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The growth in solar PV capacity needed 

to meet climate and clean energy targets 

around the world will require large increases 

in the annual deployment of solar plants 

beyond what we have observed in any 

market to date.1  

This increase will be enabled, in part, by lower component 
costs and improved component performance. However, 
we need to minimize potential barriers to development, 
design, finance and operation of solar projects at scale to  
accelerate deployment. Efficient solar software and data 
tools, as well as enhancements in digital workflows, can 
further speed deployment and reduce costs across both 
capital expenditures and operating expenditures (capex 
and opex, respectively).

Introduction
In this second part of our More than the Sun report series, 
we summarize the opportunities that digital tools and  
workflows can bring in developing and operating solar 
projects and portfolios. When combined, integrated and 
demonstrated at scale, these tools can dramatically  
enhance the speed and quality of solar projects and enable 
the global solar industry to meet the demands of climate 
and clean energy policies across the world. Further, they 
can help ensure and maintain the value and performance  
of systems today and well into the future.
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From software for system design to the financial  

transactions that enable them, solar PV has  

demonstrated that efficient scaling can stem in part 

from the use of digital tools. 

Chapter 1

Solar digitalization
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Technology has been responsible for much of the growth  
in the solar industry to date, allowing system design and 
modelling from kW- to GW-scale systems. Data, analytics 
and software bring efficiency and cost savings throughout 
the development cycle: satellite data sources have become 
increasingly valuable in providing accurate insights to a 
site’s solar potential; project development tools and  
platforms help quantify and prioritize projects at an early 
stage; system design and performance modelling tools 
bring insights on optimization and energy yield that provide 
the foundation for financial models; Power purchase  
argeements (PPA) marketplaces have emerged as  
matchmaking platforms for project developers and energy 
offtakers, helping to streamline and improve connectivity 

across development stages. During commissioning and 
system operation, data is collected across the myriad  
sensors and components in each unique PV system 
(through a data acquisition system — DAS — or supervisory 
control and data acquisition — SCADA — system) and  
aggregated in monitoring and asset management platforms 
(like DNV’s GreenPowerMonitor, among others), helping 
owners and operators understand plant performance.

It is clear that digitalization will play a significant part in 
meeting the industry’s future challenges.

Digitalization of solar
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Leveraging PV’s economies  
of scale

Over the last decades, solar PV has evolved from smaller, 
distributed PV projects on rooftops or off-grid applications 
into a dynamic and diverse industry that efficiently enables 
financially sound projects from kWs to GWs in capacity. This 
unique scaling efficiency across six orders of magnitude is 
due to several factors:

• the scalable nature of PV components derived, in part, 
by the impressive economies of scale in PV module 
manufacturing; 

• the scalable nature of PV plants, by assembling the 
basic building blocks from kW to GW; 

• the data and software tools that enable efficient design 
of projects; 

• the hardware, data and software platforms that monitor 
and manage PV projects; and  

• market and policy incentives as well as access to 
capital.

Today there are numerous data streams that are considered 
in the development, design, financing and operation of PV 
plants. This data helps to inform decisions around  
evaluating and selecting the right site, equipment,  
configuration and operation of a given project. Relevant 
data stem from:

• historical weather and irradiance resources from 
ground and satellite sources; 

• equipment performance and reliability characteristics; 

• system and network load characteristics; 

• system monitoring and performance characteristics; 
and  

• power, weather and price forecasts for planning and 
operation.

These are invaluable inputs to the design and operation of 
solar assets; however, an incredible volume of data remains 
largely under-utilized, specifically the detailed performance 
and operation of plants and components. Insights into 
the performance of different module, inverter, and tracker 
technologies often remain buried under the uncertainties 
of weather, system availability, module soiling, shading, 
clipping and curtailment losses present in every operating 
system. The industry is eager to see lower system and  
module degradation rates, though confidence here  
requires a step change in the data and analysis available 
today for the actual performance of new technologies.

The eagerness points to the value that further digitalization 
of solar development and operation can bring in continuing 
to reduce both capex and opex to reduce the levelized cost 
of energy (LCOE) in order to maintain and maximize the 
profitability of solar projects today and in the future. 
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Capex costs are associated most often with the  

embedded hardware, development and  

installation costs of any solar project — namely, the  

modules, mounting systems, engineering installation 

labour, inverters, monitoring and balance of system 

components.

Chapter 2

Decreasing capex: Software 
platforms and de-risking new 
technologies
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For all sorts of systems, from residential to utility-scale, 
data and software tools are enabling more efficient system 
design.

