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Introduction: High Alpine regions show a great potential for solar photovoltaic electricity production in winter due to the reflective properties of snow and the larger number of sun hours compared to lower urban and peri-urban regions. In countries with a pronounced deficit in domestic electricity production such as Switzerland, utility-scale projects of Alpine-PV power plants are now flourishing. The harsh environmental conditions and the complexity of the high-Alpine topography however challenge the conventional design practices. In this context, the main question the article addresses is the representation of test-scale measurement in the performances of Alpine-PV, utility-scale power plants.
Methods: This article focuses on the comparison between long term tests and the first Alpine-PV utility-scale power plant in Switzerland.
Results: The results show that the main performance indicators such as the Alpine-to-Midlands final yield ratio or the winter fraction, do scale. However, absolute final yield values are consistently lower at the utility scale.
Discussion: The paper discusses the possible impacts of the complex Alpine topography as constraint for the design of the larger extent of utility-scale power plants as well as the influence of scale on the snow induced losses.
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1 INTRODUCTION
In the temperate climate zone, angles of sun elevation in winter are low and the albedo of regions of high elevation is large due to the snow cover. In such places, the introduction of photovoltaic (PV) modules at an atypically steep tilt can improve the angle of incidence of both direct and reflected components of solar irradiation in the winter time and result in a shift of the peak of electricity production to winter (Kahl et al., 2019). In the case of Switzerland, this shift can be supported by an additional and important effect: high alpine regions have a larger amount of sun hours because of the high number of foggy and low stratus days, typical of the meteorology of autumn and winter in the Swiss midlands located below 1000 m amsl. (Scherrer and Appenzeller, 2014).
When compared to the typical PV systems of the country, mostly installed on households and industrial buildings in the midlands (Hugi et al., 2023), the annual potential production of Alpine-PV should show no deficit but much higher winter production (Kahl et al., 2019). On the other hand, optimizing PV-systems in the midlands for winter with steeper tilts would reduce the annual production (Ratnaweera et al., 2023). The reflective properties of snow play a significant role in this contrasting behaviour (von Rutte et al., 2021). Increased winter production is attractive for countries such as Switzerland, which have a pronounced production deficit in winter (Bartlett et al., 2018). However, the theoretical gain of high-elevation installations needs to be realized during actual operations in harsh environments and to be weighted against additional cost.
Haeberlin (2004) published the results of 10 years of operations of a test site at the Jungfraujoch (3454 m a.m.s.l.), Switzerland. The plant was made of monofacial modules vertically attached to the facade of a building oriented South-West (192°N-207°N). Between 1994 and 2003, a capacity factor (CF) of ca. 16%, a mean annual final yield of 1,398 kWh/kWp and a mean winter share of 642 kWh/kWp (46.2%) were measured. These numbers from the very first high Alpine-PV power plant contrast with the average yield of all Swiss PV systems estimated at 954 ± 36 kWh/kWp (Hostettler, 2022) between 2013 and 2022. Later, Egger et al. (2019) reported 2 years of measurement of a utility scale (1 MWp) installation located at around 3000 m amsl. near the Pitztaler Gletscher, Austria. From 2016 to 2017, a mean final yield of 1,400 kWh/kWp and a mean winter fraction of 43% were observed. Compared to a system in the nearby valley (Inzig (625 m amsl.), Austria), an average annual gain of 25% was measured.
In this article, early results from the first utility-scale, Alpine-PV power plant in Switzerland are reported and compared to a reference test site. The aim is to confirm the reported performances from a modern test-scale experiment on a utility-scale site. A joint analysis of test- and utility-scale Alpine-PV power plants did not exist in the literature before. It is the main novelty of this study. In particular, the Alpine power plant of the Muttsee is compared to a reference test site located in a similar Alpine environment, near the urban area of Davos, Switzerland, as reported in Anderegg et al. (2023). For winter comparison, a PV power plant of the Swiss midlands representative of the national PV portfolio is chosen. The primary data and comprehensive metadata are openly available on Envidat.ch at hourly resolution.
Section 2 describes the sites chosen for the analysis and contextualizes this choice in the current photovoltaic landscape of Switzerland. Section 2.2 introduces the data sets. Section 2.3 presents the comparison methods and metrics and provides some background. Finally, the comparison results are presented and discussed in Section 3 and Section 4 respectively.
