The future costs of OPV – a bottom-up model of material and manufacturing costs with uncertainty analysis
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1 Introduction
Solar PV is increasingly being seen as one of the most promising low-carbon technologies, with a potentially vast contribution to climate change mitigation scenarios [1], [2],[3], [4]. A large part of this enthusiasm stems from the reductions in PV module costs over the past few years. Recent estimates put silicon module costs at well below US$1/Wp [5], [6], a level which would have been seen as an optimistic target for 2020 or even 2030 when considering analysis from less than a decade ago [7], [8]. Other non-Si technologies, notably CdTe, are also competing for market share at around this level of cost [9], [10]. All of this has led to calls to “reconsider the economics of solar PV” [11].
Nevertheless, solar PV-generated electricity is still not that cheap in many (less sunny) locations, when considering the full levelised cost of electricity generated, and the picture is even less promising when considering the need to add storage in systems where grid backup cannot be relied upon [12]. Hence, if PV is to really compete with established electricity generation technologies, then further cost reductions are required. One potential route may be through the low-cost mass-production of PV technologies based on newer materials such as organic PV (OPV) using techniques adopted from existing printing processes [13], [14], [15], provided that their technical parameters (efficiency, lifetime) improve as hoped [16]. Projecting costs of such novel, emerging technologies is challenging for a range of reasons – lack of commercial-scale supply of many input materials, lack of commercial manufacturing equipment, and a large range of projected performance improvements. 
There are, broadly speaking, three established methods of low-carbon technology cost projection, each of which has been applied to PV: using learning curves determined from historical relationships between cost or price and cumulative deployment, as well as other factors such as cumulative R&D expenditure (for a full summary see [17]); use of expert elicitations [7], [18], [19]; and bottom-up, engineering models of the technologies, as a basis for considering the potential costs of individual technology components and the manufacturing processes that combine these into the final technology product [8]. Previous analyses of OPV costs have predominantly used the third (bottom-up) method, since this lends itself to explicit analysis of key input component and/or manufacturing process cost assumptions. Some of these analyses include elicited values on material costs, and one study [18] uses an expert elicitation method to determine a range of technical and material cost inputs to arrive at a probabilistic cost estimate for OPV by 2050. Table 1 summarises these previous studies. 


Table 1: Previous studies on OPV costs
	Study
	Approach
	Findings

	Machui et al. [14]
	Material-based cost estimate for current production, up-scaling (100 MW production) and industrial-scale (100 GW production) production. Variety of module architectures and both single and tandem modules considered. 
	Current scale €1-8.4/Wp (US$1.2-10.1/Wp)

Up-scaling €0.08-0.9/Wp (US$0.10-1.08/Wp)

Industrial scale €0.05-0.6/Wp (US$0.06-0.72/Wp)

	Mulligan et al. [20]
	Projection of commercial scale manufacture using industry plant quotations and estimated and projected commercial scale material production costs. Single junction module of PET, Al, P3HT:PCBM, PEDOT, Ag, PET. Cell efficiency 5%, 76% photoactive area of module assumed.
	US$7.85/m2 (US$0.21/Wp)


	Azzopardi et al. [13]
	Recorded production costs for pilot plant (reel-to-reel). Single junction module of ITO, ZnO, P3HT:PCBM, PEDOT:PSS, Ag. Cell efficiency 7%, 67% photoactive area of module assumed.
	€1.35-4.09/Wp
(US$1.62-4.91/Wp)

	Roes et al. [21]
	Preliminary cost estimate of polymer PV module on glass substrate, using materials inventory and estimates of inkjet printing costs. Singel junction module of PVF/PET, LiF/Al, P3HT:PCBM, PEDOT:PSS, ITO, Glass. Cell efficiency 5% assumed.
	€2.80/Wp (US$3.36/Wp)

	Kalowekamo and Baker [22]
	Cost estimate based on material input costs and process costs from Dye Sensitised Solar Cell (DSSC) production. Single junction module of Flexible plastic, Al/Ag, C60, CuPc and SnPc, flexible plastic/ITO. Cell efficiency 5% assumed.
	US$1-2.83/Wp

	Baker et al. [18]
	Expert elicitations to determine probability of achieving target costs of US$50/m2 with efficiency of 15-31%, by 2050
	US$0.16-0.33/Wp



