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We	
  consider	
  the	
  implications	
  of	
  the	
  linear	
  relationship	
  between	
  3	
  
cumulative	
  carbon	
  emissions	
  and	
  global	
  temperatures1,2,3	
  for	
  peak	
  4	
  
warming	
  in	
  an	
  idealised	
  integrated	
  assessment4,5	
  framework.	
  Under	
  5	
  
conventional	
  assumptions	
  about	
  climate	
  damage,	
  economic	
  growth,	
  6	
  
mitigation	
  decisions	
  and	
  discounting,	
  peak	
  warming	
  is	
  determined	
  by	
  only	
  7	
  
two	
  quantities	
  that	
  are	
  directly	
  affected	
  by	
  near-­‐term	
  mitigation	
  policy:	
  the	
  8	
  
cost	
  of	
  a	
  ‘backstop’	
  mitigation	
  technology	
  that	
  reduces	
  net	
  carbon	
  dioxide	
  9	
  
emissions	
  to	
  zero;	
  and	
  the	
  growth	
  productivity	
  of	
  carbon,	
  or	
  the	
  ratio	
  10	
  
between	
  the	
  average	
  rate	
  of	
  economic	
  growth	
  and	
  average	
  emissions	
  11	
  
between	
  now	
  and	
  the	
  time	
  of	
  peak	
  warming.	
  This	
  highlights	
  the	
  12	
  
importance	
  of	
  maintaining	
  economic	
  growth	
  in	
  a	
  carbon-­‐constrained	
  world	
  13	
  
and	
  investing	
  in	
  backstop	
  technologies,	
  such	
  as	
  large-­‐scale	
  carbon	
  dioxide	
  14	
  
removal,	
  in	
  any	
  utility-­‐maximising	
  strategy	
  to	
  limit	
  peak	
  warming.	
  15	
  
	
  16	
  
Under	
  a	
  traditional	
  utility-­‐maximising	
  approach	
  to	
  climate	
  policy,	
  the	
  benefits	
  17	
  
minus	
  the	
  costs	
  of	
  climate	
  mitigation	
  are	
  maximised	
  by	
  reducing	
  emissions	
  until	
  18	
  
the	
  marginal	
  abatement	
  cost	
  (MAC)	
  of	
  avoiding	
  one	
  more	
  tonne	
  of	
  emissions	
  is	
  19	
  
equal	
  to	
  the	
  social	
  cost	
  of	
  carbon	
  (SCC),	
  or	
  the	
  marginal	
  harm	
  done	
  by	
  emitting	
  20	
  
that	
  tonne.6	
  Although	
  criticised	
  for	
  comparing	
  incommensurable	
  costs,7	
  21	
  
conflicting	
  with	
  basic	
  notions	
  of	
  human	
  values8	
  or	
  rights,9	
  benefit-­‐cost	
  analysis	
  22	
  
remains	
  a	
  useful	
  tool	
  for	
  assessing	
  the	
  relative	
  importance	
  of	
  different	
  elements	
  23	
  
in	
  climate	
  policy.	
  Most	
  integrated	
  assessment	
  studies	
  focus	
  on	
  the	
  “opening	
  24	
  
game”,	
  or	
  drivers	
  of	
  mitigation	
  policy	
  in	
  the	
  immediate	
  future.	
  Here	
  we	
  focus	
  on	
  25	
  
the	
  “end	
  game”,	
  identifying	
  drivers	
  of	
  peak	
  warming	
  in	
  a	
  utility-­‐maximising	
  26	
  
framework.	
  In	
  the	
  spirit	
  of	
  ref.	
  [5],	
  we	
  use	
  a	
  minimal-­‐complexity	
  form	
  to	
  clarify	
  27	
  
key	
  assumptions	
  and	
  their	
  implications.	
  	
  28	
  
	
  29	
  
Many	
  integrated	
  assessment	
  models	
  adopt,	
  explicitly	
  or	
  implicitly,	
  the	
  following	
  30	
  
function	
  for	
  the	
  real	
  monetary	
  cost	
  per	
  year	
  of	
  global	
  climate	
  impacts:	
  31	
  

𝑆! =𝑊!𝐷!𝑇!
!	
  

where	
  𝑊!	
  represents	
  total	
  annual	
  consumption	
  and	
  𝑇!	
  is	
  the	
  increase	
  in	
  global	
  32	
  
average	
  temperature	
  relative	
  to	
  pre-­‐industrial	
  conditions	
  at	
  time	
  𝑡.	
  𝐷!	
  is	
  the	
  33	
  
damage	
  done,	
  as	
  a	
  fraction	
  of	
  global	
  consumption,	
  by	
  1oC	
  warming	
  and	
  𝛾	
  34	
  
determines	
  how	
  impacts	
  accelerate	
  with	
  rising	
  temperatures.	
  Other	
  functional	
  35	
  
forms	
  are	
  used	
  to	
  represent	
  non-­‐linear	
  climate	
  change	
  or	
  impacts,10,11	
  but	
  at	
  the	
  36	
  
level	
  of	
  precision	
  of	
  aggregate	
  impacts,	
  most	
  can	
  be	
  approximated	
  by	
  some	
  37	
  
combination	
  of	
  𝐷!	
  and	
  𝛾.	
  	
