU\   helSV   XV   XQdeUVWaQd   

H\dURciW\   beWWeU.   HRZeYeU,   ZiWh   heWeURfXQcWiRQal   gUaSh   WheRU\,   Ze   aUe   able   WR   XQdeUVWaQd   Whe  

V\VWeP   eYeQ   PRUe   aV   PRUe   deWailV   aUe   SURYided   WR   XV.   FURP   WUadiWiRQal   gUaSh   WheRU\,   Ze   kQRZ   

H\dURciW\   iV   a   V\VWeP   ZiWh   PaQ\   lRRVel\-cRQQecWed   QRdeV   aQd   a   ceQWUal   hXb.   FURP   

heWeURfXQcWiRQal   gUaSh   WheRU\,   Ze   kQRZ   H\dURciW\   iV   a   V\VWeP   ZiWh   PaQ\   VWURQgl\-cRQQecWed   

QRdeV   ZiWh   a   feZ   PajRU   ceQWUal   hXbV.   ThiV   VhRZV   WhaW   H\dURciW\   iV   a   heWeURgeQeRXV   V\VWeP   ZiWh   

PaQ\   cRQQecWiRQV   WhaW   iV   QRW   VhRZQ   ZiWh   WUadiWiRQal   gUaSh   WheRU\   aQal\ViV   bXW   ZiWh   

heWeURfXQcWiRQal   gUaSh   WheRU\   aQal\ViV.   ThiV   iV   a   gRRd   e[aPSle   WhaW   VhRZV   Zh\   heWeURfXQcWiRQal   

gUaSh   WheRU\   iV   Qeeded   WR   aQal\Ve   V\VWePV   WhaW   aUe   YeU\   heWeURgeQeRXV.   

  

OXU   hRSe   iV   WhaW   Whe   ViPXlaWiRQ   Rf   H\dURciW\   caQ   SURYide   aQ   e[aPSle   fRU   fXWXUe   UeVeaUch   iQWR   Whe   

RSWiPi]ed   deYelRSPeQW   Rf   URbXVW   h\dURgeQ   ecRQRPieV.     
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ASSHQGL[   

  
FLJXUH   A.1   H\GURJHQ   EFRQRP\   AFWLYLW\   

DLaJUaP    The   fXll   h\drogen   econom\   

actiYit\   diagram,   separated   b\   lanes.   
  

  

   



% Graphing the adjacency matrix

A = importdata('Formal Adjacency Matrix.xlsx'); %import inflow
 adjacency matrix
N = importdata('Nodes.xlsx');

G_dir = digraph(A);
plot(G_dir, 'Layout', 'force', 'Nodelabel', N);

for x = 1:26
    for y = 1:26
        if A(x,y) == 1 && A(y,x) == 0
            A(y,x) = 1;
        end
    end
end

G = graph(A); % turn into a directed graph

figure
plot(G, 'Layout', 'force', 'Nodelabel', N);
deg = degree(G); % calculate degree node distribution
deg_cent = centrality(G, 'degree'); % calculate in-degree centrality
eig_cent = centrality(G, 'eigenvector'); % calculate eigenvector
 centrality
btwn = centrality(G, 'betweenness'); % calculate betweenness
 centrality
node_dist = 0;
hold = 1;
labels = 0;
for i = 1:max(deg)
    count = 0;
    for k = 1:length(deg)
        if deg(k) == i
            count = count + 1;
        end
    end
    if count ~= 0
        node_dist(hold) = count;
        labels(hold) = i;
        hold = hold + 1;
    end
end

figure
bar(labels, node_dist);
xlabel('node degree');
ylabel('number of nodes');
title('Node Degree Distribution');

% deg_cent
% eig_cent
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% btwn

T = table(N, deg_cent, eig_cent, btwn)
%T.Properties.RowNames = N;
% col = {'Node', 'Degree Centrality', 'Eigenvector Centrality',
 'Betweenness Centrality'};
% T.Properties.RowNames = N;
% figure
% plot(T{:,:})
%uitable('Data',T{:,:},'ColumnName',col, ...
   % 'RowName', N, 'Units', 'Normalized', 'Position',[0, 0, 1, 1])

