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Mo(va(on	
  and	
  Background	
  

•  ResidenCal	
  energy	
  efficiency	
  programs	
  in	
  
place	
  in	
  the	
  US,	
  Canada,	
  Europe	
  and	
  Australia	
  

•  Can	
  they	
  miCgate	
  the	
  “Energy	
  Efficiency	
  
Gap?”	
  

•  AYempt	
  to	
  address	
  possible	
  causes	
  of	
  the	
  
“Energy	
  Efficiency	
  Gap”	
  
– Lack	
  of	
  physical/economic	
  informaCon	
  
– Liquidity	
  constraints	
  
– …	
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InformaCon	
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  on	
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usage	
  
–  Faruqui	
  et	
  al.	
  (2010);	
  Darby	
  (2006,	
  2010);	
  Gleerup	
  et	
  
al.	
  (2010);	
  Gans	
  et	
  al.	
  (2013);	
  Jessoe	
  and	
  Rapson	
  
(2013)	
  



Approaches	
  
•  Randomized	
  controlled	
  trials	
  	
  

– UClity	
  pilots	
  
– Usually	
  small	
  sample	
  and	
  short	
  duraCon	
  

•  Natural	
  Experiments	
  	
  
– Not	
  easy	
  to	
  find	
  

•  ObservaConal	
  studies	
  or	
  voluntary	
  programs	
  
–  SelecCon	
  bias	
  
– Unobserved	
  heterogeneity	
  
–  Seek	
  to	
  restore	
  random	
  assignment	
  to	
  treatment	
  via	
  
matching,	
  PSM,	
  regression	
  disconCnuity,	
  IV	
  esCmaCon	
  	
  



This	
  paper	
  

•  Treatment	
  =	
  program	
  offered	
  by	
  a	
  MD	
  uClity	
  to	
  
residenCal	
  customer	
  to	
  help	
  meet	
  EmPower	
  MD	
  goals	
  

•  Two	
  treatments:	
  
–  Energy	
  Audit	
  (Quick	
  Home	
  Energy	
  Check-­‐up)	
  
–  Rebate	
  on	
  the	
  purchase	
  of	
  a	
  high-­‐efficiency	
  heat	
  pump	
  

•  Treatments	
  take	
  place	
  in	
  Q1	
  2011	
  
•  Have	
  electricity	
  usage	
  before	
  and	
  aner	
  for	
  treated	
  
households	
  and	
  controls	
  

•  ParCcipaCon	
  is	
  voluntary…	
  



Research	
  Ques(ons	
  

1.  What	
  are	
  the	
  effects	
  of	
  energy	
  audits	
  and	
  
incenCves	
  on	
  high-­‐efficiency	
  heat	
  pumps	
  on	
  
residenCal	
  electricity	
  usage?	
  

2.  Are	
  these	
  cost-­‐effecCve	
  ways	
  to	
  reduce	
  CO2	
  
emissions	
  associated	
  with	
  generaCon?	
  

3.  Which	
  works	
  best	
  to	
  address	
  selecCon	
  bias…?	
  
-­‐  fixed	
  effects	
  
-­‐  Matching	
  on	
  pre-­‐program	
  usage	
  
-­‐  Matching	
  on	
  pre-­‐program	
  usage	
  and	
  housing	
  

characterisCcs	
  



Timeline	
  	
  

EmPower	
  
Maryland	
  
established	
  	
  



Quick	
  Home	
  Energy	
  Check-­‐up	
  	
  
•  Professional	
  assesses…	
  	
  

InsulaCon 	
   	
   	
   	
   	
  LighCng	
  	
  
HeaCng	
  and	
  cooling	
  systems 	
   	
  Appliances	
  
Windows	
  and	
  doors 	
   	
   	
  Water	
  heater	
  

…and	
  offers	
  advice	
  
•  One	
  hour	
  
•  Cost:	
  

–  to	
  the	
  household:	
  $0	
  
–  To	
  the	
  uClity:	
  $200	
  

•  Products	
  (CFLs,	
  pipe	
  insulaCon)	
  may	
  be	
  offered	
  to	
  the	
  
household	
  

•  We	
  don’t	
  know	
  what	
  the	
  household	
  does	
  aner	
  the	
  QHEC	
  



