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ABSTRACT Photovoltaic research is heavily driven by market demand and “green-

energy” hopes of the future.  Commercial and utility level thin film photovoltaic systems have 

almost reached grid parity worldwide, but  the residential market, mainly  comprised of crystalline 

and polycrystalline Silicon, has been left behind.  Because area is constrained in a residential 

system, these higher efficiency  Silicon modules are used to achieve desirable electricity levels. 

Despite higher efficiencies than industrial thin films, current technologies of crystalline Silicon 

(c-Si and Sanyo cells) residential systems need to be researched further or refined in order to 

reach grid parity.  By surveying the current market and economy of residential photovoltaic 

systems, the capital cost  was broken down into system parts and module manufacturing 

processes.  A Levelized Cost of Energy calculator was used with these figures to find where 

research could be focused to bring solar energy  costs down.  With a 1% increase in module 

efficiency, it was found that the cost of energy was only affected by  1 cent/kWh.  This is 

indicative that research into more cost efficient manufacturing is the key to cutting photovoltaic 

energy prices: particularly  in wafer and module conversion.  However, more significant cost 

reduction could result  from research in cheaply  increasing the operational time of the cell despite 

the slight increase in system costs.
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Introduction

In the modern energy crisis, a switch from fossil fuels to cleaner, renewable, energy sources is 

among the biggest topics of global conversation and research.  Carbon dioxide emission and 

global capacity are among the things pointing in the direction of some renewable options.  Of 

those, solar energy stands out for a multitude of reasons: sustainable, virtually endless capacity, 

lack of toxicity issues, the technology is widely understood and developed, and manufacturing 

technology is readily available.  One of the main issues holding photovoltaics (PV) back from 

global adoption over coal, gas, and nuclear energy is the simple fact that it is rather expensive.

 Reaching grid parity, the cost of conventional electricity, without subsidies is the ultimate 

goal for PV.  Within the last few years, industrial-use low efficiency thin films, namely CdTe 

based modules from First Solar, PV systems have claimed to reach this goal.  However, the 

crystalline and polycrystalline Silicon market used for residential installations is still quite distant 

from grid parity.  For PV to be adopted globally, the on-grid residential market need to be 

embraced; it can be argued that it is the most important step towards the self-reliance and world 

energy supply goals set for the future.  Despite the higher efficiency of crystalline Silicon 

modules, the modules and the system components need to be refined for lower costs in order to 

have a good chance at reaching grid parity soon.  The ultimate goal, according to the Department 

of Energy, is to reach $1/W systems [1].  By refining manufacturing processes and redesigning 

some system components, they hope to bring Silicon system costs down to $0.50/W for modules, 

$0.40/W for racking and installation, and $0.10/W for the various electrical components [1].

 By breaking down the system cost by part and module fabrication processes into their 

respective costs, and analyzing international trade patterns of these components/processes, 

primary areas where costs can be cut can be identified.  Detailed analysis of these areas can 

provide insight on how to lower costs of PV energy quickly, or at least tell us where future 

research should be focused in order to impact price in the most efficient way.  In conjunction 

with government incentive programs, the residential PV market has a chance to mature 

worldwide at grid parity, providing a chance towards meeting world energy goals.



Home PV System Economics

An on-grid residential PV system is comprised of four basic components: the module, racking 

structure, the inverter, and the miscellaneous wiring materials.  The latter three together are 

commonly referred to as the balance-of-system (BOS).  Depending on the power capacity of the 

system, the BOS costs and specifications can change greatly.  As seen in Figure 1, a residential 

Silicon PV system cost $7.10/W on average in 2009 [2].  Broken down, the modules represented 

a third of the cost, the BOS with installation another third, and miscellaneous fees the other third.

 Residential PV systems are primarily based on one of two types of Si cells: c-Si or Sanyo 

cells.  These cells are quite efficient; something of great consideration in an area constrained 

system. Polycrystalline Si cells are made by diffusing an n-type Si region onto a p-type Si 

substrate, then using a p-type Si region as a back surface field.  An aluminum electrode is then 

diffused onto the rear and an silver grid is screen printed on the front [3]. A cross sectional cut 

into a c-Si cell can be seen in Figure 2. 

In Figure 3, a Sanyo HIT (hetero-junction intrinsic thin-layer) is shown. A Sanyo cell is 

another type of crystalline Si cell where a mono crystalline n-type substrate is surrounded by thin 

p-type amorphous Si layers, then followed by a grid of aluminum electrodes on the outside [4]. 

