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Project Summary

Timeline :
St art  da t e : 10 /1/20 18
P lanne d e nd dat e : 9 /3 0 /20 21
Key Milestones :
1. Ene rgyP lus  9 .4 , 9 /3 0 /20 20
2. Ene rgyP lus  9 .5 , 4 /3 0 /20 21
3 . Ene rgyP lus  9 .6 , 9 /3 0 /20 21

Budget :
Total Project $ to Date : 
• DOE: $1.3 M
• Cos t  Share : N/A
Total Project $:
• DOE: $1.6 M
• Cos t  Share : N/A

Key Partners : 

Project Outcome : 
This proje ct applie d an int e gra te d se t of com put ing
t e chnique s to im prove runt im e pe rform ance of Ene rgyP lus .
Re sult s s how runt ime re duct ions range from 3 .2% to 9 3 %
(m e an 23 %) with the s ame s e t t ings be twe e n Ene rgyP lus 9 .6
and 9 .0 . If running a t a high s pe e d m ode with som e accuracy
t rade offs , t he re duct ions range from 20 % to 9 8 % (me an
8 3 %). Such s pe e d improve me nts e nable Ene rgyP lus for
la rge s ca le s imula t ions and incre ase use r product ivit y.
Change s to the da t a s t ructure , a lgorit hms , and code a ls o
im prove Ene rgyP lus cont inuous de ve lopm e nt and
m aint e nance .

GARD Analytics
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Team - A diverse project team spans expertise in building science, 
EnergyPlus, and computer science

Tianzhen Hong
Senior Scientist
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EnergyPlus Developer, 
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LBNL 
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Challenge

Com pare d with othe r com m only us e d building  e ne rgy 
m ode ling  program s , Ene rgyP lus  runs  s lowe r by an 
orde r of m agnitude . This  hinde rs  Ene rgyP lus  for us e  
cas e s  t ha t  ne e d m any s im ula t ions .

Ene rgyP lus  code  bas e  is  big  and com ple x: t rans la t e d 
from  FORTRAN to C in 20 14  (ve rs ion 8 .2 ), about  1M 
line s  of code  writ t e n by m any de ve lope rs  acros s  25  
ye ars  .

P as t  e ffort s  focus  on ne w fe a ture  de ve lopm e nt s  t o  
m ode l t e chnolog ie s , s ys t e m s  and cont rols , ra the r 
t han runt im e  pe rform ance . 
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Approaches

This  proje ct  e m ploys  an int e gra t e d approach to  s ignificant ly im prove  Ene rgyP lus ’ annual 
s im ula t ion run-t im e  pe rform ance  from  the  bas e line  Ene rgyP lus  9 .0 . The  approache s  include  but  
a re  not  re s t ric t e d t o: 

1. Baseline : De ve lop a  s uit e  of m ode ls  cove ring  dive rs e  us e  cas e s  and com ple xity, and 
e s t ablis h an ove ra ll bas e line  run t im e  of t he  s uit e  t ha t  t he  proje ct e d im prove m e nt  will be  
bas e d on.

2. Analysis : P rofile  m ode ls  t o  ide nt ify pe rform ance  hot s pot s , and us e  corre la t ion t e chnique s  
t o  ide nt ify proble m at ic  com pone nt  m ode ls  or s t ructure s .

3. Refactoring : Enhance  code  in m ajor rout ine s  of s urface  and zone  he a t  ba lance , t he  plant  
com pone nt s  and loops , t he  ne s t e d HVAC s im ula t ions , t he  ca lcula t ions  of CTF, s olar and 
window he at  t rans fe r us ing  ne w dat a  s t ructure s , im prove d a lgorit hm s , and opt im ize d 
conve rge nce  crit e ria .

4. Threading : Te s t  t as k para lle lis m  to t ake  advantage  of m ult i-core  proce s s ors  us ing  Ope nMP
5. GPU: P ara lle l com put ing  for s olar s hading  ca lcula t ions
6. Speed up workflow : Cache  int e rm e dia t e  re s ult s  (e .g ., CTF, s olar s hading) and re us e  t he m  

be twe e n s im ula t ions .



