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Abstract 

The outdoor dependence of module orientation and diurnal climatic conditions on the performance 

of Organic Photovoltaics (OPVs) configured for Building Integrated PV (BIPV) arrays is reported. The 

study focuses upon a Northern European climate and the significance of module orientation upon 

energy yield across diurnal, seasonal change and climatic conditions are discussed. It is shown that 

the optimum position of a BIPV facade depends upon season and that a south facing BIPV facade 

provides the greatest energy yield during winter months. The results also show how west-facing 

modules can significantly contribute to power generation during peak power periods (5-8pm), which 

is imperative for balancing energy demand for buildings of the future and in particular supply the 

energy needs of buildings during peak hours in Northern Europe.  Electrical characteristics under 

standard and part-load conditions were collated from laboratory scale OPV module experimental 

data and scaled for commercial-size modules in order to simulate BIPV arrays based upon OPVs. The 

simulated data is compared to experimental data and the closeness shows that BIPV systems based 

upon OPVs can be accurately simulated prior to installation. The system simulations compare typical 

energy demand profiles of small commercial buildings and illustrate that OPV arrays show strong 

potential to be used with excess energy generation for 8 months of the year based upon a 4.22kWp 

OPV system. Four 4.22kWp OPV systems scenarios have been investigated for (1) the highest annual 

energy generation, (2) architecturally evenly-spaced around the building (avoiding a North façade), 

(3) grid-balancing and (4) East-West split. Whilst Scenario 4 shows the lowest overall energy yield 

over the course of the year, energy production during peak hours is substantially higher than in 

other scenarios. The options presented show that OPVs are viable to use in BIPVs and can 

adequately meet the energy demand of a small commercial building during spring, summer and 

autumn in Norther Europe and can be adapted to end user’s needs.  

 

Introduction 

Organic photovoltaics (OPV) has attracted substantial interest as a candidate for next generation 

photovoltaic devices due to its flexibility, semi-transparency, high speed manufacturing and low 
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energy cost of production[1,2, 3]. Whilst the benefits of the technology are clear, studying their 

operation in the real world under a variety of atmospheric conditions is vital in order to evaluate the 

technical potential of the technology[4,5]. Commercial OPV modules have been available to end-

users for a number of years and demonstrators have been  deployed in  greenhouses, iPad chargers, 

bus shelter roofing and solar window applications[6, 7].  

 Building-integrated PVs (BIPVs) potential to seamlessly integrate into the building envelope 

holds aesthetic appeal for architects, builders, and property owners and is a market sector that is 

expected to grow dramatically over the next 5–10 years. Through the application of BIPVs, parts of a 

building’s exterior can transform the building into being (at least partially) self-powering. In addition 

to cost constraints, BIPV technologies could provide a comparatively small amount of output power 

as the mounting of the module is determined by the building architecture and not necessarily at the 

optimal incidence angle. OPVs have the potential to be used in BIPV due to many of the advantages 

listed previously[6],[8],[9], but there is a paucity of information in regards to the potential energy 

yield when OPVs are used for BIPVs and how energy yield changes as a function of diurnal and yearly 

solar and climatic conditions. In actual fact, there have been relatively few reports related to 

outdoor performance monitoring of OPVs, when compared to indoor tests, but markedly the reports 

conducted show that stability and internal architecture has a major impact for energy generation in 

outdoor enviroments[4,5],[10, 11 12]. Recently, Angmo showed that OPVs could exist for up to 2 

years with only 80% drop in its maximum output power[13]. Other promising reports include those 

by Hauch et al., reported the use of Polyethylene terephthalate (PET) as top barrier film in order to 

encapsulate Poly(3-hexylthiophene-2,5-diyl):Phenyl-C61-butyric acid methyl ester (P3HT:PCBM) 

flexible modules which suffered only 20% drop in performance over 12 months of outdoor 

exposure[11].  