Though c-Si cells are easier to manufacture and their physics are well known, the more 

expensive Sanyo cells have their advantages. As seen in Table 1, Sanyo cells are more efficient 

and have a much higher open circuit voltage (Voc) at the same module power rating as c-Si cells. 

This can be very beneficial in systems where area is a major constraint, but a higher system 

voltage is needed. Despite their benefits, c-Si modules still dominate the residential market 

because of their price and abundance of c-Si manufacturing plants.

Breakdown.  According to Figure 1, the modules in a residential PV system cost $2.29/W on 

average [2].  The majority of the costs are attributed to the module fabrication process, and not 

the raw material price. This is part of the reason why Silicon PV module prices are falling, as 

seen in Figure 4, about 3.6% annually [6] as the PV market has grown significantly in recent 

years; fabrication is becoming more efficient and cheaper. Because the price of Silicon cannot be 

directly controlled and modules account for a third of system prices, it is within the fabrication 

process that costs can be cut as a step toward grid parity. The fabrication process is split into four 



primary processes: polysilicon purification (ingots, Czochralski crystals, etc.), wafer conversion, 

cell conversion, and module assembly [3]. 

There are currently many ideas and considerable research being poured into making this 

process more time efficient.  If time could be cut during the polysilicon purification process, this 

would increase manufacturing capacity and lower costs right away; however purification 

standards are an issue here.  Once the polysilicon is made, the crystal or ingot is then cut into 

wafers (i.e. wafer conversion), accounting for 18% of module costs as seen in Figure 5.  This is 

an area of great research: thinner Si cells which would allow the same expensive ingot or crystal 

to be developed into many more wafers [3], and thus lower costs across the board if solutions for 

kerf loss can be found in the future.  The cell conversion from the wafers is largely a time 

consuming issue as well; they are manufactured mostly through heat diffusion.  Ideally, this 

process needs to take less time and be simplified [1]. A more efficient way of assembling the 

modules needs to be researched once the cells have already been made, which accounts for 19% 

of module costs as shown in Figure 5.  One approach being considered is a systematic assembly-

line way of assembling these modules or even a roll-to-roll method of fabrication [1]. Another 

cost cut would result from eliminating the glass backing in favor of a thin metal or polymer 

substrate [1].

As indicative in Figure 1, the BOS accounts for $1.22/W of the total system costs [2], 

17% overall.  More specifically, the racking hardware, the inverter, and wiring components cost 

5%, 5%, and 7% of the system costs respectively.  This is indicative that the manufacturing 

processes of these parts are not to blame for system prices; they are relatively cheap.  The 

racking hardware prices for a system vary depending on the type of system installed; the $0.40/

W [2] is most representative of a simple roof-top installation where brackets are used.  However 

for ground installations, these costs can be a bit different; especially in those where some sun 

tracking systems might be employed, though this is rare.  Finding ways to incorporate PV array 

into building components is another prospective way of lowering racking costs, as well as 

developing lightweight frames for rooftop installations [1].  These lighter weight frames and 

brackets would ease installation costs and possibly allow the average homeowner to install them 

their selves.



 The inverter is the link between the solar array and the grid: it translates the direct-

current power of the solar array into 60 Hz grid-compatible alternating-current.  Though it is a 

relatively cheap component at $0.35/W [2], it is one of the most crucial in the overall BOS 

design.  The wiring components and combiner box (which each system is comprised of two for 

grid connection purposes) cost about $0.47/W [2].  However, there is little opportunity to cut 

costs without design improvements for wiring modules into the array more efficiently.  Current 

research is being put into a radical redesign of large inverters, and lowering the cost of micro 

inverters that can attach directly to the module [1].  Another target of all electrical components 

manufacturers is to increase the lifetime of their products by using high quality components, but 

producing them on a mass scale to keep costs low [1].

 The remaining half of the total system costs come from labor and miscellaneous financial 

factors.  The labor fees for most installers are on order of $1.00/W [2], while the miscellaneous 

financial considerations came out to $2.65/W [2].  This figure includes financial markups, 

financing, time into the design of the particular installed system, and legal fees. 