2 METHODOLOGY
2.1 Selected sites
In this study, two PV systems located in high Alpine environments at approximately 2500 m amsl. are analysed. The first one is a test site near the urban area of Davos, referred to as “A1”. The second is a utility-scale power plant, the first of its kind in Switzerland, on the reservoir wall of Muttsee, referred to as “A2”.
A1 was installed at the end of 2017. It is oriented South and features six segments of three to four modules. Four are monofacial only and two are bifacial, ranging between 0.84 kWp and 1.12 kWp. While their orientation is the same, their tilts differ and were modified several times over the 5-year measurement period, between 2018 and 2022. The tilt was however always kept the same for two pairs of mono- and bifacial segments in order to measure the bifacial gains and to keep a reference. For the two monofacial segments left, the tilt was set independently. Some segments are equipped with framed panels and others are frame-less. This factor impacts the snow shedding rate (Riley et al., 2019), but is not considered in the present study, as losses attributable to snow presence on the panel are not analysed. The lower end of the segments are at approximately 4 m above ground and remains more than 2 m above the snow surface for all setups during winter.
At A2 the panels are attached to a reservoir dam, which constraints the orientation of the bifacial modules and results in multiple azimuth-tilt combinations comprised between South-East and South-West. Note that panels are installed close to the dam wall on a carrying structure. This installation does not allow for significant radiation input on the panel backside. The installed power is rated at 2.184 MWp and was fully commissioned in September 2022. The minimum vertical distance to the ground from the lowest panels is approximately 4 m.
For the comparison of winter electricity production, a third and last site is selected in the midlands to coincide with the region in which a higher number of foggy and low stratus days occur in the winter time (Scherrer and Appenzeller, 2014). It is referred to as “M1”. In fact, this last site is also representative of the entire Swiss PV portfolio which reached a total installed capacity of approximately 4GWp in 2022, mostly distributed over the midlands (Figure 1). As a consequence, the median elevation of the Swiss PV installed capacity is 503 m amsl. (Figure 2A). M1 is located at 450 m amsl. near the town of Payerne. It is a free-standing power plant of 6.033 MWp and was commissioned in 2015. It is made of monofacial modules, oriented South-West, which is also typical of the Swiss PV portfolio (Figure 2B).
[image: Figure 1]FIGURE 1 | Map of the distribution of the Swiss PV portfolio at the community level and location of the selected sites. The region of the midlands is outlined in black. The two other regions, the Alps and the Jura, are located South and North of the midlands respectively. In this configuration, the midlands groups 61% of the total installed PV capacity (4.537 GWp), while the Alps and the Jura contain 32% and 7% respectively. The map is based on the Swiss registry of PV power plants that must provide a guarantee of origin due to their size ([image: image]30 kVA) (fur Energie BFE, 2020). Plants of any capacity, subject to subsidies such as feed-in tariff or one-time payment also appear in the register, which partially includes the year 2023.
[image: Figure 2]FIGURE 2 | Installed PV capacity in Switzerland accumulated on increasing elevation (A) and orientation and mean tilt angle of installed solar PV systems in Switzerland (B). Both analyses are based on a subset of the original data set for which precise coordinates (≈93%) and orientation information (≈76%) are available.
The 3 sites are illustrated in Figure 3. Tables 1 and 2 gather the relevant system parameters for each site, the corresponding time period of measurement, as well as the specifications of the installed modules.
[image: Figure 3]FIGURE 3 | Pictures of the analysed sites. M1 is located between agricultural land and an industrial zone in the midlands. A2 is attached to a dam located in a high alpine region. A1 is located in a similar alpine environment as A2. It is a test site which implies a much smaller scale. (Photos: M1: Ureta, A2: AXPO, A1: Anderegg).
TABLE 1 | Parameters of the different PV systems and the corresponding time period of measurement. For A1, additional information on the test site is available in Anderegg et al. (2023). The parameter “Type” refers to monofacial (m) and bifacial (b) modules. “Power Ratio” applies to the utility-scale sites and shows the ratios of total power with different parameters (e.g., azimuth).
[image: Table 1]TABLE 2 | Modules specifications. Bifacial modules are referred to and type “m” and monofacial modules as type “m”. The parameter “Type” refers to monofacial (m) and bifacial (b) modules. The bifaciality factor ϕ was computed for each module using BSTC equivalent irradiation as defined in (1) and assuming a bifacial power gain BiFi ≈ 0.37 (IEC, 2019).
