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Abstract: Photovoltaic modules in desert areas benefit from high irradiation levels but suffer from
harsh environmental stress factors, which influence the Levelized Cost of Electricity by decreasing the
lifetime and performance and increasing the maintenance costs. Using optimized half-cell module
designs mounted in the most efficient orientation according to the plant requirements can lead to
reduced production costs, increased energy yield and longer service lives for PV modules in desert
areas. In this work, we review the technical advantages of half-cell modules in desert regions and
discuss the potential gains in levelized costs of electricity due to reduced material consumption, a
higher cell-to-module power ratio, lower module temperatures, better yields, reduced cleaning cycles
and finally, reduced fatigue in interconnection due to thermal cycling. We show that half-cell modules
are the most cost-effective option for desert areas and are expected to have a relevant lower Levelized
Cost of Electricity.

Keywords: desert modules; half-cell module; soiling; performance; reliability; economics and costs

1. Introduction

Desert areas benefit from high irradiation levels [1], and the photovoltaics power
potential in these areas exceeds 2100 kWh/kWp [2]. This means only a small area of
desert covered by PV modules can potentially cover today’s world’s need for electricity [3],
and this drives the major installation market to these areas [1]. However, desert areas
suffer from harsh environmental stress factors, such as high UV doses [4-9], high ambient
temperatures [10-15], significant temperature changes between night and day [8,16-18]
and a high soiling ratio [8,19-34]. Looking at the differences between these stress factors
and comparing them with moderate climate, about twice higher irradiance, 5.4 times higher
UV dose, 1.6 times higher temperature change between night and day, 25 times higher
soiling ratio and 3 times higher average ambient temperature is measured in the desert
compared to the moderate climate (see Figure 1) [8]. PV modules are expected to last at
least 25 years in the field to achieve the economic goals of the project [35]. Depending on
the module manufacturers, there are different product warranties varying between 5 and
12 years and performance guarantees between 20 and 35 years [36]. However, it should be
considered that most of these standards and plans are developed for moderate climates [8].
The increased environmental stress factors [8,37] lead to durability issues such as breakage
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of tabs and solar cells [16,18,38], degradation of polymer encapsulants in the form of
discoloration or delamination [5,6,39,40] and sand abrasion [24,41,42] and performance
issues such as energy losses due to homogeneous [8] or inhomogeneous soiling [34,35] and
high module temperatures [10,11,13], which influence the energy production of the system
and therefore directly impact the Levelized Cost of Electricity (LCOE) [43-45], which is the
net price for the electricity.

Irradiance Dose [kWh/m?#/a]
2500

UV Dose [kWh/m?/a] Ambient Temperature [°C]

30

15/% - Desert (Dubai)
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100
Soiling Loss Rate [%/day] Relative Humidity [%]

Figure 1. Comparison of environmental stress factors between moderate (Halle, Germany) and desert
(Dubai, United Arab Emirates) climates.

The Levelized Cost of Electricity LCOE can be calculated from Equation (1).
IPV + Zn— 1:‘_2)t + Ry

Mo x(1- dpv)
Zt 1 1+1)

LCOEpy = )

where LCOEpy [EUR/Wp,, or EUR/kWHh] is the Levelized Cost of Electricity /Energy,
Ipy [EUR] is the investment costs, A; [EUR] is the annual total costs, i[—] is the discount
rate, t [—] is the operating year, R,, [EUR] is removal costs, M,; [W or kWh] is the electricity
output, n [years]| is the lifetime of the PV module/plant, and dpy [—] is the degradation
rate from the unity.

Reduced module lifetimes and increased maintenance costs increase the LCOE, while
increased module efficiency and reduced systems costs reduce this factor.

