N
N

N

HAL

open science

Dynamic (Mis)allocation of Investments in Solar Energy

Nicolas Astier, Nicolas Hatem

» To cite this version:

Nicolas Astier, Nicolas Hatem. Dynamic (Mis)allocation of Investments in Solar Energy. 2023. hal-

04320497

HAL Id: hal-04320497
https://pse.hal.science/hal-04320497

Preprint submitted on 4 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://pse.hal.science/hal-04320497
https://hal.archives-ouvertes.fr

DyNAMIC (MIS)ALLOCATION OF INVESTMENTS IN SOLAR ENERGY*

Nicolas Astiert Nicolas Hatem?*

December 4, 2023

Abstract

Because they differ in terms of technology, size and location, solar photovoltaic installations
exhibit very heterogeneous levelized costs of producing electricity. Therefore, the present
value cost of meeting a given trajectory of annual solar energy production depends on which
projects are commissioned when: the observed sequence of investment decisions need not
be cost-efficient. We propose a methodology to assess dynamic misallocation by compar-
ing the present value cost of realized investments to a counterfactual optimal sequence of
investments. Applying our methodology to France between 2005 and 2021, we find that
the observed trajectory of annual solar production could have been obtained at a present
value cost almost 30% lower than its realized value. Our optimized counterfactual suggests
that investments in residential solar should have on average been postponed by 7 years, while
investments in medium and large-scale installations should have occurred 2 to 4 years earlier.

Keywords: solar photovoltaic, renewable energy, renewable policies, misallocation, cost-

efficiency
JEL: H23, Q42, Q48, Q52

*The views expressed in this paper are those of the authors alone and may not represent the views of
Engie or any other institution. We are grateful to seminar participants at the Paris School of Economics, the
XI international academic symposium of the Institut d’Economia de Barcelona, the 1st PhD conference of
the European Electricity Markets Chair (Paris Dauphine), the 9th International Symposium on Environment
& Energy Finance Issues, NEOMA workshop on the decentralization of the energy system, the 28th EAERE
Annual Conference, the 18th TAEE European Conference, the FSR Loyola Autumn Research School and the
9th Joint Research Workshop Public Policies and Sustainable Development (Paris) for their feedback and
suggestions. Remaining errors are ours.

"Paris School of Economics, Ecole des Ponts. Email: nicolas.astier[at]psemail.eu

¥Engie and Paris School of Economics. Email: nicolas.hatem[at]psemail.eu



1 Introduction

Increasing the share of solar photovoltaic (PV) energy in electricity supply is a cornerstone of
both existing and envisioned climate policiesE Therefore, investments in solar energy, which
have exceeded $100 billion/year globally over the past decade (IRENA and CPI, 2020)), are
expected to remain high or even to accelerate in the near future.

Meeting the objectives of the Paris agreement, however, requires an energy transition of
an unprecedented speed. In this context, improving the cost-efficiency of investments in solar
energy, that is how much renewable electricity is produced per dollar invested, is of critical
importance. Indeed, any significant inefficiency regarding when and where solar facilities are
deployed means that more solar energy could have been generated with the same amount of
private investments and public subsidies.

Following (Callaway et al.| (2018), the literature on the misallocation of solar investments
has mainly focused on inefficiencies regarding where solar facilities are built. This body of
work typically highlights that a social planner would have located solar facilities differently
than what is observed in practice. In contrast, this paper studies inefficiencies regarding when
investments in different types of solar installations took place. Indeed, solar PV installations
differ significantly in terms of location (available resource, proximity to the existing power
grid), size (e.g. residential vs. utility-scale installations) and technology. As a result, the
levelized cost of electricity (LCOE), that is, the ratio of the sum of the discounted costs of an
installation and the sum of its discounted energy output, is highly heterogeneous across solar
facilities. Therefore, an exogenously given trajectory of annual solar energy generation can
be met at very different present value costs. In particular, the observed timing of investment
decisions need not be cost-efficient.

Building on this observation, we propose a methodology to quantify the magnitude of
dynamic misallocation in solar investments, which we apply to France for the period 2005-

2021. We find that the relative cost of dynamic misallocation may have been as high as 30%,

! Consistently, reports from the Intergovernmental Panel on Climate Change (e.g. [Portner et al.| (2022))
consider solar energy to be one of the main potential contributor to net emission reductions (see for example
Figure SPM.7).



meaning that the exact same amount of solar electricity could have been produced each year
at only 70% of the realized present value cost.

