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Abstract  
Over the last decade, the price of PV modules has fallen largely due to the globalisation of the PV sector. If 
residential PV systems coupled with batteries become economically competitive in the near future, end-
users will be willing to switch to the self-consumption of PV electricity instead of using power from the 
network. If the transition of PV self-consumption in the residential sector occurs massively or suddenly, the 
national energy system would be faced with a radical change. This article analyses the economic feasibility 
of French residential PV systems combined with Li-ion batteries in 2030 to anticipate the possible change 
in future energy systems. It also includes a stakeholder analysis with respect to the PV self-consumption 
model to analyse the systemic effects of PV integration into the electricity system. Our study provides a 
theoretical explanation of the impact on the current electricity market and quantifies the expected impact 
on the most influential stakeholder group. The ultimate objective is to help policymakers forecast possible 
scenarios for PV self-consumption so they can prepare for the future transition with strategic actions. By 
way of conclusion, we discuss the policy implications and elaborate policy recommendations based on the 
results of this study. 

Keywords: Economic analysis, Energy policy, Photovoltaic (PV) self-consumption, PV residential systems 
with batteries, Stakeholder analysis, Systemic effects 

 

1. INTRODUCTION 

 
The PV sector has demonstrated visible progress over the last decade, reaching more than 300 gigawatts 
(GW) of installed capacity in 2016 (IEA PVPS, 2002 to 2015; Solar Power Europe, 2017). The reduced cost 
of PV modules has helped enhance the economic competitiveness of PV systems. End-users have economic 
incentives to adapt the mode of self-consumption of PV electricity when it helps them to reduce their 
electricity bills compared with the conventional way of purchasing electricity from the grid.  
 
The ratio of self-consumption, which defines the rate between onsite consumption and the total production 
of the system installed on the site, is a very important factor in terms of defining the economics of the self-
consumed model of PV power. The weak correlation in the separate residential sector can be increased via 
some methods; e.g. demand response, utilisation of smart electric home appliances, or storage solutions 
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like batteries. The capital costs of lithium-ion (Li-ion) batteries are expected to come down over the next 
years (Deutsche Bank, 2016; Beetz, 2015). This possible cost reduction makes the large-scale deployment 
of PV systems in the residential sector a feasible solution.  
 
If residential PV systems coupled with batteries become economically competitive with a high ratio of self-
consumption in the near future, end-users will be willing to switch to the self-consumption of PV electricity 
instead of using power from the network. A rupture (or radical change) could impact the national power 
system if the transition of PV self-consumption in the residential sector occurs massively or suddenly. 
Such change will influence the interests of the electricity market stakeholders and can be the problematics 
for the national energy system. Policymakers would therefore have to focus on an optimal mix of PV power 
to achieve a careful balance with the other energy technologies and grid financing. This is why policymakers 
need to understand the timing of this transition in order to detect any changes and to anticipate any 
transformation.  
 
In this context, this study sets out to forecast any radical changes in the residential sector and discuss the 
role of policy. The article assesses the future economic attractiveness of French residential PV systems 
coupled with lithium-ion (Li-ion) batteries; it employs the learning curve approach to estimate the critical 
moments of this transition to PV self-consumption. The study has chosen an unfavourable French case 
where the electricity tariffs are relatively low and the PV system prices are higher compared with its 
neighbouring countries, so as to give a late threshold. The ultimate objective is to help policymakers forecast 
possible scenarios for PV self-consumption so they can prepare for the future transition with strategic 
actions. 
 

2. RESEARCH CONTEXT AND QUESTIONS 
 

2.1 Solar PV energy in power systems according to IEA scenarios in 2030  

The Paris Agreement defined the international climate objectives to keep the mean global temperature 
rise to well below 2 degrees above pre-industrial levels and to limit the temperature rise even further to 
1.5 degrees above pre-industrial levels (UNFCCC, 2015).2 Solar PV energy is highlighted as a solution 
making it possible to meet such objectives. According to the IEA hi-renewable (hi-Ren) scenario, 16% of 
the global electricity will be supplied by solar PV power by 2050. This study was based on two IEA energy 
scenarios (IEA, 2014; 2014b) to estimate the PV system prices in 2030: 2DS and hi-Ren. The IEA 2 degree 
scenario (2DS) proposes a radical energy system transformation to achieve the goal of a mean global 
temperature rise limited to 2°C by 2100 (IEA, 2014b). Furthermore, the IEA hi-Ren scenario3 suggests that 
even greater efforts are required to shift to a low-carbon energy system based on the larger integration of 
renewable energies.  
 
Table 1 illustrates the IEA solar PV goals with respect to PV installed capacity and PV electricity generation 
by 2030 and 2050. Supported by the political efforts of many countries aiming to reduce their carbon 
footprint or to increase their energy independence, the PV sector is currently on track to meet the 2DS 
target (IEA, 2016, p. 88).  

