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Flexibility	
   in	
   Sustainable	
   Electricity	
  

Systems:	
   Multi-­‐‑vector	
   and	
  Multi-­‐‑sector	
  

Nexus	
  Perspectives	
  	
  

By	
  E.	
  A.	
  Martínez	
  Ceseña,	
  N.	
  Good,	
  M.	
  Panteli,	
  J.	
  Mutale	
  and	
  P.	
  Mancarella	
  

	
  

Due	
   to	
   increasing	
   environmental	
   concerns,	
   there	
   is	
   growing	
   interest	
   amongst	
   researchers,	
   policy	
  

makers,	
   and	
   the	
   public	
   in	
   general	
   in	
   better	
   options	
   to	
  make	
   energy	
  more	
   sustainable	
   and,	
   at	
   the	
  

same	
  time,	
  ensuring	
  that	
  energy	
  systems	
  are	
  affordable,	
  reliable	
  and	
  resilient.	
  This	
  is	
  bringing	
  about	
  

different	
   grand	
   challenges	
  across	
   the	
  world	
  as	
  established	
  energy	
   systems	
   (e.g.,	
   in	
   cities)	
  must	
  be	
  

enhanced	
   to	
   integrate	
   large	
   volumes	
   of	
   Renewable	
   Energy	
   Sources	
   (RES),	
   while	
   new	
   or	
   evolving	
  

systems	
   (e.g.,	
   in	
   developing	
   economies)	
   must	
   be	
   planned	
   to	
   cope	
   with	
   increasingly	
   extreme	
  

conditions	
  associated	
  with	
  climate	
  change.	
   In	
   these	
  contexts,	
   the	
   flexibility	
   to	
   intelligently	
  use	
  and	
  

invest	
  in	
  resources	
  that	
  go	
  beyond	
  the	
  power	
  system	
  (e.g.,	
  other	
  energy	
  vectors	
  such	
  as	
  heat	
  or	
  gas	
  

and	
   assets	
   such	
   as	
   water	
   dams)	
   can	
   be	
   extremely	
   valuable	
   from	
   a	
   sustainable	
   development	
  

perspective.	
  

	
  

In	
  cities,	
  energy	
  decarbonisation	
  and	
  sustainable	
  development	
  are	
  encouraging	
  the	
  electrification	
  of	
  

transports,	
  heating	
  and	
  other	
  services,	
  as	
  well	
  as	
  the	
  large	
  scale	
  integration	
  of	
  RES.	
  Taking	
  the	
  UK	
  as	
  

an	
  example,	
  with	
  the	
  aim	
  of	
  decarbonising	
  transports	
  by	
  2040,	
  all	
  sales	
  of	
  new	
  petrol	
  and	
  diesel	
  cars	
  

will	
  be	
  banned	
  by	
  2032.	
  Also,	
  as	
  heating	
  corresponds	
  to	
  40%	
  of	
  domestic	
  energy	
  demand	
  in	
  the	
  UK,	
  

the	
  government	
  offers	
  a	
  7	
  year	
  domestic	
  renewable	
  heat	
  incentive	
  for	
  customers	
  who	
  install	
  Electric	
  

Heat	
  Pumps	
  (EHPs)	
  or	
  other	
  forms	
  of	
  renewable	
  heating.	
  At	
  first	
  glance,	
  these	
  solutions	
  seem	
  highly	
  

attractive	
   because	
   electricity	
   can	
   be	
   easily	
   decarbonised	
   if	
   it	
   is	
   produced	
   with	
   RES	
   which	
   are	
  

becoming	
  progressively	
  cheaper.	
  However,	
  accommodating	
  the	
  new	
  demand	
  and	
  RES	
  generation	
  in	
  

the	
  electricity	
  system	
  is	
  not	
  an	
  easy	
  task.	
  Massive	
  investments	
  would	
  be	
  required	
  in	
  electricity	
  grid	
  

infrastructure	
   (e.g.,	
   lines	
   and	
   substations)	
   to	
   accommodate	
   the	
   new	
   power	
   flows,	
   as	
   well	
   as	
   in	
  

generation,	
   storage	
  and	
  other	
   technologies	
   that	
  can	
  provide	
  reserve	
  and	
  active	
  control	
   to	
  balance	
  

the	
   highly	
   intermittent	
   output	
   of	
   some	
   RES	
   such	
   as	
   wind	
   and	
   solar	
   Photovoltaic	
   (PV).	
   A	
   more	
  

effective	
   approach	
   would	
   be	
   to	
   take	
   advantage	
   of	
   the	
   already	
   existing	
   assets	
   (including	
   district	
  

heating	
   and	
  gas	
  networks)	
   and	
  ongoing	
   advances	
   in	
   information	
  and	
   communication	
   technologies	
  

(ICT)	
  and	
  automation	
   to	
  enable	
  demand	
  side	
   flexibility,	
  much	
  of	
  which	
   is	
  enabled	
  by	
  multi-­‐energy	
  

technologies.	
   This	
   multi-­‐vector	
   approach	
   to	
   demand	
   side	
   flexibility	
   empowers	
   customers	
   to	
   use	
  

combinations	
  of	
  energy	
  vectors	
   (e.g.,	
   electricity,	
  heat	
  and	
  gas)	
   to	
  better	
  meet	
   their	
  energy	
  needs,	
  

while	
  also	
  providing	
  valuable	
  capacity	
  and	
  reserve	
  support	
  to	
  the	
  energy	
  system.	
  

	
  

The	
  multi-­‐vector	
  vision	
  of	
  energy	
  flexibility	
  recognises	
  the	
  attractiveness	
  of	
  using	
  a	
  suite	
  of	
  energy	
  

vectors	
   and	
  networks	
   to	
  meet	
   customer	
  needs.	
   Taking	
   this	
   vision	
  a	
   step	
   further,	
   it	
  may	
  not	
  make	
  

sense	
  to	
  constrain	
  flexibility	
  to	
  the	
  energy	
  sector	
  in	
  areas	
  where	
  little	
  or	
  no	
  energy	
  infrastructure	
  has	
  

been	
   installed,	
   such	
   as	
   in	
   rural	
   areas	
   or	
   developing	
   economies.	
   Instead,	
   it	
   is	
   more	
   valuable	
   and	
  

sensible	
   to	
   consider	
   the	
   flexibility	
   that	
   investments	
   in	
   some	
   infrastructure	
   can	
   offer	
   to	
   different	
  

sectors,	
  such	
  as	
  hydropower	
  plants	
  which	
  couple	
  the	
  energy	
  and	
  water	
  sectors	
  and	
  allow	
  flexibility	
  

to	
  be	
  deployed	
   to	
   the	
  benefit	
  of	
  other	
   sectors	
   (e.g.,	
   releasing	
  water	
   from	
  the	
  energy	
   sector	
   to	
  be	
  

used	
  in	
  the	
  agricultural	
  sector).	
  	
