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ABSTRACT
M o n th ly  g as  a n d  e lec tr ic i ty  u s e  d a t a  f ro m  a s e t  o f  13 s tu d y  a p a r t m e n t s  a n d  20 co n tro l  a p a r t m e n t s  f ro m  
t h r e e  a p a r t m e n t  build ings (B1 -B 3 )  in California w e r e  ana lyzed .  T h e  s tu d y  a p a r t m e n t s  w e r e  r e t ro f i t  w ith  
s im u l ta n e o u s  e n e r g y  savings a n d  in d o o r  e n v i ro n m e n ta l  qua l i ty  (IEQ) im p r o v e m e n ts  as  t h e  goal .  T he  
co n t ro l  a p a r t m e n t s  w e r e  n o t  re tro f i t .  P re - re t ro f i t  m o d e l in g  in d ic a ted  a n n u a l  e n e r g y  savings o f  21%,
17%, a n d  27% fo r  t h e  s tu d y  a p a r t m e n t s  in B1-B3, respec tive ly .  B ased  on  a c o m p a r is o n  of  c h a n g e s  in 
e n e r g y  u se  of  s tu d y  a p a r t m e n t s  t o  e n e r g y  use  c h a n g e s  of  co n tro l  a p a r tm e n t s ,  to ta l  m e a s u r e d  savings of  
g as  e n e r g y  plus  s i te  e lec trica l e n e r g y  w e r e  28% in Bl,  5% in B2, a n d  3% in B3. Given t h e  small n u m b e r  of  
s tu d y  a p a r t m e n t s  a n d  t h e  s u b s ta n t ia l  c h a n g e s  in e n e r g y  u se  w ith in  co n tro l  a p a r tm e n t s ,  t h e  p ro jec t  
y ie lded  no conc lus ive  e v id e n c e  o f  e n e rg y  savings. A p a r tm e n t  e n e r g y  u se  in c re a se d  w ith  n u m b e r  of  
o c c u p a n t s  a n d  w i th  f loo r  a re a ;  h o w e v e r ,  t h e  a s so c ia t io n  w ith  o c c u p a n c y  w a s  m o s t  e v id e n t .  C lim ate  
d i f fe re n c e s  did n o t  a p p e a r  t o  b e  t h e  m a jo r  d r iver  fo r  t h e  variabili ty  in e n e r g y  use  a m o n g  a p a r tm e n t s .  
C h a n g es  in o c c u p a n t  b e h a v io rs  a f fec ting  e n e r g y  u se  m a y  h av e  o v e r w h e lm e d  a n d  o b s c u re d  t h e  e n e rg y  
sav ings in th is  small n u m b e r  o f  buildings. M uch  la rger  p r io r  s tu d ie s  e m p lo y in g  s im ilar  r e tro f i ts  ind ica te  
t h a t  t h e  r e t ro f i t s  usua lly  do  sa v e  ene rgy .

BACKGROUND
T h e  U.S. is im p le m e n t in g  m a n y  e n e r g y  re tro f i ts  in h o m e s  w ith  t h e  goal o f  red u c in g  build ing e n e rg y  
c o n s u m p t io n  a n d  c a r b o n  d iox ide  em iss ions ,  as  well as  im prov ing  n a t io n a l  e n e r g y  secur ity .  Several 
p ro to c o l s  a n d  to o ls  exist t o  he lp  w ith  t h e  se lec t io n  a n d  im p le m e n ta t io n  of  h o u s in g  e n e r g y  re tro f i t  
m e a s u r e s  [1], T h e se  p ro to c o ls  a r e  typically  b a s e d  on  e n e r g y  m o d e ls ,  e n g in e e r in g  j u d g m e n t  a n d  co s t -  
b e n e f i t  analysis ,  ra re ly  co n s id e r in g  p o te n t ia l  e f fec ts  on  in d o o r  e n v i ro n m e n ta l  qua l i ty  (IEQ). F e a tu re s  of  
IEQ t h a t  m a y  b e  a f f e c te d  by r e tro f i ts  inc lude  th e r m a l  c o m fo r t  co n d i t ions ,  in d o o r  air  p o l lu ta n t  
c o n c e n t r a t io n s ,  a n d  a c o u s t ic  a n d  lighting co n d i t io n s  [2-4], A lthough  r e tro f i t  e f fo r ts  p ro v id e  an  
o p p o r tu n i ty  t o  s im u l ta n e o u s ly  sa v e  e n e r g y  a n d  im p ro v e  o c c u p a n t 's  h e a l th  a n d  c o m fo r t ,  p o te n t ia l  IEQ 
im p r o v e m e n t  o p p o r tu n i t i e s  a r e  o f te n  n o t  c o n s id e r e d  du r ing  se lec t io n  of  r e tro f i ts  m e a s u r e s .

This p a p e r  p ro v id es  t h e  resu l ts  o f  an a ly se s  o f  p re  a n d  p o s t  re t ro f i t  e n e r g y  d a t a  f ro m  a p a r t m e n t s  r e tro f i t  
using  a u n iq u e  r e t ro f i t  s e lec t io n  p ro to co l  d e s ig n e d  to  m ax im ize  overall  e n e r g y  plus IEQ bene f i ts .  
A lthough  n u m e r o u s  p r io r  p a p e r s  (d iscussed  s u b s e q u e n t ly )  p ro v id e  in fo rm a t io n  on  t h e  e n e r g y  sav ings of 
h o m e  re tro f i ts ,  no  d a t a  w e r e  iden tif ied  f ro m  pr ior  s tu d ie s  a im ing  t o  s im u l ta n e o u s ly  sa v e  e n e rg y  an d  
im p ro v e  IEQ.

T h e  p ro to c o l  u se d  t o  c h a ra c te r iz e  a p a r t m e n t s  a n d  se le c t  re tro f i ts ,  t h e  s e le c te d  r e tro f i ts  a n d  th e i r  cos ts ,  
a n d  t h e  a s so c ia te d  d ia g n o s t ic  d a t a  a re  p r e s e n te d  in a p r io r  p a p e r  [1], T h e  re su l t s  o f  p re -  a n d  p o s t 
r e t ro f i t  m e a s u r e m e n t  o f  IEQ p a r a m e te r s  a r e  p r e s e n te d  in a s e c o n d  p r io r  p a p e r  [5], T h e  IEQ d a t a  ind ica te  
a g e n e ra l ,  b u t  n o t  un iversa l ,  im p r o v e m e n t  in IEQ co n d i t io n s  a f t e r  t h e  r e tro f i ts  [5],

METHODS
To b e  c o n s id e r e d  fo r  inclusion in th is  s tudy ,  a p a r t m e n t  build ings n e e d e d  to  b e  lo c a te d  in California 's  
co a s ta l  o r  cen tra l-va l ley  reg ions ,  s e rv e  low in c o m e  t e n a n t s ,  h a v e  f o u r  o r  f e w e r  f loors ,  h a v e  b e e n  
c o n s t r u c te d  p r io r  t o  1990  w ith  no  s u b s e q u e n t  m a jo r  e n e r g y  re tro f i ts ,  h a v e  a t  le a s t  15 a p a r tm e n t s ,  an d  
h a v e  no  hea t in g ,  cooling, o r  v en t i la t io n  sy s te m s  serv ing  m u lt ip le  a p a r tm e n t s .  O w n e rs  a n d  m a n a g e r s  o f  
c a n d id a te  build ings w e r e  c o n t a c t e d  t o  d e t e r m in e  if t h e s e  c r iter ia  w e r e  m e t  a n d  to  a s s e s s  t h e i r  in te r e s t  
in p a r t ic ip a t in g  in t h e  s tudy .  T h re e  a p a r t m e n t  build ings w e r e  s e le c te d .  T h e se  buildings, d e n o t e d  Bl,  B2,
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a n d  B3, a r e  lo c a te d  in S a c r a m e n to ,  R ichm ond , a n d  Fresno , respec tive ly .  S a c r a m e n to  a n d  F resno  a re  
lo c a te d  in ce n tra l  California w h e r e  b o th  w in te r  h e a t in g  a n d  s u m m e r  air c o n d i t io n in g  a r e  no rm al ly  
re q u ir e d .  R ichm ond  is lo c a te d  in t h e  San Francisco  Bay a re a ,  n e a r  t h e  Bay, w h e r e  air c o n d i t io n in g  is 
ge n e ra l ly  n o t  e m p lo y e d .  Flyers w e r e  u se d  t o  rec ru i t  16 s tu d y  a p a r t m e n t s  t h a t  w e r e  s u b s e q u e n t ly  
re tro f i t ,  a n d  to  rec ru i t  sim ilar co n tro l  a p a r t m e n t s  t h a t  a r e  n o t  re tro f i t .  S tudy  c o s ts  l im ited  t h e  n u m b e r  of  
a p a r t m e n t s  t h a t  could  b e  r e tro f i t  a n d  e v a lu a te d  via p r e - a n d  p o s t - r e t ro f i t  d iagnos t ic  a n d  in d o o r  
e n v i ro n m e n ta l  qua l i ty  m e a s u r e m e n t s  [1, 5], Basic d esc r ip t iv e  d a t a  fo r  t h e  s tu d y  a p a r t m e n t s  inc luded  in 
t h e  e n e r g y  an a ly se s  a r e  p ro v id e  in T ab le  1. T h e  s tu d y  a p a r t m e n t s  h ad  f loo r  a r e a s  of  76  t o  139 m 2, tw o  to  
f o u r  b e d r o o m s ,  a n d  o n e  t o  s e v e n  r e p o r t e d  o c c u p a n t s .  T h e  s tu d y  w a s  a p p r o v e d  by t h e  L aw rence  
B erkeley  N ational L ab o ra to ry  (LBNL) H u m an  S ub jec ts  C o m m it te e .

T ab le  1. Basic e n e rg y - re a t e d  c h a ra c te r is t ic s  o : s tu d y  a p a r tm e n t s .