  38	
  
	
  39	
  
𝑆	
  represents	
  aggregate	
  impact	
  on	
  consumption,	
  not	
  welfare:	
  a	
  rich	
  world	
  might	
  40	
  
be	
  better	
  able	
  to	
  cope	
  with	
  a	
  1%	
  consumption	
  loss	
  than	
  a	
  poor	
  world,	
  but	
  that	
  41	
  
1%	
  would	
  still	
  represents	
  a	
  larger	
  loss	
  in	
  monetary	
  terms.	
  A	
  disaggregated	
  42	
  
model	
  in	
  which	
  welfare	
  impacts	
  on	
  rich	
  and	
  poor	
  regions	
  or	
  social	
  groups	
  are	
  43	
  
computed	
  separately	
  might	
  give	
  a	
  different	
  value	
  for	
  𝐷!,	
  but	
  still	
  the	
  same	
  overall	
  44	
  
functional	
  form	
  for	
  𝑆,12	
  except	
  in	
  the	
  case	
  that	
  impacts	
  are	
  predominantly	
  on	
  45	
  
regions	
  or	
  social	
  groups	
  whose	
  incomes	
  are	
  decoupled	
  from	
  the	
  overall	
  growth	
  46	
  
of	
  global	
  consumption.	
  This	
  might	
  happen	
  in	
  principle,	
  but	
  does	
  not	
  happen	
  in	
  47	
  



the	
  majority	
  of	
  integrated	
  assessment	
  calculations,	
  so	
  the	
  crucial	
  assertion	
  that	
  48	
  
impacts	
  scale	
  with	
  global	
  consumption	
  is	
  almost	
  ubiquitous.	
  	
  49	
  
	
  50	
  
Under	
  conventional	
  Ramsey	
  discounting,	
  the	
  SCC	
  is	
  defined	
  as	
  	
  51	
  

SCC!!    = 𝛿𝑆!!!!𝑒
!!"𝑑𝑡

!

!!!
  	
  

where	
  𝛿𝑆!!!! 	
  is	
  the	
  marginal	
  impact	
  on	
  𝑆	
  at	
  time	
  𝑡 + 𝑡!	
  resulting	
  from	
  the	
  52	
  
emission	
  of	
  one	
  tonne	
  of	
  carbon	
  dioxide	
  (CO2)	
  at	
  time	
  𝑡!	
  and	
  𝑟	
  is	
  the	
  53	
  
consumption	
  discount	
  rate,	
  𝑟 = 𝜌 + 𝜂𝑔,	
  where	
  𝜌	
  is	
  the	
  pure	
  rate	
  of	
  time	
  54	
  
preference,	
  𝜂	
  is	
  a	
  measure	
  of	
  aversion	
  to	
  inequality	
  and	
  𝑔	
  is	
  the	
  consumption	
  55	
  
growth	
  rate.	
  If	
  𝑔	
  is	
  only	
  marginally	
  affected	
  by	
  climate	
  change,	
  which	
  is	
  clearly	
  56	
  
contestable,13	
  we	
  have	
  57	
  

𝛿𝑆!!!! =
𝜕𝑆
𝜕𝑇 𝛿𝑇!!!! = 𝛾𝐷!𝑊!!!!𝑇!!!!

!!!𝛿𝑇!!!! 	
  
In	
  the	
  long	
  run,	
  the	
  cumulative	
  impact	
  of	
  climate	
  change	
  on	
  consumption	
  58	
  
through	
  its	
  impact	
  on	
  𝑔	
  might	
  be	
  very	
  substantial14	
  but	
  our	
  focus	
  here	
  is	
  on	
  59	
  
drivers	
  of	
  the	
  SCC	
  at	
  any	
  given	
  time,	
  for	
  which	
  this	
  impact	
  can	
  also	
  be	
  60	
  
approximated	
  by	
  adjusting	
  the	
  values	
  of	
  𝐷!	
  and	
  𝛾.	
  	
  61	
  
	
  62	
  
Finally,	
  the	
  observation	
  that	
  global	
  temperatures	
  increase	
  in	
  line	
  with	
  63	
  
cumulative	
  CO2	
  emissions	
  suggests	
  a	
  very	
  simple	
  expression	
  for	
  the	
  temperature	
  64	
  
perturbation	
  at	
  time	
  𝑡 + 𝑡!	
  resulting	
  from	
  the	
  emission	
  of	
  an	
  additional	
  tonne	
  of	
  65	
  
CO2	
  at	
  time	
  𝑡!:	
  	
  66	
  

𝛿𝑇!!!! = 𝑇TCRE 1− 𝑒!!s! 	
  
