
Accepted Manuscript

Cost, energy and emissions assessment of organic polymer light-emitting device
architectures

Catrice M. Carter, Justin Cho, Aaron Glanzer, Nikola Kamcev, Deirdre M. O'Carroll

PII: S0959-6526(16)31091-5

DOI: 10.1016/j.jclepro.2016.07.186

Reference: JCLP 7758

To appear in: Journal of Cleaner Production

Received Date: 11 March 2015

Revised Date: 19 July 2016

Accepted Date: 27 July 2016

Please cite this article as: Carter CM, Cho J, Glanzer A, Kamcev N, O'Carroll DM, Cost, energy and
emissions assessment of organic polymer light-emitting device architectures, Journal of Cleaner
Production (2016), doi: 10.1016/j.jclepro.2016.07.186.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.jclepro.2016.07.186


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 
 

Cost, Energy and Emissions Assessment of Organic Polymer Light-Emitting Device Architectures  
1 

Catrice M. Carter,a Justin Cho,a Aaron Glanzer,a Nikola Kamcev,a and Deirdre M. O’Carroll*a,b 
2 

aDept. of Materials Science and Engineering, Rutgers University, 607 Taylor Rd., Piscataway, NJ 08854, 3 

USA 4 

bDept. of Chemistry and Chemical Biology, Rutgers University, 610 Taylor Rd., Piscataway, NJ 08854, 5 

USA 6 

*Corresponding author. Tel.: +1 848 445 1496, E-mail address: ocarroll@rutgers.edu (D. M. O’Carroll) 7 

 8 

Graphical abstract 9 

 10 

 11 

Keywords: polymer OLED; cost; energy; efficiency; life-cycle; greenhouse gas 12 

 13 

Total word count: 12 153 14 

  15 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 
 

Abbreviation Unit Definition Description 

lm - lumen SI unit of luminous power 

cd - candela SI unit of luminous intensity brightness 

W - watt SI unit of power 

h - hour Unit of time 

d - day Unit of time 

a - year Unit of time 

kW h - kilowatt hour Unit of energy 

Cdev $/m2 device cost per area 
The total cost of materials and cost to  
manufacture a device architecture with an 
area of 1 m2 

Cop $/a yearly operating cost Cost to operate the device for 8 h/d over a 
period of 1 a 

Clm $/h optical power cost Cost to continuously generate 1000 cd/m2 
for 1 h 

GHG-CO2,dev kg 
mass of CO2 emissions 
from device production 

Mass of CO2 greenhouse gas emissions 
from raw materials extraction and 
manufacturing of a device with an area of 1 
m2  

Emat MJ/kg material embodied energy Embodied energy of the raw materials in a 
device per mass 

Eman MJ/kg direct process energy  Energy consumed during device 
manufacturing per mass 

ICO2 kg/kW h CO2 emission intensity Average CO2 emission intensity 

GHG-CO2,op kg/a 
emission mass flow rate for 
CO2 

Yearly CO2 emissions produced from a 
device with an area of 1 m2 operating for 8 
h/d 

Cmat $ cost of materials in the 
device  

Cost of raw materials used for a device with 
an area of 1 m2 

Cman $ manufacturing cost  Cost to manufacture a  device with an area 
of 1 m2 

Cuse $ use phase cost  The cost to electrically power each device 
architecture 

L h operational lifetime  The length of time it takes for device 
luminous efficacy to degrade by 50 % 

Celec $/(kW h) cost of electricity in the 
USA 

The cost of electricity in the USA per 
energy 

Euse kW h or GJ use-phase energy 
consumption  

The electrical energy needed to operate a 
device over its entire use phase 

Pin W power in Electrical power applied to the device 

Mv lm/m2 luminous exitance Light output power emitted by a device  
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16 

Bf lm/W luminous efficacy  Electrical-to-optical power conversion 
efficiency 

k 0.75 correction factor 
Accounts for device operation at 75 % of its 
initial luminous efficacy, on average, due to 
degradation and efficiency roll-off during its 
operational lifetime 

B cd/m2 luminance  
Used to quantify the brightness of a light-
emitting device per area 
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Abstract 17 

Proponents for sustainable alternative lighting and display options advocate for organic light-18 

emitting diodes (OLEDs), particularly polymer-based organic light-emitting diodes (P-OLEDs), because 19 

of their potential for low-cost fabrication, more versatile device formats and lower power consumption 20 

compared to traditional options. Here, an economic, energy and CO2 emissions assessment is carried out 21 

for four different laboratory-scale, blue-emitting P-OLED device architectures: bottom-emitting 22 

conventional; bottom-emitting inverted; top-emitting conventional; and top-emitting inverted. 23 

Additionally, comparisons with a standard, commercial-scale, blue inorganic light-emitting diode (LED) 24 

device architecture are made. The various P-OLED device architectures are investigated due to their 25 

potential to increase operational lifetime (inverted) and light out-coupling efficiency (top-emitting). The 26 

following metrics are used in this assessment: device cost per area, yearly operating cost, optical power 27 

cost, CO2 emissions from device production, and yearly operating CO2 emissions. We show that the top-28 

emitting inverted device architecture significantly reduces the device cost per area, yearly operating cost, 29 

optical power cost and CO2 emissions for the P-OLED devices, due to elimination of indium tin oxide and 30 

its comparatively high luminous efficacy and longer lifetime. In addition, the top-emitting inverted P-31 

OLED device architecture performs competitively at the laboratory scale with commercial-scale inorganic 32 

LEDs for all metrics. However, if top-emitting P-OLEDs are to be manufactured on a large scale, the 33 

luminous efficacy assumed for laboratory-scale devices needs to remain constant throughout development 34 

to remain competitive. 35 

  36 
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1. Introduction  37 

  OLEDs are being investigated as sustainable alternative display and lighting options, as opposed 38 

to compact fluorescent lamps, incandescent lighting, and LEDs because of their low temperature growth 39 

conditions and potential earth-abundant constituent elements (while organic phosphorescent OLEDs 40 

usually contain rare-earth elements to harvest triplet excitons, fluorescent OLEDs have active layers that 41 

are primarily composed of carbon and hydrogen). However, current small-molecule OLEDs on the 42 

market are fabricated under high vacuum using thermal deposition, thus making the fabrication process 43 

expensive [1-9]. Therefore, low-cost, large-scale fabrication options are needed to make OLED 44 

technologies more marketable. P-OLEDs are an emerging sub-section of OLED technologies that are 45 

more amenable to solution-based processing which may enable more straight-forward, vacuum-free 46 

fabrication of the devices and, hence, lower cost and lower process energy consumption [2,10-13].  47 

  However, the lower efficiency (i.e., luminous efficacy) and the shorter operational lifetime of 48 

blue P-OLEDs compared to red and green P-OLEDs, slows the commercialization of a full-color P-49 

OLED for general lighting and display purposes [2]. The lower efficiency of blue P-OLEDs can be 50 

attributed to the difficulty of charge injection into blue-emitting fluorescent polymers which have low 51 

highest-occupied molecular orbital (HOMO) energies (ca. −5.9 eV) and high lowest-unoccupied 52 

molecular orbital (LUMO) energies (ca. −2.1 eV) [14]. Common approaches that have been used to 53 

remedy these issues are incorporation of a high-work-function hole injection layer, such as poly(3,4-54 

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), and a low-work-function electron 55 

transport layer, such as calcium (Ca) or lithium fluoride (LiF) into the device structure [15-17]. 56 

Additionally, while internal quantum efficiency can be optimal (~100 % for phosphorescent OLEDs and 57 

phosphorescent P-OLEDs) [18], light-extraction efficiency is quite low (~20 % to 31 %) [18-20], 58 

especially for blue-emitting devices and is a significant barrier to high-efficiency P-OLEDs. The shorter 59 

operational lifetime of conventional blue, fluorescent P-OLEDs is due to a combination of: (1) higher 60 

drive voltages due to the low light extraction efficiency; (2) corrosion of indium tin oxide (ITO) due to 61 
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the acidity of the PEDOT:PSS layer [3,21] and (3) degradation of PEDOT:PSS and Ca carrier injection 62 

properties due to exposure to water vapour and oxygen during device fabrication or operation [3].  63 