[image: Table 2]2.2 Data sets
Both of the Alpine sites have DC-power measurements available at the inverter input level (PDC,inv). A2 also features DC-power measurements at the array level (PDC,arr). AC-power measurements (PAC) are available for all three sites. At A1, PAC is corrected for the wiring losses that range between 10% and 15%, and are due to a low DC-voltage and long DC-wiring typical of the test site. The same is applied at A2 for consistency.
At A2, standard cells provide front and rear plane-of-array (POA) irradiation measurements (GPOA), with an accuracy of [image: image].
At A1, GPOA is measured by pyranometers (σ = 1%). Errors in the measurement of GPOA caused by snow coverage are common in snowy environments and are expected to be stronger for flat standard cells than for dome-shaped pyranometers (Øgaard et al., 2022). In the case of the standard cells at A2, no credible replacement measurement was available, so no modification in the data set is made. While this could have a strong impact on the computation of snow losses, the bias is smaller for the analysis of time aggregated performance indicators because the sensors were not permanently covered or buried in snow during the analysed period. This is especially the case here as all measurements are aggregated monthly at least. The module temperature measured on the rear side of the panel (Trear, σ = ±1K) is also available for both A-sites and is used to derive the cell temperature. At A2, irradiation and temperature measurements are taken with 4 pairs of sensors placed on the corresponding main azimuth-tilt combinations of the power plant. A weighted average, taking the installed power ratios (Table 1) as weights, is used to obtain a single value for the whole plant. At M1, neither temperature nor radiation measurements are available. Table 3 provides an overview of all the monitored variables.
TABLE 3 | Overview of the monitoring variables available for each site.
[image: Table 3]2.2.1 Pre-processing
Due to their high resolution, data sets of the A-sites required multiple pre-processing steps to deal with missing data points and outliers mainly. Small gaps ([image: image] 3 h) were filled using a linear interpolation. Larger gaps ([image: image] 3 h) were filled by the corresponding hourly mean of the month, when available. At A2, a long interruption of part of the monitoring system caused the unavailability of PDC,arr, GPOA and Trear for the month of January 2023 and could not be replaced. The uptime for these variables was approximately 82% over the analysed period. Otherwise, the uptime reached 98.2% at A2 and 95.2% at A1. For M1, the obtained AC-power timeseries (15-min resolution) did not contain any irregularities.
2.2.2 Time aggregation
Measurements are aggregated to monthly, seasonal and annual time resolutions. The adopted definition of the seasons is taken from the Swiss Energy Act (Energiegesetz, 2016) which splits the year in two semesters: summer from April 1 to September 30 and winter from October 1 to March 31. This choice is made to provide results that directly fit the legal framework of the analysed power plants. Only complete monitored seasons (i.e. 6 months long) are kept for the analysis. Note that monthly aggregates of additive variables are affected by the differences in day counts across months. For the purpose of the present analysis, normalisation was however not necessary. Further details on the data sets and their pre-processing are provided on the Envidat repository (Section 5).
2.3 Performance metrics
In order to compare different power plants, measurements are normalised by the reference values of standard testing conditions. In particular, the measured plane-of-array (POA) irradiation [image: image] is normalised by a reference G0,POA and the measured energy produced is normalised by the installed power P0 rated at G0,POA.
While the Standard Testing Conditions (STC) are well established for monofacial modules (G0,POA = [image: image]), the International Electronical Commission (IEC) still investigates new standards for bifacial specifications. The “Bifacial Standard Testing Conditions” (BSTC) as proposed by Herrmann et al. (2017), is one of the most probable options (Stein et al., 2021). The proposed new standard uses the single-side, equivalent POA irradiation as described in the norm IEC 60904-1-2 (IEC, 2019):
[image: image]
where ϕ is the module’s bifacial ratio which measures the production efficiency of the panel’s rear side relative to its front side.
In this article, if not otherwise stated, STC reference values are used in order to keep the consistency, for instance, in the comparison between the sites of the midlands and of the Alps.
2.3.1 Energy yield
The conditions of plane-of-array irradiation are evaluated using the reference yield, Yr, which is the equivalent number of hours of test-condition irradiation (GPOA = G0,POA):
[image: image]
where HPOA [W/m2] is the time integrated irradiation in the plane-of-array. The final yield that normalises the available energy produced EAC is then:
[image: image]
Yf is the equivalent number of hours during which the PV system produced at the rated power P0.