Half-cell modules are the new standard module, and they have become popular in
the market [46]. According to International Roadmap for Photovoltaics, all modules in the
market are expected to use half-cell or third-cell modules by the end of 2025 [47], and this
transition can be seen clearly in the new product series from tier-1 module manufacturers in
2021. In this work, firstly, we present a review on the advantage of using half-cell modules
with proper design on module efficiency, durability and performance. Furthermore, we
present our results on the techno-economic assessment and cost factors of half-cell modules
in desert areas and how the half-cell modules can influence the relative LCOE, especially
in desert areas. This can justify why module manufacturers are leaning more and more
toward partial-cell module production.
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2. Technical Assessment
2.1. Increased Optical Gains and Reduced Electrical Losses

The electrical current of a solar cell has a linear dependence on its area [48], and the
ohmic losses in conducting parts have a quadratic relationship with the current flowing
through them [49,50]. By cutting the solar cells in half, the electrical current is reduced by
half, consequently leading to four times lower ohmic losses and a better fill factor [8,49-52].
This is the one of the best designs for the emerged large-size wafers, which produce a high
current and consequently higher ohmic losses.

Furthermore, the back reflection of light rays inside the PV laminates can lead to a
slight gain in the short-circuit current by influencing the edges of the solar cells [50,53,54].
The half-cell modules benefit from an increased gain in the short-circuit current due to the
increased active area influenced by the back reflections from cell spacing between the half
cells [50].

Figure 2 depicts the schematic comparison of the back-reflected light over the edges of
the solar cells in both full-cell and half-cell module layouts and highlights the increased active
area influenced by the back reflections in the half-cell design compared to the full-cell design.

Full-cell module Half-cell module

Figure 2. Schematic view of the area influenced by the back reflections of light rays from the backsheet
over on the edges of the solar cells in both (left) full-cell and (right) half-cell layouts.

Increased active area
influenced by the
back reflections

/

Back refelctions from
the backsheet

To compare the influence of the design transition from full-cell to half-cell, two PV
modules with 72-cell full cells and an equivalent half-cell module with 144 half cells were
fabricated from the exact same bill of materials (BOM). Indoor characterization results
under Standard Test Conditions (STC) with an AAA sun simulation show that the half-cell
modules benefited from a gain of up to 3% in the short-circuit current due to the increased
optical gains and a 1.4% gain in fill factor due to the reduced electrical losses [55]. This
led to a relative gain of almost 4.5% in power for the half-cell module compared to the
equivalent and comparable full-cell module [55]. Figure 3 demonstrates the comparison
between the fabricated full-cell and half-cell modules as well as their current-voltage (IV)
curves and electrical characteristics.

However, cutting solar cells leads to a slight efficiency loss in solar cells due to
recombination and shunt losses induced by the laser-cutting process [56,57]. Yet, at the
module level, the efficiency loss due to the laser process is not only compensated for but
also leads to an extra gain in efficiency due to the optical gains, and reduced electrical
losses are achieved [8,46,49,58]. Figure 4 demonstrates the efficiency loss due to cutting
single cells into two half cells and the efficiency gain at the module level for the PV
modules manufactured from the same solar cells [46,58]. Using other laser technologies
such as Thermal Laser Separation (TLS) has proven less efficiency losses compared to the
state-of-the-art nano-second laser technology by avoiding defects induced by laser ablation
along with the edges of the solar cell and using mechanical cleavage by thermal laser
instead to decrease edge losses [46,59,60].
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Figure 3. Comparison of (a) the IV characteristics and (b) electrical characteristics of measured
(c) full-cell (72 cells) and (d) half-cell modules (144 half cells) with a similar bill of materials.
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Figure 4. Efficiency loss due to laser process after separation of single cells into two half cells and
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overcompensation of losses at the module level fabricated from the same solar cells due to reduced
electrical losses and increased optical gains (adapted from [46]).

2.2. Effect of Spacing in Module Level

By considering the current gain which can be gained from optical reflections between
cell/string spacing, further optimization is limited to the glass sizes available in the market
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by considering the 61730-1 [61] for electrical safety can be performed. We fabricated and
studied 20 PV modules with 120 half-sized solar cells in three groups with 1.5 mm, 2.5 mm
and 3.5 mm cell and string spacings. The 61730-1 standard ensures electrical safety for the
electrically conductive module components at the module edge. The total inner inactive
area of the module, by considering the area shaded by the module frame, was calculated.
After electrical characterization, the modules with more spacing between the cells and
strings showed a higher gain in the short-circuit current. The measured short-circuit current
of PV modules increased between 0.4-0.6% by for every 1 mm more spacing between the
cells and strings and contributed up to nearly 1.2% gain in module power from 1.5 mm to
3.5 mm spacing group (see Figure 5). It should be noted that the stack design and bill of
materials (glass and backsheet properties) can influence this gain significantly [62,63].
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Figure 5. (top) Schematic and picture of the PV modules and (bottom) electrical characterization data
of the PV modules with three different cell/string spacing groups of 1.5 mm, 2.5 mm and 3.5 mm.