 Within the European Union (EU), directive 2010/31/EU[14] states that all buildings occupied 

by public authorities built after 31st December 2018 should be nearly zero energy rated. The 

2010/31/EU directive also states that all other new buildings must be nearly zero rated by 31st 

December 2020. This means that new buildings must generate their own energy from renewable 

sources and not be wholly reliant on traditional grid-based forms of fossil fuel related energy beyond 

these dates. Utilising the building infrastructure to host PV based generation via BIPV has the 

potential to provide an important component of this transition and enable organisations to comply 

with 2010/31/EU. From the early stages of OPV development, the potential for BIPV has been 

identified, owing to the lightweight, aesthetic properties and semi-transparency[15,16]. Companies 

such as Konarka argued that BIPV could be installed within north facing facades or vertical faces 

where c-Si modules would provide relatively poor performance. There are a number of companies 
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globally trying to commercialise OPVs in building integrated applications. Arguably, the most 

advanced is Heliatek (Germany), who in November 2017 installed the world’s largest building 

integrated organic photovoltaic’ (BIOPV) system on top of a school in La Rochelle, France 

(22kWp)[17]. Other demonstrators from Heliatek are based upon OPVs laminated onto windows, 

steel cladding as well as concrete. OPVius (Germany) (formerly Belectric) have also pursued BIPVs 

and also have a number of deployed systems. The highest profile are the ‘OPV trees’ which were 

demonstrated at the EXPO 2015 in Milan [8]. They also installed the first grid connected OPV 

systems (0.2kWp), which was based upon a sun sail attached to a building in Frankfurt in 2012 [18]. 

In 2017, they installed polycarbonate laminated OPV modules for roofing in France. Although these 

companies remain the most advanced in BIPVs, it is clear other businesses such as Polysolar (UK), 

InfinityPV (Denmark) have also developed or developing products in this space.  

 The development of the BIPVs attracted academic interest as well; most work in this area 

has focused upon semi-transparent [19,20], or even almost fully transparent devices [21]. After 

optimisation, efficiency can match that of a solar cell with an opaque electrode. A number of groups 

have investigated the application of OPVs onto opaque substrates such as steel [22–24], as this is a 

substrate often used in warehouses, roof cladding and also vehicles (i.e. for Vehicle Integrated PVs). 

The main challenge for a fully integrated BIPVs appears to be depositing a transparent top electrode 

as the underlying organic layers can easily be damaged by high temperatures or plasma deposition 

processes), but after identification of a suitable manufacturing route, the performance can match 

solar cells made on traditional glass or plastic substrates. Steel has the added benefit of being 

impermeable to water and oxygen, thus can protect the organic active layers from photo oxidation 

or water- driven degradation affects. Finally, another a growing interest has emerged to integrate 

OPVs with ETFE (ethylene tetrafluoroethylene) panels [25,26] or other 3-dimensional building 

facades [5], where OPVs can follow contours in the substrate form owing to its flexibility. The last 

two references, in the context of this paper, show the importance of outdoor performance 

monitoring to accurately assess energy yield from different orientations and to inform of new 

degradation mechanisms that are unpredictable or difficult to notice from indoor testing, such as 

mechanical loading and delamination.  

 With growing interest in the use of OPVs in BIPV arrays, understanding of energy yield as a 

function of irradiance levels and seasonal variations is vital for users of the technology to assess the 

potential yield of arrays and optimise ways to utilise the technology. In this work, the outdoor 

performance of OPV modules with modules orientated on different sides of a building are monitored 

for their diurnal performance and energy yield with the view to providing information that could 

inform BIPV manufacturers. The results also show how the performance of differing module 
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orientations is affected by seasonal variation and climatic conditions. Our results show the benefit of 

west-facing modules which can significantly contribute to balance the energy demand during peak 

hours in Northern Europe. The measured OPV module characteristics were extracted and system-

level simulations were performed on a 4.22kWp system mounted onto a typical small commercial 

building (e.g. office operating weekdays, 08:00-18:00) with top, South, East, West and North-facing 

orientations to show the potential for BIPV integration of OPVs. The simulation shows that a BIPV 

system based on OPVs can supply daily energy demand for a small commercial building during 

spring, summer and autumn when irradiance (horizontal plane) exceeds 25 kWh/m2 with additional 

grid feed-in during this time surplus energy produced.  

2. Experimental procedure 

2.1 Module encapsulation  

For this experiment, Roll-to-Roll (R2R) manufactured OPVs were acquired from InfinityPV Aps in 

Denmark. All modules were initially tested indoors using a Newport class A standard AM1.5G solar 

simulator, to ensure that all modules showed consistent performance prior to outdoor testing. 

