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Legal Notice from Clean Power Research 

This	
  report	
  was	
  prepared	
  for	
  the	
  Interstate	
  Renewable	
  Energy	
  Council,	
  Inc.	
  (IREC)	
  by	
  Clean	
  Power	
  
Research.	
  This	
  report	
  should	
  not	
  be	
  construed	
  as	
  an	
  invitation	
  or	
  inducement	
  to	
  any	
  party	
  to	
  engage	
  or	
  
otherwise	
  participate	
  in	
  any	
  transaction,	
  to	
  provide	
  any	
  financing,	
  or	
  to	
  make	
  any	
  investment.	
  	
  

Any	
  information	
  shared	
  with	
  IREC	
  prior	
  to	
  the	
  release	
  of	
  the	
  report	
  is	
  superseded	
  by	
  the	
  report.	
  Clean	
  
Power	
  Research	
  owes	
  no	
  duty	
  of	
  care	
  to	
  any	
  third	
  party	
  and	
  none	
  is	
  created	
  by	
  this	
  report.	
  Use	
  of	
  this	
  
report,	
  or	
  any	
  information	
  contained	
  therein,	
  by	
  a	
  third	
  party	
  shall	
  be	
  at	
  the	
  risk	
  of	
  such	
  party	
  and	
  
constitutes	
  a	
  waiver	
  and	
  release	
  of	
  Clean	
  Power	
  Research,	
  its	
  directors,	
  officers,	
  partners,	
  employees	
  
and	
  agents	
  by	
  such	
  third	
  party	
  from	
  and	
  against	
  all	
  claims	
  and	
  liability,	
  including,	
  but	
  not	
  limited	
  to,	
  
claims	
  for	
  breach	
  of	
  contract,	
  breach	
  of	
  warranty,	
  strict	
  liability,	
  negligence,	
  negligent	
  
misrepresentation,	
  and/or	
  otherwise,	
  and	
  liability	
  for	
  special,	
  incidental,	
  indirect,	
  or	
  consequential	
  
damages,	
  in	
  connection	
  with	
  such	
  use.	
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Introduction 

Background 

The	
  Interstate	
  Renewable	
  Energy	
  Council,	
  Inc.	
  (IREC)	
  engaged	
  Clean	
  Power	
  Research	
  (CPR)	
  to	
  develop	
  a	
  
methodology	
  that	
  could	
  be	
  used	
  to	
  value	
  solar	
  energy	
  coupled	
  with	
  battery	
  storage	
  in	
  Hawaii.	
  The	
  
methodology	
  was	
  to	
  be	
  largely	
  driven	
  by	
  requirements	
  in	
  Hawaii,	
  so	
  as	
  an	
  initial	
  step	
  a	
  workshop	
  was	
  
held	
  in	
  Honolulu	
  on	
  January	
  23,	
  2015.	
  The	
  workshop	
  included	
  representatives	
  from	
  the	
  solar	
  community	
  
and	
  the	
  Hawaii	
  State	
  Energy	
  Office	
  who	
  provided	
  input	
  and	
  direction	
  to	
  the	
  methodology.	
  A	
  meeting	
  
was	
  also	
  held	
  with	
  the	
  Hawaii	
  Public	
  Utilities	
  Commission	
  staff	
  which	
  provided	
  direction	
  and	
  insight	
  into	
  
storage	
  opportunities	
  and	
  challenges	
  in	
  the	
  context	
  of	
  the	
  state’s	
  electric	
  grid	
  requirements.	
  

The	
  desire	
  to	
  investigate	
  storage	
  and	
  consider	
  its	
  use	
  as	
  an	
  enabling	
  technology	
  in	
  the	
  islands	
  is	
  
motivated	
  by	
  two	
  observations.	
  	
  

First,	
  the	
  very	
  high	
  level	
  of	
  solar	
  adoption	
  there	
  has	
  led	
  to	
  concern	
  by	
  the	
  utility	
  that	
  distribution	
  
transient	
  over-­‐voltages	
  may	
  exceed	
  allowable	
  limits	
  and	
  that	
  backfeed	
  on	
  feeders	
  may	
  disrupt	
  circuit	
  
protection.	
  This	
  has	
  caused	
  a	
  backlog	
  in	
  interconnection	
  approvals	
  and	
  a	
  severe	
  disruption	
  in	
  the	
  solar	
  
industry,	
  although	
  recent	
  NREL/SolarCity/HECO	
  inverter	
  studies	
  have	
  indicated	
  that	
  transient	
  over-­‐
voltage	
  concerns	
  can	
  be	
  overcome	
  through	
  fast-­‐tripping	
  inverters.1	
  Batteries	
  could	
  be	
  charged	
  using	
  
solar	
  energy,	
  thereby	
  reducing	
  or	
  eliminating	
  export	
  onto	
  the	
  grid	
  and	
  overcoming	
  the	
  immediate	
  
interconnection	
  bottleneck	
  related	
  to	
  reverse	
  power	
  flow	
  concerns.	
  

Second,	
  the	
  generation	
  capacity-­‐related	
  benefits	
  of	
  solar	
  alone,	
  as	
  a	
  non-­‐dispatchable	
  resource,	
  are	
  
expected	
  to	
  be	
  modest	
  since	
  the	
  peak	
  demand	
  in	
  Hawaii	
  is	
  found	
  in	
  the	
  evening	
  hours.	
  Storage	
  could	
  be	
  
used	
  to	
  charge	
  daytime	
  solar	
  energy	
  for	
  later	
  dispatch	
  during	
  the	
  peak	
  after	
  sundown.	
  Thus,	
  the	
  
combination	
  of	
  solar	
  plus	
  storage	
  would	
  increase	
  both	
  capacity	
  and	
  energy	
  benefits.	
  

Potential Benefit of Storage 

A	
  rough	
  approximation	
  of	
  the	
  potential	
  benefit	
  that	
  would	
  result	
  from	
  the	
  addition	
  of	
  storage	
  (over	
  
solar	
  alone)	
  may	
  be	
  made	
  as	
  follows.	
  	
  First,	
  assume	
  that	
  the	
  cost	
  of	
  capacity	
  in	
  Hawaii	
  is	
  $2000	
  per	
  kW,2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  “Inverter	
  Load	
  Rejection	
  Over-­‐Voltage	
  Testing”,	
  A.	
  Nelson,	
  et	
  al,	
  National	
  Renewable	
  Energy	
  Lab,	
  February	
  2015	
  
2	
  Resource	
  options	
  are	
  found	
  in	
  the	
  Hawaiian	
  Electric	
  2013	
  Integrated	
  Resource	
  Planning	
  Report	
  
(http://www.hawaiianelectric.com/heco/Clean-­‐Energy/Integrated-­‐Resource-­‐Planning).	
  Behind-­‐the-­‐meter	
  storage	
  
would	
  probably	
  be	
  dispatched	
  with	
  approximately	
  the	
  same	
  capacity	
  factor	
  (5%)	
  as	
  ”simple	
  cycle”	
  (peaking)	
  	
  
resources.	
  The	
  IRP	
  (Appendix	
  K)	
  includes	
  seven	
  such	
  commercial	
  resource	
  options,	
  including	
  biodiesel	
  
reciprocating	
  engines,	
  biodiesel	
  gas	
  turbines,	
  and	
  natural	
  gas	
  turbines.	
  These	
  range	
  in	
  capital	
  cost	
  from	
  $1,997	
  to	
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and	
  that	
  new	
  capacity	
  is	
  needed	
  in	
  the	
  near	
  term.	
  Also,	
  assume	
  that	
  a	
  utility	
  peak	
  load	
  reduction	
  of	
  1	
  
kW	
  requires	
  2	
  kWh	
  of	
  storage	
  capacity,3	
  and	
  that	
  for	
  simplicity	
  the	
  power	
  rating	
  of	
  storage	
  is	
  equal	
  to	
  
the	
  power	
  rating	
  of	
  PV	
  (for	
  every	
  kW	
  of	
  PV	
  resource,	
  there	
  is	
  1	
  kW	
  /	
  2	
  kWh	
  of	
  storage).	
  	
  

Finally,	
  assume	
  that	
  the	
  desired	
  peak	
  load	
  reduction	
  is	
  achieved	
  by	
  operating	
  the	
  battery	
  in	
  this	
  way	
  
over	
  the	
  top	
  90	
  highest	
  peak	
  days,	
  based	
  on	
  day-­‐ahead	
  forecasts,	
  and	
  not	
  cycled	
  significantly	
  during	
  the	
  
remaining	
  nine	
  months.	
  While	
  Hawaii	
  does	
  not	
  exhibit	
  seasonal	
  variation	
  as	
  pronounced	
  as	
  many	
  
mainland	
  utilities,	
  Figure	
  1	
  indicates	
  that	
  the	
  highest	
  loads	
  are	
  clustered	
  in	
  the	
  August	
  to	
  November	
  
timeframe.	
  Thus,	
  the	
  assumption	
  is	
  that	
  the	
  top	
  90	
  days	
  per	
  year	
  could	
  be	
  selected	
  for	
  battery	
  dispatch.4	
  
The	
  battery	
  would	
  not	
  be	
  dispatched	
  on	
  other	
  days	
  in	
  order	
  to	
  preserve	
  cycle	
  life.	
  

	
  

Figure 1. Oahu seasonal electric loads, taken on the 15th of each calendar month. 

	
  

The	
  capacity	
  benefit	
  in	
  this	
  scenario	
  is	
  calculated	
  in	
  Table	
  1,	
  showing	
  a	
  study	
  period	
  of	
  25	
  years	
  (typical	
  
assumption	
  for	
  PV	
  life).5	
  PV	
  production	
  of	
  1800	
  kWh	
  per	
  kW-­‐AC	
  (including	
  losses)	
  is	
  based	
  on	
  a	
  
simulation	
  for	
  Honolulu	
  using	
  SolarAnywhere.	
  PV	
  capacity	
  is	
  assumed	
  to	
  degrade	
  each	
  year	
  by	
  0.5%.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
$6,633	
  per	
  kW.	
  The	
  cost	
  of	
  $2,000	
  per	
  kW	
  is	
  the	
  lowest	
  cost	
  peaking	
  resource	
  option,	
  and	
  is	
  therefore	
  
conservative.	
  
3	
  This	
  could	
  be	
  dispatched,	
  say,	
  over	
  a	
  four	
  hour	
  peak	
  period	
  using	
  a	
  load-­‐following	
  algorithm.	
  For	
  example,	
  if	
  the	
  
load	
  shape	
  allowed	
  storage	
  to	
  be	
  discharged	
  over	
  four	
  hours	
  by	
  ramping	
  linearly	
  from	
  zero	
  to	
  full	
  power	
  over	
  two	
  
hours,	
  then	
  ramping	
  down	
  to	
  zero	
  over	
  the	
  next	
  two	
  hours,	
  then	
  a	
  1	
  kW	
  load	
  reduction	
  would	
  require	
  2	
  kWh	
  of	
  
storage.	
  
4	
  The	
  figure	
  is	
  simplistic	
  in	
  that	
  it	
  utilizes	
  data	
  for	
  only	
  12	
  sample	
  days	
  per	
  year.	
  A	
  more	
  detailed	
  examination	
  is	
  
warranted,	
  requiring	
  a	
  larger	
  dataset.	
  
