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Fundamentals of Spectral Selectivity in Envelope Materials

Radiative exchange between buildings and their surrounding environment governs a substantial portion
of energy use, thermal comfort, and indoor environmental quality. Unlike conductive or convective heat
transfer, radiative processes are inherently spectral in nature: solar, atmospheric, and thermal radiation
span wide wavelength ranges, each interacting with envelope materials in fundamentally different ways.
The ability of a building envelope to selectively transmit, reflect, or absorb radiation as a function of
wavelength—referred to as spectral selectivity—therefore represents a powerful and increasingly essential
design lever in high-performance buildings.

This chapter establishes the foundational principles underlying spectral selectivity in envelope
materials. It introduces the conceptual basis for wavelength-dependent control of radiative energy and
situates spectral selectivity within the broader context of energy-efficient, resilient, and low-carbon
building design. Particular emphasis is placed on understanding how shortwave solar radiation and
longwave thermal radiation interact differently with envelope systems, motivating the need for distinct
yet interconnected design strategies across the electromagnetic spectrum.

To support rigorous analysis and informed design, the chapter also develops the photometric and
radiometric frameworks used to quantify spectral behavior and evaluate envelope performance. By link-
ing physical radiation principles, human visual response, and building-scale performance metrics, this
chapter provides the technical foundation required for subsequent discussions of advanced spectrally
selective materials, systems, and applications in building envelopes.

1.1 Introduction to Spectral Selectivity

Spectral selectivity refers to the intentional differentiation of material–radiation interactions across the
electromagnetic spectrum, enabling building envelope systems to respond differently to radiation at
different wavelengths. In the building context, spectral selectivity is not an abstract optical concept, but
a design-enabling strategy motivated by practical performance objectives, including energy efficiency,
daylight utilization, thermal regulation, and environmental sustainability. The motivation for spectral
selectivity arises from a fundamental mismatch between broadband radiative sources and selective
building performance demands. Solar radiation, for example, arrives at building surfaces as a coupled
mixture of ultraviolet, visible, and near-infrared energy. From a building use perspective, these spectral
components serve distinct—and often competing—roles: visible radiation supports daylighting and
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2 1 Fundamentals of Spectral Selectivity in Envelope Materials

visual comfort, while near-infrared radiation contributes primarily to heat gain. Similarly, buildings
continuously exchange thermal radiation with the surrounding environment across a broad range
of infrared wavelengths, influencing heat retention, heat dissipation, and cooling potential. Because
these radiative components are inherently mixed in natural sources, achieving differentiated building
responses requires wavelength-specific control.

Historically, early building materials exhibited largely broadband radiative behavior, with limited
capacity to distinguish between spectral regions. Initial attempts at solar control relied on tinted or
reflective surfaces, which reduced total solar transmission but often compromised daylight quality
and visual comfort. The development of spectrally selective materials marked a shift away from such
trade-offs, enabled by advances in materials science, thin-film coatings, and surface engineering.
Low-emissivity coatings, solar-control glazing, reflective façade finishes, and radiative cooling surfaces
exemplify how wavelength-dependent optical properties can be engineered to meet specific building
performance goals.

1.1.1 Spectral Selectivity in Energy-Efficient Building Design

From an application standpoint, spectral selectivity has become a critical tool in energy-efficient building
engineering because it directly addresses one of the central challenges of envelope design: the need to
manage multiple, often competing, radiative functions using passive means. Building envelopes must
simultaneously regulate solar heat gain, thermal losses, daylight admission, and radiative heat exchange
with the surrounding environment. Conventional broadband materials tend to link these functions
together, limiting the designer’s ability to optimize one objective without negatively affecting another.
Spectrally selective envelope systems enable wavelength-dependent control over radiative transfer,
allowing different portions of the spectrum to be managed according to their dominant energy and
comfort impacts. By selectively transmitting visible radiation while reflecting or absorbing near-infrared
radiation, envelope systems can reduce cooling loads without sacrificing daylight availability [1]. Sim-
ilarly, selective control over longwave thermal radiation enables envelopes to either retain heat under
cold conditions or dissipate heat under warm conditions [2]. These capabilities are especially valuable
in high-performance buildings, where incremental improvements in envelope behavior can lead to
disproportionately large reductions in operational energy use due to tighter overall energy budgets and
reduced mechanical system capacity.

Importantly, spectral selectivity does not operate as a standalone solution, but as an enabling layer
that enhances the effectiveness of other design strategies. When combined with optimized geometry,
insulation, ventilation, and control systems, spectrally selective envelopes contribute to integrated
energy solutions that reduce peak loads, improve system efficiency, and extend the operational envelope
of passive design approaches.

1.1.2 Role in Thermal and Optical Energy Management

A defining advantage of spectral selectivity is its ability to support thermal and optical energy manage-
ment simultaneously, rather than treating them as separate design problems. In building envelopes,
optical performance—such as daylight transmission and glare control—is closely tied to shortwave
radiation in the visible spectrum, while thermal performance is influenced by both shortwave solar heat
gain and longwave thermal exchange.
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Broadband approaches often force trade-offs between these domains. For example, reducing solar
heat gain through uniformly absorptive or reflective materials can diminish indoor illuminance and
degrade visual comfort. Spectral selectivity allows these competing objectives to be decoupled by acting
directly on the spectral composition of radiation. Envelope systems can be designed to admit radiation
that contributes to useful visual or thermal functions, while rejecting or dissipating radiation that
primarily imposes thermal penalties. From an engineering perspective, this decoupling expands the
feasible design space. It allows performance targets for daylighting, cooling, heating, and visual comfort
to be addressed in parallel rather than sequentially. As a result, spectral selectivity serves not only as a
performance enhancement strategy but also as a design simplification mechanism, reducing the need
for compensatory mechanical or control interventions.

1.1.3 Indoor Comfort, Human Experience, and Passive Performance

Beyond aggregate energy metrics, spectral selectivity contributes directly to indoor comfort and occu-
pant experience. The spectral composition of transmitted and reflected radiation influences perceived
brightness, color rendering, glare potential, and thermal sensation [3]. By shaping which wavelengths
reach interior spaces, envelope systems can improve visual comfort while maintaining thermal stability.
In opaque envelope components, longwave spectral behavior plays a particularly important role in
thermal comfort. Surface temperatures of walls, roofs, and façades affect mean radiant temperature,
which is a key determinant of occupant thermal perception. Spectrally selective control of longwave
emission can therefore influence comfort even when air temperature remains unchanged. Additionally,
enhanced longwave emission under appropriate environmental conditions enables passive radiative
cooling, reducing surface temperatures and mitigating overheating without mechanical energy input.

These interactions illustrate that spectral selectivity operates at the intersection of physical
performance and human experience. Its benefits extend beyond energy savings to include improved
comfort, reduced thermal asymmetry, and more stable indoor environments—outcomes that are
increasingly prioritized in high-performance and occupant-centered building design.

1.1.4 Sustainability, Decarbonization, and Renewable Energy Alignment

At a broader scale, spectrally selective materials contribute to sustainability and decarbonization by
enabling buildings to rely more heavily on passive radiative processes and less on energy-intensive
mechanical systems. By reducing heating and cooling demand through selective radiative control,
envelope systems lower operational energy consumption and associated carbon emissions over the
building lifecycle [4]. Spectral selectivity also supports more effective utilization of renewable and
ambient energy pathways. Selective interaction with solar radiation enables improved integration of day-
lighting and solar energy strategies, while selective longwave emission facilitates heat exchange with the
ambient environment and the sky. These processes leverage naturally available energy flows rather than
converting energy through mechanical or electrical systems, aligning with low-carbon design principles.

Crucially, many spectrally selective strategies are realized through material and surface-level design,
without requiring additional operational energy or complex control logic. This passive nature enhances
reliability, provides retrofit opportunities, reduces maintenance requirements, and improves long-term
performance robustness—factors that are central to sustainable building deployment at scale.
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Fig. 1.1 Standard terrestrial reference spectrum and blackbody spectra at 25 ∘C (it is calculated from
Planck’s law).

1.1.5 Shortwave and Longwave Spectral Selectivity: A Unified Design Framework

From the perspective of solar and environmental radiation, spectral selectivity in buildings can be
broadly organized into two major categories: shortwave selectivity and longwave selectivity.
This classification reflects differences in spectral range, dominant energy pathways, and design
objectives, rather than distinct physical principles. As illustrated in Fig. 1.1, shortwave selectivity
primarily addresses the ultraviolet, visible, and solar infrared portions of the terrestrial solar spectrum
(≈ 0.3–4 μm), where incoming radiation governs daylight availability, solar heat gain, and photovoltaic
conversion. In contrast, longwave selectivity operates in the thermal infrared range (≈ 4–25 μm), where
building surfaces exchange heat with the surrounding environment through emission to the sky and
absorption of atmospheric radiation, directly influencing radiative cooling and thermal balance.

In particular, shortwave selectivity governs interactions with incoming solar radiation, encompassing
ultraviolet, visible, and near-infrared wavelengths. Design objectives in this regime include managing
solar heat gain, maximizing useful daylight, controlling glare, and protecting materials and occupants
from excessive ultraviolet exposure. Because these spectral components are inherently coupled in
sunlight, selective control is essential for achieving differentiated performance outcomes. Longwave
selectivity governs thermal radiation emitted by building surfaces and exchanged with the surrounding
environment. Design objectives in this regime include heat retention, passive cooling, and regulation of
nighttime energy balance. Selective longwave behavior determines whether thermal energy is conserved
within the building or dissipated to the environment, particularly under clear-sky conditions where
atmospheric transparency plays a critical role.