6U.S. DEP ARTMENT OF ENERGY       OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

63 Models for Performance Benchmark 

● 16  DOE Re fe re nce  Building  m ode ls  
o Chicago c lim ate , ASHRAE 9 0 .1-20 0 4 , annua l 

run, 10 -m inut e  t im e s t e p, as -is  re port ing

● 16  la rge  m ode ls
o Large  s ca le  building  with radiant  unde rfloor 

he a t ing  
o Natura l ve nt ila t ion with a irflow ne twork
o 12  la rge  m ode ls  with m any zone s  or surface s
o 2  re s ide nt ia l buildings

● 3 1 diagnos t ics  m ode ls  
○ From  shoe box no HVAC to com ple x 

ge om e t ry and HVAC sys t e m s
○ From  no shading t o lot s  of shading
○ From  no window to m any windows
○ From  5  zone s  t o 5 0 0  zone s

Functions Percentage CPU 
time over 
benchmark suite

Functions Percentage CPU 
time over 
benchmark suite

__pow 4.582
SolarShading::CLIPP
OLY 1.852

CalcHeatBalanceInside
Surf 4.020 CalcZoneSums 0.437
CalcInteriorRadExchan
ge 3.772 PsyTsatFnHPb 0.683
Psychrometrics::cache
d_psat_t 2.561 PierceSurface 1.597
UpdateThermalHistorie
s 1.919

ReportSurfaceHeatBa
ance 0.407

InitSolarHeatGains 1.505 InitIntSolarDistribution 0.335

__GI___exp 1.283
CalcInteriorSolarDistri
bution 0.379

InitSurfaceHeatBalance 0.692 __ieee754_log_fma 0.316

__memset_avx2_erms 0.623
CalcHeatBalanceOuts
ideSurf 0.379

UpdateDataandReport 0.471
SetZoneEquipSimOrd
er 0.279

20 Hot Spots of the Benchmark Models in 
EnergyPlus 9.0
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Algorithms - Caching & Optimization of Utility Functions

➢ Caching of utility functions
● Subroutine functionality:

○ P syTsa tFnP b(pb) - Calcula t e  t he  s a tura t ion t e m pe ra ture  from  barom e t ric  pre s sure
○ P syTsa tFnHP b(h, pb) - Calcula t e  t he  s a tura t ion t e m pe ra ture  from  the  e ntha lpy and 

barom e t ric  pre s sure . 
○ Ge tSpe cificHe atGlycol (T, GlycolInde x) - Calcula t e  t he  Glycol spe cific  he a t  by 

int e rpola t ion
● Performance: 

○ Each caching im ple m e nta t ion achie ve d an ave rage  of 1-3 % spe e d up of t he  t ot a l run 
t im e  of a ll 6 23  Ene rgyP lus  rout ine  t e s t  file s

➢ Cubic interpolation of psychrometric functions
● P syTsa tFnP b(pb) - Up to 10 % spe e d up to s e le ct e d t e s t  file s
● A ne w pe rform ance  pre cis ion t rade  off opt ion in Ene rgyP lus  9 .6  re le ase

* Psychrometric functions: compute properties of moist air from other properties
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Algorithms - Optimized Subroutines

➢ Polygon clipping for shadow calculation
● Methods: Use  Liang -Barsky a lgorit hm  for c lipping re ct angular polygons
● Performance gain: 

– 1.5 X spe e d up for t he  subrout ine  it s e lf
– 6 % spe e d up for Hospit a lLowEne rgy.idf, a  shading ca lcula t ion int e ns ive  t e s t  file

➢ Direct solution to get part load ratio (PLR) of coils
● Method: Use  line ar re la t ionship be twe e n part  load ra t io  and sys t e m /coil output  with 

g ive n inle t  condit ions .
● Performance : 2x spe e d is  achie ve d for coil subrout ine  

➢ Speedier schedule manager
● Method: m ore  e ffic ie nt ly ope n and parse  e xt e rna l 

s che dule  file  da t a , re ducing runt im e  in proport ion 
t o t he  num be r of colum ns  of da t a  in a  file

● Performance : 9 2% run t im e  s aving on Mac for a  
s che dule  im port ing  t e s t  file

For a  file  with ~10 0  colum ns  of da t a  t he  
runt im e  is  cut  in ha lf.
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Logic - Make the Common Case Faster