5	
  Note	
  that	
  90	
  cycles	
  per	
  year	
  over	
  25	
  years	
  results	
  in	
  2250	
  cycles.	
  This	
  is	
  roughly	
  double	
  the	
  expected	
  cycle	
  life	
  of	
  
lithium	
  ion.	
  This	
  estimate	
  assumes	
  that	
  batteries	
  would	
  be	
  replaced	
  by	
  the	
  customer	
  as	
  required.	
  In	
  the	
  case	
  of	
  
lithium	
  ion,	
  replacement	
  would	
  occur	
  once	
  in	
  the	
  middle	
  of	
  the	
  25	
  year	
  period.	
  



Valuation of Solar + Storage in Hawaii: Methodology 
 

 

3 
 

The	
  amount	
  of	
  stored	
  energy	
  based	
  on	
  90	
  days	
  per	
  year,	
  and	
  2	
  kWh	
  per	
  day	
  per	
  kW	
  of	
  peak	
  load	
  
reduction,	
  or	
  90	
  x	
  2	
  =	
  180	
  kWh	
  per	
  year.	
  Storage	
  losses	
  (assuming	
  20%	
  of	
  charging	
  energy)	
  are	
  45	
  kWh	
  
per	
  year.6	
  For	
  each	
  year,	
  the	
  non-­‐stored	
  energy	
  is	
  the	
  available	
  solar	
  production,	
  less	
  the	
  stored	
  energy,	
  
less	
  the	
  storage	
  losses.	
  This	
  is	
  the	
  energy	
  that	
  can	
  be	
  used	
  to	
  serve	
  load	
  directly	
  (or	
  be	
  exported	
  to	
  the	
  
grid,	
  as	
  the	
  case	
  may	
  be).	
  The	
  net	
  generation,	
  defined	
  later	
  in	
  this	
  report,	
  is	
  the	
  sum	
  of	
  the	
  non-­‐stored	
  
and	
  stored	
  energy	
  (assuming	
  that	
  there	
  is	
  no	
  curtailment).	
  

Finally,	
  a	
  levelized	
  capacity	
  value	
  of	
  $0.103	
  per	
  kWh	
  of	
  net	
  generation	
  is	
  calculated.	
  This	
  value	
  is	
  verified	
  
as	
  follows.	
  For	
  each	
  year,	
  the	
  levelized	
  value	
  is	
  multiplied	
  by	
  the	
  net	
  generation	
  to	
  get	
  the	
  annual	
  value.	
  
For	
  example,	
  in	
  year	
  3,	
  the	
  annual	
  value	
  is	
  $0.103	
  per	
  kWh	
  x	
  1,728	
  kWh	
  =	
  $178	
  per	
  kW	
  of	
  PV/storage.	
  
This	
  also	
  represents	
  a	
  value	
  of	
  $178	
  per	
  kW	
  of	
  peak	
  load	
  reduction	
  to	
  the	
  utility	
  in	
  year	
  3.	
  Next,	
  this	
  is	
  
discounted	
  to	
  net	
  present	
  value	
  using	
  an	
  assumed	
  utility	
  discount	
  rate	
  of	
  8%,	
  or	
  $178/(1.08)^3	
  =	
  $142	
  
per	
  kW.	
  The	
  sum	
  of	
  all	
  years	
  is	
  the	
  net	
  present	
  value	
  of	
  $2000	
  per	
  kW.	
  

In	
  other	
  words,	
  a	
  customer	
  sited	
  storage	
  system,	
  sized	
  and	
  dispatched	
  as	
  described	
  above,	
  could	
  reduce	
  
the	
  peak	
  load	
  by	
  1	
  kW	
  per	
  kW	
  of	
  battery	
  power	
  capacity.	
  Based	
  on	
  the	
  above	
  estimate,	
  the	
  utility	
  would	
  
be	
  economically	
  indifferent	
  to	
  (1)	
  paying	
  the	
  customer	
  for	
  this	
  peak	
  reduction	
  service	
  a	
  rate	
  of	
  $0.103	
  
per	
  kWh	
  of	
  net	
  generation	
  and	
  (2)	
  installing	
  new	
  peaking	
  generation	
  at	
  a	
  cost	
  of	
  $2000	
  per	
  kW.	
  

An	
  estimate	
  of	
  the	
  benefits	
  of	
  distributed	
  solar	
  alone	
  (including	
  energy	
  benefit	
  and	
  other	
  benefits)	
  is	
  not	
  
included	
  here.	
  But	
  suppose	
  the	
  benefit	
  of	
  solar	
  alone	
  is	
  $0.20	
  per	
  kWh.	
  Then	
  the	
  analysis	
  above	
  suggests	
  
that	
  the	
  net	
  generation	
  coming	
  from	
  the	
  hybrid	
  system	
  would	
  have	
  a	
  value	
  of	
  $0.20	
  +	
  $0.103	
  =	
  $0.303	
  
per	
  kWh.	
  

A	
  more	
  comprehensive	
  analysis	
  is	
  required	
  using	
  the	
  methods	
  described	
  in	
  this	
  methodology	
  report,	
  
including	
  the	
  use	
  of	
  actual	
  utility	
  system	
  load	
  and	
  cost	
  data,	
  a	
  model	
  of	
  hourly	
  dispatch,	
  and	
  other	
  
factors	
  rather	
  than	
  the	
  simplified	
  assumptions	
  presented	
  here.	
  But	
  this	
  example	
  does	
  give	
  a	
  rough	
  
approximation,	
  and	
  it	
  adds	
  impetus	
  to	
  conduct	
  a	
  more	
  in-­‐depth	
  study.	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
6	
  Energy	
  used	
  to	
  charge	
  storage	
  is	
  180	
  kWh	
  /	
  (1	
  –	
  20%)	
  =	
  225	
  kWh.	
  Losses	
  are	
  225	
  –	
  180	
  =	
  45	
  kWh.	
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Table 1. Capacity Value Calculation. 

	
  

Cost of Customer Storage 

There	
  is	
  limited	
  experience	
  with	
  customer-­‐owned,	
  grid	
  connected	
  storage,	
  but	
  it	
  is	
  possible	
  to	
  estimate	
  
costs	
  using	
  available	
  market	
  data.	
  Tesla	
  Motors	
  recently	
  announced7	
  the	
  availability	
  of	
  a	
  residential	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
7	
  http://www.teslamotors.com/presskit/teslaenergy.	
  Tesla	
  indicates	
  that	
  the	
  cost	
  for	
  a	
  2	
  kW	
  /	
  10	
  kWh	
  battery	
  is	
  
$3,500	
  and	
  the	
  cost	
  for	
  a	
  2	
  kW	
  /	
  7	
  kWh	
  battery	
  is	
  $3,000.	
  The	
  SolarCity	
  installed	
  cost	
  included	
  here	
  is	
  for	
  the	
  10	
  
kWh	
  battery.	
  

Year
PV	
  

Production
Non-­‐stored Stored

Storage	
  
Losses

Net	
  
Generation

kWh/kW kWh/kW kWh/kW kWh/kW kWh/kW Lev.	
  
$/kWh

$/kW Disc.	
  
$/kW

0 1,800 1,575 180 45 1,755 $0.103 $181 $181
1 1,791 1,566 180 45 1,746 $0.103 $180 $167
2 1,782 1,557 180 45 1,737 $0.103 $179 $154
3 1,773 1,548 180 45 1,728 $0.103 $178 $142
4 1,764 1,539 180 45 1,719 $0.103 $177 $130
5 1,755 1,530 180 45 1,710 $0.103 $176 $120
6 1,746 1,521 180 45 1,701 $0.103 $176 $111
7 1,737 1,512 180 45 1,692 $0.103 $175 $102
8 1,728 1,503 180 45 1,683 $0.103 $174 $94
9 1,719 1,494 180 45 1,674 $0.103 $173 $86
10 1,710 1,485 180 45 1,665 $0.103 $172 $80
11 1,701 1,476 180 45 1,656 $0.103 $171 $73
12 1,692 1,467 180 45 1,647 $0.103 $170 $67
13 1,683 1,458 180 45 1,638 $0.103 $169 $62
14 1,674 1,449 180 45 1,629 $0.103 $168 $57
15 1,665 1,440 180 45 1,620 $0.103 $167 $53
16 1,656 1,431 180 45 1,611 $0.103 $166 $49
17 1,647 1,422 180 45 1,602 $0.103 $165 $45
18 1,638 1,413 180 45 1,593 $0.103 $164 $41
19 1,629 1,404 180 45 1,584 $0.103 $163 $38
20 1,620 1,395 180 45 1,575 $0.103 $163 $35
21 1,611 1,386 180 45 1,566 $0.103 $162 $32
22 1,602 1,377 180 45 1,557 $0.103 $161 $30
23 1,593 1,368 180 45 1,548 $0.103 $160 $27
24 1,584 1,359 180 45 1,539 $0.103 $159 $25

$2,000

Levelized	
  Value
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lithium-­‐ion	
  battery	
  product,	
  and	
  based	
  on	
  this	
  product,	
  SolarCity	
  indicated8	
  an	
  installed	
  cost	
  (pre-­‐
inverter)	
  of	
  $500	
  per	
  kWh.9	
  This	
  is	
  in	
  line	
  with	
  the	
  low	
  end	
  estimate	
  from	
  a	
  Purdue	
  University	
  study10	
  
which	
  estimates	
  the	
  capital	
  costs	
  of	
  lithium	
  ion	
  battery	
  energy	
  storage	
  systems11	
  for	
  time-­‐shift	
  
applications	
  (2	
  –	
  4	
  hours)	
  to	
  be	
  in	
  the	
  range	
  of	
  $500	
  -­‐	
  $1500	
  per	
  kWh	
  for	
  energy.	
  	
  

Inverter	
  costs	
  would	
  be	
  in	
  addition	
  to	
  these	
  amounts,	
  and	
  the	
  Purdue	
  study	
  indicated	
  $400	
  -­‐	
  $1000	
  per	
  
kW	
  for	
  power.	
  However,	
  in	
  a	
  combined	
  solar/storage	
  hybrid	
  design,	
  it	
  would	
  be	
  possible	
  to	
  configure	
  
the	
  system	
  such	
  that	
  the	
  solar	
  array	
  and	
  storage	
  element	
  share	
  a	
  common	
  inverter	
  (connecting	
  to	
  the	
  
same	
  DC	
  buss.	
  Such	
  a	
  configuration	
  would	
  require	
  that	
  the	
  inverter	
  that	
  operates	
  bi-­‐directionally	
  (both	
  
“inverting”	
  and	
  “rectifying,”	
  i.e.,	
  discharging	
  and	
  charging),	
  unlike	
  conventional	
  inverters	
  that	
  only	
  
operate	
  in	
  the	
  forward	
  DC-­‐to-­‐AC	
  direction.	
  In	
  addition,	
  the	
  inverter	
  would	
  have	
  to	
  allow	
  an	
  additional	
  
connection	
  port	
  on	
  the	
  DC	
  side.	
  Both	
  of	
  these	
  modifications	
  are	
  simple.	
  Provided	
  that	
  the	
  total	
  kW	
  
power	
  rating	
  of	
  the	
  inverter	
  does	
  not	
  change,	
  the	
  incremental	
  cost	
  for	
  battery	
  support	
  should	
  not	
  be	
  
significant.	
  Therefore,	
  the	
  low	
  end	
  of	
  the	
  Purdue	
  estimate	
  of	
  $400	
  per	
  kW	
  is	
  used	
  here.	
  