Apartm ent
Bed

rooms

Floor
Area
(m 2)

Occu
pants

External
Envelope
Surfaces

Air
Condition

ing

Cooking
Fuel

W ater
Heating

Fuel
B1A1 4 92 4 3 Yes Gas Gas
B1A4 3 85 4 3 Yes Gas Gas

B1A5 4 92 5 4 Yes Gas Gas
B2A2 2 76 2 3 No Gas Gas
B2A4 3 125 3 4 No Gas Gas*

B2A5 3 125 3 3 No Gas Gas

B2A6 4 139 7 4 No Gas Gas
B3A1 2 80 2 2 Yes Electricity Gas
B3A2 2 80 1 3 Yes Electricity Gas

B3A3 2 80 5 4 Yes Electricity Gas

B3A4 2 80 3 3 Yes Electricity Gas

B3A5 3 98 4 3 Yes Electricity Gas

B3A6 3 98 4 4 Yes Electricity Gas

* s h a re d  w a t e r  h e a t e r ' s  gas  u se  n o t  p a r t  o f  e n e r g y  bill

In s tu d y  a p a r tm e n t s ,  p ac k ag e s  o f  re t ro f i t s  w e r e  s e le c te d  using a u n iq u e  r e t ro f i t  se lec t io n  p ro to c o l  [1] 
d e v e lo p e d  fo r  th is  p ro je c t  a n d  d e s ig n e d  t o  m ax im ize  overa ll  e n e r g y  p lus IEQ b e n e f i ts .  T he  p ro to co l  
spec if ies  a s e t  o f  a-priori  r e t ro f i t s  t o  b e  im p l e m e n te d  w h e n e v e r  poss ib le  fo r  c o m p lia n c e  w ith  t h e  la te s t  
s t a n d a r d s .  T h e se  a-priori  r e tro f i ts  inc luded  ins ta l la t ion  of  m e c h a n ic a l  v e n t i la t io n  s y s te m s  an d  
ins ta l la t ion  of  b a t h r o o m  fan s  a n d  r a n g e  h o o d s  v e n t e d  t o  o u td o o r s .  In B l  a p a r t m e n t s  a n d  t h r e e  B3 
a p a r tm e n t s ,  small e n e r g y  re c o v e ry  v e n t i la to rs  w e r e  insta lled  fo r  c o n t in u o u s  m e ch a n ica l  ven t i la t io n .  In 
t h e  r e m a in in g  t h r e e  B3 a p a r t m e n t s  (Al, A5, a n d  A6), b a t h r o o m  fa n s  o p e r a t e d  c o n t in u o u s ly  a t  low 
s p e e d ,  a n d  th e n  in c re a se d  s p e e d  w h e n  o c c u p a n c y  w a s  d e t e c t e d  by an  in te g r a te d  o c c u p a n c y  se n so r .  
R a tes  o f  c o n t in u o u s  m e ch a n ica l  v e n t i la t io n  w e r e  s e t  eq u a l  t o  150%  of t h e  r e q u i r e m e n t s  o f  ASHRAE's 
re s id e n t ia l  v en t i la t io n  s t a n d a r d  [6], recognizing  t h a t  m u c h  o f  t h e  "ve n t i la t io n "  e n te r in g  a p a r t m e n t s  
c o m e s  f ro m  su r ro u n d in g  a p a r tm e n t s .  In t h e  B2 a p a r tm e n t s ,  t h e r e  w a s  no  c o n t in u o u s  m e ch a n ica l  
v en t i la t io n ,  b u t  b a t h r o o m  fa n s  w e r e  insta lled  t h a t  o p e r a t e d  a u to m a t ic a l ly  fo r  20 m in u te s  a f te r  
o c c u p a n c y  w a s  d e t e c t e d .  O th e r  a-pr ior i  r e t ro f i t s  inc luded  low -cos t  m e a s u r e s  d e e m e d  c o s t  e ffec t ive  in 
v irtually  all ca ses ,  such  as  r e p l a c e m e n t  o f  in c a n d e s c e n t  bu lb s  w ith  c o m p a c t  f lu o re s c e n t  bu lbs .  The 
r e m a in in g  r e tro f i ts  w e r e  s e le c te d  a f t e r  a p a r t m e n t  in sp e c t io n s  a n d  d ia g n o s t ic  m e a s u r e m e n t s .  C a n d id a te  
re t ro f i t s  w e r e  ra n k e d  using a sco ring  sy s te m  t h a t  a s s ig n ed  p o in ts  b a s e d  o n  h o w  t h e  re t ro f i t s  w e r e
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p r o je c te d  to  a f fec t  e n e r g y  use ,  in d o o r  air  qua l i ty  (IAQ), a n d  c o m fo r t .  Each c a n d id a te  r e t ro f i t  r ec e iv e d  an  
e n e r g y  score ,  an  IAQ sc o re ,  a n d  a c o m fo r t  sc o re ,  a n d  t h e  s u m m e d  sc o re  w a s  d iv ided by t h e  p ro je c te d  
r e t ro f i t  cos t .  T he  re tro f i ts  w ith  t h e  h ig h e s t  c o s t -n o rm a l iz e d  s c o re s  w e r e  s e le c te d  until t h e  r e tro f i t  
b u d g e t  w a s  e x p e n d e d .  T ab le  2 lists all o f  t h e  re t ro f i t s  im p le m e n te d  in e a c h  a p a r t m e n t  t h a t  a r e  e x p e c t e d  
t o  in f lu e n ce  build ing e n e r g y  c o n s u m p t io n .  M o s t  o f  t h e  r e t ro f i t s  s e le c te d  a r e  typical o f  t h o s e  u se d  in 
m a n y  re s id e n t ia l  r e t ro f i t  p ro g ra m s ,  fo r  e x a m p le  e n v e lo p e  a n d  d u c t  sealing ,  re f r ig e ra to r  r e p la c e m e n t ,  
a t t ic  insu la t ion ,  w in d o w  r e p la c e m e n t ,  r e p l a c e m e n t  o f  h e a t in g  a n d  cooling  sy s te m s  a n d  w a t e r  h e a t e r s  
(only in Bl),  e tc .  R e trofi ts  n o t  typically  a p a r t  o f  p r o g ra m s  t h a t  c o n s id e r  on ly  e n e rg y  eff ic iency  inc luded  
t h e  m e ch a n ica l  v e n t i la t io n  a n d  ra n g e  h o o d  m e a s u r e s  d e s c r ib e d  a b o v e ,  r e p l a c e m e n t  o f  gas  s to v e s  t h a t  
h ad  s ta n d in g  p ilo t lights in B l  ( th e  p ilots  w a s t e  e n e rg y  a n d  e m i t  p o l lu tan ts ) ,  a n d  in s ta l la t ion  o f  e n e rg y  
e f f ic ien t  w a l l -m o u n te d  par t ic le  f il te rs  in B2 a n d  B3.

In e a c h  building, s o m e  o f  t h e  re t ro f i t s  w e r e  e x p e c t e d  t o  r e d u c e  gas  e n e r g y  c o n s u m p t io n ,  o t h e r  re tro f i ts  
w e r e  e x p e c t e d  t o  r e d u c e  e lec tr ic i ty  c o n s u m p t io n ,  a n d  s o m e  IEQ im p r o v e m e n t  m e a s u r e s  w e r e  e x p e c t e d  
t o  in c re a se  e lec tr ic i ty  a n d / o r  g as  use .  In Bl,  r e p la c e m e n t  o f  t h e  w a t e r  h e a te r s ,  r o o f t o p  gas  a n d  e lec tr ic  
h e a t in g  a n d  cooling  sy s tem s ,  a n d  gas  s to v e s  sh o u ld  r e d u c e  gas  use .  R e p la c e m e n t  o f  t h e  re f r ig e ra to r ,  
in c a n d e s c e n t  light bulbs ,  a n d  r o o f t o p  un its  sh o u ld  d e c r e a s e  e lec tr ic i ty  use .  T he  fan s  a n d  add i t iona l  
v en t i la t io n  of  t h e  e n e r g y  re c o v e ry  v e n t i la to rs  w e r e  e x p e c t e d  t o  in c re a se  e lec tr ic i ty  a n d  gas  u se  (see  
r e la te d  analysis  in t h e  d iscuss ion  sec tion) .  A p a r tm e n ts  in B2 h ad  no  air  cond i t ion ing ,  th u s ,  only  t h e  
r e p l a c e m e n t  o f  t h e  re f r ig e ra to r  a n d  in c a n d e s c e n t  lights t a r g e t e d  e lec tr ic i ty  use ,  w h ile  e n v e lo p e  an d  
d u c t  sealing , a t t ic  insu la t ion ,  w a t e r  h e a t e r  insu la t ion ,  a n d  sliding g lass d o o r  r e p la c e m e n t s  t a r g e t e d  gas  
c o n s u m p t io n .  No m e ch a n ica l  v en t i la t io n  w a s  a d d e d  in B2 a p a r tm e n t s ,  a l th o u g h ,  in s ta l la t ion  o f  a wall 
m o u n te d  f i l tra t ion  sy s te m  w a s  a small s o u r c e  of  in c re a se d  e lec tr ic i ty  c o n s u m p t io n .  In B3 a p a r tm e n t s ,  
e n v e lo p e  a n d  d u c t  sealing ,  a t t ic  insu la t ion ,  a n d  w in d o w  r e p l a c e m e n t s  t a r g e t e d  b o th  e lec tr ic i ty  a n d  gas, 
w h ile  r e p l a c e m e n t  o f  i n c a n d e s c e n t  lights t a r g e t e d  only  electricity . T he  c o n t in u o u s  m e ch a n ica l  
v en t i la t io n  sy s te m s  ins ta l led  in t h e  r e t ro f i t  B3 a p a r t m e n t s  m a y  h a v e  in c re a se d  e lec tr ic i ty  a n d  gas  use , 
a l th o u g h  t h e  e n v e lo p e  t ig h te n in g  sh o u ld  h av e  partially  c o m p e n s a t e d  fo r  t h e  in c re a se d  m e ch a n ica l  
v en t i la t io n .  Insta lla t ion  o f  wall m o u n te d  f i l tra t ion  sy s te m  w a s  a small so u rc e  of  in c re a se d  e lec tr ic i ty  
c o n s u m p t io n .

S tudy  a p a r t m e n t s  in B l  w e r e  r e t ro f i t  b e t w e e n  A ugus t  1 a n d  A ugus t  29, 2011 . In B2, t h e  re t ro f i t s  to o k  
p lace  b e t w e e n  1 /3  a n d  2 /1 /2 0 1 2 .  T h e  r e t ro f i t  p e r io d  fo r  B3 s tu d y  a p a r t m e n t s  w a s  3 /5  -  3 /2 9 /2 0 1 2 .  
T h e r e  w e r e  tw o  o n e - w e e k  p e r io d s  of  m e a s u r e m e n t s  o f  a ra n g e  o f  IEQ p a r a m e te r s  b e f o r e  a n d  a f t e r  t h e  
re tro f i ts ,  a n d  t h e  resu l t in g  d a t a  in d ic a te  overa ll  im p r o v e m e n ts  in IEQ a f te r  t h e  re t ro f i t s  [5], R e s id e n ts  of 
s tu d y  a p a r t m e n t s  a n d  o f  sim ilar u n - re t ro f i t  co n tro l  a p a r t m e n t s  f ro m  t h e  s a m e  a p a r t m e n t  buildings 
p ro v id e d  ac ce ss  t o  utility w e b  s i te s  f ro m  w h ich  m o n th ly  e lec tr ic i ty  a n d  n a tu ra l  gas  e n e r g y  u se  w a s  
o b ta in e d  fo r  a o n e  y e a r  p e r io d  b e f o r e  a n d  a f te r  t h e  r e tro f i t  pe r io d s .  M o v e s  by t e n a n t s  r e d u c e d  t h e  
a m o u n t  o f  d a t a  ava ilab le  t o  less t h a n  a full y e a r  in severa l  cases ,  a n d  fo r  a f e w  a p a r t m e n t s  d a t a  w e r e  to o  
l im ited  fo r  use . Also, d a t a  b e c a m e  un av a i la b le  fo r  u n k n o w n  r e a s o n s  in s o m e  a p a r tm e n t s ,  possib ly  
b e c a u s e  utility a c c o u n t s  w e r e  t r a n s f e r r e d  t o  o th e rs .  T he  loss o f  acce ss  t o  d a t a  w a s  m o s t  p r o n o u n c e d  fo r  
B l .  U sab le  d a t a  w e r e  ava ilab le  f ro m  only  t h r e e  o f  five s tu d y  a p a r tm e n t s ,  a n d  fo r  s o m e  an a ly se s  u sa b le  
d a t a  w e r e  ava ilab le  on ly  fo r  tw o  of  five s tu d y  a p a r tm e n t s .

