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SUMMARY

Silicon-based multi-junction (tandem) technology is one potential route to the

next breakthrough for terrestrial photovoltaic conversion. Significant progress

has been made in tandem solar cells. To move forward, development of tandem

module technology is essential. Here, we theoretically compare five possible

tandem module architectures with multiple material combinations by modeling

their outdoor performance ratios around the globe. This framework aids in eval-

uating future module designs and technology pathways by relating lab-based

efficiency to field performance and even project financing. We find that tandem

performance ratios depend notably on climate conditions. In general, three-

terminal and mechanically voltage-matched modules show exceptionally good

outdoor performance. Furthermore, we investigate the implications of technical

performance on manufacturing cost globally and find that tandems are prom-

ising in high-value markets in arid climates, where a three to five times increase

in the current silicon module manufacturing cost is allowed under an optimistic

scenario.
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INTRODUCTION

Solar cells and photovoltaic (PV) applications have undergone phenomenal

advances during the last decades. The efficiencies of some major solar cell technol-

ogies, such as silicon (Si) wafer and gallium arsenide (GaAs) solar cells, are already

approaching their theoretical limits.1–3 While the balance of system (BOS) and other

system-related costs also continue to fall, the fastest way to reduce the levelized cost

of energy (LCOE) of solar electricity is increasing the PV conversion efficiency

beyond the current efficiency limits, which allows for better utilization of the BOS

and eventually boosts the competitiveness of PV against traditional sources of en-

ergy.4,5 Si-based multi-junction (tandem) technology (i.e., stacking one or more

top cells of higher bandgaps onto Si) is one such pathway. This approach leverages

the material abundance, technological maturity, and cost competitiveness of Si and

couples it with top cells, such as GaAs, indium gallium phosphide (InGaP), and

perovskite. Recently, rapid progress was made in Si-based tandem solar cells using

mechanical stacking and wafer bonding. In laboratories, >32% efficiency has been

demonstrated using III-V top cells on Si,6,7 and 28% for a perovskite-on-Si (perov-

skite-Si) tandem.1,8,9 These tandem efficiencies already surpassed the record for sin-

gle-junction (SJ) Si solar cells (26.7%3), revealing their great potential.

One important feature of tandem technology is that there are multiple ways to inte-

grate the top and bottom cells. Furthermore, the integration can be done beyond
Cell Reports Physical Science 1, 100037, April 22, 2020 ª 2020 The Author(s).
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Figure 1. Conceptual Tandem Module Configurations under Investigation

(A–E) (A) Two-terminal (2T), (B) areal-matched (AM), (C) four-terminal (4T), (D) mechanically voltage-matched (VM), and (E) three-terminal (3T).15,32 ARC,

anti-reflective coating; JB, junction box, which is required to realize tandem module connection on the system level; TJ, tunnel junction layer in a

monolithic tandem solar cell.
the cell level—on the module level. Overall, the following architectures are possible

(Figure 1): two terminal (2T), areal matched (AM),10 four terminal (4T), mechanically

voltage matched (VM),11–13 and three terminal (3T).13–19 The design space of actual

tandem modules is much broader, as they can assume various configurations, with

different material systems, bandgap combination, cell structures, spatial layout,

metallization schemes, fabrication methods, and many others. For cell and module

manufacturers, it is important to be able to evaluate the different technology op-

tions, or pathways, as it affects their strategy and investments. Toward that goal, tan-

dem configurations may be compared and assessed based on the following aspects:

1. Efficiency limit, which indicates the potential for a general tandem family un-

der ideal assumptions. This has been investigated in numerous studies.12,20–23

2. Actual efficiency level attained under standard test conditions (STCs), after

taking into account practical limitations.

3. Manufacturing cost in $/Wp; several techno-economic studies have tried to

address the cost.4,5,24

4. Outdoor performance, which gives the final energy yield.

Aspects 3 and 4, together with other system-related costs, determine the final LCOE

of a project, which is usually the ultimate measure in large-scale applications. While

many studies had explored the efficiency and cost of tandem solar cells, there is still
2 Cell Reports Physical Science 1, 100037, April 22, 2020



much uncertainty in these elements regarding actual tandem modules that may be

realized in the future. Outdoor performance, however, may be more generalizable

for a given architecture, as it depends primarily on the characteristic losses of that

architecture under prevailing operating environments. It is known that different tan-

dem architectures perform differently in outdoor environments, which can deviate

substantially from STCs for whichmodules are designed and optimized.25 Therefore,

it is desirable to quantitatively assess the actual outdoor performance under

different climatic conditions, instead of merely looking at their STC efficiencies.

This is useful in answering the following questions:

What is the relative outdoor performance among different tandem architectures?

How important is it to consider climates when deploying tandem devices? Which

tandem is most suitable under each climate?

How do tandems perform compared to SJ technologies? In which climate does it

make the most sense to switch to tandems?

How much variation in performance is there across the globe? Is customization of

design needed?

What are the implications of the technical performance on their economic

viability?

Outdoor performance can be characterized by energy yield and implied perfor-

mance ratio (PR), which is related to a common metric used in assessing system

efficiency relative to the rated capacity under STCs (see Experimental Procedures).

In real applications, device efficiency is not directly factored into the calculation, as

one can always build the same capacity with different technologies. Instead, PR

(and thus specific energy yield) and cost provide a more direct and convenient

way than device efficiency to evaluate technology competitiveness for PV system

applications. Several energy yield studies investigated field potential for tandem

devices using outdoor conditions from specific locations,26–33 but they are limited

in the comprehensiveness of tandem configurations investigated or in the exten-

siveness of geographic coverage. In addition, they use different models and meth-

odologies, which makes cross-comparison and evaluation challenging.

