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Indoor photovoltaics harvests energy from light available inside homes
and buildings for powering the Internet of Things, wireless sensors and
consumer and medical electronics. A major challenge in this field is a lack of
standardized testing conditions. Here ateam from more than 60 research
institutions and companies proposes best practices for evaluating indoor
photovoltaic performance and establishing baseline stability tests. We base
these recommendations on recent experimental data, published literature,
practices used in academic and industrial settings, technical specifications
from standards organizations, lighting databases and existing regulations.

We outline procedures that begin with the recommendation of a single
artificial light source, followed by guidance on setting up measurement
systems and a step-by-step guide for conducting measurements and
tests. These procedures are consolidated into three checklists. Our aim

is to promote accurate measurement of laboratory and commercial solar
cellsand modules under indoor lighting, facilitating comparability across
academia and industry worldwide.

Indoor photovoltaics (iPV) converts lighting present in build-
ings into usable electrical energy. Even though indoor irradiances
(15-330 pW cm™) are low compared to sunlight (10*-10° uW cm ™), iPV
has enormous potential as a sustainable battery-free power source.
The theoretical power conversion efficiency (PCE) limit exceeds 50%
under narrow spectral distribution of artificial light sources (compared
to ~33% for solar cells under sunlight’s much broader spectrum’?).
Amorphoussilicon has been the dominant commercial iPV technology,
delivering typical PCEs of 7-16%, with flexible geometrical design at
the module level’. Next-generation technologies, including organic,
perovskite, dye-sensitized and IlI-V semiconductors, have reached PCEs
of 30-45% indoors at the small laboratory-cell level, driving strong
academicandindustrial interest>*. Together, these advances position
iPV as a viable pathway towards autonomous, sustainable power for
thebillions ofinternet of things (IoT) and wireless electronics devices
in anincreasingly connected ‘smart’ world>®.

Solar PV benefits from measurement norms (for example, Interna-
tional Electrotechnical Commission’s (IEC) IEC 60904) and the globally
accepted Standard Test Conditions (STC;1,000 W m2irradiance, 25 °C
temperature, AML1.5 G spectral irradiance)’°. iPV lacks an equivalent
widely-adopted universal standard, and the resulting variability in light
sources, illumination conditions, equipment and procedures makes

fair performance comparisons difficult, with inconsistencies even
reaching 60% in relative terms" ', Differences in spectral response and
charge carrier recombination dynamics in cells mean that the power
output of iPV devices is strongly dependent on both incident spectra
and irradiance”.

Research groups have started to tackle and provide solutions to
these challenges, towards standardization®***, In fact, international
bodies emphasize early standardization as a catalyst for innovation
and commercialization, substantially reducing time to market for new
technologies™ ™.

In 2023, the IEC published Technical Specification (TS) IEC TS
62607-7-2:2023, establishing methodologies for measuring iPV
efficiency”, representing an important milestone. Nevertheless, key
issues need addressing. As iPV devices operate under diverse spec-
tra and irradiance, testing across all these varied conditions can be
informative, yet time-consuming, and can hamper development of new
materialsand device solutions. Furthermore, the diversity inincident
light spectra creates uncertainty over whether maximum power density
(MPD) or PCE should be prioritized in reporting.

To fix the relationship between MPD and PCE, and to ensure con-
sistent performance comparison and quality assurance across labo-
ratories and manufacturers, this consensus statement puts forward a
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single reference spectrum and illuminance level as ‘best practice’ with
generalrelevance, drawing on market and regulatory analyses. We also
identify ‘highly recommended’ alternatives to the ‘best practice’ choice
that cover lighting differences found in building environments. This
tiered framework, extending to measurement systems and procedures
including masking and calibration, balances practical constraints with
rigorous performance assessment. Core assessment tests for stability
of iPVdevices arealsointroduced, addressing a critical gap in current
performance evaluation. At the end of this consensus statement, we
provide step-by-step best practice procedural guidelines in tabular
form.Broad adoption of these practices will strengthen reproducibility,
accelerate translation of iPV technologies to real-world deployment
and establish a foundation for protocols and energy ratings stand-
ards that capture the diversity of indoor lighting and environmental
conditions>* 2%,

Selecting alight source for standardization

The IEC TS 62607-7-2 provides both a fluorescent (FL) and a light-
emitting diode (LED) lamp spectrum as reference examples, while
also allowing any user-defined ‘U light’ source. Given ongoing global
legislation phasing out fluorescent lamps (Box 1 provides an overview
of indoor lighting technologies and spectra), we recommend using
phosphor-converted white LEDs (WLEDs) or hybrid red, green, blue
and white (RGBW) WLEDs for iPV testing as their emissions profiles
most closely match the WLED illuminants defined by the Commis-
sion Internationale de I'Eclairage (CIE). Of these, LED B-4 (5,000 K)
wasadopted by IECTS 62607-7-2, reflecting the prevalence of 5,000-K
sources inindustrial lighting during 2014-2018°**, and is the current
best practice.

Recommendation for a future best practice WLED reference
Over the past decade, the lighting market has evolved. To identify the
best lighting spectrum with the widest applicability moving forward,
we conducted amarket study (Market Analysisin Methods). Adistinct
preference for2,700 Kwarm WLEDs (Fig. 1a) in residential settings was
found based on analyses of consumer LED products on Amazon.com
(50.1%), GE Lighting’s direct-to-consumer website (39.9%) and European
market datafromtopten.eu (79.2%) (refs. 36-38). The non-residential
sector exhibits an even clearer consensus (Fig. 1b), with 4,000 K light-
ing widely adopted by major suppliers, including Lithonia Lighting
(25.6%), Signify (80%) and European commercial installations (83.3 %)
(refs. 38-40). For indoor PV-powered IoT devices, the commercial
sector represents the largest market opportunity as it consumes
considerably more electricity for lighting compared to residential
(168 versus 76 TWhyr'inthe USAin 2024)". Additionally, higher CCT
LEDs (forexample, 4,000 K) can offer superior energy efficiency com-
pared to warmer sources.

Regulatory standards worldwide (Lighting Regulatory Analysis
in Methods) show similar preference with residential spaces favour-
ing 2,700 K and non-residential spaces favouring 4,000 K, reflecting
their differing functional needs** . Crucially, after decades of using
standard illuminant A (incandescent light), the CIE officially adopted
the CIE reference spectrum L41, identical to LED B-3 (4,000 K) but
tabulated from 360 to 830 nmrather than 380 to 780 nm, for calibrat-
ing photometers that measure illuminance®**%, the same parameter
required for iPV characterization.

We therefore advocate for CIE LED B-3 (4,000 K) becoming the
future best practice reference for iPV performance evaluation and
recommend its adoption in the forthcoming IEC technical specifi-
cations. This choice ensures strong market relevance, regulatory
alignment and consistency with lighting industry standards, thereby
supporting seamless translation of iPV technologies from research to
commercial products.

Our detailed balance limit calculations* indicate that the maxi-
mum theoretical PCEs achievable by iPV devices under the five CIE

BOX1

Overview of indoor lighting
technology and spectra

A wide variety of artificial light sources illuminate indoor
environments, including thermal sources (incandescent/halogen),
discharge lamps such as fluorescent lamps (FLs) and solid-state
devices such as LEDs'*°. Panel a shows that compared to the broad
AM1.5G spectrum (grey)'?, the most prevalent indoor sources, FL
(FL-10 in green) and LEDs (LED B-3 in blue)*®, have spectra confined
to the 380-780-nm visible range, closely aligned with the spectral
luminous efficiency function V(A) (brown dashed line)'”, which
describes the sensitivity of the human eye under photopic vision.

Since 2023, the European Union, the USA, China and 147 countries
have enacted agreements or legislation to phase out fluorescent
lamps**#*12°1%9 making LEDs the natural reference technology for
iPV testing. WLEDs are primarily realized through blue LEDs coated
with yellow-emitting phosphors, combining RGB LEDs or through
hybrid RGBW architectures that integrate both strategies, expanding
spectral coverage and allowing versatile spectral tuning™'.

A key metric for characterizing lighting is correlated colour
temperature (CCT, in kelvin), which describes the perceived colour of a
light source from warm yellowish (low CCT) to cool bluish (high CCT)
tones' ¥, CCT selection is typically tailored to the environment™:
warm white (2,700-3,000K) suits living and hospitality spaces; neutral
white (3,500-4,000K) in retail and offices; cool white (CCT >5,000K) in
task lighting and healthcare; daylight (CCT > 6,500K) in outdoor and
security applications. The CIE"® has defined five representative white
LED illuminants, as shown in panel b'’, with CCTs of 2,700K (LED B-1);
3,000K (LED B-2); 4,000K (LED B-3); 5,000K (LED B-4) and 6,500K (LED
B-5), derived from spectral analyses of 1,516 commercial LED products®.

—FL — LED VY

AM1.5G

1.0 A
0.8 1
0.6
0.4 4

0.2 1 1
] =

T T T
300 400 500 600 700 800
Wavelength (nm)

Intensity (a.u.)