                                                           
2 Articles 2 and 4. 
3 The scenario is a variant of the 2DS model, assuming the slower deployment of nuclear energy, the delayed 
introduction of carbon capture and storage (CCS) technologies and the more rapid deployment of renewables, 
notably solar and wind energies.  
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 Actual 2DS Hi-Ren 

Year 2015 2030 2050 2030 2050 

Installed PV capacity 227 GW 841 GW 2785 GW 1721 GW 4674 GW 

PV electricity 
generation 

285 TWh 1141 TWh 3824 TWh 2370 TWh 6300  

Table 1: IEA's solar PV targets for 2030 and 2050 

 

2.2 wŜǎƛŘŜƴǘƛŀƭ t± ǎȅǎǘŜƳΩǎ ŜŎƻƴƻƳƛŎ ŎƻƳǇŜǘƛǘƛǾŜƴŜǎǎ ƛƴ CǊŀƴŎŜ  

The rapid decline in PV system costs is closely associated with the economics of PV self-consumption. Over 
the past few years, the PV market has largely gained in price competitiveness. Faced with the globalisation 
of the sector, the reduced cost of PV modules has helped improve the economic competitiveness of PV 
systems (Yu, et al., 2016). Figure 1 indicates the historical variations in the PV residential system prices in 
several countries (IEA PVPS, 2002 to 2015).  
 
The current costs of French residential PV systems vary depending on the type of system: building-
integrated PV systems (BIPV) at $2.67/Wp4 and the building-attached PV systems (BAPV) at $2.05/Wp in 
2015 (the BIPV cost is 30% higher than the BAPV cost for existing buildings) (IEA-PVPS France, 2016). 
French PV system prices are higher compared with its neighbouring countries and the electricity tariffs are 
relatively low. Since this article is based on an unfavourable French case, our economic calculation gives a 
late threshold of the PV self-consumption. In our study, the PV system prices in 2030 were estimated by 
means of the learning curve approach based on the PV installation targets proposed by the IEA energy 
scenarios (cf. 3.2.2).  
 

 
Figure 1 : Historical variations in the PV residential system prices in several countries  
(!ǳǘƘƻǊΩǎ elaboration based on IEA PVPS data) 

                                                           
4 Ϥ ϵнΦпκƪ²Ƙ. 
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2.3 Impacts of cost dynamics of Li-ion batteries on the residential PV self-consumption   

2.3.1 Li-ion batteries costs and the prospect  
The study aims to define the future economic feasibility of residential PV systems. It is thus important to 
examine the trends of battery cost as a complementary measure to increase the ratio of self-consumption. 
This article has considered lithium-ion (Li-ion) batteries, one of the most developed storage technologies 
with potential cost reduction by economies of scale in the near future. They have demonstrated a rapid 
change with the development of mobile devices over the past decades, leading to the remarkable 
reduction in their volume and price. The development of Li-ion batteries is still driven by mobile device 
needs, and the emerging electrical vehicle (EV) markets accelerate the progress. The ability of Li-ion 
batteries to be coupled directly with distributed PV systems can give a comparative advantage to the 
residential systems if economically feasible. Many other promising storage technologies exist, however, 
the analysis with Li-ion batteries can provide a basic scenario to define the potential opportunities for the 
large deployment of PV systems coupled with batteries in the future electricity mix.  
 
 

 
Figure 2: Li-ion battery price projections (AǳǘƘƻǊΩǎ ŜƭŀōƻǊŀǘƛƻƴ ōŀǎŜŘ ƻƴ ǎŜǾŜǊŀƭ ǎǘǳŘƛŜǎύ 

 

Figure 2 displays the different projections of the Li-ion battery prices5. The estimated battery price would 
drop below $200/kWh between 2020 and 2025. In addition, the price would fall further between 
$100/kWh and $150/kWh in 2030 with a stabilised price. These reduced battery prices would bring 
synergies related to the residential or commercial usage of the PV systems. In this regard, our calculation 
considered a price of $500/kWh in 2015 and a price of $150/kWh in 2030. 
 