A number of other studies have discussed OPV costs (as included in Mulligan et al.’s [20] summary), but are not included in Table 1. These studies either:
· focus on target costs (Dennler and Brabec [23]; Dennler et al. [24]; Nielsen et al. [25]);
· use costs from existing analyses to calculate financial indicators for OPV systems (Powell et al. [26], which uses OPV module costs from Kalowekamo and Baker [22]; Powell et al. [27], which uses cost estimates from Krebs [28]; Mulligan et al. [29], which calculates the OPV levelised cost of electricity using the OPV module cost from Mulligan et al. [20]); 
· in the case of Krebs et al. [15], present a cost calculation which has been superceded by Azzopardi et al.’s [13] updated cost calculation of the same process. 
This study uses a bottom-up, engineering method, to establish estimates for future OPV costs, but with two additional contributions compared to those bottom-up models used to date: the first to explicitly consider the impact of scale-up on manufacturing process costs, by examining the relationship between scale and cost for a range of comparable technologies; the second to introduce a stochastic (Monte Carlo) analysis of key input parameters to the cost calculation, so as to arrive at a distribution of potential OPV module costs, and the related levelised electricity costs. The motivation for a stochastic analysis, rather than an individual input-based sensitivity analysis, is that this allows a viable range of costs to be determined in light of a viable range of input parameters around which there is uncertainty. This is likely to be of particular importance to researchers, businesses and policy makers who need to consider the relative cost of OPV compared to other established PV technologies. It should be noted that uncertainty analysis has been applied to OPV considering a much longer timescale [30] (looking at 2050 rather than 2020, as in this paper) and considering much more speculative, dramatic improvements in OPV module efficiency and lifetime. This paper considers whether near-term cost reductions in OPV, driven by plausible scale-up and performance parameters, could make it a potential competitor with established PV technologies. 
The rest of this paper is set out as follows: Section 2 details the methods used to project OPV costs; Section 3 presents the results of this cost analysis and highlights key sensitivities and uncertainties in the estimates, as well as comparing the levelised cost of electricity generated by OPV to that of more established PV technologies; Section 4 discusses the findings, in particular with regard to the potential role of policies in driving OPV costs down; and Section 5 concludes. 
2 Methods
This section outlines the approach taken to formulate a probabilistic estimate of future OPV costs, using the following steps:
1. Module architecture 
2. Commercial-scale material costs
3. Commercial-scale manufacturing costs
4. Probabilistic estimation of module costs
5. Estimation of levelised cost of electricity
2.1	Module architecture
The majority of existing assessments of organic PV (OPV) module production costs are based on a typical configuration of single junction module as shown in table 2. In general a single junction module consists of a cell with an active layer (consisting of an electron donor and acceptor material), surrounded by electrodes, with the front electrode on a transparent substrate and the back electrode on a laminate. Within this basic configuration, a number of materials may be used and additional layers may be added such as electron and hole transport layers between the active layer and electrodes. 
Table 2: Typical layers and materials in OPV modules
	Layer
	Example materials