  The	
  flexible	
  use	
  of	
  different	
  resources	
  provides	
  new	
  opportunities	
  to	
  

more	
  efficiently	
  bring	
   lighting,	
  water,	
   food	
  and	
  other	
   valuable	
   services	
   to	
   underserved	
  customers.	
  

However,	
   in	
   the	
   so-­‐called	
   water-­‐energy	
   nexus,	
   this	
   increased	
   flexibility	
   needs	
   to	
   be	
   properly	
  



	
  

Figure1:	
  Traditionally	
  decoupled	
  energy	
  

services.	
  

	
  

Figure2:	
  Electrifying	
  heat.	
  

	
  

Figure3:	
  Electrifying	
  heat	
  and	
  installing	
  

TES.	
  

	
  

Figure4:	
  Installing	
  CHP	
  and	
  TES.	
  

balanced	
  within	
  the	
  context	
  of	
  potential	
  competition	
  arising	
  between	
  services,	
  e.g.,	
  trade-­‐offs	
  arise	
  

when	
  it	
  has	
  to	
  be	
  decided	
  whether	
  to	
  use	
  water	
  for	
  electricity	
  generation	
  or	
  irrigation.	
  

	
  

The	
  smart	
  and	
  strategic	
  use	
  of	
  flexibility	
  from	
  the	
  demand	
  

side	
   and	
   different	
   energy	
   technologies	
   (e.g.,	
   from	
  

distributed	
  devices	
  such	
  as	
  EHPs	
  to	
  large	
  technologies	
  such	
  

as	
   hydropower	
   plants)	
   will	
   be	
   critical	
   for	
   sustainable	
  

development	
  based	
  on	
  both	
  novel	
  multi-­‐vector	
  and	
  water-­‐

energy	
   nexus	
   perspectives.	
   This	
   work	
   illustrates,	
   with	
  

examples	
   on	
   a	
   smart	
   district	
   and	
   an	
   integrated	
   energy-­‐

water	
   system,	
   sophisticated	
   applications	
   of	
   flexibility	
   that	
  

to	
   go	
  beyond	
   the	
  power	
   system,	
  also	
   taking	
  advantage	
  of	
  

coupling	
  with	
  other	
  energy	
  vectors	
  and	
  sectors.	
  

	
  

1.   A	
  flexible	
  energy	
  future	
  

1.1.   Different	
  energy	
  futures	
  
Figures	
   1	
   to	
   4	
   present	
   different	
   options	
   for	
   the	
  

development	
   of	
   an	
   energy	
   system	
   that	
   supplies	
   a	
   district	
  

with	
  electricity	
  and	
  heat.	
   In	
  a	
   traditionally	
  decoupled	
  case	
  

(see	
   Figure	
   1),	
   dedicated	
   systems	
   supply	
   customers	
   with	
  

different	
   energy	
   vectors	
   such	
   as	
   electricity	
   and	
   heat.	
   This	
  

configuration	
   has	
   the	
   advantage	
   of	
   allowing	
   the	
  

independent	
   operation	
   of	
   each	
   network	
   and	
   market,	
  

without	
   explicit	
   consideration	
   of	
   other	
   systems.	
  However,	
  

in	
   this	
  example,	
   the	
  demand	
  side	
  has	
   limited	
  capability	
   to	
  

support	
   the	
   system,	
   as	
   customers	
   would	
   have	
   to	
   change	
  

their	
   behavior	
   or	
   be	
   curtailed	
   (incurring	
   discomfort)	
   to	
  

reduce	
  their	
  energy	
  demand.	
  

	
  

The	
  electricity	
  centered	
  approach	
  to	
  integrate	
  intermittent	
  

RES	
   in	
   the	
   electricity	
   sector	
   and	
   electrify	
   other	
   energy	
  

vectors	
   (e.g.,	
  heat)	
   is	
   illustrated	
   in	
  Figure	
  2.	
  The	
  approach	
  

has	
   the	
   advantage	
   of	
   allowing	
   the	
   use	
   of	
   more	
   RES	
  

generation	
   to	
   produce	
   heat.	
   However,	
   heat	
   demand	
   and	
  

RES	
  generation	
  may	
  be	
  poorly	
  correlated,	
  as	
   is	
  the	
  case	
   in	
  

the	
  UK	
  where	
  the	
  maximum	
  heat	
  demand	
  can	
  be	
  expected	
  

during	
  winter	
  when	
  PV	
  generation	
  is	
  low.	
  Once	
  again,	
  there	
  

is	
   little	
   flexibility	
   for	
   the	
   demand	
   side	
   to	
   provide	
   system	
  

support.	
  

	
  

Some	
  of	
  these	
  issues	
  can	
  be	
  tackled	
  with	
  the	
  installation	
  of	
  

energy	
  storage	
  (e.g.,	
  batteries	
  and	
  thermal	
  energy	
  storage	
  

(TES)).	
   Surplus	
   PV	
   generation	
   can	
   then	
   be	
   stored	
   by	
   the	
  

battery	
  for	
  later	
  use	
  or,	
  as	
  shown	
  in	
  Figure	
  3,	
  converted	
  to	
  

heat	
   and	
   stored	
   for	
   later	
   use.	
   This	
   strategy	
   could	
   reduce	
  

electricity	
   demand	
   as	
   the	
   heat	
   stored	
   in	
   the	
   TES	
   could	
  

reduce	
   EHP	
   operation	
   at	
   later	
   times.	
   This	
   system	
   is	
  more	
  

flexible	
   than	
   those	
   presented	
   before	
   as	
   the	
   now	
   multi-­‐

energy	
   system	
   allows	
   the	
   intelligent	
   use	
   of	
   TES	
   (through	
  

the	
   use	
   of	
   ICT	
   and	
   automation)	
   to	
   control	
   electricity	
   imports	
   and	
   exports	
   without	
   affecting	
  



customers.	
   For	
   example,	
   electricity	
   imports	
   can	
   be	
   reduced	
   by	
   ramping	
   down	
   the	
   EHP	
  while	
   still	
  

meeting	
   customer	
   needs	
   with	
   the	
   TES.	
   The	
   downside	
   of	
   this	
   approach	
   is	
   that	
   it	
   does	
   not	
   take	
  

advantage	
  of	
  available	
  infrastructure,	
  such	
  as	
  the	
  gas	
  network	
  and	
  boiler	
  shown	
  in	
  Figure	
  1.	
  