2.3. Optimized Tab Width

Reduced electrical losses in interconnecting tabs of the half-cell modules due to the
halved flowing current through the tabs open up an opportunity for further reduction in
tab width and release the active area of the solar cell shaded below the tab (optical losses)
by accepting slight ohmic losses (electrical losses) [8,49,58]. Figure 6-left demonstrates the
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schematic view of the half-cell module with a reduced tab width, as well as the additional
illuminated area, which was previously shaded under the tab. Our previous works on the
optimization of tab width for half-cell and full-cell modules show that the optimized tab
width of half-cell modules is half of the width used for an equivalent full-cell module (see
Figure 6-right) [8,14,46,49]. This leads to a gain in the short-circuit current by releasing the
active area below the tab as well as a significant decrease in components’ costs due to the
reduced price per kilograms paid for the copper tabs. The optimized tab width is relevant
to the number of busbars and the nominal current of the solar cell.

. 28.8 T T T T T i T i T i
Released active area e~ Electrical losses - Full-cell
& —®— Total losses - Full-cell
E 24.7 i— @— Electrical losses - Half-cell{4
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Figure 6. (left) Schematic view of the half-cell module made from cells with M2-size wafers and a
magnification on tab section which shows the reduced tab size and related released active area, which
was shaded below the tab; and (right) simulated electrical, optical and overall power loss densities
related to the total active width covered by tab on the solar cells. The optimum tab width might vary
according to the number of busbars and electrical characteristics of the solar cells.

The advantage of reduced electrical losses and increased optical gains are even more
important in places with high irradiation levels. In places with high irradiation levels,
such as deserts, the current generated over time is significantly higher than in places with
low-light conditions. In places with high irradiation levels, the dominant loss mechanism
is electrical losses in the interconnecting tabs, and therefore, the full-cell module with a
wider tab width shows a better efficiency compared to the same layout with a narrower
tab width. However, due to four-times reduced electrical losses in half-cell modules, the
half-cell module with a wider tab width shows reduced electrical losses but higher overall
losses compared to the half-cell module with a narrower tab width. Under high irradiation
levels, the half-cell module with a narrower tab width shows the least overall power loss.
In low-light conditions, the optical losses from shading of the active area of the cell by the
tab is the dominant loss mechanism, and the optimized tab width for both half-cell and
full-cell modules is the narrower tab width [49].

2.4. Cell-to-Module Power Ratio and Increased Yield

Shifting to the half-cell module and optimizing the tab width leads to an increased
gain in the efficiency of PV modules. However, increased spacing between the solar cells
leads to a larger module size, which decreases the total efficiency of PV modules. In [59], the
inactive perimeters inside the PV modules were kept constant, and 100 mini-modules were
fabricated from solar glass with no anti-reflective coating, solar cells with the dimension of
156 mm x 156 mm, two tab dimensions with the widths of 0.8 mm and 1.5 mm and finally
two module layouts of full cells and half cells (see Figure 7).
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Figure 7. (top) Picture of half-cell and full-cell single-cell PV modules with wide and narrow tab
widths which covered 2.4 mm and 5.1 mm of the cell width; and (bottom) the optical, electrical and
overall power loss densities of the modules under high irradiation and low-light conditions.

Then, the PV modules were measured, and the cell-to-module power ratio (CTM) of
the PV modules, which is the ratio of the PV module power over the total power of the
solar cells inside the module before fabrication, was revealed [62,64,65]. A comparison of
the cell-to-module (CTM) results show while the cell-to-module power ratios of the full-cell
modules ranged between 93% and 97%, the cell-to-module power ratios over 100% were
achieved for the half-cell modules made from the same materials (see Figure 8) [58]. The
half-cell module with a narrower tab width could gain an extra 2% in CTM value compared
to the wider tab width, achieving 102% for the half cell.