C h a n g es  in e n e r g y  u se  of  s tu d y  a p a r tm e n t s ,  c o m p a r in g  p o s t - r e t ro f i t  e n e r g y  use  t o  p re - re t ro f i t  u se ,  w e r e  
c o m p a r e d  to  c h a n g e s  in e n e r g y  u se  o f  co n tro l  a p a r tm e n t s .  For an a ly se s  of  a n n u a l  e n e r g y  use ,  e n e r g y  
d a t a  w e r e  an a ly z ed  f ro m  12 m o n th ly  billing p e r io d s  b e f o r e  t h e  re t ro f i t s  a n d  f ro m  12 c o r r e s p o n d in g  (i.e., 
s a m e  ra n g e  of  d a te s )  m o n th ly  billing p e r io d s  a f te r  t h e  re tro f i ts .  D ata  w e r e  ex c lu d e d  f ro m  an y  billing 
p e r io d  t h a t  o v e r la p p e d  w ith  t h e  r e tro f i t  p e r io d  by m o r e  t h a n  tw o  days .  W h e n  less th a n  12 m o n th s  of
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d a t a  w e r e  ava ilab le  f ro m  e i th e r  t h e  p re -  o r  p o s t - r e t ro f i t  pe r io d s ,  t h e  an a ly se s  e m p lo y e d  t h e  s a m e  
a m o u n t  o f  d a t a  a n d  s a m e  p e r io d s  of  d a t a  f ro m  b e fo re  a n d  a f t e r  t h e  re tro f i ts .  (B ecause  billing p e r io d s  
v a r ied  slightly, t h e  initial a n d  final d a t e s  o f  p re - re t ro f i t  a n d  p o s t - r e t r o f i t  d a t a  o f te n  d if fe red  by 1-3 days.)  
For inclusion in t h e  a n n u a l  ana ly ses ,  d a t a  w e r e  r e q u i r e d  fo r  a t  le a s t  300  d ay s  b e f o r e  a n d  a f t e r  re tro f i ts .  
A nnual to ta l  gas  a n d  e lec tr ic i ty  u se  w e r e  c a lc u la ted  an d  d iv ided  by t h e  e la p s e d  days.

S u m m e r  a n d  w in te r  s e a so n a l  e n e r g y  w e r e  also  ca lc u la ted ,  aga in  e m p lo y in g  d a t a  f ro m  m a tc h e d  p re -  an d  
p o s t - r e t r o f i t  billing p e r io d s  a n d  dividing to ta l  s e a so n a l  e n e r g y  u se  by billing days .  Energy d a t a  f ro m  
billing cycles b e t w e e n  O c to b e r  31  a n d  M arch  18 w e r e  t o t a l e d  fo r  w in te r ,  a n d  e n e r g y  d a t a  f ro m  billing 
cycles b e t w e e n  t h e  Ju n e  4  a n d  O c to b e r  3 w e r e  t o t a l e d  fo r  s u m m e r .  Actual d ay s  of  d a t a  w ith in  t h e s e  
t im e  w in d o w s  v ar ied  d e p e n d in g  o n  t h e  util ity 's billing d a t e s  a n d  w e r e  nom ina l ly  e i th e r  120  o r  90  days. 
For inclusion in ana lyses ,  a t  le a s t  90  o f  120 days ,  o r  57  o f  90  days ,  o f  d a t a  w e r e  r e q u i r e d  f ro m  b o th  t h e  
p re - re t ro f i t  a n d  p o s t  r e tro f i t  pe r iod .

For ev e ry  a n n u a l  o r  s e a so n a l  ca lcu la t ion  o f  e n e r g y  use ,  t h e  c o r r e s p o n d in g  h e a t in g  a n d  cooling  d e g r e e  
d ays  fo r  t h e  s tu d y  city w e r e  o b ta in e d  f ro m  t h e  W e a t h e r  U n d e rg ro u n d  w e b  si te
<h t t p : / / w w w . w u n d e r g r o u n d . c o m / h i s t o r y / >. This w e b  s i te  u se d  18.3 °C as  t h e  b a s e d  fo r  h e a t in g  d e g r e e  
d ays  a n d  29 .4  °C as  t h e  b a s e  fo r  cooling  d e g r e e  days .  D eg ree  d ay s  fo r  O akland , CA w e r e  u se d  fo r  B2, 
lo c a te d  n e a r b y  in R ichm ond , CA.

For e a c h  s tu d y  a n d  co n t ro l  a p a r tm e n t ,  t h e  p e r c e n t  c h a n g e  in e n e r g y  u se  ( p o s t - re t ro f i t  u se  m in u s  p re  
r e t ro f i t  use ,  d iv ided  by p re - re t ro f i t  use ,  m u lt ip lied  by  100%) w a s  ca lc u la ted .  Total p re - r e t r o f i t  a n d  p o s t 
r e t ro f i t  e n e rg y  u se  fo r  e a c h  s e t  o f  s tu d y  a p a r t m e n t s  (e.g., B l  s tu d y  a p a r tm e n t s )  o r  co n tro l  a p a r t m e n t s  
(e.g.,  B l  co n tro l  a p a r tm e n t s )  w e r e  also  c a lc u la ted ,  d iv ided  by t h e  n u m b e r  of  a p a r t m e n t s  in t h e  se t ,  an d  
t h e  c o r r e s p o n d in g  p e r c e n t  c h a n g e s  w e r e  ca lc u la ted .  T h e se  to ta l s  w e r e  u se d  b e c a u s e  s im p le  a v e ra g e s  of 
t h e  p e r c e n ta g e  c h a n g e s  in t h e  individual a p a r t m e n t  e n e r g y  u se  d a t a  w e r e  s o m e t im e s  highly in f lu e n ced  
by t h e  la rge  p e r c e n ta g e  c h a n g e s  f ro m  a p a r t m e n t s  w ith  small e n e r g y  use .

P re - re t ro f i t  e n e r g y  use , a n d  c h a n g e s  in e n e r g y  use ,  o f t e n  var ied  highly a m o n g  t h e  a p a r t m e n t s  w ith in  
e a c h  s e t  o f  s tu d y  o r  co n tro l  a p a r tm e n t s .  C o n seq u en t ly ,  t h e  p rev iously  d e s c r ib e d  p e r c e n ta g e  c h a n g e s  in 
to ta l  e n e r g y  u s e  w e r e  o f te n  highly a f f e c te d  by o u t l ie rs  -  la rge  c h a n g e s  in t h e  e n e r g y  u se  o f  individual 
a p a r tm e n t s .  T h e re fo re ,  in "n-1"  ana ly ses ,  t h e  p e r c e n ta g e  c h a n g e s  in to ta l  e n e r g y  u se  w e r e  also 
ca lc u la te d  a f t e r  exc lud ing  t h e  d a t a  f ro m  t h e  a p a r t m e n t s  w ith  t h e  la rges t  p e r c e n t a g e  c h a n g e  in e n e rg y  
u se  w ith in  e a c h  se t .  This ca lcu la t ion  w a s  n o t  p e r f o rm e d  fo r  B l  a p a r tm e n t s ,  b e c a u s e  e v e n  b e fo re  
exc lud ing  d a ta ,  e n e r g y  u se  w a s  ava ilab le  f ro m  only  t h r e e  (and  in s o m e  c a se s  on ly  tw o )  a p a r tm e n t s .

5



Table 2. Retrofits im p lem en ted  in each  ap a r tm en t .
Building 1, A par tm en t Numbers A1 A4 A5
Weather-strip entry doors X X X
Replace packaged heating and cooling system with more efficient unit X X X
Replace natural draft w ater  hea ter  with more efficient condensing unit X X X
Replace refrigerator with more energy efficient refrigerator X X X
Replace cook stove with standing pilot with electronic ignition stove X X X
Replace incandescent light bulbs with compact fluorescent bulbs X X X
Provide portable fan for air m ovem ent X X X
Replace kitchen range hood with higher flow unit 1 1 1
Add continuous mechanical ventilation with energy recovery ventilator 1 1 1
Replace bathroom fan with fan tha t  opera tes  automatically when high humidity 1 1 1
Install be t te r  particle filter in heating and cooling system 1 1 1
Building 2, A par tm en t Numbers A2 A4 A5 A6
Seal leaks in building envelope X X X X
Replace HVAC ducts and seal return air plenum X X X X
Replace single pane sliding glass door with double pane door X
Add attic insulation X X X
W eather  strip door of vented closet containing w ate r  hea ter X X
Replace refrigerator with more energy efficient refrigerator X X X X
Add w ate r  hea te r  insulation jacket X X X
Replace incandescent light bulbs with compact fluorescent bulbs X X X X
Replace kitchen range hood with higher flow unit 1 1 1 1
Replace bathroom fan with fan tha t  opera tes  when occupant detected 1 1 1 1
Provide portable fan for air movement* 1 1 1 1
Install more efficient particle filter in heating and cooling system 1 1 1 1
Install wall mounted fan-filter system 1 1 1 1
Building 3, A par tm en t Numbers A1 A2 A3 A4 A5 A6
Seal leaks in building envelope X X X X X X
Replace HVAC ducts and seal return air plenum X X X
Add attic insulation X X X X
Replace single pane window with double pane window X X X
Replace refrigerator with more energy efficient refrigerator X X X X X X
Replace incandescent light bulbs with compact fluorescent bulbs X X X X X X
Replace kitchen range hood with higher flow unit 1 1 1 1 1 1
Add continuous mechanical ventilation with bathroom  exhaust fan 1 1 1
Add continuous mechanical ventilation with energy recovery ventilator 1 1 1
Provide portable fan for air m ovem ent 1 1 1 1 1 1
Install more efficient particle filter in heating and cooling system X X X X X X
Install wall mounted fan-filter system 1 1 1 1 1 1
Key: X is retrofit implemented and expected to  generally reduce energy use, som e of these  retrofits may also 
improve IEQ; I is a retrofit implemented and intended to  improve an aspect of IEQ th a t  may increase energy use; 
shaded cell means apa r tm en t num ber not included in the  study or insufficient energy data available; em pty  cell 
m eans the  retrofit was not implemented; * will not save energy in B2 because B2 has no air conditioning
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RESULTS
T ab les  A1 - A 9  in t h e  a p p e n d ix  p ro v id e  p re - re t ro f i t  a n d  p o s t - r e t r o f i t  gas  a n d  e lec tr ic i ty  e n e r g y  u se  p e r  
day, fo r  t h e  a n n u a l ,  w in te r ,  a n d  s u m m e r  pe r io d s ,  fo r  e a c h  s tu d y  a p a r t m e n t  a n d  e a c h  co n tro l  a p a r tm e n t .  
T h e  c o r r e s p o n d in g  d ays  w ith in  t h e  billing pe r io d s ,  h e a t in g  d e g r e e  days ,  a n d  cooling  d e g r e e  days  a re  
p ro v id ed .  T he  t a b le s  also  inc lude  t h e  p e r c e n ta g e  c h a n g e  in e n e rg y  u se  fo r  e a c h  a p a r tm e n t ,  t h e  
p e r c e n ta g e  c h a n g e s  in to ta l  e n e r g y  use ,  a n d  t h e  p e r c e n ta g e  c h a n g e s  in to ta l  e n e rg y  u se  a f te r  o m it t in g  
o u t l ie r s  via t h e  "n-1"  ana lysis  p rocess .