In this article, we evaluate the various tandem module architectures from the

perspective of outdoor performance and the implied LCOE in different climates.

We extend previous yield studies with a comprehensive geographical coverage, a

more complete set of material systems, and more suitable device models to predict

and compare tandem behavior side by side to provide a holistic view. Energy yield

calculations are performed using satellite-derived meteorological data from the

NASA as input.34 The implied PR is then calculated to facilitate comparison among

different architectures and across different climate zones to reach more generaliz-

able conclusions. Device calculations are based on a two-diodemodel incorporating

photon recycling and luminescent coupling (LC) effects35 for Si and III-V sub-cells, or

a physics-based analytical model36 for perovskite sub-cells. In terms of efficiency, we

assumed best theoretical modules derived from record-level devices as a case study

to motivate future development while remaining somewhat realistic. However, this

study should not be taken as a comparison of the absolute performance of specific

tandem designs or optimization strategies; the use of PR as a metric for comparison

is thus more generalizable as it reflects the characteristic losses of a given architec-

ture, thereby reducing the bias caused by the different device properties and

efficiencies assumed (see Note S1). We did not explicitly consider module

manufacturing cost in $/Wp, as there is still uncertainty regarding the actual path

of realizing them, but we performed LCOE calculations to advise on the allowed
Cell Reports Physical Science 1, 100037, April 22, 2020 3



manufacturing cost increase compared to conventional Si technology under various

scenarios (see Experimental Procedures). These results can help to shed light on the

general outdoor characteristics of various tandem architectures to guide the evalu-

ation of future designs of commercial tandem modules and their cost targets. For

system designers and the broader industry, these results offer a preliminary assess-

ment of the practical viability of flat-plate tandem technology in different parts of the

world.
RESULTS

Tandem Module Architectures and Characteristics

The characteristics of the five theoretically possible tandem module architectures

shown in Figure 1 are explained as follows:

In 2T, monolithic tandem cells (Figure 1A) are connected like a normal SJ cell into

a module. This architecture has the greatest sensitivity toward variations in the

solar spectrum due to current matching constraints.25 On top of this, the current

matching condition may change slightly with temperature, particularly for perov-

skite on Si, whose sub-cells have opposite bandgap dependence on tempera-

ture.31

AM modules allow for two configurations: one is to connect a group of

series-connected top cells with a group of series-connected bottom cells,

called ‘‘configuration 1’’ in Figure 1B; another is similar to the 2T configuration,

with monolithic tandem cells connected in series (‘‘configuration 2’’). In

both cases, the areas of top and bottom cells are adjusted to produce the

same current.

For 4T modules (Figure 1C), the top and bottom cells can be connected in such

a way that a module has two junction boxes or has a power optimizer to inde-

pendently track the maximum power point (MPP) of the top and bottom cells. In

the first case, all of the top and bottom junction boxes can be connected and

then fed to different inverters separately, constituting two independent strings.

In this way, there is no need for additional power electronics to properly aggre-

gate power produced from the top and bottom cells. The dependence of 4T

toward operating conditions is a combined effect of the dependence of its

sub-cells.

For VM modules (Figure 1D), a string of series-connected top cells is connected

in parallel with another string of series-connected bottom cells in a mechani-

cally stacked fashion. Voltage is matched by adjusting the number of cells in

each string. Similar to 4T, the mechanical stacking may circumvent various con-

straints associated with the conventional monolithic integration on the cell

level. Voltage matching shows much less sensitivity toward spectral variations,

as there is no requirement for current matching. However, it is expected to

show some sensitivity toward temperature changes when there is a mismatch

between temperature coefficients (TC) and bandgap dependence of the top

and bottom cells.16

Alternatively, voltage matching can also be achieved with monolithically

integrated tandem cells with 3T,13–19 which is a promising architecture that

has recently attracted increasing amounts of interest. 3T tandem has the

advantage of being monolithic, which avoids additional layers and thus para-

sitic optical absorption losses during module integration, while still allowing

flexibility in bandgap combinations. 3T cell or module behavior is more compli-

cated but in principle closely resembles that of a mechanically stacked VM

module.13
4 Cell Reports Physical Science 1, 100037, April 22, 2020



Figure 2. Possible Layout of Tandem Modules

(A) An example of VM module layout with three groups of parallel connected half-cut Si bottom

cells (blue) and thin-film top cells (brown). Stripes of thin-film top cells are connected by transparent

conductive oxides (light blue).

(B) An example of AM module layout with two groups of series-connected top and bottom cells.

Module metallization (ribbons) are shown in gray.
Future full-scale tandem module designs will very likely follow one of these architec-

tures. In this work, the architectures are treated in an abstract and conceptual way,

without constraining the actual way of realization. As an illustration, a possible real-

ization of AM and VM in an actual module is depicted in Figure 2. Although the inte-

gration schemes may not be practical now, it is still desirable to include them in the

comparison, as the technical obstacles may be resolved in the future.

For simplicity, during simulation we model the smallest repeatable pair of sub-cells

or group of top and bottom cells as a unit tandem module. The configurations

investigated in the present study for each architecture are listed in Table 1,

together with their simulated STC efficiencies and TC at the MPP. The optical ab-

sorption in the sub-cells is calculated using measured sub-cell external quantum

efficiency (EQE) of record tandem solar cells from the literature. These EQEs reflect

the representative optical structure of a tandem architecture; therefore, no optical

model is invoked to further calculate the currents. The electrical properties of high-

quality, record-level sub-cells are assumed for each tandem configuration. Details

about the electrical parameters and other modeling assumptions are presented in

Tables S1–S3.