Therefore	
  the	
  lower	
  bound	
  of	
  both	
  inverter	
  power	
  ($400	
  per	
  kW)	
  and	
  energy	
  ($500	
  per	
  kWh)	
  are	
  taken	
  
as	
  the	
  cost	
  estimate,	
  for	
  a	
  total	
  of	
  $400	
  per	
  kW	
  +	
  $500	
  per	
  kWh	
  x	
  2	
  kWh	
  per	
  kW	
  =	
  $1400	
  per	
  kW.	
  As	
  
shown	
  in	
  Table	
  2,	
  the	
  incremental	
  cost	
  of	
  this	
  storage	
  would	
  be	
  about	
  $0.079	
  per	
  kWh,12	
  	
  taking	
  into	
  
account	
  the	
  incremental	
  capital	
  cost	
  and	
  the	
  incremental	
  losses.	
  

	
  

Table 2. Incremental Storage Costs (8% Discount Rate) 

	
   Capital	
  Cost	
   First	
  Year	
  
Net	
  Energy	
  

25-­‐yr	
  Levelized	
  
Cost	
  ($/kWh)	
  

Solar	
  Only	
   $5,200	
  per	
  kW-­‐AC	
  
($4,000	
  per	
  kW-­‐DC)	
  

1,800	
  kWh	
   $0.261	
  

Solar+Storage	
   $6,600	
  per	
  kW-­‐AC	
   1,755	
  kWh	
   $0.340	
  
Incremental	
  
cost	
  of	
  storage	
  

$1,400	
  per	
  kW-­‐AC	
   45	
  kWh	
  
(losses)	
  

$0.079	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
8	
  http://www.greentechmedia.com/articles/read/solarcitys-­‐plan-­‐for-­‐tesla-­‐batteries-­‐share-­‐grid-­‐revenues-­‐with-­‐
homeowners?utm_source=Solar&utm_medium=Picture&utm_campaign=GTMDaily	
  	
  
9	
  $5,000	
  for	
  the	
  10	
  kWh	
  option.	
  
10	
  See	
  page	
  43	
  of	
  
http://www.purdue.edu/discoverypark/energy/assets/pdfs/SUFG/publications/SUFG%20Energy%20Storage%20Re
port.pdf	
  	
  
11	
  Battery	
  energy	
  storage	
  system	
  costs	
  include	
  batteries,	
  bi-­‐directional	
  power	
  conditioning,	
  and	
  balance	
  of	
  system	
  
(BOS)	
  such	
  as	
  charge	
  controls	
  and	
  auxiliaries.	
  
12	
  The	
  levelized	
  cost	
  of	
  storage	
  alone	
  based	
  on	
  the	
  energy	
  discharged	
  alone	
  (180	
  kWh	
  per	
  kW	
  per	
  year)	
  would	
  be	
  	
  
about	
  $0.68	
  per	
  kWh.	
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With	
  levelized	
  costs	
  less	
  than	
  levelized	
  benefits—$0.079	
  versus	
  $0.103—the	
  added	
  capital	
  cost	
  of	
  
storage	
  may	
  be	
  expected	
  to	
  pay	
  for	
  itself,	
  provided	
  that	
  the	
  capacity	
  benefit	
  is	
  monetized	
  for	
  the	
  
customer.	
  Expressed	
  in	
  capacity	
  terms,	
  the	
  incremental	
  storage	
  cost	
  is	
  $1400	
  per	
  kW	
  compared	
  to	
  the	
  
utility	
  cost	
  of	
  capacity	
  of	
  $2,000	
  per	
  kW.	
  

There	
  are	
  several	
  reasons	
  to	
  believe	
  that	
  the	
  customer	
  economics	
  may	
  even	
  be	
  more	
  attractive:	
  

	
  
• Downward	
  Cost	
  Trends.	
  We	
  know	
  that	
  the	
  costs	
  of	
  lithium	
  ion	
  technology	
  are	
  dropping	
  

significantly13	
  due	
  to	
  the	
  increase	
  in	
  production	
  and	
  sales	
  of	
  electric	
  vehicles	
  based	
  on	
  lithium	
  
ion	
  battery	
  packs.	
  Inverter	
  costs	
  are	
  also	
  decreasing.	
  The	
  electronics	
  costs	
  may	
  also	
  be	
  partly	
  
tied	
  to	
  electric	
  vehicle	
  sales,14	
  so	
  with	
  volumes	
  increasing	
  in	
  this	
  related	
  market	
  the	
  power-­‐
related	
  costs	
  would	
  decline.	
  
	
  

• Discount	
  Rate.	
  This	
  calculation	
  assumed	
  an	
  8%	
  discount	
  rate	
  for	
  both	
  the	
  utility	
  capacity	
  costs	
  
and	
  the	
  storage	
  costs.	
  In	
  actuality,	
  the	
  customer	
  discount	
  rate	
  may	
  be	
  less	
  (e.g.,	
  home	
  equity	
  
loans).	
  At	
  a	
  discount	
  rate	
  of	
  5%,	
  for	
  example,	
  the	
  levelized	
  cost	
  of	
  storage	
  decreases	
  to	
  $0.057	
  
per	
  kWh	
  of	
  net	
  generation	
  
	
  

• Combined	
  PV/Storage	
  Power	
  Conversion.	
  The	
  costs	
  assumed	
  above	
  include	
  the	
  power	
  
electronics	
  component	
  (to	
  charge	
  and	
  discharge	
  between	
  AC	
  and	
  DC).	
  However,	
  systems	
  could	
  
be	
  designed	
  to	
  serve	
  as	
  both	
  PV	
  inverters	
  and	
  charge	
  controllers.	
  While	
  the	
  cost	
  of	
  a	
  combined	
  
bi-­‐directional	
  power	
  conditioning	
  system	
  may	
  be	
  higher	
  than	
  a	
  PV	
  inverter	
  alone,	
  the	
  
incremental	
  cost	
  would	
  certainly	
  be	
  less	
  than	
  a	
  stand-­‐alone	
  system	
  dedicated	
  the	
  storage	
  
component	
  in	
  addition	
  to	
  the	
  PV	
  inverter.	
  
	
  

• Time-­‐Flexible	
  Loads.	
  Lithium	
  Ion	
  technology	
  is	
  not	
  the	
  only	
  option	
  for	
  energy	
  storage.	
  The	
  cost	
  
of	
  “time-­‐flexible	
  loads,”	
  described	
  briefly	
  in	
  this	
  document,	
  would	
  be	
  less.	
  These	
  may	
  prove	
  to	
  
be	
  an	
  attractive	
  approach	
  that	
  could	
  be	
  used	
  to	
  supplement	
  batteries	
  at	
  a	
  lower	
  total	
  cost.	
  

	
  

These	
  preliminary	
  results	
  suggest	
  that,	
  in	
  Hawaii	
  under	
  a	
  non-­‐export	
  policy,	
  the	
  incremental	
  cost	
  to	
  the	
  
customer	
  of	
  energy	
  storage	
  may	
  be	
  less	
  than	
  the	
  capacity	
  benefit	
  it	
  provides.	
  	
  

Solar-Only Studies 

While	
  a	
  number	
  of	
  solar	
  energy	
  valuation	
  studies	
  have	
  been	
  performed	
  over	
  the	
  years	
  by	
  CPR	
  and	
  
others,	
  the	
  technical	
  calculation	
  details	
  were	
  often	
  not	
  emphasized,	
  and	
  in	
  some	
  cases	
  it	
  has	
  been	
  
difficult	
  for	
  the	
  public	
  to	
  know	
  exactly	
  how	
  the	
  calculations	
  were	
  performed.	
  However,	
  two	
  recent	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
13	
  Tesla	
  Motors	
  is	
  expecting	
  a	
  decrease	
  in	
  battery	
  pack	
  costs	
  of	
  35%	
  from	
  2013	
  to	
  2017.	
  See	
  
http://www.teslamotors.com/sites/default/files/blog_attachments/gigafactory.pdf	
  	
  
14	
  For	
  example,	
  power	
  transistors	
  are	
  used	
  for	
  both	
  EV	
  charging	
  and	
  stationery	
  power	
  conditioning	
  systems.	
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methodologies	
  developed	
  by	
  CPR	
  were	
  designed	
  for	
  the	
  purpose	
  of	
  public	
  use,	
  with	
  the	
  intent	
  of	
  
providing	
  sufficient	
  detail	
  to	
  allow	
  different	
  analysts,	
  given	
  the	
  same	
  input	
  data,	
  to	
  arrive	
  at	
  exactly	
  the	
  
same	
  result.	
  Transparency	
  and	
  repeatability	
  were	
  key	
  objectives	
  in	
  these	
  studies.	
  

For	
  these	
  reasons,	
  these	
  two	
  methodologies	
  are	
  included	
  here	
  for	
  reference	
  as	
  they	
  are	
  relevant	
  to	
  this	
  
document.	
  The	
  first	
  methodology	
  was	
  developed	
  under	
  a	
  public,	
  stakeholder-­‐driven	
  process	
  in	
  April	
  
2014	
  for	
  the	
  Minnesota	
  Department	
  of	
  Commerce.15	
  This	
  methodology	
  included	
  a	
  set	
  of	
  technical	
  steps,	
  
such	
  as	
  simulating	
  fleets	
  of	
  distributed	
  PV	
  resources	
  and	
  calculating	
  loss	
  savings,	
  as	
  well	
  as	
  methods	
  to	
  
determine	
  avoided	
  costs	
  and	
  calculate	
  a	
  long	
  term	
  value	
  in	
  terms	
  of	
  dollars	
  per	
  kWh	
  of	
  energy	
  
generated	
  by	
  PV.	
  This	
  was	
  the	
  first	
  such	
  public	
  methodology,	
  and	
  it	
  was	
  later	
  adopted	
  by	
  the	
  Minnesota	
  
Public	
  Utilities	
  Commission.	
  

A	
  similar	
  methodology	
  was	
  prepared	
  in	
  March	
  2015	
  for	
  the	
  Maine	
  Public	
  Utilities	
  Commission.16	
  The	
  
Maine	
  methodology,	
  also	
  developed	
  with	
  significant	
  stakeholder	
  review,	
  was	
  primarily	
  differentiated	
  
from	
  the	
  Minnesota	
  work	
  by	
  the	
  use	
  of	
  market	
  pricing	
  for	
  energy,	
  generation	
  capacity,	
  and	
  regional	
  
transmission	
  (markets	
  managed	
  by	
  the	
  New	
  England	
  Independent	
  System	
  Operator).	
  It	
  also	
  included	
  
additional	
  societal	
  benefits:	
  the	
  net	
  social	
  cost	
  of	
  SO2	
  and	
  NOx	
  and	
  market	
  price	
  reduction.	
  

As	
  the	
  methodology	
  for	
  Hawaii	
  is	
  built	
  upon	
  the	
  work	
  in	
  Minnesota	
  and	
  Maine,	
  this	
  document	
  focuses	
  
on	
  the	
  unique	
  aspects	
  of	
  the	
  storage	
  addition,	
  and	
  incorporates	
  these	
  two	
  solar-­‐only	
  methodologies	
  by	
  
reference.	
  

Storage-Only Studies 

There	
  have	
  also	
  been	
  studies	
  performed	
  on	
  the	
  basis	
  of	
  grid-­‐connected,	
  stationary	
  storage	
  resources,	
  
without	
  solar.	
  Sandia17	
  evaluated	
  possible	
  use	
  scenarios,	
  for	
  example,	
  in	
  order	
  to	
  identify	
  the	
  types	
  of	
  
benefits	
  that	
  may	
  result	
  from	
  energy	
  storage,	
  such	
  as	
  electric	
  energy	
  time	
  shifting,	
  electric	
  supply	
  
capacity,	
  load	
  following,	
  frequency	
  regulation,	
  T&D	
  deferral,	
  power	
  quality,	
  and	
  others.	
  	