Although shortwave and longwave selectivity correspond to different spectral regimes and building
functions, they are unified by a common design logic: the need to manage broadband radiative sources in
a way that aligns with selective building performance requirements. Understanding this shared logic pro-
vides a coherent foundation for the detailed physical mechanisms, structural strategies, and performance
analyses developed in the subsequent chapters.

In this book, spectral selectivity is treated as a façade- and envelope-scale concept rather than a
property confined to specific components such as windows. Any envelope element that interacts with
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radiation—transparent, translucent, or opaque—can exhibit spectral selectivity if its radiative properties
vary meaningfully with wavelength. This use-driven and spectrum-centered perspective provides the
foundation for the subsequent chapters, which examine how spectral selectivity is realized through
physical mechanisms, structural strategies, and building-scale performance outcomes.

1.2 Photometric and Radiometric Basics

Radiation interacting with building envelopes plays a dual and inseparable role. It is simultaneously a
carrier of physical energy that governs thermal exchange and a perceptual stimulus that shapes visual
experience, comfort, and spatial quality. Any rigorous discussion of spectral selectivity must therefore
engage with both aspects. Radiometric and photometric frameworks provide the complementary metric
systems through which these roles are quantified and interpreted.

Radiometry describes electromagnetic radiation strictly in terms of physical energy and power,
independent of any observer. It applies across the full electromagnetic spectrum relevant to buildings,
including ultraviolet, visible, near-infrared, and thermal infrared radiation. Radiometric quantities
form the physical basis for evaluating solar heat gain, thermal emission, radiative cooling, and energy
exchange between buildings and their surrounding environment. Photometry, by contrast, quantifies
radiation according to the wavelength-dependent sensitivity of the human visual system. It applies
only to the visible portion of the spectrum and translates physical radiation into measures of perceived
brightness, illumination, and visual comfort. In the built environment, photometry provides the essential
link between envelope behavior and occupant experience, enabling assessment of daylight availability,
glare, and visual quality.

In building envelopes, these two descriptions of radiation cannot be treated independently. The same
incident solar radiation contributes simultaneously to thermal loads and daylighting; the same envelope
surface that emits thermal radiation influences both energy balance and mean radiant temperature
perceived by occupants. Spectral selectivity becomes meaningful precisely because radiometric and
photometric responses to radiation are not uniform across wavelength. The envelope functions as a
spectral filter that mediates between physical energy flows and perceptual outcomes.

For this reason, radiometry and photometry are developed in this section as parallel and interdependent
frameworks rather than isolated domains. Before introducing their individual quantities and applica-
tions, it is useful to first establish the formal relationship that links them.

1.2.1 Photometric–Radiometric Conversion Framework

Radiometric and photometric quantities describe the same underlying radiation field using different
weighting principles. Radiometry preserves the spectral distribution of radiant energy, while photom-
etry applies wavelength-dependent weighting to account for human visual sensitivity. The relationship
between the two is therefore established through spectral weighting rather than direct unit conversion.

1.2.1.1 Human Visual Sensitivity as a Function of Wavelength
The recognition that human vision responds unevenly across the visible spectrum predates formal
photometric systems and arose from early experimental observations in vision science and illumination



�

� �

�

6 1 Fundamentals of Spectral Selectivity in Envelope Materials

research. Long before standardized curves were established, it was evident that equal radiant power
at different wavelengths did not produce equal sensations of brightness. This discrepancy motivated
systematic investigations into the wavelength dependence of visual perception, particularly as electric
lighting technologies began to emerge and demanded quantitative design tools. During the late nine-
teenth and early twentieth centuries, researchers conducted controlled psychophysical experiments
in which observers compared the apparent brightness of monochromatic light sources at different
wavelengths [5]. These studies consistently demonstrated a pronounced maximum sensitivity in the
green region of the spectrum, with decreasing sensitivity toward both shorter and longer wavelengths.
Although experimental methods varied, the collective outcome was the recognition that visual response
could be represented by a continuous spectral weighting function rather than a uniform response across
visible wavelengths.

As lighting engineering matured, the need for a common reference model led to the formalization
of an average human visual sensitivity curve. This effort culminated in the adoption of a standardized
photopic spectral sensitivity function by international lighting authorities in the early twentieth century.
The resulting function, later denoted V(𝜆), represented a consensus-based approximation of human
brightness perception under typical daylight and indoor lighting conditions. Importantly, this curve was
not intended to describe individual vision or color perception in detail, but rather to provide a practical
engineering tool that could translate physical radiation into perceptually meaningful quantities. Fig. 1.2
presents the schematic illustration of the historical evolution of photopic visual sensitivity functions.
Early representations were derived from limited psychophysical data and emphasized narrow-field
brightness matching. The International Commission on Illumination (CIE) 1931 photopic observer for-
malized a standardized spectral sensitivity function that became the basis of photometry and colorimetry.
Subsequent refinements broadened the effective sensitivity range to better represent large-field viewing

Fig. 1.2 Schematic illustration of the historical evolution of photopic visual sensitivity functions.
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and practical lighting conditions. The curves shown are illustrative and do not represent exact tabulated
values defined by The International Commission on Illumination (CIE) standards.

Although the photopic luminous efficiency function is often treated as a fixed curve, its present
form reflects a gradual process of experimental refinement and standardization. Fig. 1.2 illustrates, in
schematic form, how early brightness-based sensitivity representations evolved into the standardized
CIE photopic observer and later refinements. The overall structure of the curve has remained stable,
while its detailed shape has been adjusted to improve consistency with experimental observation and
practical lighting conditions [5].

In photometry, V(𝜆) serves a specific and deliberate purpose: it weights spectral radiation according
to perceived brightness, not color appearance. When combined with a scaling constant, this weighting
enables the conversion of spectral radiant quantities into luminous quantities that correlate with
human brightness perception. In this sense, photometry can be understood as spectrally weighted
radiometry, where the weighting reflects biological response rather than physical energy equivalence.
When coupled with color science, the photopic sensitivity function forms a cornerstone of modern
lighting theory. The same experimental foundations that led to V(𝜆) also informed the development of
color-matching functions and standardized color spaces. Together, these frameworks established the
basis for describing brightness, color, and illumination in a unified and quantitative manner. In building
engineering, this integration underlies virtually all lighting and daylighting principles, from illuminance
criteria and luminance-based glare assessment to daylight availability metrics and visual comfort
evaluation.

For building envelopes, the implications are particularly significant. Envelope systems mediate the
spectral composition of daylight entering interior spaces, influencing both the total amount of visible
radiation and its distribution across wavelengths. Because perceived brightness depends on spectral
weighting rather than total radiant energy, envelope materials can be engineered to preferentially
transmit visually efficient wavelengths while attenuating others. This capability is central to spectral
selectivity: it allows visual performance to be preserved or enhanced without a proportional increase in
radiant energy transmission and associated thermal load.

Thus, human visual sensitivity as a function of wavelength provides not only the physiological basis for
photometry but also the conceptual foundation for decoupling visual and thermal objectives in envelope
design. By exploiting the mismatch between energetic significance and perceptual effectiveness across
the spectrum, spectrally selective envelopes align building lighting and daylighting performance with
energy efficiency and comfort goals.

1.2.1.2 Mechanical Equivalent of Light Km: Historical and Physical Basis
The mechanical equivalent of light, commonly denoted Km, did not originate as an abstract constant or
an arbitrary definition. Rather, it emerged from a prolonged effort to reconcile perceptual units of light
with physically measurable quantities, driven by the practical needs of illumination engineering and
the maturation of radiation physics. Its development reflects a sequence of conceptual and metrological
transitions, beginning with candle-based photometry, progressing through thermodynamic radiation
standards, and culminating in the modern radiometric definition of photometric units.

In the nineteenth century, light was quantified almost exclusively through photometric units derived
from candles and flame lamps. These units—such as the British standard candle, the Carcel lamp, and
the Hefner lamp—were defined by specific fuels, geometries, and burning conditions. While adequate
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for early lighting practice, they suffered from fundamental limitations: they were difficult to reproduce,
sensitive to environmental conditions, and lacked any direct connection to radiometry-related physical
quantities such as energy or power. As electric lighting technologies emerged and international compar-
isons became necessary, these deficiencies became increasingly problematic.

A critical conceptual shift occurred when photometry began to draw upon advances in thermal
radiation theory. By the late nineteenth century, the laws governing blackbody radiation were well
established, culminating in Planck’s formulation at the turn of the twentieth century. This opened the
possibility of defining light not by a particular lamp, but by the radiation emitted from a body at a known
thermodynamic state. Among candidate materials, platinum proved especially suitable because of its
chemical stability and its sharply defined freezing (solidification) temperature. A platinum radiator at
this temperature behaves in a reproducible manner and emits radiation whose spectral distribution can
be calculated from first principles.