	Substrate
	PET, Other flexible plastic, Glass

	Front electrode
	ITO, Ag, Graphite

	Electron carrier
	ZnO

	Active layer
	P3HT:PCBM

	Hole carrier
	PEDOT:PSS, PEDOT:PET

	Back electrode
	LiF/Ag, Al

	Back laminate
	PET, PET/PVF


Source: Azzopardi et al. [13], Mulligan et al. [20], Kalowekamo and Baker [22], Roes et al. [21], Machui et al. [14].
To assess the production cost of such a module, it is necessary to consider the material input costs, and the manufacturing process costs, as set out in the following sub-sections.  
2.2	Commercial-scale material costs	
The basic configuration shown in table 2 has been used to estimate total material input costs per m2 of OPV module produced. As yet there is  no commercial-scale production of OPV modules, so these material input costs have been derived from either supplier quotes, or in one case a fully simulated manufacturing process for PET [20]. Figure 1 shows the implication of these different assumptions on material costs for each of the most recent studies. 
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Figure 1: Material costs assumed in recent studies estimating the cost of OPV modules
Source: Azzopardi et al. [13], Mulligan et al. [20], Kalowekamo and Baker [22], Roes et al. [21], Machui et al. [14]
Notes: Machui et al. scale up scenario means production of ~100 MW per year, industrial scale ~ 100 GW per year [14]
Additional studies have been undertaken but not included here either because they discuss target costs rather than actual cost estimates [23], [24] or alternatively because they are based on the early roll-to-roll processes (known as “ProcessOne”)developed in the Risø National Laboratory for Sustainable Energy at the Technical University of Denmark [31], [25], [15], as more recently assessed in Azzopardi et al. [13] and Machui et al. [14]. The earlier estimates of Kalowekamo and Baker [22] and Roes et al. [21] are based on the production of other PV technologies, whereas the more recent estimates (Azzopardi et al. [13] onwards) use costs of actual equipment and material, or quotes and estimates from material and equipment suppliers. These more recent estimates are therefore taken as the basis for the ranges discussed in Section 2.4.  Clearly if the commercial scale figures [14], [20] are to be believed  then there is the potential for significant cost reductions in OPV materials – perhaps to one-fifth or one-tenth of the current costs (reflecting the supply costs for what at this stage are speciality chemicals supplied in small quantities). 
2.3	Commercial-scale manufacturing costs
There are fewer available estimates of plant and other manufacturing process costs than material costs. Here we present actual data for the costs of equipment and other manufacturing-related activities for three different scales of OPV printing, ranging from pilot to large-scale commercial OPV printing. Azzopardi et al. [13] provide the cost of capital equipment in the pilot roll-to-roll printing plant used to produce OPV modules in 2010. This equipment, at €530,000, provides an output rate of 20,000 m2/year with assumed lifetime of 10 years. Mulligan et al. [20] provide printing and other capital equipment costs (based on anonymised quotes) for large-scale production of OPV, with a cost of US$11.7 million and output of 6.3 million m2/year. We have in addition spoken to an EU-based equipment manufacturer (hereafter denoted “EU manufacturer”) providing a printing line operating at 2.5-3 m2/minute, at a quoted cost of €1.5 million [32]. We use Mulligan et al’s [20] figures on the line run operation time (8 hours per day, 5 days per week, 44 weeks per year) to derive an output for this equipment of 264,000 m2/per year (assuming 2.5m2/minute, the lower end of the range). This gives us estimates for three different order-of-magnitude OPV production lines, ranging from pilot scale to full commercial scale. Figure 2 shows a log-log plot of unit capital cost (here defined as the initial equipment cost divided by the annual output of OPV modules measured in m2) and annual module output (again measured in m2 per year). The plot shows the percentage unit capital cost reduction that results from each doubling of scale when increasing equipment size between the three different scales of equipment, in a range of 24% to 34%. 
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Figure 2: Unit equipment costs for production of OPV single junction modules
Notes: Percentage equipment cost reduction for each doubling of annual output is shown for each pair of data points. 
In addition to equipment costs, Azzopardi et al. [13] and Mulligan et al. [20] provide energy, labour, and additional operational costs of production at pilot and commercial scale respectively. Figure 3 shows the comparative costs (on the same basis of US$/m2 as for material costs) for these different estimates. The reduction in unit cost (expressed in US$/m2 of module produced) for each doubling of scale for each major cost component (equipment, labour, overheads) is also shown in figure 3. O&M, energy and utilities have not been included in this scaling comparison, as the costs of energy and utilities as well as O&M in the much larger-scale plant reported in Mulligan et al. [20] are actually higher than in the pilot scale plant reported in Azzopardi et al. [13]. For energy/utilities this is likely to be because the Azzopardi et al. [13] figures are for electricity only, whereas those from Mulligan et al. [20] include other utilities such as water. For O&M the Azzopardi et al. [13] figures derive from a simple assumption that these will be 4% of annualised capital costs, whereas Mulligan et al.’s are more detailed specific cost estimates. In addition, Mulligan et al. [20] also includes a one-off factory set-up cost [20]– this is not included in the Azzopardi et al. figures [13]. In order to accommodate the non-comparability of these cost categories, and to err on the side of conservatism, the set-up cost, as well as higher energy/utilities and O&M costs from Mulligan et al. [20] are used (and it is assumed that unit costs for these categories do not vary with scale).  
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Figure 3: Unit equipment costs for production of OPV single junction modules
Notes: All costs have been converted to US$ using a $/Euro conversion rate of 1.2. In addition, capital equipment and (in the case of Mulligan et al. [20]) one-off set-up costs have been annualised using a financing rate of 10% and a plant lifetime of 10 years. The financing rate and plant lifetime are varied in the sensitivity analysis described in Section 2.4. 
As well as the 29% unit equipment cost reduction for each doubling of output when increasing from the pilot to commercial scale (as shown in figure 2), figure 3 shows unit labour costs reducing at 38%, and overheads at 27%, for each doubling of output. This range of manufacture-related cost reduction rates is broadly in line with those for a number of other technologies, as shown in table 2 below. Those for PV technologies are all from engineering-based cost models, whilst those from other industries are empirical analyses of actual cost reductions. In general the modelled and empirical cost reduction ranges match reasonably closely in a range of 20-35%. These compare to the range of equipment cost reductions of 24-34% shown in figure 2, and the overhead and labour cost reductions of 27% and 38% shown in figure 3. 
Based on the OPV estimates presented, and those in table 3, a range of cost reduction rates of 20-35% has been chosen for the stochastic analysis discussed in section 2.4. This range encompasses the value (24%) implied by the “0.6 power rule” of engineering and manufacturing industries first discussed in the mid-20th century with regard to chemical and other manufacturing industries [33], whereby as capital equipment capacity increases, its cost increases by the increase in capacity raised to the power 0.6 – a value less than 1 implying increasing economies of scale. Observations have determined a large range of exponents in practice [33], suggesting the validity of using a range in this analysis. 
Table 2: Estimated cost reductions resulting from scale economies in manufacturing
	Study
	Details
	Imputed unit cost reduction for doubling of plant size (measured in annual output)

	PV (c-Si and thin-film inorganic)

	Goodrich et al. [34]
	Model of a fourfold increase in manufacturing plant size for c-Si PV
	29% (wafer manufacture capital equipment unit costs). 

