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Abstract The  pursuit  of  energy-efficient  buildings  has  driven  significant  advance-
ments  in  material  science,  particularly  at  the  nanoscale,  where  materials  exhibit 
unique  optical,  thermal,  and  mechanical  properties.  However,  the  challenge  remains 
in  effectively  integrating  these  nanoscale  features  into  whole-building  energy  perfor-
mance.  This  chapter  explores  the  pivotal  role  of  numerical  methods  in  bridging  the 
gap  between  nanoscale  material  innovations  and  macroscale  architectural  applica-
tions.  A  range  of  computational  techniques,  including  molecular  dynamics  (MD), 
finite  element  analysis  (FEA),  computational  fluid  dynamics  (CFD),  and  machine 
learning-based  predictive  modeling,  are  discussed  to  illustrate  how  material  proper-
ties  can  be  accurately  represented  across  scales.  By  leveraging  multi-scale  simula-
tions,  this  research  enables  the  translation  of  nanoscale  behaviors—such  as  localized 
surface  plasmon  resonance  (LSPR)-induced  photothermal  effects—into  real-world 
energy  performance  assessments.  A  central  case  study  investigates  the  role  of  plas-
monic  nanomaterials  in  spectrally  selective  glazing  systems.  The  study  examines  how 
nanoparticle-induced  photothermal  effects  enhance  solar  heat  gain  while  maintaining 
high  optical  transparency,  thereby  improving  building  energy  efficiency.  A  physics-
based  numerical  framework  is  developed  to  model  the  nanoscale-to-building-scale 
thermal  transfer,  with  results  validated  through  parametric  energy  simulations  in 
EnergyPlus.  The  findings  demonstrate  that  LSPR-driven  glazing  systems  can  achieve 
heating  energy  savings  comparable  to  double-pane  windows  while  offering  additional 
daylighting  benefits.  By  integrating  numerical  modeling  with  real-world  applica-
tions,  this  chapter  highlights  how  computational  methods  are  indispensable  for  opti-
mizing  advanced  materials  in  sustainable  architecture.  The  research  underscores  the 
necessity  of  multi-scale  numerical  simulations  to  unlock  the  full  potential  of  nano-
engineered  building  components,  providing  a  pathway  for  bridging  fundamental 
material  science  with  large-scale  implementation.
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1  Introduction 

The  demand  for  energy-efficient  buildings  has  driven  extensive  research  into 
advanced  building  materials  that  can  enhance  energy  performance.  One  of  the  most 
promising  frontiers  in  this  field  is  the  integration  of  nanoscale  materials  into  building 
applications.  These  materials,  with  their  unique  thermal,  optical,  and  mechanical 
properties,  offer  transformative  potential  for  improving  insulation,  thermal  regula-
tion,  and  overall  energy  efficiency.  However,  bridging  the  gap  between  nanoscale 
material  discoveries  and  their  macroscopic  effects  at  the  whole-building  scale 
remains  a  significant  challenge.  Understanding  and  quantifying  the  impact  of  these 
nanoscale  materials  on  building  energy  performance  requires  sophisticated  numerical 
and  simulation  methods  that  operate  across  multiple  scales. 

1.1  Building  Materials  for  Energy  Performance  Across 
Scales 

Building  materials  play  a  crucial  role  in  determining  the  energy  efficiency  of  struc-
tures.  From  traditional  insulation  materials  to  innovative  phase  change  materials 
(PCMs)  and  nanocoatings,  advancements  in  m aterial  science  have  paved  the  way  for 
enhanced  thermal  performance,  reduced  energy  consumption,  and  improved  occu-
pant  comfort.  At  the  nanoscale,  materials  exhibit  unique  properties  such  as  enhanced 
thermal  conductivity,  radiative  cooling  capabilities,  and  phase  transition  behaviors 
that  can  be  leveraged  to  optimize  building  performance.  However,  the  direct  imple-
mentation  of  these  nanoscale  enhancements  at  the  whole-building  scale  necessi-
tates  computational  modeling  to  capture  the  complex  interactions  between  materials, 
environmental  conditions,  and  building  operations. 
Multi-scale  modeling  approaches  have  emerged  as  essential  tools  to  evaluate  the 

performance  of  nano-enhanced  materials.  These  m ethods  integrate  nanoscale  char-
acteristics  into  macroscale  simulations,  allowing  researchers  to  predict  their  impact 
on  overall  building  energy  consumption.  Examples  include  nano-enhanced  PCMs 
for  thermal  storage,  nanocoatings  for  dynamic  or  spectral  selective  window  tech-
nologies,  and  aerogels  for  superior  insulation  properties.  Each  of  these  applications 
requires  rigorous  computational  analysis  to  assess  their  real-world  effectiveness  in 
improving  energy  efficiency.  One  of  the  major  reasons  for  the  necessity  of  these 
numerical  and  computational  methods  is  the  high  cost  and  complexity  of  conducting 
large-scale  experiments,  which  makes  it  impractical  to  test  every  material  variation
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physically.  Additionally,  uncertainties  in  real-world  environmental  conditions  and 
material  behaviors  require  extensive  simulations  to  ensure  accurate  predictions  and 
robust  performance  assessments  before  large-scale  implementation. 

1.2  The  Role  of  Numerical  and  Simulation  Methods 

To  accurately  m odel  and  predict  the  influence  of  nanoscale  materials  on  building-
scale  energy  performance,  researchers  rely  on  various  numerical  and  simulation 
techniques.  These  methods  facilitate  the  translation  of  material  properties  from 
the  atomic  level  to  full-scale  buildings,  providing  insights  into  thermal  behavior, 
energy  savings  potential,  and  long-term  durability.  Molecular  dynamics  (MD)  simu-
lations  are  widely  used  to  m odel  the  interactions  of  atoms  and  molecules  within 
nanoscale  materials,  helping  researchers  understand  thermal  conductivity,  phase 
transitions,  and  mechanical  properties  that  impact  building-scale  applications  [1, 
2].  Similarly,  finite  element  analysis  (FEA)  is  employed  to  simulate  heat  transfer 
and  structural  integrity,  allowing  for  the  assessment  of  how  nanoscale  modifications 
influence  building  components  such  as  walls,  roofs,  and  windows  [3].  Furthermore, 
computational  fluid  dynamics  (CFD)  plays  a  crucial  role  in  evaluating  the  effects  of 
nanocoatings  and  insulation  materials  on  airflow  and  heat  distribution  within  build-
ings.  CFD  simulations  help  optimize  passive  and  active  climate  control  strategies, 
as  demonstrated  in  research  assessing  the  energy  performance  of  building  windows 
with  nanoscale  photothermal  effects  [4].  Additionally,  the  co-simulated  material-
component-system-district  framework  proposed  in  prior  work  enables  synthetical 
and  comprehensive  analysis  of  building  sustainability  [5]. 
Last,  it  is  also  worth  mentioning  that  machine  learning  and  physics-informed 

neural  networks  have  recently  emerged  as  powerful  tools  in  this  domain.  By  lever-
aging  large  datasets  and  predictive  m odeling  techniques,  machine  learning  enhances 
the  accuracy  of  simulations,  reducing  computational  costs  while  improving  the  reli-
ability  of  energy  performance  assessments.  A  pertinent  example  is  the  study  by 
Liu  et  al.,  where  a  hierarchical  multi-scale  model  utilizing  Physics-Informed  Neural 
Networks  (PINNs)  was  proposed  to  predict  the  thermal  conductivity  of  Polyurethane 
incorporated  with  Phase  Change  Materials.  This  approach  allowed  for  accurate 
predictions  at  both  meso-scale  and  macro-scale  levels,  demonstrating  the  effec-
tiveness  of  PINNs  in  modeling  complex  thermal  behaviors  in  building  materials 
[6].
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1.3  Solar  R esponsive  Nanomaterials  and  Glazed  Façade 
Applications 