➢ Zone surface grouping and reordering
● Surface s  a re  groupe d by zone
● Within e ach zone  opaque  surface s are  groupe d s e para t e ly from  window surface s
● Main loops  e xe cut e d by zone  and t he n by surface
● The se  a llow -

■ He at  ba lance  loops  t o ope ra t e  on a  cont inuous  s e t  of surface s  without  if 
condit ions  within t he  loops

■ Future  para lle liza t ion by zone

Airwall Opaque Window Other Airwall Opaque Window Other

Zone  1 Zone  2

He at  
Balance  
Arrays

idx = WinSurface Firs t idx = WinSurface Las t idx = He atTrans fe rLas tidx = He atTrans fe rFirs t
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Logic - Make the Common Case Faster

➢ Inside surface heat balance 
● Two funct ions , one  for s im ple  Conduct ion Trans fe r Funct ion (CTF) - only 

s im ula t ions and anothe r for m ore  com ple x s im ula t ions
● Elim inat e  if condit ions  within t he  loops

➢ Move uncommon conditional calculations 
out of the main loop
● Tubular daylight ing  de vice
● Movable  ins ula t ion for opaque  s urface s
● Movable  s la t s  for window blinds
● Storm  windows
● Source  or s ink s urface

✓ Allows  e as ie r branch 
pre dict ion and ve ctoriza t ion, 
and be t t e r cache  
pe rform ance  for com pile rs

For e ach surface :
If s t orm  window: Do s tuff A
Else : Do s tuff B

For e ach surface : Do s tuff B
If any s t orm  window e xis t s :

For e ach s torm  window: Do s tuff A
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Data Structure  - Heat Balance Array Refactoring 

➢ Array of objects to array of scalars
● Conve rt  la rge  obje ct  a rrays (e .g . Surface Window with 20 0 + fie lds  and Surface  with 10 0 + fie lds ) t o  

a rrays  of s ca la rs  for cache  loca lit y and future  ve ctoriza t ion

➢ Efficient initialization of data structure
● Re m ove  third-party init ia liza t ion funct ion ca lls  for ve ctoriza t ion
● Loop-wise  init ia liza t ion with sm all loops  t o  m ake  t he  m axim um  use  of ve ctor re gis t e rs
● Re duce  re -init ia liza t ions (e .g . unne ce s s ary s olar arrays  re s e t  whe n s un is  down a t  e ach t im e  s t e p)

➢ Optimized multi -dimensional arrays
● Re orde r m ult i-dim e ns ional a rrays  t o  loop e xe cut ion orde r for cache  loca lit y
● Re duce  array s lic ing  and re cons t ruct ion (2D array -> array of array)
● Re duce  dim e ns ion of a rrays
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GPU Accelerate Solar Shading

➢ Performance improvements:
● Up to 10 -14 x im prove m e nt
● Scale s  with num be r of shading 

surface s

➢ Penumbra:
● Ope n-source  libra ry for GP U 

sola r shading
● Ope nGL 2 .1 (cros s  pla t form , 

wide ly support )

➢ Benefits:
● Enable s  m ode ling  of la rge  

buildings  with m any shading 
surface s

● Scale s  with GP U powe r
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Profiling Guided Performance Improvements

➢ CarrolMRT:
● Alte rna t e  int e rior radiant  he a t  e xchange  m ode l
● O(n) vs  O(n^2) a lgorit hm
● Up to 9 5 % runt im e  re duct ion (s ca le s  with num be r 

of int e rior surface s  in a  zone )

➢ Native C++ CSV output / conditional output:
● Alte rna t ive  t o  Re adVarsESO
● 25 -8 2+% runt im e  re duct ion, s ca ling  on num be r of 

output s
● Condit iona lly t urn on/off output  file s

■ Up to 4 2% runt im e  re duct ion

➢ Function approximation:
● Min/m ax and som e  pow funct ions  t o use  ne w, fas t e r approxim at ions
● Up to 13 % runt im e  re duct ion, ave rage  4 %



Runtime: EnergyPlus 9.6 (Sep21) vs. 9.0 (Sep18)
Machine: Intel Xeon W-2123 CPU @ 3.60GHz, Ubuntu 18.04.2 LTS
Models: 63 EnergyPlus IDFs