	Kapur et al. [35]
	Model of CIGS PV cost improvements from 2011, assessing inter alia scale-up
	21% (capital plus overhead unit cost reduction).

	Nemet and Baker[30]
	Assumption from semiconductor, PV and engineering equipment industries applied to OPV costs.
	20% (capital, labour and fixed overheads)

	Semiconductors and other high-tech industries

	Krick et al. [36]
	Empirical analysis of flat panel display and semiconductor throughput with increasing capital equipment cost.
	35% (capital equipment unit costs) 

	Keshner and Arya [43]
	Empirical analysis of increase in throughput of low emissivity glass sheet coaters between “early days” of industry and 2003. 
	26% (equipment unit cost).

	Keshner and Arya [43]
	Empirical analysis of flat panel display dry etch equipment scale-up over period early 1990s (Gen II equipment) to early 2000s (Gen VI equipment)
	33% (equipment unit cost).



2.4	Probabilistic estimate of module costs
As demonstrated in sections 2.2 and 2.3, there are still large ranges of material and equipment costs and scaling factors. In addition, there is still considerable uncertainty around the ultimate performance of OPV modules, in terms of their power conversion efficiency. In order to produce a plausible range of future module cost estimates, it is therefore suitable to use a sampling method – in this case a Monte Carlo analysis. Stochastic analysis has previously been used to analyse uncertainty in the life cycle energy and environmental impact of OPV [37], as well as the levelised electricity cost implications spanning from given OPV module costs [26]. The process for undertaking the Monte Carlo analysis is outlined in figure 4.
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Figure 4: Schematic of process for calculating OPV module cost using Monte Carlo analysis
The analysis has been repeated for 100,000 realisations. For each Monte Carlo realisation i, OPV module cost Ci is calculated according to:
								(1)
Where for each realisation i:
· Ci = module cost, in US$/Wp
· Ei = annualised manufacturing equipment cost, in US$/m2
· Pi = annualised plant set-up cost, in US$/m2
· Li = labour cost in US$/m2
· Vi = overhead cost, in US$/m2
· Mi = material cost, in US$/m2
· Ui = energy and other utility cost, in US$/m2
· Oi = operation and maintenance cost, in US$/m2
· PCEi = module power conversion efficiency (in %) measured at irradiance of 1,000 W/m2
· GFFi = geometrical fill factor (dimensionless ratio)
The annualised equipment cost Ei and annualised plant set-up cost Pi have been derived from the initial equipment cost EIi and the initial set-up cost PIi using the following formulae:
 									(2)
 									(3)
For each realisation this function calculates a constant stream of annual payments (Ei, Pi) over a lifetime Yi at a discount rate di such that the discounted sum of the payments is equal to an initial payment of EIi (in the case of equipment cost) and PIi (in the case of plant set-up cost). 
For each realisation, scaling factors have been applied to the initial equipment cost as well as annual labour and overhead costs according to the following respective formulae:
 									(4)
 									(5)
 									(6)
Where by illustration EIi is the initial equipment cost from realisation i derived from scaling up the smallest commercial equipment level (with cost EI0) according to a scaling factor Si (representing the % cost reduction per doubling of scale) and number of doublings n(EI)i. Note that for each realisation the scaling factor and number of doublings have been applied in such a way that all three components subject to economies of scale (equipment, labour and overheads) are scaled to the same plant size. In addition, for each realisation, one-off costs which are annualised (equipment, plant set-up) are done so according to the same discount rate di and plant lifetime Yi. 
[bookmark: _GoBack]Table 3 shows the ranges of values for each parameter used in the analysis, as well as the values used for those parameters for which ranges are not available. We have implemented a uniform distribution for those parameters with ranges. This reflects that there is no clear indication of a most likely (mode) estimate for these parameters, but rather just a range. The stochastic analysis is therefore aimed primarily at providing a range of OPV module cost projections, rather than a most likely estimate. A sensitivity has been explored using a symmetric normal distribution with the range encompassing 95% of its cumulative probability, in order to explore the impact of a change in distribution type on the reported OPV module cost range. 