As an example, Figure 3 shows the modeled perovskite-Si tandem efficiency with

respect to spectral composition (characterized by average photon energy of the

spectra set found in Singapore,42 calculated for the wavelength range 350–

1,060 nm), intensity level, and temperature. A few observations can be made. 3T,

4T, and VM perovskite-Si efficiencies change only mildly with spectrum, while 2T

and AM efficiencies show large dependence, as expected. However, this may

change slightly when strong LC is present.43 AM behaves very similarly to 2T, except

that it shows slightly less sensitivity toward spectral changes. VM exhibits a more

pronounced efficiency drop toward low intensities. In contrast, 3T has exceptional

low-light performance because in this case, the perovskite string is voltage limiting,

so the tandem low-light behavior is dominated by that of perovskite, which is less

sensitive to irradiance levels. We also note that the temperature dependence of tan-

dems tends to be more complicated than SJ modules due to the shifting weights of
Cell Reports Physical Science 1, 100037, April 22, 2020 5



Table 1. Configurations Investigated in This Work for Each Architecture

Configuration (Tandem
or SJ)

STC Efficiency (%) References for EQE TC (Relative-%/K)a

2T GaAs-Si 29.2 Liu et al., 201737,b 0.20

3T GaAs-Si 33.0 Essig et al., 20176 0.14

4T GaAs-Si 34.2 Essig et al., 20176 0.17

AM GaAs-Si 31.3 Essig et al., 20176 0.20

VM GaAs-Si 33.9 Essig et al., 20176 0.15

2T InGaP-Si 28.3 Liu et al., 201737 0.13

3T InGaP-Si 34.5 Essig et al., 20176 0.20

4T InGaP-Si 34.7 Essig et al., 20176 0.17

VM InGaP-Si 34.7 Essig et al., 20176 0.16

2T InGaP/GaAs-Si 33.2 Essig et al., 20176 0.15

2T perovskite-Si 30.8 Sahli et al., 20189 0.25

3T perovskite-Si 25.6 Werner et al., 201638 0.20

4T perovskite-Si 27.5 Werner et al., 201638 0.24

AM perovskite-Si 27.3 Werner et al., 201638 0.23

VM perovskite-Si 27.4 Werner et al., 201638 0.26

Si (HJT) 26.2 Yoshikawa et al., 20173 0.26

Si (PERC) 21.3 Fell et al., 201439 0.36

GaAs 28.1 Kayes et al., 20112 0.14

Perovskite 21.7 Yang et al., 201740 0.22

InGaP 19.7 Geisz et al., 201341 0.10

Calculated efficiency and MPP TC under STC for the various tandem and SJ configurations under inves-

tigation. Tandem efficiencies are calculated assuming optics of record tandem EQEs but electrical prop-

erties of record SJ cells. Optical structure of 4T is assumed for 3T, VM, and AM tandems. For InGaP-Si, the

InGaP bandgap is too high to achieve current matching with Si, so 2T efficiency is lower than ideal. Note

that 2T perovskite-Si assumes a different optical structure than the other architectures and therefore has a

higher efficiency than the other perovskite tandems. All 3T tandems have a top to bottom ratio of 1:2 (one

top cells in parallel with two bottom cells). AM, areal matched; EQE, external quantum efficiency; MPP,

maximumpower point; PERC, passivated emitter and rear cell; HJT, heterojunction technology; SJ, single

junction; STC, standard test condition; 2T, two terminal; 3T, three terminal; 4T, four terminal; TC, temper-

ature coefficient; VM, voltage matched.
aCalculated under AM1.5G spectrum at one sun using device models outlined in Experimental

Procedures.
bOptical absorption simulated using methodology presented in the literature.
influence from top and bottom sub-cells. The modeled efficiencies of SJ and other

tandem configurations are presented in Figures S2 and S3.
Outdoor Field Performance

In Figure 4, we show the predicted worldwide PR for tandem modules with

perovskite and GaAs top cells in 2T and 4T architecture. In general, the highest

PR is achieved in cold and high-altitude regions, where the temperature is

lower. 2T shows much larger variation across the globe, with an interquartile

range of PR �0.08–0.1. Its PR suffers significantly in most parts of the tropical

regions, largely due to significantly more blue-rich spectra resulting from low

air mass and high water content.26,42 In these regions, customization of design

may be needed. In contrast, 4T shows reduced sensitivity to these differences

and exhibits a more uniform PR across the globe (variation only �0.04). In Fig-

ures S5–S8 and Notes S2 and S3, we also show the PR map of the other
6 Cell Reports Physical Science 1, 100037, April 22, 2020



Figure 3. Tandem Efficiencies and Temperature Coefficients under Varying Conditions

(A–E) Efficiency of 2T, 3T, 4T, AM, and VM perovskite on Si tandems under (A) different spectra, (B) irradiance levels, and (C) temperature, normalized to

their respective STC efficiencies (first row). Temperature coefficient at the MPP under (D) different spectra and (E) irradiance levels is shown in the

second row. Vertical gray lines indicate STC.
architectures and SJ modules, as well as the difference between SJ and tandem.