-5
S

~®-LED B-1 (2,700 K)
~9-LED B-2 (3,000 K)

107 N\~ ~LEDB-3(4,000K)
/ \ ~®-LED B-4 (5,000 K)

\-@-LED B-5 (6,500 K)

0.8 -

0.6

0.4+

0.2

Spectral irradiance (normalized)

400 500 600 700 800
Wavelength (nm)

Nature Energy


http://www.nature.com/natureenergy

Consensus Statement

https://doi.org/10.1038/s41560-026-02101-x

a Residential market

m 1,800 K
W 2,200K
m 2,700K
3,000K
3,600 K
4,000 K
4,500 K
m 5,000 K
W 5,500 K
W 6,000 K
H 6,500 K

topten.eu
residential

0

—@-LED B-1(2,700 K)

—0-LED B-2 (3,000 K)
- -LED B-3 (4,000 K)
—-@-LED B-4 (5,000 K)
—@-LED B-5 (6,500 K)

60 4 200 Ix

50 -

S
g
Q
C
3
ke
£ 40
()
C
o
s 30
[0)
>
S 20
o
g
2 10
a.
O T T T

T T u
1.2 1.6 2.0 2.4 2.8 3.2
Bandgap (eV)

Fig. 1| WLED market preferences and maximum efficiencies and power
densities attainable from PV devices under WLED light. a, Analysis of
residential LED products from Amazon.com consumer marketplace® (inner pie),
GE Lighting’s direct-to-consumer website”” (middle pie) and best LED home
luminaires based on 2023 European market data from topten.eu® (outer pie).

b, Analysis of industrial LED product distribution from major suppliers,

Lithonia Lighting® (inner pie) and Signify Lighting*® (middle pie) and best office
luminaires based on 2023 European market data from topten.eu® (outer pie).
Each pie chart segment represents the proportion of light source products with a
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particular CCT, illustrating the prevalent colour temperature preferences across
different market sectors. ¢,d, Detailed balance limit calculations of maximum
power conversion efficiency (c) and maximum power density (d) at 200 Ix of PV
devices as a function of bandgap, obtainable under the five different CIELED
spectra, LED B-1, LED B-2, LED B-3, LED B-4 and LED B-5. The MPD and PCE are:
37.09 uW cm,57.84% for LED B-1,2,700 K; 36.61uW cm 2, 57.47% for LED B-2,
3,000 K;35.80 uW cm2,56.74% for LED B-3,4,000 K; 35.00 pW cm™, 55.89% for
LED B-4,5,000 K; and 36.59 uW cm 2, 55.85% for LED B-5, 6,500 K.

LED illuminants range from 55.9% to 57.8% (Fig. 1c), with correspond-
ing MPDs between 35.0 and 37.1 pW cm ™ at 200 Ix (Fig. 1d). Although
slightly higher PCEs are calculated for the warmer lamps, theoretical
efficaciesin lumens per watt generally favour higher CCTs***". Impor-
tantly, the differences of MPDs and PCEs values under LED B-3and LED
B-4 fall within typical experimental uncertainties.

Whereas LED B-3 (future) or LED B-4 (current) should serve as the
‘best practice’ reference, researchers focusing on specific applications,
suchasdevicesintended for warm residential lighting, may adopt the
‘highly recommended’ approach using a lamp closely matching LED
B-1(2,700 K) spectrum (and to adopt LED B-1as reference).

Illumination levels

In conventional photovoltaics, spectral irradiance, EA1) (W m2nm™)
and total input irradiance, P,, (W m™2), are used to characterize light
incident on the device (thatis, AM1.5 Gand 1,000 W m2at STC), where

P, = / E()dA. 1

Because the interiors of buildings are designed for human occu-
pancy, therelevant portion of the electromagnetic spectrumis the one
thatis perceivable by the eye. For thisreason, engineers and regulators
specify lighting requirements in photometric units, which are weighted
by the spectral sensitivity of the human visual system, described by the

photopicluminosity function V(A), which peaks at 555 nm and tails of
rapidly beyond the ~400-700 nm range. The corresponding quantity
toirradianceisilluminance, £,, measured in lux:

E, = Kn / E(A)x V(A)dA, @

where K, is a scaling factor equal to 683 Im W (ref. 52). Because the
application of iPVis primarily within buildings where photometric units
aremostly used, it has become customary to specify the illuminance of
theincident light when evaluating performance, alongside irradiance
(necessarytoextract PCE). Thisapproachensures seamlessintegration
of iPV systems into existing indoor lighting environments.

Indoor environments operate mostly between 100 and 1,000 Ix,
as defined by FEuropean standard EN 12464-1:2021°%, with most spaces
falling within 200-500 Ix (first nine bars of Fig. 2a). These standards
prioritize human visual comfortinareas where people typically direct
their gaze, such as office desks. Illuminance varies elsewhere depend-
ing on lighting design, room architecture and device placement, gen-
erally being dimmer away from windows**. The last bar (‘Exp.OFC’) in
Fig.2aillustrates thatilluminance readings (Illuminance Measurement
in the Methods) on desk surfaces without additional task lighting do
matchthe200-500 Ixrecommended levels. Wall-mounted positions,
common forloT devices, ranged from 60-200 Ix depending on height,
whereas ceiling ones measured the lowest at 30-50 Ix. To account for
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Fig. 2| Illuminance levels found inindoor environments and used by
commercial developers of PV. a, [lluminance levels as recommended by
European Committee for Standardization® for various indoor locations:
general area (GE), warehouse (WH), industry (IND), restaurant and hotel

(RH), entertainment (ENT), educational facilities (EDU), healthcare (HC),
transportation (TR) and office (OFC). The turquoise boxes represent the
interquartile range (25th-75th percentile) of recommended values from lighting
standards, whereas the black whiskers indicate the minimum and maximum
recommended values. Red horizontal lines within boxes show mean values. A
y-axis breakisintroduced between 1,000 and 2,000 Ix to display higher values
without compressing the lower, more commonly used illuminance range. The
blue horizontal lines at 50 1x, 200 Ixand 1,000 Ix represent the best practices
forindoor photovoltaic measurement (BPIM) illuminance levels. The final

box in the ‘experimental office’ (Exp.OFC) section represents the illuminance
measured at various positions in the Tor Vergata University of Rome office,
across desks, walls and ceiling (no sunlight entered the room and the luxmeter
sensor was planar to the surfaces). b, Histogram with distribution of illuminance
levels used by 15 commercial companies focusing on PV products for indoors
when reporting PV performance under indoor illumination. The counts at the
50-1x,200-Ix and 1,000-Ix levels are highlighted in hatched yellow bars. The
usage frequency indicates how many companies use eachilluminance level in
the datasheets/reports found on their websites for theirindoor PV devices™ .
Note that 200 Ix is the only illuminance level at which all 15 companies provide
performance of their PV devices.

this variability, the IEC technical specification recommends testing at
threeilluminance levels: 50,200 and 1,000 Ix.

Although comprehensive characterizationatall threeilluminance
levelsisideal, thiscanbeimpractical for laboratories processing hun-
dreds of samples weekly or conducting long-term stability tests requir-
ing frequent measurements. As best practice, we identify 200 Ix as

the primary illuminance at which iPV performance must always be
reported, asitrepresents typical indoor environments (Fig. 2a), is unan-
imously adopted by all major commercial indoor PV manufacturers®
(Fig. 2b) and provides a practical compromise between bright and
dimenvironments.

To facilitate reporting, we introduce the general label BPIM-B#-
#lIx. As an example, ‘BPIM-B3-200Ix’ signifies performance has been
evaluated at the best practices forindoor photovoltaic measurement
(BPIM) conditions of 200 Ix under LED B-3 (future best practice) inci-
dent light. For best-performing or representative devices tested at
200 Ix, we ‘highly recommend’ additional measurements at 1,000 Ix
(BPIM-B3-1000Ix), representative of bright commercial environments
such as supermarkets (the second-most reported commercial valuein
Fig.2b)and at 50 Ix (BPIM-B3-50Ix), representing dim conditions that
will become increasingly relevant as the indoor PV market expands.
Ifanother LED is used instead of LED B-3, the corresponding ‘B#’ des-
ignation should be applied (for example, B4 for LED B-4). This tiered
approach balances practical testing constraints with comprehensive
characterization of device performance.

iPV measurement system

Test chamber design

Inits basic configuration, the iPV measurement set-up comprises of
(Fig.3a,b): alight-tight enclosure with matte blackinterior and optional
baffle plates to minimize stray light; a co-planar sample stage capable of
accommodating the device under test (DUT), aphotometer/reference
cell, so that they all receive the same light intensity, and temperature
sensors; alightsource (LED lamp or array); asource measure unit with
high-sensitivity (currents tobe reported could be well below pA range
for small lab cells) with software for /-V characterization including
variable scan rates, directions and delay times.