The magnitude of this dynamic misallocation is significantly larger than other estimates
of (static) misallocation found in the literature (Sexton et al. 2021; |[Lamp and Samano,
2023). For example, [Lamp and Samano| (2023) estimate that reallocating residential solar
facilities across space in Germany could have increased their social value by about 5% relative
to their realized social value. Similarly, |Colas and Saulnier| (2023) estimates a misallocation
of 6-11% for residential PV in the United States. In contrast to these papers, however, we
study all categories of solar PV installations rather than focusing only on residential PV.
When adding the constraint that each category of PV installations must meet the trajectory
of annual output that they have actually produced, for example to capture a situation where
learning-by-doing would be entirely category specific, we assess misallocation to be about
6%, in line with previous estimates.

Misallocation in solar investments necessarily arises from some source of heterogeneity
in photovoltaic installations. Existing studies usually focus on the heterogeneity in the
gross social marginal value of electricity. For example, [Callaway et al.| (2018) note that
different solar facilities displace generation output from power plants with different fuel
costs and environmental externalities. Lamp and Samano, (2023) study the same source of
heterogeneity, along with differences in solar irradiation. Focusing attention on differences
in which power plants are displaced at the margin makes indeed perfect sense for countries
that span across a large geographical area, such as the United States (Callaway et al., [2018;
Sexton et al., 2021)), and/or that experience high levels of congestion in their transmission
grid, such as Germany (Lamp and Samanol 2023).

In contrast, we consider a situation where the marginal social value of 1 kWh of electricity
generated by a solar facility is roughly uniform across space. This simplifying assumption
is indeed realistic for a country with a relatively small surface and whose transmission grid

experiences little congestion, such as Franceﬂ In addition, in the case of France, small-

2Consistently, |Callaway et al.[(2018)) note “We find that variation in the quantity of emissions displaced by
wind, solar, and efficiency resources is significant across regions but limited across resources within a region”.



scale installations connected to the distribution grid have been found to deliver negligible
grid savings relative to larger scale transmission-connected facilities (Astier et all, 2023]).
However, solar facilities are very heterogeneous in terms of levelized costs, notably due
to economies of scale and differences in solar irradiation. For example, typical estimates
suggest that the LCOE of a residential rooftop installation is two to three times higher
than the LCOE of a large-scale ground-mounted solar farm. Even within a given type of
installations, for example 90kW rooftop facilities, LCOEs remain very heterogeneous because
they depend on average irradiation, roof orientation, how difficult it is to install the panels,
etc.

Building on |Asker et al.[(2019), we consider the dynamic optimization problem faced by a
social planner who must choose, over a period of several years, the commissioning dates of a
given set of solar facilities. The optimization is made under the constraint to meet an exoge-
nously given trajectory of total annual production, corresponding to the total solar output
actually generated each year. Because we assume the marginal social value of electricity at
a given point in time to be uniform across installations, any combination of commissioning
dates that meets these annual production targets generates the same gross social surplus.
The social planner’s objective is therefore to minimize the present value of investment and
operating costs under a set of annual aggregate output constraints. Misallocation may then
arise in a dynamic sense: the present value cost of realized investments can be significantly
larger than the present value cost of the optimal sequence of investments.

In a number of ways, our methodology provides a lower bound of the magnitude of
dynamic misallocation. We indeed shut down three important channels of potential ineffi-
ciencies. First, as discussed above, we assume the social value of solar energy to be uniform
across space. Second, we restrict attention to locations where solar facilities actually exist
today. In other words, we do not allow for changes in the size or the location of solar in-
stallations. Therefore, our methodology does not suffer from possible measurement errors
regarding the actual feasibility of installing a solar power plant at a given location, which
would otherwise be confounded with misallocation. In addition, we take the installed capac-

ity of a given unit as exogenous, and hence do not allow for inefficiencies in the size chosen for



each unit. Third, our optimized trajectory for annual solar production matches the realized
trajectory. We thus do not allow for the possibility that it may have been welfare improving
to produce more (or less) solar electricity in any given year.

Despite these conservative assumptions, we find dynamic misallocation to be very large
when applying our methodology to the case of France. More precisely, we estimate that the
exact same amount of solar electricity could have been generated each year from (a subset
of) the exact same fleet of solar installations for about 70% of the realized present value
cost. The comparison between the realized and optimized sequences of investments suggests
that investments in residential solar should have on average been postponed by 7 years, while
investments in medium and large-scale installations should have occurred 2 to 4 years earlier.
These results are consistent with the observation that, over our period of interest, residential
solar has benefited from significantly higher subsidies per unit of output than utility-scale
installations. Arguably, this stronger policy support for residential solar may have pursued
other policy objectives besides efficiency. If so, the dynamic misallocation we assess reflects
the social opportunity cost of such objectives.