This insight led to the replacement of flame-based standards with a blackbody-based photometric
reference. The central move was to anchor “brightness” to a Planck (blackbody) radiator at a well-defined
thermodynamic temperature. In 1946, the International Committee for Weights and Measures (CIPM)
promulgated a definition of the “new candle” that directly uses a full radiator at the temperature of
solidification (freezing) of platinum (at the temperature∼ 2041 K): the brightness (luminance) of that
full radiator is 60 new candles per square centimeter in the perpendicular direction. In this system, the
photometric scale was anchored by specifying the luminance of such a radiator—effectively fixing
the perceptual brightness of a known thermodynamic source. At this stage, the unit of light was still
expressed in candle-based terms, but the candle itself had been transformed from a chemical artifact
into a physically realizable radiation standard.

Once luminous intensity was tied to a platinum blackbody at the fusion temperature, a crucial
procedural step became possible. The spectral radiance of the platinum radiator could be calculated
using Planck’s law, yielding the radiant power distribution as a function of wavelength. Independently,
psychophysical experiments had already established the relative spectral sensitivity of the human eye
under photopic conditions, later standardized as the luminous efficiency function V(𝜆). By weighting
the calculated spectral radiance of the platinum blackbody with this visual sensitivity function and
integrating over wavelength, engineers could compute the photometric output associated with a known
radiant power. In other words, for that platinum-point radiator, one can write a relationship of the form:

Xv = Km ∫ Xe,𝜆(𝜆,T)V(𝜆)d𝜆 (1.1)

where Xv is the (visual) photometric luminance assigned by the platinum “60 new candle” definition,
and the integral is computed from Planck’s law for the radiant power Xe,𝜆 of platinum at the temperature
2041 K and the standardized V(𝜆). In this historical framework, Km appears naturally as the proportional-
ity factor that makes the computed, vision-weighted radiometric quantity match the defined photometric
quantity of the platinum radiator. Upon resolving Eq. (1.1), Km can be obtained as approximately 683.

However, it is equally important to understand what happened next, because it explains the appear-
ance of 1/683. By the 1970s, realizing a high-temperature Planck radiator in routine metrology practice
was difficult, while radiometric power measurement had become far more precise. For this reason,
the 16th CGPM (CIPM, the International Committee on Weights and Measures) replaced (abrogated)
the platinum-point definition and redefined the candela radiometrically, by specifying monochromatic
radiation at frequency 540× 1012 Hz and a radiant intensity of 1/683 W/sr [6]. The mechanical equivalent
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of light is therefore no longer an experimentally determined quantity, but a defining constant embedded
within the standard metrics. Nevertheless, its numerical value remains rooted in the earlier procedure
that linked candle-based photometry, platinum blackbody radiation, Planck’s law, and human visual
sensitivity. From a conceptual standpoint, the historical development of Km reveals the hybrid nature of
photometry. Unlike purely physical constants, it embodies both a biological component—the spectral
response of human vision—and a metrological choice aimed at ensuring continuity and practicality.
This dual origin explains why photometric quantities cannot be interpreted solely in energetic terms,
and why spectral weighting is indispensable when converting between radiometric and photometric
measures. In the context of building engineering and spectral selectivity, the mechanical equivalent of
light thus represents the formal bridge between energy-based radiation analysis and perception-based
lighting evaluation.

1.2.1.3 Photometric–Radiometric Conversion Framework
Radiometric and photometric quantities describe the same underlying radiation field using different
weighting principles. Radiometry preserves the spectral distribution of radiant energy, while photom-
etry applies wavelength-dependent weighting to account for human visual sensitivity. The relationship
between the two is therefore established through spectral weighting rather than direct unit conversion.

For a given generic spectral radiometric quantity Xe(𝜆), the corresponding photometric quantity Xv
is obtained by weighting the spectral distribution with the photopic luminous efficiency function V(𝜆)
and scaling by the mechanical equivalent of light Km in Eq. (1.2). Km = 683 lm/W corresponds to the
maximum luminous efficacy at the peak of visual sensitivity (∼555 nm).

Xv = Km ∫
780

380
Xe(𝜆)V(𝜆)d𝜆 (1.2)

This expression formalizes a central principle for spectrally selective building envelopes: radiation
that is energetically significant is not necessarily perceptually significant, and radiation that is perceptu-
ally efficient may carry relatively little radiant energy. Near-infrared radiation, for example, contributes
strongly to radiant energy and thermal load while contributing negligibly to photometric quantities.
Conversely, visible radiation near the peak of V(𝜆) contributes efficiently to perceived brightness with
comparatively modest radiant energy.

In architectural engineering, this conversion framework provides the quantitative basis for evaluating
how building envelopes simultaneously mediate energy flows and visual conditions. Envelope materials
are continuously exposed to broadband solar and environmental radiation, yet their performance is often
judged using a mixture of radiometric metrics (such as solar heat gain and thermal radiation exchange)
and photometric metrics (such as daylight illuminance and luminance). Equation (1.2) clarifies that
these metrics are not interchangeable: the same spectral radiation field can produce markedly different
energetic and perceptual outcomes depending on how its spectral content aligns with human visual
sensitivity.

This distinction is particularly important for the design and assessment of spectrally selective enve-
lope materials. Glazing systems, coatings, and shading devices that attenuate near-infrared radiation
can significantly reduce cooling loads without proportionally reducing perceived daylight, because
near-infrared wavelengths contribute little to photometric quantities. Conversely, selective transmission
or redirection of radiation within the visible spectrum—especially near the peak of V(𝜆)—can enhance
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daylight availability and visual comfort with relatively small increases in radiant energy entering the
space. The photometric–radiometric conversion framework, therefore, enables designers to distinguish
between energy-efficient and visually efficient spectral bands and to exploit this distinction intentionally.

From a performance-analysis perspective, Eq. (1.2) also explains why envelope metrics such as visible
transmittance, solar heat gain coefficient (SHGC), and daylight illuminance cannot be inferred from
one another without spectral information. Two envelope systems with identical visible transmittance
may differ substantially in their radiometric impact if their transmitted spectra are weighted differently
outside the visible range, while two systems with similar solar heat gain may produce very different
visual environments depending on their spectral alignment with V(𝜆). The conversion framework thus
motivates the use of spectrally resolved material properties in envelope modeling rather than broadband
averages alone.

More broadly, the photometric–radiometric relationship embedded in Eq. (1.2) positions the building
envelope as a spectral mediator between environmental radiation and human experience. By shaping
the spectral distribution of transmitted, reflected, or absorbed radiation, envelope systems can decouple
visual performance from thermal impact and enable passive strategies that simultaneously support
daylighting quality, thermal comfort, and energy efficiency. This perspective underlies many advanced
envelope concepts discussed in subsequent chapters, including spectrally selective glazing, transpar-
ent photovoltaics, and multifunctional façade systems designed to manage shortwave and longwave
radiation in distinct yet coordinated ways.

1.2.2 Paired Radiometric and Photometric Quantities

Radiometric and photometric quantities form two parallel measurement systems that describe the same
radiation field from different perspectives. Radiometry quantifies electromagnetic radiation strictly in
terms of physical energy and power, independent of human perception. Photometry, by contrast, quan-
tifies radiation as weighted by the spectral sensitivity of the human visual system and therefore applies
only to the visible portion of the spectrum. As established in Section 1.2.1, the two systems are formally
linked through spectral weighting and the mechanical equivalent of light. As a result, most fundamental
quantities in radiometry have direct photometric counterparts.

Despite this one-to-one correspondence, radiometric and photometric quantities are not interchange-
able in practice. They are used to answer different questions in architectural engineering. Radiometric
quantities govern thermal loads, solar heat gain, radiative exchange, and energy balance across building
envelopes, while photometric quantities govern daylight availability, brightness perception, glare,
and visual comfort. Understanding both the pairing and the distinction between these quantities is
essential for spectrally selective envelope design, where energetic and perceptual objectives must often
be optimized simultaneously. Table 1.1 summarizes the principal paired radiometric and photometric
quantities relevant to building envelopes.

1.2.2.1 Radiant and Luminous Energy
Radiant energy, denoted by Qe, represents the total electromagnetic energy carried by radiation. It is
measured in joules (J) and is the most fundamental radiometric quantity. Its photometric counterpart,
luminous energy Qv, represents the time-integrated perceptual effect of visible radiation as weighted by
human visual sensitivity. For radiation at a given wavelength 𝜆, the spectral radiant energy Qe,𝜆 can be



�

� �

�

1.2 Photometric and Radiometric Basics 11

Table 1.1 Paired radiometric and photometric quantities.

Physical meaning
Radiometric quantity
(subscript e) Unit

Photometric quantity
(subscript v) Unit

Energy Radiant energy (Qe) J Luminous energy (Qv) lm⋅s
Power Radiant flux (𝛷e) W Luminous flux (𝛷v) lm
Power per area Irradiance (Ee)/

Radiant exitance (Me)
W/m2 Illuminance (Ev)/

Luminous exitance
(Mv)

lx (lm/m2)

Power per solid
angle

Radiant intensity (Ie) W/sr1 Luminous intensity (Iv) cd (lm/sr1)

expressed as the product of the number of photons n𝜆 and the energy of an individual photon q𝜆, such
that,

Qe, 𝜆 = n𝜆 q𝜆 [J] (1.3)

where the photon energy is given by Planck’s relation q𝜆 = hc/𝜆. This expression makes explicit the wave-
length dependence of photon energy: photons at shorter wavelengths carry more energy per photon than
those at longer wavelengths. Then, the total radiant energy Qe associated with a radiation field is obtained
by integrating the spectral radiant energy over all wavelengths.