Mean: 23%, median: 20%, min: 3.2%, max: 93%

Same default settings: 9.6 vs 9.0

Runtime Decrease Histogram

Runtime Decrease (%)

N
um

be
r o

f M
od

el
s
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Parallelization - OpenMP

➢ Applied OpenMP parallel in major heat balance code blocks
● Major funct ionalit ie s :

■ Init  surface  he a t  ba lance  (radiant  e xchange , conve ct ive  coe ffic ie nt s , e t c .)
■ Calcula t e  ins ide  and out s ide  surface  t e m pe ra ture s
■ Update  t he rm al his t orie s  and re port ing

● Ge ne ra t e  ide nt ica l re s ult s with s ingle  t hre ad

# Threads 2 4 8

10x_incr_100Zones100Surfaces
(4-CPU desktop)

1.4x 1.7x -

10x_incr_100Zones100Surfaces
(24-CPU cluster)

1.5x 1.9x 2.1x

10x_large_82zones_ASHRAE_HQ 
(24-CPU cluster)

1.6x 1.8x 2.2x
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Runtime: Parallelization with OpenMP

9.6 with OpenMP: 8 vs 1 CPU for 6 “large” (> 20 surfaces/zone) models

Runtime Decrease Histogram

Runtime Decrease (%)
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Performance Precision Tradeoffs

➢ Successive modes to 
trade speed for precision:
● Use  e xis t ing  s im ula t ion 

param e te rs
● Expose  e xis t ing  int e rna l 

conve rge nce  variable s  t o  
t he  use r

● Ne w opt im iza t ions

➢ The  s im ula t ion t im e  can be  dram at ica lly re duce d
➢ Im pact s  s im ula t ion re sult s
➢ “_pe rflog .csv” file  provide s  use r t he  im pact  of changing m ode s  on annual e ne rgy, runt im e , 

warnings , and t e m pe ra ture  oscilla t ions
➢ Othe r s e t t ings : Us e  Coil Dire ct  Solut ions  (Y/N), Zone  Radiant  Exchange  Algorithm  (ScriptF, CarrollMRT)
➢ Addit iona l m ode s  in Ene rgyP lus  9 .6  (e .g . P sychrom e t ric)



Runtime: Speed Mode4 + CarrollMRT

Mean: 76%, min: 20%, median: 78%, max: 98%

N
um

be
r o
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od

el
s

Runtime Decrease Histogram Total Site Energy Variance Histogram

Runtime Decrease (%) Total Site Energy Variance (%)



Runtime: Speed Mode7 + CarrollMRT

Mean: 83%, min: 21%, median: 88%, max: 98%

Runtime Decrease Histogram Total Site Energy Variance Histogram

Runtime Decrease (%) Total Site Energy Variance (%)



Performance Precision Tradeoff Characterization

➢ P e rform ance  P re cis ion t rade offs  int roduce  variance  in re s ult s  which can be  large
➢ Five  m ode ls  s how e s pe cia lly high variance
➢ Future  work: unde rs t and which m ode ling  fe a ture s  le ad to  high variance  and provide  

guidance  on whe n P re cis ion-P e rform ance  Trade offs  are  s afe  t o  us e  
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Impacts

● The  3 -ye ar proje ct  applie d an int e gra t e d s e t  of com put ing  t e chnique s  t o  
re duce  runt im e  of Ene rgyP lus . P e rform ance  im prove m e nt s  we re  include d in 
Ene rgyP lus  re le as e s .

● Com pare d the  runt im e s  of 6 3  be nchm ark m ode ls  be twe e n Ene rgyP lus  9 .0  
and 9 .6 , runt im e  re duct ions  range  from  3 % to 9 3 % (i.e ., 1X to 14 X, m e dian 
1.25 X) with de fault  s e t t ings , and from  20 % to 9 8 % (i.e ., 1.3 X to 5 0 X, m e dian 
7 .7X) in a  high s pe e d m ode  with s om e  accuracy t rade offs  (e xcluding  Ope nMP ).