Heating  and  cooling  energy  loss  through  windows  represents  3.95  quads  of  primary 
energy  use  in  the  U.S.  [7].  A  window’s  thermal  insulation  is  quantified  by  its  U-factor; 
lower  U -factors  correspond  to  better  insulation.  The  current  methods  for  developing 
windows  with  low  U-factors  come  from  two  primary  directions:  either  structural  or 
spectral  design.  From  the  structural  design  perspective,  adding  layers  of  w indow-
pane  separated  by  insulating  barriers  minimizes  conductive  heat  transfer.  However, 
one  cannot  simply  add  an  unlimited  number  of  thermal  barriers  and  windowpane 
layers,  as  this  would  result  in  unacceptable  transparency,  haze,  thickness,  and  other 
practical  issues.  Consequently,  research  has  focused  on  addressing  spectral  charac-
teristics  in  terms  of  thermal  radiation  and  solar  energy  utilization.  For  temperatures 
relevant  to  building  energy  efficiency,  thermal  radiation  flux  occurs  in  four  basic 
bands:  ultraviolet  irradiance,  visible  light,  infrared  irradiance  from  the  sun,  and  long-
wave  irradiance  from  interior  or  outdoor  temperatures.  A bout  51%  of  the  power  of 
solar  irradiance  is  infrared  [8],  so  regulating  a  window’s  spectral  properties  to  control 
the  passage  of  thermal  radiation  in  these  ranges  can  significantly  improve  building 
energy  efficiency. 
Emerging  nanoscale  materials  and  technologies  play  a  critical  role  in  optimizing 

the  spectral  and  thermal  properties  of  glazed  façades.  Innovations  such  as  nanocoat-
ings,  spectrally  selective  glazing,  and  photothermal-responsive  materials  enable 
dynamic  control  over  heat  and  light  transmission.  In  particular,  in  recent  years,  many 
studies  on  the  optical  properties  of  nanoparticles  (NPs)  have  found  that  due  to  the 
phenomenon  of  localized  surface  plasmon  resonance  (LSPR)  [9]—the  collective 
oscillation  of  conduction  electrons  on  the  surface  of  NPs  in  the  presence  of  incident 
light—a  few  metallic  NPs  can  show  strong  extinction  peaks  in  the  NIR  regions  of 
the  electromagnetic  spectrum.  (In  simple  terms,  they  are  capable  of  scattering  or 
absorbing  large  amounts  of  light  when  illuminated.)  [10–14].  It  is  evident  that  the 
wavelengths  at  which  plasmonic  NPs  interact  with  light,  as  well  as  their  ratio  of 
absorption  and  scattering  abilities,  can  be  tuned  by  varying  the  composition,  shape, 
and  size  of  the  particles  [15–17].  These  N Ps  are  capable  of  manipulating  light  on  a 
nanoscale  with  the  possibility  of  being  incorporated  into  spectrally  selective  glazing 
systems. 
The  LSPR-mediated  spectrally  selective  behaviors  have  been  extensively  studied 

in  recent  years  using  both  theoretical  and  experimental  methods.  Their  absorption 
and  scattering  abilities  and  LSPR  frequencies  can  be  tuned  by  controlling  particle 
size,  shape,  orientation,  distribution,  concentration,  and  composition  [11, 15, 18]. 
Regarding  the  potential  of  incorporating  LSPR  effects  into  glazing  structures,  the 
most  encouraging  work  was  conducted  by  Milliron,  which  integrated  the  LSPR 
effect  and  electrochromism  into  a  dynamic  glazing  film  design,  achieving  39%  NIR 
transmission  modulations  with  82–85% Tvis [19].  Although  many  studies  on  the 
nanoscale  have  claimed  that  the  LSPR  effect  can  be  used  in  building  glazing  systems 
and  several  conducted  simple  simulations  or  offered  modest  predictions  [20, 21],
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much  less  attention  has  been  paid  to  analyzing  the  thermal  and  optical  behaviors  of 
the  LSPR  employed  in  complex  fenestrations  (e.g.,  with  low-e  coatings,  air  cavity, 
and  a  variety  of  structures).  Therefore,  some  of  the  results  of  these  attempts  have 
led  to  conflicting  conclusions,  even  though  they  addressed  the  same  phenomenon. 
Studies  by  Li  et  al.  [22],  Xu  et  al.  [23],  Pardiñas-Blanco  et  al.  [24],  and  Besteiro 
et  al.  [25]  w ere  focused  on  the  plasmonic  N Ps’  N IR  absorption,  and  suggested  their 
use  in  blocking  solar  heat  for  cooling  purposes.  Zhao  et  al.  [26],  Khashan  et  al. 
[27],  and  Wang  and  Shi  [28]  also  focused  on  the  NIR  absorption  induced  by  the 
LSPR,  concluding  it  offered  the  potential  for  heat-related  energy  savings  in  winter. 
The  controversy  is  due  to  the  complexity  of  building  w indows’  thermal  and  optical 
transfers. 
In  particular,  highly  absorptive  coating  schemes  may  block  solar  heat  trans-

mission,  but  conduct,  convect,  and/or  radiate  the  absorbed  energy  inwards  and/or 
outwards  at  relative  proportions,  depending  on  the  glazing  structure,  low-e  coating’s 
spectral  features,  and  positions  relative  to  the  plasmonic  films,  as  well  as  the  corre-
sponding  external  and  internal  environments.  Therefore,  compared  to  the  relatively 
established  theories,  models,  and  experimental  validations  in  the  nanomaterial  field 
of  LSPR-induced  absorption  and  scattering, little  has  changed  in  the  physics-based 
numerical  method at  the  architectural  scale  that  incorporates  new  nanoscale  phys-
ical  relations  and  models  employing  LSPR  in  the  thermal  and  optical  performances 
of  glazing. 
Although  these  nanoparticles  have  demonstrated  the  ability  to  manipulate  light 

at  the  nanoscale  and  show  promise  for  integration  into  spectrally  selective  glazing 
systems,  a  critical  challenge  remains  in  transitioning  from  fundamental  material 
studies  to  practical  architectural  applications.  The  interaction  of  LSPR  effects  with 
multi-layer  glazing  system  properties—such  as  spectral  emissivity,  thermal  insula-
tion,  and  structural  placement—must  be  thoroughly  understood  through  comprehen-
sive  numerical  modeling  and  analysis.  A  precise  evaluation  of  how  these  interactions 
affect  the  overall  thermal  and  optical  performance  of  glazing  systems  is  necessary 
to  unlock  their  full  potential  in  energy-efficient  building  applications. 
In  this  chapter,  using  the  above  research  challenge  about  numerical  modeling 

and  analysis  in  nanoscale  glazing  systems  as  an  example,  the  focus  will  be  on 
how  emerging  nanoscale  materials  and  their  newly  discovered  physical  relation-
ships  can  be  incorporated  into  building-scale  performance  analysis.  This  chapter 
will  illustrate  how  advanced  numerical  methods  can  bridge  the  gap  between  funda-
mental  nanoscale  physics  and  practical  architectural  applications,  demonstrating 
key  approaches  for  evaluating  energy  transmission,  spectral  selectivity,  and  thermal 
efficiency  in  complex  fenestration  structures.
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2  Fundamentals  of  the  Numerical  Modeling  and  Analysis 

2.1  Thermal  Transfer  Modeling  of  Glazing  Systems 

Figure 1 shows  the  analytical  glazing  structures  consisting  of  n  layers;  each  of  the 
layers  has  four  key  variables: Tf ,i, Tb,i, Jf ,i,  and Jbi,  which  refer  to  the  temperatures 
of  the  outdoor  and  indoor-facing  surfaces,  and  radiant  heat  fluxes  leaving  the  front 
and  back-facing  surfaces,  respectively. 
The  heat  flux  across  the ith  gap  (qi)is 

qi = hc,jTf ,j − Tb,j−1 + Jf ,j − Jb,j−1 (1) 

Similarly,  the  heat  flux  across  the  (i + 1)th  gap  is 

qi+1 = hc,j+1(Tf ,j+1 − Tb,j) + Jf ,j+1 − Jb,j (2) 

The  solution  (i.e.,  the  temperature  at  each  glazing  surface  and  corresponding 
radiant  fluxes)  is  generated  by  applying  the  following  four  equations  at  each  layer: 

qi = Si + qi+1 (3) 

Jf ,j = εf ,j σ T 
4 
f ,j + τiJf ,j+1 + ρf ,jJb,j−1 (4) 