Figure 1 s h o w s  t h e  p e r c e n t  c h a n g e s  in an n u a l  h e a t in g  d e g r e e  days  (HDD) a n d  cooling  d e g r e e  d ays  (CDD) 
b e t w e e n  t h e  p re - re t ro f i t  a n d  p o s t - r e t ro f i t  pe r io d s ,  fo r  e a c h  s e t  o f  s tu d y  a n d  co n tro l  a p a r tm e n t s .  Cooling 
d e g r e e  d ay s  fo r  B l  a n d  B2 a r e  26% t o  27% h ig h e r  du r ing  t h e  p o s t  r e tro f i t  y ea r .  Cooling d e g r e e  d ay s  a re  
n o t  sh o w n  fo r  B2, b e c a u s e  it h ad  no  air cond i t ion ing .  H ea ting  d e g r e e  d ays  fo r  B3 a p a r t m e n t s  d e c r e a s e d  
in t h e  p o s t - r e t ro f i t  y e a r  by 16% to  19%, a n d  by a f e w  p e r c e n t  fo r  a p a r t m e n t s  in B l  a n d  B2. T he  c h a n g e s  
in d e g r e e  d ay s  a r e  nea r ly  iden tical fo r  s tu d y  a n d  co n tro l  a p a r tm e n t s .  On a v e r a g e  t h e  c h a n g e s  in w e a t h e r  
sh o u ld  h a v e  a f f e c te d  e n e rg y  u s e  similarly in s tu d y  a p a r t m e n t s  a n d  co n tro l  a p a r tm e n t s .

Figure A1 in t h e  a p p e n d ix  sh o w s  t h e  an n u a l  e n e r g y  u se  d a ta ,  fo r  a p a r t m e n t s  in B l  th r o u g h  B3, 
respec tive ly ,  a n d  p ro v id es  t h e  a s s o c ia te d  p e r c e n t a g e  c h a n g e s  in e n e r g y  use .  Figure A2 p rov ides  
a n a lo g o u s  p lo ts  fo r  w in te r  g as  c o n s u m p t io n  a n d  s u m m e r  e lec tr ic i ty  c o n s u m p t io n .  Figure A3 i l lu s tra tes  
s u m m e r  gas  a n d  w in te r  e lec tr ic i ty  use ;  i.e., ga s  u se  f ro m  a p e r io d  o f  e s sen t ia l ly  no  HDD a n d  e lec tric ity  
u se  f ro m  a p e r io d  w ith  es sen t ia l ly  no  CDD. In t h e s e  f igures ,  t h e  le t te r  "c" in t h e  a p a r t m e n t  c o d e  
in d ic a te s  t h a t  t h e  a p a r t m e n t  is a co n tro l  a p a r t m e n t  t h a t  w a s  n o t  re tro f i t .  It is e v id e n t  f ro m  t h e  figures, 
a n d  f ro m  T ab le  3, w h ich  c o m b in e s  p re - re t ro f i t  d a t a  f ro m  s tu d y  a n d  co n t ro l  a p a r t m e n t s  w ith in  buildings 
t h a t  t h e r e  is a la rge  r a n g e  in t h e  e n e r g y  u se  of  t h e  r a th e r  s im ilar  a p a r t m e n t s  w ith in  t h e  s a m e  building, 
p ar t icu la r ly  in B2 a n d  B3 w h e r e  t h e  r a n g e  is a f a c to r  o f  2.5 t o  4.0.

B3 C ontrol a p ts  

B3 S tu d y  a p ts  

B2 C ontrol a p ts  

B2 S tu d y  a p ts  

B l C ontrol a p ts  

B l S tu d y  a p ts

■  A nnual 
CDD

■  A nnual 
HDD

-40% -20% 0% 20% 40%

C hange (p o s t  retrofit - pre retrofit)

Figure 1. C h a n g es  in a n n u a l  h e a t in g  d e g r e e  d ay s  (HDD) a n d  cooling  d e g r e e  d ay s  (CDD).
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Table 3. Range in pre-re trofit  energy  use am ong  a p a r tm e n ts  within buildings
Apartments, Fuel 

(number)
Minimum kWh/d

Maximum
kWh/d

Ratio
(Max/Min)

Bl, Gas (n = 8) 27.0 40.7 1.5

Bl, Elec (n=8) 6.9 18.6 2.7

B2, Gas (n=ll) 11.1 44.5 4.0

B2, Elec. (n=ll) 4.7 17.4 3.7

B3, Gas (n=ll) 20.5 50.4 2.5

B3, Elec. (n=ll) 6.6 26.2 4.0

Figure 2. s h o w s  t h a t  p re - re t ro f i t  e n e r g y  p lo t t e d  v e r su s  occ u p an c y ,  f loo r  a re a ,  a n d  n u m b e r  of  ex te rn a l  
e n v e lo p e  su r fa c e s  (walls plus ceiling). B ased  o n  t h e  v a lu es  of  R2 t h e  a s so c ia t io n  w ith  o c c u p a n c y  is m o s t  
e v id e n t .  T he  as so c ia t io n  o f  b o th  gas  a n d  e lec tr ic i ty  u se  w ith  n u m b e r  o f  e x te rn a l  e n v e lo p e  su r fa c e s  is 
w ea k ,  w ith  R2 v a lu es  0 .20  a n d  0 .1 4 .T h e  build ing n u m b e r  is a p roxy  fo r  c l im ate ,  w ith  B2 having  t h e  m o s t  
m o d e r a t e  c l im a te  a n d  B2 a p a r t m e n t s  hav ing  no  air  cond it ion ing .  H ow ever ,  a p a r t m e n t s  f ro m  B2 d o  n o t  
co n s is te n t ly  u se  less e n e rg y  t h a n  a p a r t m e n t s  f ro m  B l o r  B3. Clearly, c l im a te  d i f fe re n c e s  a r e  n o t  t h e  
m a jo r  d r iver  fo r  t h e  variabili ty  in e n e r g y  use.

P re - re t ro f i t  t o  p o s t - r e t r o f i t  d i f fe re n c e s  in e n e rg y  u s e  in co n tro l  a p a r t m e n t s  w e r e  su b s ta n t ia l .  T ab le  4 
s h o w s  t h e  ra n g e s  a n d  a v e r a g e  of  t h e  a b s o lu te  va lu es  of  t h e  p e r c e n t  c h a n g e s  w ith in  t h e  individual 
co n t ro l  a p a r tm e n t s .  C h a n g es  ra n g e  f ro m  -40% to  102%, w ith  a v e r a g e s  of  a b s o lu te  v a lu es  of  p e r c e n t  
c h a n g e s  rang ing  f ro m  11% t o  34%.

T h e  overall  e n e r g y  savings, b a s e d  on  c h a n g e  in to ta l  e n e r g y  u se  p e r  a p a r t m e n t  in s tu d y  a p a r t m e n t s  
m in u s  t h e  c h a n g e  in in to ta l  e n e r g y  u se  p e r  a p a r t m e n t  in co n t ro l  a p a r t m e n t s  is i l lu s tra ted  in Figure 3. 
T h e  d a t a  s u g g e s t  gas  e n e r g y  savings, la rge r  in t h e  w in te r  t h a n  an n u a l ly  o r  du r in g  t h e  s u m m e r .  E s t im a te d  
a n n u a l  gas  e n e r g y  sav ings  a r e  25% in B l  b u t  on ly  7% in B2 a n d  B3. T h e  d a t a  ind ica te  a 41%  an n u a l  
e lec tr ic i ty  sav ings in B l,  b u t  th is  n u m b e r  is b a s e d  on  only  tw o  s tu d y  a p a r t m e n t s  v e r su s  six con tro l  
a p a r tm e n t s .  T h e  d a t a  f ro m  B2 a n d  B3 in d ic a te  3% a n d  17% in c re a se s  (as o p p o s e d  t o  e x p e c t e d  savings) in 
a n n u a l  e lec tr ic i ty  u se  of  s tu d y  a p a r t m e n t s  re la t ive  t o  co n t ro l  a p a r tm e n t s .  For B3, t h e  p e r c e n ta g e  
in c re a se  in e lec tr ic i ty  u se  of  s tu d y  a p a r t m e n t s  v e r su s  co n tro l  a p a r t m e n t s  is sm a l le r  du r in g  t h e  s u m m e r  
air  c o n d i t io n in g  s e a s o n  th a n  fo r  t h e  full yea r ,  ind icat ing  t h a t  in c re a se d  air c o n d i t io n in g  d o e s  n o t  likely 
explain  in c re a se d  e lec tric ity  use .  T h e r e  is a striking 49%  in c re a se  in w in te r  e lec tr ic i ty  u se  of  B3 s tu d y  
a p a r t m e n t s  re la t ive  t o  B3 co n t ro l  a p a r tm e n t s ,  d r iven  su b s tan t ia l ly  by t h e  c h a n g e s  in e lec tr ic i ty  u se  in 
o n e  s tu d y  a p a r t m e n t  a n d  o n e  co n t ro l  a p a r tm e n t ,  as  d isc u sse d  s u b se q u e n t ly .