Assuming that the current record GaAs-Si represents the efficiency level attain-

able by mature tandem technologies, the 4T architecture generates on average

�20% (70 kWh/m2) more yield than the 2T architecture and 60% (160 kWh/m2)

more yield than conventional passivated emitter and rear cell (PERC) Si modules,

which are becoming the norm. For the current record level 2T perovskite-Si solar

cell, the increase from Si SJ technology is 40% (112 kWh/m2). This number is

expected to increase as perovskite solar cell performance improves.12

Performance in Different Climate Zones

To further understand the calculated worldwide field performance results, we

grouped and analyzed tandem PR in four major climate zones (see climate

zone classification map in Figure S4). We analyzed the operating conditions in

each climate zone using NASA satellite data. The main parameters studied

are irradiance level, temperature, humidity (which together with temperature de-

termines the water vapor content in the atmosphere), and air mass (which influ-

ences the spectral distribution of sunlight). Figure 5 shows the energy content

distribution with respect to daily average values of the irradiance, temperature,

and humidity in each climate zone, which is color-coded. Air mass is primarily

determined by latitude and is simply the same as the latitude distribution of

the climate zones.

In general, temperate and cold climates have flatter distribution due to the

strong presence of the seasons. Thus, the operating conditions span a wider

range. In comparison, tropical and arid climates show prominent peaks in which

most of the available insolation is contained. Arid zones have the highest tem-

peratures and insolation and the lowest humidity. Tropical zones are mostly hot

and humid, with mid- to high insolation, and show the least spread. As a result

of the different distribution of operating conditions, tandem architectures are

expected to show different PR drops in each climate zone. For instances, PR

is usually highest in cold climates, as temperature loss is smaller. Low irradiance
Cell Reports Physical Science 1, 100037, April 22, 2020 7



Figure 4. Calculated Worldwide Implied Performance Ratio (PR)

(A–H) PR for 2T and 4T perovskite-Si (A and B), GaAs-Si (E and F), as well as energy yields for 2T and 4T perovskite-Si (C and D) and GaAs-Si (G and H) for

2015. The distribution of values across the globe in terms of frequency of occurrence is shown in the smooth histogram beneath each plot, with the same

color-coding as in the map. Also shown are the median values and the range between the upper and lower 15th percentile (highlighted gray).

Geographic plots are produced by Mathematica 12.
loss is lowest in arid climates, as irradiance is generally higher. 2T tandems are

expected to suffer from more blue-rich spectra in the tropics.27,42 However, the

exact overall effect combining these factors can only be determined from

detailed calculations.
8 Cell Reports Physical Science 1, 100037, April 22, 2020



Figure 5. 3D Density Plot of Energy Content Distribution

(A–D) Energy content with respect to daily average values of the irradiance, temperature, and humidity in (A) tropical, (B) arid, (C) temperate, and (D)

cold climates. The clusters shown represent the most relevant conditions that contain 75% of the total available insolation in an average location of

the respective climate zones. Color saturation and transparency denote the amount of energy content (in percentage of total yearly total) within a bin of

10 W/m2 (irradiance) 3 1 K (temperature) 3 2% relative humidity.
Figure 6 shows the area-weighted distribution of PR. Comparing across tandem

architectures, a few observations can be made. In general, 4T tandems have the

highest PR, as expected. The PR of VM tandems is quite close to that of 4T in all

climate zones, with an absolute difference of only %0.015 on average for perov-

skite-Si, and even a slight gain for GaAs-Si. This is possible because the voltage is

not exactly matched at the MPP under STCs. Therefore, when conditions change,

the matchingmay improve from STCs. Overall, it turns out that the voltagemismatch

loss created by elevated temperatures is not significant for the investigated material

systems. Therefore, with the same installed capacity, VM tandemmodule can deliver

energy yield over 98% of what is achievable by 4T. This may be further improved by

module-level power electronics.11 3T tandems perform equally well or even better.

In particular, 3T perovskite-Si has a much higher PR than 4T, mainly due to substan-

tially imbalanced voltage matching under STCs. This improvement over 4T is also

seen in a study by Schmager et al.33 In this case, if the system can be realized with

equal capacity and capital expenditure (capex), then 3T modules are actually
Cell Reports Physical Science 1, 100037, April 22, 2020 9



Figure 6. Distribution of Calculated PR for Various Tandem Modules in Each Climate Zone in Box Whisker Plot

(A–D) The grouped PR values contain sampled PRs calculated across the year in geographic grid points (in 1� 3 1� resolution) from a given climate zone:

tropical (A), arid (B), temperate (C), and cold (D). The sampling is area weighted so that high-latitude regions are not overrepresented. The average PR

for single-junction (SJ) modules in each climate zone is also indicated in the figure as dashed lines. Boxes represent 25th–75th quantiles; whiskers and

fences (error bars) represent the range from minimum to maximum.
preferred over 4T, despite the fact that they have non-ideal matching under STCs

and have lower STC efficiency. However, the simplified perovskite models used

here do not account for the parasitic shunt resistance that will likely be present in

scaled-up perovskite top cells, resistive losses in Si bottom cells, and the partially

shorted cell at the end of each string. The inclusion of these effects will no doubt

lead to a lower PR, which may make it similar to that of 3T GaAs-Si. Overall, these

results corroborate those from previous calculations for 3T tandem solar cells and

VM modules for several locations in the United States.11,28,32,33 III-V and perovskite

materials could be made into different bandgaps. These variations may produce

slightly different PR for the various architectures. However, investigation of the full

space of the design is beyond the scope of the present work.