	
  

Other	
  options,	
  such	
  as	
  the	
  one	
  presented	
  in	
  Figure	
  4,	
  involve	
  the	
  installation	
  of	
  various	
  low	
  carbon	
  

multi-­‐energy	
   technologies	
   such	
   as	
   Combined	
   Heat	
   and	
   Power	
   (CHP)	
   boilers	
   and	
   TES;	
   other	
  

technologies	
  such	
  as	
  PV	
  and	
  EHP	
  can	
  also	
  be	
  added.	
  This	
  type	
  of	
  system	
  is	
  highly	
  flexible	
  as	
  there	
  are	
  

multiple	
  controllable	
  options	
  to	
  meet	
  electricity	
  and	
  heat	
  demand.	
  For	
  example,	
  if	
  grid	
  electricity	
  is	
  

cheap	
  and	
  clean	
  due	
  to	
  the	
  availability	
  of	
  RES,	
  electricity	
  imports	
  can	
  be	
  increased	
  by	
  ramping	
  down	
  

the	
  CHP	
  boiler	
  and	
  meeting	
  heat	
  demand	
  with	
  the	
  TES	
  and	
  boiler.	
  It	
   is	
  also	
  possible	
  to	
  reduce	
  grid	
  

imports	
   (e.g.,	
   to	
   provide	
   active	
   network	
  management)	
   by	
   ramping	
   up	
   the	
   CHP	
   boiler	
   and	
   storing	
  

surplus	
  heat	
  with	
  the	
  TES.	
  This	
  provides	
  customers	
  with	
  new	
  options	
  to	
  not	
  only	
  meet	
  their	
  energy	
  

needs,	
   but	
   to	
   also	
   reduce	
   their	
   energy	
   bills,	
   minimize	
   their	
   carbon	
   emissions	
   or	
   pursue	
   other	
  

objectives.	
  

1.2.   Integrated	
  multi-­‐‑energy	
  systems	
  
It	
  should	
  be	
  expected	
  that	
  the	
  different	
  energy	
  futures	
  presented	
  in	
  Figure	
  1	
  to	
  Figure	
  4	
  would	
  lead	
  

to	
  various	
  coupling	
  of	
  energy	
  vectors.	
  This	
  coupling	
  can	
  impact	
  the	
  networks	
  that	
  may	
  be	
  in	
  place	
  to	
  

supply	
   each	
   vector,	
   such	
   as	
   the	
   electricity,	
   gas	
   and,	
   where	
   applicable,	
   district	
   heating	
   networks.	
  

Understanding	
   these	
  complex	
  effects	
   is	
  not	
   trivial,	
  but	
   is	
  necessary	
  as	
   large	
   scale	
  electrification	
  of	
  

heating	
   and	
   transports	
   can	
   lead	
   to	
   significant	
   electricity	
   network	
   stress.	
   Furthermore,	
   in	
   a	
  multi-­‐

energy	
  future,	
  actively	
  managing	
  stress	
  in	
  one	
  network	
  can	
  lead	
  to	
  issues	
  in	
  others,	
  e.g.,	
  the	
  use	
  of	
  

CHP	
  boilers	
  to	
  provide	
  electricity	
  network	
  support	
  may	
  cause	
  issues	
  in	
  the	
  heat	
  and	
  gas	
  networks.	
  To	
  

visualize	
   the	
  effects,	
   it	
   is	
   convenient	
   to	
  map	
  how	
  different	
  energy	
  vectors	
  are	
  converted	
   to	
  useful	
  

services	
   or	
   energy	
   vectors	
   (e.g.,	
   using	
   generators	
   and	
   other	
   conversion	
   technologies)	
   and	
   how	
  

energy	
  vectors	
  are	
  distributed	
  to	
  customers	
  using	
  the	
  available	
  networks.	
  

	
  

To	
   illustrate	
   this,	
   consider	
   the	
   Manchester	
   district	
   in	
   the	
   UK	
   presented	
   in	
   Figure	
   5.	
   The	
   district	
  

comprises	
  26	
  buildings	
  owned	
  by	
  The	
  University	
  of	
  Manchester,	
  some	
  of	
  which	
  are	
  connected	
  to	
  the	
  

same	
  electricity	
  distribution	
  network	
  (6.6	
  kV),	
  district	
  heating	
  network	
  and	
  gas	
  network.	
  The	
  district	
  

has	
  an	
  annual	
  demand	
  of	
  28	
  GWh	
  (6	
  MW	
  peak)	
  of	
  electricity	
  and	
  18	
  GWh	
  (12	
  MW	
  peak)	
  of	
  heat.	
  The	
  

current,	
  baseline,	
   annual	
  energy	
   costs	
  and	
  carbon	
  emissions	
  are	
  3.1	
  £M	
  and	
  19.1	
  ktCO2.	
  Different	
  

options	
  for	
  meeting	
  the	
  electricity	
  and	
  heat	
  needs	
  of	
  the	
  district	
  are	
  mapped	
  using	
  Sankey	
  diagrams	
  

in	
   Figure	
  6,	
   Figure	
  7	
   and	
   Figure	
  8.	
   The	
  district,	
   and	
   various	
  options	
   to	
  make	
   it	
  more	
   flexible	
  were	
  

investigated	
   in	
   the	
   “District	
   Information	
   Modelling	
   and	
   Management	
   for	
   Energy	
   Reduction”	
  

(DIMMER)	
  research	
  project.	
  

	
  

	
  
	
  

	
  
Figure	
  5:	
  Manchester	
  multi-­‐energy	
  district.	
  



	
  
Figure	
  6:	
  Sankey	
  diagram	
  –	
  Decoupled	
  energy	
  

services.	
  

	
  
Figure	
  7:	
  Sankey	
  diagram	
  –	
  Multi-­‐energy	
  

system.	
  

	
  
Figure	
  8:	
  Sankey	
  diagram	
  –	
  Electrifying	
  heat.	
  

The	
   traditionally	
   decoupled	
   energy	
   system	
   depicted	
   in	
  

Figure	
   6	
   is	
   taken	
   as	
   a	
   Baseline	
   to	
   represent	
   current	
  

conditions.	
   In	
   this	
   case,	
   electricity	
   is	
   delivered	
   to	
  

customers	
  using	
   the	
  electricity	
  networks,	
  whereas	
  heat	
  

is	
   produced	
   with	
   local	
   boilers,	
   or	
   larger	
   boilers	
  

connected	
  to	
  a	
  district	
  heating	
  network,	
  which	
  take	
  fuel	
  

from	
  the	
  gas	
  network.	
  In	
  the	
  electrified	
  future	
  presented	
  

in	
   Figure	
   7,	
   the	
   gas	
   network	
   is	
   no	
   longer	
   used	
   and,	
  

instead,	
   significantly	
  more	
   electricity	
   is	
   taken	
   from	
   the	
  

grid	
   (compared	
  with	
   the	
  Baseline	
   in	
  Figure	
  6)	
   to	
  supply	
  

EHPs.	
   The	
   electricity	
   grid	
   would	
   require	
   additional	
  

capacity	
   to	
   reliably	
   meet	
   the	
   new	
   demand.	
   In	
   this	
  

context,	
  the	
  reliability	
  of	
  the	
  electricity	
  system	
  becomes	
  

more	
   critical	
   as	
   outages	
   would	
   impact	
   both	
   electricity	
  

and	
   heat	
   supply,	
   which	
   can	
   make	
   customers	
   more	
  

vulnerable	
  especially	
  during	
  periods	
  with	
  harsh	
  ambient	
  

conditions	
  e.g.,	
   in	
  the	
  UK,	
  energy	
  system	
  stress	
  and	
  the	
  

impacts	
  of	
  contingencies	
  on	
  the	
  network	
  and	
  customers	
  

are	
  the	
  highest	
  during	
  the	
  coldest	
  winter	
  days.	
  