Figure 4  s h o w s  t h e  a l t e r n a t e  e s t im a te  of  e n e r g y  savings fo r  B2 a n d  B2 o b ta in e d  via t h e  "n-1"  analysis.  
T h e  d a t a  c o n t in u e  t o  in d ic a te  small a n n u a l  gas  e n e r g y  sav ings a n d  small an n u a l  in c re a se s  in e lec tr ic i ty  
use ;  h o w e v e r ,  s o m e  o f  t h e  s e a s o n a l  re su l t s  h a v e  c h a n g e  d ram a tica lly .  In p lace  of  t h e  49%  in c re a se  in 
w in te r  e lec tr ic i ty  u se  in B3, t h e  "n-1"  analysis ,  w h ich  ex c lu d e d  d a t a  f ro m  o n e  s tu d y  a p a r t m e n t  a n d  o n e  
co n t ro l  a p a r tm e n t ,  in d ic a te s  a 6% savings. Also, t h e  3% s u m m e r  gas  e n e r g y  savings fo r  B2 in Figure 3 
b e c o m e s  a 31%  sav ings in t h e  "n-1"  analysis.  T h e se  la rge c h a n g e s  ind ica te  t h a t  t h e  s tu d y  size is clearly  
t o o  small t o  yield a c c u r a t e  e s t im a te s  of  a v e r a g e  e n e rg y  savings f ro m  t h e  re tro f i ts .
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W h e n  gas  e n e rg y  a n d  e lec tric ity  s i te  e n e rg y  a re  co m b in e d ,  t h e  d a ta  ind ica te  a n n u a l  sav ings  o f  28%  in 
Bl,  5% in B2, an d  3% in B3. T h e se  savings a re  again  b a s e d  on  o f  e n e rg y  use  c h a n g e s  in s tu d y  a p a r t m e n t s  
m in u s  e n e rg y  use  c h a n g e s  in c o n tro l  a p a r tm e n t s .  The p re d ic te d  e n e r g y  sav ings  w e r e  21%, 17%, a n d  27% 
fo r  B1-B3, re sp e c t iv e ly  [1], Only in B l  a re  t h e  m e a s u r e d  sav ings c o m p a r a b le  to  t h e  p red ic t ions .
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Table 3. Changes in energy  use in control a p a r tm en ts .

A partm ents  (number) Minimum Maximum Average Absolute Value Change

Bl Gas (n = 6) -4% 28% 11%

Bl Elec (n=7) 5% 102% 34%

B2 Gas (n=7) -18% 36% 13%

B2 Elec (n = 7) -15% 22% 11%

B3Gas (n=6) -40% 21% 19%

B3 Elec (n=6) -15% 23% 17%

W in te r  electricity 

S u m m er  gas

S u m m er  electricity 

W in ter  gas

Annual electricity 

Annual gas

Building 3 

l Building 2 

Buildingl

-50% -30% -10% 10% 30% 50% 70%

Energy Savings (Study Apts. - Control Apts.)

Figure 3. E s t im a te d  overa ll  e n e r g y  savings b a s e d  on  c h a n g e s  in e n e r g y  u se  of  s tu d y  a p a r t m e n t s  m inus  
c h a n g e s  in e n e r g y  u se  of  co n t ro l  a p a r tm e n t s .
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Figure 4. E s t im a te d  e n e r g y  sav ings in B2 a n d  B3 via t h e  "n-1"  ana lysis  t h a t  ex c lu d e s  d a t a  f ro m  ou tl ie rs .  

DISCUSSION

Analysis o f  e n e r g y  savings

T h e  re t ro f i t s  im p le m e n te d  in th is  s tu d y  a r e  w ide ly  b e l iev e d  to  r e d u c e  e n e r g y  c o n s u m p t io n .  P re d ic ted  
e n e r g y  sav ings w e r e  21%, 17%, a n d  29%  fo r  B l  -  B3, re sp e c t iv e ly  [1], w h ile  m e a s u r e d  e n e r g y  savings 
w e r e  28%, 5%, a n d  3%. H ypo the t ica l  e x p la n a t io n s  fo r  t h e  la rge  d is c re p a n c y  b e t w e e n  p r e d ic te d  savings 
a n d  f ind ings f ro m  B2 a n d  B3 a r e  lis ted  b e lo w  a n d  d isc u sse d  in t h e  fo llow ing  p a ra g ra p h s :

H I.  T h e  s e le c te d  re tro f i ts ,  c o n t ra ry  t o  g e n e ra l  belief, a r e  ine ffec tive  in r e d u c in g  e n e rg y  
c o n s u m p t io n .

H2. R etrofi t  m e a s u r e s  inc luded  t o  im p ro v e  IEQ in c re a se d  e n e r g y  u se  a n d  c o u n t e r a c t e d  t h e  e n e rg y  
sav ings o f  o th e r  m e a s u r e s .

H3. C h a n g es  in a p a r t m e n t  u se  a n d  o c c u p a n t  b e h a v io rs  o b s c u re d  t h e  a n t ic ip a te d  e n e r g y  savings.

Relative to  t h e  firs t  h y p o th e s is ,  w e  n o t e  t h a t  t h e  e v id e n c e  o f  e n e r g y  savings in Bl,  b u t  n o t  in B2 a n d  B3, 
m ig h t  b e  partia lly  ex p la in e d  by d i f fe re n c e s  in t h e  re t ro f i t s  im p le m e n te d .  In Bl,  t h e  p a c k a g e d  ro o f to p  
h e a t in g  a n d  cooling  sy s tem s ,  a n d  t h e  w a t e r  h e a te r s ,  w e r e  re p la c e d  w ith  n e w  m o r e  e n e r g y  eff ic ien t  
units .  Also, gas  s to v e s  w ith  s ta n d in g  p ilo t lights w e r e  re p la c e d .  A n a lo g o u s  r e tro f i ts  w e r e  n o t  
im p le m e n te d  In B2 a n d  B3. E nvelope  sealing , a t t ic  insu la tion ,  a n d  w in d o w  o r  sliding g lass d o o r  
r e p l a c e m e n t s  w e r e  im p le m e n te d  in B2 a n d  B3, b u t  n o t  in B l .  A verage  sp e n d in g  o n  re t ro f i t s  w a s  h ighe r  
in B l  ($12 ,700  p e r  a p a r tm e n t )  t h a n  in B2 ($7700  p e r  a p a r tm e n t )  o r  B3 ($9000) p e r  a p a r tm e n t .  An 
analysis  o f  t h e  n a t io n a l  w e a th e r iz a t io n  p ro g ra m  f o u n d  t h a t  a t t ic  insu la t ion ,  insu la ting  w a t e r  h e a te r s ,  
installing low  f low  s h o w e r h e a d s ,  a n d  rep lac ing  ineff ic ien t h e a t in g  sy s te m s  w e r e  a m o n g  t h e  m o s t  
e f fec t iv e  e n e r g y  sav ings m e a s u r e s  [7], Insta l la t ion  o f  s to rm  w in d o w s  a n d  d o o r s  w a s  less e ffec t ive  [7], 
Overall; h o w e v e r ,  suff ic ien t  p r io r  d a t a  a r e  ava ilab le  f ro m  m u c h  la rge r  s tu d ie s  t o  r e je c t  t h e  h y p o th e s is  
t h a t  t h e s e  e n e r g y  eff iciency m e a s u r e s  a r e  ineffec tive .  An analysis  o f  m e a s u r e d  d a t a  f ro m  re t ro f i t s  o f  
o v e r  25 ,000  h o u s in g  un its  [8] f ro m  m ult ifam ily  dw ell ings  in d ic a ted  e n e rg y  sav ings o f  14% to  16%, 
a l th o u g h  t h e s e  re t ro f i t s  t o o k  p lace  p r io r  t o  19 8 8  w h e n  sav ings o p p o r tu n i t i e s  w e r e  likely larger. A m u c h
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m o r e  r e c e n t  s tu d y  o f  r e tro f i ts  o f  m o r e  th a n  2 1 ,000  hou s in g  un its  in 231  p r o p e r t ie s  in N ew  York City 
r e p o r t e d  a 19% re d u c t io n  in fuel e n e r g y  a n d  7% re d u c t io n  in e lec tr ic i ty  [9], In t h e  m ild er  California 
c l im a te ,  sm a lle r  a b s o lu te  b u t  sim ilar m a g n i tu d e  p e r c e n ta g e  savings w o u ld  b e  a n t ic ip a te d .  An analysis,  
p u b l ish ed  in 1995, o f  m e a s u r e d  d a t a  f ro m  t h e  National W e a th e r iz a t io n  A ss is tance  P ro g ram  (NWAP), 
w h ich  t a r g e t s  single fam ily  a n d  m ult i- fam ily  h o m e s  of  low in c o m e  p e r so n s ,  in d ic a ted  a 13.5%  re d u c t io n  
in to ta l  e n e r g y  u se  [7], A s u b s e q u e n t  m e ta -a n a ly s is  o f  17 s ta te - le v e l  e v a lu a t io n s  of  t h e  NWAP ind ica tes  a 
23%  re d u c t io n  in n a tu ra l  gas  u se  in g a s - h e a t e d  h o m e s  [10], Each o f  t h e s e  la rger  p r o g ra m s  t h a t  r e p o r te d  
e n e r g y  sav ings e m p lo y e d  r e tro f i t  m e a s u r e s  t h a t  o v e r la p  highly w ith  t h e  re t ro f i t s  in t h e  p r e s e n t  s tudy . 
Thus,  o n e  can  co n c lu d e  th a t ,  on  av e ra g e ,  t h e s e  re t ro f i t s  sa v e  ene rgy .

W ith  r e s p e c t  t o  h y p o th e s is  2, it is c lea r  t h a t  t h a t  s o m e  o f  t h e  re t ro f i t s  inc luded  in t h e  s tu d y  to  im p ro v e  
IEQ lead  t o  e n e rg y  c o n s u m p t io n ;  h o w e v e r ,  t h e  a m o u n t  o f  e n e r g y  c o n s u m e d  is m o d e r a t e .  T h e  23 W  fan s  
in t h e  e n e r g y  re c o v e ry  v e n t i la to rs  ins ta l led  in B l  a p a r t m e n t s  a n d  in t h r e e  a p a r t m e n t s  in B3 a re  
p r o je c te d  to  c o n s u m e  0 .55  kW h p e r  day, if o p e r a t e d  con t in u o u s ly .  T h e  a u t o m a t ic  i n t e r m i t t e n t  o p e r a t io n  
o f  b a t h r o o m s  f a n s  in a p a r t m e n t s  a r e  p r o je c te d  t o  c o n s u m e  a negligible  0 .01  kW h p e r  d ay  if o p e r a t io n  is 
t r ig g e re d  10 t im e s  p e r  d ay  w ith  20  m in u te  o p e r a t io n  pe r io d s .  T he  e x h a u s t  f a n s  o p e r a t in g  c o n t in u o u s ly  in 
t h r e e  B3 a p a r t m e n t s  c o n s u m e  a p r o je c te d  0 .1  kWh p e r  day. T he  w a l l -m o u n te d  air c l e a n e r s  ins ta l led  in 
B2 a n d  B3, w e r e  p ro je c te d  t o  c o n s u m e  0 .22  kW h p e r  day, a s su m in g  t h e y  w e r e  run  in t h e  a u t o m a t ic  
m o d e ( a s  r e c o m m e n d e d )  w hich  e m p lo y s  a low fan  s p e e d  m o s t  o f  t h e  t im e  ( a s s u m e d  70%  of  t im e )  an d  
h ig h e r  fan  s p e e d s  w h e n  e l e v a te d  in d o o r  c o n c e n t r a t io n s  o f  pa r t ic le s  a r e  d e t e c t e d .  T o g e th e r ,  t h e  a d d e d  
f a n s  c o n s u m e  a b o u t  3% a n d  2.4% of  to ta l  a v e r a g e  p re - re t ro f i t  e lec tr ic i ty  c o n s u m p t io n  of  B l  a n d  B2 
a p a r tm e n t s ,  respec tive ly .  In t h e  t h r e e  B3 a p a r t m e n t s  w ith  e n e r g y  re c o v e ry  v e n t i la to rs  a n d  air c leaners ,  
t h e  a d d e d  fa n s  a r e  p r o je c te d  to  c o n s u m e  5 .7%  of a v e r a g e  p re - re t ro f i t  e lec tricity .  In t h e  rem a in in g  t h r e e  
B3 a p a r tm e n t s ,  w ith  c o n t in u o u s ly  o p e r a t in g  b a th  fa n s  a n d  air  c lea n e rs ,  t h e  a d d e d  f a n s  a r e  p r o je c te d  to  
c o n s u m e  2.4%  of  a v e r a g e  p re - re t ro f i t  e lec tricity .  T h e se  ca lcu la t ions  a s s u m e  no  c h a n g e  in r a n g e  h o o d  fan  
en e rg y ,  as d a t a  in d ic a ted  no  in c re a se  in ra n g e  h o o d  u se  a f t e r  re t ro f i t s  [1],