where	
  the	
  Transient	
  Climate	
  Response	
  to	
  Cumulative	
  Carbon	
  Emissions,	
  𝑇TCRE,	
  is	
  67	
  
approximately	
  constant	
  and	
  𝑘s	
  is	
  the	
  rate	
  constant	
  for	
  the	
  “fast”	
  component	
  of	
  68	
  
the	
  thermal	
  adjustment	
  of	
  the	
  climate	
  system	
  to	
  radiative	
  forcing,15	
  which	
  is	
  of	
  69	
  
order	
  a	
  decade	
  or	
  less.	
  The	
  invariance	
  of	
  𝑇TCRE	
  over	
  a	
  range	
  of	
  cumulative	
  70	
  
emissions	
  from	
  zero	
  to	
  10,000	
  billion	
  tonnes	
  of	
  CO2	
  (GtCO2)	
  arises	
  from	
  the	
  71	
  
approximate	
  cancellation	
  between	
  the	
  logarithmic	
  relationship	
  between	
  CO2	
  72	
  
concentrations	
  and	
  radiative	
  forcing	
  and	
  the	
  increasing	
  airborne	
  fraction	
  of	
  73	
  
emissions	
  due	
  to	
  saturation	
  of	
  carbon	
  sinks.16	
  	
  74	
  
	
  75	
  
This	
  expression	
  applies	
  to	
  CO2-­‐induced	
  warming.	
  The	
  simplest	
  way	
  to	
  76	
  
accommodate	
  other	
  agents	
  is	
  to	
  assume	
  that	
  future	
  total	
  anthropogenic	
  warming	
  77	
  
remains,	
  as	
  now,	
  approximately	
  10%	
  greater	
  than	
  CO2-­‐induced	
  warming	
  and	
  78	
  
adjust	
  𝑇TCRE	
  accordingly.	
  Although	
  CO2	
  emissions	
  dominate	
  long-­‐term	
  warming,	
  79	
  
other	
  agents	
  could	
  add	
  up	
  to	
  0.5oC	
  to	
  peak	
  temperatures	
  even	
  under	
  stringent	
  80	
  
mitigation	
  scenarios.1	
  81	
  
	
  82	
  
It	
  is	
  straightforward	
  to	
  show	
  (see	
  Methods	
  Summary),	
  in	
  this	
  utility-­‐maximising	
  83	
  
framework,	
  that	
  there	
  is	
  a	
  unique	
  relationship	
  between	
  peak	
  temperature	
  𝑇!	
  and	
  84	
  
only	
  two	
  quantities	
  that	
  we	
  can	
  influence	
  through	
  mitigation	
  policy	
  in	
  the	
  near	
  85	
  
future:	
  the	
  cost,	
  𝑆B,	
  of	
  the	
  ‘backstop’	
  technology	
  that	
  removes	
  the	
  last	
  tonne	
  of	
  86	
  
global	
  emissions,	
  or	
  the	
  MAC	
  as	
  emissions	
  reach	
  zero;	
  and	
  the	
  ratio	
  between	
  the	
  87	
  
average	
  rate	
  of	
  economic	
  growth	
  𝑔	
  and	
  average	
  emissions	
  𝐸	
  between	
  now	
  and	
  88	
  
the	
  time	
  emissions	
  reach	
  zero:	
  89	
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where	
  𝛾,	
  𝐴	
  and	
  𝑇TCRE	
  all	
  depend	
  on	
  the	
  physical	
  response	
  of	
  the	
  climate	
  system	
  90	
  
and	
  future	
  adaptation	
  and	
  discounting	
  decisions,	
  but	
  not	
  on	
  near-­‐term	
  91	
  
mitigation	
  policy.	
  This	
  relationship	
  holds	
  whether	
  or	
  not	
  consumption	
  growth	
  𝑔	
  92	
  
is	
  affected	
  by	
  climate	
  change	
  and	
  does	
  not	
  require	
  𝑔	
  at	
  the	
  time	
  of	
  peak	
  warming	
  93	
  
to	
  be	
  equal	
  to	
  𝑔	
  in	
  the	
  meantime,	
  but	
  it	
  does	
  assume	
  that	
  consumption	
  continues	
  94	
  
to	
  grow,	
  and	
  the	
  SCC	
  with	
  it.	
  	
  95	
  
	
  96	
  
The	
  figure	
  shows	
  how	
  𝑆B,	
  the	
  required	
  cost	
  of	
  a	
  backstop	
  technology	
  capable	
  of	
  97	
  
reducing	
  net	
  CO2	
  emissions	
  to	
  zero,	
  varies	
  as	
  a	
  function	
  of	
  peak	
  warming	
  and	
  98	
  
average	
  rates	
  of	
  future	
  economic	
  growth,	
  assuming	
  that	
  this	
  technology	
  is	
  99	
  
available	
  and	
  deployed	
  when	
  the	
  benefits	
  outweigh	
  the	
  costs,	
  and	
  using	
  100	
  
geophysical	
  and	
  economic	
  parameters	
  given	
  in	
  the	
  Methods	
  Summary,	
  an	
  𝐸	
  of	
  101	
  
90%	
  of	
  today’s	
  emission	
  rate	
  (hence	
  assuming	
  some	
  further	
  increase	
  followed	
  by	
  102	
  
decline)	
  and	
  a	
  subjective	
  discount	
  rate	
  at	
  the	
  time	
  of	
  peak	
  warming	
  of	
  𝑟 − 𝑔 =103	
  