	
  

In	
   the	
   multi-­‐energy	
   future	
   presented	
   in	
   Figure	
   8,	
   the	
  

electricity	
   grid,	
   local	
   EHPs	
   and	
   district	
   CHP	
   boilers	
   are	
  

used	
   to	
   meet	
   customer	
   needs.	
   Additional	
   demand	
   on	
  

the	
   electricity	
   grid	
   is	
   modest	
   compared	
   with	
   the	
   case	
  

presented	
  in	
  Figure	
  7,	
  and	
  the	
  system	
  still	
  utilizes	
  some	
  

capacity	
   of	
   the	
   gas	
   network.	
   In	
   this	
   case,	
   additional	
  

future	
  demand	
  growth	
  can	
  still	
  be	
  met	
  with	
  low	
  carbon	
  

technologies	
   (e.g.,	
   CHP	
  boilers),	
  which	
  may	
  not	
   require	
  

network	
   reinforcements.	
   The	
   system	
   is	
   also	
   more	
  

flexible	
   to	
   withstand	
   contingencies	
   in	
   the	
   electricity	
   or	
  

gas	
  networks,	
  i.e.,	
  if	
  the	
  electricity	
  supply	
  is	
  interrupted,	
  

local	
  heat	
  and	
  electricity	
  can	
  be	
  produced	
  with	
   the	
  CHP	
  boilers,	
  whereas	
   the	
  EHPs	
  can	
  be	
  used	
   to	
  

supply	
  some	
  customers	
  if	
  the	
  supply	
  of	
  gas	
  is	
  interrupted.	
  

	
  

The	
  multi-­‐energy	
  futures	
  offer	
  greater	
  flexibility	
  and	
  use	
  of	
  existing	
  assets,	
  and	
  lower	
  network	
  stress	
  

than	
  the	
  electrified	
  future.	
  However,	
  this	
  energy	
  future	
  is	
  also	
  the	
  most	
  complex	
  as	
  the	
  traditionally	
  

decoupled	
   energy	
   systems	
   (e.g.,	
   electricity,	
   heat	
   and	
   gas)	
   would	
   operate	
   as	
   a	
   single	
   integrated	
  

system.	
   As	
   a	
   result,	
   the	
   energy	
   sector	
  will	
   no	
   longer	
   comprise	
   independent	
   systems	
   that	
   provide	
  

electricity,	
  heat,	
  gas	
  and	
  other	
  energy	
  vectors.	
   Instead,	
  the	
  energy	
  system	
  will	
  comprise	
  integrated	
  

assets	
  that	
  flexibly	
  use	
  combinations	
  of	
  multiple	
  available	
  energy	
  vectors	
  to	
  meet	
  customers’	
  needs	
  

for	
  lighting,	
  heating,	
  cooking	
  and	
  other	
  services.	
  

	
  

Even	
   though	
   the	
   abovementioned	
   examples	
   (From	
   Figure	
   1	
   to	
   Figure	
   8)	
   are	
   for	
   multi-­‐vector	
  

applications	
  of	
  flexibility	
   in	
  smart	
  cities,	
   it	
   is	
  possible	
  to	
  infer	
  some	
  key	
  ideas	
  that	
  are	
  applicable	
  to	
  

the	
   energy	
   nexus	
   in	
   rural	
   areas	
   and	
   developing	
   economies.	
   Firstly,	
   more	
   and	
   potentially	
   better	
  

options	
   to	
   meet	
   customer	
   needs	
   become	
   available	
   when	
   considering	
   the	
   coupling	
   of	
   multiple	
  

sectors	
   (energy	
   vectors	
   in	
   the	
   examples).	
   Flexibility	
   makes	
   the	
   system	
  more	
   resilient	
   to	
   extreme	
  

events	
  caused	
  by	
  climate	
  change	
  (network	
  contingencies	
  in	
  the	
  examples).	
  New	
  trade-­‐offs	
  can	
  arise	
  

as	
  a	
  limited	
  resource	
  are	
  used	
  to	
  provide	
  different	
  resources,	
  e.g.,	
  water	
  can	
  be	
  used	
  for	
  electricity	
  

generation	
  or	
  irrigation	
  (demand	
  response	
  could	
  be	
  used	
  to	
  reduce	
  energy	
  bills	
  or	
  carbon	
  emissions	
  

in	
  the	
  examples).	
  



	
  

2.   The	
  value	
  of	
  multi-­‐‑vector	
  flexibility	
  

2.1.   Investing	
  in	
  multi-­‐‑energy	
  assets	
  
To	
   illustrate	
   the	
   value	
   of	
   flexibility	
   that	
   can	
   be	
   attributed	
   to	
   multi-­‐energy	
   assets,	
   consider	
   the	
  

Manchester	
  district	
  under	
   traditionally	
  decoupled	
  Baseline	
  conditions	
  and	
  Business	
  as	
  Usual	
   (BAU)	
  

operation	
  (i.e.,	
  heat	
  following	
  mode).	
  In	
  addition	
  to	
  the	
  Baseline	
  case,	
  which	
  represents	
  the	
  current	
  

conditions	
   of	
   the	
   system,	
   three	
   different	
   cases	
   are	
   considered,	
   namely	
   Conservative,	
  Modest	
   and	
  

Extreme	
   cases.	
   In	
   the	
   Conservative	
   case,	
   in	
   addition	
   to	
   installing	
   PV,	
   EHP	
   and	
   CHP	
   devices,	
   the	
  

University	
   invests	
   in	
   awareness	
   campaigns	
   to	
   encourage	
   switching	
   lights	
   and	
   computers	
   off	
  when	
  

not	
  in	
  use,	
  and	
  modest	
  interventions	
  in	
  double	
  glazed	
  steel	
  windows	
  and	
  waterproof	
  roof	
  covers.	
  In	
  

the	
  Modest	
  case,	
  additional	
  investments	
  in	
  energy	
  devices	
  and	
  efficiency	
  measures	
  throughout	
  the	
  

university	
  are	
  made.	
  In	
  the	
  extreme	
  case,	
  relatively	
  large	
  investments	
  in	
  energy	
  efficiency	
  measures	
  

are	
  made,	
  coupled	
  with	
  significant	
   installation	
  of	
  energy	
   infrastructure.	
  The	
  total	
   installed	
  PV,	
  EHP	
  

and	
  CHP	
  capacities	
  associated	
  with	
  each	
  case	
  are	
  presented	
   in	
  Table	
  1	
  and	
  the	
  relevant	
  economic	
  

and	
  environmental	
  performance	
  of	
  the	
  district	
  is	
  presented	
  in	
  Table	
  2.	
  