2.3.2 Performance ratio
The performance ratio (PR) corresponds to the fraction the actual produced energy represents with respect to the energy an ideal PV cell would produce in the actual irradiation conditions. It is a popular ratio at the plant level as it aggregates in a single number all losses occurring between the available radiative resources (Yr) and the actual produced power (Yf). This includes losses due to wiring, temperature, mismatch, clipping, etc. The norm IEC 61724-1 defines PR for bifacial modules (IEC, 2021):
[image: image]
In the case of monofacial modules, [image: image] and PR = Yf/Yr.
2.3.3 Capture thermal loss
To account for temperature conditions, Yr can be corrected for cell temperatures deviating from STC (Kratochvil et al., 2004):
[image: image]
where, γ is the tabulated power related temperature coefficient provided in %/°C, Tcell is the cell temperature and is derived from the backsheet module temperature using the Sandia model for an open-rack and glass-cell-glass module type (Kratochvil et al., 2004).
The capture thermal losses (LcT) can then be computed:
[image: image]
2.3.4 Bifacial gain
Bifacial modules are well adapted to high albedo environments (e.g., Gu et al., 2020; Ganesan et al., 2023). Reported system bifacial gains in such environments range from 20% to 30% (e.g., Wang et al., 2020; Hayibo et al., 2022). Optical and system bifacial gains are defined as follows:
[image: image]
[image: image]
The computation of BGsys requires concurrent mono- and bifacial measurements which is only available at A1.
3 RESULTS
The analysis starts with the results at A1 to build a reference of expected performances for Alpine-PV. Then, the focus is on A2, and the corresponding available results are shown and compared to A1.
To simplify references to the different module setups, the following notation is applied in the entire analysis: bifacial is referred to as “b” and monofacial as “m”. The corresponding tilt is directly attached to the module type, such that a bifacial module tilted at 70° located at A1 is referred to as “A1-b70”.
3.1 Test site (A1)
3.1.1 Final yield
The primary interest is the comparison in seasonal production between Alpine-PV and PV installed in the midlands. Figure 4 shows the average and standard deviation of the annual final yields (Yf) measured between 2018 and 2022 at A1 and M1. The best performing module is A1-b60 with mean values of annual and winter yield reaching 1853 kWh/kWp and 889 kWh/kWp respectively. The best performing monofacial module is A1-m60 with mean values of 1547 kWh/kWp and 743 kWh/kWp respectively. Yf,M1 reached 1090 kWh/kWp and is coherent with the typical annual production of Swiss PV systems (Hostettler, 2022). The minimum and maximum annual ratios between regions (Yf,A/Yf,M, Table 4) are 1.21 and 1.70 for A1-m90 and A1-b60 respectively. In winter, this ratio strongly increases up to 3.14 for A1-b60. In summer, performances at M1 increase and the same inter-region ratios decrease to 1.19 and 0.74.
[image: Figure 4]FIGURE 4 | Mean annual and seasonal final yield at A1. Error bars represent the standard deviation. The annual yield is given in bold on top of the bar and the respective contributions of winter and summer season are given within the bar segments.
TABLE 4 | Annual and seasonal values of inter-region ratios of final yield (Yf,A1/Yf,M1), bifacial gains (BGopt, BGsys), performance ratio (PR) and thermal capture loss (Lc,T), for the different setups at A1 and A2. PR is also computed using BSTC reference values (PRBSTC). Although both versions of PR are equivalent, the BSTC version is much lower and suggest abnormal large losses.
[image: Table 4]The winter energy fractions are all close to 50% except for A1-m30 (40%). The maximum is reached by A1-m90 with 55%. It is much lower at M1 with only 26% (165 kWh/kWp).
Overall, regardless of their type and tilt, all alpine setups have performed better both in terms of annual yield and winter fraction.
Comparing now the different setups at A1, bifacial modules show higher final yields than their monofacial counterparts. The system bifacial ratios (BGsys) are 0.19 and 0.28 for tilts of 60° and 90° respectively. Such higher yields are expected for bifacial modules with respect to monofacial ones, especially in high-albedo ([image: image]0.7) environments (Burnham et al., 2019). Regarding the inclination of the modules, the yield results suggest that: (i) Steeper bifacial tilts get lower annual yields, but a higher winter fraction on average. (ii) The tilt that maximizes the annual yield is around 60° for both types of modules.