This work contributes to a vast literature on the design and efficiency of renewable
electricity policies (e.g. Borenstein| (2012); Fell and Linn| (2013); |Abrell et al.| (2019ayb));
Ambec and Crampes| (2019)); |Abrell and Kosch| (2022), among many others), as well as their
distributional impacts (e.g. Reguant| (2019); Liski and Vehvilainen| (2020)). Within this
literature, the cross-sectional heterogeneity in the marginal social value of renewable facilities
plays a very prominent role (Cullen) 2013} Novan, 2015} Wolak, [2016; Callaway et al., 2018;
Gillingham and Ovaere, 2020; |Sexton et all |2021; Lamp and Samano|, |2023). In contrast,
little to no attention has been dedicated to the significant heterogeneity in the investment
costs of solar units, and its potential implications in terms of dynamic misallocation. This
article aims to fill this gap.

The rest of the paper is organized as follows. Section [2] provides background information
on the different sources of heterogeneity in the LCOE of solar facilities. Section [3| formalizes
the problem we study and defines our concept of dynamic misallocation. Section [4] discusses

how solar energy was deployed in France over the past two decades and describes the data



we use in our empirical application. Section [5] presents our main results. Section [] discusses

robustness checks and policy implications. Finally Section [7] concludes.

2 Solar energy and misallocation

2.1 Heterogeneity in solar installations

Solar facilities can differ along many dimensions, and can therefore be very heterogeneous
in both their private and social net values.

First, the solar resource available at a given location depends on its average solar irra-
diation, which increases as one moves closer to the equator. France has relatively similar
solar irradiance coeflicients across its territory in comparison to many other countries. Yet,
significant differences exist between the Northern and the Southern parts of the country.
Figure in Appendix [B] illustrates this heterogeneity. In particular, it shows that the
expected output per unit of installed capacity can be twice higher in the best locations than
in the worst locations.

Second, solar panels of different technologies are characterized by different efficiencies in
converting solar irradiation into electricity. For example, Crystalline Si solar cells have a
maximum efficiency of 26% whereas Amorphous Si have a maximum efficiency of only 14%
(Allouhi et al., 2022). In France, most PV panels are Crystalline Si (60% of ground PV and
90% of rooftop PV projects) and a minority are CdTe solar panels (27% of ground projects
and 4% of shelters)ﬂ the latter having a maximum efficiency of about 22% (Allouhi et al.,
2022). Differences induced by heterogeneous technologies across solar PV projects in France
can thus typically reach a few percentage points. This difference can however be much higher
between projects that install a tracking system and those that do notE|

Third, investments costs per unit of installed capacity can differ significantly across
projects and over time. For example, fixed costs represent a much lower share of total costs

for a 300,000 kW ground-mounted project than for a 3 kW unit. Moreover, the latter is

3Source: [CREJ (2019).
4A tracking system changes automatically the orientation of solar panels to follow the trajectory of the
sun in order to maintain the optimum angle to receive the highest solar radiation possible.



usually installed on a roof, requiring complex tasks which may be hard to standardize or
automate. In addition, installation costs have changed significantly over time. In particular,
the prevailing prices of PV modules have decreased dramatically over the past couple of
decades, notably thanks to economies of scale and technological progress in manufacturing.

Finally, for medium and large-scale installations, connection costs to the electricity grid
scale approximately proportionally to their distance to the closest substation. In contrast,

small-scale rooftop installations do not require new power lines to connect to the grid.
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Figure 1: Distributions of LCOEs (€/MWh) for ground-mounted and rooftop PV facilities
from our dataset (see Appendix [B| for details).

In practice, the above sources of heterogeneity are compounded. Therefore, the levelized
cost of electricity (LCOE), that is, the ratio of the sum of the discounted costs of an in-
stallation and the sum of its discounted energy output, is highly heterogeneous across solar
facilities. In particular, as illustrated in Figure [I], the LCOE of residential solar projects can
be two to three times larger than the LCOE of utility-scale projects. Figure [1] also shows

that LCOEs have decreased substantially over time across all types of solar installations.