These modules possessed a Power Conversion Efficiency (PCE) of around 3% +/- 0.1% when 

measured under 1 Sun (AM1.5G) irradiation.  All modules were bonded to the centre of a 205mm x 

160mm silicon dioxide backplane. The encapsulation process consists of applying a thin layer of 

PolyDiMethylSiloxane (PDMS) onto the surface of the module to provide adhesion for a PolyEthylene 

Naphthalate [27, 28] (PEN) barrier film (supplied by DuPont Teijin in the UK) to be fixed over the top 

surface of the module. The PDMS is then allowed to cure in indoor ambient temperature without 

applying thermal/UV curing. The final stage of the encapsulation is concluded by sealing the edges of 

the modules with low temperature two-part fast curing sealing epoxy supplied by Greatcell Solar UK.  

2.2 Outdoor setup  

The outdoor experiments were performed for a period of 8 months, Dec 2015 – July 2016 at the 

School of Electronics, Bangor, Gwynedd, North Wales at coordinates latitude 53.23N, longitude -

4.13W and altitude approximately 20m above sea level. Long term climatic average temperatures for 

the winter are 4.7 °C and for the summer are 14 °C. The humidity levels for both summer and winter 

were very similar: with an average mean of 79%. UV indices were very different with an average of 

1.07 in the summer (average maximum 5.45) and 0.43 in the winter (average maximum 2.38).  

 Performance Monitoring was conducted using an Egnitec PVMS250 PV measurement system 

(manufacturer Egnitec Ltd., Caernarfon, Gwynedd, UK). The modules are kept at maximum power 

point in between periodic current-voltage (IV) sweeps (once every minute) and each has a PT100 

temperature sensor fixed to its backplane. Both the current and voltage data at the maximum power 
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point (IMPP, VMPP) and PT100 measurements were taken every 15 seconds. For these tests, a bespoke 

mount was manufactured so that two OPV modules could be mounted on each of the 5 faces of a 

cuboid structure, as shown in figure 1(a), so that modules were directed due South, North, East, 

West and top/horizontal at 0⁰ inclination.  

 During the outdoor testing, the incident irradiance was monitored using IMT silicon solar 

reference cells. The weather conditions were recorded every 1 minute using a Davis Pro weather 

station. There are two PT100 channels available for temperature monitoring of which one was used 

for reading the temperature accumulated by one of the two installed top-facing OPV modules. The 

outdoor measurement setup conforms to the ISOS-O-2 outdoor measuring protocol [13]. The data 

were analysed using a combination of MySQL, MS Access, and MS Excel. In order to study the 

degradation, OPV modules were removed from the outdoor test setup every 2 weeks and taken in to 

the laboratory where they were characterised for their performance under AM1.5G irradiance using 

a calibrated solar simulator 

2.3 Analysis of data 

The recorded OPV data was processed prior to data analysis. To calculate the Maximum power 

point, equation 1 was used, where P is maximum generated power, Impp is the current at maximum 

power point and Vmpp is the voltage at maximum power point. Subsequently, the efficiency (𝜂𝑆𝑇𝐶) 

was calculated under Standard Test Conditions (STC) of 25oC and 1000W/m2AM 1.5G spectrum, as 

shown in equation 2, where A is module active area (m2) and Pin is the solar irradiance (W/m2). 

Finally, energy yield (Y) and energy Yield per unit area (Y/A) was calculated based upon the 

measurement time interval (𝑡𝑖). 

𝑃 = 𝐼𝑚𝑝𝑝 ∗  𝑉𝑚𝑝𝑝   (1) 

𝜂𝑆𝑇𝐶 =
𝑃𝑚𝑎𝑥

𝐴∗𝑃𝑖𝑛
    (2) 

Y=∫ 𝑃𝑑𝑡 ≅ ∑𝑖𝑃𝑖𝛥𝑡𝑖   (3) 

𝑌

𝐴
= ∫ 𝑃𝑑𝑡/𝐴 ≅ ∑𝑖𝑃𝑖𝛥𝑡𝑖 /𝐴  (4)  

 