  Proposed approaches to tackling efficiency and operational lifetime issues are: (1) light 64 

management approaches, such as use of top-emitting device architectures, and addition of metallic or 65 

dielectric nanostructures to promote more efficient light extraction [22]; (2) inverted device architectures 66 

[23]; (3) improved encapsulation methods [24]. While these approaches have been shown to have the 67 

potential to increase device efficiency and operational lifetime [22-24], they may in turn affect the overall 68 

cost and environmental impact. Thus, further assessment of these approaches must be completed before 69 

any definitive conclusions can be drawn as to their usefulness. The goal of this study is to carry out an 70 

cost, energy and CO2 emissions assessment, based on life-cycle assessment (LCA) methodologies, for 71 

four laboratory-scale, prototypical, fluorescent, blue-emitting P-OLED device architectures (conventional 72 

bottom-emitting, inverted bottom-emitting, conventional top-emitting and inverted top-emitting 73 

architectures) to determine which architecture is more effective in terms of device cost per area, yearly 74 

operating cost, optical power cost, energy consumption, and CO2 emissions. Additionally, comparisons 75 

are made with the more ubiquitous, commercial-scale, blue inorganic LED device. As discussed earlier, 76 

the inverted P-OLED architectures increase the operational lifetime and the top-emitting P-OLED 77 

architectures increase the electrical-to-optical power conversion efficiency (i.e., luminous efficacy) 78 

[3,8,23].  79 

  Several economic and LCA studies have been conducted for LEDs and organic photovoltaic 80 

(OPV) devices which form the basis of our study for P-OLEDs [4-7,25-39]. A case study for the LCA of 81 

LED downlight luminaires concluded that the environmental impact of LEDs is dominated by the use-82 

stage energy consumption and data gaps exist in LED product manufacturing and its environmental 83 

impacts; thus, resulting in a need for further research and assessments in order to compare LED-based 84 

luminaires with existing lighting technologies [28]. The U. S. Department of Energy has carried out 85 

detailed LCAs of energy and environmental impacts of LED lighting products, which show that the 86 

average life-cycle energy consumption is similar for both compact fluorescent lamps and LEDs, with it 87 
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being greater for incandescent lamps [7]. While economic, energy and environmental assessments have 88 

been completed for inorganic LEDs not much emphasis has been placed on the organic counterpart, 89 

which motivates this study. We draw comparisons with polymer-based OPV device economic and LCA 90 

studies, where applicable, since there have been a significant number of such studies [4-6,22,27-39] and, 91 

while OLEDs and OPV devices are operationally different, their device compositions and architectures 92 

are similar. As a result, one can study prior work on OPVs in order to draw inspiration to base future 93 

organic polymer-based cost and LCA studies due to the similarities in device structure and material type 94 

with the main difference being that polymer-based OPV devices produce electrical energy from sunlight 95 

while P-OLEDs consume electrical energy to produce light.   96 

  Furthermore, numerous OPV studies have focused on identifying approaches to lower device cost 97 

and the effects of increasing the efficiency and operational lifetime on energy and greenhouse gas (GHG) 98 

emission metrics that are also pertinent to P-OLEDs. For example, a life-cycle and cost assessment of 99 

OPV devices by Emmott et al. explored various transparent conductor alternatives to ITO in which they 100 

found that material alternatives, such as silver nanowires and high-conductivity PEDOT:PSS, have the 101 

potential to reduce the energy-payback time (EPBT) and financial cost of organic photovoltaic devices 102 

[4]. Espinosa et al. conducted a LCA of organic tandem solar cells where they investigated the economic 103 

and environmental feasibility of manufacturing a tandem solar cell versus a single junction solar cell. 104 

They found that the tandem solar cell has to be 20 % better performing than a single-junction device in 105 

order to improve cost and sustainability metrics [27]. A review paper by Lizin et al. of LCA studies of 106 

OPVs focused on environmental aspects such as cumulative energy demand (CED), EPBT, and the GHG 107 

emission factor of single-junction, organic, bulk-heterojunction P3HT:PC60BM polymer-based solar cells 108 

[5]. The top environmentally performing solar cell had a CED of 37.58 MJ/m2, EPBT from 3.54 months 109 

to 6.24 months, and cell efficiency of 2 % with lower GHG emission factors than current power plants. 110 

They concluded that the often-used linear relationship between increasing operational lifetime or 111 

efficiency and improved sustainability, CED and EPBT, is not a sufficient model because improvements 112 

in these areas are heavily dependent on the device materials and architectures [5]. Darling et al. conducted 113 
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a LCA to estimate the CO2 emission factor for a OPV device with an area of 1 m2, with 1 % solar power 114 

conversion efficiency (PCE) and one year  operational lifetime (which are achievable today), and a 115 

hypothetical future OPV device with 15 % PCE and a 20 year operational lifetime [6]. They estimated a 116 

~10 % decrease in CO2 emissions due to the increase in PCE and the longer operational lifetime. 117 

Furthermore, they suggest that improvements can be made to operational lifetime through encapsulation 118 

with materials with low water and oxygen transport rates and use of air-stable alternative materials. 119 

Additionally, in order to transfer OPV technology from laboratory-scale to larger scales for 120 

commercialization, efficiency, scalability of manufacturing processes, and knowledge of degradation 121 

mechanisms and their impacts on operational lifetime are critical factors that have been identified through 122 

economic and LCA studies [5,6,29-39].  123 

  The aforementioned OPV studies allow us to draw some conclusions that are applicable to P-124 

OLED devices, such as: eliminating ITO from the device architectures, increasing multilayer device 125 

performance, and use of stable device materials and encapsulants should assist in making P-OLED 126 

performance more comparable with the performance of current LEDs on the market. However, 127 

comparisons between certain aspects such as life-cycle CO2 emissions and cost assessments of 128 

photovoltaic devices and light-emitting devices are not appropriate or straight forward. For example, once 129 

a photovoltaic system is installed, the main yearly cost is associated with system maintenance, while, for 130 

a lighting system there are significant additional costs because it consumes electricity during operation (as 131 

opposed to generating electricity from a free natural resource, i.e. the sun, as in the case of a photovoltaic 132 

system). Therefore, in our study we develop some alternative assessment methodologies and metrics that 133 

are relevant to P-OLED devices but not to OPV devices. 134 

 135 

2. Methodology  136 

2.1 Goal and Scope  137 
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  As mentioned in Section 1, the goal of this study is to carry out a cost, energy and CO2 138 

greenhouse gas (GHG-CO2) emissions assessment, based on LCA methodologies, for four laboratory-139 

scale, prototypical, fluorescent, blue-emitting P-OLED device architectures to determine which 140 

architecture is more effective in terms of device cost per area, yearly operating cost, optical power cost, 141 

energy consumption, and CO2 emissions. LCA is used as a tool to assess the energy and environmental 142 

impacts of a product, process or activity throughout its life cycle; from the extraction of raw materials 143 

through to processing, transport, use and disposal [4,5,7,25-42]. LCA is a standard international ISO 144 

14040 series method that consists of four distinct components: (1) goal and scope, (2) inventory analysis, 145 

(3) impact assessment, and (4) interpretation. First, the aim of the study, central assumptions, and system 146 

boundaries are chosen. Next, during the life-cycle inventory analysis (LCI) phase, the inputs and outputs 147 

for the emissions and resources are quantified. Then a life cycle impact assessment (LCIA) is conducted 148 

to evaluate the potential environmental impact of the previous quantified values. Finally, an interpretation 149 

of results are presented in a clear concise manner [27,41,42]. 150 

We complete cradle-to-grave assessment, i.e., from the inception of raw materials to the end of 151 

use, of a fluorescent, blue-emitting P-OLED device (i.e., one that uses, for example, a polyfluorene-based 152 

light-emitting active layer) as there are numerous results reported in the literature for such devices [1,3,8-153 