  

These	
  benefits	
  are	
  largely	
  dependent	
  on	
  the	
  specific	
  use	
  case.	
  They	
  cannot	
  always	
  be	
  combined	
  for	
  
multiple	
  benefits.	
  This	
  is	
  because	
  at	
  a	
  given	
  time	
  the	
  control	
  algorithm	
  of	
  one	
  use	
  case	
  may	
  be	
  in	
  conflict	
  
with	
  another.	
  For	
  example,	
  you	
  cannot	
  both	
  reserve	
  stored	
  energy	
  for	
  reserve	
  power	
  and	
  spend	
  storage	
  
energy	
  for	
  load	
  following	
  at	
  the	
  same	
  time.	
  

Another	
  factor	
  governing	
  use	
  cases	
  is	
  ownership	
  and	
  control.	
  Generally	
  speaking,	
  customer	
  use	
  cases	
  
require	
  customer	
  control,	
  and	
  utility	
  use	
  cases	
  require	
  utility	
  control.	
  There	
  may	
  be	
  exceptions	
  to	
  this	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
15	
  http://mn.gov/commerce/energy/businesses/energy-­‐leg-­‐initiatives/value-­‐of-­‐solar-­‐tariff-­‐methodology%20.jsp	
  	
  
16	
  https://mpuc-­‐cms.maine.gov/CQM.Public.WebUI/Common/CaseMaster.aspx?CaseNumber=2014-­‐00171	
  	
  
17	
  http://www.sandia.gov/ess/publications/SAND2010-­‐0815.pdf	
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rule	
  that	
  emerge	
  (similar	
  to	
  some	
  demand	
  response	
  programs).	
  However,	
  this	
  methodology	
  presumes	
  
that	
  the	
  equipment	
  is	
  customer	
  sited	
  and	
  therefore	
  customer	
  controlled.	
  

Two	
  of	
  the	
  Sandia	
  use	
  cases	
  are	
  considered	
  here:	
  “electric	
  energy	
  time	
  shift”	
  and	
  “electric	
  supply	
  
capacity.”	
  These	
  use	
  cases	
  are	
  incorporated	
  into	
  the	
  methodology	
  using	
  the	
  same	
  evaluation	
  methods	
  
as	
  the	
  solar-­‐only	
  studies,	
  but	
  using	
  the	
  net	
  generation	
  profile	
  shapes	
  (solar	
  plus	
  storage)	
  described	
  in	
  
this	
  report.	
  

Valuation Framework 

The	
  solar	
  plus	
  storage	
  valuation	
  methodology	
  developed	
  here	
  is	
  intended	
  to	
  estimate	
  the	
  value,	
  i.e.,	
  the	
  
net	
  benefits	
  minus	
  costs,	
  that	
  accrue	
  to	
  the	
  utility	
  and	
  its	
  customers	
  from	
  grid	
  connected,	
  behind-­‐the-­‐
meter,	
  distributed	
  hybrid	
  solar/storage	
  resources.	
  The	
  perspective	
  of	
  the	
  customer	
  utilizing	
  such	
  a	
  
hybrid	
  system	
  is	
  not	
  addressed,	
  so	
  cost-­‐effectiveness	
  tests	
  such	
  a	
  payback	
  and	
  internal	
  rate	
  of	
  return	
  are	
  
not	
  part	
  of	
  this	
  methodology.	
  	
  

Technical Evaluation 

Fleets versus Systems 

The	
  Minnesota	
  and	
  Maine	
  methodologies	
  include	
  methods	
  for	
  evaluating	
  a	
  fleet	
  of	
  PV	
  resources.	
  The	
  
rationale	
  for	
  this	
  is	
  that	
  every	
  system	
  will	
  have	
  unique	
  characteristics	
  of	
  (1)	
  latitude/longitude	
  
coordinates,	
  and	
  (2)	
  orientation	
  (tilt	
  and	
  azimuth	
  angles).	
  The	
  value	
  is	
  therefore	
  based	
  on	
  a	
  blend	
  of	
  
anticipated	
  locations	
  and	
  orientations.	
  Storage	
  adds	
  two	
  additional	
  dimensions	
  to	
  the	
  mix:	
  the	
  size	
  of	
  
storage	
  in	
  power	
  (kW)	
  and	
  energy	
  (kWh,	
  or	
  simply	
  “hours”)	
  relative	
  to	
  the	
  nominal	
  size	
  of	
  PV.	
  	
  

There	
  are	
  two	
  approaches	
  to	
  address	
  this	
  problem.	
  First,	
  one	
  or	
  more	
  “typical”	
  systems	
  may	
  be	
  defined	
  
and	
  evaluated.	
  This	
  is	
  covered	
  more	
  fully	
  in	
  the	
  Study	
  Scenarios	
  section.	
  Second,	
  a	
  fleet	
  of	
  hybrid	
  
systems	
  may	
  be	
  defined	
  and	
  evaluated.	
  Like	
  the	
  solar-­‐only	
  studies,	
  this	
  fleet	
  may	
  be	
  based	
  on	
  a	
  
representative	
  blend	
  of	
  systems,	
  rather	
  than	
  actual	
  systems.	
  Furthermore,	
  the	
  dispatch	
  could	
  be	
  based	
  
on	
  representative	
  customer	
  load	
  shapes,	
  such	
  as	
  those	
  defined	
  by	
  customers	
  in	
  a	
  given	
  rate	
  class	
  or	
  
customers	
  on	
  a	
  particular	
  rate	
  schedule.	
  

Net Generation Profile 

For	
  the	
  solar-­‐only	
  studies,	
  the	
  generation	
  profile,	
  i.e.,	
  the	
  hourly	
  energy	
  output	
  of	
  solar	
  that	
  provides	
  the	
  
benefits	
  and	
  costs	
  to	
  be	
  evaluated,	
  is	
  based	
  on	
  a	
  deterministic	
  modeling	
  process.	
  In	
  the	
  case	
  of	
  hybrid	
  
systems,	
  however,	
  the	
  hourly	
  charge	
  and	
  discharge	
  profile	
  of	
  the	
  storage	
  component	
  is	
  user-­‐defined.	
  
The	
  output	
  of	
  these	
  systems	
  depends	
  on	
  how	
  they	
  are	
  operated.	
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To	
  address	
  this	
  issue,	
  four	
  basic	
  algorithms	
  are	
  described	
  in	
  this	
  methodology	
  (see	
  “Dispatch	
  Models”).	
  
The	
  algorithms	
  define	
  a	
  charge/discharge	
  pattern	
  based	
  on	
  one	
  of	
  four	
  possible	
  objectives:	
  	
  

• Maximize	
  value	
  to	
  the	
  utility	
  
• Maximize	
  value	
  to	
  the	
  customer/owner	
  (time-­‐of-­‐use	
  rate	
  schedule)	
  
• Maximize	
  value	
  to	
  the	
  customer/owner	
  (demand	
  schedule)	
  
• Maximize	
  value	
  to	
  the	
  customer/owner	
  (standard	
  schedule)	
  

Whereas	
  solar-­‐only	
  evaluation	
  is	
  based	
  on	
  energy	
  generated	
  by	
  a	
  photovoltaic	
  (PV)	
  system	
  measured	
  by	
  
the	
  output	
  of	
  the	
  inverter,	
  the	
  hybrid	
  evaluation	
  must	
  consider	
  additional	
  factors.	
  The	
  energy	
  to	
  be	
  
valued	
  is	
  the	
  net	
  increase	
  or	
  decrease	
  in	
  energy	
  that	
  would	
  be	
  delivered	
  by	
  the	
  utility	
  as	
  a	
  result	
  of	
  the	
  
hybrid	
  system	
  behavior.	
  	
  

As	
  illustrated	
  in	
  Figure	
  2,	
  this	
  “net	
  generation”	
  is	
  the	
  combined,	
  net	
  result	
  of	
  (1)	
  PV	
  generation,	
  (2)	
  
battery	
  charging	
  or	
  discharging,	
  and	
  (3)	
  curtailment.	
  Curtailment	
  may	
  be	
  required	
  if	
  export	
  energy	
  is	
  
prohibited.	
  In	
  this	
  case,	
  the	
  amount	
  of	
  curtailment	
  necessary	
  would	
  be	
  based	
  on	
  real-­‐time	
  load,	
  
available	
  PV	
  power,	
  and	
  the	
  SOC	
  of	
  the	
  battery.	
  	
  

Net	
  generation	
  may	
  be	
  either	
  positive	
  or	
  negative.	
  For	
  example,	
  in	
  a	
  given	
  hour,	
  the	
  net	
  generation	
  may	
  
be	
  made	
  up	
  of	
  PV	
  production	
  minus	
  battery	
  charging,	
  minus	
  curtailment.	
  In	
  another	
  hour	
  it	
  might	
  be	
  
made	
  up	
  of	
  PV	
  production	
  plus	
  batter	
  discharge,	
  without	
  any	
  curtailment.	
  In	
  another	
  hour	
  it	
  may	
  be	
  
made	
  up	
  of	
  only	
  battery	
  charging	
  from	
  the	
  grid	
  (no	
  PV	
  or	
  curtailment).	
  	
  

	
  

Figure 2. Definition of Net Generation for Valuation Purposes 

	
  

It	
  is	
  important	
  to	
  note	
  that	
  net	
  generation	
  is	
  not	
  the	
  same	
  as	
  export	
  energy	
  and	
  it	
  would	
  require	
  at	
  least	
  
one	
  separate	
  meter	
  to	
  measure	
  it	
  (if	
  desired).	
  Note	
  also	
  that	
  curtailment	
  would	
  probably	
  not	
  be	
  directly	
  
measureable	
  because	
  it	
  would	
  most	
  likely	
  be	
  accomplished	
  by	
  reducing	
  the	
  PV	
  power	
  passing	
  through	
  
inverter	
  from	
  its	
  maximum	
  level	
  to	
  a	
  reduced	
  level.	
  In	
  the	
  simplest	
  arrangement,	
  net	
  generation	
  could	
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be	
  measured	
  using	
  a	
  single	
  meter	
  combining	
  the	
  PV	
  and	
  battery	
  on	
  a	
  single	
  circuit	
  (or	
  on	
  the	
  DC	
  bus	
  of	
  
the	
  inverter).	
  	
  

Other Technical Factors 

Once	
  the	
  net	
  generation	
  time	
  series	
  data	
  is	
  developed,	
  the	
  calculations	
  of	
  effective	
  load	
  carrying	
  
capability	
  (ELCC),	
  peak	
  load	
  reduction	
  (PLR),	
  and	
  loss	
  savings	
  factors	
  for	
  energy,	
  ELCC	
  and	
  distribution	
  
would	
  all	
  be	
  computed	
  using	
  the	
  methods	
  described	
  for	
  Minnesota/Maine.	
  

Economic Value 

Benefit/Cost Components 

In	
  a	
  stakeholder-­‐driven	
  process,	
  much	
  of	
  the	
  input	
  concerns	
  the	
  selection	
  of	
  benefit/cost	
  components.	
  
Energy	
  supply	
  components	
  (fuel	
  and	
  generation	
  capacity)	
  are	
  widely	
  accepted	
  because	
  they	
  are	
  utility	
  
avoided	
  costs.18	
  Transmission	
  and	
  distribution	
  avoided	
  capital	
  costs	
  are	
  also	
  generally	
  accepted,	
  but	
  the	
  
methodologies	
  are	
  less	
  established	
  and	
  accepted.	
  	