Heat	
  Pump	
  Rebate	
  	
  
	
  •  $200	
  -­‐	
  $400	
  on	
  the	
  purchase	
  of	
  a	
  heat	
  pump	
  

with	
  SEER	
  of	
  14.5	
  or	
  beYer	
  
	
  



Data	
  Sources	
  
•  Usage	
  and	
  billing	
  records	
  from	
  the	
  electric	
  
uClity	
  (2008	
  –	
  2012)	
  

•  UClity	
  program	
  parCcipaCon	
  records	
  
•  MDPropertyView	
  

–  Issued	
  every	
  year	
  since	
  1996	
  by	
  the	
  State	
  of	
  
Maryland	
  

– Lists	
  and	
  describes	
  all	
  homes	
  in	
  MD	
  	
  

•  US	
  Census:	
  neighborhood	
  characterisCcs	
  
•  Weather	
  data	
  from	
  NOAA	
  



Where	
  

Survey	
  Area	
  



Why—SMECO	
  Service	
  Area	
  



Study	
  Design	
  

•  Difference-­‐in-­‐difference	
  approach	
  
–  i.e.,	
  retrospecCve	
  case-­‐control	
  study	
  
– Treatment	
  and	
  control	
  groups	
  
– Have	
  electricity	
  usage	
  records	
  before	
  and	
  aner	
  
treatment	
  

•  Outcome	
  variable:	
  ln	
  electricity	
  usage	
  
•  Average	
  treatment	
  effect	
  on	
  the	
  treated	
  (ATT)	
  



Basic	
  Model	
  
(in	
  the	
  absence	
  of	
  programs)	
  

ististstisistE ετα +++= βWln

Household	
  ×	
  season	
  
fixed	
  effects	
  

Season	
  ×	
  year	
  fixed	
  
effects	
  

Weather	
  and	
  billing	
  
period	
  controls	
  



Basic	
  Model	
  -­‐	
  2	
  

)()(lnln )1()1()1( −−− −+−+=− tisisttisiststtisist EE εεα βWW

FD,	
  fourth-­‐lag	
  differences,	
  and	
  within	
  esCmator	
  give	
  
different	
  results	
  if	
  household-­‐by-­‐season	
  effects	
  are	
  
present.	
  



Assess	
  the	
  Effect	
  of	
  Treatment	
  

+−+=− −− βWW )(lnln )1()1( tisiststtisist EE α

ististii ePostTGroup +⋅×++ δ)(γX

CharacterisCcs	
  of	
  
the	
  dwelling	
  and	
  
pre-­‐program	
  usage	
  

ATT	
  



Alterna(vely…	
  

+−+=− −− βWW )(lnln )1()1( tisiststtisist EE α

isttisistii ePostPostTGroup +⋅−×++ − δ))(( )1(γX

CharacterisCcs	
  of	
  
the	
  dwelling	
  and	
  
pre-­‐program	
  usage	
  

ATT	
  



Matching	
  	
  

•  Seeks	
  to	
  create	
  a	
  situaCon	
  where	
  the	
  
treatment	
  is	
  as	
  good	
  as	
  randomly	
  assigned	
  

•  For	
  each	
  treated	
  unit,	
  look	
  for	
  a	
  control	
  unit	
  
with	
  idenCcal	
  Xs	
  

•  Compute	
  Δy	
  between	
  treated	
  and	
  control	
  unit	
  
•  Average	
  the	
  Δy	
  across	
  all	
  pairs,	
  condiConally	
  
on	
  the	
  distribuCon	
  of	
  X	
  in	
  the	
  treated	
  units	
  



Difficul(es	
  with	
  Matching	
  

•  Exact	
  matching	
  v.	
  matching	
  with	
  conCnuous	
  
variables	
  (Abadie	
  and	
  Imbens,	
  2006,	
  2011)	
  

•  Usually	
  done	
  with	
  cross	
  secCons	
  
– With	
  panel	
  data,	
  what	
  if	
  someone	
  is	
  matched	
  with	
  
himself	
  pre-­‐treatment?	
  

•  Match	
  observaCons	
  (i.e.,	
  electricity	
  usage	
  
records)	
  or	
  units	
  (i.e.,	
  households)?	
  