Figure 5 shows the mean monthly yields. It allows the identification of intra-seasonal patterns between winter (larger tilt angles) and summer (smaller tilt angles) optimized configurations, as well as between bifacial and monofacial modules.
[image: Figure 5]FIGURE 5 | Mean monthly final yields at A1 and M1. The shift in peak of production is clear between Alpine-PV at A1 (curves) and the power plant in the midlands (background gray surface). The summer optimised setup at A1 (A1-m30) shows a final yield profile with much more benefit in winter than deficit in summer compared to M1, which indicates greater solar resources available for Alpine-PV.
The peak of production happens in March for winter optimized monofacial configurations and in April for the bifacial counterparts. Bifacial modules performances are well above the monofacial ones from November to June. This period corresponds to the presence of snow cover on the terrain at this elevation. This confirms the additional gain of bifacial modules in high-albedo environments.
The advantage of Alpine setups optimised for low sun elevation angles and a high-albedo environment, remains until May included. This explains the balance between the winter and summer fractions observed before (Figure 4). From June to August, both monofacial and bifacial configurations show a deficit with respect to M1.
The summer optimised setup at A1 (A1-m30) shows a flatter curve. The relative lower winter yields is compensated by higher ones in summer and leads to an annual yield that remains well above M1.
3.1.2 Bifacial gains
It has already been observed that bifacial modules showed significantly higher final yields than their monofacial counterpart. Using pairs of monofacial and bifacial modules with the same geometrical setup, the bifacial gains are evaluated. In the following, two assumptions are made: (i) The front side of the monofacial and bifacial modules pairs are considered identical. (ii) The irradiation point measurements are translated to the entire surface of the module, although partial shading due to structural elements and anisotropical reflections may modify the real irradiation of the modules on both sides.
Figure 6 presents the seasonal front-rear splits of reference yields (2) and final yields (3), for the three available pairs of monofacial and bifacial modules. The corresponding bifacial yields are provided in Table 4. Annually, the system bifacial gains range from 0.19 to 0.28 for A1-b60 and A1-b90 respectively. The annual optical gains are more than doubled, ranging from 0.43 to 0.47 for the same modules.
[image: Figure 6]FIGURE 6 | Mean annual and seasonal reference (A) and final (B) yields split into front and rear sides at A1. The annual relative percentage by side is given in each segment. Rounding may cause a 1% error. Note that the reference yield computed using STC reference values is equivalent to HPOA expressed in kWH/m2.
Annual reference yields (Figure 6A) are similar for all setups around 2300 h. The rear-side summer splits increase with tilt from 16% (A1-b60) to 19% (A1-b90). In winter the same splits all decrease to 13%–14%. Annually, approx. 30% of the total irradiation comes from the rear-side for all setups. The corresponding final yield splits (Figure 7B) show how much of the reference yields actually get converted into useable electricity. The ratio of the two yields is the performance ratio and is detailed further below.
[image: Figure 7]FIGURE 7 | Mean monthly reference yield split into front and rear sides at A1. The corresponding optical final yield is shown by the solid lines.
It is here legitimate to question the difference in the final yields: although all setups have similar reference yields, the final yield significantly drops for A1-b90, in the summer. Low incident angles have a strong impact on PV modules efficiency (King et al., 2015) as compared to the pyranometers and may be the primary cause for this difference, in a season of high sun elevation angles. Rear-side splits show a stronger relative drop compared to the front-side. The losses on the rear-side are thus higher than for the front-side. For instance, the bifacial ratio was not accounted for in the computation of Yr and is thus one component of the apparent losses that apply. Its correction is rather simple and will be applied on the performance ratio below. In addition, it is expected that rear-sides of bifacial modules show a higher mismatch especially in snowy environments that lead to a stronger anisotropy of the reflected irradiation (Wang et al., 2020).
3.1.3 Performance ratio and thermal capture losses
The mean annual performance ratios are between 77% and 90%. Higher values ([image: image]85%) are obtained for the monofacial modules. This is expected because of the bifacial ratio and mismatch losses which are larger and more consistent on the rear side of the modules (Wang et al., 2020).