2.4 System-level simulations 

In order to simulate a BIPV system with OPV modules, climate data was created for Bangor (Latitude 

53.23o and Longitude 4.13o) using MeteoSyn climate data, averaged from 1991 to 2010. The annual 

sum of global irradiation averages 1054 kWh/m2 with an annual average temperature of 10.6oC. The 

electrical characterisation data from an OPV module measured outdoors in Bangor was collated 

under irradiance conditions of 950W/m2 and 299W/m2. This data was scaled for input to the 
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simulation software under standard test conditions (1000 W/m2) and under part-load conditions 

(300 W/m2). In order to create the OPV module in the simulation software with valid user-defined 

data, the laboratory module (0.0064m2 active area) electrical characterisation data was scaled to 

create a full-size module. The commercial-scale module comprised 100 laboratory modules, 

connected in parallel (0.64m2 area). The current and Voltage data, within threshold values, was then 

input for complete systems-level simulations. Parallel connectivity of modules is preferred to series 

connection when there is a high probability of partial shading on a large-scale PV array. The 

experimental and simulation parameters are presented in Table 1. 

 The system was configured with a Sunny Boy 4000US, 4kW maximum AC power inverter. 

The 4 strings of 100 modules was connected in series with an active area of 256m2 (i.e a 16x16m 

array) which has a peak power generating capacity of 4.22kWp. Total cable losses were estimated as 

2% in the models. The current at STC was designed to lie between 9.0 and 18.0 A (typically 12.4A). 

The sizing factor (SF) (equation 5) between 82 and 122%. These values are dependent upon climate 

data and azimuth/inclination angles. PV modules operate for a large proportion of their time below 

their nominal rated power (under STC). Additionally, inverters spend significant proportions of time 

operating at power levels below the nominal array rating. By inverter under-sizing (taking the SF 

above 100%) it is possible to take the normal operating regime higher up the inverter efficiency 

curve and therefore reduce losses at times of normal irradiance levels. Systems with inverters 

smaller than the array will, on occasions of high irradiance, have output clipped. The inverter will not 

be able to deliver all the available power to the grid, which may ultimately increase inverter lifetime. 

 The maximum power point voltage (Vmpp) was specified to lie between 250 and 480V 

(minimum Vmpp at 70oC and maximum Vmpp at 15oC under 1000 W/m2 irradiance). The open circuit 

voltage (VOC) was designed as 600 V maximum (under -10oC and 1000 W/m2 irradiance). The 

performance in terms of maximum peak power capacity of 4.22kW was defined (with a tolerance up 

to 5.7 kW). System simulations were investigated for Top facing (0o inclination angle) and 90o 

inclination for the following orientation / azimuth angles - South (180o), East (90o), West (270o), and 

North (0o), facing facades. South-facing rooftop arrays at 37o inclination (the optimal angle for this 

latitude) were also simulated with and without battery storage to compare the optimum positioning 

of modules in a BIPV array.  

 The software flags an error when modelling the North facing façade because the 

performance ratio (PR) drops to 45% and the sizing factor drops below 105.5.  The sizing factor (SF), 

performance ratio (PR) and Specific Annual Yield (SAY) is defined in equations 5,6 and 7; 

𝑆𝑖𝑧𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑉 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊)

𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑉𝐴)
         (5) 
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𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 =
𝑀𝑒𝑎𝑢𝑟𝑒𝑑 𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ)

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ)
      (6) 

 

Specific Annual Yield  = 
𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 (𝑘𝑊ℎ)

𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊𝑝)
     (7) 

 

 To compute performance of a BIPV arrays,  four 4.2kWp OPV systems scenarios have been 

investigated for (1) the highest annual energy generation, (2) architecturally evenly-spaced around 

the building (avoiding North façade), (3) grid-balancing and (4) East-West split. 

 

3. Results 

3.1 Diurnal performance 

The outdoor monitoring setup was installed as discussed in section 2.2 for a period of 8 months from 

Dec 2015 – July 2016. Throughout the entire period of this investigation the incident irradiance and 

weather conditions were monitored simultaneously with the OPV modules. To evaluate the diurnal 

performance four contrasting days were selected; a sunny and cloudy day in winter and summer 

periods. Sunny conditions were defined with a daily insolation ≥80% nominal maximum value, and 

cloudy days when the daily insolation was <40% of the nominal maximum value for that particular 

month based upon historic metrological data. 