Further energy yield evaluations including the third-cell modules with M2-size wafers
and the above-mentioned tab dimensions were performed in Morocco [58].

The measurement results of the third cell showed a gain up to 103% for third-cell
modules. However, due to technological limits of the width of the busbar print over the
solar cells, narrowing the tabs below the width of the busbar had no impact on optical gains
and only increased the electrical losses. Therefore, by looking at the energy yield evaluation
data, the total gain from the full cell to half cell was significantly higher (four times) than
the gain from the full cell to third cell (see Figure 9) [46]. However, it should be noted that
third-cell modules can harvest more relative energy compared to the half-cell modules by
utilizing a larger wafer size, above M10, and by using alternative tabbing technologies such
as wires over very narrow busbars.
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Figure 9. The cumulative energy yield based on full-cell, half-cell and third-cell modules with the
same module perimeter and inactive area for two tab width values in Morocco.

2.5. Interconnection Design and Manufacturing Feasibility

The typical full-cell PV modules are made from 60 or 72 full-size solar cells, which
are all connected in series. Typically, 20 or 24, or, as has been seen in some modules,
26 solar cells, in a series are protected by a bypass diode which is in a junction box mounted
on the rear side of the PV module (see Figure 10). The state-of-the-art half-cell modules
(mirrored design) in the market follow the interconnection design shown in Figure 10. The
half cells are connected to each other in a series in both the top and bottom half of the
PV module. Then, both series-connected half-cell blocks are connected in parallel in the
terminals to the junction boxes. Due to special design of this module, the bypass diodes
and, consequently, the junction boxes, need to be distributed and decentralized in three
small junction boxes, each containing one bypass diode mounted in the middle of the PV
module. Having three junction boxes requires extra cutting and modified lay-up processes,



Energies 2022, 15, 3219

9o0f21

and slightly higher costs due to use of three but much smaller junction boxes. Another
design of half-cell modules is the half-cell modules with a uniform design, where the solar
cells are connected in series in each sub-string. Every sub-string is connected in parallel
with the neighboring sub-string. Finally, all twin sub-strings are connected in series. This
design has more flexibility for positioning the junction box. The junction box in this design
can be both decentralized (similar to standard the half cell with a mirrored design) or
centralized (similar to the standard junction boxes for full-cell modules) (see Figure 10).

‘w

/I

Full-cell module

Half-cell module (Mirrored design) Half-cell module (Uniform design)

Figure 10. Module picture, interconnection schematics and rear-side shematics of the full-cell module,
half-cell module with mirrored design and half-cell module with uniform design (adapted with
permission from [66]).

2.6. Durability and Fatigue of Interconnecting Tabs

As shown in Figure 1, in desert areas, the temperature changes between night and day
are up to two times higher than in moderate climates, leading to the breakage of tabs due to
thermal cycling [8,67]. In [8], cell displacement due to thermal cycling for PV modules with
different designs was evaluated. The samples were mini-modules with three four-busbar
full-size equivalent solar cells (or six half-cut cells) and two tab dimensions of 1.2 mm and
0.8 mm per tab piece. Sample groups of P01, P02 and P03 represent a full cell (1.2 mm tab
width), half cell (with a 1.2 mm tab width) and half cell with optimized tabs (0.8 mm tab
width). The simulations showed that the optimized tab width for this specific four-busbar
half cell could even be reduced by up to 0.6 mm, but due to manufacturing restrictions, a
0.8 mm tab width was used.