T h e  e f fe c ts  o f  e n v e lo p e  sea ling  plus o p e r a t io n  o f  c o n t in u o u s  m e ch a n ica l  v e n t i la t io n  s y s te m s  ( insta lled  in 
B l  a n d  B3 a p a r tm e n t s )  on  s p a c e  c o n d i t io n in g  (h ea t in g  a n d  cooling) e n e rg y  u se  a r e  less readily  
e s t im a te d .  T h e  B l  a p a r t m e n t s  a n d  t h r e e  of  t h e  B3 a p a r t m e n t s  h ad  e n e r g y  rec o v e ry  v e n t i la to rs  installed , 
w ith  significant e n v e lo p e  sea ling  on ly  in B3. T he  m a n u f a c tu r e r  r e p o r t s  66%  a n d  33%  se n s ib le  a n d  l a te n t  
e n e r g y  re c o v e ry  by t h e  e n e r g y  re c o v e ry  v en t i la to r .  T he  rem a in in g  t h r e e  B3 a p a r t m e n t s  h ad  e n v e lo p e  
sea ling  a n d  c o n t in u o u s ly -o p e ra t in g  e x h a u s t  fa n s  insta lled .  M od e lin g  o f  single fam ily  h o m e s  ind ica tes  
t h a t  e n v e lo p e  sealing  p lus c o n t in u o u s  m e ch a n ica l  v e n t i la t io n  a t  a r a t e  suff ic ien t  t o  m e e t  t h e  
r e q u i r e m e n t s  o f  ASHRAE S ta n d a rd  62 .2  [6] will d e c r e a s e  s p a c e  c o n d i t io n in g  e n e r g y  c o n s u m p t io n ,  
p ar t icu la r ly  w h e n  t h e  m e ch a n ica l  v en t i la t io n  sy s te m  inc ludes  e n e r g y  re c o v e ry  [11], T h e re  a re  key 
d i f fe re n c e s  b e t w e e n  t h e  m o d e le d  s c e n a r io  a n d  ac tu a l  s tudy .  First, in t h e  p r e s e n t  s tu d y  t h e r e  w a s  no 
sign ifican t e n v e lo p e  sealing  in t h e  B l  a p a r tm e n t s ,  th u s ,  t h e  m e ch a n ica l  v e n t i la t io n  in B l  m u s t  h ave  
in c re a se d  s p a c e  c o n d i t io n in g  e n e r g y  use .  H ow ever ,  t h e  d a t a  f ro m  t h e  B l  a p a r t m e n t s  still su g g e s ts  
e n e r g y  savings. S econd ,  sealing  o f  e n v e lo p e s  in a p a r t m e n t s  m a y  b e  less e ffec t ive  in r e d u c in g  infiltra tion  
f ro m  o u td o o r s  th a n  sea ling  e n v e lo p e s  in single fam ily  h o m e s .  Third, t h e  m e ch a n ica l  v e n t i la t io n  r a te s  in 
t h e  p r e s e n t  s tu d y  w e r e  150%  of  t h e  r a te s  p re sc r ib e d  in t h e  ASHRAE S ta n d a rd .  H ow ever ,  in a p a r t m e n t s  
m u c h  of  t h e  "v e n t i la t io n "  air c o m e s  f ro m  su r ro u n d in g  a p a r tm e n t s ,  a n d  t h e s e  su r ro u n d in g  a p a r t m e n t s  
a r e  typically  h e a t e d  o r  co o led .  Thus,  t h e  a m o u n t  by w hich  t h e  m e c h a n ic a l  v e n t i la t io n  sy s te m s  in c re ase d  
v en t i la t io n  f ro m  o u td o o r s ,  im pos ing  h e a t in g  o r  cooling loads,  m a y  n o t  h av e  b e e n  la rge r  t h a n  p re sc r ib ed  
in ASHRAE S ta n d a rd  62.2 . T he  s e a so n a l  t r e n d s  in c h a n g e s  in e n e r g y  u se  s u g g e s t  t h a t  s p a c e  con d i t io n in g  
loads  c a u s e d  by m e ch a n ica l  v en t i la t io n  d o  n o t  explain  t h e  lack o f  e n e r g y  savings. T he  d a t a  ind ica te  
sav ings in B l  d e s p i t e  c o n t in u o u s  m e ch a n ica l  v e n t i la t io n  of  all B l  a p a r t m e n t s  an d  no  a p a r t m e n t
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e n v e lo p e  sealing . T h e re  w a s  no  c o n t in u o u s  m e ch a n ica l  v e n t i la t io n  in B2, a n d  still t h e  m e a s u r e d  e n e rg y  
sav ings w e r e  small.  In B3, full y e a r  a n d  w in te r  t im e  gas  e n e r g y  c o n s u m p t io n  d e c r e a s e d  by a s im ilar small 
a m o u n t .  Also, full y e a r  e lec tr ic i ty  u s e  in B3 a p a r t m e n t s  in c re a se d  by m o r e  t h a n  s u m m e r  e lec tr ic i ty  use , 
su g g e s t in g  t h a t  v e n t i la t io n -c a u se d  m e ch a n ica l  ven t i la t io n  w a s  n o t  a m a jo r  c a u s e  o f  t h e  in c re a se  in 
e lec tr ic i ty  u se  in B3.

C ons ider ing  t h e  in fo rm a t io n  p ro v id e d  in t h e  pr ior  tw o  p a ra g ra p h s ,  t h e  e n e r g y  c o n s u m p t io n  o f  IEQ 
im p r o v e m e n t  m e a s u r e s  a p p e a r s  insuffic ien t t o  explain  m o r e  t h a n  a m o d e s t  p o r t io n  of  t h e  large 
d is c re p a n c y  b e t w e e n  p re d ic te d  a n d  m e a s u r e d  e n e r g y  sav ings in B2 a n d  B3. H ow ever ,  u n c e r ta in t ie s  
r e m a in  w ith  r e s p e c t  t o  t h e  e f fe c ts  o f  m e ch a n ica l  v en t i la t io n  in B l  a n d  B3 o n  a p a r t m e n t  e n e r g y  use .

T h e  s tu d y  d a t a  a r e  c o n s is te n t  w ith  h y p o th e s is  3. T h e  large variabili ty  in p re - re t ro f i t  e n e r g y  u se  in 
a p a r t m e n t s  w ith in  t h e  s a m e  building (Table 3), t h e  large, b o th  pos it ive  a n d  neg a t iv e ,  c h a n g e s  in e n e rg y  
u se  w ith in  co n t ro l  a p a r t m e n t s  (Table 4), a n d  e v id e n c e  t h a t  c l im a te  w a s  n o t  t h e  m a jo r  d r iver  fo r  
variabili ty  in e n e r g y  u se  (Figure 2), all s u g g e s t  t h a t  c h a n g e s  in o c c u p a n t s  b e h a v io rs  s t ro n g ly  a f f e c te d  
e n e r g y  use . T h e se  f ind ings p lus a c o m p a r i s o n  of  resu l ts  o f  t h e  "n-1"  ana lysis  t o  resu l ts  o f  t h e  p r im ary  
ana lysis  all in d ic a te  t h a t  t h e  p r e s e n t  s tu d y  w a s  t o o  small t o  p ro v id e  a re liab le  e s t im a te  of  t h e  e f fec ts  o f  
t h e  r e tro f i ts  o n  e n e r g y  c o n s u m p t io n .  T h e r e  is an  inc reas ing  a p p re c ia t io n  o f  t h e  large e f fec ts  o f  o c c u p a n t  
b e h a v io r s  on  build ing e n e r g y  c o n s u m p t io n  [12, 13]. Also, t h e r e  is a rec o g n ize d  t a k e - b a c k  o r  r e b o u n d  
effec t ,  in w h ich  p e o p le  u s e  m o r e  en e rg y ,  e.g., via in c re a se d  s p a c e  h e a t in g  a n d  cooling, a f t e r  e n e rg y  
eff ic iency r e tro f i ts  [14]. Finally, in t h e s e  a p a r tm e n t s ,  t h e  n u m b e r  o f  o c c u p a n t s  m a y  h a v e  var ied  
s ignificantly  o v e r  t im e  an d ,  as  sh o w n  in Figure 4, o c c u p a n c y  w a s  a fairly s t ro n g  p r e d ic to r  o f  a p a r t m e n t  
e n e r g y  use.