 When considering sunny days in figures 2 a) and c), it is clear that orientation has an impact 

on the module performance and also which module performs best at different periods of the day. 

During the winter time when the sun’s maximum elevation only reaches 16.35O
 so the south facing 

modules outperform all others. This trend continues until the end of February when the maximum 

solar elevation reaches 28.8O. After this date, the zenith angle between sunrise and sunset increases 

resulting in the horizontally positioned module having the greatest diurnal power output in May, see 

figure 3 (c). Due to the high solar elevation of 56.2O in May and also low zenith of 33.7O the 

horizontal modules substantially outperform the South facing ones. 

 The performance of East and West facing modules (which are rarely reported for OPV 

performance) show a differing impact on power generation depending on the season. In summer 

months, they can significantly impact on power generation in the early morning and late evening, 

respectively. These modules could contribute to the grid-balancing of PV power generation during 

peak hours. Recently, there has been a growing demand from PV installers to deploy East-West 

facing modules in c-Si solar farms; the first such plant was commission in September 2013 [29] and 
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such a configuration could be readily transferred for building integration to improve distribution of 

energy supply within buildings. However, in winter time, the east/west modules do not have a 

significant impact, due to the increased distance of the Earth from the Sun producing much lower 

irradiance values  in morning and evenings, in addition to the shorter daylight hours. Therefore, the 

power generation in winter time is only marginally balanced by the East-West modules in mornings 

and evenings. 

 As to be expected, the North facing module exhibits the worst performance out of all 

modules on sunny days. The north facing module does not receive any direct irradation as it never 

faces the sun during its diurnal solar path It will therefore only be irradiated by diffuse and albedo 

irradiation. Diffuse light is much greater on cloudy days than sunny days [29-30], so the module 

performs better on cloudy days than it does on sunny ones. It is for this reason as well that the 

relative of performance of the north facing module, in comparison to all other modules, is better on 

cloudy days than on sunny ones. When considering the days of high cloudiness [figures 3 b) and d)], 

the top facing modules appear to always outperform modules positioned side-facing. This has been 

previously reported in c-Si17 modules and is explained by the distribution of scattered radiation in 

the sky. When there is low cloud coverage the sun irradiation reaches the surface of the earth at an 

optimum of 90O angle, but when sky is covered uniformly with clouds the diffuse radiation is 

considered to be equally distributed. Under these conditions, it is clear that the horizontally 

positioned OPV modules generate the most power. It is noticeable that during such days of high 

cloud cover, all other modules have almost identical level of performances, including the North 

facing modules, indicating some potential for OPVs on a North-facing wall. 

 

3.2 Monthly yield 

The monthly energy yield per cm2 was calculated from equation 4 and plotted in figure 4, where it is 

evident that the best performing modules is a function of a calendar month. The study was carried 

out for 8 months. By month 8, the north and west facing modules had degraded by 10% of their 

initial PCE value and the test was halted as it was no longer possible to compare fairly the relative 

energy yields of the different modules. During the winter period (December – February), the South 

facing modules contributes the greatest portion to the electricity generation. This is due to the lower 

solar elevation of between 16.35O and 28.8O at this latitude and thus is better positioned for sunlight 

absorption. In fact, South facing modules generate a factor of two more energy during these months 

than the next best performing module (the horizontally positioned module). North, West and East 

facing modules generate similar levels of power, although the East facing modules are affected by 

shading losses due to nearby Snowdonia mountain range which impacts the Winter data collection. 
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From March onwards, the horizontally positioned module has the greatest monthly energy 

yield due to the higher solar elevation. By June, this is approximately a factor of two greater than the 

South facing module. From May, the East and West facing modules generate greater output power 

than the South facing module. This trend can be explained by the longer days and lower proportion 

of diffused light in summer. The latter also explains the significant relative drop in yield from the 

North-facing module. When considering East and West facing modules and their greater output over 

the South-facing modules in summer time, the attributed cause is related to the critical angle of 

incidence of 45O. By midday (which is 1:15pm in June), the solar elevation has already reached 58.8O 

and therefore the South-facing module experiences reduced light in-coupling due to reflection 

losses. In contrast, the East and West facing modules, experience their peak times and solar 

elevation respectively at 9:15am for East with 35.30O and 5:30pm for West with 32.90O where 

reflection losses are lower. Interestingly, the East facing module is always moderately better 

performing than the West facing one possibly due to morning sun glare (albedo) from the reflected 

light from the Menai Strait (nearby sea) located 500m from School of Electronic Engineering where 

the test rig is positioned.  