Table 3: Parameters and ranges explored in sensitivity analysis
	Parameter
	Value
	Rationale

	Parameters for which ranges are used in the OPV module cost calculation

	Material costs, Mi
	US$5.46-12.24/m2
	Higher end of the range from a scale-up scenario (of about 100 MW of production annually), as elicited from chemical suppliers (Machui et al. [14]). Lower end of the range from industrial-scale production cost model (Mulligan et al. [20]).

	Capital equipment, labour, overhead unit cost reduction factor, Si
	20-35% unit equipment cost reduction for each doubling of scale
	Derived from a range of sources as discussed in See Section 2.3.

	Number of doublings of equipment scale, n(EI)i
	0.0-6.7 
	0 represents production at 10 MW scale; 6.7 represents approximate 1 GW scale production, which is assumed to be a maximum feasible near-term plant level. 

	Number of doublings of scale for labour n(L)i, and overheads, n(V)i
	3.7-10.4
	3.7 implies production scale of ~10 MW per annum (as per EU Manufacturer production equipment quote [32]); 10.4 implies ~1GW scale.

	Geometrical Fill Factor, GFFi
	0.75-0.98
	Range taken from Machui et al. [14] based on currently achievable 0.75 and future envisaged 0.98.   

	Module Power Conversion Efficiency, PCEi
	3.5%-7.0%
	Bottom of range reflects best processed module in Machui et al. [14], top reflects own (conservative) estimate - highest measured module efficiencies of 9-11% in Green et al. [38]

	Discount rate for manufacture plant, di
	7-15%
	Range spanning assumptions in Azzopardi et al. [13] to Mulligan et al. [20]. 

	Plant lifetime, Yi
	10-20 years
	Range spanning assumptions in Azzopardi et al. [13] to Mulligan et al. [20].

	Parameters for which single point estimates used in the OPV module cost calculation

	Initial capital equipment cost, EIO
	US$6.82/m2/year
	Price for European commercially shipped small scale (~10 MW per annum) equipment [32]. 

	Initial labour costs, L0, 
	US$6.38/m2 (labour) 
	Measured labour input for pilot OPV production, from Azzopardi et al. [13]. 

	Initial overhead costs, V0
	US$6.54/m2 (overheads)
	Measured overhead input for pilot OPV production, from Azzopardi et al. [13].

	Energy and utility costs, Ui
	US$0.59/m2
	Actual measured electricity input for pilot OPV production, from Azzopardi et al. [13]. Constant returns to scale assumed.

	Operation & Maintenance costs, Oi
	US$0.47/m2
	Detailed O&M costs from Mulligan et al. [20] used as no other data. Constant returns to scale assumed. 

	Set-up cost, PIi
	US$24 million for plant capacity 6.4 million m2/yr (US$3.8/m2/yr)
	Amortised at plant lifetime and discount rate. Constant returns to scale assumed.



It is important to note that we have assumed that both PCE and GFF are independent of production scale and materials costs, whereas these parameters may in fact be correlated – with for example specific material combinations leading to specific efficiencies. Since OPV is still at a relatively early stage of manufacture, it is not yet possible to associate a precise efficiency with a precise combination of materials, and therefore with a precise manufacturing cost. As such, the analysis provides only an approximation of the future OPV module cost, assuming a viable range of PCEs and GFFs can be reasonably associated with the material combinations implied in the studies shown in figure 1. 
2.5	Estimate of levelised costs of electricity
Given that OPV module lifetimes are still relatively short (with lifetimes of 10 years being aimed at but not yet achieved), a comparison with established (e.g. crystalline silicon, cadmium telluride) PV technology module costs (whose lifetimes are closer to 20 years) is not useful. We therefore also calculate the levelised cost of electricity (LCOE) for OPV, based on the range of module costs obtained from the Monte Carlo analysis described in section 2.4, as well as assumed module lifetimes, irradiance levels, balance of system costs and discount rates as shown in table 4. For simplicity, no projections are made of balance of system costs – rather current values are assumed. In addition, OPV replacement modules (either at 5 or 10 year intervals, depending on the assumed module lifetime) are assumed to cost the same as the initially-installed modules – a possibly conservative assumption given the potential for further cost reductions over time. The LCOE is calculated for a 20-year time horizon to aid comparability to the established PV technologies.
Table 4: Parameters for levelised cost of electricity (LCOE) calculation
	Component 
	Assumption (for costs, present day costs assumed)

	Module margin
	Assumption of 10% (following Azzopardi et al. [13])

	Installation costs (current costs assumed)
	US$0.51/Wp [12], with OPV replacement of module cost US$0.26/Wp (estimated at half original installation cost [13])