14]. As discussed in Section 1, while photovoltaic studies can be used as a guide to base LCA studies of 154 

light-emitting devices on, they differ in terms of their operation. Unlike OPVs, P-OLEDs consume 155 

electrical power for operation and produce optical power (i.e., light). As a result, the functional unit 156 

should be determined by the basis of the optical power produced, which in our case we are assuming to be 157 

the brightness per area or luminance. Therefore, here, we employ a luminance of 1000 cd/m2 as our 158 

functional unit which is a commonly reported luminance for OLEDs [2,24,43-50]. Each device 159 

architecture is assumed to produce this constant brightness, and in order for this to be achieved either the 160 

electrical input power or the power efficiency (i.e., luminous efficacy) of the device can be varied. Note 161 

that in contrast, for OPV devices a constant optical input power (or irradiance) is applied during 162 

performance testing (i.e., 100 mW/cm2 (1 sun)); therefore, to generate a particular target electrical power 163 
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quantity, device area or efficiency is varied.  We determine the following metrics: the device cost per 164 

area, including materials and manufacturing costs; yearly operational cost; cost to continuously generate 165 

1000 cd/m2 for one hour; and the GHG-CO2 emissions, for both device production and yearly operation, 166 

from the point of view of the user. The assessment carried out here is meant to provide perspective on the 167 

cost, energy and emissions impact of blue-emitting P-OLEDs relative to the more mature inorganic 168 

semiconductor LED technologies. Additionally, the P-OLED life-cycle stages and materials which are 169 

expected to have the greatest cost and emissions impacts are identified.  170 

2.2 Central Assumptions 171 

  In this study, we completed a cradle-to-grave assessment including the following stages (Fig. 1): 172 

(1) raw materials extraction and production; (2) PLED device fabrication and (3) PLED device use. The 173 

following inputs and outputs are considered for each stage where relevant: material inputs; electrical 174 

energy inputs; GHG-CO2 emissions outputs and optical energy output, and P-OLED device use stages. A 175 

life-cycle inventory is compiled and analyzed for the materials, production and fabrication, and use-phase 176 

operating cost of the PLEDs in order to carry out the assessment. In our assessment, we ignore all 177 

transport, installation, and disposal phase costs associated with the life-cycle of the P-OLED because 178 

these costs are assumed to be small compared to device and use-phase costs [4,31,40]. Furthermore, we 179 

have not included in the assessment the housing, electrical connections, heat sinks, or others items 180 

involved in the mounting of the P-OLED as it is assumed to be similar amongst the different P-OLED 181 

architectures regardless of the final product (e.g., lighting, display) because they are all planar, thin-film 182 

surface-emitting optoelectronic devices and our functional unit (i.e., 1000 cd/m2) is the same for each 183 

architecture. Conversely, for the inorganic LED different housing, mounting and peripheral components 184 

(e.g., electrical connections, heat sinks) could certainly be employed. However, given that the blue 185 

inorganic LED is the most ubiquitous blue light-emitting device, it is useful as a standard against which 186 

blue OLEDs can be compared (similar to how a silicon solar cell is the standard against which all newer 187 

solar cell technologies are compared regardless of eventual differences in mounting, housing, etc. [6]). 188 
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 189 

Fig. 1. System boundary diagram for a LCA of OLEDs. In this study, our assessment considers only the 190 

stages of the life cycle highlighted in by the dashed red boxes: raw materials extraction and production, 191 

OLED device fabrication, and OLED device use.  192 

 193 

  Our background system (i.e., the information needed to carry out this study) is defined through 194 

extensive reviews of published literature and supplier catalogues. Embodied energy and direct process 195 

energy values were obtained from published literature that included relevant embodied energy data from 196 

LCA databases such as Ecoinvent and Gabi for the more common materials (e.g., glass, silver). However, 197 

in some cases, material embodied energy values were assumed values based on more commonly-available 198 

materials within the same material class. For example, material embodied energies for poly(3-199 

hexylhiophene) were used instead of those for poly(9,9-dioctylfluorene)), PFO, for the organic conjugated 200 

polymer active layer due to lack of available embodied energy data for PFO. This is a reasonable 201 

approach because both P3HT and PFO are conjugated (i.e., semiconducting) polymers that have rigid 202 
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molecular backbones that consist of molecular monomers or long chains of carbon-based repeat units 203 

connected by covalent bonds. In addition, both polymers are synthesized from a solution in a similar 204 

catalytic fashion [51,52]. The cost per mass data for materials were obtained from supplier online 205 

catalogues and from published literature. References to the source websites (including date accessed) and 206 

the relevant papers are included at the appropriate location for each cost per mass value. For the thickness 207 

of layers in the different P-OLED devices (Tables 1 and 2), information was obtained from published 208 

literature in which device prototypes were fabricated and tested, as well as Department of Energy solid-209 

state lighting technical reports (referenced below).  210 

  The performance parameters (Table 3) are essential to calculating the metrics defined in Section 211 

2.3 used for the assessment of the different device architectures, which comprise our foreground system. 212 

Note that only lab-scale and pilot-scale fluorescent blue polymer OLED devices have been reported to 213 

date. Therefore, all of our metrics for the OLED devices are for lab/pilot-scale devices. First, the average 214 

operational lifetimes of conventional blue fluorescent OLEDs were determined from references [2,43,44]. 215 

Then, based on publications in which direct comparisons between the lifetime of a conventional and 216 

inverted OLED were made [45,46], a scaling factor was determined. From this assessment we found that 217 

the inverted OLEDs have operational lifetimes that are 1.75 times longer than the conventional OLEDs. 218 

We then multiplied the average conventional operational P-OLED lifetime by the scaling factor to 219 

determine the inverted OLED operational lifetimes for both bottom and top emitting device structures.  220 

  The luminous efficacy values were calculated in a similar fashion to the operational lifetime. To 221 

determine the luminous efficacy values for the different device architectures, first, we averaged the 222 

luminous efficacy values for conventional bottom emitting fluorescent blue OLEDs from references 223 

[10,44,52] at a luminance of 1000 cd/m2. Then, in a similar way to how the operational lifetime of the 224 

inverted devices was determined, a scaling factor was taken from reports that directly compared inverted 225 

to conventional bottom emitting OLEDs [45,54-57], top emitting to bottom emitting conventional OLEDs 226 

[58], and the top emitting to bottom emitting inverted OLEDs [56,59-61]. We then used these scaling 227 

factors to calculate the efficacy values from the averaged conventional bottom emitting OLED luminous 228 
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efficacy for each device configuration. Note that the luminous efficacy value of the inorganic LED was 229 

based on reported values for mass-produced inorganic LEDs that included light extraction structures and 230 

housing [48,50,62-65], which may aid in increasing efficacy values. 231 

 232 

2.3 Definition of Metrics 233 

Our metrics for this assessment are as follows: (1) device cost per area, Cdev, which is the upfront 234 

cost to the user at the initial purchase; (2) yearly operating cost, Cop, which is the cost to operate the 235 

device for 8 h/d over a period of one year; (3) optical power cost, Clm, which is the cost required to 236 

generate the functional unit of 1000 cd/m2 of optical power for one hour; (4) GHG-CO2 emissions from 237 

raw materials extraction and device manufacturing, GHG-CO2,dev; (5) yearly GHG-CO2 emissions 238 

produced from a device operating for 8 h/d, GHG-CO2,op. We define Cdev as: 239 

  ���� = ���� + ���
  (1) 240 

where  ���� is the materials cost for all device layers and ���
 is the manufacturing cost. Estimation of 241 