  

In	
  general,	
  it	
  is	
  more	
  difficult	
  to	
  obtain	
  consensus	
  on	
  the	
  inclusion	
  or	
  exclusion	
  of	
  environmental	
  
components	
  and	
  other	
  societal	
  values.	
  This	
  is	
  partly	
  due	
  to	
  the	
  fact	
  that	
  they	
  are	
  not	
  utility	
  avoided	
  
costs	
  (i.e.,	
  they	
  are	
  not	
  expenses	
  incurred	
  by	
  the	
  utility	
  or	
  collected	
  in	
  rates)	
  and	
  partly	
  because	
  the	
  
methodologies	
  rely	
  on	
  more	
  speculative	
  assumptions.	
  

With	
  these	
  caveats,	
  a	
  proposed	
  strawman	
  of	
  benefit	
  categories	
  are	
  included	
  in	
  Figure	
  3,	
  along	
  with	
  an	
  
overview	
  of	
  the	
  computation	
  of	
  those	
  categories.	
  	
  A	
  full	
  study	
  would	
  benefit	
  from	
  including	
  a	
  review	
  of	
  
the	
  relevance	
  of	
  these	
  components,	
  as	
  CPR	
  has	
  done	
  in	
  its	
  prior	
  solar-­‐only	
  studies.	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
18	
  There	
  is	
  usually	
  stakeholder	
  input	
  related	
  to	
  the	
  specific	
  methods	
  used	
  for	
  energy	
  and	
  capacity	
  valuation,	
  but	
  
not	
  whether	
  the	
  categories	
  should	
  be	
  included.	
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Figure 3. Example Benefit and Cost Calculation 

	
  

	
  

A	
  few	
  observations	
  may	
  be	
  made	
  related	
  to	
  the	
  methodologies	
  as	
  they	
  relate	
  to	
  the	
  addition	
  of	
  storage.	
  
These	
  are	
  detailed	
  below.	
  

Avoided Fuel Cost and Fuel Price Uncertainty 

In	
  the	
  solar-­‐only	
  methodologies,	
  natural	
  gas	
  has	
  been	
  assumed	
  as	
  the	
  displaced	
  fuel.	
  In	
  Hawaii,	
  oil-­‐fired	
  
generation	
  is	
  predominant,	
  so	
  adjustments	
  would	
  have	
  to	
  be	
  made	
  accordingly.	
  Futures	
  for	
  fuel	
  oil	
  
would	
  be	
  used	
  instead	
  of	
  natural	
  gas,	
  and	
  transportation	
  to	
  the	
  islands	
  would	
  be	
  factored	
  in.	
  

Generation Capacity Cost 

The	
  methodology	
  would	
  be	
  the	
  same	
  as	
  Minnesota,	
  with	
  two	
  differences.	
  
• For	
  Minnesota,	
  a	
  blend	
  of	
  natural	
  gas	
  simple	
  cycle	
  turbines	
  and	
  combined	
  cycle	
  turbines	
  were	
  

used.	
  The	
  cost	
  basis	
  for	
  Hawaii	
  would	
  have	
  to	
  correspond	
  to	
  the	
  technology	
  anticipated	
  by	
  
HECO	
  for	
  the	
  next	
  capacity	
  addition.	
  For	
  example,	
  if	
  diesel	
  plants	
  were	
  used,	
  then	
  the	
  costs	
  
should	
  be	
  taken	
  for	
  diesel.	
  

• The	
  costs	
  should	
  be	
  discounted	
  if	
  the	
  expected	
  capacity	
  is	
  to	
  be	
  installed	
  in	
  some	
  future	
  year.	
  

Gross	
  
Value

Load	
  
Match	
  
Factor

Loss	
  
Savings	
  
Factor

Distributed	
  
PV	
  Value

A × B × (1+C) = D
($/kWh) (%) (%) ($/kWh)

Avoided	
  Fuel	
  Cost C1 LSF-­‐Energy V1
Avoided	
  Gen.	
  Capacity	
  Cost C2 ELCC LSF-­‐ELCC V2
Avoided	
  Res.	
  Gen.	
  Capacity	
  Cost C3 ELCC LSF-­‐ELCC V3
Frequency	
  Regulation C4 ELCC LSF-­‐ELCC V4
(Solar	
  Integration	
  Cost) (C5) LSF-­‐Energy (V5)
Avoided	
  Trans.	
  Capacity	
  Cost C6 ELCC LSF-­‐ELCC V6

Avoided	
  Dist.	
  Capacity	
  Cost C7 PLR LSF-­‐Dist V7

Voltage	
  Regulation C8 V8
Social	
  Cost	
  of	
  Carbon C9 LSF-­‐Energy V9
Social	
  Cost	
  of	
  SO2 C10 LSF-­‐Energy V10
Social	
  Cost	
  of	
  NOx C11 LSF-­‐Energy V11
Marginal	
  Cost	
  Response C12 LSF-­‐Energy V12
Avoided	
  Fuel	
  Price	
  Uncertainty C13 LSF-­‐Energy V13

Total

Other

Energy	
  
Supply

Environmental

Transmission	
  &	
  
Distribution
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Frequency Regulation 

This	
  benefit	
  has	
  not	
  been	
  included	
  in	
  solar-­‐only	
  studies.	
  Storage	
  has	
  the	
  ability	
  to	
  charge	
  and	
  discharge	
  
in	
  response	
  to	
  signals	
  from	
  the	
  grid	
  operator	
  in	
  order	
  to	
  help	
  regulate	
  frequency.	
  However,	
  it	
  would	
  not	
  
be	
  able	
  to	
  provide	
  this	
  service	
  during	
  the	
  system	
  peak	
  without	
  increasing	
  power	
  rating.	
  For	
  example,	
  if	
  
the	
  system	
  were	
  discharged	
  at	
  its	
  rated	
  power	
  capacity	
  to	
  support	
  the	
  system	
  peak,	
  it	
  could	
  not	
  also	
  
provide	
  additional	
  power	
  that	
  would	
  be	
  required	
  to	
  support	
  frequency.	
  

Considerations	
  such	
  as	
  benefits	
  of	
  frequency	
  regulation	
  for	
  only	
  selected	
  hours,	
  telemetry	
  requirements	
  
for	
  small,	
  residential	
  systems,	
  and	
  the	
  combination	
  of	
  multiple	
  storage	
  use	
  cases	
  require	
  additional	
  
study.	
  

Avoided Distribution Capacity Cost 

This	
  category	
  may	
  be	
  problematic	
  for	
  Hawaii	
  because	
  HECO	
  is	
  facing	
  the	
  possibility	
  of	
  cost	
  increases	
  in	
  
order	
  to	
  support	
  solar	
  in	
  the	
  distribution	
  system.	
  On	
  the	
  one	
  hand,	
  planned	
  distribution	
  upgrades	
  to	
  
allow	
  backfeed	
  may	
  be	
  considered	
  the	
  baseline	
  case,	
  so	
  onboarding	
  solar	
  would	
  not	
  add	
  costs	
  beyond	
  
this	
  plan.	
  On	
  the	
  other	
  hand,	
  these	
  costs	
  are	
  attributed	
  to	
  solar,	
  so	
  they	
  may	
  be	
  considered	
  a	
  cost.	
  This	
  
question	
  requires	
  further	
  evaluation.	
  

Environmental Costs 

In	
  the	
  case	
  that	
  storage	
  charging	
  from	
  the	
  grid	
  is	
  considered	
  (see	
  “Dispatch	
  Models”),	
  the	
  loss	
  in	
  
efficiency	
  from	
  storage	
  may	
  increase	
  environmental	
  costs	
  through	
  off-­‐peak	
  charging.	
  The	
  net	
  effect	
  of	
  
the	
  benefit	
  from	
  on-­‐peak	
  environmental	
  benefit	
  and	
  off-­‐peak	
  environmental	
  cost	
  would	
  have	
  to	
  be	
  
calculated.	
  Solar	
  energy	
  used	
  to	
  charge	
  the	
  storage	
  would	
  not	
  have	
  an	
  environmental	
  cost.	
  

Marginal Cost Response 

The	
  methodology	
  used	
  for	
  Maine,	
  or	
  possibly	
  the	
  study	
  CPR	
  did	
  for	
  the	
  Mid-­‐Atlantic	
  Solar	
  Energy	
  
Industries	
  Association	
  (MSEIA)19	
  could	
  be	
  used	
  for	
  Hawaii	
  to	
  determine	
  the	
  benefits	
  of	
  reduced	
  marginal	
  
generation	
  costs	
  to	
  all	
  customers	
  resulting	
  from	
  a	
  reduction	
  in	
  demand.	
  The	
  Maine	
  and	
  MSEIA	
  studies	
  
were	
  based	
  on	
  market	
  pricing,	
  but	
  the	
  same	
  method	
  could	
  be	
  used	
  for	
  marginal	
  costs.	
  	
  Generation	
  units	
  
are	
  dispatched	
  in	
  rank	
  order	
  by	
  marginal	
  cost,	
  so	
  by	
  reducing	
  demand	
  for	
  generation	
  the	
  costs	
  may	
  
decline	
  accordingly.	
  For	
  Hawaii,	
  it	
  is	
  not	
  clear	
  whether	
  such	
  a	
  clear	
  relationship	
  could	
  be	
  developed	
  
because	
  the	
  number	
  of	
  generation	
  units	
  is	
  small	
  and	
  the	
  fuel	
  type	
  is	
  not	
  as	
  diverse	
  as	
  larger,	
  mainland	
  
power	
  grids.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
19	
  http://mseia.net/mseia/value-­‐of-­‐solar-­‐study/	
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Dispatch Models 

Overview 

The	
  evaluation	
  of	
  solar-­‐only	
  systems	
  requires	
  a	
  time-­‐series	
  dataset,	
  typically	
  hourly,	
  representing	
  the	
  
generation	
  profile	
  of	
  the	
  solar	
  resource	
  to	
  be	
  evaluated.	
  The	
  resource	
  may	
  be	
  defined	
  by	
  a	
  single	
  
representative	
  system,	
  a	
  measured	
  aggregation	
  of	
  many	
  installed	
  systems,	
  a	
  simulated	
  fleet,	
  or	
  other	
  
profile,	
  but	
  in	
  all	
  cases,	
  the	
  generation	
  profile	
  is	
  determined	
  by	
  the	
  available	
  irradiance,	
  temperature,	
  
and	
  the	
  physical	
  attributes	
  of	
  the	
  systems	
  under	
  study	
  (such	
  as	
  tilt,	
  azimuth,	
  and	
  losses).	
  

Energy	
  storage,	
  however,	
  and	
  systems	
  comprised	
  of	
  hybrid	
  solar	
  and	
  storage	
  components,	
  do	
  not	
  
behave	
  based	
  entirely	
  on	
  weather	
  patterns.	
  They	
  are	
  charged	
  and	
  discharged	
  dynamically	
  based	
  on	
  
some	
  defined	
  control	
  method.	
  For	
  example,	
  storage	
  could	
  be	
  used	
  to	
  flatten	
  the	
  overall	
  utility	
  peak	
  by	
  
charging	
  off-­‐peak	
  and	
  discharging	
  on-­‐peak.	
  Alternatively,	
  the	
  energy	
  could	
  be	
  dispatched	
  to	
  minimize	
  
electric	
  bills	
  incurred	
  by	
  a	
  given	
  customer.	
  

The	
  dispatch	
  algorithm	
  options	
  described	
  here	
  are	
  based	
  on	
  
• Integration	
  Phase	
  (restrictions	
  on	
  export	
  energy);	
  and	
  
• Optimization	
  Objective	
  (maximize	
  value	
  to	
  either	
  the	
  utility	
  or	
  customer).	
  