Qe = ∫
∞

0
Q𝜆d𝜆 [J] (1.4)

This formulation highlights that radiant energy is fundamentally a spectral quantity, and that the same
total radiant energy may be distributed across wavelengths in very different ways. For a fixed amount
of spectral radiant energy, the number of photons required depends inversely on wavelength. Because
photon energy increases as wavelength decreases, shorter-wavelength radiation requires fewer photons
to deliver the same radiant energy, whereas longer-wavelength radiation requires a larger number of
lower-energy photons. This relationship is central to understanding why radiation with identical radiant
energy content can have markedly different physical and perceptual effects depending on its spectral
distribution.

The photometric counterpart to radiant energy is luminous energy Qv, which represents the
time-integrated perceptual effect of visible radiation. Luminous energy is derived by weighting the
spectral radiant energy by the photopic luminous efficiency function V(𝜆) and scaling by the mechanical
equivalent of light Km, by following Eq. (1.2). Unlike radiant energy, luminous energy depends not only
on the total energy content but also on how effectively photons at each wavelength stimulate the human
visual system. As a result, two radiation fields with identical radiant energy can differ substantially in
luminous energy if their spectral distributions differ.

The photon-based perspective further clarifies this divergence. Although shorter-wavelength photons
carry more energy individually, their contribution to luminous energy depends on their alignment with
the peak of visual sensitivity. Radiation near the peak of V(𝜆) produces a strong photometric response
with comparatively modest radiant energy, whereas radiation outside the visible spectrum contributes
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to radiant energy without producing any luminous energy at all. Photon count, radiant energy, and
perceived brightness are therefore related but fundamentally distinct descriptors of radiation.

In building engineering practice, luminous energy itself is rarely used as an explicit design or per-
formance metric. Envelope and daylighting analyses typically rely on instantaneous or time-averaged
quantities—such as radiant flux, illuminance, and luminance—rather than on the cumulative perceptual
quantity expressed in lumen-seconds. Temporal aspects of lighting performance are usually addressed
through illuminance-based metrics evaluated over specified periods (e.g., daylight autonomy or annual
daylight exposure), rather than through direct calculation of luminous energy. As a result, luminous
energy primarily serves as a conceptual bridge that establishes formal symmetry between radiometric
and photometric systems, rather than as a quantity reported in routine architectural analyses.

Nevertheless, understanding the distinction between radiant and luminous energy is essential for
spectrally selective envelope design. Building envelopes are exposed to broadband solar radiation, where
near-infrared wavelengths can dominate radiant energy and thermal load while contributing negligibly
to luminous energy, and visible wavelengths near the peak of visual sensitivity can provide effective
daylight with relatively low energetic impact. By selectively modulating the spectral distribution of
transmitted, absorbed, or reflected radiation, envelope materials can decouple thermal performance
from visual performance—an insight that underlies advanced glazing systems, daylight-optimized
façades, and multifunctional envelope technologies discussed in later chapters.

1.2.2.2 Radiant and Luminous Flux
Radiant flux, denoted by 𝛷e, describes the rate at which radiant energy is transferred and is expressed in
watts (joules per second). Radiant flux may be expressed formally as the time rate of change of radiant
energy:

𝛷e =
dQe

dt
[W] (1.5)

It represents how much electromagnetic energy is emitted, transmitted, reflected, or absorbed per unit
time. Luminous flux 𝛷v, measured in lumens, is the photometric counterpart that describes the rate
at which radiation produces perceived brightness for the human visual system. The corresponding
luminous flux is obtained by weighting the spectrum with the photopic luminous efficiency function
V(𝜆) and scaling by the mechanical equivalent of light, Km:

𝛷v = Km ∫
780

380
𝛷e(𝜆)V(𝜆)d𝜆 [lm] (1.6)

This equation is foundational for architectural engineering because it formalizes a practical truth: the
same radiant power can produce very different perceived brightness depending on spectral composition,
and large fractions of solar or lamp power may be “energetically real” yet “photometrically invisible”
(e.g., near-infrared). Because flux quantities are rates, they are the natural currency of building perfor-
mance modeling. In thermal analysis, the envelope is driven by incident and transmitted radiant flux
(shortwave solar gains and longwave exchange), which governs cooling and heating loads. In daylighting
analysis, the same envelope is evaluated using luminous flux and its spatial derivatives (illuminance
and luminance), which govern daylight availability, glare risk, and visual comfort. This makes radiant
and luminous flux a primary interface between energy simulation workflows and lighting/daylighting
workflows.
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In lighting engineering, the most widely used bridge between 𝛷e and 𝛷v is luminous efficacy, which
quantifies how much luminous flux is produced per unit radiant power:

𝜂e =
𝛷v

𝛷e
[lm∕W] (1.7)

For a general polychromatic radiation field, 𝛷e is the integral of the spectral radiant flux over all wave-
lengths, so luminous efficacy can be written explicitly in spectral form by combining the definitions:

𝜂e =
Km ∫ 780

380 𝛷e(𝜆)V(𝜆)d𝜆

∫ ∞
0 𝛷e(𝜆)d𝜆

[lm∕W] (1.8)

This expression shows that luminous efficacy is not a universal constant; it is a spectral property. Radia-
tion concentrated near the peak of V(𝜆) yields high efficacy, whereas radiation outside the visible band
contributes to the denominator (radiant power) but not the numerator (luminous flux), thereby lowering
efficacy. At the wavelength of maximum photopic sensitivity, where (𝜆) = 1 (near 555 nm), luminous effi-
cacy reaches its maximum possible value: 683 lm/W. This is a theoretical maximum for radiation-to-vision
conversion, not a statement about electrical lighting devices. Real spectra distribute power across wave-
lengths where V(𝜆)< 1, and many sources (including daylight and most lamps) also contain some non-
visible power, so their 𝜂e is necessarily lower.

Both radiant and luminous flux are widely used and essential in building engineering, but they serve
distinct roles. Radiant flux governs energy transfer through the building envelope and is fundamental
to thermal load calculations, solar heat gain analysis, and energy simulation. The solar radiation
incident on a façade or transmitted through glazing is first quantified in radiometric terms to assess its
contribution to heating and cooling demands. In this context, radiant flux directly influences heating,
ventilation, and air conditioning (HVAC) sizing, peak load estimation, and annual energy consumption.
Luminous flux, by contrast, is central to daylighting and lighting design. It quantifies the amount
of visually effective light entering or generated within a space and forms the basis for illuminance
calculations and lighting performance metrics. In envelope design, luminous flux transmitted through
windows and skylights determines the potential for daylight utilization and affects visual comfort,
occupant satisfaction, and lighting energy savings. Unlike radiant flux, luminous flux reflects how
occupants perceive and use light rather than how the building exchanges energy.

The distinction between radiant and luminous flux is especially important for spectrally selective enve-
lope systems. Two glazing products may transmit similar luminous flux while transmitting very different
radiant fluxes if their spectral transmittance differs in the near-infrared region. In such cases, occupants
experience similar daylight levels, but the building incurs different thermal loads. Conversely, materials
that transmit high radiant flux concentrated in visible wavelengths may appear bright while contributing
less to unwanted heat gain. Flux-based analysis, therefore, provides a direct quantitative framework for
evaluating how envelope materials balance energy efficiency and daylight performance.

From a design and analysis perspective, radiant flux typically serves as an input to thermal mod-
els, while luminous flux serves as an input to visual and daylighting models. The paired treatment of
these quantities allows building engineers to evaluate envelope performance across disciplines and to
identify opportunities where spectral selectivity can reduce energy use without compromising visual
quality. As such, radiant and luminous flux form one of the most practically significant bridges between
radiometric physics and architectural performance.
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1.2.2.3 Radiant and Luminous Flux Density
Radiant and luminous flux density describe the spatial concentration of optical radiation and are
fundamentally defined in terms of flux density, rather than flux alone. Radiant flux, 𝛷 [W], represents
the total optical power emitted, transmitted, or received, while radiant flux density—commonly referred
to as irradiance—quantifies how that power is distributed over a receiving surface. Irradiance is defined
as the radiant flux per unit area, as Eq. (1.9), and represents the physically relevant measure governing
energy transfer processes such as solar heat gain, absorption, and photothermal conversion in building
envelopes. When spectral effects are important, irradiance is expressed in wavelength-resolved form as
Eq. (1.10), allowing different spectral bands—ultraviolet, visible, and near-infrared—to be evaluated
according to their distinct thermal and material interactions.

Ee =
d𝛷e

dA
[W∕m2] (1.9)

Ee,𝜆 =
d𝛷e,𝜆

dA
[W∕m2] (1.10)

The luminous counterpart of radiant flux density is illuminance, which quantifies luminous flux
density on a surface and incorporates the spectral sensitivity of the human visual system. Luminous
flux, 𝛷v [lm], is obtained by weighting the spectral radiant flux by the photopic luminous efficiency
function, and illuminance is defined as:

Ev =
d𝛷v

dA
[lx] (1.11)

Unlike irradiance, illuminance reflects perceived brightness rather than physical energy, and wave-
lengths outside the visible range contribute negligibly despite potentially substantial energy content. As
a result, irradiance and illuminance can vary independently for spectrally selective systems, even under
identical geometric and boundary conditions.