Jb,j = εb,j σ T 
4 
b,j + τiJb,j−1 + ρb,jJf ,j+1 (5)

Fig.  1 Numbering  system,  boundary  conditions  and  energy  balance  for N-layer  glazing  system 
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Tb,j − Tf ,j = 
tg,j 

2kg,j 
[2qi+1 + Si] (6) 

Equation 3 describes  the  energy  balance  imposed  on  the  surface  of  the ith  glazing 
layer.  Equations 4 and 5 define  the  radiosity  at  the ith  glazing,  where ρf ,j = 1−εf ,j−τi 
and ρb,j = 1 − εb,j − τi, while  the  temperature  difference  across  the ith  glazing 
layer  is  given  by  Eq. 6.  In  all,  four n-equations  can  be  written  for  a  glazing  system; 
these  can  either  be  solved  using  an  iterative  solution  algorithm  with  convergence 
checking  on  the  sets  of  glazing-layer  temperatures  [29, 30],  or  by  setting  equations 
in  matrix  form  and  then  decomposing  the  matrix  to  find  sets  of  glazing-layer  temper-
atures  [31, 32].  In  response  to  such  basic  methods,  some  studies  have  focused  on 
improving  the  analytical  models,  including  correcting  the  convective  heat  coeffi-
cient  [33, 34],  and  internal  shading  effect  models  [35],  conjugating  the  heat  transfer 
analysis  after  considering  both  the  conduction  and  convection  processes  [36],  and 
comparing  empirical  correlations  to  long-wave  reflectivity  [37]. 
Within  a  macroscopic  framework,  a  temperature  field  is  assumed  not  only  to 

be  a  continuum,  but  also  to  hold  a  thermal  equilibrium  at  every  location  [38, 39]. 
Conventional  window  heat  transfer  studies  are  built  upon  such  assumptions  [40]. 
However,  when  the  thickness  scale  is  comparable  to  or  smaller  than  the  mean  free 
path  of  the  material,  the  macroscopic  model  is  of  question  [41 –44].  Since  there 
are  no  sufficient  energy  carriers  in  the  interested  direction,  the  temperature  field  is 
discontinuous.  Once  the  concept  of  a  temperature  gradient  fails,  the  classic  Fourier’s 
law  is  also  questionable,  as  is  the  associated  diffusion  equation.  A  similar  situation 
exists  in  the  response  time  for  temperature  [45, 46].  The  macroscopic  heat  equation 
assumes  that  the  temperature  gradient  follows  simultaneously  with  the  heat  flux 
vector  [38].  Due  to  the  quick  thermal  effects  activated  by  the  LSPR,  the  response 
time  of  primary  concern  is  of  the  same  order  of  magnitude  as  the  mean  free  time;  the 
lagging  behavior  caused  by  phonon–electron  interaction  in  films  or  phonon  scattering 
must  be  taken  into  account  [47, 48].  On  the  nanoscale,  some  models  analyzing  thermal 
behaviors  that  are  strongly  enhanced  in  the  presence  of  plasmonic  NPs  have  been 
developed  and  experimentally  verified  [46–49],  but  little  research  has  studied  the 
micro-to-macroscale  heat  transfer  mechanism  of  multi-layer  glazing  structures  with 
air  layer  and  low-e  coatings. 

2.2  Spectral  Solar  Irradiance  Modeling 

Accurate  knowledge  of  locally  available  solar  radiation  is  essential  for  the  proper 
sizing,  design,  and  dynamic  simulation  of  solar  energy  systems  [50].  Initial 
approaches  used  current  weather  conditions  as  input  for  mathematical  models  with 
dynamic  atmosphere  parameters  and  solar  physics  to  predict  global  solar  irradi-
ance  [51–53].  The  typical  meteorological  year  (TMY)  data  files,  developed  from 
extensive  datasets,  serve  as  the  most  widely  used  weather  files  in  building  envelope 
simulations.  Each  TMY  file  consists  of  12  months  selected  as  most  representative  of
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long-term  climate  patterns.  These  files  include  three  primary  broadband  solar  compo-
nents:  global  horizontal  irradiance  (GHI),  direct  normal  irradiance  (DNI),  and  diffuse 
horizontal  irradiance  (DHI).  These  components  encompass  ultraviolet  (UV),  visible 
light  (VIS),  and  near-infrared  radiation  (NIR),  which  are  critical  for  solar  energy  and 
building  performance  simulations. 
Recent  research  has  highlighted  the  necessity  of  decomposing  broadband  solar 

radiation  into  narrowband  components  or  specific  spectral  bands  for  m ore  accurate 
analyses.  Solar  VIS  radiation  can  enhance  indoor  lighting  efficiency  and  circadian 
health  [54]  but  also  causes  glare  issues.  NIR  radiation  can  reduce  heating  loads  in 
cold  climates  but  is  undesirable  in  hot  regions.  Additionally,  studies  have  shown  that 
VIS  and  NIR  transmission  through  glazing  affect  occupants’  thermal  comfort  differ-
ently  near  windows  [55].  With  the  advent  of  spectral-selective  materials,  independent 
modulation  of  solar  radiation  across  different  spectral  bands  has  become  feasible. 
For  instance,  metallic  nanoparticle-based  nanocomposites  leverage  plasmonic  reso-
nance  effects  to  selectively  modulate  VIS  and  NIR  transmission.  Jahid  et  al.  demon-
strated  reversible  photothermal  windows  utilizing  nanoscale  solar-induced  plasmonic 
photothermal  effects  to  regulate  solar  heat  independent  of  visible  light  conditions  [56, 
57].  Shen  et  al.  explored  silver  nanorods  (AgNRs)  that  allow  for  over  50%  luminous 
transmittance  while  blocking  up  to  80%  of  solar  radiation  via  tunable  plasmonic 
resonance  [58].  Forrest  et  al.  reviewed  semitransparent  organic  photovoltaics,  which 
selectively  absorbs  UV  and  NIR  while  maintaining  visible  transparency,  making  them 
ideal  for  power-generating  windows  [59].  Other  researchers  have  also  investigated 
light  and  heat-splitting  materials  by  designing  spectral  transmittance  and  absorptance 
properties  of  glazing  materials  across  different  solar  spectra  [25, 60–62]. 
To  assess  photovoltaic  systems  and  solar-selective  glazing  that  incorporate 

nanoscale  spectral-selective  features,  several  solar  decomposition  models—such  as 
the  BRL,  Perez,  Boland,  Maxwell,  and  Lauret  models—have  been  developed  to 
predict  spectral  irradiance  from  broadband  global  radiation  using  statistical  tech-
niques.  However,  accurately  modeling  visible  and  NIR  components  for  the  glazing 
surface  remains  essential  for  optimizing  NIR-modulated  window  systems.  Due  to 
the  high  cost  of  spectroradiometers,  most  regions  lack  direct  measurements  of 
spectral  components,  relying  instead  on  pyranometer-derived  broadband  data.  As  a 
result,  many  conventional  weather  files  lack  spectral  information  needed  for  precise 
simulation  of  spectral-selective  materials. 
To  address  this  gap,  a  reconstruction  algorithm  is  needed  to  decompose  solar 

VIS  and  NIR  irradiance  from  broadband  radiation  data  for  building  simulations. 
Given  that  solar  simulation  relies  on  GHI,  DHI,  and  DNI  components,  all  three  must 
be  decomposed  into  narrowband  data.  We  have  conducted  two  specific  studies  to 
develop  m odels  for  decomposing  broadband  solar  irradiance  data  into  its  visible 
(VIS)  and  near-infrared  (NIR)  components.  The  first  study  focused  on  developing 
a  predictive  model  using  the  Classification  and  Regression  Tree  (CART)  algorithm 
for  estimating  VIS  and  NIR  components  in  global  horizontal  irradiance  (GHI)  based 
on  typical  meteorological  year  (TMY)  weather  data.  The  second  study  extended  the 
above-mentioned  work  by  building  spectral  solar  radiation  m odels  for  direct  normal 
irradiance  (DNI)  and  diffuse  horizontal  irradiance  (DHI),  using  extracted  and  derived
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features  from  existing  w eather  files  without  requiring  additional  measurements  or 
sensor  installations. 