Akey designdecision concernsthe directionality of light beams, as
collimated light, where rays travel normal to the DUT plane, offers bet-
ter spatial uniformity and more predictable errors>*>’”°, whereas diffuse
light better mimics realistic indoor conditions in which light scatters
from multiple directions. We recommend using pseudo-collimated
light sources to improve consistency. For non-collimated light
sources, we recommend applying sufficient distance between source
and DUT, low-reflectance ( < 3-5%) black coatings to the inner sur-
faces of the chamber (including behind the DUT when measuring
semi-transparent or bifacial devices) or baffles to suppress reflections”.
For LED arrays, uniformirradiance should be achieved through proper
system design rather than by adding diffusers’.

Intensity of lightincident on the DUT can be controlled via three
differentilluminance adjustment systems (IAS): power control (IAS-P),
optical attenuation (IAS-O) and distance adjustment (IAS-D), each with
distinctadvantages and limitations. IAS-P modulates the amplitude of
the current driving the LED. This represents the preferred method™,
although the emission spectra of LEDs can change with driving current,
and some LEDs may not operate reliably at very low or high currents.
Instead, IAS-O uses optical media such as neutral density (ND) filters
or prism attenuators'® to reduce light intensity. This method can also
introduce spectral changes as light passes through the optical ele-
ments. A variant employs micromirror arrays that adjust the number
of mirrors directing light towards the device, offering precise inten-
sity control with minimal spectral dispersion when combined with
stray-light-blocking baffles”. Finally, IAS-D modulates the intensity by
varying the space between the DUT and the light source. It offers sim-
plicity and consistent spectra but presents challenges in maintaining
spatial uniformity, particularly when positioning the light source close
tothe DUT at higherilluminance levels, whereirradiance inaccuracies
can become very large?. Unless optics are used, distances should
be kept at the tens (= 30) of centimetres at minimum. Comparative
studies have shown efficiency measurement ambiguities of approxi-
mately 2% with IAS-P and 6-15% with IAS-O methods'®. As a general
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Fig. 3| Experimental set-up for indoor photovoltaic measurements under
white LED illumination. a, Schematic of the light-tight measurement system
withwhite LED (WLED) lamp or LED array, baffle plate, mask, DUT and sample
holder (left) and source measure unit and computers that enables current—
voltage (/-V) characterization and real-time display of electrical dataonascreen
(right). b, Schematic diagram of a DUT plane showing spatial non-uniformity (SU)
oftheincidentlight. Note that the DUT (blue), reference cell (green), luxmeter
(orange) and spectroradiometer (purple) have been placed in the zone with SU

< 2%, marked by ared dashed line, corresponding to class SA/A of the
measurement system in the spatial uniformity category. ¢, Classification of iPV
measurement systems based on spectral coincidence (SC), spatial
non-uniformity (SU) and temporal stability (TS) requirements (data from ref. 28).
The four accuracy classes (SA, A, B, C) are determined by the combination of
these three parameters.

recommendation, spectral deviations must be documented in cases
where they are substantial.

Classification of indoor light systems

Justassolar simulators are rated (IEC 60904-97), iPV test systems also
need standardized classifications to ensure not only reliable, com-
parable results across laboratories but also to help researchers and
manufacturers assess the accuracy of the measurements obtained.
Figure 3cillustrates the four-tier classification of indoor light systems,
SA, A, B and C, applied to three performance categories®: spectral
coincidence (SC); temporal stability (TS); spatial non-uniformity (SU).
SA and Arepresent the highest and C the lowest class.

SC defines how well the incidentirradiance spectrum matches the
reference one by quantifying spectral mismatches between the two.
ForiPV, best practiceis to obtain the lowest spectral mismatch between
measured, £ (), and reference, ¢ (1) irradiance spectra, evaluated
with spectral responsivity profiles Sy (1) (K=1, ..., 5) of five simulated
PV devices (bandgaps 2.4-1.12 eV) tabulated in IEC TS 62607-7-2
(ref.28):

JE(A) S (A)dA
SCp= — 3
T Ever 1) S (1) dA ®

When the five simulated S, (1) data are not available, SC can be simpli-
fied to (highly recommended):
SEA)dA
b=

" [Ee(A)dA “@

and should be reported for all these four ranges: 360-510 nm, 510-
570 nm, 570-620 nm and 620-830 nm. These wavelength intervals

were chosen so that the power delivered by the lampsis evenly divided
amongallfourintervals, thatis, (25.0 + 0.7)% for LED B-3and (25 + 5)%
for LED B-4. Thisis a highly recommended simple method that can be
adopted by all.

The above methods are meant to quantify SC related to a test
system designed for measuring any type of device. However, if the
DUT’s spectral response or bandgap is known, the SC value can be
determined accurately (though for that specific device only) using
equation (5) (highly recommended), if the spectral response (Sp) or
external quantum efficiency (EQE) of the DUT are available, or equation
(6),ifEQE, Spand Sy (1) are not available but the energy gap of the PV
deviceis known.

SEQA)XEQE(N) x (A/hc)dd ~ [E(A)Sp (A)dA
SC. = or (5)
[ Evet (A) X EQE () x WAQ)AA [ Erer (A) Sp (A) dA
_ JEQ)dA
= Tl ©

where the upper bound of the integral in equation (6) is set to the
absorption onset.

It must be noted that for selecting the limits of the integrals, ref-
erence LED B-3is tabulated in its L41form from 360 to 830 nm; all the
others are from380 to 780 nm.

TS defines how consistently the lamp maintains its irradiance
over the measurement period. TS can be determined by monitoring
the illuminance (or photocurrent) over time using a photometer (or
photodiode) and is calculated as®:

Ev,max - Ev,min

Imax — Imin
or (7)
Ev,max + Ev,min

TS =

Imax + Imin

where E, . (Ina) and E, i (Ii) are the maximum and minimumi illu-
minance (photocurrent) fluctuations recorded after stabilization of
thelS.

SU defines how evenly the light spreads across the
measurement area:

Ev,max - Ev,min

Imax - Imin (8)
Ev,max + Ev,min

SU =
Imax +Imin

where illuminance (or photocurrent) is measured either over the
DUT or the full illumination area. At least 17 data points are required
to verify homogeneity?.

Toachieve higher classification, we recommend selectinga WLED
with a spectrum as close as possible to the reference spectrum, for
example, LED B-3.iPV measurements should begin only after a stabili-
zation time has elapsed, as many commercial LED lamps need at least
30 minutes to reach stable operation'**. Additionally, to improve SU
(Fig. 3b), use pseudo-collimated light sources when possible. In the
case of anon-collimated light source, uniformity can be improved by
increasing the distance between the LS and the DUT and suppressing
stray lights using baffle plates and masks. For maintaining stable light
output (TSand SU), use active cooling of the light source (for example,
water plates, heat sinks or fans).

Calibration of illuminance and input irradiance at DUT
Accurate indoor PV measurements require precise control and meas-
urement of the illuminance (£,) and input irradiance (P,,) of light inci-
dent on the DUT. Three primary methods can be used depending on
the required accuracy and budget. Each takes their name from the
equipment used for calibration: reference cell, spectroradiometer
or luxmeter.

Reference cells, here representing best practice, consist of a
highly stable photovoltaic device, with known irradiance spectral
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responsivity, Sgc(A), in amperes per watt per square metre (A m*W™),
often matched to the DUT’s spectral and angular response. They are
used to set E, and P,, in the plane of measurement, thereby reducing
errors from spectral, temperature and angular mismatches**”. To
account for the differences between the incident and reference light
spectra, and for those in the spectral response betweenthe DUT and ref-
erencecell, acorrectionvalue, the mismatch factor M, isimplemented
to ensure accurate determination of DUT performance.

The calibration procedure begins by measuring the reference cell
current (/. g ) under the user’smeasurement set-up illumination, with
irradiance E(1):

len = f Sec () x EQ)dA )

andisbroughttobe equaltothe current (/. z) the device would deliver
under thereference spectrum £, «(A) (forexample, that of LED B-3 that
delivers 200 Ixilluminance), calculated as:

IschR = /SRC (/1) X Eref (/1) da, (10)

This procedure is accurate if £ (1) = E,.¢ (1), however, because the
two rarely match, amismatch factor M must be calculated to account
for differences between the relative spectral responsivity of the refer-
ence cell, Sgc(1), and that of the DUT, S, (1) (A W) (ref. 15):

I X |,
M= sc_RR sc DL (11)
Isc_RL X Isc_DR

where I pr and I, are the short-circuit currents of the DUT under
reference and measured spectra, respectively, and calculated as:

e or = A X f So (1) X Ever (1) dA 12)

oL = Ax / So (\) x E(A) dA. 13)

Theintegral limits must cover the wavelength range of the irradi-
ance spectrum £ (1) or E,.¢ (A). One can replace S, with EQE when the
latter is the data available for the DUT through:

el

Sp(d) = EQEp(A) x 7 (14)

For accurate measurement of Sy(1) or EQEs, readers should
refer to refs. 76-78. IEC standards specify the differential spectral
responsivity as the preferred method, with four simplified alternatives
also provided”.