 

                                                           
5 ¢Ŝǎƭŀ ǇǊƻǇƻǎŜŘ ŀ ōŀǘǘŜǊȅ ǎȅǎǘŜƳ ŦƻǊ ǊŜǎƛŘŜƴǘƛŀƭ ǳǎŀƎŜ ƛƴ нлмрΤ ǘƘŜ ǇǊƛŎŜ ƻŦ ¢ŜǎƭŀΩǎ tƻǿŜǊǿŀƭƭ ƛǎ ϷоΣрлл ŦƻǊ мл ƪ²Ƙ 
and $3,000 for 7 kWh (Tesla motor). If the installation cost is included, the Deutsche Bank estimated the cost of the 
battery at $500/kWh (Deutsche Bank, 2016)Φ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ 5ŜǳǘǎŎƘŜ .ŀƴƪΩǎ ǊŜǇƻǊǘΣ ¢ŜƭǎŀΩǎ ǇǊƛŎŜ ǿƛƭƭ ōŜ ǊŜŘǳŎŜŘ 
by 57% to $150/kWh in 2017 and by 71% to $100/kWh in 2024 (Deutsche Bank, 2015). The Japan EV roadmap aims 
to reduce the battery price to $270/kWh in 2020 and $130/kWh in 2030 (The committee on climate change, 2012). 
Furthermore, Mc Kinsey & Company expected the price of Li-ion battery packs to reach $197/kWh in 2020 and 
$163/kWh in 2025 (Hensley, et al., 2012). 
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2.3.2 Increased ratio of PV self-consumption thank to the usage of batteries 
The poor correlation of PV self-consumption in the residential sector can be improved by combining with 
the storage systems. The continuous price decline in both Li-ion batteries and PV systems can accelerate 
the distributed PV diffusion process. Figure 3 illustrates the principal of using the residential PV batteries. 
They allow storing the electricity not consumed in order to release it when there is demand. It is important 
to well define the optimum system size to achieve a significant level of PV self-consumption in the 
residential sector. A small-sized PV system compared with the electricity demand profile is more likely to 
be completely self-consumed without storage solutions, but the gains with respect to the total onsite 
consumption will be small. However, a large-scale PV system will require a large amount of storage 
capacity leading to high capital costs. Various literatures have defined the optimal sizes of batteries 
combined with distributed PV systems. There are still very few articles and research available specifically 
related to the French context.  
 
 

 
Figure 3: Principal of using the residential PV batteries 

Our study considered the use of 3 kWp PV systems, which are commonly installed in the residential sector. 
This article was based on a few German studies although France uses more energy in the residential sector 
because of the high rate of electrical heating. However, this difference was ignored in our study to obtain 
a more penalising case (French data can increase the ratio of PV self-consumption in our model). Based on 
our analysis of several German studies (Weniger, et al., 2014; Huld, et al., 2014; Partlin, et al., 2015), it was 
assumed that the combination of 3 kWp PV systems with 4 kWh Li-ion batteries provided an optimal 
solution up to 80% PV self-consumption for an average household that consumes around 4000 kWh/year 
of electricity.  
 

2.4 Research objectives and questions 

Until recently, the objective of PV diffusion policies was mainly to create the market to help reduce the PV 
costs along with technological progress and industrialization. PV market development in the near future 
will present a very different aspect as a result of the sharp decline in the prices of PV systems and related 
products like lithium-ion batteries as well as associated services. The combined PV systems with batteries 
increase the ratio of self-consumption of distributed energy supply and open up new opportunities for 
associated services. The demand for electricity is price-inelastic and minimizing the costs is a way of 
maximizing the utility of end-users.  
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In this regard, this study first determines the economic attractiveness of PV self-consumption model 
combined with lithium-ion batteries in the residential PV sector in 2030. Our study was based on the 
current market design. The objective of this article is to predict any possible radical changes in the near-
future energy system by PV self-consumption in France. The large penetration of PV power driven by the 
cost reduction of PV power may in fact result in higher systemic costs. Therefore, the article also examined 
the systemic effects and potential risks caused by a massive transition towards PV self-consumption. We 
considered a time horizon to 2030. This article attempted to address the following questions.   
 

¶ What costs for French residential PV self-consumption systems coupled with lithium-ion batteries 
in 2030? 

¶ What potential aggregate demand for residential PV self-consumption in France?  

¶ What systemic effects under different scenarios? 
 

At the end of this article, we discussed the policy implications and elaborate policy recommendations 
based on the results of this study. 
 

3. MODELLING METHODOLOGIES 

3.1 Schematic dynamic model of residential PV self-consumption with batteries 

A schematic dynamic model of residential PV self-consumption was developed in order to analyse the 
pattern of consumer behaviour and ripple effects in case the PV power generation costs become more 
attractive in the near future. The current energy system is composed of several groups of stakeholders. It is 
important to give an overall understanding of stakeholder viewpoints in the electricity systems when the 
transition toward PV self-consumption happens.  
 