Table	
  1:	
  Installed	
  boiler,	
  PV,	
  EHP	
  and	
  CHP	
  capacities	
  in	
  each	
  case.	
  

Case Aggregated installed capacity throughout the district (kW) 

Boiler PV EHP CHP 

Baseline 24000 93 0 0 

Conservative 24000 1068 310 260 

Modest 24000 2250 1715 1925 

Extreme 24000 3410 2650 2700 

Table	
  2:	
  Performance	
  of	
  the	
  Manchester	
  district	
  subject	
  to	
  the	
  considered	
  cases	
  and	
  BAU	
  practices.	
  

 Baseline Conservative Modest Extreme 

Annual economic savings* 0% 9.06% 12.22% 14.83% 

Annual carbon savings*  0% 10.14% 19.94% 26.90% 

Peak Electrical Demand Reduction* 0% 4.67% 2.20% 2.37% 

Peak Heat Demand Reduction* 0% 15.50% 52.80% 72.51% 

*Compared with the baseline 

	
  

In	
  these	
  cases,	
  following	
  BAU	
  practices,	
  the	
  multi-­‐energy	
  infrastructure	
  is	
  operated	
  in	
  heat-­‐following	
  

mode.	
   These	
   practices	
   do	
   not	
   take	
   advantage	
   of	
   the	
   variable	
   needs	
   of	
   the	
   energy	
   sector	
   or	
   the	
  

potential	
  for	
  the	
  district	
  to	
  operate	
  in	
  a	
  smart	
  manner.	
  Accordingly,	
  it	
  is	
  reasonable	
  to	
  assume	
  that	
  

the	
  benefits	
   reported	
   in	
  Table	
  2	
   correspond	
  mainly	
   to	
   the	
   value	
  of	
   flexibility	
   introduced	
  by	
  multi-­‐

energy	
  assets.	
  

2.2.   Smarter	
  operation	
  
By	
  optimizing	
   the	
   set	
  points	
  of	
   the	
   controllable	
  devices	
  within	
   the	
  district,	
   it	
   is	
  possible	
   to	
  pursue	
  

different	
  objectives	
  such	
  as	
  economic	
  and	
  carbon	
  savings.	
  This	
  smart	
  operation	
  (whereby	
  the	
  district	
  

is	
  operated	
  taking	
   into	
  account	
  variable	
  price	
  signals,	
  which	
  reflect	
   the	
  costs	
  of	
   the	
  energy	
  supply,	
  

network/system	
  operation	
  and	
   taxes),	
   allows	
   customers	
   to	
  minimize	
   their	
   energy	
  bills	
   and	
   carbon	
  

emissions,	
  and	
  could	
  also	
  allow	
  customers	
  to	
  trade	
  demand	
  side	
  flexibility	
  in	
  different	
  markets.	
  This	
  

smart	
  operation	
  can	
  be	
  substantially	
  more	
  attractive	
  than	
  traditional	
  BAU	
  practices	
  as	
  illustrated	
  in	
  

Table	
  3.	
  The	
  study	
  shows	
  that	
   the	
  smart	
  operation	
  of	
   the	
  district	
  can	
   improve	
  the	
  performance	
  of	
  

the	
  district,	
  especially	
  in	
  the	
  more	
  extreme	
  cases	
  where	
  more	
  controllable	
  resources	
  are	
  available.	
  

	
  

Table	
  3:	
  Performance	
  of	
  the	
  Manchester	
  district	
  subject	
  to	
  the	
  considered	
  cases	
  –	
  BAU	
  vs	
  smart	
  practices	
  

 Conservative Modest Extreme 

(BAU) (smart) (BAU) (smart) (BAU) (smart) 

Annual economic savings* 9.06% 9.54% 12.22% 21.44% 14.83% 28.43% 

Annual carbon savings*  10.14% 10.28% 19.94% 27.00% 26.90% 38.07% 

Peak Heat Demand Reduction* 4.67% 12.63% 2.20% 41.03% 2.37% 49.38% 

Peak Electrical Demand Reduction* 15.50% 28.48% 52.80% 84.88% 72.51% 95.07% 

*Compared with the baseline 



	
  

The	
  study	
  is	
  taken	
  one	
  step	
  further	
  by	
  optimizing	
  the	
  operation	
  of	
  the	
  district	
  based	
  on	
  a	
  wide	
  range	
  

of	
  different	
  objectives,	
  including	
  minimization	
  of	
  costs	
  and	
  emissions,	
  and	
  maximization	
  of	
  benefits	
  

from	
   the	
   trade	
   of	
   active	
   network	
   management,	
   energy,	
   reserve	
   and	
   other	
   services	
   in	
   relevant	
  

markets	
   (see	
   suite	
   of	
   results	
   in	
   terms	
   of	
   the	
   Net	
   Present	
   Cost	
   –	
   NPC	
   –	
   in	
   Figure	
   9).	
   This	
   smart	
  

operation	
   of	
   the	
   district	
   is	
   more	
   in	
   line	
   with	
   the	
   premise	
   that	
   the	
   energy	
   system	
   should	
   not	
   be	
  

operated	
   to	
   provide	
   energy	
   	
   vectors	
   (e.g.,	
   electricity	
   and	
   gas),	
   but	
   instead	
   use	
   combinations	
   of	
  

available	
  energy	
  vectors	
  to	
  meet	
  customers’	
  needs	
  such	
  as	
  lighting,	
  heating,	
  and	
  other	
  services.	
  The	
  

results	
   show	
   that,	
   by	
   customizing	
   the	
   operation	
   of	
   the	
   district,	
   it	
   is	
   possible	
   to	
   achieve	
   different	
  

environmental	
  and	
  economic	
  savings.	
  This	
  is	
  particularly	
  valuable	
  in	
  an	
  uncertain	
  future	
  where	
  RES	
  

generation,	
   asset	
   costs	
   or	
   other	
   assumed	
   parameters	
   are	
   different	
   than	
   forecasted.	
   For	
   example,	
  

carbon	
   targets	
   can	
   still	
   be	
   met	
   by	
   changing	
   the	
   operation	
   of	
   the	
   Manchester	
   district	
   (without	
  

investing	
  in	
  additional	
  assets)	
  even	
  if	
  the	
  future	
  differs	
  from	
  the	
  forecast.	
  