���� for each device architecture studied here will be discussed in the next section using information 242 

obtained from materials suppliers and is the largest contribution to Cdev. 243 

  ���
 is determined from a percentage range of the total device costs reported for solution-244 

processed OPV device manufacturing costs on the lab/pilot scale, i.e., 21 % to 40 % [6,27,29-51]. Note 245 

due to the current state of P-OLED development, large-scale manufacturing methods and practices are 246 

currently not optimized or standardized. Additionally, comparisons between manufacturing costs for reel-247 

to-reel processed devices and manufacturing costs for devices fabricated on ridged substrates have shown 248 

only a slight increase in the percentage contribution of manufacturing costs to total device costs (~50 % is 249 

an upper estimate for OPV devices on glass substrates compared to 21 % to 40 % for OPV on PET 250 

substrates). Therefore, we have assumed an average percent contribution of manufacturing costs to total 251 

device costs of 30 % [6,27,29-51]. Therefore, to determine ���
, such that ���
 contributes to 30 % of 252 
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����, ���
 was taken to be a 43 % of ����. We do not account for possible differences in manufacturing 253 

costs between lighting and display P-OLED technologies such as types of capital equipment (e.g., spray 254 

coaters versus ink-jet printers). However, in both cases the active layer, hole transport layer (HTL) and 255 

ETL are assumed to be fully solution processed on glass [11,12]. Additionally, as stated earlier, this study 256 

focuses on device costs per area; costs associated with (P-O)LED housing, electrical connections, heat 257 

sinks and electronic drivers (i.e., balance of system costs) are not included.  258 

  We define Cop  as: 259 

 ��� =

���

�
∗ 8 ∗ 365 (2) 260 

where L is the operational lifetime of the device and ���� is the use-phase cost. L is taken to be the time it 261 

takes for the luminous efficacy to drop to 50 % of its initial value [68]. �use is the cost of operation for a 262 

device (with area of 1 m2) over the device’s operational lifetime and is defined as: 263 

 ���� = 	����� ∗ ���� (3) 264 

where ����� is taken to be the cost of electricity in the United States (assumed to be 0.0984 $/(kW h) 265 

[69]), and �use is the use-phase energy consumption defined as: 266 

�use =	
 !"∗�	

#$$$
  (4) 267 

where Pin is operating electrical power for a device with an area of 1 m2. Pin is calculated as follows: 268 

%in = 
&'

()
	* (5) 269 

where +, is the luminous efficacy and k is a correction factor, which accounts for the performance 270 

degradation of the device over time. Here, we assume a constant applied voltage is applied to each device, 271 

therefore, k = 0.75 (i.e., on average, the device operates at 75 % of its initial luminous efficacy over its 272 

operational lifetime, L) [68]. -� is the luminous exitance (i.e., the light output power) and is defined as  273 

-� = +	 ∗ . (6) 274 
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where	+ is luminance which we have taken to be 1000 cd/m2, as discussed earlier in Section 2.1, as it is 275 

the standard value used when reporting operational lifetimes of OLED devices [2,24,41-50]. We assume 276 

Clm in $/h is then calculated as: 277 

��� =
&'	∗	
�/�0

()	∗	#$$$
 . (7) 278 

  Next, CO2 emissions from device production, GHG-CO2,dev , which includes the GHG-CO2 279 

emissions from raw materials and device fabrication in kg of CO2 is defined as:  280 

GHG-CO2,dev = (���� +	���
) ∗ 	3
45 (8) 281 

where ����, in MJ/m2, is the embodied energy of the raw materials in the devices and ���
, in MJ/m2, is 282 

the direct process energy consumed during device manufacturing. ���
, which is taken to be 1.05 times 283 

����, is determined from averaged ratios of direct process energy to embodied energy in the material 284 

from relevant OPV literature [27,29-31]. The average CO2 emission intensity from fossil fuels,	3
45, 285 

between 1997 and 2012 for the United States from electricity generation is taken to be 1.90 kg/(kW h) of 286 

CO2 (equal to 0.53 kg/MJ of CO2) [70]. Finally, the emission mass flow rate for CO2, GHG-CO2,op, which 287 

is the yearly GHG-CO2 emission produced from a device (area of 1 m2) operating 8 h/d (in kg/a of CO2) 288 

is defined as: 289 

      GHG-CO2,op  =
(6���	∗789:∗	;	∗	<=>)

�
 (9) 290 

 291 

3. Life-Cycle Inventory - Device Architectures and Materials  292 

 The bottom-emitting conventional P-OLED was analysed initially as a foundation with which to 293 

compare the bottom-emitting inverted, the top-emitting conventional and the top-emitting inverted P-294 

OLED architectures, and the blue inorganic LED. Schematics of the different P-OLED architectures and 295 

the inorganic LED are shown in Fig. 2a-e.  296 
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 297 

Fig. 2. Schematics of: (a) a bottom-emitting conventional P-OLED, (b) a bottom-emitting inverted P-298 

OLED, (c) a top-emitting conventional P-OLED, (d) a top-emitting inverted P-OLED, and (e) a blue 299 

inorganic LED. The blue arrows with hv (photon energy) labels represent the direction of light emission. 300 

 301 

 The inventory of materials and average layer thicknesses for each device architecture, obtained from 302 

published literature, is included in Table 1. 303 

Table 1. Table of bottom-emitting (conventional and inverted) and top-emitting (conventional and 304 

inverted) P-OLED device layer materials, layer thicknesses and corresponding layer functions. The 305 

thickness values are an average of values reported in the corresponding referenced literature with the 306 

standard deviation shown after the average value. Glass substrates with thickness of 0.192 mm were 307 

assumed for all P-OLED device architectures. 308 

Device Architecture Thickness (nm) Function References 
Bottom-Emitting Conventional 

ITO 108 ± 50 Anode [4,22,50] 

PEDOT:PSS 57 ± 13 HTL [4,22,52,71-75] 

PFO 108 ± 45 active layer [4,22,50,72-76] 

LiF 2.3 ± 2 ETL [4,71,76] 

Al  142 ± 53 Cathode [4,22,50,73,74,76] 
Bottom-Emitting Inverted 

ITO 108 ± 50 Cathode [4,22,50] 
TiO2 45 ± 40 ETL [77,78] 
PFO 108 ± 45 active layer [4,22,50,72-76] 

MoO3 11 ± 7 HTL [8,50,77-84] 

Ag 35 ± 30 Anode [82-84] 
Top-Emitting Conventional 
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Ag 125 ± 29 Anode [8,58,85] 
PEDOT:PSS 57 ± 13 HTL [4,22,52,71-75] 

PFO 108 ± 45 active layer [4,22,50,72-76] 
LiF 2.3 ± 2 ETL [4,71,76] 
Al  2 Cathode [85] 
Ag 17.8 ± 2.17 Cathode [8,85] 

Top-Emitting Inverted    
Ag 125 ± 29 Cathode [8,58,85] 

TiO2 45 ± 40 ETL [77,78] 
PFO 108 ± 45 active layer [4,22,50,72-76] 

MoO3 11 ± 7 HTL [8,50,77-84] 

Ag 17.8 ± 2.17 Anode [8,85] 

Blue Inorganic LED    
sapphire 106 substrate [86,87] 

undoped GaN 600 buffer layer [86,87] 

n-doped GaN 1500 ETL [86,87] 
p-doped GaN 500 HTL [86,87] 

InGaN 200 emitter layer  [86,87] 
 309 

4. Cost Assessment 310 

4.1 Device Cost Per Area  311 

  To determine the ����, we first carried out materials cost calculations to determine ���� using 312 

the mass per area for each layer of the device and material cost per mass as shown in Table 2. Using the 313 

data obtained from Table 2, the estimated cost for each layer per area (CA) in a device was calculated as 314 

follows:  315 

  CA = m * Cm     (10) 316 

where m is the mass per area and Cm is the cost per mass of the material in each layer of the device.  317 