1.5%	
  per	
  year.	
  104	
  
	
  105	
  

	
  106	
  
Figure:	
  The	
  relationship	
  between	
  economic	
  growth,	
  final	
  mitigation	
  costs	
  and	
  107	
  
peak	
  warming.	
  The	
  figure	
  shows	
  the	
  cost	
  of	
  a	
  backstop	
  mitigation	
  technology	
  108	
  
capable	
  of	
  reducing	
  net	
  CO2	
  emissions	
  to	
  zero	
  that	
  is	
  required	
  to	
  achieve	
  various	
  109	
  
levels	
  of	
  peak	
  warming	
  for	
  a	
  range	
  of	
  rates	
  of	
  average	
  future	
  economic	
  growth,	
  110	
  
assuming	
  a	
  utility-­‐maximising	
  decision	
  is	
  taken	
  on	
  technology	
  deployment,	
  111	
  
average	
  emissions	
  of	
  36	
  GtCO2/year	
  between	
  now	
  and	
  when	
  emissions	
  reach	
  112	
  
zero,	
  a	
  subjective	
  discount	
  rate	
  at	
  the	
  time	
  of	
  peak	
  warming	
  of	
  1.5%/year	
  and	
  113	
  
other	
  parameters	
  given	
  in	
  the	
  Methods	
  Summary.	
  114	
  
	
  115	
  
The	
  figure	
  illustrates	
  a	
  number	
  of	
  points.	
  First,	
  growth	
  matters:	
  in	
  a	
  utility-­‐116	
  
maximising	
  framework,	
  for	
  any	
  𝑆B,	
  the	
  faster	
  we	
  can	
  grow	
  the	
  world	
  economy	
  117	
  
while	
  not	
  allowing	
  average	
  emissions	
  to	
  rise,	
  the	
  faster	
  the	
  monetary	
  value	
  of	
  the	
  118	
  
social	
  cost	
  of	
  carbon	
  rises	
  and	
  the	
  sooner	
  our	
  descendants	
  will,	
  if	
  they	
  choose	
  to	
  119	
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maximise	
  utility,	
  reduce	
  emissions	
  to	
  zero.	
  They	
  might,	
  of	
  course,	
  decide	
  to	
  120	
  
stabilise	
  temperatures	
  at	
  a	
  lower	
  level,	
  sacrificing	
  global	
  consumption	
  for	
  the	
  121	
  
sake	
  of	
  minimising	
  impacts	
  on	
  vulnerable	
  societies	
  or	
  ecosystems.	
  Conversely,	
  122	
  
they	
  might	
  be	
  insufficiently	
  well	
  organised	
  to	
  deploy	
  abatement	
  measures	
  as	
  123	
  
they	
  become	
  socially	
  cost-­‐effective,	
  or	
  crucial	
  technologies	
  might	
  not	
  be	
  available	
  124	
  
at	
  the	
  scale	
  required	
  when	
  needed.	
  125	
  
	
  126	
  
Second,	
  the	
  ratio	
  between	
  the	
  geometric	
  mean	
  rate	
  of	
  economic	
  growth	
  𝑔	
  and	
  127	
  
the	
  arithmetic	
  mean	
  of	
  future	
  emissions	
  𝐸	
  emerges	
  as	
  a	
  critical	
  parameter,	
  128	
  
illustrating	
  the	
  “Malthusian	
  optimism”	
  of	
  such	
  integrated	
  assessment	
  129	
  
calculations.	
  Provided	
  consumption	
  continues	
  to	
  grow	
  exponentially	
  while	
  130	
  
emissions	
  do	
  not,	
  then	
  eventually	
  our	
  descendants	
  will	
  find	
  it	
  is	
  in	
  their	
  interest	
  131	
  
to	
  stabilise	
  climate.	
  The	
  expectation	
  of	
  sustained	
  exponential	
  consumption	
  132	
  
growth	
  over	
  a	
  period	
  of	
  changing	
  climate	
  and	
  stabilising	
  population	
  is	
  133	
  
contestable,	
  but	
  even	
  if	
  it	
  is	
  not	
  assumed	
  explicitly,	
  it	
  typically	
  emerges	
  from	
  134	
  
most	
  integrated	
  assessment	
  calculations.	
  135	
  
	
  136	
  
The	
  central	
  role	
  played	
  by	
  𝑔 𝐸	
  highlights	
  the	
  importance	
  of	
  carbon	
  137	
  
productivity17	
  in	
  mitigation	
  policy,	
  with	
  a	
  twist:	
  what	
  matters	
  is	
  not	
  so	
  much	
  the	
  138	
  
growth	
  of	
  carbon	
  productivity,	
  or	
  the	
  difference	
  between	
  the	
  consumption	
  and	
  139	
  
emission	
  growth	
  rates,	
  but	
  the	
  growth	
  productivity	
  of	
  carbon,	
  or	
  the	
  140	
  
consumption	
  growth	
  achieved	
  per	
  unit	
  of	
  emissions.	
  If	
  consumption	
  growth	
  is	
  141	
  
assumed,	
  then	
  the	
  only	
  way	
  of	
  increasing	
  𝑔 𝐸	
  is	
  by	
  decreasing	
  emissions,	
  so	
  this	
  142	
  
framework	
  in	
  no	
  way	
  detracts	
  from	
  the	
  need	
  for	
  short-­‐term	
  decarbonisation.	
  It	
  143	
  
does,	
  however,	
  support	
  the	
  contention	
  that	
  measures	
  should	
  be	
  assessed	
  in	
  144	
  
terms	
  of	
  their	
  impact	
  on	
  the	
  growth	
  productivity	
  of	
  carbon	
  rather	
  than	
  their	
  145	
  