Integration Phase 

One	
  of	
  the	
  key	
  governing	
  factors	
  in	
  storage	
  dispatch	
  in	
  Hawaii	
  may	
  be	
  utility	
  restrictions	
  on	
  energy	
  
export	
  to	
  the	
  grid.	
  These	
  restrictions,	
  if	
  adopted	
  as	
  a	
  measure	
  to	
  manage	
  distribution	
  constraints,	
  would	
  
be	
  intended	
  to	
  limit	
  backfeed	
  on	
  circuits	
  during	
  peak	
  solar	
  times.	
  As	
  shown	
  in	
  Figure	
  4,	
  backfeed	
  occurs	
  
in	
  HECO	
  during	
  the	
  peak	
  solar	
  periods,	
  so	
  export	
  could	
  be	
  prohibited	
  during	
  these	
  periods.	
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Figure 4. Example 46 kV HECO Transformer Load, December20  

 

	
  

The	
  figure	
  suggests	
  that	
  the	
  restrictions	
  on	
  export	
  during	
  these	
  periods	
  would	
  not	
  prevent	
  storage	
  from	
  
providing	
  capacity	
  benefits,	
  because	
  the	
  peak	
  lies	
  in	
  the	
  hours	
  of	
  about	
  6	
  pm	
  to	
  10	
  pm.	
  Energy	
  could	
  be	
  
stored	
  from	
  solar	
  during	
  the	
  restricted	
  hours	
  (or	
  any	
  time	
  during	
  the	
  day)	
  and	
  then	
  discharged/exported	
  
to	
  meet	
  peak	
  loads.	
  Furthermore,	
  storage	
  charging	
  during	
  peak	
  solar	
  hours	
  may	
  provide	
  local	
  
distribution	
  benefits	
  of	
  effectively	
  increasing	
  load,	
  impacting	
  Minimum	
  Daytime	
  Load	
  calculations.	
  

Table	
  3	
  describes	
  three	
  “integration	
  phases”	
  that	
  may	
  come	
  into	
  play	
  in	
  Hawaii.	
  In	
  the	
  first,	
  export	
  is	
  
prohibited	
  entirely,	
  the	
  most	
  conservative	
  approach.	
  In	
  the	
  second,	
  export	
  is	
  permitted,	
  but	
  only	
  during	
  
certain	
  non-­‐critical	
  hours.	
  Finally,	
  after	
  distribution	
  circuits	
  are	
  upgraded	
  to	
  allow	
  energy	
  export,	
  the	
  
restrictions	
  could	
  be	
  removed.	
  

	
  

Table 3. Integration Phase 

Phase	
   Definition	
  

Phase	
  1:	
  No	
  Export	
   DG	
  and	
  storage	
  are	
  permitted,	
  but	
  power	
  
cannot	
  be	
  exported	
  beyond	
  the	
  meter.	
  

Phase	
  2:	
  Smart	
  Export	
   Power	
  may	
  be	
  exported	
  during	
  permitted	
  
hours	
  only,	
  generally	
  outside	
  of	
  the	
  solar	
  
peak,	
  e.g.,	
  before	
  10	
  am	
  and	
  after	
  2	
  pm.	
  

Phase	
  3:	
  Unrestricted	
  Export	
   Export	
  may	
  take	
  place	
  at	
  any	
  time.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
20	
  Taken	
  from:	
  http://www.greentechmedia.com/articles/read/hawaiis-­‐solar-­‐grid-­‐landscape-­‐and-­‐the-­‐nessie-­‐curve	
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Without	
  storage,	
  solar	
  power	
  would	
  have	
  to	
  be	
  curtailed	
  whenever	
  export	
  was	
  restricted	
  and	
  solar	
  
power	
  exceeded	
  local	
  customer	
  load.	
  Whether	
  curtailment	
  were	
  accomplished	
  by	
  tripping	
  off	
  
generation	
  (through	
  the	
  use	
  of	
  relays)	
  or	
  by	
  throttling	
  inverter	
  power,	
  the	
  curtailed	
  energy	
  would	
  be	
  
lost.	
  	
  

Energy	
  could	
  alternatively	
  be	
  diverted	
  through	
  the	
  use	
  of	
  time-­‐independent	
  loads	
  (e.g.,	
  heat	
  pumps,	
  
precooling,	
  and	
  EV	
  charging).	
  However,	
  curtailment	
  would	
  still	
  occur	
  if	
  the	
  customer	
  did	
  not	
  have	
  these	
  
types	
  of	
  loads,	
  if	
  the	
  loads	
  were	
  unavailable	
  (e.g.,	
  water	
  heater	
  at	
  maximum	
  temperature),	
  or	
  if	
  solar	
  
power	
  still	
  exceeded	
  load	
  after	
  the	
  addition	
  of	
  these	
  loads.	
  

Modeling	
  of	
  storage	
  charging	
  would	
  then	
  be	
  handled	
  as	
  follows.	
  Available	
  solar	
  energy	
  in	
  excess	
  of	
  load	
  
is	
  diverted	
  to	
  storage	
  whenever	
  export	
  restrictions	
  are	
  in	
  place,	
  time-­‐independent	
  loads	
  are	
  fully	
  
utilized,	
  and	
  the	
  storage	
  state	
  of	
  charge	
  (SOC)	
  is	
  below	
  100%.	
  If	
  the	
  SOC	
  is	
  at	
  100%,	
  it	
  cannot	
  receive	
  any	
  
additional	
  charge,	
  so	
  solar	
  is	
  curtailed.	
  The	
  customer	
  may	
  continue	
  to	
  receive	
  solar	
  energy	
  to	
  serve	
  its	
  
load,	
  and	
  load	
  may	
  be	
  supplemented	
  with	
  utility	
  power	
  if	
  necessary.	
  

Utility Cost Optimization  

This	
  dispatch	
  method	
  can	
  be	
  used	
  to	
  illustrate	
  the	
  maximum	
  savings	
  to	
  the	
  utility.	
  It	
  may	
  be	
  considered	
  
an	
  upper	
  bound	
  for	
  the	
  value	
  of	
  the	
  benefits	
  of	
  solar	
  energy	
  with	
  battery	
  storage.	
  At	
  present,	
  there	
  are	
  
no	
  rate	
  schedules	
  in	
  place	
  that	
  would	
  necessarily	
  incent	
  the	
  customer	
  to	
  dispatch	
  energy	
  to	
  maximize	
  
the	
  benefit	
  to	
  the	
  utility,	
  although	
  pricing	
  or	
  load	
  signals	
  could	
  be	
  provided	
  to	
  accomplish	
  this	
  and	
  
realize	
  this	
  benefit.	
  

Available	
  stored	
  energy	
  is	
  dispatched	
  in	
  order	
  to	
  meet	
  system	
  peaks.	
  The	
  energy	
  would	
  be	
  allocated	
  
among	
  peak	
  hours	
  to	
  meet	
  technical	
  constraints	
  of	
  the	
  storage.	
  For	
  example,	
  the	
  SOC	
  of	
  the	
  storage	
  
would	
  be	
  monitored	
  for	
  each	
  hour	
  and	
  discharge	
  would	
  be	
  subject	
  to	
  available	
  power	
  limits	
  and	
  current	
  
available	
  stored	
  energy.	
  

Study	
  scenarios	
  could	
  be	
  developed	
  in	
  which	
  solar	
  production	
  aligns	
  with	
  the	
  system	
  peak.	
  In	
  this	
  case,	
  
solar	
  energy	
  could	
  also	
  be	
  delivered	
  to	
  the	
  grid,	
  thereby	
  avoiding	
  losses	
  in	
  the	
  storage	
  sub-­‐system.	
  
However,	
  such	
  a	
  scenario	
  is	
  unlikely	
  for	
  Hawaii	
  in	
  the	
  foreseeable	
  future.	
  For	
  purposes	
  of	
  this	
  
methodology,	
  solar	
  is	
  assumed	
  to	
  be	
  non-­‐coincident	
  with	
  system	
  peak.	
  

To	
  model	
  this	
  behavior,	
  a	
  foreknowledge	
  of	
  the	
  utility	
  loads	
  may	
  be	
  assumed	
  for	
  simplicity	
  (e.g.,	
  all	
  8760	
  
hours	
  of	
  load	
  per	
  year	
  are	
  an	
  input	
  to	
  the	
  model),	
  although	
  more	
  refined	
  methods	
  are	
  possible	
  that	
  
include	
  solar	
  and	
  load	
  forecasting	
  so	
  that	
  dispatch	
  is	
  performed	
  using	
  only	
  data	
  available.	
  Energy	
  is	
  
dispatched	
  by	
  determining	
  the	
  maximum	
  annual	
  load	
  reduction	
  possible	
  for	
  the	
  storage	
  resource.	
  This	
  is	
  
defined	
  by	
  a	
  threshold,	
  above	
  which	
  the	
  storage	
  is	
  discharged	
  in	
  order	
  to	
  eliminate	
  the	
  need	
  for	
  
supplemental	
  utility	
  generation	
  above	
  the	
  threshold.	
  This	
  is	
  illustrated	
  in	
  Figure	
  5.	
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The	
  threshold	
  is	
  used,	
  then,	
  to	
  define	
  effective	
  capacity.21	
  The	
  effective	
  capacity	
  is	
  the	
  annual	
  peak	
  load	
  
reduction:	
  the	
  annual	
  system	
  peak	
  before	
  storage	
  minus	
  the	
  annual	
  system	
  peak	
  after	
  storage.	
  Note	
  
that	
  this	
  does	
  not	
  necessarily	
  correspond	
  to	
  the	
  power	
  rating	
  of	
  the	
  storage	
  system.	
  For	
  example,	
  if	
  1	
  
MWh	
  is	
  dispatched	
  over	
  4	
  hours	
  on	
  the	
  critical	
  day,	
  and	
  the	
  resulting	
  annual	
  peak	
  load	
  reduction	
  is	
  500	
  
kW	
  (the	
  energy	
  is	
  dispatched	
  in	
  load	
  following	
  mode,	
  ramping	
  up	
  and	
  down),	
  then	
  the	
  effective	
  capacity	
  
is	
  500	
  kW,	
  even	
  if	
  the	
  rating	
  of	
  the	
  power	
  conditioning	
  system	
  was	
  1	
  MW.	
  

	
  

Figure 5. Utility Load Optimization (Illustrative) 

	
  

	
  

Under	
  this	
  method,	
  all	
  solar	
  energy	
  is	
  used	
  to	
  charge	
  the	
  storage.	
  Solar	
  energy	
  that	
  could	
  not	
  be	
  stored	
  
(i.e.,	
  when	
  SOC	
  is	
  at	
  100%)	
  is	
  delivered	
  to	
  the	
  grid.	
  This	
  would	
  have	
  an	
  energy	
  value	
  corresponding	
  to	
  
the	
  marginal	
  production	
  cost	
  at	
  that	
  hour,	
  plus	
  loss	
  savings.	
  	
  

The	
  threshold	
  at	
  which	
  storage	
  is	
  dispatched	
  must	
  be	
  determined	
  iteratively.	
  If	
  a	
  candidate	
  threshold	
  is	
  
set	
  too	
  deep,	
  then	
  the	
  resulting	
  energy	
  required	
  on	
  a	
  given	
  day	
  would	
  be	
  in	
  excess	
  of	
  the	
  storage	
  rating.	
  
If	
  it	
  is	
  set	
  too	
  shallow,	
  then	
  the	
  available	
  storage	
  would	
  not	
  be	
  fully	
  utilized.	
  