(1)  Decomposing  VIS  and  NIR  from  GHI 

The  model  development  utilized  two  years  of  solar  spectral  and  TMY-compliant 
hourly  weather  data  from  the  Solar  Radiation  Research  Laboratory  (SRRL)  Base-
line  Measurement  System  (BMS)  database  at  NREL.  The  dataset,  covering  wave-
lengths  from  300  to  1700  nm,  underwent  rigorous  data  cleaning,  including  the 
removal  of  m issing,  outliers,  and  erroneous  values  based  on  physics-based  calcu-
lations.  After  processing,  the  finalized  dataset  consisted  of  7,583  observations.  To 
enhance  model  generalizability  across  different  locations,  we  incorporated  ten  local 
meteorological  parameters,  such  as  humidity  and  temperature,  along  with  five  newly 
derived  predictor  variables  informed  by  solar  radiation  and  building  physics  prin-
ciples.  Among  these,  the  cloud  transmittance  parameter,  derived  from  cloudiness 
values  in  standard  weather  files,  was  particularly  effective  in  improving  model  accu-
racy  for  the  NIR  component.  In  total,  15  predictor  variables  were  used  to  develop 
the  estimation  models  for  hourly  VIS/GHI  and  NIR/GHI.  M odel  validation  yielded 
strong  results,  with  mean  absolute  error  (MAE)  between  2.13  and  2.41%  and  root 
mean  square  error  (RMSE)  between  3.88  and  4.25%,  confirming  the  reliability  of 
the  classification  tree  models  [63]. 

(2)  Decomposing  V IS  and  NIR  from  DNI  and  DHI 

For  DNI  and  DHI  components,  we  employed  an  extreme  boosting  regression  tree 
method,  leveraging  readily  available  TMY  weather  data.  Multiple  databases  from  the 
NREL  Solar  Radiation  Research  Laboratory  were  curated  and  processed  [64].  After  a 
thorough  data  cleaning  procedure,  which  involved  removing  missing  values,  outliers, 
and  physically  erroneous  data,  the  finalized  dataset  comprised  11,862  observations. 
To  ensure  the  model’s  generalizability  across  different  locations,  easily  obtainable 
meteorological  parameters  were  incorporated  into  the  modeling  process.  The  full 
estimation  model  utilized  20  predictive  variables,  while  a  simplified  version,  designed 
for  scenarios  with  limited  meteorological  data,  relied  on  15  predictive  variables. 
Four  widely  used  supervised,  non-parametric  m achine  learning  algorithms— 

Decision  Tree,  M5’  Tree,  Random  Forest,  and  XGBoost—were  employed  to  train 
and  compare  the  models.  The  comparative  analysis  revealed  that  XGBoost  outper-
formed  the  other  techniques  in  accuracy  and  reliability  for  DNI  decomposition  across 
both  full  and  simplified  models.  It  achieved  the  lowest  RMSE  (18.080  for  V1,  18.985 
for  V2,  15.868  for  N1,  and  17.606  for  N2)  and  MAE  (9.192  for  V1,  10.181  for  V2, 
8.383  for  N1,  and  9.506  for  N2),  along  with  the  highest R2 values  (0.983  for  V 1, 
0.980  for  V2,  0.993  for  N 1,  and  0.990  for  N2).  Among  the  predictive  variables,  DNI 
and  Kb  were  identified  as  the  most  influential  for  both  VIS  and  NIR  decomposi-
tion.  Additionally,  certain  atmospheric  parameters,  including  aerosol  optical  depth 
(AOD),  precipitable  water  vapor  (PWV),  and  total  and  opaque  sky  cover,  contributed 
significantly  to  the  predictions.  Through  feature  importance  and  interaction  analyses, 
previously  hidden  correlations  between  predictors,  as  well  as  between  predictors  and 
responses,  were  uncovered.
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Fig.  2 The  workflow  of  generating  new  weather  files  with  narrowband  solar  components 

By  leveraging  the  above  two  models,  it  becomes  feasible  to  effectively  break  down 
conventional,  broad-spectrum  weather  files  into  distinct,  narrowband  weather  files. 
Figure 2 presents  the  workflow  of  generating  new  weather  files  with  narrowband  solar 
components.  Subsequently,  this  can  be  fed  into  typical  building  energy  simulation 
programs  for  further  analysis  of  integrating  nanoscale  spectral  selective  materials 
into  building  scale. 

2.3  Parametric  Energy  Simulation  and  Performance  Analysis 

Parametric  energy  simulation  is  different  from  the  traditional  energy  simulation 
procedure  and  incorporates  more  complicated  parametric  relationships  between 
the  design  variables,  construction  states,  and  environmental  boundaries.  The  orig-
inal  development  of  the  overall  workflow  of  parametric  energy  simulation  was  for 
dynamic  building  envelope’s  performance  simulation.  Throughout  the  history  of 
architecture,  dynamic  building  envelopes  have  attracted  tremendous  attention  and 
effort  due  to  their  aesthetic  characteristics,  pleasant  visual  impact,  design  unique-
ness,  and  interaction  with  users  [65–67].  The  dynamic  envelope  concept  has  long 
been  established  and  integrated  into  the  current  architecture  curriculum  via  a  variety 
of  generative  design  tools  and  fabrication  techniques  [68–70].  Nevertheless,  until 
recently,  advances  in  and  the  availability  of  new  materials  and  structures  such  as
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vacuum  insulation  [71, 72]  and  gas-filled  panels  [73, 74];  phase-change  materials 
[75, 76];  and  thermotropic,  photochromic,  and  electrochromic  materials  have  focused 
the  attention  of  architects  and  designers  on  such  envelopes’  performance  [77–79]. 
One  of  the  fundamental  steps  in  establishing  performance-driven  dynamic  envelopes 
is  an  analytical  approach  that  determines  the  range  of  dynamic  properties  necessary 
to  satisfy  the  adaptability  requirements,  as  well  as  their  amplitude  of  variability.  Since 
the  development  of  this  kind  of  analysis  requires  a  “parametric  energy”  approach  (i.e., 
environmental  conditions  and  envelope  behaviors  m ust  be  parametrically  connected), 
the  simulation  instruments  currently  available  are  often  inadequate;  thus,  researchers 
must  develop  ad  hoc  numerical  models  [80]  (such  as  the  CABS  approach)  for  wall-
specific  heat  and  thermal  conductivity  [81, 82],  external  absorption  coefficients  of 
the  surface,  glazing  typologies,  the  sensitivity  analysis  framework  for  the  envelope’s 
thermal  properties  [83–85],  and  the  B KE  method  for  the  envelope’s  thermal  conduc-
tivity  and  SHGC  [80, 86–88].  To  integrate  the  new  dynamic  structures  into  glazing 
systems  (e.g.,  LSPR-mediated  dynamic  attachments),  a  computationally  efficient 
method  is  needed  to  quantitatively  ideate  and  optimize  the  characteristics  of  a  system. 
Here  we  introduce  the  parametric  energy  simulation  m ethod  and  procedure 

utilizing  the  Energy  Management  System  (EMS)  in  EnergyPlus.  EnergyPlus  is  a 
widely  used,  open-source  building  energy  simulation  engine  developed  by  the  U.S. 
Department  of  Energy  (DOE).  It  enables  the  m odeling  of  energy  consumption  for 
heating,  cooling,  ventilation,  lighting,  and  other  building-related  processes.  Ener-
gyPlus  EMS  module  is  particularly  advantageous  for  integrating  advanced  simu-
lation  techniques,  such  as  parametric  energy  modeling,  to  account  for  complex, 
dynamic  physical  relationships  not  inherently  embedded  in  conventional  building 
simulations.  The  EMS-based  parametric  energy  simulation  method  allows  users  to 
define  custom  control  algorithms  and  dynamic  parameter  adjustments,  making  it 
ideal  for  advanced  energy  modeling  scenarios.  Similar  EMS-based  approaches  have 
been  applied  in  previous  studies  to  incorporate  dynamic  parameters  into  energy 
simulations  [87, 89–96]. 
An  EMS  program  in  EnergyPlus  comprises  several  essential  components: 

• Sensor—Extracts  information  from  the  model  (e.g.,  temperature,  humidity,  solar 
radiation). 