The thermal cycling test (TCT) is the standard test per the IEC 61215-2 [68] standard
for checking the resistance of PV modules for the fatigue of interconnectors, solder joints,
and cracks grown in crystalline solar cells. In a test procedure, the module temperature
is changed by between —40 and 85 °C with a maximum rate of change of 100 K/h and a
dwell time of at least 10 min at the end temperatures. The minimum number of cycles is
200, as suggested by the IEC 61215-2 type approval [68]. To evaluate module designs, the
important information is the amplitude of stress applied during a thermal cycle. A possible
quantification of the connector load is made by measuring the cell shifts [16,18,69]. An
image correlation approach is used to evaluate the cell shifts between the gaps [8].
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The comparison results between the full-cell and half-cell modules showed up to 50%
less displacement between the solar cells due to reduced cell size (see Figure 11) [8]. A
comparison between the half-cell modules with different tab sizes indicates that the tab
width is not a big influencing factor. This makes the half-cell module with a narrower
tab width a choice with a higher yield and durability [8]. This factor will be even more
important for larger-size wafers over M12, leading to more reliability for third-cut cells
as well.

T T T T T T T T T T T T T
20} ! ' [_]-40...25°C|{
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Figure 11. Gap change between the 4-busbar solar cells laminated into mini-modules with 3 full-size
equivalent solar cells and fabricated with the same bill of materials. The half-cell and full-cell groups
differ only in the cell size, and the half cell and half cell with optimized tab differ only in tab width
(adapted from [8]).

2.7. Performance
2.7.1. Thermal Performance

Half cells operate with half of the operating current of the full-cell modules, leading
to almost four-times-greater ohmic losses in the interconnecting tabs. Malik et al. [70]
tested the full-cell and equivalent half-cell modules with a similar bill of materials in Halle
(Saale), Germany. The average module temperature (half-size and full-size cell module) was
measured from 2014 to 2018 (see Figure 12). The comparison of the results shows that the
half-cell module operated cooler than the full-cell module. The difference in temperature
between these two modules increased further at higher irradiation levels, representing
the desert conditions [49,70]. This could be related to the reduced ohmic losses in the
interconnecting tab, which contributes to the module temperature [14,49,70].

Optimization of tab width for half-cell modules increases the efficiency by releasing
the active area below the tabs [14,46,49,58] but also leads to higher ohmic losses. Using
solar cells with a greater number of busbars can reduce the ohmic losses and consequent
module temperature [14].
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Figure 12. (left) Measurement of full-cell and half-cell modules with uniform design on the outdoor
test field in Germany, and (right) average measured temperature of the ambient, half-cell and full-cell
modules between 2014 and 2018.

2.7.2. Partial Shading and Soiling Challenge

As shown in Figure 1, the soiling ratio in desert climates is up to 50 times higher
than in moderate climates [8]. Solutions such as anti-soiling coatings [71] can decrease the
homogeneous soiling on the glass surface [33,72-75]. However, inhomogeneous soiling
due to the accumulation of dust on the bottom edge of PV modules, when it occurs, can
lead to a drastic power loss and total shutdown of the PV module due to partial shading
and increases the risk of hot spots [8,34]. In an extreme situation, shading of less than 5%
of the active module area can lead to the total shut down of the PV module [76]. Figure 13
demonstrates different homogeneous and inhomogeneous soiling scenarios with different
ratios in desert areas.

Figure 13. (a) Homogeneous soiling in Gran Canaria, Spain (Reprinted with permission from [77]),
and inhomogeneous soiling of PV modules mainly in lower parts of the PV modules in (b) United States
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(Reprinted from the presentation in the conference related to [78]), (c) Xi’an, China (Reprinted with
permission from [79]), and (d) Dubai, United Arab Emirates.

An adapted interconnection design and mounting orientation can increase the toler-
ance of PV modules under partial-shading conditions [35,46,51,55,66,80].

A half-cell module with a uniform design (see Figure 14) mounted in portrait orienta-
tion, which was evaluated in [66], showed up to a 65% better power output compared to the
full-cell module when the bottom row of the module was shaded. The module performed
up to 15% better compared to the half-cell module with a mirrored design and showed a
significantly better performance under lower partial-shading rates [66]. Furthermore, in
the extreme case of 100% shading of the bottom row, the full-cell module lost all its power,
and the half-cell module with a mirrored design lost up to 50% of the nominal operating
current, while the half-cell module with a uniform deign lost voltage instead and operated
near the current at the nominal operating MPP and showed less current mismatch with
other modules within the string [66]. Figure 15 compares the measured power and current
ratios of the three module designs according to Figure 14 after shading the bottom row of
the PV modules completely [66].