Relative to  h y p o th e s is  3, t h e  la rge  c h a n g e s  in w in te r  e lec tr ic i ty  u se  in a p a r t m e n t s  B3A5 a n d  B 3A lc  a re  
n o ta b le .  In s tu d y  a p a r t m e n t  B3A5, p o s t  re t ro f i t  w in te r  e lec tr ic i ty  w a s  79%  h ig h e r  th a n  p re - re t ro f i t  
w in te r  e lec tr ic i ty  use .  C h anges  in th is  m a g n i tu d e  m ig h t  b e  e x p la in e d  by u se  o f  e lec tr ic  sp a c e  h e a t in g  
on ly  in t h e  p o s t - r e t ro f i t  yea r ;  h o w e v e r ,  a t  t h e  s t a r t  o f  t h e  s tu d y  t e n a n t s  r e p o r t e d  n o t  hav ing  an  e lec tr ic  
s p a c e  h e a te r .  Also, t h e  in c re a se  in w in te r  e lec tr ic i ty  u se  w a s  a c c o m p a n ie d  by a s im u l ta n e o u s  27% 
in c re a se  in w in te r  g as  use ;  th u s ,  e lec trica l h e a t  w a s  n o t  obv iously  s u b s t i tu t in g  fo r  gas  h e a t .  In con tro l  
a p a r t m e n t  B3Alc, w in te r  e lec tr ic i ty  u se  w a s  69%  lo w er  in t h e  p o s t  r e tro f i t  y e a r  w h ile  w in te r  g as  u se  
in c re a se d  21%, su g g e s t in g  t h e  possib ili ty  t h a t  elec trica l s p a c e  h e a t in g  in t h e  p re - re t ro f i t  p e r io d  w a s  
partia lly  r e p la c e d  by gas  h e a t in g  in t h e  p o s t - r e t ro f i t  pe r io d .  H ow ever ,  t h e  t e n a n t s  o f  B 3A lc also 
r e p o r t e d  n o t  hav ing  an  e lec tr ic  sp a c e  h e a te r .  T he  r e a s o n s  fo r  t h e  la rge  c h a n g e s  in w in te r  e lec tr ic i ty  u se  
o f  t h e s e  tw o  a p a r t m e n t s  a r e  u n k n o w n .

S tudy  s t r e n g th s  a n d  lim ita t ions
Key s t r e n g th s  o f  th is  s tu d y  inc lude  t h e  re l iance  o n  a full y e a r  o f  p re - re t ro f i t  a n d  p o s t - r e t ro f i t  m e a s u r e d  
e n e r g y  d a ta .  M an y  s tu d ie s  h a v e  s im ply  p re d ic te d  e n e r g y  savings. Also, t h e  inclusion of  n u m e r o u s  sim ilar 
co n t ro l  a p a r t m e n t s  f ro m  t h e  s a m e  a p a r t m e n t  build ings is a s t r e n g th .  T he  m a in  s tu d y  w e a k n e s s  is t h e  
small n u m b e r  of  a p a r tm e n t s .  T he  s tu d y  size w a s  c o s t  c o n s t ra in e d ,  m u c h  of  t h e  b u d g e t  w a s  e x p e n d e d  to  
d e v e lo p  t h e  r e t ro f i t  s e lec t io n  p ro to co l ,  im p le m e n t  t h e  re tro f i ts ,  a n d  im p le m e n t  a n d  ana lyze  p re -  an d  
p o s t - r e t r o f i t  IEQ d a t a  [1]

CONCLUSIONS
A nalyses  o f  p re -  a n d  p o s t - r e t ro f i t  e n e r g y  d a t a  f ro m  a p a r t m e n t s  receiv ing  e n e r g y  re t ro f i t s  a n d  f ro m  
co n t ro l  a p a r t m e n t s  s u g g e s t  small e n e rg y  savings, d r iven  by r e d u c t io n s  in n a tu ra l  gas  use .  B e ca u se  of  t h e  
small n u m b e r  of  r e t ro f i t  a p a r tm e n t s ,  t h e  d a t a  p ro v id e  no  conc lus ive  e v id e n c e  o f  re t ro f i t - c a u s e d  e n e rg y
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savings. M uch  la rge r  s tu d ie s  e m p lo y in g  sim ilar  re t ro f i t s  h a v e  sh o w n  t h a t  t h e  r e tro f i ts  usually  sa v e  
en e rg y .

A p a r tm e n t  e n e r g y  u se  in c re a se d  w ith  n u m b e r  o f  o c c u p a n t s .  T h e  a s so c ia t io n s  o f  a p a r t m e n t  e n e r g y  u se  
w ith  a p a r t m e n t  f loo r  a r e a  a n d  w i th  n u m b e r  of  e x te rn a l  e n v e lo p e  su r fa c e s  w e r e  w ea k .

T h e r e  w e r e  la rge a n d  var iab le  y e a r - to - y e a r  c h a n g e s  in e n e r g y  u s e  in co n t ro l  a p a r tm e n t s ,  po te n t ia l ly  
c a u se d ,  in p a r t ,  by  c h a n g e s  in o c c u p a n t  b e h a v io r  a n d  o c c u p an c y .  Given t h a t  m a g n i tu d e  of  t h e s e  na tu ra l  
c h a n g e s  in a p a r t m e n t  e n e r g y  use ,  t h e  p r e s e n t  s tu d y  w a s  t o o  sm all t o  d e t e r m in e  t h e  e n e r g y  im p a c ts  o f  
t h e  r e tro f i ts  o n  e n e r g y  c o n s u m p t io n .

T h e  s tu d y  inc luded  r e tro f i t  m e a s u r e s  d e s ig n e d  to  im p ro v e  IEQ a n d  s o m e  of  t h e s e  m e a s u r e s  in c re ase d  
e n e r g y  c o n s u m p t io n .  A lthough  u n c e r ta in ty  rem a in s ,  t h e  e n e rg y  c o n s u m p t io n  of  t h e  lE Q -im p ro v e m e n t  
m e a s u r e s  a p p e a r s  insuffic ien t t o  explain  w h y  t h e  m e a s u r e d  e n e r g y  savings in B2 a n d  B3 a r e  f a r  sm a lle r  
t h a n  t h e  p re d ic te d  savings.
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A p pend ix  1. T ab les  a n d  p lo ts  o f  e n e r g y  c o n s u m p t io n .

T ab le  A l .  A nnual e n e r g y  u se  in B l
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season yr yr yr yr yr yr yr yr yr yr yr yr

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days HDD/d
(°C)

HDD/d
(°C) kWh/d kWh/d change days CD D/d 

(°C)
CDD/d

(°C) kwh/d kwh/d change

B1A1 363 3.99 3.87 31.9 26.1 -18% 365 1.63 2.07 18.6 17.1 -8%
B1A4 363 3.99 3.87 40.7 26.7 -35% 365 1.63 2.07 14.1 11 -22%
BIAS 363 3.99 3.87 32.2 27.5 -15% 155 1.14 1.27

Bl total 35.0 26.8 -23% 16.4 14.1 -14%
Bl "n-1" total -16%

BlA2c 363 3.99 3.87 29.9 38.4 28% 365 1.63 2.07 11.6 14.2 22%
BlA4c 331 4.36 4.17 37.5 36.0 -4% 365 1.63 2.07 6.9 9.6 40%
BlASc
BlA6c
BlA8c 363 3.99 3.87 36.9 32.8 -11% 365 1.63 2.03 12.9 14.5 12%
BlA9c 304 4.78 4.62 27.0 25.2 -7% 336 1.41 1.73 13.3 13.9 5%

BlAlOc
B lA llc 363 3.99 3.87 33.7 34.6 3% 365 1.63 2.07 13.2 16.3 23%
B1A13C 362 1.60 2.07 6.5 13.1 102%

Blc total 33.1 33.6 2% 10.7 13.6 27%
Blc "n-1" total -5% 21%

T able  A2. A nnual e n e r g y  u se  in B2.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season yr yr yr yr yr yr yr yr yr yr yr yr

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days HDD/d
(°C)

HDD/d
(°C) kWh/d kWh/d change days CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B2A2 362 4.53 4.44 19.9 13.2 -34% 362 0.23 0.09 7.1 6.5 -9%
B2A4 362 4.53 4.44 27.2 27.8 2% 362 0.23 0.09 6.8 6.5 -5%
B2A5 362 4.53 4.44 31.4 28.1 -10% 362 0.23 0.09 6.8 6.9 2%
B2A6 362 4.53 4.44 79.4 85.8 8% 362 0.23 0.09 17.4 17.8 2%

B2 total 39.5 38.7 -2% 9.5 9.4 -1%
B2 "n-1" total 0% 0%

B2A2c 362 4.53 4.44 27.8 30.2 8% 362 0.23 0.09 9.2 9.7 6%
B2A3c 362 4.53 4.44 8.2 11.1 36% 362 0.23 0.09 4.7 5.7 22%
B2A4c 362 4.53 4.44 10.3 11.7 14% 362 0.23 0.09 8.8 7.4 -15%
B2A5c 362 4.53 4.44 16.7 13.8 -18% 362 0.23 0.09 5.4 5.3 -3%
B2A6c 362 4.53 4.44 35.7 39.6 11% 362 0.23 0.09 5.9 5.4 -8%
B2A7c 331 4.13 3.98 12.9 13.5 5% 331 0.26 0.1 6.9 5.8 -15%
B2A9c 362 4.53 4.44 44.5 44.0 -1% 362 0.23 0.09 10.2 9.3 -9%

B2ctotal 22.4 23.5 5% 7.3 7.0 -5%
B2c "n-1" 

total
3% -8%
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Table A3. Annual energy  use in B3.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season year year year year year year year year year year year year

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days HDD/d
(°C)

HDD/d
(°C) kWh/d kWh/d change days CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B3A1* 304 3.51 3.13 24.6 26.4 7% 364 3.20 4.07 6.6 9.0 36%
B3A2 363 3.47 2.79 24.3 15.8 -35% 363 3.20 4.07 7.8 6.4 -18%
B3A4 332 3.36 2.87 31.1 27.8 -10% 332 3.48 4.38 17 20.1 18%
B3A5 333 3.36 2.87 50.4 45.1 -10% 333 3.48 4.38 13.5 19.9 47%
B3A6 363 3.47 2.79 44.0 33.1 -25% 363 3.20 4.07 18.5 22.2 20%

B3 total 35.0 29.5 -16% 12.6 15.3 22%

B3 "n-1" total -10% 14%

B3Alc 363 3.47 2.79 28.7 30.8 7% 363 3.20 4.07 26.2 22.4 -15%
B3A2c 363 3.47 2.79 34.3 28.4 -17% 363 3.20 4.07 13.6 13.9 2%
B3A3c 363 3.47 2.79 23.4 28.4 21% 363 3.20 4.07 11.2 15.9 42%
B3A4c 335 3.33 2.87 24.9 24.0 -4% 335 3.42 4.38 18.8 23.2 23%
B3A8c 363 3.47 2.79 25.5 19.3 -24% 363 3.20 4.07 15.8 17.9 13%
B3A9c 363 3.47 2.79 20.5 12.3 -40% 363 3.20 4.07 24.5 22.8 -7%

B3ctotal 26.2 23.9 -9% 18.3 19.3 5%

B3c "n-1" total -3% 3%

T able  A4. W in te r  g as  a n d  s u m m e r  e lec tr ic i ty  u se  in Bl.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season win win win win win win sum sum sum sum sum sum

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days HDD/d
(°C)

HDD/d
(°C) kWh/d kWh/d change days CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B1A1 120 8.84 8.63 43.7 39.8 -9% 120 4.50 5.22 27.9 17.1 -39%
B1A4 120 8.84 8.63 68.0 32.8 -52% 120 4.50 5.22 23.6 19.7 -17%
BIAS 120 8.84 8.63 43.7 41.3 -5% 120 4.50