2.2 Possible channels of misallocation

Conceptually, the net social value of the electricity produced by a solar installation is:

. . .. Total levelized costs
Net social value = Opportunity cost of electricity - Total Tovelized Jucti 1)
otal levelized production

In this expression, the opportunity cost of electricity corresponds to the social cost of
displaced power plants (in expectation, weighted by hourly PV output), that is, generators
that are marginal when the solar facility generates electricity. This opportunity cost includes
private costs (e.g. fuel) as well as externalities (carbon emissions, local pollutants such as
PM 2.5, etc.). In what follows, we assume that this opportunity cost of electricity is uniform,
or at least that its variance across solar installations is much smaller than the variance in
the second term of expression . This simplifying assumption is motivated by the fact that
we use France as a case study for our empirical application. First, France has a relatively
small surface, allowing us to assume, as a first approximation, that the normalized profile
of solar production is roughly similar across facilities. Second, under the prevailing market
design over our period of interest, the transmission grid was seldom congested. Therefore,
the power plant displaced by a solar facility in a given hour only very rarely depended
on the location of the solar facility. Third, Astier et al. (2023) find that distributed solar
installations in France are unlikely to deliver substantial savings in future grid investments,
implying that small-scale installations connecting to the distribution grid provide negligible
external benefits relative to larger transmission-connected facilities.

Total levelized costs include capital expenditures, connection costs to the power grid and
operation and maintenance costs. These costs vary significantly both across types of facilities
(due to economies of scale) and over time (learning-by-doing). Finally, total levelized pro-
duction represents the discounted amount of electricity generated. This quantity varies by
location (available resource), technology, as well as over time (technological improvements).

In most existing studies, misallocation stems from the heterogeneity in the opportunity
cost of electricity and/or in total levelized production. In other words, total levelized costs

are implicitly assumed to be roughly uniform across installations (per unit of capacity).



In contrast, we assume in what follows that the opportunity cost of electricity is roughly
uniform across installations, but we account for the heterogeneity in both total levelized

production and total levelized costs.

3 Dynamic misallocation

3.1 General framework

Assumptions and notations

Our framework builds on |Asker et al.| (2019)), where the authors assess the magnitude of
dynamic misallocation in the context of oil extraction. We adapt their approach to account
for the characteristics of solar facilities that differ from those of oil fields.

Misallocation is defined relative to an “optimal” counterfactual. The choice of this coun-
terfactual is of course critical. In particular, if the optimal counterfactual allows for outcomes
that are infeasible in practice, misallocation will be partially confounded with measurement
errors and, therefore, over-estimated. In order to avoid this pitfall to the largest extent
possible, we make a number of conservative assumptions.

First, we keep constant the trajectory of total annual electricity generation from solar
facilities {F;}4=1..7. In other words, the optimized sequence of solar investments has to
produce in each year ¢ the same number of kWh as the observed aggregate output E; from
the investments that were made in practice. We thus do not allow for the realized trajectory
of solar generation being inefficient in terms of the aggregate gross social value that was
created. Instead, given our assumption that the social opportunity cost of electricity is
uniform across solar units, the total gross social value from solar energy is the same under
both the realized and optimized scenarios.

Second, we assume that solar facilities (i) can only be installed at the location where
they actually exist today; and (ii) cannot be sized differently than their actual size. We
therefore do not face the risk of being mistakenly optimistic about how much solar capacity
can be realistically installed in a given region, or about how large a given installation could

have been. This feature is particularly important because local acceptability constraints, as



well as technical and administrative constraints, are always imperfectly observed and can
prove very hard to capture accurately at a disaggregated level. In particular, restricting
attention to existing solar installations alleviates the concern that land use conflicts would
put constraints on how much utility-scale capacity can actually be built.

We index solar facilities by i and denote with z;; € [0,1] the fraction of unit ¢ that is
commissioned in year tE| We further denote with ¢;; the total present value cost (invest-
ment, connection to the grid, O&M discounted at commissioning date) of unit ¢ when it is
commissioned in year ¢ (in euros). Note that this definition allows for (exogenous) learning-
by-doing, that is, situations where c¢;; decreases with t. We further discuss learning-by-doing
in Section @ Finally, the output in year ¢ of a plant ¢ that was commissioned in year '
is denoted with ey (in kWh). This formulation allows to account for both technological
progress in conversion efficiency and the fact that the efficiency of solar panels decreases over

time due to wear and tear.