End-users (prosumers) have economic drivers to install PV systems for their own use when it allows them 
to reduce their electricity bill or make money from the PV system installation. We evaluated the household 
profitability of the investment in PV systems. The profitability compares the generation costs of the self-
consumed PV electricity to the residential electricity tariffs. The aim is to anticipate the critical timing of 
transition to PV self-consumption. As Figure 4 shows, we identified important drivers of the solar PV 
economics. However, the PV self-consumption diffusion changes the existing electricity market 
mechanism by influencing other stakeholder interests. Stakeholders (in particular, latent group6) who have 
little interest in the PV sector but have the power to cause major disruptions to the PV development should 
be closely examined. When the PV policies to promote self-consumption are expected to conflict with the 
interests of these stakeholders, they will strongly oppose the policy-making process and disturb the 
development of the PV self-consumed model (Energy and Policy Institute, 2014). For example, a large 
diffusion of PV self-consumption can reduce revenues of conventional power production companies and 
grid operators (Ueckerdt, et al., 2013; Yu & Popiolek, 2015) as fewer PV self-consumers buy electricity 
from the grid.  

                                                           
6 Latent group has low interest in the subject and high power in the electricity systems. Refer to a stakeholder analysis 
of PV self-consumption, authoǊΩǎ ŀǊǘƛŎƭŜ (Yu & Popiolek, 2015). 
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Figure 4: Schematic dynamic model of residential PV self-consumption (AǳǘƘƻǊΩǎ ŜƭŀōƻǊŀǘƛƻƴ)7 

The remaining part of this article addressed perspectives of different stakeholders in the electricity 
systems. This article first determined the economic attractiveness of PV self-consumption according to 
household perspective to understand an individual investment decision making. The article then figured 
out how the PV dynamics change the existing electricity market mechanism (systemic effects) and influence 
other stakeholder interests (the perspective of latent group). This ultimately aimed to help policymakers 
predict any possible radical changes in the future energy system by residential PV self-consumption and 
prepare strategic actions to address them. 
 

3.2 Drivers of household investment decisions  

3.2.1 Profitability of households  
The profitability  is a crucial determinant of household investment decision making when predicting future 
demand for PV self-consumption. Electricity end-users will become PV prosumers if the investment in PV 
systems for self-consumption leads to the savings on the electricity bill or a positive return on investment 
(ROI). In our model, the profitability compares the generated earning by PV self-consumption to the total 
expenses and other relevant costs (including tax, if applicable) incurred during a specific period of time. The 
earning normally includes not only the avoided electricity bills but also concerns revenues from selling the 
surplus of electricity or political support (e.g. PV self-consumption bonus or green certificates).   

                                                           
7 ¢ƘŜ ōŀǎƛŎ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ǎǇŜŎƛŦƛŎ ŜȄǇƭŀƴŀǘƛƻƴ ƻŦ ǘƘŜ ǎŎƘŜƳŀǘƛŎ ƳƻŘŜƭ ŀǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ ŀǳǘƘƻǊΩǎ ŀŎŀŘŜƳƛŎ ǘƘŜǎƛǎ (Yu, 
2016). 
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We defined the profit investment ratio (PIR)8 9as below:  
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If the model considers no value for the excess PV electricity and excludes tax, premium and subsidies, we 
can simplify the equation as below.  
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Ὁ  
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ὖ
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                ς 

 
The break-even indicates the critical point at which it becomes relevant for households to install PV systems 
to reduce the energy bills. The investment will be considered when the index is greater than 1. The timing 
of break-even is directly related to the position of government on the PV self-consumption. For example, if 
the government prepares appropriate policy support and the institutional framework to provide favourable 
conditions for residential PV self-consumption, it can advance the break-even point and vice versa.  
 
The definition of grid parity (or socket parity) needs to be revisited to discuss the breakeven of residential 
PV self-consumption (Equation 2). Grid parity often indicates a milestone for the PV diffusion (Breyer, et 
al., 2009). It happens when PV generation cost intersects with the price of retail electricity tariffs. The PV 
grid parity for the residential sector was reached in some countries as a consequence of increasing 
residential electricity tariffs and reducing PV systems prices (Weniger, et al., 2014). However, electricity 
retail tariffs often include grid management costs and taxes. However, the comparison remains still 
important when discussing the momentum of residential PV self-consumption growth.  
 
In addition, the household electricity tariff is a critical parameter to calculate the expected revenues of 
household (e.g. bill savings) (Masson, et al., 2014). We thus compared the results with the estimated price 
of electricity in 2030 to anticipate the future demand. The methodological approach and data provided 
were described in greater detail in the next section. 
 

                                                           
8 A modification of the net present value method.  
9 With 
 Ὁ   : PV electricity produced in the year t,  
‌  : Self-consumption ratio,  
ὖ : Electricity prices in case of self-consumption (‌Ὁ ὖ: electricity bill saving in the year t), 
ὴ : Self-consumption premium, 
ὖ : Purchase price of PV electricity surplus sent to the grid, 
† : Tax on PV electricity revenues, 
Ὅ  : PV system investment in the year t, 
ὕǪὓ  : Operation and maintenance costs in the year t (including the replacement of batteries), 
ὶ  : Discount rate. 