impact	
  on	
  emissions	
  per	
  se.	
  Measures	
  to	
  reduce	
  emissions	
  that	
  also	
  reduce	
  the	
  146	
  
rate	
  of	
  economic	
  growth,	
  as	
  well	
  as	
  likely	
  being	
  politically	
  unacceptable,	
  could	
  147	
  
also	
  be	
  environmentally	
  counterproductive	
  if	
  they	
  impair	
  the	
  ability	
  of	
  future	
  148	
  
generations	
  to	
  reduce	
  emissions	
  to	
  zero.	
  That	
  said,	
  measures	
  that	
  permanently	
  149	
  
reduce	
  emissions	
  while	
  only	
  temporarily	
  reducing	
  the	
  rate	
  of	
  consumption	
  150	
  
growth	
  have	
  a	
  positive	
  impact,	
  since	
  they	
  would	
  increase	
  𝑔 𝐸	
  in	
  future.	
  151	
  
	
  152	
  
Finally,	
  the	
  existence	
  of	
  a	
  backstop	
  technology,	
  capable	
  of	
  reducing	
  net	
  carbon	
  153	
  
dioxide	
  emissions	
  to	
  zero,	
  is	
  crucial.	
  This	
  is	
  important,	
  because	
  we	
  still	
  do	
  not	
  154	
  
know	
  what	
  this	
  technology	
  is,	
  never	
  mind	
  what	
  it	
  will	
  cost	
  to	
  deploy	
  at	
  the	
  155	
  
necessary	
  scale.	
  Some	
  properties	
  are	
  evident.	
  It	
  is	
  not	
  simply	
  a	
  substitute	
  for	
  156	
  
fossil	
  energy	
  in	
  a	
  particular	
  application,	
  such	
  as	
  power	
  generation:	
  it	
  is	
  a	
  157	
  
completely	
  effective	
  substitute	
  in	
  every	
  application,	
  including	
  those	
  for	
  which	
  158	
  
fossil	
  energy	
  is	
  most	
  attractive,	
  such	
  as	
  high-­‐density	
  transport	
  fuels.	
  Given	
  the	
  159	
  
vast	
  range	
  of	
  services	
  provide	
  by	
  fossil	
  fuels,	
  the	
  simplest	
  hypothesis	
  is	
  that	
  the	
  160	
  
backstop	
  represents	
  the	
  cost	
  of	
  atmospheric	
  CO2	
  removal,	
  or	
  some	
  combination	
  161	
  
of	
  artificial	
  or	
  biomass-­‐based	
  air	
  capture	
  with	
  either	
  geological	
  sequestration	
  or	
  162	
  
remineralisation.	
  This	
  explains	
  the	
  recent	
  finding	
  that	
  the	
  availability	
  of	
  carbon	
  163	
  
capture	
  and	
  sequestration,	
  which,	
  combined	
  with	
  biomass	
  energy,	
  plays	
  the	
  role	
  164	
  
in	
  the	
  backstop	
  in	
  many	
  aggressive	
  mitigation	
  scenarios,	
  is	
  the	
  key	
  determinant	
  165	
  
of	
  the	
  cost	
  of	
  maintaining	
  temperatures	
  below	
  2oC.18,19	
  Our	
  results	
  suggest	
  that	
  166	
  
the	
  cost	
  of	
  CO2	
  removal	
  will	
  also	
  remain	
  critical	
  under	
  higher	
  scenarios.	
  167	
  
	
  168	
  



Even	
  if	
  a	
  perfect	
  substitute	
  for	
  fossil	
  fuels	
  were	
  developed,	
  if	
  it	
  were	
  to	
  cost	
  more	
  169	
  
than	
  the	
  marginal	
  cost	
  of	
  extraction	
  of	
  the	
  cheapest	
  fossil	
  fuel,	
  some	
  fossil	
  CO2	
  170	
  
emissions	
  would	
  continue	
  in	
  the	
  absence	
  of	
  a	
  complete	
  global	
  ban	
  on	
  fossil	
  fuel	
  171	
  
extraction	
  and	
  use.	
  Stabilizing	
  temperatures	
  would	
  require	
  these	
  recalcitrant	
  172	
  
emissions	
  to	
  be	
  compensated	
  for	
  by	
  atmospheric	
  CO2	
  removal.	
  This	
  is	
  why	
  the	
  173	
  
cost	
  of	
  CO2	
  removal	
  and	
  disposal	
  is	
  likely	
  to	
  determine	
  the	
  marginal	
  cost	
  of	
  174	
  
reducing	
  net	
  CO2	
  emissions	
  to	
  zero	
  even	
  if	
  other	
  measures	
  are	
  responsible	
  for	
  175	
  
the	
  bulk	
  of	
  emission	
  reductions:	
  complete	
  substitution	
  for	
  fossil	
  fuels	
  in	
  all	
  176	
  
applications	
  requires	
  complete	
  global	
  compliance,	
  whereas	
  large-­‐scale	
  177	
  
deployment	
  of	
  CO2	
  removal	
  does	
  not.20,21	
  178	
  
	
  179	
  
Estimates	
  of	
  the	
  cost	
  of	
  CO2	
  removal	
  and	
  disposal	
  vary	
  from	
  less	
  than	
  $200	
  to	
  180	
  