Once Mis calculated, theilluminance at DUT can be set by adjust-
ing the current of the reference cell, such that:

IschL = IschR/M 15)

Although this calibration approach works even with large
mismatches’, it is always best to source a light and a reference cell
that closely matches the reference spectrum and the spectral respon-
sivity of the DUT (for example, by using similar but stable semicon-
ductors or filters), respectively. Where incident light is non (quasi)
collimated, sourcing reference cells with similar angular responses
to DUTs is beneficial™®.

Spectroradiometers, considered here highly recommended,
deliver complete spectral irradiance E(1) curves. The resulting data
enabledirect calculation of £, and P,,and gauging how well E(1) matches

that of the reference. When using a spectroradiometer, the calibra-
tion begins with calculating /. , and /. ,, (equations (12) and (13))
and adjusting the intensity of the light incident on the DUT such that,
(16)

IsciDL = IschR-

It must be noted that spectroradiometers involve a higher initial
cost and can be bought with calibration equipment. Appropriate ver-
sions are those that fit cosine collectors with planar surfaces (that is,
resembling those of PV cells). Note that background drift at low illumi-
nance (for example, 50 Ix) can cause measurement errors of 20-142%
(ref.20), highlighting the need to take fresh background measurements
instead of relying on asingle initial reading.

Finally, luxmeters are portable illuminance meters often chosen
for their affordability and portability. Although simple to use, they pre-
sent several limitations?’. Past commercial general-purpose luxmeters
have been calibrated to CIE standard illuminant A (incandescent lamp),
leading to spectral mismatch errors. Figure 4a shows the illuminance
readings of a spectroradiometer with calibration certificate and four
different commercial luxmeters at the same position under WLED at
200 Ix. The first luxmeter, sourced with a valid calibration certificate
traceable to National Institute of Standards and Technology (NIST),
gave areading within 5% of the calibrated spectroradiometer. Dis-
crepancies of even 25% were found using non-calibrated equipment.
Luxmeters are also suboptimal under diffuse light, because spheri-
cal diffusers capture light differently than the planar surfaces of PV
devices, leading to angular mismatch effects'.

Our overall recommendations are to use instruments calibrated
and traceable to a National Metrology Institute (NMI)*°. Under diffuse
light, reference cells with stable spectral responsivities such as the
DUTs are preferred over spectroradiometers and luxmeters because
their planar geometry and angular response more closely match that of
the DUT, resulting in more representative measurements. For routine
illuminance setting, luxmeters can be used but must be calibrated
(NMlI-traceable) to WLED illuminant. All methods require knowledge
of the absolute spectral irradiance E(A) to determine the PCE of the
devices. E(1) should ideally be measured using a calibrated spectro-
radiometer and graphed in the report. When only relative spectral
irradiance, £, (1), is available, the absolute spectral irradiance can be
calculated knowing the absolute illuminance:

EQA) = Evel (A) X [EV/ f Evet () % VA) x KA. 17)

During calibration of the test system and setting of the illuminance
level, the measured P,, value of the light incident at the DUT plane,
should agree with the theoretical values, P, that are provided in
Box 2 for the standard LED illuminant most similar to the one used in
the experimental test system. Discrepancies should be within £5-10%
(£10-20%) for the higher (lower) classes of the measurement system
(Fig. 3¢). If not, instrumentation may need to be re-calibrated. P,
values from Box 2 also enable the determination of the conversion
factor between PCE and MPD so that knowing one, the other can be
readily calculated.

Masking of the DUT

Accurate measurements require careful definition of the area of the
photovoltaic device®. Whereas certification standards typically
demand large-area devices (=1 cm?), smaller cells (<1 cm?) are often
fabricated in research for throughput and material savings. These
small-area devices are particularly susceptible to stray light and edge
effects under non-collimated lighting'®*>®*, which canlead to an overes-
timation of the measured short-circuit current density (/sc) compared to
EQE-derived shortcircuit current density (/.,)* (Box 3 provides details
onJ/.). Black opaque masks (Fig. 4b) provide an effective solution
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Fig. 4 |Best practices for calibration of illuminance and masking of DUT.

a, llluminance measurements (left axis) comparing that of a spectroradiometer
with NMI-traceable calibration and Luxmeter A with NMI-traceable calibration
certificate (both shown with astar sign), versus luxmeters B, Cand D with no
calibration certificates, demonstrating measurement variability under nominally
identical 200-Ix conditions. Diamond symbols indicate illuminance error relative
to the spectroradiometer reference reading (right axis). b, Definition of active
areaand mask aperture area for small-area thin film laboratory photovoltaic
cells. Preferably, the mask aperture area (yellow area with black solid line
contour) should be 75-80% of the active area (yellow area with red dashed line
contour). ¢, Definition of the areas for photovoltaic modules: total area (black
solid perimeter line) and designated area (blue dashed line).

to these measurement artefacts and represent the best practice for
accurate performance characterization®. At 500 Ix, using a 7.12-mm?
aperture mask reduced/sc overestimation from10%to 7.8% compared
with unmasked 9.80 mm?organic solar cells. The difference was lower
(4% unmasked versus 3.7% masked) for 1-cm?cells™. Discrepancies can
become larger under non-collimated light: at 1,000 Ix, withan LED lamp
positioned close to the DUT, masking reduced the J;c overestimation

BOX2

Theoretical irradiance under
CIE LED spectra and MPD
versus PCE conversion factor

The table below provides the theoretical incident input irradiances
(P".,) calculated from spectral irradiance data for CIE illuminants LED
B-1, LED B-2, LED B-3, LED B-4 and LED B-5 in the 380-780-nm range
corresponding to illuminances of 1,0001x, 200 x and 50 x (ref. 137).

Illuminance 1,0001x 2001x 501x
CCT(K) P".. (UW cm™)

2,700 (LED B-1) 320.7 64.1 16.0
3,000 (LED B-2) 318.6 637 15.9

4,000 (LED B-3) 315.5 631 15.8

5,000 (LED B-4) 313.2 62.6 15.7

6,500 (LED B-5) 3276 65.5 16.4

The PCE, a calculated parameter, is obtained by dividing
the measured MPD, delivered by the PV device, by the P",, value
corresponding to the light source used (for example, LED B-3) at
one of the lux levels listed in the table (when P,, is not available
experimentally).

PCE (calculated) = MPD (measured)/P,, (measured or tabulated)

Conversely, when only efficiency is given for an iPV device
in a report, MPD can be estimated from the equation above. For
example, an iPV device with an efficiency of 25% under LED B-3 at
1,000 Ix (P,, = P",, taken from the table above) will have a MPD=0.25
x315.5=78.88 (UWcm™).

By suggesting as best practice one light source that will
be commonly used by all laboratories, with a spectrum as
close as possible to the reference (for example, LED B-3), the
relation between MPD and PCE is fixed (making MPD and PCE
interchangeable, which is not the case when different light sources
are routinely used).

in perovskite solar cells from 39% (4 x 4 mm? unmasked device) to 5%
(3.5x3.5 mm?mask aperture) (Masking in Methods).

Whereas the mask aperture shape (circular versus square) has
minimalimpact, its areastrongly influences PV parameters®®. Apertures
equal to the device active area make precise alignment impractical,
leading to substantial measurement errors®, whereas excessively
small apertures causeJsc overestimation and open circuit voltage (V)
underestimation due to enhanced edge effects®*, Masks with aper-
tures moderately smaller than the active area represent the optimal
balance, minimizing stray light and edge effect, while maintaining
acceptable V,c accuracy. Therefore, as a good practice for indoor
measurements, we recommend active areas of at least 1 cm?wherever
possible, with smaller devices masked using precision-fabricated
opaqueblack masks whose aperture area covers approximately 75-80%
of the DUT area. Additionally, for lab-scale devices with multiple cells
onthesamesubstrate, itis best to avoid shared electrodes and ensure
proper metallization of the contact areas to minimize contact resist-
anceand electrical interference”. When defining areas for calculation
and reporting of PV parameters, use the aperture area of the mask
where present (report it together with the nominal area of the device
inthe experimental section). For PV modules, performance should be
reported per designated area (Fig. 4¢).
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BOX3

Validation of measured versus theoretical current density

The validation process compares the measured Jg. against
a calculated theoretical value (J,) derived from integrating
the EQE of the DUT with photon flux, ® (A)*°, incident

onit:

J = @52 fm()\) x EQE (A) dA

where

®(A) = EQ) x A/he,

and E (A) is the irradiance of the real light source at the selected
illuminance, for example, 200 Ix.

Acceptable discrepancies between J, and Jsc depend on
the class of both the measurement system (each descriptor can
vary by as much as + 0.5-2% for class A to 10% for class C) and
that of the EQE system. Standard tolerances can be 15-20% for
lower-class systems and <10% for well-designed, more accurate
systems®>?",

For very high-performance devices (EQE~90%), one must also ensure:
AQ
Jsc —Joal < € X f ®(A) x (1—EQE(A)dA,
A<Aq

where the integral is calculated up to the wavelength A that
corresponds to the photovoltaic device bandgap'®'™®°. This constraint
ensures Jg; remains within the detailed balance efficiency limit (where
EQE=1above the bandgap). If the equation above is not respected,
such as Jg. exceeding J_, by 20% for a 90% EQE device, that will lead
to unphysical results.