10 

3.2.2 Method for calculating the LCOE of solar energy 
The Levelized Cost of Electricity (LCOE) represents the lifecycle cost per kilowatt-hour (KWh) of building and 
operating power generation asset. The resulting value indicates a break-even value that an investor would 
need to obtain per-kilowatt-hour (kWh) as the minimum sales revenue over the lifetime in order to justify 
the entire investment of a particular power generation facility (Reichelstein & Yorston, 2013). Solar PV 
power is commonly priced as LCOE ($/kWh) in many international studies (Fraunhofer ISE, 2015; IEA, 2014; 
IRENA, 2015; EPIA, 2014) and scientific articles (Candelise, et al., 2013; Hernández-Moro & Martínez-Duart, 
2013; Reichelstein & Yorston, 2013) to follow the progress of the PV technologies.  
 
Key inputs to calculating the LCOE include investment and variable operations and maintenance (O&M) 
costs, fuel costs, financial costs, electricity output, plant lifetime and system performance. Solar PV system 
costs are one of the important levers to calculate solar LCOE. The energy production is calculated based on 
various parameters such as lifetime, localization, weather conditions, module efficiency, installation 
specification, and system performance. In our study, we added the costs of batteries10 to evaluate the 
combined PV system costs for residential PV self-consumption. A simplified LCOE equation11 for residential 
PV with batteries is indicated as below.   
 

ὒὅὕὉ έὪ ὸὬὩ ὖὠ ίώίὸὩά ύὭὸὬ ὦὥὸὸὩὶὭὩί ὒὅὕὉ ὒὅὕὉ

В
Ὅ ὕǪὓ
ρ ὶ

В
Ὁ
ρ ὶ

В
Ὅ

ρ ὶ

В
Ὁ
ρ ὶ

       σ 

 
The LCOE method includes a high degree of sensitivity to the initial assumptions and parameters. Our study 
thus conducted a sensitivity analysis (Hernández-Moro & Martínez-Duart, 2013) of the PV cost assessment.  
However, as the electricity system is very constrained, the large penetration of variable and non-
dispatchable electricity sources influences the balance of the whole electricity system. The LCOE 
methodology is thus incomplete to evaluate the market value of intermittent renewable energies like 
solar (Borenstein, 2012; Joskow, 2011; Keppler & Cometto, 2012; Hirth, 2014; Hirth, et al., 2015; Ueckerdt, 
et al., 2013). However, the LCOE approach can be used to estimate the profitability of residential PV self-
consumption model. The evaluation perspective can be broadened to include systemic effects of PV 
integration for the comprehensive economic value assessment of PV electricity in a society. They were 
further discussed in the section 3.3.  
 

3.2.3 Dynamics of PV costs and the utilization of experience curve to project PV cost reductions 
In this study, the experience curve method was used to estimate the PV price trajectories. The experience 
curve is an empirical approach to project a cost reduction in industries. The diffusion and adoption of 
technologies depend on how further costs are reduced through innovation and experience accumulation 
(Arrow, 1962). The experience curve (Yelle, 1979), also known as a learning curve, describes the correlation 

                                                           
10 The battery yield losses were ignored. 
11 With: 
Ὅ  : Investment in PV systems in the year t, 
Ὅ  : Investment in batteries in the year t, 

ὕǪὓ : Operation and maintenance costs in the year t, 
Ὁ : PV electricity produced in the year t, 
ὶ: Discount rate.  
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between the reduction in production costs and the level of experience (van den Wall Bake, et al., 2009; 
Byrne & Kurdgelashvili, 2011; Boston Consulting Group, 1972; Abell & Hammond, 1979; Sharp & Price, 
1990). The general rules for the experience curve12 is that the cost goes down by a constant percentage 
(the learning rate) with each doubling of the total number of units produced. The experience curve is 
usually used for long-term strategic analysis rather than short-term tactic review; experience curves can 
be used to project future cost trends based on past cost reductions (Byrne & Kurdgelashvili, 2011).  
 