over	
  $1000/tCO218	
  and	
  depend	
  heavily	
  on	
  how	
  costs	
  may	
  change	
  as	
  these	
  181	
  
technologies	
  are	
  deployed	
  at	
  scale	
  (accounting	
  for	
  the	
  land	
  and	
  freshwater	
  182	
  
requirements	
  for	
  biomass	
  energy	
  with	
  carbon	
  capture	
  and	
  sequestration,	
  for	
  183	
  
example).	
  Fortunately,	
  the	
  convex	
  relationship	
  between	
  SCC!! 	
  and	
  𝑇!	
  means	
  that	
  184	
  
peak	
  warming	
  is,	
  in	
  a	
  utility-­‐maximising	
  calculation,	
  surprisingly	
  insensitive	
  to	
  185	
  
the	
  cost	
  of	
  the	
  backstop	
  technology,	
  provided	
  growth	
  can	
  be	
  maintained	
  in	
  a	
  186	
  
world	
  of	
  constrained	
  emissions.	
  The	
  reason	
  is	
  that,	
  if	
  the	
  social	
  cost	
  of	
  carbon	
  is	
  a	
  187	
  
temperature-­‐dependent	
  multiple	
  of	
  global	
  consumption	
  𝑊! ,	
  and	
  𝑊!	
  doubles	
  188	
  
every	
  30	
  years	
  or	
  so,	
  then	
  a	
  doubling	
  of	
  the	
  cost	
  of	
  the	
  backstop	
  technology	
  189	
  
implies	
  only	
  a	
  few	
  decades’	
  delay	
  in	
  deployment.	
  If	
  future	
  growth	
  is	
  maintained	
  190	
  
at	
  2.5%	
  per	
  year	
  without	
  emissions	
  (averaged	
  over	
  time)	
  rising	
  substantially	
  191	
  
above	
  present-­‐day	
  levels,	
  then	
  a	
  $200/tCO2	
  cost	
  of	
  CO2	
  removal	
  would	
  imply	
  192	
  
temperatures	
  peaking	
  around	
  2oC,	
  while	
  $400/tCO2	
  would	
  imply	
  peak	
  193	
  
temperatures	
  around	
  2.3oC,	
  with	
  these	
  parameters.	
  The	
  cost	
  of	
  the	
  backstop	
  194	
  
technology	
  becomes	
  much	
  more	
  important	
  in	
  a	
  low-­‐growth	
  world.	
  It	
  also	
  195	
  
becomes	
  important	
  at	
  low	
  values:	
  if	
  large-­‐scale	
  CO2	
  removal	
  can	
  actually	
  be	
  196	
  
achieved	
  for	
  as	
  little	
  as	
  $100/tCO2,22	
  then	
  the	
  prospects	
  of	
  maintaining	
  global	
  197	
  
temperatures	
  below	
  2oC,	
  under	
  these	
  assumptions,	
  are	
  good	
  even	
  at	
  relatively	
  198	
  
low	
  rates	
  of	
  economic	
  growth.	
  199	
  
	
  200	
  
Despite,	
  or	
  rather	
  because	
  of,	
  its	
  simplicity,	
  this	
  framework	
  allows	
  us	
  to	
  illustrate	
  201	
  
some	
  important	
  factors	
  determining	
  peak	
  warming	
  in	
  a	
  utility-­‐maximising	
  202	
  
world.	
  Some	
  may	
  find	
  our	
  conclusions	
  so	
  counter-­‐intuitive	
  they	
  lead	
  them	
  to	
  203	
  
question	
  utility-­‐maximisation	
  as	
  a	
  policy	
  objective	
  or	
  the	
  assumption	
  of	
  204	
  
sustained	
  exponential	
  consumption	
  growth.	
  But	
  since	
  these	
  are	
  ubiquitous	
  205	
  
features	
  of	
  integrated	
  assessment	
  calculations,	
  it	
  remains	
  helpful	
  to	
  make	
  their	
  206	
  
implications	
  clear.	
  The	
  focus	
  of	
  integrated	
  assessment	
  is	
  often	
  on	
  the	
  initial	
  207	
  
carbon	
  price	
  trajectory,	
  which	
  is	
  strongly	
  dependent	
  on	
  the	
  discount	
  rate	
  208	
  
employed	
  today.5	
  This	
  is	
  understandable,	
  given	
  the	
  need	
  for	
  immediate	
  policy	
  209	
  
advice.	
  But	
  as	
  a	
  result,	
  peak	
  warming	
  emerges	
  as	
  a	
  consequence	
  of	
  a	
  numerical	
  210	
  
calculation,	
  with	
  the	
  role	
  of	
  assumptions	
  about	
  backstop	
  technologies,	
  economic	
  211	
  
growth	
  and	
  the	
  discount	
  rates	
  employed	
  by	
  future	
  generations	
  not	
  always	
  212	
  
transparent.	
  Discussion	
  of	
  backstop	
  mitigation	
  options,	
  such	
  as	
  CO2	
  removal,	
  is	
  213	
  
often	
  dismissed	
  as	
  a	
  distraction	
  from	
  the	
  need	
  to	
  reduce	
  emissions	
  now.	
  This	
  214	
  
note	
  suggests	
  that	
  the	
  converse	
  may	
  be	
  true:	
  focussing	
  exclusively	
  on	
  short-­‐term	
  215	
  
emission	
  reduction	
  may	
  be	
  distracting	
  us	
  from	
  what	
  really	
  matters	
  for	
  peak	
  216	
  
warming.21	
  217	
  



Methods	
  Summary:	
  218	
  
The	
  SCC	
  at	
  time	
  𝑡!	
  is	
  a	
  function	
  of	
  both	
  the	
  size	
  of	
  the	
  world	
  economy	
  and	
  the	
  219	
  
expected	
  temperature	
  after	
  𝑡!  	
  220	
  

SCC!! = 𝛾𝐷!𝑇TCRE 𝑊!!!!𝑇!!!!
!!! 1− 𝑒!!s! 𝑒!!"𝑑𝑡

!