Bl total 51.8 38.0 -27% 25.8 18.4 -29%
Bl "n-1" total -7%

BlA2c 120 8.84 8.63 46.9 60.7 29% 120 4.50 5.22 15.2 21.3 40%
BlA4c 120 8.84 8.63 61.8 56.0 -9% 120 4.50 5.22 8.1 13.5 67%
BlA5c
BlA6c
BlA8c 120 8.84 8.63 41.6 36.0 -13% 120 4.50 5.08 13.8 17.6 28%
BlA9c 120 8.84 8.63 36.0 31.4 -13% 91 4.62 4.96 17.0 18.3 8%

BlAlOc
B lA llc 120 8.84 8.63 46.6 51.3 10% 120 4.50 5.08 20.3 25.5 26%
B1A13C 120 8.84 8.63 37.8 40.4 7% 115 4.50 5.30 13.4 20.6 54%

Blc total 45.1 46.0 2% 14.5 19.5 34%
Blc "n-1" 

total
-4% 31%
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Table A5. W in ter  gas and su m m er  electricity use in B2.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season win win win win win win sum sum sum sum sum sum

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days
HDD/d

(°C)
HDD/d

(°C) kWh/d kWh/d change days
CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B2A2 87 5.33 7.51 31.9 19.0 -40% 90 0.31 0.06 7.0 6.2 -11%
B2A4 88 5.33 7.51 39.8 44.5 12% 90 0.31 0.06 6.9 5.9 -14%
B2A5 88 5.33 7.51 56.5 40.1 -29% 90 0.31 0.06 6.8 6.4 -6%
B2A6 88 5.33 7.51 105.2 120.4 14% 90 0.31 0.06 18.4 18.9 3%

B2 total 58.5 56.1 -4% 9.8 9.4 -4%
B2 "n-1" total -1% -5%

B2A2c 88 5.33 7.51 27.8 61.8 122% 90 0.31 0.06 8.8 10.3 17%
B2A3c 88 5.33 7.51 16.4 21.7 32% 90 0.31 0.06 4.3 4.9 14%
B2A4c 88 5.33 7.51 14.7 21.1 44% 90 0.31 0.06 8.9 6.9 -23%
B2A5c 88 5.33 7.51 27.8 18.8 -33% 90 0.31 0.06 5.6 5.8 3%
B2A6c 88 5.33 7.51 48.6 57.7 19% 90 0.31 0.06 5.5 5.2 -4%
B2A7c 90 0.31 0.06 6.1 6.8 11%
B2A9c 88 5.33 7.51 68.3 66.5 -3% 90 0.31 0.06 9.6 8.1 -15%

B2ctotal 33.9 41.3 22% 7.0 6.9 -2%
B2c "n-1" 

total
12% 4%

T able  A6. W in te r  g as  a n d  s u m m e r  e lec tr ic i ty  u se  in B3.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season win win win win win win sum sum sum sum sum sum

Period Pre Post Pre Post
Post-
Pre

Pre Post Pre Post
Post-
Pre

Parameter days
HDD/d

(°C)
HDD/d

(°C) kWh/d kWh/d change days
CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B3A1* 121 8.61 7.09 32.5 42.2 30% 121 8.60 9.83 11.8 16.9 43%
B3A2 121 8.17 7.09 34.6 21.1 -39% 121 8.63 9.82 11.1 7.6 -32%
B3A3 91 6.15 4.29 34.6 31.4 -9% 121 8.63 9.82 28.6 44 54%
B3A4 121 8.17 7.09 45.7 44.2 -3% 121 8.63 9.82 28.5 32.3 13%
B3A5 121 8.17 7.09 50.4 45.1 -10% 121 8.63 9.82 18.8 23.8 27%
B3A6 121 8.17 7.09 78.8 51.6 -35% 121 8.63 9.82 35.4 41.2 16%

B3 total 46.6 39.6 -15% 22.4 27.6 24%
B3 "n-1" 

total
-6% 16%

B3Alc 121 8.17 7.09 46.9 56.3 20% 121 8.6 9.83 27.6 33.4 21%
B3A2c 121 8.17 7.09 38.4 40.1 5% 121 8.63 9.82 19.3 19.8 3%
B3A3c 121 8.17 7.09 35.2 35.2 0% 121 8.63 9.82 16.4 25.4 55%
B3A4c 121 8.17 7.09 43.7 40.4 -7% 121 8.63 9.82 30.7 37.6 22%
B3A8c 121 8.17 7.09 33.4 19.0 -43% 121 8.63 9.82 27.0 28.2 4%
B3A9c 121 8.17 7.09 31.9 14.9 -53% 121 8.63 9.82 47.3 42 -11%

B3ctotal 38.2 34.3 -10% 28.1 31.1 11%
B3c "n-1" 

total
-5% 8%

*Omitted data from Aprils, reported pre-retrofit gas use in April was extremely high (161 kWh/d), is suspect data.
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Table A7. Sum m er gas and w in te r  electricity use in Bl.
Energy
type

gas gas gas gas gas gas elec elec elec elec elec elec

Season sumr sumr sum sum sum sum win win win win win winter

Period Pre Post Pre Post
post-
Pre

Pre Post pre pre
post-
Pre

Parameter days
HDD/d

(°C)
HDD/d

(°C) kWh/d kWh/d change days
CDD/d

(°C)
CDD/d

(°C) kwh/d kwh/d change

B1A1 90 0.02 0.04 24.4 15.0 -39% 123 0.01 0.00 14.3 12.7 -11%
B1A4 90 0.02 0.04 20.5 24.7 21% 123 0.01 0.00 9.1 4.4 -52%
BIAS 90 0.02 0.04 25.1 21.5 -14% 94 0.01 0.00 17.4 16.0 -8%

Bl total 23.3 20.4 -13% 13.3 10.6 -20%
Bl "n-1" 

total
3% -10%

BlA2c 90 0.04 0.04 17.4 16.9 -3% 123 0.01 0.00 10.6 9.2 -13%
BlA4c 89 0.02 0.04 15.1 18.5 22% 123 0.01 0.00 7.3 8 10%
BlASc 123 0.01 0.00 8.8 8.2 -7%
BlA6c 117 0.01 0.00 9.6 5.7 -41%
BlA8c 90 0.02 0.04 30.3 27.0 -11% 123 0.01 0.00 14.6 12.8 -12%
BlA9c 123 0.01 0.00 12.1 12.1 0%

BlAlOc 95 0.01 0.00 10.5 11.5 10%
B lA llc 90 0.02 0.04 24.1 23.1 -4% 123 0.01 0.00 10 11.7 17%
B1A13C 123 0.01 0.00 3.8 9.3 145%

Blctotal 21.7 21.4 -2% 9.7 9.8 1%
Blc "n-1" 

total
-6% -5%

T able  A8. S u m m e r  gas  a n d  w in te r  e lec tr ic i ty  u se  in B2.
Energy type gas gas gas gas gas gas elec elec elec elec elec elec

Season sum sum sum sum sum sum win win win win win winter

Period Pre Post Pre Post
post-
Pre

Pre Post pre pre
post-
Pre

Parameter days HDD/d
(°C)

HDD/d
(°C)

kWh/d kWh/d change days CDD/d
(°C)

CDD/d
(°C)

kwh/d kwh/d change

B2A2 90 2.03 1.75 10.0 8.5 -15% 88 0.01 0.00 7.4 7.2 -3%
B2A4 90 2.03 1.75 19.3 18.2 -6% 88 0.01 0.00 7.6 8.0 6%
B2A5 90 2.03 1.75 17.3 20.2 17% 88 0.01 0.00 6.9 7.2 4%
B2A6 90 2.03 1.75 67.7 61.8 -9% 88 0.01 0.00 17.4 17.9 3%

B2 total 28.6 27.2 -5% 9.8 10.1 2%
B2 "n-1" 

total
-10% 1%

B2A2c 90 2.03 1.75 16.4 5.6 -66% 88 0.01 0 12.2 9.8 -19%
B2A3c 90 2.03 1.75 2.9 4.1 40% 88 0.01 0 5.4 8.1 49%
B2A4c 90 2.03 1.75 6.2 6.2 0% 88 0.01 0 9.2 7.8 -15%
B2A5c 90 2.03 1.75 9.7 10.5 9% 88 0.01 0 5.4 5.5 1%
B2A6c 90 2.03 1.75 26.4 29.9 13% 88 0.01 0 6.5 5.4 -18%
B2A7c 90 2.03 1.75 5.3 8.5 61%
B2A9c 90 2.03 1.75 28.1 28.4 1% 88 0.01 0 10.2 10.8 7%

B2ctotal 13.6 13.3 -2% 8.2 7.9 -3%
B2c "n-1" 

total
21% -9%
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Table A9. Sum m er gas and w in te r  electricity use in B3.
Energy
type

gas gas gas gas gas gas elec elec elec elec elec elec

Season sum sum sum sum sum sum win win win win win win

Period Pre Post Pre Post
post-
Pre

Pre Post pre pre
post-
Pre

Parameter days
HDD/d

(°C)
HDD/d

(°C)
kWh/d kWh/d change days

CDD/d
(°C)

CDD/d
(°C)

kwh/d kwh/d change

B3A1* 121 0.03 0.01 13.8 14.9 9% 121 0 0.09 4.6 4.9 9%
B3A2 121 0.03 0.01 16.1 12.0 -25% 121 0 0.07 7.0 5.8 -17%
B3A3 121 0.03 0.01 12.6 12.9 2% 62 0 0.14
B3A4 121 0.03 0.01 19.6 16.7 -15% 121 0 0.07 10.0 10.0 1%
B3A5 121 0.03 0.01 36.9 32.2 -13% 121 0 0.07 11.6 20.8 79%
B3A6 121 0.03 0.01 19.3 19.3 0% 121 0 0.07 10.5 10.9 4%

B3 total 19.7 18.0 -9% 8.7 10.5 20%
B3 "n-1" 

total
-3% -1%

B3Alc 121 0.03 0.01 12.0 17.0 41% 121 0 0.09 41.8 13.0 -69%
B3A2c 121 0.03 0.01 24.3 21.4 -12% 121 0 0.07 10.9 11.5 5%
B3A3c 121 0.03 0.01 14.7 14.4 -2% 121 0 0.07 8.7 10.3 19%
B3A4c 121 0.03 0.01 11.1 11.7 5% 121 0 0.07 10.6 10.2 -3%
B3A8c 121 0.03 0.01 20.2 18.8 -7% 121 0 0.07 11.4 10.9 -4%
B3A9c 121 0.03 0.01 12.0 10.0 -17% 121 0 0.07 8.7 9.14 6%

B3ctotal 15.7 15.5 -1% 15.3 10.8 -29%
B3c "n-1" 

total
-7% 5%
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Figure A3. Figure A2. Plots o f  s u m m e r  p re -  a n d  p o s t - r e t ro f i t  gas  use  an d  w in te r  p re-  a n d  p o s t - r e t ro f i t  
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