● Re ducing  runt im e  of com ple x Ene rgyP lus  s im ula t ion m ode ls  im prove s  us e r 
product ivit y and s upport s  quick de cis ion m aking   (e .g ., de s ign charre t t e ).
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Stakeholder Engagement and Outreach

• Annual s t ake holde r brie fing
• Biwe e kly m e e t ings  t o  provide  t im e ly 

fe e dback
• A hackathon s e s s ion with NERSC on Ope nMP
• Engage d the  broade r Ene rgyP lus  

de ve lopm e nt  t e am  and com m unity
• P re s e nt a t ion a t  ASHRAE BP A Confe re nce , 

Se pt e m be r 25 , 20 19
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Remaining Project Work

● Cont ribut e  t o  t he  Ene rgyP lus  9 .6  re le as e
● Re -run fina l pe rform ance  be nchm ark with t he  offic ia l Ene rgyP lus  9 .6
● P roje ct  wrap up m e e t ing  with s t ake holde rs
● Afte r t he  proje ct , cont inue  t he  pe rform ance  work as  part  of t he  

Ene rgyP lus  core  proje ct  in are as , e .g .:
○ Re factor da t a  s t ructure  and code
○ Ve ctoriza t ion and para lle liza t ion
○ Re duce  unne ce s s ary ca lls
○ Opt im ize  looping  and it e ra t ions
○ Calcula t e  output  variable s  only whe n re quire d
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Thank You

LBNL and ORNL
Tianzhe n Hong  and Mark Adam s

thong@lbl.gov , adamsmb@ornl.gov

mailto:thong@lbl.gov
mailto:adamsmb@ornl.gov
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REFERENCE SLIDES
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Project Budget : $1.6 M
Variances : N/A
Cost to Date : $1.3 M
Additional Funding : N/A

Project Budget

Budget History
FY 2019

(past)
FY 2020 

(past)
FY 2021
(current)

DOE Cost-share DOE Cost-share DOE Cost-share

$5 0 0 k N/A $5 0 0 k N/A $6 0 0 k N/A
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Project Plan and Schedule
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Logic - Remove Redundant Subroutines

➢ Skip unnecessary interzone window calculation
• Methods: 

– Skip ca lcula t ing  t he  diffuse  sola r e xchange  factors  be twe e n 
zone s  if no int e rzone  window e xis t s

• Performance gain: 
– Re duce d 6 +% tota l E+ run t im e  in la rge  m ode ls  (5 0 0  zone s  and 

up) in ca lcula t ing  t he  int e rzone  sola r e xchange  factor m at rix

➢ Reduce run time solar and thermal absorptance calculation
• Methods:

– Re duce  unne ce s sary loop it e ra t ions  t o  ca lcula t e  sola r and 
t he rm al absorpt ance  factors  a t  e ach t im e  s t e p by pre -che cking 
if any shading or g lazing s t a tus  change

• Performance gain: 
– Re duce d 9 0 +% funct ion ca lls  and run t im e  of subrout ine  it s e lf



Runtime benchmarking 9.6 vs. 9.0
All default settings (Machine: Intel Xeon W-2123 CPU @ 3.60GHz, Ubuntu 18.04.2 LTS)

count    63
mean     23.113265
min       3.245094
median      20.465755
max      93.003413

Models with largest runtime 
decrease:



Runtime benchmarking 9.6 vs. 9.0
Version 9.6 with fast mode 04 and radiant exchange algorithm CarrollMRT

count    63
mean     75.602455
min      20.079103
median    77.948718
max      97.884805

Models with largest runtime 
decrease:



Runtime benchmarking 9.6 vs. 9.0
Version 9.6 with fast mode 07 and radiant exchange algorithm CarrollMRT

Models with largest runtime 
decrease:

count    63
mean     82.878219
min      20.378319
median    86.796048
max      98.241773



Runtime benchmarking 9.6 vs. 9.0
Version 9.6 with fast mode 07 and radiant exchange algorithm CarrollMRT + OpenMP 4 threads

Models with largest runtime 
decrease:

count    63
mean     83.286181
min      20.650021
median    88.107236
max      98.355650



9.6: OpenMP 8 threads vs. w/o OpenMP

count    21
mean      8.1%
min      -8.4%
meidan      -0.4%
max      66.0%

count     6
mean     42.8%
min       5.7%
median      47.9%
max      66.0%



9.6 fast mode 07: w/ OpenMP vs. w/o OpenMP
Models with runtime increase:

count    63
mean      4.186573
min     -
24.137931
median    3.316062
max      

30.15974
4

Models with largest runtime 
decrease:
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