PV modules have demonstrated a consistent feature of learning-by doing over the last decades. The global 
PV module market now takes advantage of the cumulative knowledge stock and experience, thereby 
sharing a similar price around $0.5/Wp in 2016 (PV magazine, 2016; IEA PVPS, 2016). The positive 
correlation between the module price drop and the size of the cumulative installations has been 
ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ Ƴŀƴȅ ǎǘǳŘƛŜǎΣ ǿƛǘƘ ǘƘŜ t± ƳƻŘǳƭŜΩǎ ƭŜŀǊƴƛƴƎ ǊŀǘŜ ǊŀƴƎƛƴƎ ōŜǘǿŜŜƴ му҈ ŀƴŘ нн҈ ƛƴ Ƴƻǎǘ 
literature (Timilsina, et al., 2012; Reichelstein & Yorston, 2013; IEA, 2014; Kersten, et al., 2011). However, 
the learning experience for complete PV systems is usually considered slower than that for the modules 
because of local variations in non-module costs (Yu, et al., 2015). We thus considered that the observed 
ΨƭŜŀǊƴƛƴƎ-by-ŘƻƛƴƎ ǘǊŜƴŘΩ ƻŦ ǎƻƭŀǊ t± ǘŜŎƘƴƻƭƻƎƛŜǎ ǿƻǳƭŘ ǊŜƳŀƛƴ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ t± ǘǊŀƧŜŎǘƻǊȅ ƛƴ ǘƘŜ 
future system.  
 
As indicated, our calculation is based on the IEA scenarios, which forecast world PV installations in 2030 
with a focus on 2-degree scenarios (2DS) and hi-Renewable scenarios (hi-Ren).13 We calculated the PV 
system prices in 2030 by using the learning curve with a learning rate of 18% (IEA, 2010, p. 18).  

 

3.3 Systemic effects of PV integration in the electricity systems 

3.3.1 Definition of systemic effects  
A shift towards PV self-consumption in the residential sector will involve systemic effects in the power 
systems. The integration of PV power into the existing electricity systems requires efforts with additional 
costs (integration costs). These efforts include not only an engineering perspective to ensure the operation 
of all physical systems but also economic aspects in regard to systemic value of PV integration. The value 
evaluation of PV power in a society needs to be discussed in a more comprehensive manner by taking into 
account systemic effects involved.  
 

                                                           
12 The mathematical model is described in equations (4) and (5). 

 ἍἼ Ἅ
ἦἼ

ἦ

Ἢ

  (4) 

 Ἐἠ Ἢ (5) 
With: 
ὅ: Cost of unit production at time t ($/W), 8: Cumulative production at time t (W) 
ὦ:  Experience index: this is used to calculate the relative cost reduction (1-2-b) for each doubling of the 
cumulative production  

ὒὙ ȡ The learning rate: the fractional reduction in price expected as the cumulative production double 
 
Initial condition: 

ὅ : Reference cost, 8 ȡ Reference cumulative production. 
13 The study excludes the 6DS scenario. 6DS is a base-case scenario based on the condition that the current trends 
continue; it projects that the energy demand will increase by more than two-thirds between 2011 and 2050. In 
addition, associated CO2 emissions are expected to rise even more rapidly, pushing the global mean temperature up 
by 6°C. 
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The systemic effects of variable PV integration can be classified into three levels. The first level concerns 
impacts on the technical aspects like infrastructure, grid and electricity production mix to maintain the 
operation of electricity systems. The second level of systemic effects is indirect financial impacts related 
to regulatory mechanisms of electricity systems, for example, electricity tariff system and electricity price 
formation. The last level involves different types of externalities of PV integration into the society. 
Various positive or negative aspects which influence on the national system and social welfare should be 
considered: i.e. environment, technology, economy, jobs and strategic position. The higher the level of 
systemic effects is, the broader scope of analysis is expected because of diverse correlation with other 
contextual, social or systemic variables. 
 
In this context, our study was completed by a systemic analysis of integration costs with respect to PV 
penetration into the electricity system. This is an important step in understanding stakeholdersΩ 
perspectives in relation to our PV self-consumption transition scenario. It helps policymakers prepare 
actions to counter any risks created by these stakeholders. Our study mainly focused on the systemic 
effects of PV integration related to power systems and the third level is beyond the scope of the study. 
 

3.3.2 Integration costs 
The systemic effects directly connected with power system mainly concern the intermittency of PV power 
and unique characteristics of electricity supply-demand mechanism. The variable PV electricity is not 
dispatchable and is not able to meet the electricity demand at all seasons of the year. The value of 
electricity varies according to time of production and location because of the unique feature of electricity 
mix. The integration of PV into the existing grid system requires additional efforts to deal with its 
intermittency compared with dispatchable technologies. A reflection on the integration efforts for PV 
penetration and dynamic impacts on the electricity systems has been provided by various studies 
(Borenstein, 2012; Joskow, 2011; Keppler & Cometto, 2012; Hirth, 2014; Hirth, et al., 2015; Ueckerdt, et 
al., 2013).  
 