The	
  result	
  is	
  an	
  operating	
  regime	
  in	
  which	
  the	
  available	
  storage	
  discharges	
  fully	
  on	
  at	
  least	
  one	
  day	
  and	
  
partially	
  on	
  other	
  days.	
  The	
  number	
  of	
  days	
  in	
  which	
  storage	
  is	
  utilized	
  depends	
  upon	
  the	
  utility	
  
seasonal	
  load	
  patterns.	
  On	
  days	
  when	
  the	
  peak	
  load	
  is	
  below	
  the	
  threshold,	
  storage	
  is	
  not	
  used.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
21	
  There	
  are	
  multiple	
  definitions	
  for	
  effective	
  capacity	
  of	
  DG.	
  This	
  model	
  assumes	
  that	
  effective	
  capacity	
  is	
  the	
  
reduction	
  in	
  annual	
  peak	
  load.	
  However,	
  the	
  above	
  approach	
  could	
  be	
  adapted	
  for	
  other	
  definitions.	
  For	
  example,	
  
in	
  the	
  Effective	
  Load	
  Carrying	
  Capability,	
  the	
  benefits	
  are	
  exponentially	
  related	
  to	
  load,	
  so	
  it	
  may	
  be	
  more	
  
advantageous	
  to	
  limit	
  storage	
  dispatch	
  (to	
  preserve	
  life)	
  to	
  only	
  a	
  limited	
  number	
  of	
  peak	
  hours.	
  This	
  would	
  not	
  
take	
  full	
  advantage	
  of	
  the	
  storage	
  capacity,	
  allowing	
  the	
  load	
  to	
  rise	
  at	
  certain	
  times	
  above	
  what	
  is	
  described	
  in	
  the	
  
method.	
  This	
  is	
  a	
  subtlety	
  that	
  could	
  be	
  addressed	
  in	
  the	
  future,	
  if	
  desired.	
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Internal	
  system	
  losses	
  are	
  included	
  as	
  a	
  fixed	
  efficiency	
  percentage	
  for	
  simplicity.	
  More	
  sophisticated	
  
models	
  (and	
  technology-­‐specific	
  models)	
  could	
  be	
  used.	
  For	
  example,	
  a	
  model	
  could	
  include	
  efficiency	
  
that	
  is	
  variable	
  depending	
  on	
  charge	
  and	
  discharge	
  rates	
  (ionic	
  losses	
  and	
  power	
  conditioning	
  part	
  load	
  
efficiencies).	
  Some	
  technologies	
  (e.g.,	
  zinc	
  bromine)	
  require	
  conditioning	
  cycles	
  that	
  could	
  be	
  built	
  into	
  
the	
  model.	
  

The	
  generation	
  profile	
  to	
  be	
  used	
  for	
  valuation,	
  then,	
  is	
  the	
  sum	
  of	
  the	
  discharged	
  energy	
  from	
  storage,	
  
plus	
  the	
  solar	
  energy	
  delivered	
  directly	
  to	
  the	
  grid,	
  minus	
  the	
  charging	
  energy.	
  

Customer Benefit Optimization (TOU) 

Under	
  this	
  dispatch	
  optimization,	
  the	
  customer	
  is	
  assumed	
  to	
  be	
  on	
  a	
  TOU	
  schedule,	
  and	
  the	
  system	
  is	
  
dispatched	
  to	
  maximize	
  benefit	
  to	
  the	
  customer.	
  The	
  load	
  profile	
  of	
  the	
  customer	
  (or	
  the	
  load	
  profile	
  of	
  
a	
  given	
  customer	
  class)	
  is	
  used	
  as	
  an	
  input.	
  

Stored	
  energy	
  may	
  be	
  used	
  to	
  avoid	
  on-­‐peak	
  TOU	
  charges	
  (periods	
  are	
  defined	
  by	
  the	
  tariff).	
  For	
  
example,	
  under	
  HECO	
  Schedule	
  U,	
  the	
  priority	
  peak	
  is	
  5:00	
  pm	
  to	
  9:00	
  pm,	
  so	
  load	
  during	
  this	
  time	
  may	
  
be	
  served	
  by	
  stored	
  energy.	
  A	
  variation	
  on	
  this	
  approach	
  would	
  be	
  for	
  NEM	
  customers	
  under	
  non-­‐export	
  
restrictions	
  in	
  which	
  stored	
  energy	
  could	
  be	
  exported.	
  

During	
  on-­‐peak	
  hours,	
  the	
  load	
  would	
  be	
  served	
  first	
  by	
  solar	
  energy	
  (if	
  available),	
  second	
  by	
  storage	
  (if	
  
available),	
  and	
  last	
  by	
  the	
  grid.	
  During	
  off-­‐peak	
  hours,	
  solar	
  energy	
  would	
  be	
  used	
  first	
  to	
  charge	
  storage	
  
and	
  second	
  to	
  serve	
  load.	
  This	
  presumes	
  that	
  the	
  differential	
  between	
  on-­‐peak	
  and	
  off-­‐peak	
  pricing	
  is	
  
sufficiently	
  high	
  to	
  account	
  for	
  storage	
  losses	
  and	
  loss	
  of	
  cycle	
  life.22	
  Otherwise	
  the	
  algorithm	
  would	
  use	
  
solar	
  energy	
  to	
  serve	
  loads	
  first,	
  then	
  to	
  charge	
  storage.	
  	
  

Off-­‐peak	
  grid	
  energy	
  could	
  also	
  be	
  stored.	
  This	
  would	
  require	
  a	
  similar	
  analysis	
  based	
  on	
  price	
  difference	
  
and	
  impact	
  on	
  cycle	
  life.	
  If	
  the	
  result	
  is	
  favorable	
  to	
  storing	
  energy,	
  then	
  the	
  battery	
  would	
  be	
  charged	
  
using	
  off-­‐peak	
  grid	
  energy	
  to	
  be	
  used	
  later	
  for	
  on-­‐peak	
  loads.	
  

Customer Benefit Optimization (Demand) 

As	
  with	
  the	
  optimization	
  under	
  TOU	
  rates,	
  the	
  dispatch	
  here	
  is	
  intended	
  to	
  maximize	
  benefit	
  to	
  the	
  
customer.	
  However,	
  in	
  this	
  case,	
  the	
  customer	
  is	
  assumed	
  to	
  be	
  a	
  commercial	
  customer	
  under	
  a	
  
demand-­‐based	
  tariff.	
  This	
  requires	
  an	
  algorithm	
  similar	
  to	
  the	
  utility	
  load	
  optimization	
  in	
  which	
  a	
  
threshold	
  is	
  determined,	
  above	
  which	
  the	
  storage	
  discharges.	
  However,	
  the	
  differences	
  are:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
22	
  The	
  analysis	
  must	
  take	
  into	
  account	
  storage	
  capital	
  cost,	
  cycle	
  life,	
  roundtrip	
  efficiency,	
  and	
  electric	
  price	
  
differential.	
  This	
  could	
  be	
  done,	
  for	
  example	
  by	
  calculating	
  the	
  effective	
  cost	
  of	
  stored	
  energy	
  (off-­‐peak	
  price	
  plus	
  
the	
  amortized	
  cost	
  per	
  kWh	
  of	
  capital	
  cost).	
  If	
  the	
  effective	
  cost	
  is	
  lower	
  than	
  the	
  on-­‐peak	
  price,	
  then	
  the	
  algorithm	
  
would	
  favor	
  maximizing	
  storage	
  of	
  solar	
  energy	
  and	
  off-­‐peak	
  grid	
  energy.	
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• The	
  customer	
  load	
  is	
  used	
  rather	
  than	
  the	
  utility	
  load;	
  and	
  
• The	
  threshold	
  is	
  defined	
  for	
  each	
  billing	
  month,	
  rather	
  than	
  a	
  single	
  threshold	
  for	
  the	
  whole	
  

year.23	
  

The	
  peak	
  load	
  reduction	
  for	
  each	
  billing	
  month	
  corresponds	
  to	
  the	
  customer	
  demand	
  charge	
  savings.	
  

Customer Benefit Optimization (Standard Rates) 

Under	
  this	
  dispatch	
  scenario,	
  there	
  is	
  no	
  price	
  differential	
  between	
  on-­‐peak	
  and	
  off-­‐peak	
  rates,	
  and	
  no	
  
demand	
  charge	
  (for	
  example,	
  HECO	
  residential	
  Schedule	
  R).	
  The	
  customer	
  is	
  able	
  to	
  choose	
  either	
  the	
  
standard	
  rate	
  or	
  a	
  TOU	
  rate,	
  so	
  this	
  model	
  assumes	
  standard	
  rates.24	
  Under	
  such	
  a	
  flat	
  rate,	
  there	
  is	
  no	
  
benefit	
  to	
  charging	
  using	
  grid	
  energy	
  because	
  of	
  losses	
  in	
  the	
  battery.	
  

Note	
  that	
  the	
  customer	
  has	
  two	
  options:	
  install	
  solar	
  only	
  and	
  spill	
  excess	
  energy	
  (curtailment),	
  or	
  install	
  
solar	
  with	
  storage	
  in	
  order	
  to	
  avoid	
  spillage.	
  This	
  optimization	
  method	
  is	
  intended	
  to	
  address	
  the	
  case	
  in	
  
which	
  the	
  customer	
  elects	
  storage	
  for	
  this	
  purpose,	
  but	
  remains	
  on	
  standard	
  rates.	
  

The	
  dispatch	
  method	
  is	
  simple.	
  All	
  load	
  is	
  served	
  first	
  by	
  solar	
  (as	
  available),	
  then	
  by	
  stored	
  energy	
  (as	
  
available),	
  then	
  by	
  the	
  grid.	
  All	
  solar	
  energy	
  in	
  excess	
  of	
  load	
  is	
  used	
  to	
  first	
  charge	
  storage	
  (as	
  available),	
  
after	
  which	
  it	
  is	
  curtailed.	
  

Study Scenarios 
Study	
  scenarios	
  must	
  be	
  defined	
  prior	
  to	
  a	
  valuation	
  study.	
  Some	
  considerations	
  are	
  offered	
  here	
  to	
  
identify	
  some	
  of	
  the	
  overarching	
  decisions	
  to	
  be	
  made	
  prior	
  to	
  undertaking	
  the	
  study.	
  

Dispatch Scenario 

Depending	
  upon	
  study	
  objectives,	
  any	
  of	
  several	
  dispatch	
  scenarios	
  shown	
  in	
  Table	
  4	
  may	
  be	
  
considered.	
  Note	
  that	
  under	
  utility	
  cost	
  optimization,	
  no	
  export	
  restrictions	
  are	
  assumed.	
  This	
  is	
  because	
  
the	
  storage	
  charging	
  and	
  discharging	
  is	
  assumed	
  to	
  be	
  unrestricted	
  in	
  order	
  to	
  maximize	
  total	
  benefit	
  to	
  
the	
  utility.	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
23	
  For	
  simplicity,	
  the	
  billing	
  month	
  may	
  be	
  assumed	
  to	
  correspond	
  to	
  a	
  calendar	
  month.	
  In	
  actual	
  practice,	
  
however,	
  the	
  billing	
  months	
  are	
  different,	
  and	
  differ	
  even	
  among	
  customers.	
  