 318 

 319 

Table 2. The mass of each layer for a device (area of 1 m2), the material cost per mass  values and the 320 

cost per layer in a particular device are represented for bottom-emitting conventional P-OLED, bottom-321 

emitting inverted P-OLED, top-emitting conventional P-OLED, top-emitting inverted P-OLED, and blue 322 

inorganic LED architectures [88-97]. Only the materials that are used in a particular device architecture 323 

are represented in the respective column. The cost per layer for the encapsulant is a generic value take 324 

from Ref. [32]. Each material layer function is represented by the following superscript characters: 325 

^substrate, #anode, ×HTL, +active layer, ~ETL, *cathode.  326 
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 327 

By adding the estimated price for each layer (calculated using Equation 10) we determined the estimated 328 

���� of a device with an area of 1 m2 (excluding manufacturing costs) for each architecture: 183 $/m2 ± 329 

57 $/m (bottom-emitting conventional); 185 $/m ± 60 $/m (bottom-emitting inverted); 108 $/m ± 21 $/m 330 

(top-emitting conventional); 109 $/m ± 21 $/m (top-emitting inverted); and 591 $/m (inorganic blue 331 

LED). In this way the contribution of each layer to the overall ���� amount for each device could be 332 

examined. 333 

 334 

Materials 
Mass per 

area 
(g/m2) 

Cost per 
mass 
($/g) 

Cost per layer ($/m2) 

Bottom-Emitting  
P-OLED 

Top-Emitting   
P-OLED 

Inorganic 
LED 

Conventional Inverted Conventional Inverted  
Glass^  474.24  0.09 42.92 42.92 42.92 42.92 - 
ITO 0.73 ± 0.34 114 83.68 ± 38.53# 83.68 ± 38.53* - - - 
Al * (142 nm) 0.38 ± 0.14 0.24 0.09 ± 0.03 - - - - 
Al * (2 nm) 0.005 0.24 - - 0.001 - - 
Ag# (35 nm) 0.37 ± 0.32 6.39 - 2.35 ± 2.01 - - - 
Ag (17.8 nm) 0.19 ± 0.02 6.39 - - 1.19 ± 0.15* 1.19 ± 0.15# - 
Ag (125 nm) 1.31 ± 0.30 6.39 - - 8.38 ± 1.94# 8.38 ± 1.94* - 
PEDOT:PSS× 0.06 ± 0.01 9.02 0.52 ± 0.12 - 0.52 ± 0.12 - - 
MoO3

× 0.05 ± 0.03 10.84 - 0.57 ± 0.36 - 0.57 ± 0.36 - 
PFO+ 0.11 ± 0.05 391 43.79 ± 18.38 43.79 ± 18.38 43.79 ± 18.38 43.79 ± 18.38 - 
LiF~ 0.01 ± 0.005 31.30 0.19 ± 0.16 - 0.19 ± 0.16 - - 
TiO2

~ 0.19 ± 0.17 3.16 - 0.59 ± 0.53 - 0.59 ± 0.53 - 
Sapphire^ 398 0.52 - - - - 206.96 
GaN 15.99 17.55 - - - - 280.62 
GaN+ 0.86  17.55 - - - - 15.11 
InN+ 0.41 188 - - - - 76.89 
Encapsulant - - 11.49 11.49 11.49 11.49 11.49 
Cmat ($/m2) - - 182.68 ± 57.22 185.39 ± 59.81 108.48 ± 20.75 108.93 ± 21.36 591.07 
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Fig. 3. The percentage cost for each layer in the: (a) bottom-emitting conventional P-OLED; (b) bottom-335 

emitting inverted P-OLED; (c) top-emitting conventional P-OLED; and (d) top-emitting inverted P-336 

OLED. The materials cost, ����, for each device (area of 1 m2) is shown above the corresponding pie 337 

chart (i.e., manufacturing costs, ����, not included). 338 

 339 

  As shown in Figure 3 the ITO, PFO and glass layers contributed the most to ���� for bottom-340 

emitting P-OLEDs (approximately 45 %, 24 % and 23 %, respectively) and the PFO and glass layers 341 

contributed the most to ���� for top-emitting P-OLEDs (both ~ 40 %). Despite layer thicknesses of only 342 

~100 nm for both ITO and PFO (Table 1) they were the most expensive materials, per mass, hence the 343 

significant percentage contribution to Cdev. Conversely, glass was one of the cheapest materials per mass; 344 

however, it was also the thickest layer (0.192 mm) which resulted in the significant overall cost per area. 345 

The metal layers (Ag and Al) accounted for less than 9 % of the total cost of the materials in the devices. 346 

The ETL and HTL layers were negligible in cost compared to the other layers. As a result, there was very 347 

little change in cost on going from a conventional to an inverted device architecture. However, since the 348 

top-emitting architectures eliminated ITO, the value of ���� was reduced by ~41 % compared to the 349 

bottom-emitting devices. ���� is 591 $/m for the blue inorganic LED device architecture (1 m2 device), 350 

with ���� calculated in a similar fashion to the P-OLED architectures (see Fig. 2 and Table 1). Therefore, 351 

���� for the blue inorganic LED was 5.4 times more than that of the top-emitting P-OLED architecture. 352 

This makes the top-emitting architecture a viable option in terms of ���� for solid-state lighting or 353 

display applications. ����, which included a material cost, ���
, that was calculated as a percentage of 354 

���� (43 %) such that ���
 contributed to 30 % of ���� (see Section 2.3), was then determined and the 355 

assessment of Cdev is included in Section 4 below. 356 

4.2 Use-Phase Cost 357 

  We now determine the performance data (operational lifetime and luminous efficacy) obtained 358 

from the literature for each device architecture (Table 3) and how much it would cost to electrically 359 

power each architecture in the United States (cost of electricity of 0.0984 $/(kW h)[69]) over the useful 360 

life of each device, i.e., the use-phase cost (��?���) using Equations 3-6.  361 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

Table 3. The operational lifetime, L, and luminous efficacy, Bf, are represented for the bottom-emitting 362 

conventional P-OLED, bottom-emitting inverted P-OLED, top-emitting conventional P-OLED, top-363 

emitting inverted P-OLED and blue inorganic LED. 364 

Performance 
Parameters 

Bottom-Emitting P-
OLED 

Top-Emitting  
P-OLED 

Inorganic 
LED 

 Sources 

Conventional Inverted Conventional Inverted    

L (h) 16 000 28 000 16 000 28 000 50 000 [2,24,41-46,50] 
Bf  (lm/W) 2.5 3.8 5.1 7.8 7.5 [10,44-65] 

 365 

As shown in Table 3 the inverted P-OLED architecture has an approximately 75 % longer operational 366 

lifetime than the conventional P-OLED architecture (9.6 years compared to 5.5 years, assuming the P-367 

OLED device operated for 8 h/d). The top-emitting inverted device is the most energy efficient of all of 368 

the devices (luminous efficacy of 7.8 lm/W), and consumes at least 1.5 times less power that the other P-369 

OLED architectures during operation. However, the blue inorganic LED has a factor of 1.8 longer 370 

operational lifetime than the longest operating P-OLED (17.1 years for the inorganic LED). Using the 371 

operational lifetime and luminous efficacy values reported in Table 3 along with Equations 3-6, the use-372 

phase cost (��?���) for each architecture was determined; see Figure 4.  373 

 374 

Fig. 4. The corresponding Cuse and Cop values for each P-OLED device architecture and a blue inorganic 375 

LED. 376 

 377 
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  We find that the bottom-emitting inverted P-OLED device had the highest use-phase cost (1717 378 