	
  
It	
  is	
  important	
  to	
  highlight	
  that	
  the	
  flexibility	
  provided	
  by	
  smart	
  operation	
  can	
  be	
  as	
  valuable	
  as,	
  or	
  

more	
  valuable	
  than,	
  the	
  one	
  provided	
  by	
  the	
  asset.	
  This	
  can	
  be	
  deduced	
  by	
  comparing	
  the	
  Extreme	
  

(BAU)	
   and	
   Conservative	
   (smart)	
   cases	
   in	
   Figure	
   9.	
   The	
   latter,	
   which	
   utilizes	
   fewer	
   assets,	
   can	
  

outperform	
   the	
   former,	
   which	
   does	
   not	
   take	
   advantage	
   of	
   smart	
   operation.	
   This	
   is	
   further	
  

demonstrated	
   in	
  Table	
  4,	
  which	
  takes	
  the	
  maximum	
  and	
  minimum	
  values	
  from	
  Figure	
  9.	
  The	
  table	
  

shows	
   that	
  most	
   of	
   benefits	
   in	
   the	
   extreme	
   case	
   can	
  be	
   attributed	
   to	
   the	
   smart	
   operation	
  of	
   the	
  

assets.	
   This	
   is	
   an	
   important	
   result	
   because	
   it	
   demonstrates	
   that	
   it	
   is	
   not	
   enough	
   to	
   foresee	
   a	
  

sustainable	
  multi-­‐vector	
   future	
  by	
   installing	
  RES	
   and	
  multi-­‐energy	
   technologies;	
  most	
  of	
   the	
   value	
  

offered	
  by	
  these	
  technologies	
  will	
  only	
  materialize	
  if	
  the	
  assets	
  are	
  also	
  smartly	
  operated.	
  

	
  

Table	
  4:	
  Value	
  of	
  flexibility	
  associated	
  with	
  assets	
  and	
  smart	
  operation.	
  

Benefit attributed to  Economic savings (%*) 

Conservative Modest Extreme 

Min Max Min Max Min Max 

Assets 10.17 9.06 20.02 12.22 27.06 14.83 

Smart operation 0.31 0.47 8.61 9.98 13.1 15.33 

    Total 10.48 9.54 28.63 22.20 40.16 30.16 

	
  

	
  
	
  

Figure	
  9:	
  Performance	
  of	
  the	
  Manchester	
  district	
  under	
  different	
  

conditions.	
  



3.   Beyond	
  the	
  demand	
  side	
  

3.1.   Impacts	
  on	
  the	
  energy	
  system	
  
As	
   flexibility	
   increases	
   in	
   the	
   energy	
   sector,	
   mostly	
   due	
   to	
   the	
   introduction	
   of	
   multi-­‐energy	
  

technologies	
   at	
   the	
   demand	
   side,	
   smart	
   community	
   multi-­‐energy	
   systems	
   (e.g.,	
   the	
   Manchester	
  

district)	
  will	
   take	
   some	
   of	
   the	
   business	
   away	
   from	
   current	
   actors.	
   That	
   is,	
   a	
   significant	
   volume	
   of	
  

energy	
   may	
   be	
   generated	
   and	
   consumed	
   locally,	
   instead	
   of	
   produced	
   by	
   large	
   generators	
   and	
  

transported	
   by	
   the	
   Transmission	
   System	
   Operator	
   (TSO)	
   and	
   multiple	
   Distribution	
   Network	
  

Operators	
   (DNOs).	
  This	
  new	
  system	
  operation	
  may	
  be	
  beneficial	
   if	
   it	
  displaces	
  dirty	
  and	
  expensive	
  

electricity	
   generation	
   units.	
   But	
   it	
   can	
   also	
   be	
   harmful	
   if,	
   for	
   instance,	
   it	
   reduces	
   the	
   revenue	
   to	
  

network	
  operators,	
  who	
  are	
  responsible	
  for	
  connecting	
  the	
  multi-­‐energy	
  resources	
  and	
  enabling	
  the	
  

business	
  of	
   smart	
  districts,	
   can	
   collect,	
   or	
   it	
  makes	
   the	
  business	
   case	
   for	
  new	
   firm	
  generation	
   too	
  

risky.	
  

	
  

To	
  understand	
  the	
  impacts	
  that	
  demand	
  side	
  flexibility	
  (e.g.,	
  from	
  the	
  Manchester	
  district)	
  can	
  have	
  

on	
   the	
   energy	
   sector,	
   it	
   is	
   convenient	
   to	
   map	
   the	
   interactions	
   within	
   the	
   energy	
   sector	
   (see	
  

Figure10).	
  The	
  map,	
  developed	
  using	
  value-­‐flow	
  mapping	
  approaches,	
   tracks	
   the	
  energy,	
   cash	
  and	
  

information	
  exchanges	
  between	
  different	
  actors	
  in	
  the	
  energy	
  sector.	
  These	
  exchanges	
  are	
  based	
  on	
  

(i)	
   the	
  physical	
  characteristics	
  of	
   the	
  system,	
  e.g.,	
  electricity	
   is	
  generated	
  by	
  producers	
  and	
   travels	
  

through	
  the	
  transmission	
  and	
  distribution	
  networks	
   to	
   reach	
  customers;	
   (ii)	
   regulatory	
   framework,	
  

e.g.,	
   customers	
   pay	
   retailers	
   who	
   then	
   pay	
   DNOs,	
   the	
   TSO	
   and	
   other	
   actors;	
   and	
   (iii)	
   emerging	
  

business	
   cases,	
   e.g.,	
   contractors	
   may	
   provide	
   operation	
   and	
   maintenance	
   to	
   the	
   multi	
   energy	
  

infrastructure	
  within	
  the	
  smart	
  district.	
  

	
  
	
  

Figure	
  10:	
  Value	
  flow	
  map.	
  

One	
  of	
  the	
  key	
  advantages	
  of	
  the	
  value	
  flow	
  mapping	
  approach	
  is	
  that	
   it	
  facilitates	
  quantifying	
  the	
  

effects	
  of	
  district	
  optimization	
  on	
  different	
  revenue	
  flows,	
  for	
  customers	
  within	
  the	
  district	
  and	
  other	
  

actors	
  (see	
  Figure	
  11	
  for	
  quantification	
  of	
  the	
  change	
  of	
  revenue	
  for	
  selected	
  actors).	
  In	
  this	
  context,	
  

district	
   manager,	
   retailer,	
   aggregators	
   or	
   other	
   actors	
   that	
   can	
   represent	
   customers	
   in	
   different	
  

energy	
  markets	
  no	
   longer	
   focus	
  only	
  on	
   the	
  provision	
  of	
  energy	
  vectors	
  but,	
   instead,	
  on	
  providing	
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Figure	
  11:	
  Business	
  case	
  analysis.	
  