2T and AM tandems are of a similar type, which are both current matched. It is not

surprising that they have very similar PRs, and as a group, their PR is noticeably lower

than that of 4T tandems (due to sensitivity to spectral variation) and is nearly always

lower than that of SJ modules, with the only exception being 2T InGaP-Si, whose

high PR is primarily due to improvement from imperfect STC current matching in

the field (similar to the case of 3T perovskite-Si). Other than the PR in cold climates,

their PR is generally lower than 4T by 0.02–0.05. Nonetheless, in temperate and arid

climates, all double-junction tandems can reach similar (>97%) PR levels as SJ Si,

which is in agreement with findings from the literature for specific locations.28,30 In

contrast, triple-junction 2T tandems achieve the highest-rated (STC) efficiency, but

tend to have lower PR than double-junction tandems in all climate zones; therefore,

not all STC efficiency benefits can be retained in the field. Readers may refer to Table

S5 for a comparison of final harvesting efficiencies and energy yields. Our calculation

only considers monofacial modules. In bifacial applications, the advantages of 3T,

4T, and VM arguably would be even larger. Modeling bifacial gain would require
10 Cell Reports Physical Science 1, 100037, April 22, 2020



Figure 7. Outdoor Performance Comparison between VM GaAs-Si or Perovskite-Si (Whichever is Higher) and SJ PERC Si across Countries

Grayscale background shows the average energy yield per kWp of installed PV (Yf) of VM tandem in each country. The bubble radius and fill color

indicate the difference in the specific yield and PR, respectively. The bubble edge color denotes which material combination provides the higher

performance.
an additional calculation module for determining rear irradiance from a more

detailed sky model and a modified optical model to account for rear absorption.

These can be incorporated into our modeling framework as future work.
VM Tandems

Through this work, we find that the tandem architectures with voltage matching

(i.e., 3T and VM) are promising candidates for field application. They have

exceptionally good outdoor performance with high PR and smaller variation

across different climate zones. At the same time, they can relax the constraints

of material bandgaps, and have only two terminals, which do not require more

complicated circuits to connect modules on the system level, as in the case

of 4T.

Figure 7 shows in detail the outdoor performance potential of VM tandems

compared to SJ PERC Si. To simplify the graphic representation, we depict

average values per country. We have calculated performance using two material

systems: GaAs-Si and perovskite-Si. In each country, the results from the mate-

rial combination that gives the higher PR is presented: the green bubble edge

indicates an advantage for GaAs-Si and purple for perovskite-Si. The back-

ground in grayscale shows the specific final yield (Yf) achieved by the VM tan-

dem in a typical meteorological year. The bubble radius and fill color indicate

the difference in Yf and PR, respectively, compared to SJ Si. Brown bubbles

mean that the tandem has a higher PR and thus higher specific yield than SJ

Si, whereas blue bubbles mean the opposite. One conspicuous observation is

that the VM tandem performs much better than Si in the vast majority of Africa,

South Asia and Southeast Asia, the Middle East, Central and South America,

and arid regions in Australia, which are mostly hot and sunny regions. However,

it performs worse than Si in temperate and cold climates because Si has a

higher TC. However, as the available solar resource in these places is also

smaller, the difference in the Yf is greatly reduced (blue but smaller bubbles).

It would appear that conditions that favor tandems also have higher insolation.

This synergistic effect should improve the competitiveness of tandems in these

regions. Incidentally, in all of the regions in which tandem PR is greater than

SJ PR, GaAs-Si outperforms perovskite-Si and vice versa in this simulated case.
Cell Reports Physical Science 1, 100037, April 22, 2020 11



Figure 8. Calculated Worldwide Cost Premium

The allowed cost premium in module fabrication cost for 4T GaAs-Si tandem as compared to PERC Si, assuming residential cost scenario worldwide.

The magnitude of the cost premium of 4T tandem in percentage of Si module cost is represented by saturation. The added dimension of color serves to

indicate the situation of other tandem architectures. The green color indicates that cost premium of all tandem architectures surpasses 180%; the blue

color indicates that only cost premium of 4T and VM tandem does.
Cost Considerations

High efficiency level and outdoor PR may be sufficient to justify tandem over tradi-

tional SJ modules in some niche applications, but for large-scale adoption, technical

performance alone is not enough. Instead, LCOE becomes the deciding factor. At

this stage, accurate prediction of absolute manufacturing cost for tandem modules

is difficult due to uncertainties such as the actual equipment involved, process and

fabrication steps, and manufacturing yield. Therefore, we show a comparative study

with a high-efficiency industrial SJ PERC Si module as a benchmark. We illustrate the

competitiveness of tandems by calculating their allowed fabrication cost increase in

relative percentage of Si module manufacturing cost to reach the same LCOE as SJ

Si, with other system-level cost components held constant. This allowed increase is

referred to here as ‘‘cost premium.’’. The cost premium represents an upper limit that

any added cost of top and bottom cells as well as tandem module integration must

fall below to stay competitive with SJ Si, which will likely maintain its dominant role in

years to come.

Figure 8 shows the calculated worldwide cost premium of the 34.2% efficient 4T

GaAs-Si tandem module. In this exercise, we take into consideration the Yf (which

is determined by insolation level and the implied PR), the module fabrication costs,

and various other cost factors taken from the residential PV scenario using country-

specific cost information (see Experimental Procedures). The color saturation in

Figure 8 represents the allowed cost premium of 4T GaAs-Si tandem. The global

minimum is�150%, but we only show values >180%, which marks the 5th percentile.