3.3 Performance during peak hours 

The importance of balancing energy generation is of growing importance for renewable energy 

generators. Peak demand in the UK occurs from 16:30–19:30pm and during this time retail 

electricity prices are elevated for many consumers [18]. The peak hour power generation by 

buildings with multi-sided PV installations could act as a strategy to balance peak demands. 

Considering figure 5, West-facing modules have the greatest capacity to contribute to power 

generation during peak hours. The West-facing module outperforms all other modules during peak 

times, except in July (when there was an abnormally large number of diffuse days).  The horizontally 

positioned modules are considered as second best for peak-hour power generation. However, it is 

important to note that in winter months (Dec-Feb), small amounts of power are generated by any 

modules, so this strategy is only effective during summer months.   

3.4 Performance during different climatic conditions 

Based upon the data in section 3.1, it is clear relative module performance is affected by climatic 

conditions. Figure 6 shows the monthly yield from all modules under specific weather conditions for 

January and June. To view the climatic effect, the power generation was divided into sunny, 

intermittent and cloudy/diffuse conditions according to the solar insolation levels relative to the 

nominal maximum daily irradiation [5]. Sunny conditions were defined with a daily insolation ≥80% 

nominal maximum value, intermittent ≥40% & <80% and cloudy <40%. This data is particularly 

important for countries with temperate climatic conditions, such as North and central Europe and 
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Northern USA, where the majority of days are categorised by their insolation levels as being within 

the “intermittent” category.   

In the winter, the South facing modules are best performing except in cloudy conditions 

where the horizontally positioned modules are superior, due to increased diffuse irradiation as 

discussed in section 3.1. During sunny days, it is clear that the North, West and East facing are all 

poor performing due to the low solar elevation. However, under diffuse conditions, the output is 

only marginally worse than a South facing module.  

However, in June, the horizontally positioned module performs best in all conditions. In 

sunny climates, the East facing modules appear the second best, which can be equated to the 

summer trend in the UK of higher direct radiation in morning and greater cloudiness in the 

afternoon 4. In cloudy conditions, all modules, including the North appear to perform similarly. 

 

3.5 System level simulation 

Initially, system simulations were investigated for South-facing and optimally tilted at 370 (to 

benchmark the BIPV performance), horizontal (0o inclination angle), and 90o inclination angle for the 

following orientation / azimuth angles - South (180o), East (90o), West (270o), and North (0o), facing 

facades. Table 2 summarises the simulated performance of OPV module arrays on different sides of 

a building. As expected, the South facing rooftop with 37o tilt system provided the optimal energy 

generation throughout the year (3,971kWh), reaching a maximum of 567 kWh in May. The rooftop 

array exhibited ~20% lower estimated energy production (3,222 kWh) by reducing the inclination 

angle from 37 to 0 o. The East facing façade estimated generation (1,858 kWh) had a similar (but 

much lower) generation profile, reaching a maximum of 323 kWh in May. The West facing façade 

estimated generation (1,903kWh) had a much broader generation profile, with maximum energy 

generation of 280-295 kWh between May and July. The South facing façade (total annual energy 

generation 2,640 kWh) reaches peak generation in April, with fairly consistent generation from June 

to October of 234-243 kWh. As predicted, the North facing façade produced the least energy 

through the year (687 kWh), with a peak generation in June of 144 kWh. The Specific Annual Yield is 

compared to the experimental data obtained in section 3 and close correlation is observed between 

the datasets, demonstrating the validity of the simulations. The monthly energy generated (kWh) 

and fed into the grid for each PV façade orientation and inclination angle is given in figure 8. 

 As a further investigation, the potential of OPVs to sustain an office building was considered. 