!!!
	
  

If	
  global	
  consumption	
  (inflation-­‐adjusted	
  output	
  minus	
  investment)	
  is	
  rising	
  221	
  
exponentially	
  at	
  a	
  rate	
  𝑔	
  (which	
  may	
  be	
  affected	
  by	
  climate	
  change),	
  so	
  222	
  
𝑊!!!! =𝑊!𝑒!" ,	
  and	
  temperatures	
  are	
  rising	
  or	
  falling	
  linearly	
  at	
  a	
  rate	
  𝑇!,	
  so	
  223	
  
𝑇!!!! = 𝑇! + 𝑇!𝑡,	
  then	
  	
  224	
  

SCC!! = 𝛾𝑊!𝐷!𝑇TCRE 𝑇! + 𝑇!𝑡 !!! 1− 𝑒!!s! 𝑒! !!! !𝑑𝑡
!

!!!
	
  

For	
  relatively	
  slow	
  rates	
  of	
  warming,	
  such	
  that	
  𝑇! 𝑇! ≪ 𝑟 − 𝑔,	
  this	
  gives	
  225	
  

SCC!! = 𝛾𝑊!𝐷!𝑇TCRE𝑇!
!!! 1

𝑟 − 𝑔 −
1

𝑘s + 𝑟 − 𝑔

+
𝛾 − 1 𝑇!

𝑇!
1

𝑟 − 𝑔 ! −
1

𝑘s + 𝑟 − 𝑔 ! 	
  

As	
  an	
  aside,	
  this	
  expression	
  can	
  be	
  used	
  to	
  identify	
  approximate	
  benefit-­‐cost-­‐226	
  
maximising	
  emission	
  paths	
  avoiding	
  iterative	
  optimisation,	
  provided	
  the	
  impact	
  227	
  
of	
  climate	
  change	
  on	
  growth	
  is	
  negligible.	
  	
  228	
  
	
  229	
  
The	
  linear	
  relationship	
  between	
  cumulative	
  carbon	
  emissions	
  and	
  future	
  230	
  
temperatures	
  implies	
  𝑇! ≈ 𝑇! + 𝑇TCRE𝐸 𝑡! − 𝑡! ,	
  where	
  𝑇!	
  is	
  global	
  temperature	
  231	
  
today,	
  at	
  𝑡!,	
  and	
  𝐸	
  is	
  the	
  arithmetic	
  mean	
  of	
  the	
  annual	
  emission	
  rate	
  between	
  232	
  
now	
  and	
  𝑡!.	
  Total	
  consumption	
  at	
  time	
  𝑡!	
  is	
  given	
  by	
  𝑊! =𝑊!𝑒! !!!!! ,	
  where	
  𝑊!	
  233	
  
is	
  total	
  consumption	
  today	
  and	
  𝑔	
  is	
  the	
  geometric	
  mean	
  of	
  the	
  economic	
  growth	
  234	
  
rate	
  between	
  now	
  and	
  𝑡!.	
  Combining	
  these	
  gives	
  an	
  expression	
  for	
  total	
  235	
  
consumption	
  at	
  time	
  𝑡!:	
  236	
  

𝑊! =𝑊! exp
𝑔
𝐸
𝑇! − 𝑇!
𝑇TCRE

	
  

If	
  	
  𝑡!	
  is	
  the	
  time	
  at	
  which	
  CO2	
  emissions	
  reach	
  zero	
  and	
  hence	
  temperatures	
  peak	
  237	
  
at	
  𝑇!,	
  then	
  the	
  Social	
  Cost	
  of	
  Carbon	
  at	
  time	
  𝑡!	
  is:	
  238	
  

SCC!! = 𝛾𝑊!𝐷!𝑇TCRE
1

𝑟 − 𝑔 −
1

𝑘s − 𝑟 + 𝑔
𝑇!
!!! exp

𝑔
𝐸
𝑇! − 𝑇!
𝑇TCRE

	
  

where	
  the	
  term	
  in	
  square	
  brackets	
  is	
  the	
  constant	
  𝐴	
  in	
  the	
  main	
  text.	
  239	
  
	
  240	
  
The	
  quantity	
  𝑟 − 𝑔 = 𝜌 + 𝜂 − 1 𝑔,	
  or	
  ‘subjective	
  discount	
  rate’,5	
  is	
  a	
  key	
  241	
  
determinant	
  of	
  near-­‐term	
  mitigation	
  policy.5,10,23	
  The	
  question	
  that	
  really	
  242	
  
matters	
  for	
  peak	
  warming,	
  however,	
  is	
  not	
  the	
  value	
  used	
  today,	
  or	
  how	
  the	
  243	
  
current	
  generation	
  values	
  the	
  welfare	
  of	
  its	
  descendants,	
  but	
  how	
  those	
  alive	
  at	
  244	
  
time	
  𝑡!,	
  when	
  temperatures	
  peak,	
  value	
  the	
  welfare	
  of	
  their	
  descendants.	
  This	
  245	
  
cannot	
  be	
  specified	
  today,	
  but	
  may	
  be	
  affected	
  indirectly	
  by	
  near-­‐term	
  decisions.	
  	