Full-cell Half-cell (Mirrored) Half-cell (Uniform)

3

Electrically ilnfluenced area by partial shading (inhomogeneous soiling)

Figure 14. Influenced area under inhomogeneous partial shading induced by dust accumulation for
(left) full cell, (middle) half cell with a mirrored design and (right) half cell with uniform design
(adapted with permission from [66]).
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Figure 15. Comparison of measured power and current ratios of the the full cell, half cell (mirrored)
and half cell (uniform) when the bottom row of the modules were 100% shaded.

3. Economic Assessment
3.1. Large-Size Wafers

The M2 wafer size of monocrystalline PV modules remained almost unchanged for a
decade [81,82]. After developments in the crystallization process, larger wafer sizes were
introduced to the market in 2019 [83]. At the moment, solar cell wafer sizes range between
M2 (156.75 mm x 156.75 mm) and M12 (210 mm x 210 mm), and it is expected that the M2
wafers will fade out very fast, as the tier-1 manufacturers no longer include them in their
production plans [84].

A study shows that, for PV projects over 100 MW, larger size wafers show the advan-
tage in Levelized Cost of Electricity from 2.9% to 3.5% [85]. However, shifting to larger-size
wafers leads to higher nominal currents and consequent high ohmic losses. Therefore,
half-cell modules are the best choice for high-current PV modules, especially with bifacial
technology. The International Technology Roadmap for Photovoltaics (ITRPV) estimated
that for the wafers below the M10 size, the half-cell modules will dominate the market (see
Figure 16) [47].

Trend: cell dimensions (for £ M10)
- Half cell is dominating

100%
90% |
80% |
70% |
60% |
50% |

40% |

World Market Share [%)]
ITRPV 2021

30% |

20% |

10% |

0%

2020 2021 2023 2025 2028 2031

Bfull-cell ® half-cell W third-cell

Figure 16. Market share of PV modules with full-, half- and third-cell layouts with wafer sizes below
M10 [47].
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For the wafer sizes above M10, third-cell modules could be a better choice [47] to
control the current and ohmic losses without increasing the tab costs, or even smaller-size
partial-cell modules with different concepts, such as shingled modules. The resulting
currents to consider for module concepts are summarized below (see Table 1).

Table 1. Different wafer dimensions and their related short-circuit current for partial cells.

Type Length [mm] Width [mm] Area [cm?] Isc [A] Isc-Full-cen [A] Isc-Half-cenn [Al Isc.Third-cen [A]
M1 156 156 243.4 9.3 9.3 4.7 3.1
M2 156.75 156.75 245.7 9.4 9.4 4.7 3.1
M3 158.75 158.75 252.0 9.6 9.6 4.8 3.2
M4 161.7 161.7 261.5 10.0 10.0 5.0 3.3
M5 165 165 272.3 10.4 10.4 5.2 3.5
M6 66 66 275.6 10.5 10.5 5.3 3.5
M10 182 182 331.2 12.7 12.7 6.3 4.2
M12 210 210 441.0 16.9 16.9 8.4 5.6

3.2. Cell-Cutting Costs

For the fabrication of half-cell modules, cutting full-size cells in half is necessary. To
evaluate the surplus costs for cutting cells, the costs in Table 2 were considered. It was
assumed that the splitting device was working 24/7 and was operated by three full-time
technicians in three shifts. The operation and maintenance costs were calculated based on
Germany (see Table 2).

Table 2. Specifications of the splitting device, factory capacity and operating costs within the lifetime
of the device for a company using M2 wafers.