Keppler and Cometto (2012) largely divided the systemic costs (grid-level costs) of PV integration into two 
parts: 1) additional investments to extend and upgrade the existing grid, and 2) the costs for increased 
short-term balancing and for maintaining the long-term adequacy of electricity supply to integrate variable 
energies. Short-term balancing concerns the second-by-second balancing of electricity supply and 
demand (e.g. real-time adjustment, day-before forecasting). It is closely related to the accuracy of the 
weather forecast and the predictability of supply and demand. The improved forecast and prediction 
would decrease uncertainty on the production planning and would enhance the management of the 
production capacities for a day. More importantly, the level of flexible capacity in the electricity mix and 
the size of the interconnected electricity system influence the balancing task in terms of the instantaneous 
adjustment to match changes in demand. Therefore, countries that have a large share of flexible 
technology capacities (e.g. hydropower) in their energy mix need less balancing costs.  
 
Intermittent PV systems require the long-term dispatchable back-up capacity to meet the electricity 
demand at all times (Pudjianto, et al., 2013; Keppler & Cometto, 2012). Non-dispatchable energies like PV 
contribute very little to generation system adequacy in Europe (the capacity credit of PV power in France 
is very low). The long-term back-up costs include investment and operation and maintenance costs to give 
additional adequacy capacities (demand increase) or to keep existing capacities available (constant 
demand); these costs are necessary to maintain a certain level of system reliability when variable energies 
are integrated into the electricity mix. The back-up costs account for the large fraction of the grid-level 
costs.  
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In another study, Ueckerdt et al. (Ueckerdt, et al., 2013) introduced the notion of system LCOE to evaluate 
the integration costs of intermittent energies. Ueckerdt et al. decomposed the integration costs into grid 
costs (network costs), balancing costs (supply & demand) and profile costs (a sum of adequacy, full-load 
hour reduction and overproduction of variable electricity). The study is based on the load duration curve 
approach. The load duration curve method involves ranking the required power capacity for each unit of 
time (hour-to-hour) in decreasing order. A residual load duration curve can be obtained by subtracting 
the power generation from variable wind or PV resources. The optimal mix can be obtained by taking the 
minimum power generation costs into account to meet the annual electricity demand. The most critical 
segment of integration costs (variability) concerns profile costs and balancing costs is of secondary 
economic importance. The reduced rate of utilization of conventional dispatchable plants led by high 
penetration of renewable energies is the key issue when assessing the integration costs (Hirth, et al., 2015). 
Ueckerdt et al. (2013) provided a mathematical method (Equation 6)14 to quantify the integration costs. 
 

# #  #  #      With      # # # π          φ 

 
They provided an in-depth insight into the evaluation of integration cost of variable energies by 
differentiating the timeframe of integration. The study explained the differences between short-term (ST) 
and long-term (LT) perspective of variable renewable energy (VRE) integration. The short-term perspective 
represents a fast deployment of VRE without adaptation. The conventional dispatchable capacities remain 
unchanged after introducing VRE. In contrast, the long-term perceptive assumes an accomplishment of 
the power system transition. The dispatchable capacities have time to fully and optimally adapt to the 
integration of VRE with a new long-term equilibrium (optim). Ueckerdt et al. proposed new mathematical 
expressions to calculate profile costs according to these two cases (Equation (7) and (8)) 15. They allow to 

                                                           
14 With: 

ὅ  : Integration costs of variable renewable energies (VRE), 
#  : Costs of grid extension and upgrading, #  : Balancing costs,  ὅ : Profile costs, 

ὅ  : All other costs for the residual system with VRE integration (including generation costs of dispatchable 
plants, costs for reserve  requirements, balancing services, grid costs and storage systems) 
ὅ πȡ ¢ƻǘŀƭ Ŏƻǎǘǎ ǘƻ ƳŜŜǘ ŀ ǎȅǎǘŜƳΩǎ ŘŜƳŀƴŘ ǿƛǘƘƻǳǘ ±w9 ƎŜƴŜǊŀǘƛƻƴΣ  
Ὁ : The resulting residual load with VRE (provided by dispatchable power plants), 

Ὁ ȡ  tƻǿŜǊ ǎȅǎǘŜƳΩǎ ŀƴƴǳŀƭ ǇƻǿŜǊ ŘŜƳŀƴŘ όŜȄƻƎŜƴƻǳǎ ŦŀŎǘƻǊύ 
 
15    

ἍἺἭἻἱἬ
ἷἸἼἱἵ

ἢἹȟ ἏἤἠἏἍἵἱἶἢἹȟ ἏἤἠἏ

ἹἸἭἩἳ

ἬἹ           

With  

- ὅ  : Costs of residual system after VRE integration in a long-term perspective (the mix adapts 

in response to the transformation with VRE integration), 
- Ὁ ȡ Power generation from VRE 
- ή  : Annual peak demand of electricity,  

- ὝήȟὉ  : Full-load hours for power demand Ñȟ  
- ὅ ὝήȟὉ  : Generation costs from the cheapest production capacity (i.e. nuclear, gas and 
coal) to operate a full-load hours of 4Ñȟ% . 
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evaluate effects of PV integration according to the different speed of integration, the short-term and long-
term. Our study quantified PV integration costs based on this mathematical approach. 
 