	Balance of System component costs (current costs assumed)
	For roof-mounted: US$0.6/Wp (of which inverter US$0.55, energy meter US$0.04 [12])
For ground-mounted, US$0.3/Wp (combined) [39]

	O&M costs
	Annual cost of 0.5% of initial Module plus Balance of Systems cost [12]

	System lifetime
	20 years for Balance of Systems components 
20 years for c-Si, CIGS, CdTe modules
5-10 years for OPV modules

	Module degradation rate
	Linear 1% per year for c-Si, CIGS, CdTe modules
Linear 4% per year for OPV (5 year lifetime)
Linear 2% per year for OPV (10 year lifetime) [12]

	Discount / finance rate
	10% (illustrative private borrowing rate)

	Irradiance level 
	Assumed at 1,700 kWh/m2/yr with performance ratio of 0.8


Notes: Performance ratio refers to the ratio of the actual electricity yield and target yield from a given installed array of PV modules. Losses stem from array temperature, incomplete utilization of the irradiation, and system component inefficiencies or failures [40].
For the more established PV technologies (here taken as c-Si, CdTe, CIGS), for which cost reductions are continuing, a near-term (approximately 2020) estimate of their module costs is undertaken, resulting in a range of US$0.35-0.6/Wp. These costs have been arrived at through undertaking a detailed analysis of the material input cost reduction and manufacturing-related cost reductions that are possible over the coming years. Full details are given in Supplementary Information 1 and 2 (SI1 and SI2). 
For both OPV and a representative more established PV technology with this cost range of US$0.35-0.6/Wp, we show two PV systems: the first using installation and balance of system (BoS) component costs for ground-mounted PV systems at scale [39]; the second with installation and BoS costs for a roof-mounted home system [12], [13]. For each PV technology the LCOE is determined according to the following formula (following [41]):
    									(7)
Where: 
· M0 is the initial module price including margins, per Wp installed
· B0 is the initial balance of system cost, per Wp installed
· Mt is the replacement module price in year t (for OPV systems with a 10-year lifetime, this is only relevant for OPV with a 5-year life)
· Bt is the balance of systems cost associated with replacing modules in year t (again, only relevant for OPV with a 5-year life)
· Ot is the operation and maintenance cost per Wp in year t
· Et is the electricity generated by each Wp of installed module in year t
· d is the discount rate
· t is the year of lifetime.
3 Results of OPV cost analysis
3.1	OPV module cost
Figure 5 shows the outcome of the Monte Carlo analysis using the input assumptions shown in table 3.  The median OPV module cost is US$0.28/Wp, with interquartile range US$0.23-0.34/Wp. 
As a sensitivity, the Monte Carlo analysis is repeated using a normal distribution centred around the mean of the upper and lower estimates, with the estimates forming the boundaries within which 95% of the randomly selected values chosen will lie. This results in a median cost of US$0.27/Wp, with interquartile range US$0.23-0.32/Wp, which are reasonably close to the corresponding figures from the uniform distribution. [image: cid:DF5442D2-92E7-4C2E-9452-28780B6FC799@ic.ac.uk]
Figure 5: Distribution of module cost of single junction OPV manufactured at commercial scale
Notes: Red lines denote the lower quartile (US$0.23/Wp), median (US$0.28/Wp) and upper quartile (US$0.34/Wp) values
One benefit of such analysis is that it allows the examination of how sensitive the overall cost is to variations in each input factor – this is explored by calculating the module cost using the Monte Carlo approach but with each factor fixed to the upper or lower end of its range of values. In the case of manufacturing scale, this factor includes setting both the scaling factors and cost reductions per doubling of scale for the manufacturing-related costs that are subject to scale economies (equipment, labour, overheads). As shown in figure 6, manufacturing scale, material costs, geometrical fill factor (GFF) and module power conversion efficiency (PCE) are all significant determinants of the overall variation in module costs. With PCE being a key metric in the PV community, and the stated aim of reaching the “10-10 challenge” of a 10% efficient device with a lifetime of 10 years, it is conceivable that the PCEs at the higher end of the range used here (7%) will be achieved [42]. It is also clear that manufacturing scale will also be an important determinant of OPV economics, at least in the near-term as the industry scales up. It is therefore perhaps a little too early to assume such costs away, at least for anything other than very large scale production as discussed in Machui et al. [14]. 
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Figure 6: Sensitivity of OPV module cost to each input factor, as set to the upper and lower estimates of each parameter, with the median and interquartile range shown
Notes: Dashed lines denote the positions of the upper and lower quartiles of the original cost distribution. For each input factor into the OPV cost calculation, red bars represent the OPV module cost distribution (median and interquartile range) when this factor’s value is held at the higher end of its input range, and yellow bars the cost distribution when the factor’s value is held at the lower end of its range. These cost distributions are expressed as percentage differences compared to the median OPV cost calculated in the initial Monte Carlo analysis (i.e. with none of the input factor values shown held constant). 