  246	
  
	
  247	
  
Typical	
  geophysical	
  and	
  economic	
  parameters	
  are	
  𝛾 = 2,	
  𝑊! = 75×10!"	
  US$2005,	
  248	
  
𝐷! = 0.00267	
  for	
  the	
  fractional	
  loss	
  in	
  global	
  welfare	
  due	
  to	
  a	
  1oC	
  warming,24	
  249	
  
𝑇! = 0.9	
  oC	
  and	
  𝑘s = 0.12	
  per	
  year.1	
  All	
  of	
  these	
  are	
  uncertain,	
  but	
  are	
  not	
  250	
  
directly	
  affected	
  by	
  climate	
  policy.	
  If	
  𝑟 − 𝑔 = 1.5%,	
  they	
  indicate	
  an	
  SCC	
  of	
  251	
  
$25/tCO2	
  in	
  2015	
  rising	
  to	
  over	
  $100/tCO2	
  by	
  2050,	
  within	
  the	
  broad	
  range	
  of	
  252	
  



other	
  studies.10	
  The	
  figure	
  uses	
  a	
  mid-­‐range	
  𝑇TCRE	
  of	
  0.002/3.67	
  oC/GtCO2,	
  which	
  253	
  
is	
  20%	
  higher	
  than	
  the	
  ratio	
  of	
  total	
  anthropogenic	
  warming	
  to	
  cumulative	
  CO2	
  254	
  
emissions	
  to	
  date3,25,	
  but	
  20%	
  lower	
  than	
  the	
  “likely”	
  upper	
  bound	
  for	
  this	
  ratio	
  255	
  
at	
  the	
  time	
  of	
  peak	
  warming	
  in	
  2oC	
  scenarios	
  assessed	
  in	
  ref.	
  1.	
  	
  256	
  
	
  257	
  
Average	
  future	
  emissions	
  𝐸	
  between	
  now	
  and	
  when	
  they	
  reach	
  zero	
  depend	
  on	
  258	
  
the	
  emission	
  path,	
  but	
  within	
  limits.	
  If	
  emissions	
  peak	
  immediately	
  and	
  decline	
  259	
  
linearly,	
  then	
  𝐸 = 𝐸! 2,	
  where	
  𝐸!	
  is	
  today’s	
  emission	
  rate	
  (~40	
  GtCO2	
  per	
  year).	
  260	
  
If	
  emissions	
  follow	
  a	
  quadratic	
  profile,	
  continuing	
  to	
  rise	
  for	
  33%	
  of	
  the	
  time	
  261	
  
between	
  now	
  and	
  when	
  they	
  reach	
  zero,	
  peaking	
  33%	
  higher	
  than	
  today,	
  then	
  262	
  
𝐸 = 𝐸!.	
  Most	
  plausible	
  paths	
  would	
  fall	
  between	
  these	
  two:	
  we	
  use	
  an	
  illustrative	
  263	
  
conservative	
  case	
  𝐸 = 0.9𝐸!.	
  	
  264	
  
	
  265	
  
The	
  figure	
  shows	
  the	
  implications	
  of	
  one	
  set	
  of	
  choices	
  for	
  non-­‐policy	
  266	
  
parameters.	
  Increasing	
  𝐷!	
  (to	
  account	
  for	
  impact	
  uncertainty,	
  or	
  the	
  effect	
  of	
  267	
  
consumption	
  inequalities	
  on	
  welfare12)	
  or	
  𝛾	
  (greater	
  non-­‐linearity)	
  would	
  all	
  268	
  
shift	
  the	
  lines	
  to	
  the	
  left:	
  the	
  worse	
  climate	
  change	
  turns	
  out	
  to	
  be,	
  the	
  sooner	
  our	
  269	
  
descendants,	
  if	
  they	
  maximise	
  utility,	
  would	
  deploy	
  a	
  backstop	
  CO2	
  removal	
  270	
  
technology	
  at	
  a	
  given	
  cost.	
  Conversely,	
  increasing	
  𝑇TCRE	
  (higher	
  climate	
  response,	
  271	
  
or	
  higher	
  ratio	
  of	
  total	
  to	
  CO2-­‐induced	
  warming)	
  or	
  𝑟 − 𝑔,	
  the	
  subjective	
  discount	
  272	
  
rate	
  at	
  the	
  time	
  of	
  peak	
  warming,	
  both	
  shift	
  the	
  lines	
  to	
  the	
  right,	
  implying	
  a	
  273	
  
higher	
  peak	
  warming	
  for	
  any	
  given	
  backstop	
  technology	
  cost.	
  	
  274	
  
	
  275	
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