In order to isolate losses, PR can be further corrected for temperature. In this article however, it is computed indirectly through the capture thermal losses Lc,T, also reported in Table 4. Mean annual gains of 1%–2% due to temperature are observed for bifacial modules. Monofacial modules show smaller gain and even a 1% loss for A1-m70. Note here that the point measurement provided by the temperature sensors (Tbs) is taken as the mean value for the whole module. In addition to the bias of the model used to derive Tcell (Kratochvil et al., 2004), the uncertainty sources in the computation of Lc,T are numerous. The obtained results however show some coherence with Haeberlin (2004) (1.5%).
3.2 Utility-scale power plant (A2)
Monthly and annual final yields of the first year of operation at A2 are shown in Figure 9. The comparison to M1 is made with concurrent measurements of this first year only. The results of a similarly tilted panel from A1, presented in Figure 5, are reported as reference. Conditions of irradiation during this particular year were close to the respective typical irradiation conditions, as shown in Figure 8 by the Typical Meteorological Year (TMY) in comparison to the measurements of the actual time period.
[image: Figure 8]FIGURE 8 | Typical Meteorological Year (TMY) and measurements of Global Horizontal Irradiation (GHI) for the A2 site. The TMY is presented in two versions for more robustness: (i) TMY3 (Wilcox and Marion, 2008), using 14 years (2008–2021) of measurement at nearby automatic meteorological stations and (ii) TMY-meteonorm8 (Remund et al., 2020) Accumulated over the measurement year, GHI at A1, A2, and M1 respectively reached 1473 kWh/m2, 1458 kWh/m2 and 1338 kWh/m2. This is equivalent to 100%, 101% and 94% of their respective TMY3 and 106%, 101%, 104% of their respective TMY-meteonorm8.
The annual final yield at A2 reaches 1434 kWh/kWp (CF ≈ 16%). This is 168% of the concurrent yield at M1. In the winter this percentage increases to 380%. The winter fraction of 0.43 (616 kWh/kWp) is 2.3 times larger than at M1. Because A2 is attached to a dam, the bifacial gains are low (annual BGopt,A2 = 1.5%). The annual performance ratio reaches 0.89 and the thermal capture losses 0.3% (Table 4).
In comparison to the test site at A1, monthly final yields mostly reach the lower end of A1-m60’s distribution. Clear exceptions are the months of March and April, during which the final yield at A2 is far below the lowest observations at A1. Over the summer, yields are similar to both A1-m60 and A1-b60, emphasizing the important role of snow.
Looking at the annual yield ratio to M1 given in percentages below the chart in Figure 9, both sites show similar results, approx. 1.7 (Table 4). However, the winter ratio is higher at A2 (3.8 vs 3.12), which can be explained by the strong deficit compared to the 5-year average (black error bars in Figure 9) of this particular year over the months of January to May.
[image: Figure 9]FIGURE 9 | (A) Monthly and (B) seasonal and annual final yields at A2 and M1. Error bars show the standard deviation (σ) around the mean (μ) at A1 for A1-m60 and A1-b60 and M1 for the period 2018–2022. The ratio between A2 and M1 is given in percentages below the plots.
4 DISCUSSION
As seen for A1, long term test site measurements, as well as numerical simulations, have established two main expectations for Alpine-PV, in contrast to the conventional sites located near urban centers at lower elevation: an annual electricity generation that is almost doubled in the best configurations, coupled to a much higher winter fraction of approximately 50% that mainly depends on the tilt angle.
In this inter-regional comparison, the expected annual and seasonal final yield ratios were met at the utility-scale at A2, close to the best observed at A1 (Table 4). However, for a similar tilt the annual energy yield was 8% (monofacial) to 30% (bifacial) lower at A2 than at A1. Related, the winter fraction showed a deficit of at least 5%. At the monthly resolution, yields were indeed relatively lower at the utility-scale plant during the high-albedo time period, mostly occurring over winter, than during the summer months.
Utility-scale power plants imply a large extent. The layout and system parameters are constrained by the terrain, potentially resulting in sub-optimal configurations in various regions of the plant. This limitation is amplified in the complex topography of the Alps, which A2 is a typical example of, although building-integrated. It has various sub-optimal azimuth and tilt configurations (Table 1) and surrounding steep slopes shadow a large part of the power plants at specific times. Topography thus stands out as a key parameter, simultaneously impacting the available solar resources and the system generation efficiency. Due to their defining smaller extent, test sites only partially capture these effects.