Social planner problem

A social planner discounts future cash flows at a rate p € [0,1] and can build solar
units from an exogenously given set of installations. He seeks to optimize the sequence of
investments in solar facilities under the constraint to meet an exogenously given trajectory

of aggregate production {FE;};—1 7. He therefore faces the following problemﬁ

5We do not constrain z;; to be an integer because, in the case of our optimization problem, the optimal
solution sets the value of z;; to either 0 or 1 for the vast majority of installation-year pairs. This convex
relaxation greatly simplifies our numerical computations without impacting our results in any significant way.

5Note that the formulation of the problem implicitly assumes that the termination value does not depend
on the chosen sequence of investments. This assumption does not hold exactly in our numerical application
due to differential technological progress with impacts beyond year T' (conversion efficiency and O&M costs).
However, differences in termination values are small relative to total costs, so that neglecting differences in
termination values represents a sensible simplification.

10



T N
min E Pt E TitCit
Tit )
t=1 i=1

s.t.
N t
Vit € {1, ...,T}, Z (Z xit’eit’t> Z Et (ptAt)
i=1 \#'=1
T
Vie{l,..,N}, > au<1 (i)
t=1
vie{l,.,.N},Vte{l,..,T}, x4>0 (ptﬁit)

The objective function is the present value total cost of solar units (capital costs, grid
connection and O&M). The first set of constraints corresponds to the target trajectory of
annual solar generation { E; };—1._p. For a given unit 7 in a given year ¢, the sum Zi,zl Tt €ttt
is positive if, and only if, the plant has been commissioned by year ¢ (otherwise, x;; = 0 for
all ' < t). If the unit has indeed been commissioned by year ¢, we then have Zi/:l Tip Cipy =
€it. (i)t Where t.(i) is the commissioning year of unit i (v = 0 for ¢’ # t.(i)). Therefore,
Zi’:l Tip ey corresponds to the output of unit ¢ in year t. The sum of production levels
in year ¢ across all units must be greater or equal to the target amount of solar generation
E, for that year. The second set of constraints ensures that a facility can be commissioned
only once. Note that installed capacities (in kW) are not explicitly modeled as variables,
but are instead indirectly captured by the variables ¢;; and e;;. Indeed, both total cost c;;
(in euros) and yearly output e;; (in kWh) will be larger for bigger units. Finally, the last
set of constraints reflects the fact that solar units are physical assets. As a result, it is not
possible to “short sale” generation from inefficient units to trade it off against generation
from more efficient units.

A key observation is that the social planner is facing a linear optimization problem, which

can be solved with a wide range of available software[]

Measuring misallocation

If we denote with {x},}i=1. nt=1..7 the optimized investment decisions, we can compute

"We use the solver Gurobi in what follows.
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the cost-efficient present value cost PV* of meeting the trajectory of annual solar generation

targets as:

T N
— 4 *
PV* = g p E T3Cit
t=1 i=1

However, the realized investments are instead {xgt}izl,_ N,t=1..T, With a corresponding present

value cost PV0:

T N
0 — § t § 0
PV = P l'itCit
t=1 i=1

We then define (relative) dynamic misallocation m as:

PV — py*
PVoO

3
If

This metric captures the fraction of the total present value cost of realized investments that
may be considered as inefﬁcientﬁ
3.2 Special case of static LCOEs

In order to build intuition, consider the simplest case where the cost and expected output

of each installation do not change over time:
Vi, t, ciy = ¢; and Vi, t,t, eqy = €
Up to a common scaling factor, we can define the LCOE L; of solar facility ¢ asﬂ

Ci
Li==

€;

Without loss of generality we assume that solar units are indexed such that:

Li<Ly<..<Ly <Ly

8Note that since, by definition, PV* < PV?°, choosing to express misallocation as a fraction of realized
costs rather than of optimized costs mechanically yields lower values for relative misallocation. For example,
a misallocation of 50% with our metric means the realized trajectory of investments is twice as expensive as
the optimal trajectory.

9Since we defined ¢; as total present value costs (including O&M costs) and e; as annual electricity

Ci

generation of unit ¢, the proper definition of the LCOE of unit i is LCOFE; = S S where 7 is the lifetime
T t=1
(in years) of a solar unit. We thus have L; = (}.;_, p') LCOE;.

12



Then, denoting i9 = 0 and iz = N, one can show (see Appendix @ that there exist
thresholds:

such that it is optimal to commission in year ¢ the units whose index ¢ is such that:
Tl <1< it

In other words, the cost-efficient investment decisions boil down to installing solar facilities
in increasing order of LCOE. In the first year, the facilities with the lowest LCOE are built
until total expected output reaches E7. In the second year, the remaining facilities with the
lowest LCOE are then commissioned until the total expected output of the whole generation
fleet reaches E5. And so on and so forth.