T =

  26×4 table

      N      deg_cent    eig_cent     btwn 
    _____    ________    ________    ______

    'M1'        11        0.14581     244.5
    'M2'         1       0.010602         0
    'M3'         1       0.010602         0
    'M4'         1       0.020632         0
    'M5'         2       0.038029         5
    'M6'         3       0.037217       1.5
    'M7'         3       0.045088        45
    'M8'         2       0.051322         0
    'M9'         2       0.040721        24
    'M10'        2        0.04765    7.3333
    'M11'        2       0.040721        24
    'M12'        2        0.04765    7.3333
    'M13'        1       0.020632         0
    'M14'        1       0.020632         0
    'M15'        1       0.020632         0
    'M16'        2       0.038029         5
    'M17'        1       0.017397         0
    'M18'        1       0.017397         0
    'M19'        2       0.051322         0
    'M20'        2        0.04765    7.3333
    'M21'        2       0.014968         1
    'B1'         1       0.011738         0
    'B2'         2       0.015635         2
    'B3'         2       0.041858        21
    'B4'         7       0.079248     106.5
    'B5'         5        0.06682      63.5
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% Emma Doherty
% ENGS 199 - 21W

% Hydrocity Simulation

% Incidence matrices: each 26 buffers x 91 DOFs:
Mp_gas = importdata('gas prod.xlsx'); % gas production
Mc_gas = importdata('gas con.xlsx'); % gas consumption
Mp_liq = importdata('liq prod.xlsx'); % liquid production
Mc_liq = importdata('liq con.xlsx'); % liquid consumption
Mp_tank = importdata('tank prod.xlsx'); % tank production
Mc_tank = importdata('tank con.xlsx'); % tank consumption

A = importdata('Formal Adjacency Matrix.xlsx'); %import inflow
 adjacency matrix
N = importdata('Nodes.xlsx'); % import node labels

initial = zeros(26,1); % state of system (each buffer) at time t = 0

simulation = importdata('simulation 1.xlsx'); % DOF (91) x #events

[r,c] = size(simulation);
events = c; % number of time steps in simulation

% matrices to describe flow of operands through buffers:
state_gas = [initial, zeros(26, events)];
state_liq = [initial, zeros(26, events)];
state_tank = [initial, zeros(26, events)];

% gaseous hydrogen:
for count = 1:events
    state_gas(:, count+1) = state_gas(:, count) + Mp_gas*simulation(:,
 count) - Mc_gas*simulation(:, count);
end

% liquid hydrogen:
for count = 1:events
    state_liq(:, count+1) = state_liq(:, count) + Mp_liq*simulation(:,
 count) - Mc_liq*simulation(:, count) ;
end

% tank hydrogen:
for count = 1:events
    state_tank(:, count+1) = state_tank(:, count) +
 Mp_tank*simulation(:, count) - Mc_tank*simulation(:, count) ;
end

G_dir = digraph(A); % create directed graph of system

for count = 1:events+1
    % plot the state of the system at the end of each time step:
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    n = 1;
    m = 1;
    p = 1;
    h_gas = 0;
    h_liq = 0;
    h_tank = 0;

    % determine which nodes to highlight for each operand at each time
    % step, and store these in vectors:

    for i = 1:length(state_gas)
        if state_gas(i, count) ~= 0
            h_gas(n) = i;
            n = n+1;
        end
        if state_liq(i, count) ~= 0
            h_liq(m) = i;
            m = m+1;
        end
        if state_tank(i, count) ~= 0
            h_tank(p) = i;
            p = p+1;
        end
    end

    % plot state of system at the end of this time step:
    figure
    p1 = plot(G_dir, 'Layout', 'force', 'Nodelabel', N);

    if h_gas ~= 0
        highlight(p1, h_gas, 'NodeColor', 'g', 'MarkerSize', 10);
    end

    if h_liq ~= 0
        highlight(p1, h_liq, 'NodeColor', 'm', 'MarkerSize', 10);
    end
    if h_tank ~= 0
        highlight(p1, h_tank, 'NodeColor', 'k', 'MarkerSize', 10);
    end

    pause(2)

    % clear variables:
    clear h_gas;
    clear h_liq;
    clear h_tank;
    clear a;
    clear b;
end
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