Although not analysed in the present work, snow is known to induce significant electricity production losses even for steep tilt configurations of PV systems placed in snowy environments (e.g., Townsend and Powers, 2011; Marion et al., 2013). Shedding snow causes an excess of snow accumulation on the ground at the bottom of the PV modules, which depending on the minimal height above ground of the structure, may lead to persistent burial. The total surface of the modules plays an evident role in the amount of snow available for shedding. In the present case, the specific layout of the power plants A2 offers a much larger amount of shedding snow than the test site A1. While some modules from the bottom rows at A2 got buried over this first winter, it never occurred at A1, although the minimal height above ground of both system are similar. Losses due to the partial persistent burial of some modules at A2 were conservatively estimated at 1% of the annual yield. Alone, however, it does not explain the observed deviation in final yields during high-albedo months (Figure 9). Whether losses induced by snow cover on the module also depend on the scale of the module or the group of modules involved is less intuitive and remains unclear.
5 CONCLUSION
Interested in PV electricity generation characteristics across system scale in the Alpine environment, this work reported on 5 years of measurements at a PV test site and compared it to the first year results of a utility-scale power plants, both located in a similar high-Alpine environment. The main characteristics of Alpine-PV observed at the test-scale, including an Alpine-to-Midlands annual ratio of approximately 1.5 and a winter fraction close to 50%, were also observed at the utility scale. Other key performance indicators such as the performance ratio and the capture thermal losses also matched annual and seasonal values. Observation from the bifacial modules at the test site confirmed their well known advantage in snowy environments as they produced, on average, between 16% and 22% more electricity than their monofacial counterparts, for respective tilts of 60° and 90°.
In comparison to the only other Alpine-PV utility-scale power plants (Table 5), the annual yield of 1434 kWh/kWp measured at A2 is very close to the 1400 kWh/kWp reported from the Pitztaler Gletscher, confirming a capacity factor of approximately 16%. However, compared to the test site A1, final yield statistics were lower at all time aggregations for comparable configurations. In the complex topography of the Alps, utility-scale power plants, due to their extent, have stronger design constraints which lead to sub-optimal configurations. The scale difference between test and utility power plants placed in the Alpine environment may thus impact both the available resources, through partial shadowing of surrounding steep slopes and the generation efficiency, through sub-optimal orientation of the modules. Together with snow soiling and persistent burial, these scale effects may explain the deviations in absolute final yields observed.
TABLE 5 | Overview of the main annual performance indicators available for test- and utility-scale Alpine-PV sites.
[image: Table 5]Finally, the main limitation of this study is the building integrated design of A2. Because adapted built infrastructure is scarce in the high-Alpine environment, future standard Alpine-PV power plants are expected to be of free-standing type with a multi-row layout. The inter-row distance then becomes a key parameter, as it directly controls the shadowing of the modules of neighboring rows. Due to the lower sun elevation angles in winter, a free-standing, multi-row version of A2 may show not only a lower annual final yield, but also a smaller winter fraction, adding on previously mentioned negative scale effects for Alpine-PV power plants.
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TABLE 5 Overview of the monitoring variables available for each site.
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TABLE 5 Overview of the main annual performance indicators available for test- and utility-scale Alpine-PV sites.

Test-scale Utility-scale
Haeberlin Egger
(2004) etal. (2019)
¥, [kWh/kWp] 1321-1853 1398 1434 1400
Winter 0.40-0.55 046 043 043
fraction

1.21-1.70 - 1.68 125
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TABLE 2 Modules specifications. Bifacial modules are referred to and type "'m" and monofacial modules as type ‘'m". The parameter "Type" refers to
monofacial (m) and bifacial (b) modules. The bifaciality factor ¢ was computed for each module using BSTC equivalent irradiation as defined in (1) and
assuming a bifacial power gain BiFi = 0.37 (IEC, 2019).
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TABLE 1 Parameters of the different PV systems and the corresponding time period of measurement. For Al, additional information on the test site is
available in Anderegg et al. (2023). The parameter “Type"” refers to monofacial (m) and bifacial (b) modules. “Power Ratio” applies to the utility-scale sites
and shows the ratios of total power with different parameters (e.g., azimuth).
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