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Tandem solar cells enable disruptive applications 

• Currently ~99% of all terrestrial PV is based on single junction solar cells

• Tandems (2 or more junctions) enable > 30% efficiency – leveraging for balance of system cost
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Tandem solar cells enable disruptive applications 

III-V

PVK

Energy storage (TPV)

Space Power

Mobile applications

• Currently ~99% of all terrestrial PV is based on single junction solar cells

• Tandems (2 or more junctions) enable > 30% efficiency – leveraging for balance of system cost
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Tandems are possible – what configuration is best?
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Tandem PV Efficiency: Cell level demonstrations

Tandem PV demonstrations show promise 

• Multiple materials and configurations have 

achieved over 30% efficiency

• Current 2J tandem record: 34.6% for metal-

halide perovskite/Si tandems

• Most current investments in perovskite-based 
tandems, due to potential for high efficiency and 

low cost
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Part I: Foundational knowledge

A Roadmap for Tandem PV Technology

Part II: A roadmap for future development

K. Alberi et al. Joule, 2024, doi: 10.1016/j.joule.2024.01.017.

The intent of this roadmap is to bolster the 
collective effort to develop tandem PV by 
providing a comprehensive view of the pathway to 
commercialization and the high-level challenges 
that must be overcome along the way.
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Tandems research at NREL

Material fundamentals, tandem cells Tandem module demonstrations

Technoeconomic analysis
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where c is the speed of light.

We obtain Aj, n0j, and JSC from tting the diode equation to

J(V) measurements of individual solar cells at standard testing

conditions (STC). PVcircuit also accounts for luminescent cou-

pling between the subcells. Here, we follow the approach of

Geisz et al.[18] using a luminescent coupling factor β of 16 for

the bottom cell.

3.3. Energy Harvesting Ef ciency of PSK//Si Tandems

We use the environmental data from Section 2.3 to model the

annual energy output Eout of a2T and a4T PSK//Si tandem solar

module. The annual energy produced by the solar module is cal-

culated as

Eout ¼
X

t

Pout t (8)

where Pout is the module power output for each time step t. The

EHE allows us to quantify the ef ciency of energy harvesting by

considering the temporal and spectral aspects of the solar mod-

ule’s performance, and it relates the produced annual energy to

the incident solar energy EGNI as follows.

ηehe ¼
Eout

EGNI

¼
EoutP
t EGNI,t

¼

P
t Pout t

P
t GGNI t

(9)

3.4. Spectral Binning

Simulating theEHEfor the full year using 1 min time intervals is

computationally expensive. Thus, we reduce the amount of data

using aspectral binning method that bins the spectra into sets of

similar spectra. Each bin of spectracan then berepresented with a

single “proxy” spectrum. Figure 3 illustrates our binning method.

Figure 3a partitions the full spectral set into equal energy bins

using 10 bins as an example. Figure 3b shows the resulting proxy

spectrafor the fth bin as themean of all measured spectrain that

bin. Figure3ccompares theintegrated irradiancefor all measured

spectra (colored symbols) with 100 proxy spectra generated with

our binning method (superimposed green dots).

Our binning method follows the approach presented by Garcia

et al.[3] but instead of the equivalent photocurrent ratio, we use the

average photon energy (APE). Utilizing theAPEprovides adistinct

advantage as it remains unaffected by any device speci c parame-

ters, while still maintaining a linear relation to device speci c spec-

tral mismatch effects.[21,22] Furthermore, we apply the binning

algorithm to the global normal irradiance comprising of the direct

and diffusespectral compounds, while Garciaet al.[3] only used the

direct spectra. The APE of a solar spectrum is given by[23]

Eape ¼
hc

q

R
ΦGNI dλ

R
ΦGNIλdλ

(10)

where h is Planck’s constant.

We assign each spectrum an APE and incident energy

EGNI ¼ GGNI t. (11)

Subsequently, we sort the spectra according to their APEs and

calculate the cumulative sum of the energy for all spectra. We

divide the maximum of the cumulative sum into NSbins equal

energy bins. Figure 3ashows this for 10 bins. Theorange dashed

lines indicate the bin edges segmenting the cumulative sum of

the energy, thus conserving the energy for each bin.

The kth bin out of the k ¼ 1: : : NSbins bins contains nk spectra.

Weassign each of thel ¼ 1: : : nk spectraΦkl in abin atimetkl and

temperature Tkl. Thus, the total time for each bin tk is given as

tk ¼
Xnk

l¼1

tkl (12)

We can then assign each bin an average proxy spectrum by

taking the mean of all spectra in this bin

Figure3. a) Spectral binning byequal energy into 10 bins. The orange dashed lines show thebin edges, and the blue lineshows the corresponding EGNI,k.

b) The resulting proxy spectra of the fth bin with a mean APEof 1.63 eV, shown in blue. The underlying gray lines show every 20th spectrum in the bin.

c) The integrated irradiancefor all spectra, colored bythedirect-to-diffuse irradiance ratio. Thesuperimposed green dots indicate the integrated irradiance

of 100 proxy spectra.
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