3.2	Levelised cost of electricity (LCOE)
Figure 7 shows the LCOE range of the more established PV module technologies as well as the LCOE distribution for 5- and 10-year lifetime OPV, which follows form the module range distribution reported in section 3.1. The LCOE range of established PV technologies is US$0.115-0.142/kWh for ground-mounted systems. By comparison, 10-year lifetime ground-mounted OPV has an LCOE inter-quartile range of US$0.123-0.139/kWh (median US$0.130/kWh). For roof-mounted systems, the established PV technologies have an LCOE range of US$0.144-0.170/kWh, compared to an inter-quartile range of US$0.152-0.169/kWh (median US$0.160/kWh) for 10-year roof-mounted OPV. Hence 10-year OPV has closely comparable LCOEs to established PV technologies, for both ground and roof-mounted systems, according to the calculations in this analysis. As is clear from figure 7, however, 5-year ground-mounted and roof-mounted OPV systems (with median LCOEs of US$0.177/kWh and US$0.207/kWh respectively) have rather higher LCOEs than the more established PV technology systems. This indicates that a further determinant of OPV’s success, as well as the key sensitivity factors highlighted in figure 6, is the module lifetime, with the 10-year target [42] an important one to achieve. 
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Figure 7: Levelised cost of electricity (LCOE) generated for roof- and ground-mounted OPV systems, using module cost ranges
By comparison, Mulligan et al.’s calculation of LCOE for roof-based OPV systems (with size 160 m2, equivalent to a capacity of about 5 kW assuming 3% module efficiency) results in an LCOE of US$0.12/kWh for 10-year lifetime modules and US$0.13/kWh for 5-year lifetime modules. These compare to the median values of US$0.16/kWh for 10-year and US$0.21/kWh for 5-year roof-mounted modules represented in this analysis. Key differences are: the lower module cost in Mulligan et al., which assumes a US$7.85/m2 module cost, equivalent to US$0.16/Wp when using an efficiency of 5%, which is approximately the median efficiency used in this analysis, compared to a module cost of US$0.30/Wp (including a 10% margin) as used here; the lower balance of systems cost, which – at about US$40/m2 in Mulligan et al., equates to about US$0.8/Wp at 5% module efficiency. It is also of note that Mulligan et al.’s calculated LCOE is less sensitive to module lifetime than calculated in this study, since the module cost is only 16% of the initial system cost, whereas in this study the module cost (including retail mark-up) is 21% of initial balance of system costs and closer to 50% of replacement system costs (which are assumed to consist only of new modules and labour to install these). This indicates the degree of sensitivity of LCOE to OPV module performance (cost, efficiency, lifetime). It also suggests that the additional dominance of balance of system costs in Mulligan et al’s analysis is important in driving the relatively small difference in LCOE between their 5-year and 10-year lifetime systems. 
4 Discussion
This analysis suggests there are likely to be four significant determinants of future OPV module cost in the near-term term: plant manufacturing scale; material costs; geometrical fill factor and power conversion efficiency. The first two factors (plant scale and material costs) are both likely to depend on industry scale – a larger OPV industry means higher throughput equipment, larger plants, and commercial-scale quantities of material inputs. This is just the type of cost reduction effect seen in the last two decades or so of c-Si PV development [17], and suggests that to some extent policies to help expand the PV market could be a critical determinant of OPV’s success. The latter two factors (geometrical fill factor and power conversion efficiency) are more dependent on design innovations, where further R&D and pilot-scale production (testing a variety of materials and printing processes) are likely to bear fruit. Here policy should support a targeted effort towards specific design improvements. In addition to these factors, the other key determinant of OPV’s ability to compete with the established PV technologies in levelised cost terms is the module lifetime – according to this analysis, 5 years does not make OPV competitive but 10 years does. Increased module lifetimes will also require further experimentation with materials and production processes, which will (as with efficiency and fill factor) require targeted research efforts.
An obvious question is why focus on making OPV competitive with established PV technologies at all, rather than simply directing policy effort and finance towards further lowering the costs of the established technologies? One response to this is that OPV offers performance benefits, in terms of much lower energy payback, a relatively simple manufacturing process with smaller plant set-up costs, as well as thin-film, flexible properties, with an abundance of input material availability. Another, perhaps more important factor, is that OPV’s future cost reduction potential beyond the median values projected in this study is significant. Estimates at the more optimistic end of the range are as low as $0.06/Wp (Machui et al. [14], based on multi-GW scale production, lowest material cost estimates and efficiencies around 10%) – an order of magnitude lower than the near-term projections of competing technologies. Even with more conservative assumptions on efficiency as used in this study (i.e. 7%) the lowest end of the range shown in figure 3 is around $0.1/Wp – still much less than the nearest competitor in the near-term (CIGS at $0.35/Wp). This makes OPV worth further investigating. Nevertheless, the increasing dominance of the balance of systems costs in levelised electricity costs means that an equal if not greater focus should now be placed on driving down the non-module components (inverters, meters, cabling and support structures) and PV system installation costs (essentially labour time). 