• Actuator—Modifies  specific  model  components  or  elements  based  on  sensor 
input. 

• Program  Calling  Manager—Determines  when  the  EMS  program  is  executed. 
• Program—Defines  the  logic  for  modifying  model  parameters  using  conditional 
statements. 

• Construction  Index  Variable—Links  EMS-based  changes  to  material  properties 
within  the  simulation. 

In  particular,  sensors  in  EnergyPlus  can  be  used  to  track  key  environmental 
parameters  relevant  to  window  technology  simulations,  such  as  indoor  air  temper-
ature,  relative  humidity,  and  incident  solar  radiation.  The  actuator  then  modifies 
window  properties  based  on  these  sensor  readings,  allowing  for  dynamic  adjust-
ments  in  response  to  external  conditions.  For  example,  if  window  properties  vary
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based  on  outdoor  temperature,  the  EMS  sensor  should  monitor  “Site  Outdoor  Air 
Drybulb  Temperature,”  while  the  actuator  should  control  “Construction  State”  to 
modify  the  w indow  properties  dynamically.  The  Program  Calling  Manager  should 
be  set  to  “Begin  Timestep  Before  Prediction,”  ensuring  that  adjustments  occur  before 
EnergyPlus  predicts  energy  performance  for  the  next  timestep.  The  program  logic  is 
implemented  using  “IF”  statements  and  “While”  loops,  allowing  windows  to  respond 
dynamically  to  changing  outdoor  air  temperature  conditions. 
A  crucial  advantage  of  EMS-based  parametric  simulations  is  the  ability  to  bridge 

the  gap  between  nanoscale  material  properties  and  large-scale  building  energy  perfor-
mance.  Parametric  relationships  can  be  derived  from:  experimental  data  on  advanced 
glazing  systems  incorporating  nanomaterials;  regression  models  based  on  numerical 
simulations  of  nanoscale  materials.  Using  the  “Construction  Index  Variable”  section 
in  EnergyPlus,  optical  and  thermal  properties  of  an  advanced  glazing  system  are 
linked  to  the  EMS  program.  These  properties  are  defined  under  the  “Window  Mate-
rial:  Glazing”  section  and  are  dynamically  adjusted  based  on  the  assigned  outdoor 
weather  conditions  in  the  EMS  Program  section. 
The  following  diagram  outlines  the  workflow  for  implementing  an  EMS-based 

parametric  energy  simulation,  demonstrating  how  advanced  parametric  relationships 
are  incorporated  into  building-scale  energy  analysis: 

• Define  sensors to  extract  real-time  w eather  and  indoor  environmental  data. 
• Select  actuators to  modify  dynamic  material  or  system  properties. 
• Develop  EMS  logic using  conditional  programming  to  enable  real-time  respon-
siveness. 

• Integrate  nanoscale  material  properties by  linking  EMS  w ith  advanced  material 
simulations. 

• Run  parametric  simulations in  EnergyPlus  to  evaluate  energy  performance. 

This  EMS-based  approach  enhances  the  accuracy  of  building  energy  simulations 
by  integrating  real-time,  complicated  physical  relationships,  particularly  for  new 
glazing  systems  and  other  advanced  building  envelope  technologies  that  incorporate 
newly  discovered  nanoscale  materials  and  features  (Fig. 3).

3  Case  Study:  Numerical  Analysis  of  the  Energy 
Performance  of  Solar  NIR-Driven  Nano  Plasmonic 
Photothermal  Effects 

3.1  Theoretical  Analysis  and  Physical  Relationship 
Derivation  from  Experiments 

The  overall  heat  transfer  process  under  solar  radiation  is  illustrated  in  Fig. 4.For 
building  windows,  solar  radiation  is  transmitted,  absorbed,  and  reflected  in  varying 
proportions  based  on  the  w indow’s  optical  properties  and  environmental  conditions.
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Fig.  3 Exemplary  EMS  workflow  at  each  timestep  for  yearly  energy  use  simulation  [97]

Transmitted  solar  radiation  directly  reduces  space  heating  demands,  while  absorbed 
radiation  partially  flows  inward  from  the  panes,  increasing  indoor  temperatures  and 
enhancing  heating  energy  savings  in  winter.  The  distribution  of  these  effects  is  quan-
tified  by  the  solar  heat  gain  coefficient  (SHGC)  in  fenestration  analysis.  The  absorbed 
solar  irradiance  (qabs)  was  calculated  by  Eq. 7.  Similarly,  the  solar  irradiance  (qtrans) 
transmitted  by  the  glazing  system  was  obtained  by  Eq. 8.  Solar  irradiance  can  increase 
the  glazing  system’s  temperature,  especially  in  photothermal  windows. 

qabs = Gλαλdλ (7) 

qtrans = Gλτλdλ (8)

where Gλ is  the  incident  spectral  irradiance  from  solar  light  or  simulated  solar  light 
and αλ is  the  spectral  absorptance  of  the  photothermal-coated  windows. 
The  solar  energy  absorbed  by  a  glazing  system  contributes  to  a  spontaneous 

temperature  rise  in  the  glazing.  In  a  conventional  steady-state  heat  transfer  model, 
this  temperature  change  is  governed  by 

dT 

dt 
=
1 

c ∗ m 
∗ Qin − Qout (9) 

Qin = qabs ∗ As (10) 

Qout = Qconv + Qcond + Qrad (11)
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Fig.  4 Solar  radiation  and  window  thermal  transfer

Here, c is  the  heat  capacity  (J/g  K),  and m is  the  material  mass  (g).  Under  predefined 
internal  and  external  boundary  conditions, Qin corresponds  to  the  absorbed  solar  radi-
ation  on  the  window  surface  (Eq. 10),  while Qout accounts  for  conductive,  convective, 
and  radiative  heat  transfer  from  the  glazing’s  interior  and  exterior  surfaces  (Eq. 11). 
This  process  is  complex  due  to  convection  flow  and  surface  emissivity  variations. 
With  stable  ambient  air  conditions  and  continuous  solar  irradiance,  an  energy  balance 
model  can  be  developed  to  analyze  thermal  behavior  and  temperature  distribution. 
Traditional  calculations  assume  the  glazing  system  as  a  homogeneous  bulk,  leading 
to  an  equal  temperature  rise  on  both  surfaces. 
However,  as  highlighted  in  the  introduction,  when  plasmonic  NPs  coat  the  glazing 

surface,  LSPR-induced  photothermal  effects  can  significantly  elevate  the  coating 
surface  temperature  while  reducing  heat  transfer  to  the  substrate.  This  phenomenon 
is  attributed  to  a  quasi-ballistic  effect,  where  the  NP  size  is  much  smaller  than  the 
phonon  mean  free  path  in  the  substrate  material  [98].  Inspired  by  previous  studies 
on  LSPR-induced  solar  vapor  generation  [99],  an  interfacial  insulation  layer  (Rh) 
was  hypothesized  between  the  NP-coated  layer  and  the  glazing  substrate  [57].  This 
layer  was  incorporated  into  the  conventional  heat  transfer  model  to  account  for  heat 
dissipation  variations.
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Under  stable  boundary  conditions  and  identical  ambient  temperatures,  the 
absorbed  solar  energy Qin is  dissipated  through  the  NP-coated  surface  and  via  conduc-
tive  transfer  through  the  interfacial  layer  into  the  glass.  The  heat  dissipation Qout is 
expressed  as 

Qout = hcon-NP(TNP,s − T∞) + As + εNPσ(T 
4 
NP,s − T 

4 
∞)As 

+
1 

Rh
TNP,s − Tglass,sAs (12) 

where 

• TNP,s is  the  coating  surface  temperature. 
• Tglass,s is  the  soda-lime  glass  surface  temperature. 
• (TNP,s − Tglass,s) represents  the  temperature  differential  across  the  interfacial 
insulation. 

• T∞ is  the  ambient  temperature. 
• Rh is  determined  by  fitting  the  analytical  surface  temperature  model  to  measured 
data. 

• hcon-NP, εNP, σ are  heat  transfer  parameters  specific  to  the  photothermal  coating. 