Many residential or commercial and industrial (C&I) 
software tools bring automatic layout and design for 
rooftop systems, enabled by detailed satellite imaging or 
more recently, by drone or aerial imaging on-site. These 
site assessment, system layout, and indicative energy 
modelling tools allow installers and developers, big and 
small, to quickly evaluate a site and provide prompt quotes 
to customers. Solar system software like Helioscope, 
Aurora or Energy Toolbase are often used to evaluate 
system configurations, bill of materials, solar resource, 
and components to model the annual and lifetime energy 
output of a system relative to their customers’ current 
electricity prices and payments. They provide an efficient 
analysis of energy yield, LCOE, and return on investment 
(ROI) thus allowing developers and customers alike 
to quickly evaluate different components, layouts and 
configurations to optimize for financial or energy metrics 
relevant to their site.

Larger utility and distributed generation (DG) systems are 
being developed with highly capable software tools and 
platforms: 

• DNV’s Solar Resource Compass enables data-driven 
insights on site-specific solar irradiance data and dust and 
snow soiling losses. 

• Resource data providers, such as SolarGIS, Clean 
Power Research’s SolarAnywhere, Vaisala, Solcast, or 
Meteonorm, deliver satellite-based irradiance data at 
varying resolution for typical meteorological year or 
long-term time series data to provide insights as to the 
expected irradiance and weather at a given site.

• Software providers, such as Anderson Optimization, 
Pivvot, Kevala and others offer site development tools 
that enable a developer to evaluate site and parcel 
characteristics such as transmission and distribution 
infrastructure, waterways, flood zones or terrain slope 
while setting boundaries and map-based constraints. 

• Software products, such as PVSyst, DNV’s SolarFarmer, 
HST View, Terabase, Sunfig SIFT, PlantPredict, RatedPower 
pvDesign, PVComplete or SunDAT provide direct analysis 
and optimization of system component selection, system 
configuration or balance of system costs to swiftly analyse 
the effects of system design on energy and in some cases, 
bill of materials and LCOE. 

• Still others serve as digital marketplaces for PPAs and 
financing, such as DNV’s Instatrust, LevelTen, Pexapark, 
Positive Energy, Green Dealflow or HST Cue, to provide 
pathways for project developers to connect with one or 
many energy buyers, streamlining contract development 
and moving projects toward financial viability. 

• Site surveys and inspections are being enabled by aerial 
imaging providers, such as RaptorMaps, Heliolytics, 
SenseHawk, GarudaUAV, ScanPro and many others 
through drones or fixed-wing aircraft, with high-quality 
image analysis provided by related data platforms to 
evaluate site characteristics quickly, which also can 
be used later for construction monitoring and project 
commissioning. 

• Developers, EPCs, financiers and independent engineers 
are working across platforms and data rooms to share 
system engineering and contractual documents and data 
in efficient ways.

System design
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Solar PV component manufacturers continue to deliver new 
technologies that improve the performance and lower the 
cost of PV modules, inverters, racking/tracking technology 
and balance-of-system components. New technologies 
on the market today, or expected over the next decade, 
will increase the efficiency and power output of modules 
or energy yield from single-axis trackers and racking 
technologies, further reducing the cost of PV systems and 
projects. 
 
A primary challenge in adopting new module, inverter and 
tracking technologies is to ensure that they will operate 
reliably over the anticipated decades of system operational 
lifetime. Developers and independent engineers currently 
use performance data provided by the manufacturers 
through third-party laboratory testing to anticipate the 
value of new technology improvements. This analysis can 
help decide whether to make upfront investments in higher 
component quality and longer life or reduce the upfront 

spend by using lower-cost components that can be easily 
replaced during the lifetime of the asset. 
 
Several initiatives aim to lower new-technology 
performance risk through the direct correlation of extended 
duration accelerated stress testing to field performance. 
One example of an initiative trying to tackle this holy grail 
of predicting PV module reliability is the U.S. Department 
of Energy’s Durable Module Materials Consortium2, which 
studies the role of materials and module components in the 
performance and reliability of modules over their expected 
life. This and other complementary publicly funded 
activities around the world such as the EU’s  
Trust-PV project3 and PV Fleets at the National Renewable 
Energy Laboratory (NREL)4, are beginning to develop 
digital performance analysis tools that evaluate materials, 
component and system performance, losses and 
degradation rates.

New solar technology adoption
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In general, as developers and owners continue to rapidly 
expand their PV system portfolios in the coming years, 
the job of developing ever larger, diverse fleets of assets 
becomes increasingly challenging − and solar software and 
data tools will help developers, independent engineers 
and investors make more informed decisions earlier in 
the development process. Accelerating the development 
process is essential to ensuring growth in the rate of 
deployment of solar capacity.