Typical load profiles for a small commercial office, with business hours 08:00 to 18:00 and 1000 kWh 

annual energy consumption (peak load 500W), were imported into PVSOL. The 4.22kWp OPV system 
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was modelled with a South facing orientation and 37o inclination angle. A BAE Sun depot 24-280 

(4kW) battery with an output of 4kW was selected, with a maximum charging/discharging power of 

4kW over 30 minutes. The minimum state of charge (SOC) was selected as 10% with a maximum of 

90%. The DC battery system voltage was chosen as 24V with 12 batteries per string. The battery 

capacity (C10) selected was 860Ah, usable battery energy 16.5kWh.   The system model indicates 

3971 kWh of energy generation with 3327kWh grid feed-in. The PV system could supply daily energy 

demand for spring, summer and autumn when irradiance (horizontal plane) exceeds 25 kWh/m2. 

Energy consumption from the grid was calculated as 73 kWh, with annual grid feed-in of 2,812kWh 

and a solar fraction of 92.7%. Due to the low irradiance levels of 15.9 and 21.6 kWh/m2 in December 

and January, winter power demand is predominantly grid-supplied. The grid energy consumed 

throughout the year varied from 8 to 20 kWh. The energy fed to the grid vs energy consumption is 

presented in figure 9.  

Finally, the configuration of potential BIPV arrays were considered. Four 4.2kWp peak 

capacity OPV system scenarios were modelled to give the highest annual energy generation with a 

South-facing rooftop array at 370 inclination (#1) and an evenly-spaced OPV system around the 

building with 4 x 1.05kWp systems incorporating South-facing 370 and South, West and East facades 

(#2). A grid-balancing case with 2.11kWp on South facing rooftop at 370 and 0.7kWp on East, West 

and South-facing facades (#3). Finally, an East-West OPV solution was modelled as two 2.11kWp 

systems (#4) for building rooftops deemed unsuitable in terms of area, weight-bearing capacity or 

inclination angle (e.g. flats). The data for all of the scenarios is presented in Table 3. The simulation 

for scenario 1 estimates 3,971 kWh annual energy generation with a high SAY of 941 kWh/kWp and 

PR 78%. Scenario 2 estimates a combined annual energy generation of 2,675 kWh with SAY of 465 

(E), 475 (W), 644 (S facade) and 964 (S 370) kWh/kWp and PR ranging from 70 to 79%. Grid-balancing 

scenario 3 estimates 2,759 kWh annual energy generation with SAY of 456 (E), 467 (W), 627 (S 

façade) and 794 (S 370), PR ranging from 66 to 70%. East-West scenario 4 predicts 1,970 kWh annual 

energy generation with SAY of 462 (E) and 472 (W) with PR of 70% for both. The energy generated 

and fed to the grid for each scenario is presented as Figures 10 (a) to (d). 

 

Conclusion 

The outdoor dependence of module orientation and diurnal climate conditions on the performance 

of OPVs configured for a BIPV array has been analysed. The performance was examined over the 

course of 8 consecutive months. We showed how significant module orientation is to energy yield 

across diurnal and seasonal change. The top-facing module clearly has the best energy yield for BIPV 

modules. However, west facing modules can significantly contribute to power generation during 
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peak power periods, which is imperative for balancing energy demand. System simulations were 

developed based upon the results achieved and show reasonable overlap to experimental data. 

Simulation of PV array performance was compared to demand profiles of commercial and residential 

buildings and illustrate that OPV arrays show strong potential to be used with excess energy 

generation for 8 months of the year for a 4.22kWp OPV system.  
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Table 1 – OPV module input parameters for systems level simulations. 

Parameter Laboratory module* Simulation module 

Test conditions Standard Part-load Standard Part-load 

Irradiance (W/m2) 1000 299 1000 300 

Temperature (oC) 25 11.9 25 25 

Vmpp (V) 3.4 2.9 3.4 2.9 

Impp (A) 0.033 0.0095 3.30 0.95 

Voc (V) 5.2 4.32 5.2 4.32 

Isc (A) 0.05 0.0163 5.0 1.60 

Poutput (W) 0.11 0.027 11.0 2.8 

Fill Factor (%) 40.54 40.03 40.54 40.03 

Area (m2)  0.0064 0.0064 0.64 0.64 

Efficiency (%) 1.7 1.4 1.7 1.4 

*Outdoor data was collected at 950W/m2 and 299W/m2 for standard and part-load conditions. This 
data was scaled to obtain 1000W/m2 and 300W/m2 for the system-level simulations. 