The green color indicates that the cost premium of all other tandem architectures

surpasses this level, whereas the blue color indicates that only the cost premium

of 4T does (and in most cases, 3T and VM also do). While the green regions indicate

good opportunity for all of the tandem architectures, the blue regions suggest that

3T, 4T, and VM are more likely to become competitive. In many places, all of the tan-

dems allow doubling of the current level of Si module fabrication cost (100% cost

premium). For 4T and 3T-VM, the tripling of manufacturing cost is allowed in most

places. This is not so in cold climates, high-altitudemountains, regions with low inso-

lation, and some parts of the tropics. In high-value markets with high insolation, the

allowed cost premium can even reach 500%. The most promising regions for
12 Cell Reports Physical Science 1, 100037, April 22, 2020



Figure 9. Cost Premium Sensitivities

The 90th percentile value of allowed cost premium for 2T and VM GaAs-Si tandems in each climate

zone as a function of decreasing Cothers, inclusive of life-cycle costs discounted to present values.

Three cost scenarios are indicated in the figure: residential, commercial, and utility. Values

indicated at the x axis represent the US case only, with cost ratios of 0.1, 0.15, and 0.29, respectively

for the three scenarios. The same x axis positions would have different values for other countries.

The situation for AM and 4T configuration is similar to that of 2T and VM, respectively. The allowed

premium for a 26% efficient SJ Si module is also shown in gray.
tandems include Australia, the southern United States, and theMiddle East. Canada,

Japan, New Zealand, and western Europe also allow high cost premiums due to the

high installation and maintenance costs. This indicates that there is some room for

tandems to compete with SJ Si in high-value residential markets, corroborating

the conclusions of previous studies.5,24

Commercial and utility-scale deployment has a very different cost structure from res-

idential systems. Cognizant that BOS and soft costs in the residential scenario are

relatively high, we also show how the allowable cost premium depends on these

costs. This serves as a sensitivity analysis on the assumed costs. Figure 9 shows

the allowed cost premium for 2T and VM GaAs-Si as a function of BOS plus other re-

maining costs (Cothers) in the best markets (90th percentile) of various climates, while

keeping the PERC Si module cost (Cmodule) constant at $0.25/Wp. The situation is

different for different climate zones, as seen from the spread of the different color

lines. In general, the allowed cost premium is highest in arid climates. In the tropics,

the allowed cost premium is lowest due to the generally low Cothers in tropical

countries. This is the case even for VM tandem (and similarly for 3T and 4T), which

demonstrates superior technical performance in these regions. The allowed cost

premium declines rapidly as Cothers decreases (thus higher Cmodule/Cothers). In the

utility scenario (violet vertical dashed line), the allowed cost premium falls below

100%, making it much harder for tandems to compete. This agrees with conclusions

derived from more detailed techno-economic analyses in previous studies.4,5,24

However, a more than doubling of the cost (allowed cost premium >100%) is still

supported for commercial applications (dark red vertical dashed line). Figure 9

also shows the average allowed cost premium for a 26% efficient SJ Si. For 2T

GaAs-Si, the additional margin for allowed cost increase (space above the gray

area) is much smaller than that of VM.
DISCUSSION

In this work, we investigated the worldwide outdoor performance potential of five

tandem module architectures with a variety of material combinations, including

GaAs on Si and perovskite on Si, and the implications on cost competitiveness. In

particular, we establish an evaluation framework for globally assessing different

module configurations from the new angle of outdoor PR, on top of efficiency and

absolute energy yield.
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In most parts of the world, the high efficiency of tandems is proportionally translated

into superior yield. In absolute terms, we find global median yield improvements

compared to conventional SJ Si PV modules (median yield 268 kWh/m2) of

112 kWh/m2 (+40% relative) and 160 kWh/m2 (+60% relative) for the current re-

cord-level perovskite-on-Si and GaAs-on-Si tandems, respectively.

Most notably, we observe that the choice of the best tandem architecture depends

on the characteristic of the sub-cells and operating conditions: if a tandem module

with other architectures could be made at the same STC efficiency as a 4T module

(despite imperfect current or voltage matching), then it is possible to outperform

the 4Tmodule in the field. In general, our calculation indicates the voltage-matching

architectures (3T and mechanically VM tandem) to be promising candidates for

achieving superior outdoor performance if they can achieve good STC efficiency.

With the same installed capacity, 3T and VM tandem modules deliver nearly equal

(>98%) or even more than the power that is achievable by 4T tandems, which is

commonly regarded as the ideal tandem in terms of yield. The PR of the tandems

with voltage-matching architectures is superior to that of Si modules in hot and

sunny regions, including the vast majority of Africa, South Asia and Southeast

Asia, the Middle East, Central and South America, and Australia. Current matching

tandems (2T and AM) generally show significantly lower PRs in all but the cold cli-

mates, only reaching 94%–98% of the 4T yield. Hence, the customization of tandem

design is desirable, especially in the tropics, where approximately half of the spectral

losses can be recovered.27 In temperate and arid climates, all of the tandem archi-

tectures reach PR levels that are similar (>97%) to conventional Si modules.

In addition, we investigate the boundary conditions for tandem modules to be

economically successful. We find that even for the same module configuration,

economic competitiveness differs significantly in different climates and geoloca-

tions. Compared to mainstream Si technology, tandems have the greatest opportu-

nities in areas that have a high insolation and high BOS costs. Using residential mar-

ket conditions as a baseline, we find that doubling, for tandems in general, or even a

five times increase in manufacturing cost, for 3T, 4T, and VM tandems in certain re-

gions compared to PERC Si technology ($0.25/Wp) would still result in a lower LCOE.

3T, 4T, and VM tandems would support the doubling of manufacturing costs in com-

mercial and even utility-scale applications under the most optimistic scenarios.

Therefore, tandem technology is potentially promising for future residential applica-

tions, and may even become viable for large-scale installations, especially in high-

value markets from arid climates.