Linking the field performance of PV components and 
systems to extended accelerated stress testing helps create 
transparency and reduce performance risk. This data and 
analysis can provide confidence in extending system life 
and help inform operation and maintenance (O&M) cost 
estimates and financial models, as well as the mechanisms 
necessary to benefit from longer-lived, higher-performance 
systems. 
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In today’s competitive energy markets, where solar 

PPAs and auction prices continue to set record lows 

across numerous regions, managing operating  

expenditures becomes increasingly important for  

improving asset profitability. 

Chapter 3

Lowering opex: Actionable  
insights from operational  
analytics



Lowering opex

While opex estimates have decreased by more than half 
over the last decade, they pale in comparison to the  
significant decreases in PV module and component costs 
that drive capex.5 As such, opex and system performance 
become the primary ways to maintain or decrease LCOE 
across the operational life of a PV project and to ensure 
healthy, profitable solar assets. Opex includes annual,  
recurring expenses stemming from property tax and land 
lease costs to O&M costs (See Figure 1). 

While some of these costs are relatively constant, given the 
value and generated revenue of a project, several can be 
uniquely addressed by solar digitalization efforts. Building 
on the need for harnessing a project’s data streams, asset 
management and O&M services can benefit most from 
the software and platforms that enable actionable insights 
across growing portfolios of diverse solar projects. 

FIGURE 1 

Example distribution of opex costs from utility solar PV plants6
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O&M for solar is costly in terms of labour (which currently 
can take from 80% to 90% of O&M expenditures) and  
components.7 Unplanned repairs result in downtime and  
replacement equipment costs, which account for about 
36% of solar plant O&M. Also, component performance 
can degrade over time, and operators must make decisions 
about equipment age, life extension and replacement. 
This will be increasingly relevant in the next five years and 
beyond, as an increasing number of plants reach  
anticipated inverter replacements based on the rapid 
growth of PV capacity over the latter half of the last decade. 
 
One goal is to continue to increase the reach of each  
technician, to make them each responsible for a growing 
capacity of PV plants and portfolios. This requires  
standardizing maintenance programmes, identifying  
problems faster, and moving toward predictive  
maintenance. 

Digitalization brings advanced analytics to asset  
management and opens further possibilities for improving 
the operational performance of solar assets, by identifying 
areas of underperformance and recoverable system losses 
and allowing operators to plan O&M accordingly. The  
analytics in monitoring and asset management software 
identify and mitigate generation losses, help coordinate 
maintenance to reduce labour costs, allow for the use of 
remote inspection with more detailed data  
resolution, and maximize system performance.

Nearly all solar PV systems have monitoring  
capabilities enabled by SCADA systems and asset  
management platform providers (such as DNV’s  
GreenPowerMonitor) provide a constant stream of data 
from each sensor and inverter on site. Monitoring  
platforms aggregate weather, irradiance, tracker position, 
DC and AC power, meter data and numerous  
additional data points across a project. These systems  
provide invaluable alerts when systems, inverters, or  
equipment fail, allowing maintenance staff to react and 
coordinate repairs as necessary. Further, this data is  
aggregated to provide monthly operating reports  
necessary for reporting the production and availability of  
a project. When correcting for observed weather and  
irradiance on site, asset managers calculate the  
performance metrics that inform investors as to the  
generation and revenue of each asset and portfolio. 
 
While such systems have already enabled solar PV to  
become competitive in the power industry, asset  
management and O&M services must accelerate  
improvements in operational efficiency for providers to 
scale their efforts and portfolios to grow more quickly. 

Further, O&M providers increasingly need to service larger 
portfolios of distributed projects and anticipate equipment 
failures to minimize system downtime. To do so, asset  
management and O&M must move from reactive to  
predictive efforts for preventative and corrective  
maintenance. 

Advanced analytics 

The algorithms in advanced analytics (such as DNV’s 
SolarGEMINI) use the diverse data streams from any given 
system to determine system losses and performance across 
a host of categories, from weather correction, curtailment 
and availability, to soiling, snow, tracker and inverter  
efficiency losses. 

Advanced analytics typically use empirical methods and  
physics-based models to compare how systems operate 
in given conditions to the assumed performance and  
losses that were laid out pre-construction. These  
analytical processes replace manual, Excel-based models 
and automate them in software platforms to bring efficiency 
and additional resolution on the performance and losses 
of a given system. Based on these insights, asset managers 
and O&M providers can evaluate specific losses at each 
site and prioritize service efforts based on ROI relative to 
the costs and benefits. This allows owners and operators 
to maximize revenue and minimize costs of operating and 
maintaining portfolios, increasing system value and  
profitability.
 