For both radiant and luminous flux density, the incident angle between the radiation direction and the
surface normal is governed by the cosine law, Eq. (1.12), which states that the effective flux density on a
planar surface scales with the cosine of the incidence angle 𝜃:

Ee = Ee,0 cos 𝜃, Ev = Ev,0 cos 𝜃, (1.12)

where Ee,0, Ev,0 represent the normal-incidence irradiance and illuminance, respectively. This geometric
relationship arises from the projection of the receiving surface area relative to the direction of incoming
radiation and forms the basis for directional solar gain calculations on façades, roofs, and inclined glazing
systems. The cosine law is therefore implicitly embedded in solar position models, daylighting algorithms,
and whole-building energy simulation tools.

In building engineering practice, radiant and luminous flux density serve complementary but distinct
roles in envelope analysis and design. Irradiance is the primary quantity used in thermal modeling,
informing calculations of SHGCs, cooling and heating loads, and the performance of envelope materials
designed to regulate shortwave radiation. Illuminance, in contrast, is central to daylighting analysis
and visual comfort assessment, supporting metrics such as daylight autonomy, glare potential, and
lighting energy reduction. For advanced envelope systems—particularly spectrally selective and adaptive
fenestration—the ability to decouple irradiance from illuminance is critical: reductions in radiant flux
density, especially in the near-infrared range, can significantly lower thermal loads while maintaining
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adequate luminous flux density for daylighting. Consequently, the joint evaluation of radiant and
luminous flux density provides a unified framework for optimizing both energy efficiency and visual
performance in high-performance building envelopes.

1.2.2.4 Radiant and Luminous Exitance
Radiant exitance, denoted by Me, represents the radiant flux leaving a surface per unit area, which has a
similar expression as Eq. (1.9):

Me =
d𝛷e

dA
[W∕m2] (1.13)

Radiant exitance describes the total radiant power leaving a surface per unit area, regardless of direction.
In the built environment, radiant exitance is especially relevant for understanding thermal emission
from envelope components. Roofs, façades, and pavements continuously emit thermal radiation to
the surrounding environment, influencing surface temperatures and nighttime heat balance. Radiant
exitance provides a measure of how strongly a surface is releasing radiative energy. Surfaces with high
longwave radiant exitance can dissipate heat more effectively, which is advantageous for passive cooling
strategies under appropriate environmental conditions. Conversely, reducing radiant exitance may
be desirable in cold climates to limit radiative heat loss. Longwave spectral selectivity directly affects
radiant exitance by redistributing emitted energy across wavelength bands. This allows building surfaces
to release thermal energy selectively, enhancing or suppressing radiative heat exchange depending on
climatic and design objectives.

Luminous exitance, denoted by Mv, represents the luminous flux leaving a surface per unit area and is
defined as:

Mv =
d𝛷v

dA
[lm∕m2] (1.14)

Luminous exitance characterizes the total visually effective light emitted, reflected, or transmitted
by a surface, accounting for the spectral sensitivity of the human visual system. In building appli-
cations, luminous exitance is closely related to the perceived brightness of interior and exterior
surfaces and plays an important role in daylight distribution, visual comfort, and glare formation.
Envelope elements such as façades, interior finishes, and glazing systems influence the luminous
environment not only through transmission but also through reflection and secondary emission.
Surfaces with higher luminous exitance can contribute to improved daylight penetration and spatial
brightness, potentially reducing reliance on electric lighting. However, excessive luminous exi-
tance, particularly from highly reflective or specular surfaces, may increase glare risk and visual
discomfort. Material reflectance, surface texture, and spectral characteristics collectively govern
luminous exitance, allowing envelope design to balance visual performance with comfort and energy
efficiency.

1.2.2.5 Radiance and Luminance
Radiance, denoted by L, provides a directional description of radiation. It is defined as radiant flux per
unit projected area per unit solid angle, as shown in Eq. (1.15):

Le =
d2𝛷e

dA cos 𝜃d𝛺
[W∕m2 ⋅ sr] (1.15)
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where d𝛺 is the differential solid angle and 𝜃 is the angle between the surface normal and the direction
of radiation. Radiance describes the directional distribution of radiant energy and is conserved along a
ray in lossless media, making it a fundamental quantity for analyzing directional radiation transport.
In the built environment, radiance is particularly important for characterizing how solar radiation and
thermal emission are distributed directionally by envelope components such as glazing, shading systems,
and façade materials. High radiance in specific directions can lead to localized overheating, concentrated
solar gains, or glare-related thermal discomfort near windows. For envelope materials with specular or
directional properties, radiance provides a more complete description than irradiance alone, capturing
how radiation is redirected, concentrated, or diffused by surface geometry and optical design.

Luminance, denoted by Lv, represents the luminous flux per unit projected area per unit solid angle
and is defined as Eq. (1.16):

Lv =
d2𝛷v

dA cos 𝜃d𝛺
[cd∕m2] (1.16)

Luminance characterizes the directional brightness of a surface as perceived by the human visual
system and is directly related to visual sensation. In building applications, luminance is a critical metric
for evaluating visual comfort, glare risk, and the perceived brightness of envelope elements, light sources,
and interior surfaces. Glazing systems, façades, and reflective materials can exhibit high luminance in
certain viewing directions, potentially causing discomfort glare even when overall illuminance levels
remain acceptable. Conversely, well-controlled luminance distributions can enhance visual comfort
and spatial quality by avoiding excessive contrast and bright spots within the field of view. Surface
reflectance, texture, and directional scattering properties all influence luminance, allowing envelope
design to shape visual experience beyond simple light quantity metrics.

In building envelope engineering, radiance and luminance complement irradiance and illuminance
by capturing the directional nature of radiation–surface interactions. While irradiance and illuminance
quantify the total incoming flux density, radiance, and luminance describe how that radiation is
distributed across directions after interacting with envelope materials. This distinction is essential for
analyzing glare from daylighting systems, concentrated solar reflections from façades, and directional
thermal emission effects. By jointly considering radiance and luminance, envelope design can manage
both energy flows and visual comfort, ensuring that radiation is not only limited in magnitude but also
distributed in directions that support thermal performance and occupant well-being.

1.2.2.6 Radiant and Luminous Intensity
Radiant intensity, denoted by Ie, represents the radiant flux emitted by a source per unit solid angle in a
given direction and is defined as Eq. (1.17):

Ie =
d𝛷e

d𝛺
[W∕sr] (1.17)

Radiant intensity characterizes how strongly a radiation source emits energy in specific directions, inde-
pendent of distance from the source. Unlike irradiance or radiance, which are surface-based quantities,
radiant intensity is a source-based directional property and is particularly useful for describing compact
or quasi-point radiation sources. In the built environment, radiant intensity is relevant for characterizing
solar position–dependent emission from the sun, as well as the directional output of artificial thermal or
photothermal devices. The directional nature of radiant intensity governs how radiation is distributed
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toward building envelopes, influencing localized solar exposure, shading effectiveness, and the angular
dependence of incident irradiance on façades and roofs.

Luminous intensity, denoted by Iv, represents the luminous flux emitted by a source per unit solid angle
and is defined as Eq. (1.18):

Iv =
d𝛷v

d𝛺
[cd] (1.18)

Luminous intensity describes the directional strength of a light source as perceived by the human
visual system and is expressed in candela. In building applications, luminous intensity is a funda-
mental descriptor of electric lighting systems and daylight sources, governing how light is distributed
within spaces and toward building surfaces. The angular luminous intensity distribution of luminaires
directly affects illuminance levels, glare potential, and lighting uniformity in interior environments. For
façade lighting and exterior illumination, luminous intensity determines how light propagates toward
observers and adjacent buildings, influencing visual comfort, light pollution, and compliance with
lighting regulations.

In building engineering and envelope design, radiant and luminous intensity serve as foundational
descriptors linking radiation sources to surface-based quantities such as irradiance, radiance, and
illuminance. The angular distribution of radiant intensity from the sun or artificial sources determines
how energy is delivered to envelope surfaces, while the luminous intensity distribution of lighting
systems shapes the visual environment experienced by occupants. By controlling radiant and luminous
intensity through source design, optical elements, and shading strategies, building systems can manage
both energy input and visual performance, ensuring that radiation is delivered in directions that support
thermal efficiency, visual comfort, and environmental quality.

1.2.2.7 Lambertian and Specular Surfaces
The distinction between Lambertian and specular surfaces describes how radiation is redistributed after
interacting with a material surface and is fundamental to both radiometric and photometric analyses.
Fig. 1.3 presents the basic features of these two types of surfaces.

Fig. 1.3 Surface types—Lambertian and specular.
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= =

Fig. 1.4 Radiance (luminance) and radiant (luminous) intensity characteristics of a Lambertian surface.

In particular, a Lambertian surface is defined as an ideal diffuse emitter or reflector whose radiance
is independent of viewing direction. For such a surface, the radiance remains constant for all observation
angles, and the directional distribution of emitted or reflected radiation follows a cosine law with respect
to the surface normal. As a result, the radiant intensity varies proportionally with cos 𝜃, while radiance
remains invariant (as shown in Fig. 1.4). This property leads to a direct relationship between radiance
and exitance for a Lambertian surface, as Eq. (1.19).