 

Table 2 – Simulation data for Top, South, East, West and North-facing PV systems. Shown is a 
comparison with the experimental data in figure 4. Overall, there is a reasonable overlap between 
simulation and experimental data, but the simulation overestimates the energy generation from the 
north and east facing modules.  

Orientation Azimuth 
angle (o) 

Tilt 
angle 
(o) 

Annual 
Energy 
(kWh) 

Performance 
ratio (%) 

Specific 
Annual 
Yield 
(kWh/kWp) 

% of 
Specific 
Annual 
Yield 
(simulated) 

% of Specific 
Annual Yield 
(Experimental) 

Rooftop 180 0 3222 73.5 763.4 31.2 33.4 

South 180 90 2640 71.6 625.61 25.6 26.3 

South 180 37 3971 77.7 941.1 n/a n/a 

East 90 90 1858 66.8 440.21 18.0 13.4 

West 270 90 1903 67.0 450.19 18.4 18.2 

North 0 90 687 45.2 162.84 16.2 8.68 

 

 

Table 3 – Systems simulation design for scenarios 1 (highest energy output), 2 (evenly-spaced 
architectural design), 3 (grid balancing) and 4 (East-West, no suitable rooftop). 

 

Scenario South 
37 o 

East 
90 o 

West 
90 o 

South 
90 o 

Total  Total annual 
energy 
generation  

Energy yield during peak 
hours (kWh) 

 Peak capacity (kWp) (kWh) (kWh) 

1 4.22 0 0 0 4.22 3971 258.06 

2 1.05 1.05 1.05 1.05 4.20 2675 286.44 

3 2.11 0.7 0.7 0.7 4.21 2759 227.09 

4 0 2.11 2.11 0 4.22 1970 371.03 
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Figure 1 – (a) Design of cuboid structure deployed on the roof of the School of Electronic Engineering 
at Bangor University for outdoor measurements of BIPV modules, (b) cross sectional schematic of the  
encapsulated OPV from InfinityPV and (c) image of PV module prior to commencement of the 
experiment  
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 Figure 2 – Irradiance measurements recorded during a sunny (a) and cloudy day in winter (b) and  

sunny (c) and cloudy day in summer (d). 
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Figure 3 – Diurnal performance of the OPV modules for a sunny (a) and cloudy day in winter (b) and 
sunny (c) and cloudy day in summer (d).  
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Figure 4 – Graph of the monthly energy yield as a function of module position from December 2015 
through to July 2016. 

  

Figure 5 – Plot of peak energy generated as a function of month and position of module. No peak-
period power generation during winter months with gradual increase in mid-February to March 
followed by a sharp rise thereafter.  
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Figure 6 – Energy yield (mWh/cm2) under three distinctive categories (sunny, intermittent, and 
cloudy) for a) winter and b)  summer On the x-axis, the number of days in the month for each 
category is stated (e.g. Jan-16, 2 sunny days are present in the month). 
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Figure 7(a) OPV system simulation schematic diagram for full grid feed-in of power generate and (b) 
OPV system simulation schematic diagram with battery energy storage. 

 

Figure 8 – Simulate grid energy feed-in (kWh) vs month of the year by PV system orientation and 
inclination angle over the course of a full calendar year 
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Figure 9 - Simulated energy yield showing grid feed-in vs grid and system energy consumption (kWh) 
over the course of a full calendar year 

 

 

Figure 10 - Simulation of OPVs at system level including a 4.22 kWp system (a) orientated at a South 
facing 370 inclination (Scenario 1), (b) an evenly-distributed system with OPVs orientated to-, south- 
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and east- and west facing (Scenario 2), (c) a ‘balanced’ systems with South 370 (2.11kWp) & 900 
(0.7kWp) East 900 (0.7kWp) and West 900 (0.7kWp) facing modules (Scenario 3) and finally, (d) an 
East-West OPV systems for buildings without suitable roof space (e.g. flats) with east- 900 (2.11kWp) 
and west 900 facing modules(2.11kWp).  

 