When EQE is not available, the table below can be used to verify
if the results are physically reasonable. It provides theoretical
maximum current densities (J.,_ms) for ideal devices (100% EQE) with
common bandgaps of 112eV (c-Si), 1.70eV (a-Si:H), 1.90eV (best E,
for LED B-3) and 2.10eV (above the optimum, when photocurrents
decrease rapidly) under the five CIE white LED illuminants. Measured
Jsc values exceeding the theoretical Jo, ma limits reported in the table
clearly flag serious measurement errors, often caused by incorrect
illumination settings, and therefore require system recalibration.

lux 1,0001x 2001x 501x

&) 112eVv 1.70eV 1.90eV 21eV 112eV 170eV  1.90eV 21eV 112eV 1.70eV 1.90eV 21eV

Theoretical maximum current density limits, J ., o, (HAcm™)

LED B-1 153.0 149.4 120.6 62.03 30.60 29.87 2414 12.40 7.652 7468 6.035 3.101

LED B-2 150.6 147.2 120.5 66.01 301 29.44 241 13.20 7.528 7.360 6.027 3.300
LED Type LEDB-3 143.5 141.5 123.3 79.73 28.69 28.30 24.67 15.94 7173 7.074 6.168 3.986

LED B-4 139.7 1375 122.6 8719 2794 2750 24.53 17.44 6.985 6.874 6.134 4.359

LED B-5 142.8 141.2 129.3 97.91 28.56 28.24 25.87 19.58 7241 7.059 6.468 4.895

Best practices for current-voltage (/- V)
measurements under indoor light

This section outlines best practices for accurate current-voltage (/-V)
measurement, photovoltaic parameter extraction, and standardized
reportingtofacilitateinter-laboratory and cross-technology comparison.

Before conducting/-Vmeasurements, theilluminance (for exam-
ple, 200 Ix) must be set within +5% of the desired level with good tem-
poral stability <2% (ref. 28). The DUT temperature mustbe 25°C +1°C
(ref. 28) and the DUT and the calibration device must be positioned
co-planar within 1 mm to minimize vertical variations inirradiance.
I-V scans must be performed with sufficient data points to capture
the complete curve shape, with PV parameters extracted from the
I-Vcurves following IEC 60904-1:2020'° and International Summit on
Organic PV Stability (ISOS)® protocols. Specifically, linear interpola-
tion must be used for extracting short-circuit current (/sc), linear or
low-order polynomial for V. and higher-order (> 4) polynomial for
maximum power (P,,,,).

For stable devices, according to IEC TR 63228%, the differences
in P, in the forward and reverse sweep directions, and over time
(that is, across five different measurements), need to be less than 2%
inrelative terms:

(oo as)

max_avg

)xlOO < 2%,

If equation (18) exceeds 2% or hysteresis is apparent, either report
the actual values for equation (18) and/or both forward and reverse

I-V'scans (or associated PV parameters), or sample P, continuously
for 60-300 s, depending on technology. Reporting this ‘stabilized’
P...x (or PCE) avoids some of the artefacts and hysteresis that can arise
from parameters used in voltage sweeps (just for the most represent-
ative or best-performing sample)’* 2, For PV technologies such as
dye-sensitized solar cells with high internal capacitances, fixing the
voltage at V,,,, (voltage at maximum power point) and monitoring the
current will suffice. Maximum power point tracking must be usedif the
maximum power point changes during the test period, with measure-
ment delays, voltage steps, sweep times and ‘Perturb and Observe’
algorithms documented for better inter-laboratory comparison® %,

Whenreporting performance for modules (or large cells), provide
not only /-V curves but also power-voltage (P-V) curves as well as /,
and P,,,.. Reporting also V,,,,, can help to gauge electrical compatibil-
ity for integration with circuit elements in a product®?*"”. For small
laboratory cells, provide the current density-voltage (/- V) curves and
report/scinstead (Jsc =15/ A, where Ais the mask aperture area). For all
devices, reportalso Vy, fill factor (FF), MPD=P,,, .../ Area (where Area
is defined by the mask aperture for laboratory cellsand the designated
area for modules and large cells) and PCE = MPD/ P,,. For statistical
analysis, provide average, standard deviation and experimental errors
for all PV parameters. Single-device results should supplement, not
replace, statistical data.

For devices approaching record performance (within 20% of pub-
lished benchmarks at the time of publication), validation of the meas-
ured /sc against calculated (/) is required, especially for the purpose of
academic publication. This validation step serves to identify calibration
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discrepancies before publication, thereby ensuring the scientific rigour
and defensibility of the results (Box 3).

Ancillary analysis of I-V curves for research
purposes

In academic research, supplementary measurements using the basic
equipment of the light source and source measure unit (SMU) to eval-
uate cell quality and predict its behaviour can be useful. Under dim
light, the influence of shunt current becomes greatly amplified due
to small photocurrents®®%, In the simplified single-diode model of
asolar cell*'%?

q(V+RSI)>_ ]_ ViR 19)

I'=1Ipn—lo [exp ( kT Ran
Iis the net output current, /,, and /, are the photocurrent and dark
saturation currents, Ry, and R, are the shunt and series resistances.
Underlowilluminance, /,, values are small. Thus, with typical resistance
values foundin cells, the effect of Ry, canbecome pronounced, dimin-
ishing fill factors and voltages. For example, with Ry, <10° Q cm?, an
80%dropin cell efficiency canresult when decreasing incident illumi-
nance from500 Ixto 50 Ix (refs.17,103). As arule of thumb, Ry, must be
>10°Q cm?and exceed R, by at least two orders of magnitude'®. Further
insights on therole of R, and the best method of its extraction, either
from the slope of /-V curves in the dark’®* or under different
irradiances'**'*'%, should be a matter of more research.

Further, plots of /scand V,,c under varying irradiances can be used
to assess device quality. A high-quality device will see /s scale linearly
with irradiance and V, by (nkT) In(10) per decade of light intensity,
where nis the diodeideality factor. Deviations from these trends indi-
cate defects and determine operational efficiency ranges. IEC recom-
mends measurements at aminimum of five illuminance levels from 5%
to 110% of primary measurement illuminance (for example, 50 - 100
200~ 500 >1,000 Ix) (ref. 28).

Dark current analysis provides additional insight into minimizing
recombination. Xu et al. suggest the ratio of photocurrent density at
200 Ix to dark recombination current should exceed 10 for obtaining
efficient devices'*’. Furthermore, the rectifying characteristics of the
devices'**'%%17 thatis, the ratio of dark current density at +1V (J,,,) and
at-1V (Jog) should be higher than 102,

Stability testing for indoor photovoltaics
Transitioning from the laboratory to commercial deployment requires
the technology to maintain performance over the lifetime of the
intended application. For outdoor PV, lifespan and degradation rates
are key factors in calculating economic metrics such as the levelized
cost of electricity, critical for commercial viability'®, Similarly, these
parameters strongly influence the economic feasibility and sustain-
ability of iPV that is aiming to provide durable, maintenance-free
light-powered IoT devices. iPV technology lacks dedicated stability
standards, unlike outdoor PV with established IEC protocols™ and
ISOS guidelines®'%°, As best practice, we recommend continuing to
use the current ISOS protocols and IEC tests meant for outdoors. It is
almost certain that the lifetimes will be even greater when the product
operatesindoors.

However, while IEC 61215 and ISOS require testing modules
through extreme conditions (light soaking, thermal cycling, damp
heat, UVexposure),iPV operatesinmilderindoor environments. Thus,
the iPV field requires both IEC-style validation protocols and flexible
ISOS-style testing tailored to indoor applications to ensure consist-
ent and uniform international reporting. Here we provide four initial
best practice stability base tests for iPV, inspired by ISOS-D, ISOS-L
and ISOS-LC.

Light-soaking test at 1,000 Ix (BPIM-L1k-B#): the main best prac-
tice for indoor devices. Considering that laboratories will have the

capability to shine WLEDs at 50, 200 and 1,000 Ix for spot measure-
ments, the device should be light soaked at 1,000 Ix (at this higher
lux, degradation mechanisms are more observable) and periodically
measured at 1,000 Ix. Example: BPIM-L1k-B3 indicates both soaking
and measurement at1,000 Ix using LED B-3.

Light soaking at higher lux (BPIM-L#k-B#-##Ix): acceleration
factors for light soaking are technology dependent. Therefore, the
research community is expected to evaluate stability at different
illuminance levels under WLED, including values exceeding 1,000 Ix
for accelerated ageing studies (for example, 10,000 Ix). Ideally, peri-
odic PV performance measurements should be conducted during the
light-soaking test at the ‘best practice’ illuminance of 200 Ix (associ-
ated label: BPIM-L10k-B3-200Ix), but practical challenges may require
measurement at the same illuminance as that of soaking. Example:
BPIM-L10k-B3-10klIx indicates both soaking and measurement at
10,000 Ix using LED B-3.