24	
  See	
  “Solar	
  +	
  storage	
  in	
  Hawaii:	
  Making	
  cents	
  of	
  time-­‐of-­‐use	
  economics”	
  why	
  this	
  may	
  be	
  the	
  case.	
  Available	
  at:	
  
http://www.cleanpower.com/2015/solar-­‐storage-­‐hawaii/	
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Table 4. Dispatch Scenarios to be Considered 

	
  

	
  

It	
  is	
  important	
  to	
  note	
  that	
  there	
  may	
  be	
  dispatch	
  methods	
  that	
  are	
  not	
  represented	
  in	
  the	
  table.	
  It	
  is	
  
not	
  intended	
  to	
  be	
  comprehensive.	
  For	
  example,	
  some	
  customers	
  may	
  utilize	
  energy	
  storage	
  in	
  part	
  for	
  
backup	
  purposes.	
  Such	
  a	
  customer	
  may	
  wish	
  to	
  reserve	
  a	
  certain	
  amount	
  of	
  energy	
  (or	
  all	
  of	
  the	
  energy)	
  
for	
  periods	
  in	
  which	
  the	
  grid	
  is	
  lost.	
  This	
  would	
  have	
  an	
  impact	
  on	
  energy	
  available	
  for	
  dispatch.	
  Also,	
  EV	
  
storage	
  that	
  could	
  be	
  dispatched	
  to	
  the	
  grid	
  but	
  which	
  also	
  requires	
  charging	
  regimes	
  based	
  on	
  
transportation	
  needs	
  are	
  not	
  considered	
  here.	
  

Time-flexible Loads 

The	
  study	
  may	
  or	
  may	
  not	
  include	
  time-­‐flexible	
  loads,	
  such	
  as	
  electric	
  water	
  heaters	
  and	
  EVs.	
  These	
  
types	
  of	
  loads	
  may	
  be	
  controlled	
  smartly	
  as	
  an	
  alternative	
  to	
  storage	
  or	
  as	
  a	
  complement	
  to	
  storage.	
  
They	
  may	
  be	
  served	
  using	
  excess	
  solar	
  energy	
  that	
  would	
  otherwise	
  be	
  delivered	
  to	
  the	
  grid	
  or	
  lost	
  
through	
  curtailment.	
  The	
  inclusion	
  of	
  these	
  loads	
  adds	
  additional	
  complication	
  to	
  the	
  algorithms	
  
because	
  they	
  come	
  with	
  other	
  constraints.	
  For	
  example,	
  an	
  EV	
  must	
  be	
  fully	
  charged	
  by	
  a	
  specific	
  time	
  
to	
  meet	
  transportation	
  requirements.	
  

No	
  	
   Smart
Export Export

Utility	
  Cost	
  
Optimization

l

Customer	
  Benefit	
  
Optimization	
  (TOU)

l l l

Customer	
  Benefit	
  
Optimization	
  
(Demand)

l l l

Customer	
  Benefit	
  
Optimization	
  
(Standard)

l l l

Unrestricted	
  
Export

Objective
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System Ratings and Performance 
Valuation	
  studies	
  (solar	
  alone)	
  typically	
  employ	
  a	
  marginal	
  PV	
  resource,	
  such	
  as	
  a	
  1	
  MW	
  system.	
  The	
  size	
  
of	
  this	
  marginal	
  resource	
  is	
  somewhat	
  arbitrary.25	
  However,	
  by	
  introducing	
  storage	
  with	
  PV,	
  the	
  relative	
  
magnitudes	
  of	
  these	
  components	
  are	
  important.	
  For	
  example,	
  a	
  1	
  MW	
  PV	
  system	
  coupled	
  with	
  a	
  1	
  
MW/1	
  MWh	
  storage	
  system	
  will	
  result	
  in	
  a	
  different	
  value	
  than	
  a	
  1	
  MW	
  PV	
  system	
  coupled	
  with	
  a	
  2	
  
MW/5	
  MWh	
  storage	
  system.	
  
	
  
The	
  concept	
  of	
  a	
  marginal	
  resource	
  can	
  still	
  be	
  employed,	
  but	
  the	
  storage	
  ratings	
  must	
  be	
  defined	
  
relative	
  to	
  the	
  PV	
  ratings.	
  Specifically,	
  the	
  power	
  rating	
  of	
  storage	
  must	
  be	
  defined,	
  and	
  if	
  the	
  maximum	
  
charge	
  rate	
  is	
  different	
  than	
  the	
  maximum	
  discharge	
  rate,	
  this	
  must	
  be	
  included.	
  In	
  addition	
  the	
  ratio	
  
between	
  energy	
  and	
  power	
  of	
  storage	
  must	
  be	
  assumed.	
  This	
  could	
  be	
  defined	
  in	
  multiple	
  study	
  
scenarios,	
  for	
  example,	
  “what	
  is	
  the	
  value	
  of	
  the	
  system	
  if	
  the	
  storage	
  has	
  a	
  charge/discharge	
  power	
  
rating	
  equal	
  to	
  PV	
  and	
  energy	
  to	
  power	
  ratios	
  of	
  1	
  hour,	
  2	
  hours,	
  and	
  4	
  hours?”	
  (three	
  scenarios).	
  
	
  
In	
  the	
  case	
  of	
  PV,	
  the	
  key	
  study	
  assumptions	
  are	
  system	
  life	
  and	
  degradation	
  rate.	
  When	
  including	
  
storage,	
  the	
  key	
  additional	
  assumptions	
  to	
  be	
  made	
  are	
  cycle	
  life,	
  calendar	
  life,	
  and	
  turnaround	
  
efficiency	
  (i.e.,	
  the	
  combined	
  efficiency	
  of	
  voltage	
  transformation	
  in	
  and	
  out	
  of	
  the	
  system,	
  the	
  power	
  
conditioning	
  losses	
  in	
  and	
  out	
  of	
  the	
  system,	
  and	
  storage	
  losses	
  such	
  as	
  columbic	
  and	
  voltaic	
  losses	
  and	
  
system	
  parasitic	
  losses).	
  	
  

High Value Locations 

The	
  methodology	
  may	
  be	
  used	
  for	
  any	
  defined	
  region.	
  For	
  example,	
  the	
  value	
  could	
  be	
  calculated	
  for	
  
each	
  island	
  (Maui,	
  Oahu,	
  etc.)	
  separately.	
  In	
  addition,	
  certain	
  areas	
  within	
  an	
  island	
  grid	
  may	
  be	
  
evaluated	
  separately.	
  For	
  example,	
  areas	
  facing	
  near	
  term	
  capital	
  expansion	
  or	
  areas	
  with	
  better	
  solar	
  
resource	
  may	
  be	
  valued	
  differently.	
  Location	
  value	
  maps	
  could	
  be	
  used	
  as	
  a	
  guide	
  in	
  determining	
  such	
  
study	
  locations.	
  

Engineering Units of Results 

In	
  solar-­‐only	
  studies,	
  the	
  resulting	
  value	
  is	
  most	
  often	
  expressed	
  in	
  terms	
  of	
  dollars	
  per	
  kWh	
  of	
  solar	
  
generation.	
  In	
  the	
  case	
  of	
  hybrid	
  PV/storage	
  systems,	
  it	
  becomes	
  more	
  complicated.	
  The	
  value	
  would	
  be	
  
expressed	
  in	
  dollars	
  per	
  kWh	
  of	
  net	
  generation,	
  but	
  it	
  must	
  be	
  understood	
  that	
  this	
  is	
  dependent	
  upon	
  
dispatch	
  method	
  used	
  and	
  the	
  relative	
  size	
  of	
  the	
  battery.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
25	
  Although	
  high	
  penetration	
  scenarios	
  may	
  require	
  a	
  definition	
  of	
  system	
  size.	
  For	
  example,	
  the	
  ELCC	
  is	
  size	
  
dependent	
  on	
  assumed	
  fleet	
  capacity.	
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For	
  example,	
  suppose	
  the	
  value	
  of	
  a	
  hybrid	
  system	
  were	
  calculated	
  to	
  be,	
  say,	
  $0.20	
  per	
  kWh.	
  If	
  storage	
  
was	
  then	
  removed—or	
  reached	
  end	
  of	
  life	
  but	
  not	
  replaced—the	
  annual	
  net	
  generation	
  would	
  increase	
  
(storage	
  losses	
  would	
  be	
  eliminated).	
  But	
  this	
  would	
  not	
  imply	
  that	
  the	
  annual	
  value	
  of	
  the	
  system	
  has	
  
increased	
  due	
  to	
  the	
  enhanced	
  production.	
  On	
  the	
  contrary,	
  the	
  value	
  may	
  be	
  reduced	
  significantly	
  
because	
  it	
  would	
  have	
  lost	
  its	
  time-­‐shifting	
  benefit.	
  
	
  
Additional	
  confusion	
  may	
  result	
  from	
  the	
  fact	
  that	
  there	
  are	
  multiple	
  flows	
  of	
  energy:	
  PV	
  production,	
  
charging	
  energy,	
  discharging	
  energy,	
  load,	
  supplemental	
  grid	
  power,	
  and	
  “net	
  generation”	
  defined	
  
herein.	
  To	
  avoid	
  such	
  confusion,	
  the	
  results	
  of	
  a	
  valuation	
  study	
  should	
  clearly	
  indicate	
  that	
  it	
  is	
  the	
  net	
  
generation	
  based	
  on	
  a	
  specific	
  scenario	
  and	
  dispatch	
  method	
  that	
  is	
  valued.	
  It	
  may	
  be	
  helpful	
  to	
  
introduce	
  a	
  nomenclature	
  such	
  as	
  $	
  per	
  kWh-­‐net.	
  

Conclusion 
The	
  methodology	
  described	
  in	
  this	
  report	
  may	
  be	
  used	
  to	
  estimate	
  the	
  costs	
  and	
  benefits	
  of	
  combined	
  
solar/storage	
  hybrid	
  systems,	
  placed	
  behind-­‐the-­‐meter	
  at	
  the	
  customer.	
  The	
  methodology	
  draws	
  heavily	
  
upon	
  simulation	
  and	
  economic	
  methods	
  used	
  for	
  valuing	
  solar-­‐only	
  resources,	
  but	
  it	
  adds	
  additional	
  
requirements	
  that	
  are	
  needed	
  to	
  incorporate	
  the	
  storage	
  element.	
  	
  A	
  valuation	
  study	
  in	
  Hawaii	
  would	
  
require	
  some	
  state-­‐specific	
  changes,	
  such	
  as	
  using	
  accounting	
  for	
  displaced	
  fuel	
  oil	
  rather	
  than	
  natural	
  
gas.	
  

In	
  addition,	
  this	
  methodology	
  advances	
  the	
  prior	
  art	
  developed	
  for	
  solar-­‐only	
  valuation	
  studies.	
  Unlike	
  
solar-­‐only	
  resources,	
  the	
  hybrid	
  resources	
  considered	
  here:	
  

• May	
  be	
  dispatched	
  using	
  methods	
  different	
  for	
  each	
  rate	
  schedule	
  
• Include	
  multiple	
  power	
  flows:	
  from	
  PV,	
  to	
  and	
  from	
  the	
  battery,	
  and	
  may	
  include	
  curtailment	
  to	
  

prevent	
  export	
  to	
  the	
  grid	
  
• Depend	
  upon	
  relative	
  sizing	
  of	
  storage	
  in	
  power	
  rating	
  and	
  hours	
  of	
  storage	
  

By	
  incorporating	
  these	
  changes,	
  a	
  state-­‐of-­‐the-­‐art	
  evaluation	
  could	
  be	
  performed	
  that	
  would	
  determine	
  
the	
  benefit	
  provided	
  by	
  solar	
  energy	
  dispatched	
  after	
  sundown	
  to	
  meet	
  Hawaii’s	
  evening	
  peak.	
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