$; see Fig. 4) of all of the devices and the top-emitting conventional device had the lowest use-phase cost 379 

of the P-OLED devices (2.4 times smaller than the bottom-emitting inverted architecture) primarily due 380 

its higher luminous efficacy and shorter operational lifetime (Table 3). The use-phase cost of the blue 381 

inorganic LED was ~2.1 times greater than the top-emitting conventional P-OLED (729 $ and 1537 $, 382 

respectively) primarily due to its longer operational lifetime (50 000 h). When the use-phase cost is 383 

normalized by the device operational lifetime, we obtain ���, the yearly operating cost, for each device 384 

(Fig. 4). The top-emitting inverted P-OLED had the lowest operating cost of all P-OLEDs (261 $/a) and 385 

cost 8 $/a lower than the blue inorganic LED (269 $/a) due to the higher luminous efficacy of the former 386 

(7.8 lm/W). 387 

4.3 Economic Impact 388 

  The following metrics are presented in Table 4 for light-emitting devices with areas of 1 m2: Cdev, 389 

Cop and Clm. Cdev (i.e., including materials and manufacturing costs) was the lowest for the top-emitting P-390 

OLEDs and was approximately 5 times cheaper than the blue inorganic LED.  391 

Table 4. The metrics Cdev, Cop and Clm, for each P-OLED device architecture and the blue inorganic LED 392 

(device areas are 1 m2 in all cases). 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

This indicates that the top-emitting P-OLEDs are the most attractive device type in terms of up-front costs 402 

to the user. The top-emitting inverted P-OLED had the lowest Cop of all of the devices due to its high 403 

Device Architectures Cdev 

 ($/m2) 
Cop 

($/a) 
Clm 

($/h) 

Bottom-emitting 
Conventional P-OLED 

261 ± 82 267  0.12 

Bottom-emitting 
Inverted P-OLED 

265 ± 85 179  0.08 

Top-emitting 
conventional P-OLED 

155 ± 30 133  0.06 

Top-emitting  
Inverted P-OLED 

156 ± 31 87  0.04 

Inorganic LED 844 90  0.04 
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luminous efficacy (Fig. 4), while the bottom-emitting conventional P-OLED had the highest Cop. For Clm, 404 

the top-emitting conventional architecture (0.04 $/lm) was the best performing of the P-OLEDs and cost 405 

the same as the blue inorganic LED. In short, the top-emitting inverted P-OLED is the most promising P-406 

OLED device architecture in terms of total cost because: (1) it eliminates one of the most expensive 407 

layers (ITO) in the device composition; and (2) it has high luminous efficacy in comparison to the other 408 

P-OLED device architectures. Furthermore, while the top-emitting P-OLED architecture has a slight 409 

advantage over the blue inorganic LED in terms of Cop, it is significantly cheaper in terms of Cdev (~5 410 

times cheaper). Therefore, even considering the longer lifetime of the inorganic LED (1.8 times longer), 411 

the top-emitting P-OLED would still have a lower total cost when factoring in lifetime and replacement 412 

device costs (neglecting P-OLED housing and light extraction structures).  413 

5. Energy and CO2 Emissions Assessment 414 

5.1 Device Embodied Energy 415 

Powering light-emitting optoelectronic devices is tied to GHG emissions through the indirect 416 

production of CO2 during electricity consumption. Furthermore, GHG emission is linked to the use-phase 417 

energy of the P-OLED devices, which is expected to be the most significant energy-consumption stage of 418 

the P-OLED life-cycle. As referenced in the Department of Energy study on lighting technology it has 419 

been shown that the use phase is the largest contributor to the overall energy consumption of such devices 420 

as fluorescent, incandescent, and LED lamps [7]. To illustrate this point, we determined the embodied 421 

energy, Emat, in P-OLED devices (areas of 1 m2) using literature values for the embodied energy of each 422 

constituent layer material and the mass of each layer of the device (Table 5).  423 

 424 

Table 5 Embodied energy in MJ/kg of materials in P-OLED devices.  425 

Materials 
Embodied Energy 

(MJ/kg) 
Source 

ITO 355 753 [30,31] 

PEDOT:PSS 131 [30,33] 

PFO* 1843 [30,33] 
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LiCl # 220 [103] 

Al 171 [25] 

Ag 128 [104] 

MoO3 80 [33] 

TiO2 118 [33,104,105] 

Glass 16 [25] 

Encapsulant (1 m2) 10‡ [31] 
*Data for P3HT used here as an approximation for PFO (PFO embodied energies not available), #LiCl used here 426 

instead of LiF as embodied energy data was limited for LiF; ‡value is in units of MJ/m2 427 

 428 

As can be seen in Table 5, ITO and PFO have the highest embodied energies 355 753 MJ/kg and 1843 429 

MJ/kg, respectively. We then accounted for the mass of each layer in each P-OLED architecture (Table 430 

6).  431 

 432 

Table 6. Embodied energy (in MJ) from raw material extraction per layer of material in P-OLED devices 433 

with areas of 1 m2 (direct layer process energy not included).  434 

Layer 
Bottom-Emitting P-OLED  Top-Emitting P-OLED 
Conventional Inverted Conventional Inverted 

ITO 45.89 45.89 - - 
PEDOT:PSS 0.008 - 0.008 - 

PFO 0.207 0.207 0.207 0.207 
LiCl # 0.001 - 0.001 - 

Al  0.078 - - - 
Ag - 0.047 0.192 0.192 

MoO3 - 0.004 - 0.004 
TiO2 - 0.022 - 0.022 
Glass 39.52 39.52 39.52 39.52 

Encapsulant 9.96 9.96 9.96 9.96 
Total (Emat) 95.67 95.65 49.90 49.93 

 435 

  The resulting embodied energies for P-OLED devices (areas of 1 m2) were ~96 MJ and ~50 MJ 436 

for the bottom-emitting and top-emitting P-OLEDs, respectively. The major contribution to the larger 437 

bottom-emitting device embodied energy was ITO, making up approximately 48 % of the embodied 438 

energy. The other layers that exhibited significant embodied energies were the glass and encapsulant 439 

layers (~39 MJ and 10 MJ, respectively); however, these were still significantly smaller than the ITO 440 

embodied energy (which was almost 46 MJ). Additionally, the embodied energies of all P-OLED devices 441 

were approximately an order of magnitude smaller than the embodied energy estimated for the inorganic 442 
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LED (4650 MJ from Ref. 25). However, the total device embodied energy (Emat) for each P-OLED 443 

architecture was substantially lower than the use-phase energy (Euse; converted to GJ by multiplying its 444 

value in kW h by 0.0036) which ranged from 53.4 - 62.8 GJ for the bottom-emitting P-OLEDs, was a 445 

value of 26.7 GJ for the top-emitting conventional P-OLED, and was 30.5 GJ and 56.2 GJ for the top-446 

emitting inverted P-OLED and the blue inorganic LED, respectively. Therefore, lowering the use-phase 447 

energy should have the greatest effect on reducing environmental impacts caused by energy consumption 448 

during operation of the P-OLEDs.  449 

5.2. GHG-Carbon Footprint 450 

The CO2 emissions from device production, GHG-CO2,dev, were calculated for the four different 451 

architectures and the blue inorganic LED using Equation 8 and the embodied energies for raw material 452 

extraction shown in Table 6. In addition, GHG-CO2,op, was calculated using Equation 9 and the devices’ 453 

luminous efficacy and operational lifetime values from Table 3. Both metrics are displayed graphically in 454 

Fig. 5. 455 

 456 

Fig. 5. The corresponding GHG-CO2 emissions for raw material extraction and device (1 m2) 457 

manufacturing (GHG-CO2,dev) and yearly GHG-CO2 emissions from operation (GHG-CO2,op) for each P-458 

OLED device architecture and the blue inorganic LED. 459 

 460 

The GHG-CO2,dev is the lowest for the top-emitting P-OLEDs (54 kg of CO2) due to the low embodied 461 
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energy for the top-emitting architecture (Table 6). The blue inorganic LED had a substantially higher 462 