Notably,  unlike  conventional  macroscopic  heat  transfer  models  that  are  used  in 
building  scale  heat  transfer  and  energy  balance  calculations,  this  function  assumes  the 
interfacial  insulation  layer  acts  as  a  thermal  barrier,  moderating  heat  transfer  from 
the  NP  layer  to  the  glass  while  enhancing  heat  dissipation  at  the  coating  surface. 
By  integrating  Eqs.  (9–12),  the  two-dimensional  temperature  evolution  from  initial 
irradiation  to  steady-state  conditions  can  be  analytically  solved. 
The  key  hypothesized  interfacial  insulation Rh needs  to  be  obtained  through 

nanoscale  material  experiments.  In  this  case  study,  Fe3O4@Cu2−xS  was  particu-
larly  selected,  which  has  been  found  to  have  robust  spectrally  selective  absorption 
of  NIR  radiation  with  only  a  minor  reduction  in  the  visible  region.  The  material 
demonstrates  highly  efficient  photothermal  heating  conversion  under  continuous 
illumination  at  room  temperature.  The  synthesis  and  fundamental  characterization 
of  Fe3O4@Cu2−xS  photothermal  nanoparticles  (NPs)  have  been  previously  reported 
[100].  They  revealed  that  the  absorption  peak  of  Fe3O4@Cu2−xS  NPs  shifts  from 
960  nm  to  1,150  nm  as  particle  size  increases  from  sub-10  to  15  nm.  Based  on  this, 
Fe3O4@Cu2−xS  NPs  with  an  average  size  of  15  nm  were  synthesized  and  utilized  in 
this  study. 
The  NP  solutions  were  spin-coated  onto  glass  panes  (∼2.5 × 2.5  cm2)  for  10  s 

at  1,000  rpm,  with  varying  concentrations.  The  resulting  thin-film  NP  mass  per  unit 
coating  area  was  2.54× 10−4 g/cm2.  The  spectral  properties,  including  transmissivity 
and  reflectivity,  were  measured  using  a  LAMBDA  900  UV/Vis/NIR  spectropho-
tometer  (Fig. 5b).  The  coated  samples  were  exposed  to  an  irradiance  of  1,000  W/m2 

using  a  Newport  150W  solar  simulator,  while  the  surface  temperature  was  continu-
ously  monitored  with  a  FLIR  E6  infrared  camera.  Nanoscale  materials  experimental 
results  indicate  that  the  surface  temperature  of  the  Fe3O4@Cu2−xS  NP-coated  glass
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Fig.  5 SHGC  variations  driven  by  nanoscale  PPE  with  different  outdoor  boundaries 

increased  rapidly  under  simulated  solar  radiation,  reaching  a  thermal  equilibrium 
within  10  min.  Upon  turning  off  the  solar  simulator  at  the  10-min  mark,  temperature 
decay  was  monitored  throughout  the  cooling  period. 
As  mentioned  above,  the  presence  of  the  interfacial  insulation  was  assumed  to 

match  the  enhanced  temperature  rise  by  the  nanoscale  plasmonic  photothermal  effect 
(PPE).  By  fitting  the  analytically  calculated  surface  temperature  to  the  measured  data 
above, Rh = 0.03  m

2K/W  was  obtained.  In  other  words,  a  thermal  barrier  appears 
when  it  comes  to  the  surface  plasmonic  resonance  of  the  Fe3O4@Cu2−xS  NPs  and 
reduces  the  effective  thermal  conductance  to  another  side  of  the  glazing.  Notably, 
such  interfacial  insulating  ability  is  only  activated  when  solar  radiation  is  incident 
on  the  materials. 

3.2  Influence  of  Nanoscale  PPE  on  SHGC 

In  conventional  photothermal  processes,  the  temperature  rise  of  building  glazing 
systems  increases  with  higher  absorbed  solar  energy.  However,  the  fraction  of  thermal 
energy  transferred  indoors  may  be  reduced  by  the  low  emissivity  of  the  inner  surface. 
According  to  the  NFRC  SHGC  calculation  standard,  the  Solar  Heat  Gain  Coefficient 
(SHGC)  is  defined  as: 

SHGC = τs + Niαs (13)
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where τs is  the  solar  transmittance  of  window  systems, αs is  the  solar  absorptance, 
and Ni is  the  inward-flowing  fraction  of  absorbed  radiation. 
The  value  of Ni is  influenced  by  the  heat  transfer  coefficients  on  the  glazing’s 

inner  and  outer  surfaces.  When  solar  absorptance  is  low,  the  inward-flowing  heat 
fraction  remains  minimal,  particularly  when  the  inner  surface  has  low  emissivity. 
Under  such  conditions,  boundary  conditions  have  little  to  no  impact  on  the  SHGC. 
However,  for  high  solar  absorptance  scenarios,  boundary  conditions  can  significantly 
alter Ni.  Moreover,  the  temperature  increase  in  this  study  is  not  solely  attributed  to 
increased  photon  absorption  but  also  to  the  strong  LSPR-induced  plasmonic  heating 
effect.  The  LSPR-induced  PPE  is  governed  by  the  electric  field  intensity  generated 
by  the  collective  oscillation  of  energetic  electrons  upon  resonant  excitation.  At  higher 
irradiation  intensities,  a  greater  number  of  energetic  electrons  are  excited  within  the 
plasmonic  N Ps,  leading  to  an  enhanced  PPE. 
The  mathematical  model  developed  in  Sect. 3.1 was  used  to  examine  the  relation-

ship  between  solar  irradiance  levels,  PPE  effects,  and  the  inward-flowing  fraction 
of  absorbed  solar  radiation  under  varying  outdoor  air  temperatures.  Solar  irradiance 
levels  ranging  from  100  to  1,000  W/m2 were  selected  to  represent  the  incident  radia-
tion  on  a  vertical  window  surface.  The  outdoor  temperature  varied  between  258  and 
313  K  in  5  K  increments,  while  the  indoor  temperature  remained  constant  at  297  K. 
This  setup  resulted  in  130  different  boundary  condition  combinations. 
Using  the  analytical  model,  temperature  distributions  across  window  surfaces 

were  determined,  followed  by  the  calculation  of  inward-flowing  thermal  radiation, 
inward-flowing  fraction,  and  SHGC.  These  calculations  adhered  to  the  NFRC  201 
solar  calorimetric  method,  as  described  by  the  following  equations: 

Qsolar  gains = hiAs(Tin,s − Ti) + εiσ As(T 
4 
in,s − T 

4 
i ) (14) 

SHGC = (Qsolar  gains − QU-factor)/ AsGλ (15) 

where Qsolar  gains is  the  overall  heat  flux  flowing  through  the  window  under  solar 
irradiation  and  given  temperature  boundaries, Tin,s is  the  inner  surface  temperature 
of  the  window, Ti represents  the  indoor  air  temperature,  and T∞ is  the  ambient  air 
temperature. hi, εi, kin, σ are  parameters  or  constants  involved  in  the  convective 
and  radiative  heat  transfer. QU-factor is  the  heat  flux  due  to  indoor  and  outdoor  air 
temperature  differences  and  calculated  upon  the  overall  U-factor  of  the  window 
system. Gλ is  the  spectral  solar  irradiance  incident  on  the  window.  To  simplify  the 
analysis,  the  effects  of  incident  solar  angles,  window  frames,  glazing  edges,  and 
condensation  w ere  not  considered. 
The  SHGC  variations  of  the  window  w ith  nanoscale  PPE  are  complicated.  This 

feature  can  be  clearly  seen  in  Fig. 5.  Since  solar  transmittance  remained  constant 
across  all  conditions,  variations  in  SHGC  were  primarily  influenced  by  changes 
in  the  inward-flowing  heat  fraction.  Theoretically,  w hen  the  temperature  difference 
between  the  inner  window  surface  and  indoor  air  is  minimal,  the  inward-flowing
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heat  fraction  is  negligible,  resulting  in  the  lowest  SHGC  value.  For  example,  at 
an  incident  solar  irradiance  of  100  W/m2,  the  inner  window  surface  temperature 
reached  297.6  K  when  the  outdoor  temperature  was  approximately  293  K,  yielding 
a  minimum  SHGC  of  0.58.  Conversely,  when  the  temperature  increase  caused  by 
100  W/m2 solar  irradiation  brought  the  outer  window  surface  temperature  closer  to 
the  outdoor  conditions,  the  SHGC  reached  its  maximum  value  of  0.67.  Furthermore, 
since  SHGC  variations  are  driven  by  changes  in  inward-flowing  heat  rather  than 
solar  transmittance,  the  visible  transmittance  of  the  photothermal  windows  remains 
unaffected. 