– We	
  do	
  both	
  
– Both	
  trim	
  the	
  sample	
  



Coarsened	
  Exact	
  Matching	
  (CEM)	
  

•  The	
  units	
  to	
  be	
  matched	
  are	
  the	
  households	
  
•  Convert	
  conCnuous	
  variables	
  into	
  discrete	
  
categories	
  

•  Do	
  exact	
  matching	
  	
  
•  Compute	
  CEM	
  weights	
  
•  WLS	
  regression	
  that	
  includes	
  original	
  matching	
  
variable	
  to	
  control	
  for	
  any	
  residual	
  imbalance	
  

•  Use	
  full	
  panel	
  of	
  electricity	
  usage	
  observaCons	
  in	
  the	
  
regression	
  



What	
  are	
  our	
  Matching	
  Variables?	
  

•  2008	
  summer	
  and	
  winter	
  usage	
  
•  House	
  characterisCcs:	
  

– Square	
  footage	
  
– Heat	
  pump	
  
– Floors	
  
– Vintage	
  
– Basement	
  
– ConstrucCon	
  quality	
  
– ConstrucCon	
  materials	
  



Construc(on	
  of	
  the	
  Sample	
  	
  

Start:	
  
•  QHEC	
  households	
  +	
  	
  
•  Heat	
  Pump	
  rebate	
  
households	
  +	
  

•  Households	
  in	
  homes	
  as	
  
similar	
  as	
  possible	
  to	
  
the	
  above	
  

Data	
  cleaning:	
  
•  Exclude	
  mobile	
  homes	
  
•  Exclude	
  households	
  in	
  
mulCple	
  programs	
  

•  Exclude	
  households	
  in	
  
uClity	
  programs	
  aner	
  
Q1	
  2011	
  

•  Only	
  accounts	
  acCve	
  
since	
  Jan	
  2008	
  

	
  



The	
  Sample	
  	
  

•  QHEC: 	
   	
  378	
  hholds	
  
•  HP	
  rebate:	
   	
  430	
  hholds	
  
•  Controls:	
   	
  10,676	
  hholds	
  
•  Panel	
  dataset:	
  	
  

–  For	
  each	
  hhold,	
  seasonal	
  total	
  usage	
  (4	
  obs.	
  per	
  hhold	
  
per	
  year)	
  

– Up	
  to	
  13	
  seasons	
  per	
  hhold	
  
•  Sample	
  for	
  econometric	
  analysis	
  has	
  over	
  
100,000	
  obs.	
  



Variable Sample mean 

Sqft feet	
   Mean     1928.19        Median  1808	
  
Heat pump present	
   0.6225	
  
Built before 1960	
   0.0594	
  
Built 1960-69	
   0.0649	
  
Built 1970-79	
   0.1572	
  
Built 1980-89	
   0.2170	
  
Built 1990-99	
   0.3921	
  
Built 2000 and later	
   0.1094	
  
1 floor 	
   0.3198	
  
2 floors	
   0.5583	
  
Fair construction quality	
   0.3544	
  
Average construction quality	
   0.5414	
  
Good construction quality	
   0.0776	
  

Selected	
  DescripCve	
  StaCsCcs	
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   Audit	
   Control	
  
Group	
   HP	
  Rebate	
   Controls	
  w/	
  

HPs	
  	
  

Sqn	
   1917.95	
   1931.22	
   2072.4	
   2029.01	
  
heat	
  pump	
   0.6085	
   0.6224	
   1.0000	
   1.0000	
  

Built	
  Pre	
  1960	
   0.0763	
   0.0612	
   0.0059	
   0.0104	
  
Built	
  1960-­‐69	
   0.0518	
   0.0665	
   0.0059	
   0.0051	
  
Built	
  1970-­‐79	
   0.2071	
   0.1565	
   0.0356	
   0.0508	
  
Built	
  1980-­‐89	
   0.2507	
   0.2124	
   0.3145	
   0.2735	
  
Built	
  1990-­‐2000	
   0.3787	
   0.3879	
   0.5964	
   0.5117	
  
Built	
  2000+	
   0.0354	
   0.1155	
   0.0415	
   0.1485	
  
1	
  floor	
   0.3578	
   0.3540	
   0.2614	
   0.2461	
  
2	
  floors	
   0.6147	
   0.6236	
   0.732	
   0.7205	
  

Average	
  quality	
   0.4796	
   0.5404	
   0.6291	
   0.6113	
  
Fair	
   0.4142	
   0.3559	
   0.2463	
   0.2721	
  
Good	
   0.0899	
   0.0770	
   0.1128	
   0.1011	
  

Comparison	
  of	
  dwelling	
  characterisCcs	
  across	
  groups	
  



	
  	