International vs. Domestic. While the U.S. accounts for 40% of the global polysilicon 

market, it only accounts for 3% of the global wafer market [2]; this quite an imbalance.  The 

wafer conversion through the module assembly steps are primarily performed internationally, 

and accounts for 40% of module prices [2].  The two most expensive aspects of this process are 

the starting and ending point process, showing some of these costs can be attributed to 

transportation costs of such heavy materials.  If the processing of these fabrication steps could be 

domesticated, it would cut out the transportation costs immediately.  In addition, some margin of 

the markup prices would be cut from the reduction of import taxes.

Because of the substantial weight of metal, 84% of U.S. residential PV systems use 

domestically produced racking [2] to eliminate transportation costs.  The small amounts that are 

outsourced are typically from Mexico, where cheap labor and close residence to California 

override shipping costs [2].  If lighter weight frames could be made in the future, the cheaper 

foreign labor would not have to counter balance shipping costs as much, and even more progress 

could be seen in racking price.  Only 35% of U.S. residential PV systems use a domestically 

produced inverter box [2]; most of them are shipped in from Europe, where the PV market is 



significantly more developed.  The fact that these are almost totally outsourced, combined with 

the fact that they fail frequently, show that domestic production could cut some costs by 

eliminating mass transportation costs.

Role of Government in PV

The growth of the global PV market through the last two decades clearly shows three distinct 

major surges for three different PV-leading countries, seen in Figure 6.  It is not by coincidence 

that these surges correlate with innovative government incentives geared towards PV system 

installations, and not by technological breakthroughs.  A recent publication by Applied Materials 

showed for half of people not willing to install a PV system for their home, 80% of them would 

change their mind if there were ways to cut the price down: including government incentives and 

ways to sell their excess energy [8].  This clearly shows that there is public interest in PV, but 

finance issues are holding back potential purchasers.  But this also shows that government can 

play a large role in jump starting the market, as confirmed in Figure 6.

 Japan was the first to introduce a major government incentive program for solar energy in 

the late 1990s, labeled as event 1 in Figure 6.  As a response to the Kyoto Protocol passed by the 

UN at the time, this was a rebate program promoting solar energy to cut down green house gas 

emissions. First, Japan standardized the cost of electricity throughout the country, and then 

provided homeowners 10% to 50% off the system costs either from the government or their 

utility company [3]. Because the cost of electricity was fixed throughout the country, the 

homeowners paid the difference in electricity used and generated, termed “net-metering” [3].  As 

seen on Figure 6, PV installations doubled in the time this policy was enacted.

 The other primary type of government incentive is the feed-in tariff, pioneered by 

Germany in the mid 2000s, indicated as event 2.  PV installations tripled for Germany after this 

policy was introduced [7], making it extremely successful.  A feed-in tariff pays homeowners for 

their excess electricity pumped into the grid at a rate several times that which they would have 

bought from the grid [3].  In addition, the government sponsored many loan programs through 

banks which gave interested homeowners a good opportunity to afford a system.  The impact this 

had on the market was well monitored, and soon copied.



 Starting in 2007, Spain adopted Germany’s idea of the feed-in tariff.  As event by event 3, 

the market instantly grew over a year into the world’s leading PV country [7].  In junction with 

Germany, and Italy following suit, Europe now accounts for over 70% of the world’s PV market 

[3].  However Spain’s feed-in tariff was not well designed, as indicative by the collapse of the 

market following 2008.  The Spanish government fixed electricity sell-back rates throughout the 

country incredibly high, and left many loopholes in the policy’s terms and conditions.  These 

were exploited and the funds for the program were quickly drained; the artificial market the tariff 

had created collapsed, and the tariff was revoked.  The two primary causes of the fund shortage 

was the loopholes paying out 575% of the electricity rate to ground installations [3] and a bad 

tariff design.  A successful tariff cannot be static; it must change with the power capacity or the 

market prices.

 Many of these incentive programs have been adopted by the U.S., primarily in California 

where the market has matured.  The most common Federal government incentives are the 

Residential Renewable Energy Tax Credit [9], the Federal Investment Tax Credit, and section 

1063 of the Treasury Grant [2], each offering 30% off system costs depending on the installation 

power capacity.  Most of the rebates at the state level are for residential systems while providing 

various county-level percentage rebates specific to certain installation codes.  As a rule of thumb, 

the system cost will drop 30% to 50% after initial rebates through the state and federal 

government [9].  California has recently adopted a feed in tariff that pays homeowners for their 

excess electricity at rates that fluctuate according to peak usage hours [9].  Though the California 

market is by far the most mature, these initiatives towards residential PV systems are growing 

throughout the country.  Between 2008 and 2009, the U.S. PV market grew by 55% [2], 

indicating the superb growth taking place in recent years is likely due to government incentives, 

like previous growths in other countries.