3.3  Parametric  Energy  Simulation  with  Nanoscale 
PPE-Driven  SHGC 

Although  such  SHGC  variations  with  the  nanoscale  PPE  observed  in  Sect. 3.2 are 
complicated,  it  can  be  integrated  into  the  building  simulation  program  via  the  EMS 
module  of  EnergyPlus.  To  integrate  this  dynamic  SHGC  into  an  energy  simulation 
platform  for  analyzing  photothermal  w indows,  a  simplified  mathematical  model  is 
necessary.  Given  the  data  distribution  and  physical  significance  of  SHGC,  a  parabolic 
function  of  the  form y = a(x − b)2 + c as  used  to  model  SHGC  for  the  photothermal 
window. 
In  this  model,  parameter b represents  the  outdoor  temperature  at  which y equals 

c,  corresponding  to  the  minimum  SHGC.  The  final  regression  model  is  expressed  in 
Eq. 16.  To  distinguish  this  from  the  standard  SHGC  concept,  we  introduce  the  term 
SHGCPPE,  w hich  specifically  accounts  for  the  nanoscale  PPE-induced  solar  heat  gain 
characteristics. 

SHGCPPE = a(To − b)
2 + c (16) 

a = 4.5 × 10−5 

b =−0.02 × ∫ Gλdλ + 297.17 

c = 4.13 × 10−5 × ∫Gλdλ + 0.58 

where Gλdλ is  the  total  incident  solar  irradiance  and To is  the  outdoor  temperature. 
This  model  can  be  simply  interpreted  from  the  physical  perspective  and  also  estimate 
the  photothermal  w indow  SHGC  with  high  accuracy  (mean  absolute  percentage  error 
1.7%,  root  mean  square  error  0.01). 
Furthermore,  to  evaluate  whole-building  energy  performance  while  accounting  for 

the  dynamic  characteristics  of  SHGCPPE,  the  parametric  energy  simulation  approach 
described  in  Sect. 2.3 was  required  to  model  the  evolving  properties  of  building
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Fig.  6 EMS  parametric  energy  simulation  workflow  for  windows  with  nanoscale  PPE 

windows.  In  this  simulation,  the  following  parameters  were  selected  as  sensors: 
“Zone  Outdoor  Air  Dry  Bulb  Temperature”  (to  track  external  temperature  condi-
tions)  and  “Surface  Outside  Face  Incident  Solar  Radiation  Rate  per  Area”  (to  capture 
solar  irradiance  on  window  surfaces).  The  actuator  used  was  “Construction  State,” 
which  determines  the  window  type  and  its  associated  properties.  Regarding  the  simu-
lation  workflow,  the  EMS  calling  point  “Begin  Timestep  Before  Predictor”  was  used, 
ensuring  calculations  occurred  at  the  start  of  each  timestep,  before  zone  loads  were 
determined.  The  SHGCPPE model  (Eq. 16)  was  implemented  to  dynamically  compute 
SHGC  values  for  different  window  configurations.  The  parametric  energy  simulation 
workflow  incorporating  SHGCPPE is  illustrated  in  Fig. 6. 
The  DOE  prototypical  small  office  building  model  (single-story,  ~510  m2 floor 

area)  was  selected  as  the  case  study,  following  the  most  recent  ASHRAE  90.1  stan-
dards.  The  window-to-wall  ratio  was  approximately  24.4%  on  the  south-facing  façade 
and  19.8%  on  the  other  three  orientations.  In  this  model,  windows  were  the  only 
control  variable,  allowing  for  a  focused  analysis  of  photothermal  window  perfor-
mance.  To  evaluate  energy  performance,  the  windows  with  nanoscale  PPE  were 
compared  against  three  conventional  window  types:  Single-pane  clear  windows, 
Single-pane  low-e  coated  windows,  and  Double-pane  windows.  The  thermal  and 
optical  properties  of  each  window  type  used  in  this  analysis  are  detailed  in  Table 1. 
The  construction  configurations  for  single-pane  clear,  single-pane  low-e,  single-pane 
photothermal,  and  double-pane  windows  were  implemented  in  EnergyPlus,  replacing 
the  original  windows  in  the  prototypical  model.  To  ensure  a  fair  performance  compar-
ison,  all  other  building  components—including  roofs,  walls,  lighting,  and  HVAC 
system  configurations—were  kept  identical  across  all  simulations.
The  prototypical  model  was  designed  with  a  core  zone  and  four  perimeter  zones, 

one  for  each  cardinal  direction.  A  series  of  annual  whole-building  energy  simulations 
were  conducted  across  four  climate  zones  (Zones  3–6).  Representative  cities  selected 
for  each  climate  zone  included:  Atlanta,  GA  (Zone  3),  Seattle,  WA  (Zone  4),  Chicago, 
IL  (Zone  5),  and  Great  Falls,  MT  (Zone  6). 
Additionally,  given  the  potential  risk  of  overheating  associated  with  photothermal 

windows,  an  additional  design  modification  was  introduced.  Fixed  overhangs  were 
added  to  the  photothermal  window  models  to  mitigate  excess  solar  heat  gain  during 
summer.  The  depth  of  these  overhangs  was  determined  based  on  solar  angles  during
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Table  1 Window  properties  used  in  whole  building  energy  analysis 

Window U-factor  (W/ 
Km2) 

Solar  heat  gain 
coefficient 

Visible 
transmittance 

Emissivity 

Single-pane 
clear 

5.88 0.87 0.90 0.84  (surface  2) 

Single-pane 
low-e 

3.28 0.55 0.76 0.05  (surface  2) 

Single-pane 
photothermal 

3.30 0.58–0.67 0.75 0.06  (surface  2) 

Double-pane 
low-e 

2.42 0.53 0.68 0.05  (surface  3)

the  summer  solstice  for  each  representative  city,  ensuring  an  optimized  balance 
between  winter  solar  gain  and  summer  shading.  This  setup  allowed  for  a  compre-
hensive  comparison  of  photothermal  window  performance  across  different  climatic 
conditions  while  addressing  potential  thermal  comfort  concerns. 

3.4  Whole  Building’s  Energy  Analysis 

Since  the  case  study  in  this  chapter  was  designed  and  developed  for  heating  energy 
saving  purposes,  this  section  presents  the  heating  loads  energy  at  the  whole  building 
scale  particularly.  The  energy  use  of  a  single-pane  clear  window  was  established  as 
the  baseline  for  comparison.  Annual  energy  savings  percentages  were  calculated  for 
single-pane  low-e,  single-pane  photothermal,  and  double-pane  windows  relative  to 
this  baseline.  The  annual  heating  loads  and  corresponding  energy  savings  across  the 
four  studied  cities  are  presented  in  Fig. 7.  The  addition  of  a  low-e  coating  led  to 
3.3–11.9%  annual  heating  energy  savings  compared  to  single-pane  clear  windows. 
This  improvement  is  primarily  attributed  to  enhanced  thermal  insulation,  though  it 
also  results  in  some  reduction  in  solar  heat  gain  due  to  the  low-e  coating’s  reflec-
tive  properties.  In  contrast,  the  designed  windows  with  nanoscale  PPE  exhibited 
significantly  greater  heating  energy  savings  in  winter,  achieving  16.2–20.8%  reduc-
tions  relative  to  the  baseline  model.  Compared  to  single-pane  low-e  windows,  the 
photothermal  systems  provided  an  additional  7.6–13.2%  heating  energy  savings  due 
to  their  enhanced  nanoscale  PPE-induced  heat  gain.
The  previously  mentioned  heating  energy  savings  were  calculated  based  on  whole-