GHG-CO2,dev (5031 kg of CO2) compared to all of the P-OLED devices due to the large amount energy 463 

embodied in the materials and the correspondingly high direct process energy. The GHG-CO2,op was 464 

lowest for the top-emitting inverted and blue inorganic LED devices (~1678 kg/a of CO2 and ~1734 kg/a 465 

of CO2 respectively) because they are more efficient at converting electrical input power to light (Table 466 

3). The top-emitting inverted P-OLED produced approximately 67 % less CO2 during operation than the 467 

bottom-emitting conventional P-OLED. Therefore, the top-emitting inverted is the most promising P-468 

OLED architecture for maintaining a low carbon footprint. 469 

  The post-use environmental effects of both P-OLEDs and inorganic LEDs also need to be 470 

considered; however, materials toxicity and degradation, as well as materials recycling, are complex and 471 

relatively underdeveloped topics in the context of optoelectronic devices. As a result, data is lacking on 472 

the environmental impacts and embodied energy associated with processes being used or under 473 

development for disposing of or recycling advanced electronic materials [98]. However, metals can be 474 

recycled from both types of devices (including indium, tin, silver, gallium and aluminium) either directly 475 

or as a by-product [100]. Costs of purifying the recycled metals is likely to be a compounding issue. 476 

Furthermore, it has been shown for OPV the glass substrate can be removed and reused with almost no 477 

difference in efficiency, and the polymer layers can biodegrade without leaving harmful elements in the 478 

environment [34]. While it would be ideal to recycle the P-OLED and LED devices; the energy required 479 

to recycle should be considered. Typically, the energy required to recycle a material is less than that for 480 

production of the virgin material [25]. All else being equal, based on the embodied energy (Table 6), the 481 

energy required to recycle the inorganic LED (4650 MJ) would still be significantly greater than that of 482 

the P-OLEDs (~50-96 MJ) which would make the P-OLED devices the more sustainable choice.  483 

  Although recycling removes some of the contaminants; unfortunately, optoelectronic devices 484 

(recycling rate of 10 %) are not recycled at the same rate as other hazardous consumer products (recycling 485 

rate of 24 % to 90 %) [99], and large amounts of optoelectronic materials and devices still end up in 486 

landfills or recycling centers where they can adversely affect human health and the environment due to 487 
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leeching and evaporation of hazardous substances such as heavy metals [101]. The actual amount of 488 

hazardous materials depends on the type of optoelectronics, but as a result of these health and 489 

environmental risks governmental agencies have begun to regulate optoelectronic recycling [102].  490 

 491 

6. Interpretation, Scenario Analysis and Conclusions 492 

6.1. Interpretation 493 

  While improvements in the operational lifetime of P-OLEDs must be made to be competitive 494 

with the comparatively long operational lifetime of inorganic blue LEDs, the top-emitting inverted P-495 

OLED device architecture appears to be the most promising device in terms of projected electrical-to-496 

optical power efficiency, with a high luminous efficacy of 7.8 lm/W compared to the 7.5 luminous 497 

efficacy for the inorganic blue LED. Furthermore, the device costs per area of P-OLEDs were between 3-498 

5 times cheaper than inorganic LED device costs per area, which would make P-OLED devices more 499 

immediately appealing. The embodied energy in the blue inorganic LED was significantly higher than 500 

that for all P-OLED device architectures. However, since the embodied energy was only a small fraction 501 

(~0.2 % for P-OLEDs and 8 % for the inorganic blue LED) of the use-phase energy of each P-OLED 502 

device, the use-phase was deemed to be the most critical stage to focus on to reduce energy consumption 503 

and environmental impacts associated with GHG-CO2 emissions.  504 

6.2. Scenario Analysis 505 

  The above interpretation compares laboratory small-scale prototype P-OLEDs to commercial-506 

scale (i.e., mass-produced) blue inorganic LEDs with the P-OLEDs are already cheaper in terms of Cdev, 507 

and it is likely to remain the case during scale-up of device fabrication.  However, OLED large-scale 508 

fabrication methods are not well developed and need to be further refined. One of the current obstacles to 509 

widespread commercialization of OLEDs is their overall high cost due to small-scale manufacturing and 510 

use of ridged substrates and vacuum deposition methods during the OLED or P-OLED device fabrication. 511 
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In order to produce P-OLEDs on a large scale and at low cost, the rigid substrate would need to be 512 

replaced with a flexible substrate like polyethylene terephthalate (PET) to enable reel-to-reel processing, 513 

materials wastage would need to be decreased, and material types and processing methods would need to 514 

be revaluated. For example, the glass substrate contributed ~25 % and ~44 % (bottom-emitting and top-515 

emitting, respectively) to the ���� and if it was replaced with PET, assuming a thickness of 0.143 mm 516 

[31,35,108], and at a cost of ~0.16 $/g, the ���� for each device would be reduced by approximately 6 % 517 

and 10 %, respectively [32]. Furthermore, flexible substrates extend the range of applications for P-518 

OLEDs into not only lighting and standard display options, but also such markets as wearable electronics. 519 

In addition, the U.S. Department of Energy estimates that the material utilization rate is as low as 30 % 520 

for vapour deposition and as high as 90 % for solution deposition fabrication [9]. In this study, we did not 521 

consider fully solution-based fabrication of all layers, thus the deposition of certain layers (e.g., the metal 522 

and ITO) by vacuum methods would result in high amounts of materials wastage and increase our 523 

predicated Cdev. If we account for wastage, Cdev is 548 $/m ± 384 $/m and 561 $/m ± 225 $/m for the 524 

conventional and inverted bottom-emitting P-OLED architectures, respectively; which represent a factor 525 

of 2.1 more than without wastage. However, Cdev for the top-emitting device architecture does not 526 

increase as significantly when wastage is accounted for because most layers are solution processed (i.e., 527 

ITO is eliminated) with Cdev increasing only by a factor of 1.25 (to 195 $/m  ± 41 $/m) for the top-528 

emitting conventional and inverted device architectures.  529 

  Fully solution processed fabrication of P-OLEDs would require alternative material choices to 530 

some of those listed in Table 1-2.  For example, bulk silver would need to be replaced with silver ink. 531 

This alternative material would not have much effect on the overall price as the silver layer(s) do not 532 

contribute significantly to Cdev; see Fig. 3. However, full solution processing would only be possible for 533 

the top-emitting devices due to the vacuum deposition needed for deposition of ITO for conventional P-534 

OLED devices.  In addition, for fully-solution-processed, large-scale production the cost of the materials 535 

would decrease by a factor of 2, at least, compared to those reported in Table 2 (resulting in Cmat between 536 
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63 $/m2 and 123 $/m2 for the bottom-emitting P-OLED and between 44 $/m2 and 65 $/m2 for the fully-537 

solution-processed top-emitting P-OLED) because of the bulk purchase of material from the suppliers 538 

[32-38]. These estimates are on target with estimates reported by Azzopardi et al., Powell et al. and others 539 

for the total device cost of a commercial-scale OPV module which ranges from  45 $/m2 to 264 $/m2 [32-540 

38].  541 

  When addressing the scalability of OLEDs, changes to device luminous efficacy and operational 542 

lifetime are important considerations. Large-scale production is likely to yield devices with lower 543 

luminous efficacy and operational lifetimes compared to those for small-scale prototypes, due to the 544 

increased likelihood of non-uniformities over large active areas as a result of defects, layer thickness 545 

variations and/or electrical shorts [39,109]. Reductions in luminous efficacy, in particular, are expected to 546 

increase the yearly operating cost of these P-OLED devices. While it is expected that there will be a 547 

reduction in both luminous efficacy and operational lifetime due to large-scale production, P-OLEDs are 548 

currently manufactured at the lab- and pilot-scale which makes quantification of the reduction in 549 

performance difficult. Therefore, in order to estimate the efficiency and lifetime reduction caused by 550 

large-scale production, we draw comparisons with reports on the commercial scale-up of OPVs. Lab-551 

scale efficiencies for optimized polymer-based OPVs have been reported to be between 10 %  and 12 % 552 