LCOE Investigation of PV

The Levelized Cost of Energy (LCOE) is an economic evaluation in energy price for a system or 

facility over its prospective lifetime.  In terms of cents/kWh, the LCOE represents the baseline 

price for energy from a system before profit is made taking into account many variables [10].  In 



today’s world of energy competition and transition, the LCOE is the primary figure that industry 

pays attention to as a baseline for energy comparison.

 Because today’s residential PV systems are still distant from grid parity, many research 

efforts are focusing on improving solar cell technology.  Though a large amount of research is 

being coordinated to simplifying the fabrication process and materials processing, most research 

groups are geared towards improving module efficiency.  This study investigates the ripple effect 

to final energy prices if a cell’s efficiency were increased 1%. 

Theory. The LCOE expression is a direct result of system financing and performance.  

There are five key parameters that must be known to predict how much the energy from a system 

will cost: capital cost, operational and maintenance costs, operational time in a year, the cost of 

fuel, and the rate of electricity conversion from that fuel [10].

The capital cost represents the upfront cost of the system per installed power capacity. 

And because electricity generating facilities and systems are expensive, these are financed 

throughout their lifetime.  By projecting the expected lifetime of the system being operational 

and knowing the discounted rate at which the energy will be sold, the Capital Recovery Factor 

(shown below [10]) can be calculated:

This CRF gives the percentage of capital over a year that will be gained while sold at a specific 

discounted rate over so many years.  When the product of this CRF and the capital cost is added 

to the operational and maintenance cost over a year, this represents the yearly cost of the energy 

in its most basic form.  Then the percentage of time, yearly, that the facility or system is 

operational (capacity factor) is taken into consideration and this gives an overall cost of the 

functioning system.  This figure is added to the total cost of fuel usage of the system over a year. 

The expression for LCOE (evaluated in $/kWh) is shown below [10]:



Solar cells and most other renewable energies have an inherit advantage as can be seen by 

this equation: they have no fuel cost, so half of the equation does not apply when evaluating a 

PV system. 

Methodology.  There must be certain assumptions made in order to eliminate some 

variable factors when making a projection of a system’s energy cost based off module 

performance.  In this investigation, it is assumed that research has unveiled breakthrough 

knowledge in a way to optimize cell performance while maintaining the same fabrication 

process.  Additionally, it is assumed that this rise in module power has not changed so drastically 

that a new inverter is needed to handle new power capacity.  Therefore, when increasing the 

module efficiency, the capital cost aspect of only the module will go down because the cell is 

giving off more power for the same manufacturing price.  As reported by GreenTech Media, the 

capital cost of a residential c-Si module is about $2.29/W [2].  The change in output power of the 

module due to an increase in efficiency is modeled to affect this figure alone, and the remaining 

$4.81/W [2] is added back to the new module cost to account for the rest of the system.

 By theorizing a square meter, 15% efficient, module under standard test conditions (25⁰ 

C, 1000 W/m^2), a hypothetical module cost can be found when related to the $2.29/W module 

cost figure.  With the module cost found, a raise to 16% efficiency caused more power output 

and a new module cost was found.  With the rest of the system components assumed to stay the 

same, and thus same price, the additional $4.81/W was added to determine the new total capital 

cost of the improved system.  These two figures were used with other typical PV system 

parameters and their respective levelized cost of energy was found.

Capital Cost
CRF O&M Cost

Capacity Factor
Heating Rate

Fuel Cost



Results. With a 1% change in module efficiency, the module costs dropped $0.14/W as 

shown in Table 2.  The following typical values were used to simulate the resulting energy price: 

30 year system lifetime, 8.1% discount rate, 20% capacity factor [11], and $20/kWh for 

operational costs [11].  These parameters and the two modeled system cost figures were plugged 

into LCOE Calculator [12], a tool on nanoHUB.org.  These resulting energy prices are shown in 

Figure 7.  Though the system costs dropped by $0.14/W, the final cost of energy only changed 

about 1 cent/kWh.