building  energy  use,  incorporating  the  combined  effects  of  all  building  envelope 
elements  and  systems.  However,  this  holistic  approach  may  dilute  the  true  impact  of 
window  performance  improvements.  A  more  precise  evaluation  can  be  obtained  by 
isolating  the  energy  performance  of  the  window  components  themselves.  Figure 8 
presents  solar  heat  gains  and  total  heat  losses  through  window  components  for  each 
window  type  across  different  climate  conditions.  The  results  show  that  photothermal 
windows  significantly  reduce  heat  loss  by  34.9–40.8%  compared  to  baseline  clear
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Fig.  7 Annual  heating  loads  and  associated  savings  percentages  based  on  clear  single-pane

single-pane  windows.  Additionally,  when  compared  to  low-e  windows,  photothermal 
windows  still  achieved  12.2–20.1%  lower  heat  loss.  The  solar  heat  gain  performance 
of  photothermal  windows  also  aligns  with  this  observation.  While  the  transmitted 
solar  radiation  levels  of  low-e  and  photothermal  windows  remain  nearly  identical,  the 
PPE-enhanced  inward-flowing  heat  effect  in  photothermal  windows  resulted  in  14.2– 
16.7%  greater  solar  heat  gain  than  low-e  windows.  The  combination  of  reduced  heat 
loss  and  enhanced  solar  heat  gain  is  responsible  for  the  superior  energy  savings  of 
nanoscale  PPE-induced  windows,  making  them  a  promising  alternative  for  improving 
building  energy  efficiency.

3.5  Discussion  of  Numerical  Analysis  and  Findings 

This  case  study  explored  the  energy-saving  potential  of  surface  plasmon-induced  NP 
photothermal  effects  applied  to  single-pane  windows—a  solution  aimed  at  addressing 
energy  inefficiencies  in  building  retrofits.  While  previous  research  has  investigated 
the  feasibility  of  photothermal  coatings  for  windows,  a  comprehensive  energy  anal-
ysis  has  not  been  conducted  until  now.  To  bridge  this  gap,  a  simplified  analytical 
model  was  developed  to  account  for  localized  surface  heating  on  one  side  of  the 
glass  pane.  This  model  incorporated  interfacial  insulation  effects  and  was  validated 
through  photothermal  experiments.  The  validated  model  enabled  the  computation  of 
temperature  distributions  under  various  design  and  environmental  conditions. 
Using  this  framework,  the  study  analyzed  the  thermal  performance  improvements 

of  photothermal  windows  compared  to  Low-E  single-pane  windows.  The  research 
focused  on  the  dynamic  Solar  Heat  Gain  Coefficient  (SHGC),  specifically  introducing
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Fig.  8 Solar  heat  gains  and  building  heat  loss  through  windows

SHGCPPE to  quantify  the  plasmonic  photothermal  effect.  A  physics-based  mathe-
matical  model  was  developed  through  numerical  analysis  across  multiple  boundary 
conditions  (solar  irradiance  levels  and  outdoor  temperatures). 
To  assess  the  whole-building  energy  performance,  a  parametric  energy  simulation 

approach  was  employed,  integrating  the  temperature- and  solar-dependent  SHGC. 
The  results  demonstrated  that  photothermal  coatings  offer  a  highly  efficient  energy 
retrofit  solution  for  single-pane  windows,  achieving: 

• 16.2–20.8%  overall  energy  savings  relative  to  single-pane  clear  windows. 
• 12.2–21.9%  reduction  in  heat  loss  compared  to  low-e  single-pane  windows. 
• 14.2–16.7%  greater  solar  heat  gain  due  to  enhanced  plasmonic  photothermal 
effects. 

• 7.6–13.2%  whole-building  heating  energy  savings,  making  performance  compa-
rable  to  double-pane  windows. 

Unlike  traditional  energy-saving  window  technologies  that  rely  on  added  insu-
lation  layers  (e.g.,  air  gaps  in  double-pane  windows),  the  energy  efficiency  of 
photothermal  windows  is  driven  by  nanoparticle-induced  LSPR  and  solar  NIR  energy 
absorption.  This  method  improves  thermal  performance  without  compromising 
visible  transmittance  (VT),  making  it  a  viable  alternative  to  double-pane  systems. 
Additionally,  this  new  nanomaterial-embedded  window  system  could  offer  comfort
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and  condensation  control  benefits  over  low-e  coated  single  panes,  addressing  local 
thermal  discomfort  issues  often  associated  with  low-emissivity  coatings.  Consid-
ering  lighting  energy  use,  photothermal  w indows  further  narrow  the  performance 
gap  w ith  double-pane  windows,  offering  a  promising  retrofit  solution  for  enhancing 
solar  energy  utilization  in  buildings. 

4  Summary 

In  the  ongoing  effort  to  enhance  building  energy  efficiency,  integrating  nanoscale 
materials  into  architectural  applications  presents  a  groundbreaking  opportunity. 
Nanomaterials,  with  their  distinctive  optical,  thermal,  and  phase-changing  properties, 
offer  promising  solutions  for  improving  insulation,  solar  control,  and  energy  reten-
tion.  However,  the  transition  from  nanoscale  properties  to  full-building  performance 
remains  complex,  requiring  sophisticated  numerical  methods  to  model  interactions 
across  multiple  scales  accurately. 
This  chapter  systematically  examines  the  computational  frameworks  necessary  to 

bridge  this  gap.  Molecular  dynamics  (MD)  simulations  allow  for  detailed  analysis  of 
thermal  conductivity,  phase  transitions,  and  radiative  properties  at  the  atomic  level. 
Finite  element  analysis  (FEA)  extends  this  understanding  to  the  material  compo-
nent  scale,  helping  predict  how  nano-enhanced  materials  affect  the  performance  of 
building  envelopes.  Computational  fluid  dynamics  (CFD)  further  refines  the  anal-
ysis  by  modeling  heat  transfer  and  airflow  interactions  within  built  environments. 
Recently,  m achine  learning  techniques,  such  as  Physics-Informed  Neural  Networks 
(PINNs),  have  emerged  as  powerful  tools  for  improving  numerical  accuracy  w hile 
reducing  computational  costs. 
A  key  focus  of  this  chapter  is  the  application  of  numerical  simulations  to  solar-

responsive  nanomaterials  in  glazing  systems.  Windows  account  for  a  significant 
portion  of  a  building’s  energy  loss,  and  spectrally  selective  nanocoatings  have 
the  potential  to  modulate  solar  heat  gain  while  maintaining  transparency.  The 
chapter  presents  a  case  study  on  localized  surface  plasmon  resonance  (LSPR)-
induced  photothermal  effects  in  nanoparticle-coated  glazing  systems.  By  analyzing 
nanoparticle  absorption,  heat  transfer  m echanisms,  and  optical  modulation,  the  study 
develops  a  physics-based  numerical  model  that  is  then  integrated  into  whole-building 
parametric  energy  simulations  using  EnergyPlus. 
Results  from  the  case  study  reveal  that  LSPR-mediated  nanocoatings  can  enhance 

passive  solar  heat  gain  in  colder  climates  while  maintaining  transparency,  effectively 
reducing  heating  loads  by  up  to  20%  compared  to  traditional  single-pane  windows. 
These  nano-enhanced  windows  demonstrate  comparable  performance  to  double-
pane  glazing,  providing  an  alternative  energy  retrofit  solution  that  avoids  the  added 
weight,  cost,  and  installation  complexity  of  conventional  insulating  glass  units. 
Beyond  the  immediate  case  study,  this  chapter  underscores  a  broader  message: 

numerical  modeling  is  essential  for  translating  nanoscale  material  innovations  into
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practical  building  applications.  The  methodologies  discussed—ranging  from  molec-
ular  simulations  to  full-building  energy  analysis—demonstrate  how  multi-scale 
numerical  approaches  enable  precise  performance  assessments  before  large-scale 
implementation.  The  findings  contribute  to  the  growing  body  of  knowledge  on 
nano-integrated  architectural  solutions,  helping  pave  the  way  for  sustainable,  high-
performance  building  materials  through  computational  optimization.  By  leveraging 
numerical  simulations,  researchers  and  engineers  can  predict,  optimize,  and  imple-
ment  nano-enhanced  materials  in  energy-efficient  buildings,  ensuring  that  these 
advancements  move  beyond  laboratory  studies  to  real-world  impact  in  architectural 
engineering  and  urban  sustainability. 
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