  
OLS	
  in	
  the	
  
levels	
  

FE	
  
(convenCo
nal	
  hhold	
  
effects)	
  

OLS	
  in	
  the	
  
fourth-­‐lag	
  
differences	
  	
  

treatment	
  group	
  dummy	
  
0.0003	
  
(0.04)	
   -­‐-­‐	
  

0.0058	
  
(1.042)	
  

treatment	
  ×	
  post	
  dummy	
  
-­‐0.0405	
  
(-­‐2.74)	
  

-­‐0.0457	
  
(-­‐4.83)	
  

-­‐0.0186	
  
(-­‐1.92)	
  

Benchmark	
  year	
  usage	
   Yes	
   -­‐-­‐	
   Yes	
  
Season	
  ×	
  year	
   Yes	
   Yes	
   Yes	
  
weather	
  controls	
  	
   Yes	
   Yes	
   Yes	
  
house	
  characterisCcs	
   Yes	
   -­‐-­‐	
   Yes	
  

Preliminary	
  Regressions:	
  Audit	
  	
  



CEM	
  for	
  Audit	
  v.	
  Control	
  Group	
  

CEM	
  1	
   CEM	
  2	
  
Matching	
  variables	
  	
   -­‐	
  2008	
  usage	
   -­‐	
  2008	
  usage	
  

-­‐	
  House	
  
characterisCcs	
  

Matched	
  households	
   10,580	
  
(97.85%)	
  

3603	
  
(33.33%)	
  

Nobs	
  used	
  in	
  the	
  final	
  
regression	
  	
  

177,550	
  
(97.88%)	
  

60,763	
  	
  
(33.50%)	
  



Audit	
  Regressions	
  –	
  WLS	
  w/	
  CEM	
  1	
  

	
  	
   Levels	
  
Fourth-­‐lag-­‐
differences	
  	
  

Fourth-­‐lag-­‐
differences	
  

Fourth-­‐lag-­‐
differences	
  
(summers	
  
2011	
  and	
  
2010)	
  

Fourth-­‐lag-­‐
differences	
  
(summers	
  
only)	
  

Treatment	
  group	
  
0.0228	
  
(2.32)	
  

0.0049	
  
(0.84)	
  

	
  0.0058	
  
(1.06)	
   	
  	
   	
  	
  

Treatment	
  group	
  ×	
  
post	
  	
  

-­‐0.0370	
  
(-­‐2.33)	
  

-­‐0.0201	
  
(-­‐1.90)	
   	
  	
   	
  	
   	
  	
  

Treatment	
  ×	
  ∆post	
   	
  	
   	
  	
  
-­‐0.0300	
  
(-­‐2.73)	
  	
  

-­‐0.0414	
  
(-­‐2.51)	
  

-­‐0.0303	
  
(-­‐1.88)	
  

Benchmark	
  year	
  usage	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
Season	
  ×	
  year	
   Yes	
   Yes	
   Yes	
   n/a	
   Yes	
  
weather	
  controls	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
house	
  characterisCcs	
   No	
  	
   No	
  	
   No	
   No	
   No	
  



Audit	
  Regressions	
  –	
  WLS	
  w/	
  CEM	
  2	
  

	
  	
   Levels	
  
Fourth-­‐lag-­‐
differences	
  	
  

Fourth-­‐lag-­‐
differences	
  

Fourth-­‐lag-­‐
differences	
  
(summers	
  
2011	
  and	
  
2010)	
  

Fourth-­‐lag-­‐
differences	
  
(summers	
  
only)	
  

Treatment	
  group	
  
0.0075	
  
(0.81)	
  