M = 𝜋L (1.19)

These relationships greatly simplify the description of radiation exchange and are widely assumed in
building simulation tools, daylighting models, and thermal radiation calculations.

In contrast, a specular surface reflects or emits radiation preferentially in specific directions deter-
mined by geometric optics, following the law of reflection. For specular behavior, radiance and luminance
are strongly direction dependent, and no simple proportional relationship exists between exitance and
radiance. Instead, radiation is concentrated into narrow angular ranges, leading to high radiance or
luminance in specific directions while remaining low elsewhere. From a radiometric perspective, this
directional concentration can produce localized peaks in irradiance or radiance even when total radiant
flux or exitance remains moderate. From a photometric perspective, specular surfaces can generate very
high luminance values in particular viewing directions, which is a primary mechanism behind glare and
visual discomfort.

In the built environment, many common materials approximate Lambertian behavior, including matte
paints, rough concrete, brick, textiles, and vegetation. These surfaces redistribute incident radiation
broadly and uniformly, producing smooth spatial distributions of radiance and luminance. As a result,
Lambertian-like surfaces are often preferred for interior finishes and urban pavements, as they promote
visual comfort, reduce glare, and support uniform daylight distribution. Thermally, diffuse longwave
emission from Lambertian surfaces enables predictable radiative heat exchange with the surrounding
environment, which is advantageous for passive cooling analysis and nighttime heat dissipation
modeling.



�

� �

�

1.2 Photometric and Radiometric Basics 19

Specular and semi-specular surfaces are equally prevalent and play a distinct role in building
envelopes. Glass façades, polished metals, coated glazing, and reflective membranes exhibit strong
directional behavior, particularly in the solar and visible spectra. Specular reflection from glazing can
redirect solar radiation deep into interior spaces, enhancing daylight penetration under controlled
conditions, but can also produce concentrated solar reflections that increase cooling loads or cause
discomfort to pedestrians and neighboring buildings. High-luminance reflections from specular surfaces
are a well-documented cause of glare, even when overall illuminance levels remain within acceptable
ranges. In thermal applications, specular behavior in the longwave range can suppress or redirect
radiative heat loss, influencing surface temperatures and envelope energy balance.

Most real-world building materials fall between the Lambertian and specular extremes and exhibit
mixed or anisotropic scattering behavior. Advanced envelope systems increasingly exploit this inter-
mediate regime by tailoring surface roughness, microstructure, or coatings to shape angular radiation
distributions deliberately. Examples include prismatic daylight-redirecting elements, low-emissivity
coatings with directional selectivity, and façade systems designed to reflect high-angle summer sun
while admitting low-angle winter radiation. Understanding the radiometric and photometric differences
between Lambertian and specular surfaces therefore provides a critical foundation for interpreting
radiance, luminance, irradiance, and exitance in realistic building applications, enabling envelope
designs that balance thermal control, daylight quality, and visual comfort.

1.2.3 Radiometric Measurement in the Built Environment

Radiometric measurement constitutes the empirical backbone of spectral selectivity research and appli-
cation in the built environment. While radiometric quantities provide a formal description of radiative
transfer, their relevance to building performance depends critically on how they are measured, inter-
preted, and applied under conditions representative of real buildings. In practice, radiometric measure-
ment in building science occupies a unique position between laboratory-scale material characterization
and field-scale environmental monitoring. It must capture sufficient spectral and directional detail to
inform selective design, while remaining compatible with the spatial, angular, and climatic variability
inherent to building operation.

Unlike many optical systems engineered for controlled illumination and fixed geometries, building
envelopes interact continuously with radiation originating from multiple sources, including direct
solar irradiance, diffuse sky radiation, reflected radiation from surrounding surfaces, and longwave
thermal radiation exchanged with the atmosphere. These radiative components span broad wavelength
ranges and vary over time, angle, and environmental conditions. As a result, radiometric measurement
strategies for buildings must address not only what is being measured but also under what conditions
and for what purpose. This distinction is particularly important when evaluating spectrally selective
materials, whose performance cannot be adequately described by a single scalar property measured
under idealized conditions.

1.2.3.1 Broadband Radiometric Measurements and Their Role in Building Practice
Broadband radiometric measurements are widely used in the building and built-environment industries
because they provide a direct and practical means of quantifying total radiative exposure. Instruments
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Fig. 1.5 Broadband radiometric measurement instruments.

such as pyranometers and pyrheliometers (Fig. 1.5) are routinely deployed in weather stations, test
facilities, and field studies to measure global, diffuse, and direct solar irradiance on horizontal or tilted
surfaces. These measurements form the basis for climate characterization, building energy simulation
inputs, and code-relevant performance assessments.

From an engineering perspective, broadband measurements are particularly valuable for identifying
peak conditions and cumulative exposure that drive system sizing, overheating risk, and annual energy
consumption. For example, the peak solar irradiance measured on a south-facing façade during summer
afternoons directly influences cooling load calculations and shading design. Similarly, cumulative
broadband irradiance integrated over time informs assessments of material aging, ultraviolet exposure,
and long-term thermal stress.

However, broadband measurements inherently collapse radiation across multiple spectral regions,
treating visually useful and thermally detrimental radiation as a single quantity. While this aggregation
is appropriate for many conventional building analyses, it obscures the wavelength-dependent behav-
ior that spectral selectivity seeks to exploit. As a result, broadband radiometric data are best viewed as a
necessary but insufficient input for the evaluation of spectrally selective envelope systems. They provide
boundary conditions and performance context, but not the resolution required to distinguish selective
effects.

1.2.3.2 Spectral Radiometric Measurements and Material-Level Characterization
Spectral radiometric measurements resolve radiation as a function of wavelength, preserving the informa-
tion necessary to evaluate selective interaction mechanisms. In building-envelope research and practice,
spectral measurements are most commonly conducted using spectroradiometers and spectrophotometers
(Fig. 1.6), which quantify spectral irradiance, transmittance, and reflectance across ultraviolet, visible,
and near-infrared wavelengths. These instruments enable direct observation of how envelope materials
interact differently with various portions of the solar spectrum.

In the context of building applications, spectral measurements are essential for distinguishing
between radiative components that serve fundamentally different functions. For example, visible
radiation contributes to daylighting and visual comfort, while near-infrared radiation contributes
predominantly to solar heat gain. Two materials may exhibit similar broadband solar reflectance,
yet differ substantially in near-infrared reflectance, leading to markedly different thermal perfor-
mance. Only spectral measurements can reveal such distinctions and support informed design
decisions.
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Fig. 1.6 Spectral radiometric instruments.

Spectral data also provide the foundation for calculating integrated building performance metrics, such
as SHGCs and daylight transmittance, through weighted integration with standard solar spectra. Impor-
tantly, the accuracy of these derived metrics depends directly on the quality and spectral resolution of the
underlying measurements. For spectrally selective materials, coarse spectral resolution or incomplete
wavelength coverage can lead to misleading conclusions regarding performance effectiveness.

1.2.3.3 Measurement of Longwave Thermal Radiation and Environmental Exchange
Longwave radiometric measurement is particularly critical for evaluating thermal emission and radiative
heat exchange between buildings and their environment. In contrast to shortwave solar radiation, which
is externally imposed, longwave radiation is continuously emitted by building surfaces as a function of
temperature and material properties. Instruments such as infrared radiometers and Fourier-transform
infrared (FTIR) spectrometers are used to measure thermal radiance and spectral emissivity in the mid-
and far-infrared regions (Fig. 1.7).

In building applications, longwave measurements are directly linked to surface temperature regula-
tion, nighttime heat loss, and passive radiative cooling potential. For example, the ability of a roof or
façade to emit thermal radiation effectively toward the sky depends not only on its broadband emis-
sivity but also on how its emissivity is distributed across atmospheric transparency windows. Spectral
measurements in the longwave regime are therefore essential for assessing whether a material can effec-
tively couple with the cold sky under clear conditions. Unlike laboratory measurements of shortwave
optical properties, longwave radiative behavior is strongly influenced by environmental factors such
as humidity, cloud cover, and sky temperature. Consequently, laboratory-measured emissivity values
must be interpreted with caution when predicting in situ performance. In building practice, longwave

Fig. 1.7 Longwave radiometric instruments.
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radiometric measurements are often combined with environmental monitoring to evaluate realistic
radiative exchange, highlighting the need for integrated measurement strategies that bridge material
characterization and environmental interaction.

1.2.3.4 Angular Effects, Measurement Geometry, and Directional Relevance
The radiometric properties of building materials are inherently directional, yet many standard measure-
ments are conducted under simplified geometric conditions. Solar radiation rarely impinges on building
surfaces at normal incidence, and reflected or emitted radiation may exhibit strong angular dependence.
As a result, measurement geometry plays a critical role in determining how well measured properties
represent real building performance.