Specification of the Splitting Device

Laser machine life span 10 years
Laser unit time span 5 years
Electricity consumption 3kW
Cutting speed 1 cut/s
Breakage rate 0.1%
Total cuts per year 31,504,464
Factory capacity
Solar cell power 5W
Yearly factory capacity 157.52 MW
Total costs per year (for 10 years)

Laser machine 300,000 EUR
Laser unit 1000 EUR
Electricity 7776 EUR

Maintenance 3000 EUR
Labor 31,200 EUR

The production of the full-cell module and half-cell module design proposed in this
work differed mainly in the extra cutting and cleaving processes. The price of a cell-splitting
device (laser and cleaving) is nearly 300,000 EUR/pcs. Considering the lifetime of the
device and operation costs, including the total costs of a laser machine, labor, maintenance
and electricity, can be estimated at 73,000 EUR/year. In the case of using solar cells with 5 W
power, the total capacity of the factory for the production of half-cell modules with only one
laser machine and considering a 0.1% breakage rate reaches 157.5 MW. In this case, the total
cutting costs per solar cell can be reached by calculating the ratio of total splitting costs per
year to the total cuts per year, which is a surplus of 0.00232 EUR/cell and 0.14 EUR/module
for a 120-half-cell PV module for module manufacture. It should be noted that these
assumptions were made based on the costs in Germany (labor, maintenance, electricity, etc.)
and might be significantly lower in other countries.
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3.3. Module Costs and System Benefits

The tab width obtained for half-cell modules was half of the tab width optimized for
full-cell modules, leading to a 50% reduction in consumed tab material [14,49]. For a better
comparison, the material costs of half-cell modules and full-cell modules were calculated
based on the component prices given in Table 3.

Table 3. Costs of module components [65]; it should be noted that the numbers below, especially the
solar cell prices, are subject to rapid changes.

Specification of the Splitting Device

Laser machine life span 10 years
Laser unit time span 5 years
Electricity consumption 3kW
Cutting speed 1 cut/s
Breakage rate 0.1%
Total cuts per year 31,504,464
Factory capacity
Solar cell power 5W
Yearly factory capacity 157.52 MW
Total costs per year (for 10 years)

Laser machine 300,000 EUR
Laser unit 1000 EUR
Electricity 7776 EUR

Maintenance 3000 EUR
Labor 31,200 EUR

A scenario of PV module production with the state-of-the-art solar cells and tabs with
five-busbar solar cells and a 1.0 mm tab width was considered. The total tab consumption
for the five-busbar solar cells was calculated for 179.7 g for a 60-cell PV module. Assuming
the nominal power of 5 W for the solar cell and by considering a 50% reduced tab size for
the half-cell design, the total costs to fabricate full-cell and half-cell modules are EUR 68.97
and EUR 67.94, respectively (see Figure 17). The corresponding EUR/Wp was determined
using Equation (2) and CTM values of 98% and 103% according to the estimation of
the International Technology Roadmap for Photovoltaics [36] for full-cell and half-cell
designs, respectively.

Costmodute
Peetr X Neeis X CTM

where Module price [EUR/Wp] can be calculated by considering Cost,;o4,7e [EUR] as the
component costs, P..;; [W] as the rated power of the solar cells, N5 [-] as the number of
cells and CTM [%] as the cell-to-module ratio. Since the overhead costs of labor and main-
tenance for PV production are similar for both module designs, this factor was excluded
from the calculations.

The total costs of the full-cell and half-cell modules with 60 solar cells (120 half cells)
were estimated at 0.235 EUR/Wp and 0.220 EUR/Wp, making the half-cell modules
0.015 EUR/Wp less expensive than the equivalent full-cell module. This calculation ex-
cludes the extra price, which needs to be paid to upgrade the tabber—stringer to adapt it to
half-cell technology. The results show that although splitting solar cells to fabricate half-cell
modules leads to a slight surplus of module costs, these extra costs are highly compensated
for by saving costs due to reducing tab consumption by half and the increased CTM gain
of half-cell modules.

Concerning performance, half-cell modules show lower module temperatures, espe-
cially in sunny areas with high irradiation levels, due to reduced electrical losses. Fur-
thermore, the half-cell module with uniform design is less sensitive to partial-shading
conditions and performs up to 65% better compared to the standard module under partial-

Module price =

@)
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shading conditions induced by inhomogeneous soiling on the bottom rows and corners of
the PV modules. This leads to reduced cleaning cycles and a higher generated energy yield.
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Figure 17. (left) Comparison of component costs for half-cell and full-cell modules with five-busbar
solar cells and (right) a magnification of the left diagram between 65 and 70 EUR/module to highlight
the difference in components’ costs between the modules.