To move forward, the availability of top cells that combine low fabrication cost and

high efficiency remains the key to making tandems viable. Perovskite technology

appears to be a very promising candidate. Literature estimates indicate that cost

premiums for integrating perovskite onto Si monolithically would be <20%.44 Mod-

ule-level integration would be more costly, but the additional cost is arguably still

lower than making standalone perovskite modules, which are projected by several

cost analyses to be comparable to or cheaper than Si modules.5,24,45–47 However,

module integration would require innovation on top cell structure and fabrication

processes to enable effective encapsulation of top semi-transparent half-module

with the Si bottom half. III-V-on-Si technology is presently too expensive due to

the high costs associated with the III-V deposition process, but it could become

an option if progress in large-scale high-throughput epitaxial growth (e.g., rapid

growth rate metalorganic vapor phase epitaxy [MOVPE]48,49) proves successful.

Together with other measures, it may be possible to achieve a III-V solar cell
14 Cell Reports Physical Science 1, 100037, April 22, 2020



fabrication cost below $0.5/WDC
50, making a cost premium of <200% possible.

However, significant research is still required to realize high efficiency with these

low-cost pathways. Another force that can tip the balance is the inclusion of energy

storage to the system in the future, which further reduces the proportion of module

cost in the total cost structure, and hence favors high-performance tandemmodules.

At present, we believe that tandem modules should be optimized to arid conditions

instead of STCs when making the initial entry into the market.
EXPERIMENTAL PROCEDURES

Device Modeling

Tandem device output is modeled using a coupled optoelectronic model taking into

consideration photon recycling and LC. Optical absorption and current generation

under arbitrary incoming spectra are calculated primarily with experimentally

measured cell/sub-cell EQE from the literature, except for 2T GaAs on Si, for which

no reliable measurement is available and in which the optical simulation coupling

transfer matrix method and ray tracing (a method developed by Liu et al.37) are

used. With the calculated photogeneration current density in the SJ solar cell or

each sub-cell in a tandem, the individual IV curves are simulated, assuming superior

electrical properties found in record cells. III-V and Si cells are modeled with the

widely used two-diode model. However, the two-diode model may not account

for important physical effects such as a voltage-dependent carrier collection in

p-i-n or heterojunction types of devices.51,52 Therefore, a physics-based model by

Sun et al.36 is used instead for modeling themetal halide perovskite cells to give bet-

ter results under a diverse range of operating conditions.53 However, shunt resis-

tance is not included in the perovskite model, which gives it exceptional low-light

performance and high PR. This is likely not the case when scaling up. In some

high-efficiency tandems (e.g., III-V-on-Si), photon recycling and LC are important

phenomena that should be accounted for to accurately describe their behavior.54,55

In this process, electroluminescence and photoluminescence from high bandgap

sub-cells not only enhance their own electrical property via photon recycling but

can also be optically coupled to lower bandgap sub-cells below. This can alter the

tandem behavior significantly under different illumination conditions.43 Hence, we

adopted the optoelectronic model from Geisz et al.35 in the present study to reflect

the impact of photon recycling and coupling efficiency on the yield of various tan-

dem architectures. This model takes into account the internal photon recycling effect

and also adjusts the photogeneration current of lower bandgap sub-cells based on

the operating point of the high bandgap cell above them. The IV of each sub-cell is

then combined into a tandem IV based on the given tandem architecture according

to a simple circuit model (see Supplemental Experimental Procedures).

In addition, we have considered the effect of operating temperature. In the two-

diode model and the physics-based model, we treated temperature dependence

by taking into account the theoretical temperature dependence of bandgap (Eg),

diode saturation currents (J0), and the short-circuit current (Jsc) according to estab-

lished models in the literature.56–61 The operating temperature given the ambient

temperature, irradiance level, and device efficiency is calculated using an empirical

model from the energy balance assumption.62,63

Overall, this simulation framework is among the most sophisticated in energy yield

studies, which provides a theoretical case study. However, readers should be aware

of its limitations in representing arbitrary real devices accurately: (1) EQE depen-

dence on temperature and other effects such as angle are not considered, other
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than the linear dependence of Jsc on temperature; (2) theoretical temperature

dependence may be slightly different in real devices with different cell architec-

tures and fabrication processes; (3) accurate analytical models for different types

of perovskite solar cells are not yet fully established; (4) resistive effects are not

investigated, especially shunt resistance, which has a significant effect on low-

light performance; (5) degradation is not modeled—only a fixed degradation

rate is assumed during LCOE calculations. As a result, the exact outdoor perfor-

mance of an actual device needs to be recalculated using calibrated models.

More details and parameters assumed for the models can be found in Figure S1

and Tables S1–S3.
Energy Yield and Field Performance Calculation

Our global energy yield calculation routine is adopted and modified from the

method developed by Peters et al.34 Daily average values of operating environ-

ment parameters, including solar irradiance, ambient temperature, humidity,

ground reflectance, and aerosol are taken from NASA’s various satellite instru-

ments in the Earth Observing System (Database: CERES SSF1deg).64–66 We

have compared and validated the satellite readings against ground weather sta-

tions (Table S4; Supplemental Experimental Procedures). The solar spectrum is

calculated with the simple model of the atmospheric radiative transfer of sun-

shine (SMARTS).67 Using the device modeling outlined above, we calculate

the yield for each day and each location above sea level, with a spatial resolu-

tion of 1� 3 1�. We considered losses (or gains) due to irradiance levels, varying

spectrum, and module temperature. This methodology has achieved a good

match between predicted field performance in terms of PR and experimentally

measured results for Si and cadmium telluride (CdTe) technologies in Singapore

and Perrysburg, Ohio.34 In the present work, we have made further refinements

by adjusting the daily average irradiance values to reflect the most representa-

tive condition during the daytime. In addition, we have used in-plane irradiance

tilted at latitude angle (converted from horizontal irradiance) to obtain the abso-

lute yield.