	
  
Figure	
  12:	
  Conventional,	
  hydropower	
  and	
  PV	
  generation	
  profiles	
  

subject	
  to	
  BAU	
  and	
  smart	
  operation.	
  

services.	
   These	
   services	
   can	
   be	
  

tracked	
   to	
   the	
   actors	
   who	
  

would	
   normally	
   provide	
   them,	
  

so	
  that	
  the	
  impact	
  of	
  the	
  smart	
  

district	
  on	
  the	
  business	
  of	
  such	
  

actors	
   can	
   be	
   assessed.	
   In	
   this	
  

example,	
   the	
   smart	
   operation	
  

of	
   the	
   Manchester	
   district	
   in	
  

the	
   extreme	
   case	
   brings	
   about	
  

significant	
   benefits	
   to	
  

customers	
   by	
   taking	
   advantage	
  

of	
   price	
   arbitrage	
   in	
   the	
  

wholesale	
   energy	
   market	
   and	
  

reducing	
   network	
   charges	
   and	
  

payment	
   of	
   taxes.	
   This	
   would	
  

have	
   a	
   negative	
   impact	
   in	
   the	
  

form	
   of	
   loss	
   of	
   revenue	
  

(compared	
  with	
   BAU	
   case)	
   for	
   electricity	
   producers,	
   the	
   government	
   and	
   network	
   operators,	
   i.e.,	
  

reduction	
   in	
   distribution	
   and	
   transmission	
   Use	
   of	
   System	
   charges	
   (DUoS	
   and	
   TUoS).	
   As	
   discussed	
  

above,	
  some	
  of	
  these	
  effects	
  can	
  be	
  deemed	
  acceptable	
  if,	
  for	
  example,	
  carbon	
  intensive	
  generators	
  

are	
  driven	
  out	
  of	
  business.	
  However,	
  the	
  reduction	
  in	
  revenue	
  collected	
  for	
  network	
  operators	
  may	
  

not	
   be	
   acceptable,	
   especially	
   when	
   considering	
   that	
   the	
   integration	
   of	
   the	
   different	
   distributed	
  

multi-­‐energy	
  technologies	
  within	
  the	
  district	
  may	
  lead	
  to	
  increased	
  network	
  stress	
  and	
  costs.	
  

	
  

This	
   information	
   is	
   critical	
   to	
   understand	
   potential	
   issues	
   for	
   the	
   introduction	
   of	
   demand	
   side	
  

flexibility	
  from	
  the	
  perspective	
  of	
  the	
  energy	
  system	
  and	
  different	
  actors.	
  For	
  example,	
  based	
  on	
  the	
  

study	
   presented	
   in	
   Figure	
   11,	
   it	
   may	
   be	
   convenient	
   to	
   introduce	
   active	
   network	
   management	
  

services,	
   adjust	
   network	
   charges,	
   or	
   introduce	
   other	
   mechanisms	
   to	
   allow	
   network	
   operators	
   to	
  

support	
  their	
  business,	
  as	
  well	
  as	
  the	
  business	
  of	
  the	
  smart	
  district.	
  

	
  

3.2.   The	
  energy	
  nexus	
  
It	
  has	
  been	
  shown	
  that	
  multi-­‐vector	
  application	
  of	
  energy	
  system	
  flexibility	
  can	
  be	
  used	
  as	
  a	
  means	
  

to	
  meet	
  customers’	
  energy	
  needs	
  in	
  cities	
  with	
  established	
  energy	
  networks.	
  Taking	
  a	
  step	
  further,	
  a	
  

multi-­‐sector	
   energy	
   nexus	
  

approach	
   is	
   better	
   suited	
   for	
  

providing	
   food,	
  water,	
   lighting,	
  

and	
   other	
   critical	
   services	
   for	
  

people	
   in	
   rural	
   communities	
  

and	
   developing	
   economies.	
   To	
  

illustrate	
  this,	
  consider	
  that	
  the	
  

flexible	
   use	
   of	
   hydropower	
  

plants	
   to	
   balance	
   intermittent	
  

RES	
  (e.g.,	
  PV	
  power),	
  by	
  storing	
  

surplus	
   solar	
   power	
   as	
   water.	
  

As	
  shown	
  in	
  Figure	
  12,	
  which	
  is	
  

based	
   on	
   the	
   IEEE	
   14	
   bus	
   test	
  

network,	
   the	
   smart	
   operation	
  

of	
   the	
   hydropower	
   plant	
   can	
  

greatly	
   reduce	
   the	
   peak	
  

conventional	
   generation	
  

capacity	
   required	
   by	
   the	
  



	
  
Figure	
  13:	
  Energy	
  nexus	
  planning	
  and	
  assessment	
  framework.	
  

system	
  and	
  increase	
  the	
  production	
  of	
  clean	
  power.	
  In	
  this	
  example,	
  peak	
  conventional	
  generation	
  

and	
  total	
  PV	
  generation	
   in	
  the	
  smart	
  cases	
  are	
  respectively	
  15%	
  lower	
  and	
  20%	
  higher	
  than	
   in	
  the	
  

BAU	
  case.	
  	
  	
  

	
  

This	
   increased	
   flexibility	
   of	
   the	
   power	
  

system	
   can	
   be	
   used	
   to	
   bring	
   attractive	
  

benefits	
  to	
  the	
  energy	
  sector	
  by	
  reducing	
  

electricity	
   costs	
   and	
   carbon	
   emissions,	
  

and	
   displacing	
   conventional	
   peaking	
  

generation.	
   That	
   is,	
   the	
   flexibility	
   would	
  

allow	
   the	
   system	
   to	
   meet	
   customers’	
  

needs	
   for	
   affordable	
   and	
   sustainable	
  

electricity.	
  However,	
   the	
  added	
  flexibility	
  

of	
   the	
   system	
   could	
   be	
   used	
   instead	
   to	
  

maintain	
   the	
   affordability	
   and	
  

sustainability	
   of	
   the	
   current	
   energy	
  

services	
   while	
   reducing	
   the	
   use	
   of	
  

hydropower.	
   The	
   result	
   would	
   be:	
  

reduced	
   future	
   investments	
   in	
  

hydropower	
   capacity,	
   a	
   lower	
   water	
  

demand	
   for	
   the	
  generation	
  of	
  electricity,	
  

and	
   more	
   water	
   available	
   for	
   irrigation,	
  

drinking,	
  and	
  other	
  uses;	
  also	
  potentially	
  

avoiding	
  the	
  construction	
  of	
  costly	
  and	
  carbon	
  intensive	
  infrastructure	
  in	
  different	
  sectors.	
  