0.0058	
  
(0.92)	
  

0.0101	
  
(1.70)	
   -­‐-­‐	
  

-­‐0.0021	
  
(0.09)	
  

treatment	
  ×	
  post	
  
-­‐0.0382	
  
(-­‐2.53)	
  

-­‐0.031	
  
(-­‐2.82)	
   	
  	
   	
  	
  

Treatment	
  ×	
  ∆post	
   	
  	
   	
  	
  
-­‐0.0576	
  
(-­‐5.75)	
  

-­‐0.0464	
  
(-­‐2.63)	
  

-­‐0.0473	
  
(-­‐2.30)	
  

Benchmark	
  year	
  usage	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
Season	
  ×	
  year	
   Yes	
   Yes	
   Yes	
   -­‐-­‐	
   Yes	
  

weather	
  controls	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  

house	
  characterisCcs	
   Yes	
   Yes	
   Yes	
  	
   Yes	
  	
   Yes	
  	
  



CEM	
  for	
  Heat	
  Pump	
  Rebate	
  v.	
  Control	
  
Group	
  w/	
  Heat	
  Pump	
  

CEM	
  2	
  
Matching	
  variables	
  	
   -­‐	
  2008	
  usage	
  

-­‐	
  House	
  characterisCcs	
  
Matched	
  households	
   3603	
  

(33.33%)	
  
Nobs	
  used	
  in	
  the	
  final	
  
regression	
  	
  

60,763	
  	
  
(33.50%)	
  



Preliminary	
  Regressions:	
  HP	
  
Rebate	
  	
  

	
  	
  
OLS	
  in	
  
the	
  
levels	
  

FE	
  
(convenCon
al	
  hhold	
  
effects)	
  

OLS	
  in	
  the	
  
fourth-­‐lag	
  
differences	
  	
  

Treatment	
  group	
  
0.0456	
  
(5.60)	
   -­‐-­‐	
  

-­‐0.0044	
  
(-­‐0.881)	
  

Treatment	
  	
  group	
  ×	
  post	
  
-­‐0.072	
  
(-­‐5.47)	
  

-­‐0.0682	
  
(-­‐7.74)	
  

-­‐0.00006	
  
(-­‐0.006)	
  

Benchmark	
  year	
  usage	
   Yes	
   Yes	
   Yes	
  
season	
  ×	
  year	
   Yes	
   Yes	
   Yes	
  
weather	
  controls	
   Yes	
   Yes	
   Yes	
  
house	
  characterisCcs	
   Yes	
   -­‐-­‐	
   Yes	
  



HP	
  Rebate	
  Regressions:	
  CEM	
  2	
  	
  

	
  	
   Levels	
  
Fourth-­‐
lag-­‐

difference	
  	
  

Fourth-­‐
lag-­‐

difference	
  	
  

Fourth-­‐
lag-­‐

difference	
  	
  
(summer	
  
2011	
  and	
  
2010)	
  

Fourth-­‐
lag-­‐

difference	
  	
  
(summers	
  
only)	
  

Treatment	
  group	
  
0.0072	
  
(1.02)	
  

-­‐0.0039	
  
(-­‐0.81)	
  

-­‐0.00020	
  
(-­‐0.04)	
   -­‐	
  

-­‐0.0300	
  
(-­‐3.55)	
  

Treatment	
  group	
  ×	
  post	
  	
  
-­‐0.04936	
  
(-­‐4.24)	
  

0.0071	
  
(0.83)	
   	
  	
  	
  	
  	
  	
  	
  	
  

Treatment	
  group	
  ×	
  ∆4	
  
post	
   	
  	
   	
  	
  

-­‐0.0056	
  
(-­‐0.609)	
  

-­‐0.0220	
  
(-­‐1.53)	
  

0.0098	
  
(0.65)	
  

Benchmark	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
season	
  ×	
  year	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
weather	
  controls	
   Yes	
   Yes	
   Yes	
   Yes	
   Yes	
  
house	
  characterisCcs	
   Yes	
   Yes	
   Yes	
  	
   Yes	
  	
   Yes	
  	
  



Summary	
  	
  