In addition, we describe the worldwide outdoor field performance by both en-

ergy yield and implied PR.27 This PR characterizes how the device performs in

the field relative to how it performs under STCs, which is an important metric

for PV system designers in real-world applications. It is a normalized measure

of outdoor performance that facilitates comparison between different devices.

In general, PR tends to show less sensitivity toward the assumed device

parameters and is thus more generalizable than energy yield alone.

Furthermore, in actual project developments, financial performance is of the

utmost importance, which involves using PR to estimate the actual performance

from nameplate performance. Module field performance and other related losses

will be factored in when sourcing equipment (e.g., choosing technologies).

Discussions on the energy yield potential at the radiative limit are abundant in

the literature12,28 and will not be treated further in this article. PR here only re-

flects losses from the inherent behavior of the devices (therefore the name

‘‘implied PR’’) and does not account for losses from other system components

such as cables and inverters. This distinction is important, as it marks the differ-

ence from the term ‘‘performance ratio’’ as it is used in PV system measure-

ments.68,69 Nevertheless, it is a convenient measure that is directly interpretable

by system researchers. Long-term changes in PR due to degradation are also

neglected.
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We have used data from 2015 to perform the calculation. It should be noted that

insolation and operating conditions fluctuate from year to year. However, in previ-

ous work, we found that calculated PR shows a small sensitivity toward year-to-

year variation,70 and therefore is a robust measure that can be generalized. The

annual insolation, however, varies by �10%.71 Another factor that influences the

calculated results is the assumed value of LC. Here, we briefly assessed its impact

and found that the maximum difference in calculated PR between the cases with

no LC and with full coupling efficiency is �0.03 for 2T GaAs on Si tandem (Figures

S9 and S10; Note S4).
LCOE Calculations

LCOE is a well-known figure of merit to compare the economics of electricity produc-

tion. It is calculated by dividing the total lifetime cost by the total lifetime electricity

production. Here, we use the general equation below to compute LCOE:

LCOE =
Cmodule 3P +BOSarea 3A+BOSpower 3P +Cproject +Cothers +

PN
i = 0

O&M
ð1+ rÞi

PN

i = 0

Yf 3 ð1�dÞi
ð1+ rÞi

(1)

where Cmodule is the module cost in $/Wp, BOS is the balance of system cost broken

down into components that scale with the system area (A) and system capacity (P),

Cproject represents various project-related costs such as taxes and overhead, Cothers

denotes other costs such as financial costs and replacement costs, O & M is the

annual cost of operation and maintenance,N is the system lifetime, Yf is the final en-

ergy yield of the first year, d is the degradation rate, and r is the nominal discount

rate. Here, we consider only inverter replacement cost in the 15th year as Cothers,

and no financial costs are included.

As tandem technology will most likely make its way initially into real-world applica-

tions in small-scale residential markets, we calculate the global costs for a residential

scenario. The 2018 cost data from the United States is taken as a baseline.72 For

other countries, the costs are scaled by comparing the country-specific utility instal-

lation cost, maintenance cost, and discount rate (based on the Solar Energy

Research Institute of Singapore [SERIS] curation of financial cost data73) to those

of the United States. Here, we make a simplifying assumption that the same scaling

applies to commercial and residential scenarios. The ex-factory gate price of a

benchmark decent efficiency PERC Si module (CPERC Si) is assumed to be the same

at $0.25/Wp for all cases and all countries. For a residential scenario, markup due

to supply chain cost exists, which was added to BOS costs that scale with power.

In this way, we can separate module fabrication cost from all of the other costs

related to the system and project. The tandem module fabrication cost is repre-

sented by this benchmark module price multiplied by a factor (1 + x), where x is

the cost premium compared to making a conventional Si module. Given the calcu-

lated yield for Si (Yf_PERC Si) and for the various tandems (Yf_tandem), we then solve

for each location the cost premium x that makes LCOE of Si and tandem modules

equal (Equation 2):

LCOE
�
CPERC Si ; BOSPERC Si ; Yf PERC Si ; .

�
= LCOEðCPERC Si 3 ð1 + xÞ ;
BOStandem ; Yf tandem ; .Þ (2)

It is known that the competitiveness of tandem technology depends signifi-

cantly on the cost structure (i.e., the proportion of BOS and other costs).4,5,24

In utility-scale systems, this proportion would be much lower. Therefore, we

also sweep the value of BOS plus other costs to shed light on other types of
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deployment that have different cost structures. More details about the cost fig-

ures and assumptions in the calculation are presented in Table S6 and Figures

S11–S13.

DATA AND CODE AVAILABILITY

The codes used for performing the simulation are available on GitHub (https://

github.com/Haohui88/analytical-solar-cell-and-module). All of the data are avail-

able from the corresponding author upon reasonable request.
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Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
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6. Essig, S., Allebé, C., Remo, T., Geisz, J.F.,
Steiner, M.A., Horowitz, K., Barraud, L., Ward,
J.S., Schnabel, M., Descoeudres, A., et al.
(2017). Raising the one-sun conversion
efficiency of III–V/Si solar cells to 32.8% for two
22, 2020
junctions and 35.9% for three junctions. Nat.
Energy 6, 17144.

7. Cariou, R., Benick, J., Feldmann, F., Höhn, O.,
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