3.3.3 Other financial impacts 
As seen, the PV integration into the existing electricity mix reduces the operation hours and the capacity 
factor of dispatchable conventional plants and eventually influences their profitability. This issue is critical 
because they are compulsory to maintain the security of electricity systems. The negative financial impacts 
on existing dispatchable capacities can be discussed related to the current electricity price formation. The 
current management of the electric power system ranks the capacities in ascending order of marginal costs 
of production (merit order). The ranking is organised on the basis of the day-ahead declaration of available 
capacities. The electricity price is determined by the highest marginal costs of production units to satisfy 
the demand. The price is imposed to all other producers. The base-load capacities have low variable costs 
and they are ranked first (e.g. run-of-the-river hydroelectricity, nuclear). The peaking capacities have high 
variable costs and they are ranked last (e.g. oil, gas).  
 
PV electricity with low marginal costs is ranked first in the merit order before base-load capacities and the 
merit order shifts to the right. However, the electricity demand is inelastic; the price variability does not 
have much impact on consumption. Therefore, the electricity price is reduced with the same demand 
curve (Haas, et al., 2013; Commissariat Général à la Stratégie et la Prospective (CGSP), 2014). It raises an 
issue with the payment of the initial investment (losses of infra marginal rent). In addition, in terms of the 
temporarily reduced demand, it is sometime technically too difficult to shut down a capacity for only a 
short time. This occurs when PV production is maximum (i.e. summer daytime). In extreme cases, the 
market price can be negative. It also concerns the reduced use of the peak capacities that in turn reduces 
the revenues of conventional power plants. With the deterioration in the peak coefficient16, the extreme 
peaking capacities become an issue since they cannot cover their fixed costs (Hogan, 2005) (the missing 
money). This would thus exacerbate the problem in terms of future investment choices; investors are 
reluctant to build conventional plants because of the uncertainty in recovering the capital invested. This 
threatens the energy supply security.  

                                                           

ἍἺἭἻἱἬ
ἡἢ ἢἹȟ ἏἤἠἏἍἼἭἢἹȟ ἏἤἠἏ

ἹἼἭȟἵἩὀ

ἹἼἭȟἵἱἶ

ἬἹ

ἼἭ

           

 
With  

- ὅ  : Costs of residual system after VRE integration in a short-term perspective (The dispatchable 
capacities  remain unchanged, the mix is not able to adapt in response to the transformation), 

- ὸὩ : Considered dispatchable power generation technologies (i.e. nuclear, gas and coal), 
- ή ȟ  and  ή ȟ  : The lower bound and the upper bound of the zone powered by technologies 

ὸὩ respectively, on the vertical axis of residual load duration curve, 
- ὝήȟὉ  : Full-load hours for power demand ή , 
- ὅ ὝήȟὉ  : Generation costs of technologies ὸὩ with a full-load hour value of ὝήȟὉ . 

16 The peak coefficient is the ratio between the average hourly production during the year and the peak production 
(Heinen, et al., 2011). 
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Figure 5: Merit order and electricity price formation 

Another issue should be discussed with regard to electricity tariffs. The shift to PV self-consumption 
induces loss of grid operator revenues (Yu & Popiolek, 2015). Electricity retail tariffs are often composed 
of various costs like electricity generation, grid management and taxes. The maximum grid capacity must 
be kept to maintain the security of power supply because of a low capacity credit of PV. Grid operators will 
have more activities to manage the integration of variable PV energies and it is important to secure budget 
for grid financing. However, risks exist related to electricity tariffs because hidden losses of ǎǘŀƪŜƘƻƭŘŜǊΩǎ 
revenues occur when fewer consumers purchase the electricity from the grid. 
 

4. RESULTS AND DISCUSSIONS 

 

4.1 What costs for French residential PV self-consumption systems in 2030?   

4.1.1 Prospect for PV system cost reductions 
In order to project the PV power generation costs in 2030, we first estimated the PV residential system 
costs in 2030 using Equations (4) and (5). As indicated, our calculation was based on the costs of two types 
of French residential PV systems using c-Si PV technology, i.e. BIPV system cost of $2.67/Wp and BAPV 
system cost of $2.05/Wp and a learning rate of 18% (IEA, 2010, p. 18). Table 2 presents the projected costs 
of residential PV systems in France in 2030.  
 

 2015 
 

IEA scenarios for 2030 

2DS Hi-Ren  

World PV cumulated installations (GWp) 227 842 1721 

BIPV system cost ($/Wp) 2.67 1.83 1.49 

BAPV system cost ($/Wp) 2.05 1.41 1.15 

Table 2 : Estimated residential PV system costs in 2030 based on the IEA scenarios 

 