Angular-resolved radiometric measurements, often conducted using goniometric setups, provide
insight into how reflectance, transmittance, and radiance vary with incidence and observation angle.
These measurements are particularly important for advanced coatings, structured surfaces, and multi-
layer systems, whose optical behavior may change significantly under oblique illumination. In façade
applications, directional effects influence not only thermal performance but also visual appearance,
glare potential, and interaction with surrounding buildings. From a building-design perspective, under-
standing angular dependence helps identify conditions under which spectrally selective performance
may degrade or improve. Materials optimized for normal incidence may behave differently under
low sun angles or diffuse sky radiation. Incorporating angular considerations into measurement and
interpretation therefore enhances the robustness of spectrally selective design strategies.

1.2.3.5 Calibration, Uncertainty, and Interpretation for Building Applications
Radiometric measurements are subject to uncertainty arising from instrument calibration, detector
sensitivity, spectral resolution, sample preparation, and environmental conditions. In the building
domain, where materials are deployed over large areas and under variable conditions, it is often neither
feasible nor necessary to achieve the extreme precision required in laboratory optics. Instead, the
emphasis is placed on reproducibility, consistency, and relevance to performance outcomes.

Understanding measurement uncertainty is essential for avoiding over-interpretation of fine spectral
features that may not translate into meaningful differences at the building scale. For example, minor vari-
ations in spectral reflectance at narrow wavelength bands may have a negligible impact on overall energy
performance, while broader spectral trends may dominate. Effective use of radiometric measurements,
therefore, requires not only technical accuracy but also engineering judgment. Standards and calibration
protocols provide a common reference framework for comparing measurements across studies and
applications. However, designers and engineers must remain aware of the assumptions embedded in
standardized procedures and evaluate whether they align with the intended application context.

In the context of spectral selectivity, radiometric measurement should be understood as an enabling
design tool rather than a passive characterization step. Measurement data inform material selection,
guide envelope optimization, and validate performance predictions. By preserving spectral and direc-
tional information, radiometric measurements allow designers to align material behavior with building
objectives, including energy efficiency, comfort, and sustainability. When interpreted within the broader
framework of building operation and environmental interaction, radiometric measurement provides the
empirical foundation upon which spectrally selective envelope strategies can be developed, assessed,
and implemented at scale.
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1.2.4 Metrics and Measurement Techniques in Spectral Selectivity in Building Envelopes

The practical application of spectral selectivity in building envelopes relies on a set of performance
metrics that translate wavelength-dependent radiative behavior into quantities usable for design,
analysis, and regulation. These metrics serve as intermediaries between detailed spectral measurements
and building-scale performance evaluation. While many of these metrics are expressed as single
scalar values, they are fundamentally derived from spectral radiometric and photometric principles.
Understanding how these metrics relate to underlying spectral behavior is essential for interpreting their
meaning, limitations, and relevance to selective envelope design. Most envelope performance metrics
are intentionally simplified to support comparison, modeling efficiency, and regulatory implementation.
However, this simplification often obscures spectral detail. Spectral selectivity therefore operates in a
dual space: it is defined and engineered at the spectral level, but evaluated and communicated through
integrated metrics. This section examines the most commonly used metrics in envelope engineering and
clarifies how each reflects—or fails to reflect—spectral selectivity.

1.2.4.1 Spectral Transmittance, Reflectance, and Absorptance
Spectral transmittance, reflectance, and absorptance represent the most fundamental metrics for
describing how building envelope materials interact with radiation as a function of wavelength, 𝜆. These
quantities define, at each wavelength, 𝜆, the fraction of incident radiation that is transmitted through a
material, reflected by its surface, or absorbed within it. For a material layer or system under steady-state
conditions, these spectral quantities are defined as Eq. (1.20):

𝜏(𝜆) =
𝛷t(𝜆)
𝛷i(𝜆)

𝜌(𝜆) =
𝛷r(𝜆)
𝛷i(𝜆)

𝛼(𝜆) =
𝛷𝛼(𝜆)
𝛷i(𝜆)

(1.20)

where 𝛷i(𝜆), 𝛷t(𝜆), 𝛷r(𝜆), and 𝛷a(𝜆) denote the incident, transmitted, reflected, and absorbed spectral
radiant flux, respectively. For opaque and semi-transparent materials in radiative equilibrium, these
quantities satisfy the wavelength-by-wavelength energy conservation relationship as Eq. (1.21).

𝜏(𝜆) + 𝜌(𝜆) + 𝛼(𝜆) = 1 (1.21)

This spectral partitioning forms the physical basis for all higher-level optical and thermal performance
metrics used in building envelope design. In the context of spectral selectivity, these wavelength-resolved
quantities are indispensable because they preserve detailed spectral information that is otherwise lost
in broadband metrics. They enable direct identification of which spectral regions—ultraviolet, visible,
near-infrared, or longwave infrared—are preferentially transmitted, reflected, or absorbed by a mate-
rial or system. For example, a glazing system designed for cooling-dominated climates may exhibit high
visible transmittance 𝜏(𝜆) within the 380–780 nm range to support daylighting, while simultaneously
maintaining low near-infrared transmittance to suppress solar heat gain. Similarly, spectrally selective
coatings may achieve high solar reflectance in the shortwave infrared while maintaining tailored long-
wave absorptance to control thermal emission. Such targeted spectral behavior cannot be inferred from
broadband transmittance or reflectance values alone.

From a measurement perspective, spectral transmittance and reflectance are typically obtained using
spectrophotometers equipped with integrating spheres to capture both specular and diffuse components
under standardized geometries. Spectral absorptance is then determined indirectly through energy
balance rather than measured directly. These measurements are generally performed under controlled
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laboratory conditions and at near-normal incidence, providing high spectral resolution across relevant
wavelength ranges. While this level of detail is essential for material characterization and design
optimization, it is computationally and practically incompatible with direct use in whole-building
energy simulations or regulatory frameworks.

As a result, spectral transmittance, reflectance, and absorptance primarily serve as foundational
design and research metrics, rather than direct indicators of building-scale performance. They provide
the raw spectral data from which integrated quantities—such as solar transmittance, solar reflectance,
solar absorptance, and longwave emissivity—are derived through wavelength integration and weighting
by standardized source spectra. The strength of these spectral metrics lies in their ability to reveal and
quantify selective radiative behavior at its origin. Their limitation lies in the fact that they require further
processing before they can be translated into metrics meaningful for energy modeling, code compliance,
or comparative performance assessment. Understanding this distinction is essential for interpreting how
spectral selectivity at the material level ultimately influences envelope performance at the building scale.

1.2.4.2 Solar Heat Gain Coefficient (SHGC) and Spectral Integration
The SHGC is one of the most widely used performance metrics in building envelope engineering, par-
ticularly for transparent and translucent systems such as windows, skylights, and façade glazing. SHGC
represents the fraction of incident solar radiant energy that ultimately enters the building interior as heat.
This includes both the portion of solar radiation that is directly transmitted through the envelope and the
portion that is absorbed within the envelope and subsequently transferred indoors through conduction,
convection, and longwave re-radiation. As a result, SHGC is not a purely optical quantity but a coupled
radiative–thermal metric that integrates spectral radiative behavior with heat transfer processes. For
practical implementation and regulatory consistency, the National Fenestration Rating Council (NFRC)
adopts a simplified formulation that decomposes SHGC into two additive components, Eq. (1.22):

SHGC = 𝜏sol + N 𝛼sol (1.22)

where 𝜏sol is the total solar transmittance of the system, and N represents the inward-flowing fraction
of absorbed solar radiation. In this standardized framework, both terms are themselves derived from
spectrally integrated quantities. The total solar transmittance is calculated by integrating spectral trans-
mittance weighted by the reference solar spectrum, while the absorbed solar energy is determined from
spectral absorptance. The inward-flowing fraction N is then obtained through a further simplification
based on system geometry, layer configuration, and standardized heat transfer assumptions rather than
explicit wavelength-dependent heat flow modeling. This approach enables consistent and reproducible
SHGC calculations across products while avoiding the computational complexity of fully coupled
spectral–thermal simulations.

From a complete radiometric perspective, SHGC originates from a wavelength-resolved solar energy
balance. For an incident spectral solar irradiance Esol(𝜆), the directly transmitted solar heat gain, Qt,
component is obtained by integrating the product of spectral transmittance and solar irradiance over the
solar spectrum,

Qt = ∫
𝜆

𝜏(𝜆)Esol(𝜆)d𝜆 (1.23)

In addition to direct transmission, a portion of the incident solar energy is absorbed within the envelope
system according to its spectral absorptance 𝛼(𝜆). A fraction of this absorbed energy is subsequently
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transferred to the indoor environment, governed by the thermal properties and boundary conditions of
the system. This secondary heat gain component, Qa, can be expressed in simplified form as Eq. (1.24):

Qa = ∫
𝜆

N𝛼(𝜆)Esol(𝜆)d𝜆 (1.24)

where N represents the inward-flowing fraction of absorbed solar energy. The total solar heat gain is
then normalized by the total incident solar irradiance to yield SHGC.

SHGC =
Qt + Qa

∫
𝜆
Esol(𝜆)d𝜆

(1.25)

Although SHGC is reported as a single scalar value, this formulation highlights that it is fundamentally
derived through spectral integration, with weighting by both the solar spectrum and the envelope’s
wavelength-dependent optical properties.