(fully solution processed and vacuum evaporated) and OPV modules produced using large-scale 553 

processing methods are approximately 2 % efficient; thus indicating in a factor of up to 6 reduction in 554 

efficiency during scale-up [38,39,109]. Consequently, assuming a similar reduction in the luminous 555 

efficacy for the top-emitting, inverted P-OLED, luminous efficacy would be reduced to 1.3 lm/W for a 556 

device fabricated using large-scale production methods.  557 

  Furthermore, we can assume a worst-cast operational lifetime of 1 year based on prior studies of 558 

OPV devices fabricated by large-scale production methods [29,110-112]. This assumption would reduce 559 

the top-emitting inverted P-OLED operational lifetime by a factor of 9.6 (i.e., to 2920 h). To illustrate the 560 

effect of assuming such significant reductions in luminous efficacy and operational lifetime under a 561 

“worst-case” large-scale production scenario, we carried out a scenario analysis using the Monte-Carlo 562 
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method for a top-emitting P-OLED where we calculate probability distributions for Cop, Euse and GHG-563 

CO2,op under three different scenarios (Fig. 6), assuming relative standard deviations of the luminous 564 

efficacy and operational lifetime of 25 % [29,112-118].  565 

 566 

Fig. 6. Histograms showing the probability distribution of (a) Cop, (b) Euse and (c) GHG-CO2,op for top-567 

emitting inverted P-OLEDs (1 m2) generated using the Monte-Carlo method [29] for three different 568 

scenarios: small-scale, which assumes luminous efficacy (Bf) and operational lifetime (L) values of 7.9 569 

lm/W and 28 000 h (as reported in Table 3); large-scale (worst case), which assumes a factor of 6 570 

reduction in Bf compared to the small-scale scenario and a 2920 h operational lifetime (i.e., 1 year); and 571 

large-scale (best case), which assumes a future “best case” large-scale production scenario that results in 572 

P-OLEDs with Bf and L values of 7.9 lm/W and 50 000 h, respectively. Normal distributions for Bf and L 573 

were generated as inputs for the Monte-Carlo analysis, assuming a relative standard deviation of 25 % in 574 

Bf and L to represent typical performance parameter variations for polymer optoelectronic technologies. 575 

The Monte-Carlo analysis was carried out using Microsoft Excel with 10 000 random sampling iterations 576 

of the input distributions employed to calculate the probability distribution for Cop, Euse and GHG-CO2,op. 577 

 578 

  The first scenario, assumes average luminous efficacy and operational lifetime values achievable 579 

using current small-scale production approaches, as reported in Table 3. The second scenario assumes 580 

“worst-case” luminous efficacy and operational lifetime values reported above due to large-scale 581 

production methods. The third scenario assumes a future “best case” scenario in which the luminous 582 

efficacy and operational lifetime values at large-scale production are 7.9 lm/W (same as currently-583 

achievable small-scale production value) and 50 000 h (the operational lifetime of a commercial inorganic 584 

LED). Figure 6a shows that Cop was similar for small-scale and best-case, large-scale production at 94 $/a 585 

± 33 $/a and was significantly lower than Cop for the worst-case, large-scale production (562 $/a ± 196 586 

$/a), because Cop is inversely proportional to luminous efficacy and is insensitive to operational lifetime 587 

(as it is calculated on a yearly basis). However, Euse, is both inversely proportional to luminous efficacy 588 
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and directly proportional to operational lifetime. Therefore, the larger operational lifetime values for best-589 

case, large-scale production resulted in larger Euse values (58 GJ ± 26 GJ) compared to the small-scale (33 590 

GJ ± 14 GJ) and worst-case, large-scale production (21 GJ ± 9 GJ). In other words, a given device 591 

produced under the best-case, large-scale production scenario consumes significantly more energy than a 592 

device produced at small-scale or for the worst-cast, large-scale production scenario, simply because it 593 

operates for longer. However, GHG-CO2,op exhibited a similar trend to the Cop data as it is also calculated 594 

on a yearly basis (and, therefore, is independent of operational lifetime) with small-scale and best-case, 595 

large-scale production scenarios exhibiting the lowest emissions.  596 

  Based on these scenarios , it is hypothesized that P-OLEDs would have to be mass-produced with 597 

luminous efficacy and operational lifetime values reported for small-scale  devices (Table 3) in order for 598 

them to be viable in terms of the metrics Cop and GHG-CO2,op and competitive with commercial inorganic 599 

LED counterparts. Luminous efficacy, in particular, is the more critical performance parameter to 600 

maintain upon scale-up since the yearly cost and energy to operate P-OLED devices and the yearly GHG-601 

CO2 emissions during operation are significantly greater than for the production of P-OLEDs even under 602 

the best-case, large-scale production scenario. For example, the projected best-case Cop (94 $/a) and 603 

GHG-CO2,op (~1800 kg/a of CO2) for top-emitting, inverted P-OLEDs fabricated using large-scale 604 

production are greater than the projected Cdev (~55 $/m2) and GHG-CO2,dev (~50 kg of CO2) for large-605 

scale production. Therefore, we expect that regular replacement of a P-OLED device would be relatively 606 

inexpensive and would have low greenhouse gas impacts - particularly in comparison to a commercial 607 

inorganic LED with similar luminous efficacy (Cdev of 844 $/m2 and GHG-CO2,dev of ~5000 kg of CO2) - 608 

thereby making operational lifetime less critical.   However, since processing techniques and 609 

manufacturing methods have not been standardized for P-OLEDs, it is difficult to draw definitive 610 

conclusions on what the projected device performance parameters should be for P-OLEDs upon scale-up. 611 

Therefore, studies such as ours would have to obtain performance parameter data from optimized large-612 

scale production processes for P-OLEDs (which are still under development) and draw comparisons with 613 
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performance parameter data from existing optimized laboratory-scale or pilot-scale processes, which may 614 

result in currently unforeseen benchmarks [5]. Finally, it should be noted that for our study we focused 615 

only on blue light-emitting P-OLEDs and the metrics would most likely be improved for red and green P-616 

OLEDs due to their higher efficiencies and longer operational lifetimes.  617 

 618 

5.3. Conclusions 619 

  In conclusion, from a comparison of various P-OLEDs device architectures it was found that the 620 

top-emitting inverted P-OLED architecture is likely to be the most promising device architecture to 621 

pursue in terms of achieving operational lifetimes and efficiencies that are competitive with 622 

commercially-available blue inorganic LEDs and to achieving fully-solution processed large-scale 623 

production. Additionally, the device costs per area and embodied energies for the top-emitting P-OLEDs 624 

were significantly lower than those for the blue inorganic LED, making P-OLEDs already competitive in 625 

terms of up-front cost and energy expenditures. Given these factors and the performance parameters 626 

(luminous efficacy and operational lifetime) currently-achievable at lab-/prototype-scale, top-emitting P-627 

OLEDs could be adopted for portable optoelectronic technologies (e.g., cell phone displays; indicator 628 

lights) due to the relatively short use stage of such technologies and inexpensive materials requirements 629 

that allow consumers to dispose of them after only 5-10 years. However, the performance parameters 630 

need to remain at current lab-/prototype-scale values during development and scale-up in order to ensure 631 

their performance is competitive with inorganic LEDs. Maintaining high luminous efficacy (i.e., 632 

electricity-to-light conversion efficiency) upon scale-up will be more important than maintaining long 633 

operational lifetimes, since the yearly cost and energy to operate P-OLED devices and the greenhouse gas 634 

emissions during operation are significantly greater than for the production of P-OLEDs. Therefore, 635 

regular replacement of a P-OLED device would be relatively inexpensive and would have low greenhouse 636 

gas impacts; particularly in comparison to an inorganic LED with similar luminous efficacy.   637 

 638 
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