Dark-storage test (BPIM-D-B#-###1x): devices stored in dark
ambient conditions with performance measured under best practice
guidelines at 200 Ix (preferred). Example: under the BPIM-D-B3-2001x
test, performance is gauged periodically under LED B-3light at 200 Ix.

Light-dark cycling (BPIM-LC1k-1:#-B#): light:dark duty cycles of
1:1or1:2 over anumber of 24-hour periods, simulating typical indoor
conditions, providinginsights into degradation reversibility and recov-
ery times. Example: BPIM-LC1k-1:1-B3 indicates 12 h:12 h cycles, using
1,000 Ix, LED B-3 light for both soaking and the periodic measurement
ofthe DUT.

These four stability tests are designed to monitor performance
over time at a single illuminance (for example, 1,000 Ix) for practical
reasons. To enable a meaningful comparison, additional measure-
ments at other illuminance levels (thatis, 200 Ix, and where possible,
50 Ix) should be carried out at the end of the test sequence. This allows
the device parameters measured after stability testing to be directly
compared with those obtained at the beginning under the same range
of conditions. This applies equally when IEC or ISOS protocols are
employed, where 1 Sun is the standard during the tests. During the
tests, devices should be maintained at their maximum power point
(MPP) when feasible, or at open circuit as an alternative. Initial tests
canbecarried out atambient temperature, 7=(23+4) °C, and relative
humidity (RH). Tand RH must be reported and can be increased for
accelerated studies in future. Statistical analysis is required on mul-
tiple devices under identical conditions with consistent fabrication
and storage histories. Long experiments demand periodic monitor-
ing of incidentirradiance. When reporting normalized power or PCE
versus time, the initial absolute value at the start of the test must be
explicitly stated" "™,

GiveniPV’s mild operating environment, the time required for effi-
ciencytodecay to 80% of initial values (¢3,) may extend beyond practical
experimental timeframes (10°-10* h). Thus we recommend ageing the
sample for aminimum of 1,000 hours if tg, is not reached and report-
ing the drop in PCE or MPD after this period'”. Alternatively, elevated
illuminance levels (1,000-20,000 Ix) can accelerate degradation to
achieve a practical ¢z, within ~1,000 hours. The t,; metric provides
additional utility when ¢go remains unrealized. Technologies may show
transient effects such as burn-in (efficiency loss) and light-soaking
(efficiency gain). Hartono et al. suggest tracking PCE change from
the peak value, whereas for light cycling, energy yield combined with
cycling ratio may be a preferable metric'™’.

For the future, field testing is needed to create accelerated pro-
tocols thatreliably predict iPV lifetime and degradation mechanisms
under real operating conditions for each material technology’”°. Inte-
gration also requires compliance with electronic product standards,
such as battery safety (IEC-62133, UL 2054) and RoHS regulations.
Operational stability also can be affected by power managementinte-
grated circuits (ICs) through MPP tracking and disconnection cycles
and operating in hybrid sun/indoor illumination (for example, near
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Table 1| Summary for best practices for indoor photovoltaic measurement (BPIM) regarding selection of the light source
and preparation of the set-up for measurement of indoor PV devices

Item Description Recommendation level Label Comments

WLED Best practice BPIM-B#-##(x WLEDs are the most prevalent LS type for present

and future. Use phosphor-converted WLEDs or hybrid
Light source (LS) RGBW LEDs.
type FL

User-defined (LS other than WLED/FL)

LED B-4 (5,000K) Best practice BPIM-B4-##(x Current best practice as recommended by IEC TS
62607-7-2. Monitor future updates from IEC.

LED B-3 (4,000K) Future best practice BPIM-B3-##[x Recommended for highest market applicability and
matching CIE lighting calibration standards. We
advocate the adoption of B-3 as reference for the future

. and consider it acceptable for measurements in the
Reference LED present due to small differences with respect to LED
SPBELT B-4. Labs should migrate to using this light source.

LED B-1(2,700K) Highly recommended (in addition to B.P. BPIM-B1-##lx Recommended for residential areas

or for custom studies)

LED B-2 (3,000K) BPIM-B2-##lx Second best choice for residential areas

LED B-5 (6,500K) BPIM-B5-##lx Non-residential/industrial space and task lighting

2001x Best practice BPIM-B#-200Lx Commonly found in both residential and
commercial areas

Illuminance at the 1,0001x Highly recommended (in addition to B.P.) ~ BPIM-B#-10001x Found in well-lit commercial areas (for example,
plane of the DUT
supermarkets)
501x Highly recommended (in addition to B.P.)  BPIM-B#-501x Found in less-lit horizontal walls and ceilings
Test enclosure Light-tight enclosure Best practice Black opaque walls (reflectance <3-5%) with DUT holder
and lamp holder

Illuminance controlled by power to LS Best practice IAS-P The range of achievable power levels can be limited.

(dimming) Some spectral shifts can occur with change in
illuminance.

Illuminance Report spectral deviation if substantial.
?lijg)stment system Illuminance controlled using optical media  Highly recommended IAS-O Some filters can result in considerable spectral shifts.
Report spectral deviation if substantial.
Illuminance controlled by distance Third choice IAS-D Requires large volume. Spatial non-uniformity issues
when LS comes close to DUT.
SC, Relative spectralirradiance of the reference and
Best practice user-defined spectrum along with spectral responsivity
or EQE of the DUT is required for calculation of SC..
SC, Relative spectral irradiance of the reference and
Spectral Coincidence (SC) Highly recommended user-defined spectrum is required for calculation of SC,,.
Metthfi fo'r Four methods available: SC,, SCy, SC., SC4 SC, Relative spectral irradiance of the reference and
classification of Highly recommended SA A B, C user-defined spectrum along with spectral responsivity

iPV measurement
system

SCy
Third choice

Temporal stability (TS) (one method only)

Best practice

Spatial non-uniformity (SU) (one method
only)

Best practice

or EQE of the DUT is required for calculation of SC..

Relative spectral irradiance of the reference and
user-defined spectrum is required for calculation of SCy.

Photometer or a photodiode can be used

Photometer or a photodiode can be used

Determination of
illuminance and
inputirradiance
(P,) at DUT

Measure with a reference cell for reporting
both MPD and PCE

Best practice

The reference cell must be calibrated.

Spectral mismatch must be considered.

Spectral and angular response should match that of
DUT as closely as possible.

Measure with calibrated spectroradiometer
for reporting both MPD and PCE

Highly recommended

Calibrated or traceable to NMI.

Dark spectrum must be subtracted before every
measurement.

Accuracy achieved for (quasi) collimated LS.

For non-collimated LS, baffle plates must be used to
reduce the effect of angular mismatch.

Measure illuminance with calibrated
luxmeter to report MPD. For reporting both
MPD and PCE lamp spectrum must be
known (either through spectroradiometers
or provided by lamp maker)

Third choice (only for collimated light
with calibrated instrumentation and with
same spectrum used for measurement as
that of calibration, that is, LED-B3)

Use luxmeters calibrated or traceable to NMI.
Luxmeters must be of class AA as defined in JIS C 1609-
1 or Class A as defined in ISO/CIE 19476"** or DIN 5032-
7', Accuracy satisfactory only for spectra close to LED
B-3 and for (quasi) collimated light at DUT.

The ‘best practice’ (B.P.) options are what we consider the first choice; also shown are the options that are highly recommended (as second choice) and the options that can be considered
third choice. In the label column, we indicate the labels that can be reported when presenting data. For example, when measuring PV parameters under LED B-3 (with a CCT of 4,000K) at an
illuminance of 2001x, one would use the label: BPIM-B3-200lx whereas BPIM-B4-1000Lx would signify measurements were carried out under LED B-4 (CCT of 5,000K) at an illuminance of
1,000 x. FL, fluorescent lamp; JIS, Japanese Industrial Standards; DIN, Deutsches Institut fir Normung; ISO, International Organization for Standardization.
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Table 2 | Step-by-step checklist summarizing the best practices for indoor photovoltaic measurement (BPIM)

Step number Task Recommendation level

Report

Q)] Prepare measurement set-up Best practice

Measurement set-up details listed in Table 1.
iPV system classification

Best practice

Lamp type (either phosphor-converted WLEDs or
hybrid RGBW WLEDs), make and model.

Best practice
Select and switch on lamp and let

2) light output stabilize (for example,

LED B-3 (4,000K) as future or LED B-4 (5,000K) as
current best practices for widest applicability and
benchmarking internationally

wait 30 mins)

Highly recommended (in addition to B.P.)

LED B-1(2,700K) where studies are focused on
residential applications

Highly recommended (in addition to B.P.)

Spectrum

Best practice

200x (label: BPIM-B#-200lx)

Setilluminance using calibrated

Highly recommended (in addition to B.P.)