	
  

Based	
  on	
  such	
  water-­‐energy	
  nexus	
  vision,	
   the	
  energy	
  system	
   is	
   treated	
  as	
  part	
  of	
  a	
  wider	
   suite	
  of	
  

interrelated	
  sectors.	
  In	
  this	
  context	
  flexibility	
  is	
  no	
  longer	
  constrained	
  to	
  the	
  use	
  of	
  energy	
  vectors	
  to	
  

meet	
  customers’	
  needs	
  but	
  also	
  to	
  optimize	
  the	
  use	
  of	
  water,	
  food,	
  and	
  other	
  resources.	
  In	
  order	
  to	
  

investigate	
   this	
  advanced	
  use	
  of	
   flexibility,	
  novel	
   frameworks,	
   such	
  as	
   the	
  one	
  presented	
   in	
  Figure	
  

13,	
  have	
  been	
  proposed	
  to	
  assess	
  interactions	
  between	
  different	
  sectors	
  and	
  shed	
  light	
  on	
  the	
  smart	
  

use	
  of	
   flexibility	
   and	
  deployment	
  of	
   infrastructure	
   that	
  would	
  be	
   the	
  most	
   beneficial	
   for	
   different	
  

sectors	
  subject	
  to	
  an	
  uncertain	
  future.	
  	
  

	
  

	
  “Nexus	
  tools”	
  can,	
  for	
  instance,	
  bring	
  together	
  specialized	
  models	
  of	
  different	
  sectors	
  in	
  an	
  iterative	
  

fashion	
  to	
  produce	
  a	
  wide	
  range	
  of	
  strategies	
  to	
  invest	
  in	
  electrification,	
  multi-­‐energy	
  technologies,	
  

and	
  other	
  infrastructures	
  required	
  to	
  meet	
  customers’	
  needs.	
  The	
  tools	
  are	
  particularly	
  attractive	
  to	
  

tackle	
   highly	
   uncertain	
   scenarios	
   where	
   the	
   use	
   of	
   flexibility	
   (from	
   different	
   energy	
   vectors	
   and	
  

various	
  sectors)	
  is	
  critical,	
  such	
  as	
  for	
  developing	
  future	
  energy-­‐water-­‐food	
  systems	
  that	
  are	
  resilient	
  

to	
  climate	
  change.	
  	
  

	
  

Even	
  with	
  the	
  sophisticated	
  energy	
  nexus	
  tools,	
  the	
  identified	
  strategies	
  are	
  seldom	
  perfect	
  and	
  will	
  

have	
  several	
  positive	
  and	
  negative	
  impacts	
  in	
  different	
  sectors	
  (i.e.,	
  trade-­‐offs).	
  Assessing	
  the	
  trade-­‐

offs	
  between	
  different	
  sectors	
  is	
  not	
  an	
  easy	
  task	
  (e.g.,	
  comparing	
  the	
  value	
  of	
  minimizing	
  the	
  risks	
  

of	
   a	
   power	
   outage	
   against	
   the	
   risks	
   of	
   a	
   flood)	
   and	
   will	
   require	
   lengthy	
   negotiations	
   between	
  

planners,	
  policy	
  makers	
  and	
  relevant	
  actors	
  in	
  each	
  sector.	
  Regardless,	
  the	
  identified	
  strategies	
  could	
  

be	
  generally	
  significantly	
  better	
  than	
  those	
  identified	
  by	
  addressing	
  a	
  single	
  sector.	
  

	
  

4.   Conclusion	
  
The	
   sustainable	
   development	
   goals	
   set	
   by	
   the	
  United	
  Nations	
   are	
  more	
   and	
  more	
  motivating	
   the	
  

flexible	
  use	
  of	
  different	
  resources	
  from	
  various	
  vectors	
  and	
  sectors	
  to	
  meet	
  customer	
  needs.	
  A	
  multi-­‐

vector	
   approach	
   to	
   demand	
   side	
   flexibility	
  will	
   be	
   particularly	
   valuable	
   in	
   cities	
   that	
   already	
   have	
  



significant	
  energy	
  infrastructure.	
  In	
  these	
  cases,	
  the	
  integration	
  of	
  multi-­‐energy	
  technologies	
  such	
  as	
  

cogeneration,	
   batteries	
   and	
   thermal	
   storage	
   which,	
   if	
   enabled	
   with	
   ICT,	
   automation	
   and	
   smart	
  

control,	
  would	
  make	
   the	
   energy	
   system	
   significantly	
  more	
   flexible.	
   The	
   large	
   scale	
   deployment	
   of	
  

these	
   resources	
  may	
   lead	
   to	
  a	
  new	
  role	
   for	
   flexibility	
   in	
   the	
  operation	
  of	
   the	
  energy	
   sector	
  as	
   the	
  

focus	
   of	
   the	
   sector	
   will	
   no	
   longer	
   be	
   on	
   the	
   provision	
   of	
   electricity,	
   gas	
   and	
   other	
   vectors	
   but,	
  

instead,	
  on	
  the	
  use	
  of	
  combinations	
  of	
  energy	
  vectors	
  for	
  the	
  provision	
  of	
  customers’	
  services.	
  

	
  

The	
  services	
  that	
  can	
  be	
  provided	
  with	
  the	
  smart	
  use	
  of	
  flexibility	
  do	
  not	
  have	
  to	
  be	
  constrained	
  to	
  

energy,	
  particularly	
  in	
  rural	
  areas	
  or	
  developing	
  economies	
  where	
  little	
  or	
  no	
  energy	
  infrastructure	
  is	
  

in	
   place.	
   Instead,	
   a	
   more	
   holistic	
   multi-­‐sector	
   nexus	
   approach	
   can	
   be	
   used	
   to	
   enable	
   the	
   use	
   of	
  

flexibility	
  to	
  better	
  provide	
  energy,	
  water,	
  food	
  and	
  other	
  key	
  services.	
  	
  

	
  

Although	
  the	
  multi-­‐vector	
  and	
  nexus	
  approaches	
  are	
  more	
  complex	
  than	
  the	
  traditionally	
  decoupled	
  

approaches	
  for	
  energy	
  planning,	
  these	
  approaches	
  provide	
  attractive	
  options	
  to	
  better	
  tackle	
  grand	
  

challenges,	
  such	
  as	
  climate	
  change	
  and	
  large	
  scale	
  integration	
  of	
  RES.	
  In	
  this	
  context,	
  it	
  is	
  critical	
  to	
  

rethink	
   the	
   role	
  of	
   flexibility	
  as	
  a	
  means	
   to	
   intelligently	
   take	
  advantage	
  of	
  available	
   resources	
  and	
  

strategic	
  investments,	
  and	
  effectively	
  provide	
  the	
  services	
  required	
  by	
  people.	
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