Spectral selectivity plays a central role in shaping SHGC because different portions of the solar spec-
trum contribute unevenly to thermal loads and visual performance. Near-infrared radiation carries a
large fraction of solar energy but contributes minimally to daylight perception, whereas visible radiation
is essential for illumination but represents a smaller fraction of total solar energy. Envelope systems that
selectively suppress near-infrared transmittance while maintaining high visible transmittance can there-
fore achieve low SHGC values without significantly compromising daylight availability. This decoupling
of thermal and visual performance is a primary objective of spectrally selective glazing, coatings, and
multilayer envelope systems.

Despite its practical utility, SHGC inherently obscures spectral detail. Because it aggregates
wavelength-dependent behavior into a single integrated quantity, SHGC does not reveal how selectivity
is achieved, nor does it distinguish between systems that rely on reflection, absorption, or spectral
redistribution. Two envelope systems with identical SHGC values may exhibit markedly different
spectral transmittance profiles, luminous performance, glare potential, and longwave thermal behavior.
Consequently, SHGC is best interpreted as a high-level performance indicator that must be evaluated in
conjunction with spectral transmittance, reflectance, and absorptance data when assessing or designing
spectrally selective building envelopes.

1.2.4.3 Solar Reflectance Index and Radiative Heat Management
The Solar Reflectance Index (SRI) is a composite metric widely used to evaluate the thermal performance
of opaque building envelope surfaces, particularly roofs and exterior walls. Unlike solar reflectance alone,
SRI combines shortwave solar reflectance and longwave thermal emissivity into a single index intended to
represent a surface’s tendency to heat up under standardized solar exposure. SRI is therefore a radiatively
informed metric that captures both the absorption of incoming solar radiation and the dissipation of heat
through thermal emission.

From a radiometric perspective, SRI is rooted in the surface energy balance under prescribed environ-
mental conditions. Solar reflectance determines the fraction of incident solar irradiance that is reflected,
while the remaining absorbed portion contributes to surface heating. Longwave emissivity governs
the rate at which the heated surface can release energy through thermal radiation. The steady-state
surface temperature Ts is determined by balancing absorbed solar radiation with convective and
radiative heat losses,

(1 − Rsol) Gsol = hc (Ts − Ta) + 𝜀 𝜎 (Ts4 − Tsky4) (1.26)
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where Rsol is the solar reflectance, Gsol is the incident solar irradiance, hc is the convective heat transfer
coefficient, 𝜀 is the longwave emissivity, and Ta and Tsky are the ambient air and effective sky temper-
atures, respectively. This formulation highlights that both shortwave and longwave radiative properties
jointly determine surface thermal behavior.

The SRI normalizes the resulting surface temperature relative to two reference materials: a standard
black surface (low reflectance, high emissivity) and a standard white surface (high reflectance, high
emissivity). SRI is defined as Eq. (1.27):

SRI = 100 ×
Tblack − Ts

Tblack − Twhite
(1.27)

where Ts is the steady-state surface temperature of the material of interest, and Tblack and Twhite
are the corresponding temperatures of the reference black and white surfaces under identi-
cal conditions. By construction, higher SRI values indicate cooler surface behavior under solar
exposure, with values above 100 possible for surfaces exhibiting exceptionally high reflectance or
emissivity.

Spectral selectivity plays a critical role in shaping SRI, even though SRI itself is reported as a single
scalar value. Solar reflectance is determined by integrating spectral reflectance weighted by the solar
spectrum, meaning that near-infrared reflectance disproportionately influences SRI due to the high
energy content of this spectral region. Longwave emissivity, in turn, is governed by spectral absorptance
in the thermal infrared range. Materials engineered to reflect near-infrared radiation while maintaining
high thermal emissivity can achieve high SRI values without excessive visible reflectance, enabling
effective radiative heat management without undesirable glare or aesthetic impacts. Despite its practical
utility, SRI obscures spectral detail and dynamic thermal behavior. Different combinations of spectral
reflectance and emissivity can yield similar SRI values while producing different visual appearance,
aging behavior, and climatic performance. Moreover, SRI is based on standardized boundary con-
ditions that may not represent local wind, sky temperature, or diurnal variation. As a result, SRI is
best interpreted as a comparative screening metric rather than a complete descriptor of envelope
thermal performance. When used in conjunction with spectral reflectance data, emissivity, SHGC, and
U-factor, SRI provides valuable insight into how envelope surfaces manage radiative heat under solar
loading.

1.2.4.4 U-Factor and Its Radiometric Foundations
The U-factor quantifies the overall rate of heat transfer through a building envelope assembly per unit
area and per unit temperature difference between indoor and outdoor environments. It is commonly
expressed as Eq. (1.28)

U =
q

AΔT
[W∕m2K] (1.28)

where q is the steady-state heat flow through the assembly, A is the surface area, and ΔT is the temper-
ature difference across the envelope. In building practice, the U-factor is often associated primarily with
conductive and convective heat transfer through solid layers and air films. However, in many envelope
systems—particularly those containing air gaps, cavities, or multilayer configurations—radiative heat
transfer plays a significant and sometimes dominant role in determining the overall thermal transmit-
tance. From a radiometric standpoint, longwave thermal radiation governs energy exchange between
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facing surfaces within cavities and across surface interfaces. For two parallel surfaces at temperatures T1
and T2, the net radiative heat flux can be expressed as Eq. (1.29):

qrad =
𝜎
(

T4
1 − T4

2
)

1
𝜀1
+ 1

𝜀2
− 1

(1.29)

where 𝜎 is the Stefan–Boltzmann constant and 𝜀1 and 𝜀2 are the hemispherical longwave emissivities of
the two surfaces. This formulation highlights that radiative heat exchange is strongly dependent on sur-
face emissivity, a material property that is fundamentally defined through spectral absorptance and emit-
tance in the thermal infrared regime. Lower emissivity directly reduces radiative heat transfer, thereby
decreasing the effective thermal conductance across cavities.

In envelope assemblies such as insulated glazing units, reflective insulation systems, and ventilated
façades, radiative exchange across air layers can account for a substantial fraction of total heat transfer.
The introduction of low-emissivity (low-e) coatings reduces longwave emissivity and suppresses radiative
coupling between surfaces, effectively lowering the overall heat transfer coefficient without increasing
material thickness or altering structural configuration. This mechanism explains why low-e technologies
are highly effective in reducing U-factor values despite having minimal impact on conductive heat
transfer pathways.

Although the U-factor is not explicitly formulated as a spectral metric, it is indirectly shaped by spectral
selectivity in the longwave infrared range. Surface emissivity is itself derived from wavelength-dependent
absorptance through Kirchhoff’s law of thermal radiation, linking thermal emission directly to spectral
optical properties. As a result, selective control of emissivity—particularly within the 3–50 μm range
relevant to building temperatures—allows envelope systems to suppress radiative heat loss while
maintaining other performance objectives, such as solar transmittance or daylight availability. This
relationship illustrates how radiometric principles underpin envelope performance metrics that are
often perceived as purely thermal or conductive in nature. While U-factor is ultimately reported as a
single scalar value for regulatory and modeling purposes, its magnitude reflects an integrated outcome of
conductive, convective, and radiative heat transfer processes, with spectral radiative properties playing
a critical role in advanced envelope designs.

1.2.4.5 Additional Metrics Relevant to Spectral Selectivity
Beyond conventional envelope performance metrics, a growing set of emerging indicators has been
introduced to capture radiative effects that are not fully represented by integrated quantities such as
SHGC, U-factor, or SRI. These include metrics such as cooling power density, net radiative heat flux,
and various spectrally weighted performance indices, which are increasingly employed in research and
advanced design contexts. Unlike traditional scalar metrics, these quantities often retain a more explicit
connection to spectral radiometry, enabling direct assessment of how wavelength-dependent absorption,
reflection, and emission contribute to thermal and energy outcomes. Such metrics are particularly
valuable for evaluating emerging envelope technologies—such as radiative cooling surfaces, dynamic
coatings, and multi-band selective systems—that operate outside the assumptions embedded in legacy
performance frameworks.

Cooling power density and net radiative heat flux, for example, quantify the balance between absorbed
solar radiation and emitted longwave radiation under specified environmental conditions. These met-
rics explicitly account for spectral selectivity in both the shortwave and longwave regimes and therefore
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provide a more mechanistic view of envelope behavior than conventional steady-state indices. Similarly,
spectrally weighted performance indices can be formulated to emphasize specific wavelength bands rele-
vant to targeted objectives, such as near-infrared rejection, visible daylight transmission, or mid-infrared
thermal emission. While these metrics are not yet standardized for regulatory use, they offer important
insight into the physical processes governing advanced envelope performance.

Despite their increasing relevance, no single metric can fully describe the multifaceted role of spec-
tral selectivity in building envelopes. Most commonly used performance metrics represent integrated
outcomes that intentionally obscure spectral detail in order to support comparability, modeling efficiency,
and regulatory adoption. Spectral selectivity operates beneath these metrics, shaping radiative interac-
tions at the wavelength level before they are condensed into scalar values. For designers and engineers,
the central challenge is therefore not the selection of a single “best” metric, but an understanding of what
each metric captures and what it omits. Spectral metrics reveal underlying mechanisms, while integrated
metrics summarize system-level outcomes. Effective application of spectral selectivity requires fluency
in both perspectives, allowing envelope systems to be engineered with intentional spectral behavior
while being evaluated using performance metrics compatible with building practice and policy.
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