1,000 x (label: BPIM-B#-1000Lx)

photometers
Highly recommended (in addition to B.P.) 501x (label: BPIM-B#-501x)
4) Determine the input irradiance (P,,) at  Highly recommended P, (using calibrated photometers), absolute E(A)
DUT (for estimating PCE)
Best practice Area defined by mask for small-area cells
(5) Define area of the DUT Best practice Active area of DUT for large-area cells
Best practice Designated area for modules
(6) Perform I-V scan Best practice Scan parameters
@ Verify output power (MPD) of DUT Best practice AP/ Prrax avg
is stable over measurement time
and over forward and reverse scans
(AP Prnax avg <2%)
Best practice Cells: Jgc, Voo, FF, MPD, PCE (statistical data)
(8) Measure PV parameters
Modules: Isc, Voc, Ve FF, Prax, PCE (statistical data)
If AP/ Prnax avg > 2%, perform -V Highly recommended Voo Isc Usc), FF, MPD, PCE (statistical data) for both
scans in both forward and reverse forward and reverse bias
condition
© , , ,
Highly recommended Plot maximum power over time for at least 60's for
best or representative device. Report stabilized MPD
(or PCE) (if it reaches a plateau)
(10) Provide current-voltage curves of Highly recommended J-V (for cells) or P-V and I-V (for modules) curves for
representative or best-performing best or representative devices.
DUT
(W) Check that measured Jy; does not Best practice If Jsc>Jeal maxe then recalibrate system (for reporting
surpass the calculated maximum absolute performance) or clearly highlight this
limits J o max Provided in tabular discrepancy (only for comparative studies)
formatin Box 3
(12) Calculate integrated J., (with EQE Highly recommended Provide relative difference between integrated and

and indoor photon flux at correct
illuminance) and compare with
measured Jqo

measured Jq (verify it is compatible with class of PV
system and below at least 15-20%)

We consider the ‘best practice’ (B.P.) option the first choice; other options include highly recommended (as second choice).

windows). Future work should quantify these switching effects under
differentillumination and power management conditions"*',

Checklist

To summarize key findings, outcomes and recommendations, this
section presents tables and a figure schematic in checklist format,
serving as a rapid and rigorous reference that consolidates the key
procedures described earlier. Table 1 summarizes recommendations
forbest practices forindoor photovoltaic measurement (BPIM) regard-
ing the system/equipment. Users should select a light source (WLEDs
or RGBW LEDs) with a spectrum as close as possible to either LED B-3
(4,000K) as ‘future best practice’ or CIELED B-4 (5,000 K) as ‘current
best practice’and use the corresponding CIE tabulated spectrum as ref-
erence.Forresidential iPV applications, the warmer 2,700 K spectrum
(LED B-1) may be preferred to match typical home lighting conditions
(‘highly recommended’).

Indoor PV measurements should be conducted under 200 Ix
(best practice). Additional measurements at 1,000 Ix and 50 Ix can be
reported for the best-performing devices. Settingilluminance requires
calibratedinstruments traceable to NMIs. Users should document their
measurement system’s classification based on light stability, uniform-
ity and spectral coincidence.

Table 2 outlines the procedure for iPV measurement. First, ver-
ify stabilization of lamp output (that is, after a warm-up period), set
desiredilluminance and calculate the inputirradiance. Report the iPV
measurement set-up details, including lamp specification, iPV system
classification (Fig. 5a) and absolute spectralirradiance graph. Precisely
define the DUT area with masking for cells <1 cm?, then perform -V
scans to extract key parameters (/sc, Voc, FF, Pray). Report PCE, MPD
(Prnax), Jsc Isc), Voc and FF for single-laboratory cells (modules). PCE
should be reported when input irradiance is available (Fig. 5b). For

modaules, reporting P, Isc, Vinpp and PCE at standardized illumination
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@ iPV system classification

User spectrum

2
E
200
Wavelength Uniformity zone Time
Descriptors SC SuU TS
Value 0.85 17% 1.4%
Subclass A SA B
Class B
€ J()-V and P-V curves
/P, <2% /

APmax

max_avg =

= o
=
1000 Ix ’
[P v
BP /Py g > 2%

max/ " max_avg

50 Ix

200 Ix

1,000 Ix <l Reverse

OForward

€ J_ verification

Measured J,

EQE (%)

Integrated J_,

Alsuap jua1Ind pajelbaly|

Wavelength

Fig. 5|Illustrative examples on how to best reportindoor photovoltaic

device performance. a, iPV system classification showing, as an example,

an LED spectral coincidence (SC) of 0.85 corresponding to class A, spatial
non-uniformity (SU) of 1.7% corresponding to class SA and temporal stability (TS)
of1.4% corresponding to class B. The class of iPV system as a whole is B, defined by
the lowest classification amongst the three descriptors. b, Reporting measured
iPV parameters (average values with standard deviations) along with device area
under BPIM measurement conditions at three illuminance levels BPIM-B3-(200,
1,000 and 50 Ix), with 200 Ix being the best practice (in green) and 1,000 Ix and
50 Ix highly recommended (in blue). Device area represents mask aperture

area for small cells or designated area for modules. ¢, Representative current
density-voltage (/- V) curves for small cells or current-voltage (/- V) curves for
modules at multiple illuminance levels. Top: when maximum power variation

b irv parameters
Device area = 1 cm?

Measurement Voo (V) PCE (%) mpp (LW cm ™)
o Avg o Avg
condition +STD +STD Avg + STD
BPIM-B3-2001x 98%2 """ 10(')02 6.3+0.2
BPIM-B3-10001x 98%2 """ 12602 379+0.2
BPIM-B3-501x 28%2 """ Z% 2 11+0.2
d mpp tracking
APrﬂax/‘Dmax_avg >2%
1,000 Ix
eeees -
g
g
5]
3
8 1200 Ix
E -
3
£
x
©
= |50 Ix

- —

Time
0 60—300s

f Light-soaking stability study at BPIM-B3-1000Ix
1

0 Time

AP o/ Proax avg < 2%, a single scan directionis sufficient; for modules, power-
voltage (P-V) curves should also be plotted. Bottom: when AP,/ Prax avg > 2%,
both forward and reverse scan directions must be reported to capture hysteresis
behaviour. d, Alternative representation for unstable devices (AP, / Prax.

avg > 2%): MPP tracking over 60-300 s showing temporal evolution of P,,,, MPD
or PCE at differentilluminance levels. e, Verification through EQE measurement,
comparing integrated current density, /.., with measured /. to ensure minimum
current mismatch (typically within 10-20%). f, Long-term light-soaking stability
study at BPIM-B3-1000Ix showing PCE degradation over 1,000 hours with
extraction of ¢y, (time to 80% of initial PCE). Figure not to scale (as indicated by
the break mark in the y axis). Green-bordered panels (a,b,f) indicate mandatory
reporting requirements; blue-bordered panels (c,d,e) represent highly
recommended best practices for comprehensive device characterization.

levels (200,1,000 and 50 Ix) allows designers to match power, current,
and voltage outputs with power management circuits and/or energy
storage elements suited to the target application®*”""*, Power output of
devices must remainstable during measurement (AP ../ Prax avg < 2%),
otherwise, both forward and reverse sweep parameters and/or stabi-
lized MPD/P,,,,, (Fig. 5c,d) should be reported. For record-breaking cells,
measurement accuracy is verified by ensuring experimental /s aligns

within10-20% ofintegrated /., (Fig. 5e) and does not exceed theoretical
limits (Box 3). To simplify reporting, we recommend providing labels
in the form BPIM-B#-##I1x. For example, BPIM-B3-200Ix signifies that
the PV parameters were obtained for devices measured under LED B-3
lightat 200 Ix.

Table 3 reports recommendations regarding stability measure-
ments. The current best practiceisto follow the IEC or ISOS protocols,
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Table 3 | Best practices for stability tests for indoor photovoltaic devices, arranged by priority level of best practice to

third choice
Stability test Label Recommendation level Report
(1)  UsecurrentIEC 61215 0rISOS  Standard Current best practice Report the data required by IEC or ISOS protocols/
protocols nomenclature tests for STC.

established in
the IEC or ISOS

Provide device performance not only at STC but
also indoors (that is, under LED B-3 at 200 [x)

protocols.
(2) Light-soaking test at 1,000 x BPIM-L1k-B# Best practice for indoors (testing at the Keep devices at MPP or open circuit.
also measured at 1,000 [x 1,000 x level corresponding to the upper lux Provide performance at the same lux as light
under LED B# of the three recommended values in Table 1) soaking, that is, 1,000 x.
(3) Light-soaking testunder LED  BPIM-L#k-B#-##(x Highly recommended (testing at higher indoor  Keep devices at MPP or open circuit.
B#, soaking at XXX Ix and light-soaking levels, for example 10,000 Ix) to  Provide performance at 200 Ix or at the same lux as
measured at 200 Ix or at the determine, where possible, t;, and/or timesto  the continuous light-soaking conditions.
same XXX Ix of light soaking. failure. Identify acceleration factors.) Provide tg,
(4) Dark-storage test BPIM-D-B#-###x Highly recommended Keep devices at open circuit.
Provide performance at 200 [x
(5) Light-dark cycling test at BPIM-LC1k-1:#-B# Third choice Keep devices at MPP or open circuit.
1,0001x These light-cycling tests are interesting Provide performance at the same lux as during the
for understanding operation in fluctuating light-soaking cycle, that is, 1,000 x. Report duty
environments mainly for academic/research cycles (for example 1:1 or 1:2) even in the label.
purposes. Cycling can also be operated under different
For benchmarking the stability of devices, the illuminances.
continuous light-soaking tests should be used.