Preventative maintenance 

Advanced analytics can optimize preventative maintenance 
services. Such insights help owners and operators  
schedule module cleaning or vegetation management  
activities, which together make up 13% of current O&M 
costs.8 Dust and snow soiling are common causes of loss 
identified in analytics tools − they can result in substantial 
yield and revenue losses depending on project siting and 
weather conditions. Analytics platforms can identify soiling 
losses as they occur and help identify proper mitigation 
strategies, thereby increasing revenue and reducing  
maintenance costs. Additionally, shading losses can be 
minimized through proper vegetation management,  
including scheduled grass mowing or, increasingly, rotation 
of grazing sheep. Other technologies are coming to  
market in the form of mowing drones, which could bring 
further efficiency and reduce labour costs. Also, robotic  
module washing can reduce water use and labour costs for 
systems that anticipate high soiling rates, especially  
common in desert applications.
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Remote inspection 

Aerial imaging enabled by drones, or fixed-wing aircraft, 
can replace manual inspection methods, with consequent 
cost savings on labour and improved accuracy and data  
resolution. Aerial thermography can increase the efficacy 
of inspections, reduce inspection time, generate actionable 
data and do so safely without direct electrical  
measurements on energized systems. The use of drones, 
aerial imaging, and image analysis has already had a great 
impact in the solar industry (where plants can be spread  
out over many acres and miles). The analysis can provide 
invaluable insights into array or DC health that are more  
difficult to observe in inverter-based data. Addressing  
recoverable issues in the array can bring substantial  
opportunities to repair or optimize systems and  
subsequently increase generation and revenue. For  
example, aerial inspections over 20 GW of PV capacity  
resulted in the observation of 1.9% energy losses that 
would be difficult to identify from inverter data alone.9

Other areas of opportunity for digitalization include  
connecting mobile devices to automate data collection 
from the field and developing sophisticated digital twins, 
which are digital replicas of the solar farm and through 
which managers can compare optimal to actual  
productivity, calculate remaining life and forecast reliability.

Machine learning and predictive maintenance 
 
Instead of relying on physics-based models, machine  
learning (ML) methods use uses “big data” to identify  
relationships among data inputs, establish a model of  
expected behaviour and determine when a system is  
operating outside what is expected (see Figure 2). This is 
then distilled into the likely loss mechanism based on the 
data on which the ML models have been trained. While 
ML methods aim to deliver high-level value and insights, 
they need careful, expert review and coordination. Once 
established, ML tools can bring further efficiency and value 
in evaluating large, streaming datasets. 
 
For instance, at DNV, we are developing ML methods that 
deliver predictive inverter maintenance10, where the system 
can monitor the inputs from the system and the  
performance of an inverter; and, considering the inverter’s 
operational history and those around it, the system can 
learn and subsequently predict when inverter maintenance 
may be required, as seen in Figure 2b below.. 

FIGURE 2 

Example: Predictive maintenance scheme and anomaly detection6

additional context where string module failures or other 
DC failures might be occurring. As this data is integrated 
into asset management platforms, this resolution can bring 
further insights into planning and maintenance efforts.

New inverter products continue to bring additional data 
streams from faults and measured sensor data to string 
current-voltage (IV) measurements to begin diagnosing 
performance losses. IV curve tracing is designed to provide
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Chapter 4

Conclusion
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Substantial solar PV cost declines are anticipated through 
the next decade, stemming largely from both improved 
component performance and still lower PV component 
costs. In addition, solar software and digital platforms will 
be increasingly important to accelerate the pace of PV 
project deployment, with solar development tools helping 
to further reduce development and system design time and 
costs. 

Additionally, digital tools will be increasingly important to 
efficient operation and maintenance of ever-larger solar 
asset portfolios. Advanced analytics embedded in asset 
management platforms will enable current and future 
solar asset owners and operators to manage large, diverse 
projects and scale their businesses efficiently in the future. 
Advanced analytics and predictive maintenance can  
decrease the operational expenses of PV systems by  
activating operational data from monitoring platforms into 
insights on both system performance optimization and  
loss mitigation. 

These can, at once, increase the yield of operating systems 
and streamline operations and maintenance activities 
through predictive analytics, helping to mitigate downtime 
and performance losses. 

Equally important over the coming decades of the energy 
transition, will be to ensure solar plants maintain their value. 
In the third report of our series, we will focus on  
opportunities to increase the value of solar assets, through 
new grid technologies, markets, and the integration of 
energy storage.
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