Discussion. Figure 7 shows that typical residential Silicon PV systems will benefit very little 

further from efficiency gains from an energy price standpoint.  This has been supported by 

National Renewable Energy Laboratories; their studies showed system cost decreases of $0.15/

W once the 14.5% efficiency mark was reached [13].  Once efficiencies pass this mark, the costs 

of BOS and labor begin to dictate the system costs.  This effect is seen in Figure 8.

The assumption that the manufacturing price would stay the same is not likely to happen, 

and so the efficiency gain would come at the cost of raising the manufacturing cost a little. This 

would in turn make the LCOE change even less than that in Figure 7.  This shows simplification 

and innovation of the manufacturing process to make cheaper Silicon modules is needed to lower 

costs. In addition, research into lighter racking and better designed integrated electronics could 

simplify the installation process and enable the average homeowner to install it themselves, 

cutting labor costs significantly.

Racking can potentially play an even bigger role.  Racking can not only determine some 

of the labor costs as mentioned, but also can also affect the capacity factor of the system. 

Through careful angling, proper placement, and simple one axis sun tracking on some ground 

installations, the capacity factor can be increased.  As shown in Figure 9, if a typical system has a 

current capacity factor of 20% and even just 3% can be gained, the LCOE is lowered very 

quickly in comparison to cell performance gains.  This simulation was made under the same 

parameters as before, but with a fixed system cost of $7.10/W.  Though the extent of how far the 

capacity factor can be increased through sun tracking is subject to future work, it is evident that 

the capacity factor can play a large role in the final energy cost.  This shows that careful module 



placement and proper angling can lead to cost cuts right now, but some future research should be 

geared towards simple cheap sun trackers for certain installations.

Conclusion

While government rebate incentives can cover 30% to 50% of system costs, electricity from on-

grid residential PV systems are still distant from grid parity.  While rebates cover system costs up 

front, PV installation trends show significant market boosts from feed-in-tariffs which directly 

affect the residential market.  It can be argued that government initiatives such as this are the key 

to reaching the energy capacity goals of solar in the future.  Installation trends indicate that 

expanding the PV market is more reliant on government programs than technological 

advancements. 

 The effects of specific technological advancements on final energy cost were studied 

using a levelized cost of energy calculator. Once the capital cost of the system was broken down 

into system parts and module manufacturing processes, a scenario where research leading to a 

1% module efficiency gain was shown to have minimal effect on the final cost.  Common Silicon 

module efficiencies of today are at a point where cutting the module manufacturing costs play a 

larger role in module cost figures than module performance.  Meanwhile, cheap ways to increase 

the operational time of the cell were shown to have promising effects on energy price.  This is 

indicative that the future of residential PV systems reaching grid parity is not tied to module 

efficiency, but more so on improving the capacity factor and developments to ease 

manufacturing costs: particularly wafer and module conversion. 



Figure 1: The cost breakdown for each component of a residential-level crystalline Si PV system 
for the 2009 year. Each cost is further broken down into international and domestic shares [2].

Figure 2. Cross sectional cut of a typical c-Si cell [4].

Figure 3. Cross sectional cut of a Sanyo HIT cell [4].



Figure 4. Pricing trends of Silicon modules from 1985-2011 in $/Wp [6].

Figure 5. The cost breakdown of Silicon modules for the 2009 year [2].



Figure 6. Global PV installation trends in installed megawatts per year from 1998-2009 [7].

Figure 7. The Levelized Cost of Energy evaluated at the modeled system costs for 15% and 16% 
efficient c-Si modules under standard test conditions [12].



Figure 8. Installed system prices as a function of module efficiency for typical residential, 
commercial, and utility systems [13].

Figure 9. The Levelized Cost of Energy evaluated through different system capacity factors [12].

Value per point of added efficiency (absolute)
Residential: $0.15/Wp DC
Utility (one axis): $0.11/Wp DC
Utility (fixed): $0.08/Wp DC



Table 1. Various specifications for two typical residential Si PV cells [4,5] from California 
installers. 

Parameter c-Si cell Sanyo cell

P
max 220 W 220 W

η
module 13.1% 17.4%

V
oc 36.6 V 52.3 V

I
sc 8.08 A 5.65 A

Table 2. The change in module costs, and therefore system costs, for a 1% gain in module 
efficiency modeled under standard test conditions.

Modeled Cost 15% module 16% module

module $2.29/W $2.15/W

system $7.10/W $6.96/W
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