(6) Alltests (1)-(5) See above Highly recommended Measure PV performance at a single illuminance
over the course of the tests; additional
measurements at other lux levels should be taken
at the end for comparison with initial values before
the test.

(7)  Alltests (1)-(5) See above Best practice PCE (or MPD or P for modules) over time. Where

normalized plots are shown, report initial PCE/MPD.
Where applicable provide tg, (if within 1,000h) or tgg
drop after 10%hours where ty, is impractical.

Tests at ambient temperature, T = (23 + 4)°C and
ambient RH.

We consider the ‘best practice’ option the first choice; other options include highly recommended (as second choice) and the options that can be considered third choice. Each test specifies
measurement conditions using designated LED B# (for example, B-3) sources and illuminance (###lx) levels (for example 200 x or 1,000 x). The labelling system follows the format BPIM-Test
Type-B#-##lx, where BPIM stands for best practices for indoor photovoltaic Measurement, Test Type indicates the specific test (L1k for light soaking at 1,000 lx, D for Dark storage, LC1k for
Light-Dark Cycling with light soaking at 1,000 lx), B# represents the specific LED spectrum used for illumination and ##lx represents the illuminance under which the measurement is done. For
example, BPIM-L10k-B3-200Lx specifies a light-soaking test with light soaking done at 10,000 x (10k) under LED B-3, and the performance measurements are conducted at 200 Ix illuminance.

which are meant for STC. For more specific tests related toindoors, we
recommend light soaking (and measurement) at 1,000 Ix (BPIM-L1k-B#)
asthe mainbest practice forindoors (Fig. 5f), then shelf-life testing in
dark ambient conditions with periodic measurements at 200 Ix
(BPIM-D-B#-200Ix) as highly recommended and light-dark cycling at
1000 Ix (BPIM-LCI1k-1:#-B#) as a third option. It is also ‘highly recom-
mended’ to perform light soaking at higher illuminances (>1,000 Ix)
to determine acceleration factors and to reach ¢, values withina dura-
tion of10*h. Tests shouldinitially be conducted atambient temperature
(23 £4 °C) and relative humidity. Higher values can be adopted for
studying acceleration factors in the future.

Conclusions
Indoor photovoltaic devices are emerging as sustainable energy solu-
tions for loT applications, yet inconsistent reporting methods neces-
sitate standardization. Building on IEC specifications and laboratory
experience, we recommend white LEDs matching the CIE LED B-3
spectrum (4,000 K) as the future standard, with LED B-1 (2,700 K) for
residential-focused studies. PV parameters must be reported under
200 Ix (supplemented by 1,000 Ixand 50 Ix for representative devices,
where possible, for comprehensive characterization). We further pro-
vide best practices for measurement system set-up, classification,
irradiance calibration, /-V measurements, parameter extraction and
stability testing for indoor environments.

These best practices prioritize applicability, accuracy, repeatabil-
ity and inter-laboratory uniformity. The complexity of some real-world
scenarios (forexample, PV near windows) may fall outside thisguidance.

Future work should continue to analyse best ways to tackle this com-
plexity and system-level evaluation, including power management
and energy storage integration, for real-world deployment. Regular
reassessment will be necessary as photovoltaic and lighting tech-
nologies continue to evolve. Beyond inter-laboratory comparisons®,
establishing a global database would further enhance statistical reli-
ability and accelerate progress. Finally, these measurement protocols
also benefit related fields operating under indoor lighting, including
energy harvesting'>"¢, photodetection'’, indoor lighting"®, indoor

visible light communications™ and photovoltaic bioelectronics'.

Methods

This work began with a group of authors carrying out initial studies
and experiments to understand theintricacies of indoor PV measure-
ment. The group expanded through coming together of researchers
either aiming to prepare similar manuscripts or discussing this topic
at (or in preparation for) various conferences including Materials
Challenges in Alternative & Renewable Energy 2023 (MCARE 2023),
Indoor Photovoltaics Conference 2024 (IPVC-1), PSMA International
Energy Harvesting Workshop 2024 (EnerHarv2024), and Indoor
Photovoltaics Conference 2025 (IPVC-2). Other researchers were
invited tobringin device and application/system level expertise from
different perspectivesincluding from universities, research centres,
industry, metrology institutions, panel experts working with stand-
ardizationbodies and for amore comprehensive input on geography
(for example, different lighting regulations) and applications (for
example, developers of different technologies for photovoltaics,
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both established and start-ups, integrated circuits with which iPV
is integrated, equipment manufacturers including measurement
systems). Several draft versions of the manuscript were circulated
among all authors until consensus was achieved. In cases where dif*-
fering views persisted, recommendations were retained as optional
to account for variations in laboratory capabilities, ensuring that
comparable device performance reporting remains possible even
without access to advanced instrumentation.

Market analysis

For the market analysis presented in Fig. 1a-b, we considered two broad
categories of indoor lighting: residential and commercial/industrial.
Fortheresidential sector, we performed web scraping from two major
vendors. From Amazon.com, an initial set of 421 products was iden-
tified using the keywords ‘LED light bulb’, which was refined to 195
unique LED products after removing duplicates and non-LED sources.
Products were weighted by consumer review counts, used here as a
proxy for sales volume. From the GE Lighting catalogue, 152 products
were analysed from 256 listings in lighting-focused families (HD Light,
SunFilled LED, Ultra Bright LED), after excluding duplicates, outdoor
lighting and minor structural variants. For the commercial/industrial
sector, we examined the catalogues of two major providers: Lithonia
Lighting (814 products) and Signify Lighting (875 products). Whereas
this approach does not directly capture sales volumes, it provides a
robust snapshot of prevailing market preferences across both resi-
dential and industrial contexts.

Lighting regulatory analysis

Regulatory perspectives vary by region. In 2013, the National Stand-
ard for Lighting Design of Buildings by the Ministry of Housing and
Urban-Rural Development of China gave general recommendations
based onapplication (homes, restaurants, bars: CCT < 3,300 K; office,
classroom, reading room, shopping mall, laboratory, control room:
3,300 K to ~5,300 K; processing workshop, place with high illumi-
nation: >5,300 K) (ref. 121). In the more recent 2024 update®, it was
recommended that the CCT should not be higher than 4,000 K in
indoor rooms or places where people work or stay for a long time at
night (whereas the CCT of outdoor lighting should not be higher than
5,000 K).InAustralia, 2,700-3,000 K (also described as ‘warm white’)
is used for relaxed, warm ambience; 4,000 K (also described as ‘cool
white’) for ‘alertness’ in functional areas such as educational buildings,
retail displays and offices; and 5,000 K (also described as ‘daylight’) for
hospitals and commercial applications**. In Tiirkiye, lighting standards
specify 2,700-3,000 K for residential/hospitality settings, 4,000 K for
offices/schools and 5,000-6,500 K for industrial spaces*>*°. Russia
mandates 4,000 K for offices, 5,000 K for industrial, 4,000-5,000 K
for classrooms and 3,500-5,000 K for hospitals*’. The US Department
of Energy, in preparation for its 19 April 2024, ‘Energy Conservation
Standards for general service lamps’, indicates 4,000 K and 2,700 K
asthe two representative CCTsin the tables provided*.

Illuminance measurement

Lux measurements (HT 309 luxmeter, HT Instruments) for the last bar
of Fig.2awere carried out in an office at night measuring 8.3 m x 5.6 m
% 3.0 m, illuminated by 26 ceiling OSRAM L 18 W/840 LUMILUX Cool
White (4,000 K) 1,350 Im lamps. llluminance was measured across
desks (horizontal, facing ceiling), the ceiling (horizontal, facing the
floor) and on the walls (vertical) over 45 data points in total.

Masking

J-Vmeasurement of perovskite solar cells (ITO/SnO,/CH(NH,),Pbl,/
spiro-MeOTAD/Au) with device area 16 mm? were measured under
1,000 Ix LED (~20 cm from lamp) with and without black masks of
aperture areaof12.25 mm?. Theintegrated Jsc was calculated using the
device EQEand 1,000-Ix LED spectrum.

Data availability
Source data for Figs. 2 and 4 and the figure in Box 1 are available via
Figshare at https://doi.org/10.6084/m9.figshare.29183996 (ref.122).
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