•  Heat	
  pump	
  rebate	
  brings	
  no	
  reducCon	
  in	
  
energy	
  use	
  (see	
  Alberini	
  et	
  al.,	
  2014)	
  

•  Audits	
  seem	
  more	
  promising	
  (5%	
  reducCon),	
  
but	
  	
  
– We	
  don’t	
  know	
  what	
  households	
  do	
  to	
  reduce	
  
usage	
  

– And	
  so	
  we	
  don’t	
  know	
  for	
  how	
  long	
  the	
  electricity	
  
use	
  reducCons	
  will	
  remain	
  in	
  place	
  



CO2	
  Emissions	
  Reduc(on:	
  What	
  is	
  the	
  Cost-­‐
Effec(veness	
  of	
  the	
  Programs?	
  

•  Audit	
  only	
  
•  But	
  how	
  long	
  will	
  the	
  
usage	
  reducCons	
  be	
  in	
  
place	
  for?	
  Assume	
  7	
  
years.	
  

•  Cost	
  of	
  audit	
  to	
  the	
  
uClity:	
  $200	
  +	
  $60	
  (avg.	
  
cost	
  of	
  products)	
  

•  U(lity	
  calc	
  1:	
  4800	
  
KWh/lifecyle	
  ×	
  0.608	
  kg	
  
CO2/kWh	
  =	
  2.918	
  tons	
  
CO2	
  avoided	
  

•  Cost	
  per	
  CO2	
  ton:	
  $89	
  
•  Our	
  calc:	
  18,000	
  kWh/
yr	
  ×	
  0.05	
  ×	
  7	
  yrs	
  ×	
  0.608	
  
=	
  3.830	
  tons	
  CO2	
  

•  Cost	
  per	
  CO2	
  ton:	
  $68	
  	
  



Conclusions	
  	
  
•  Energy	
  audit	
  more	
  promising	
  at	
  reducing	
  
electricity	
  usage	
  than	
  heat	
  pump	
  rebate	
  

•  Difficult	
  to	
  compute	
  CO2	
  emissions	
  reducCons	
  
and	
  cost-­‐effecCveness	
  because	
  we	
  don’t	
  know	
  
the	
  horizon	
  

•  Used	
  all	
  possible,	
  flexible	
  fixed	
  effects	
  to	
  
accommodate	
  unobserved	
  heterogeneity	
  

•  Further	
  used	
  matching	
  
•  Recommend	
  matching/controlling	
  for	
  past	
  usage	
  
AND	
  dwelling	
  characterisCcs	
  



Thank	
  you!	
  



Defini(on	
  of	
  ATT	
  

)1|()1|( 01 =−= iiii DyEDyE



 	
   CEM 1	
   CEM 2	
  
Matching 
variables	
  

2008 winter usage	
  
2008 summer usage	
  

2008 winter usage	
  
2008 summer usage	
  

Dwelling characteristics	
  
Number of strata	
   101	
   3290	
  
Number of 
matched strata	
  

43	
   235	
  

 	
   Control 
households	
  

Treated 
households	
  

Control 
households	
  

Treated 
households	
  

Matched	
   10215	
   365	
   3309	
   294	
  
Unmatched	
   233	
   2	
   7139	
   73	
  
Multivariate L1 
distribution	
  

0.4888	
   0.9661	
  

Nobs on usage in 
the regression  	
  

177550 (from 
matched 
households)	
  

3780 (from 
unmatched 
households)	
  

60763 (from 
matched 
households)	
  

120567 (from 
unmatched 
households)	
  

Table 6. Coarsened exact matching (CEM) results. QHEC households v. control households. 

 



CEM	
  2	
  for	
  HP	
  rebate	
  	
  

 	
   CEM 2	
  
Matching variables	
   2008 winter usage	
  

2008 summer usage	
  
Dwelling characteristics	
  

Number of strata	
   1510	
  
Number of matched strata	
   166	
  
 	
   Control 

households	
  
Treated 
households	
  

All 	
   6519	
   337	
  
Matched	
   2880	
   293	
  
Unmatched	
   3639	
   44	
  
Multivariate L1 distribution	
   0.9604	
  
Nobs on usage in the regression  	
   53624 (from 

matched 
households)	
  

61401 (from 
unmatched 
households)	
  