A final consideration from this analysis is how the module cost and levelised cost of electricity estimates derived using the approach in this study compare to those produced through expert elicitations, which is an instructive way of informing how different approaches to projecting technology costs compare to each-other. Of the three major PV expert elicitation exercises so far produced, the most optimistic is that of Baker et al. [18] which uses expert assessments on the likelihood of key technical challenges being overcome so as to achieve “success”. Here the definition of success is to manufacture OPV modules with a 15-30 year life, 15-31% efficiency and $50/m2 total manufacturing (including material) cost, leading to a levelised cost of $0.03-0.05/kWh. It is difficult to compare the results of this expert elicitation directly with the results presented here, because the focus is on long-term (by 2050) OPV potential, with significantly better performance parameters than assumed in this study. The probability of achieving these levels of OPV performance were assessed as very low by the experts questioned (with most probabilities less than 0.1, and in only one case – 15% efficient OPV with a 30-year lifetime and $50/m2 manufacturing cost – one expert giving a probability greater than this, at 0.34). Nevertheless, the median manufacturing cost in the analysis presented here, at $12/m2, is less than a quarter of that assumed in the Baker et al. [18] analysis, whose $50/m2 is actually achievable today at pilot scales [13].
Curtright et al. [7], which focuses on module costs only (i.e. no estimation of levelised electricity costs), show that none of 18 PV experts gave a probability greater than 0.3 of OPV costs falling below $0.3/Wp before 2030. This study contends that, with a median near-term value of $0.28/Wp, that could be much more likely. In fact the Curtright et al [7] analysis may well reflect a degree of pessimism resulting from relatively high silicon prices in the mid-2000s when the elicitation was performed. Bosetti et al’s [19] expert elicitation of European experts, focusing on levelised costs of electricity for PV-generated electricity (rather than OPV specifically), suggests current (in this case 2011) R&D levels would see a median levelised cost of electricity by 2030 of $0.12/kWh, with increased R&D funding scenarios (at levels of an additional 50% and 100%) achieving $0.09/kWh and $0.08/kWh respectively. The LCOE deriving from the current R&D funding scenario figure broadly matches the near-term LCOE for ground-mounted PV in this study, as shown in figure 7. However, here we suggest that not just increased R&D funding but also increased industry (and therefore plant) scale could be key contributors to further PV electricity cost reductions.
This is one of the most important insights of a component and process-based cost projection approach such as that presented here, when compared to those expert elicitation approaches referred to above – those approaches either do not explicitly discuss the impact of different factors in driving down costs [7], or otherwise do not allow a comparative analysis of the cost impacts of performance improvements in PV modules with those impacts resulting from material input cost changes and manufacturing scale improvements [18], [19]. 
5 Conclusion
The use of a statistical analysis in order to combine multiple uncertain parameters affecting technology costs is a useful way of determining a range of plausible costs for emerging technologies, as well as highlighting those parameters to which overall technology costs are most sensitive. This helps identify which factors should be the focus of further cost reduction effort, as well as which policies (e.g. those that stimulate basic R&D, those that help increase market size) might help to achieve these cost reductions. 
A comparative assessment of one emerging technology (OPV) has been undertaken using this approach, suggesting a module cost of $0.23-0.34/Wp (inter-quartile range) is achievable if it is manufactured at commercial scales, if material costs fall in line with the views of experts as elicited from the literature, and if particular performance parameters such as efficiency can be achieved. Further analysis shows that this means OPV could compete with established PV technologies in terms of levelised costs of electricity generated in the near-term (i.e. by 2020), provided that module lifetimes of the order of 10 years can be achieved through enhanced device stability. In policy terms, the analysis suggests that whilst fundamental R&D into increasing efficiency and stability of OPV is key, policies to support the increase of manufacturing scale are also very important to achieve OPV module cost reductions. The overall projections of utility-scale PV-generated electricity costs (within a range of about $0.11-0.17/kWh by 2020) appear to be in line with the most recent expert elicitation exercise which focused on levelised costs in 2030, suggesting that there can be some confidence around the attainment of PV-generated electricity costs of close to $0.10/kWh in the next decade. 
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