Adding the durability advantages due to 50% reduced cell displacement, it is expected
that the module will last longer than the full-cell module, which is an advantage for the
module manufacturer in respect to the warranty and benefit for the site owner due to the
longer service life of the module in the plant.

Figure 18 shows the techno-economic advantages of half-cell modules regarding initial
costs and stress factors such as high inhomogeneous soiling ratios and durability issues due
to cell displacement and fatigue of interconnection because of the significant temperature
differences between night and day in desert.

Initial costs (€/module) Performance Warranty and lifetime
A A

A
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Figure 18. Techno-economical advantages of half-cell modules for initial costs, performance and
soiling issues and cell displacement. These advantages indicate a lower LCOE for half-cell modules
in desert climates.

4. Discussion

Since 2018, there have been rapid developments in PV module technology and module
designs. Several aspects led to this fast development. On one hand, there is a high focus on
cost reduction for PV module components while avoiding critical failures such as ribbon
fatigue or defective backsheets. Since 2020, the development of large wafers and therefore
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larger solar cells was accelerated significantly. While, for a long time, M1 and M2 solar
cells were the standard cell size, PV modules with M4 and M6 wafers, as well as the new
M10/M12 cell-size modules, have already been presented to the market. As mentioned,
the majority of modules will use half cells. However, the growing market share of wafers
above M10 will lead to more cut cells. For wafer sizes above M10, using a third-cell layout
can be an option to deal with the strongly increased currents (see Table 1). After the process
of cutting solar cells into three parts, the middle third cell out of a pseudo-square wafer
size will have a slight difference in area compared to the other two third cells, which might
induce some current mismatch. However, other module designs, such as shingle modules
utilizing 1/5 for 1/6 of cut cells accept this mismatch. Finally, lower losses and increased
reliability have led tier-1 module producers to increase their product and performance
warranties up to 15 and 30 years, respectively [86].

The economic analysis for cutting costs and module prices addressed the M2 solar cells,
which were state of the art at the time of this calculation. Utilizing wafers larger than the M2
size in module production can influence all aspects of fabrication, shipment and transport
and mounting to achieve a lower LCOE, as pointed out in the reports. A cost analysis for
PV modules made from different wafers would be an interesting topic to investigate. The
trend toward newer solar cell technologies, such as heterojunction, perovskite or tandem
solar cells as well new metallization layouts for half-cells, can change the final cost of PV
modules independent of the design.

5. Summary and Conclusions

In this paper, the techno-economic aspects of half-cell modules, especially in harsh
climates, are evaluated. We reviewed the advantages of the power, reliability, durability
and performance of half-cell modules, evaluated the costs of the production and discussed
the advantages of the LCOE at both the module and system levels.

Half-cell modules” designs (uniform and mirrored) show reduced component con-
sumption, a cell-to-module power ratio over 100%, about 50% less cell displacement and
fatigue and up to 65% better performance than full-cell modules for the uniform design
under inhomogeneous soiling or partial-shading conditions and lower module tempera-
tures. These advantages address the thermal cycling due to significant temperature changes
between night and day, high ambient temperatures, high ohmic losses due to high irra-
diation levels and drastic power losses due to partial shading of the module induced by
inhomogeneous soiling scenarios.

Furthermore, half-cell modules have require half the EUR/kg costs for tabs and a total
lower price (EUR/W,eax) compared to full-cell modules due to generally higher CTM ratios
and decreased ohmic losses. A cost advantage due to material consumption, combined with
a power increase of over 6% can be expected. Due to the better performance in the inhomo-
geneous soiling case (possibly due to less required cleaning cycles) combined with a higher
energy yield, a lower LCOE is expected for half-cell module designs. Additionally, half-cell
modules are expected to have a longer service life compared to full-cell modules, especially
addressing the high temperature differences between night and day, the long-term module
reliability will be improved. This will be an extra investment in securement for PV power
plant assets.
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