In the general case, however, the incentive to first install the facilities with the lowest
LCOE has to be traded-off against the prospects of future improvements in LCOE. To see
this, consider two facilities A and B with similar LCOEs today (L% = L% — e with 0 <
€ << 1) but different prospects in terms of future technological improvements. Specifically,
assume that the social planner expects that, at a later date ¢, we will have Lf4 << LtB.
In this situation, it is preferable to first install unit B in order to be able to benefit from
the larger technological improvements that unit A will enjoy. Therefore, we cannot derive
unambiguous analytical results in the general case. Instead, we turn to a realistic numerical

case study.

4 Application to France

4.1 Institutional background

France ranks fifth among countries of the European Union in terms of installed solar PV
capacity, with 12.5 GW installed as of January 1st, 2022 (France Territoire Solaire, 2022).
France is committed to further increase its installed capacity in order to meet the renewable

generation objectives set by the European Union. Consistently, the French government’s

13



multi-annual investment plan for electricity generation targets an increase in annual instal-
lation rates.

Over the past two decades, France has relied on a number of public support mechanisms
to promote solar energy. For the most part, these mechanisms have consisted of feed-in-
tariffs (FiTs). These tariffs were introduced in the 2000s and represent a commitment to
purchase energy at a fixed price for a period of 20 years.

Below a certain size threshold (initially 100 kW), any installation is eligible to receive
an exogenously given but regularly updated FiT. The received tariff (in €/MWh), however,
decreases with the size of the installation. In addition, the level of these FiTs has decreased
over time, somewhat following the decrease in the costs of PV modules. For instance FiTs

ranged between 300 and 550 €/MWHh in 2006, and between 90 and 180 €/MWh in 2021.

Table 1: Annual PV capacity (MW) auctioned by the French Energy Regulation Commission
broken down by categories.

Auctions before 2016 Auctions after 2016

Categories Rooftop All Rooftop  Ground
(MW) 0.1-0.25 >0.25 >0.1 >0.5
Year Annual volumes auctioned (MW)

2012 240 450

2013 300 400

2014 120

2015 400

2016 240

2017 450 1000
2018 425 1200
2019 1700
2020 450 1000
2021 450 1100

Soure: adapted from www.photovoltaique.infol

Larger projects (above the automatic eligibility threshold for FiTs) have to participate
in technology-specific (e.g. ground-mounted versus rooftop) auctions in order to be granted
a tariff. These auctions were introduced in 2011, partially as a response to the significant
gap between the levels of FiTs and the declining costs of PV installations. They are orga-

nized by the French Energy Regulation Commission (CRE), using a pay-as-bid format with

14
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technology-specific capacity targets set by the government. Table [1| shows the total volumes
auctioned since 2011, broken down by year and (simplified) project categories.
The vast majority of solar units in France are distributed, that is, consist of relatively

small-scale installations that connect to the distribution grid. More precisely, the French

solar generation fleet may be roughly decomposed as follows (France Territoire Solaire, 2022)).

Almost half (46%) of the total installed capacity consists of rooftop power plants with a size
lower than 250 kWH Most auctions for larger installation (ground-mounted and parking
shelter) were only introduced after 2016, with a size cap at 17 MW. Therefore, only 6% of

the total solar capacity consists of larger installations connecting to the transmission grid.

15000

10000

Count

5000+

01 10 100
Capacity (in MW)

Figure 2: Histogram of PV project sizes for units bigger than 36 kW.

Figure |2 shows the distribution of the size of non-residential PV projects (installations
bigger than 36 kW) as of 2022. We observe that many installations have bunched at 100 kW,
which likely stems from attractive FiTs rates before 2011 and specific rooftop PV auctions

before 2016.

0Tndeed, a significant fraction of the auctions that took place before 2016 were restricted to rooftop PV
projects between 100 and 250 kW (Table [I). This category also includes residential PV projects, which
represent 13% of the total capacity.

15



4.2 Data sources

We build a dataset that keeps track of (i) when and where solar projects were commissioned,;
(ii) the likely costs of solar projects as a function of both their characteristics and commis-
sioning date; and (iii) the observed or simulated yearly output of each project in a given
year, also as a function of both their characteristics and commissioning date.

Our main data source is a public registry listing the universe of power plants in Franceﬂ
We observe 50,000+ installations commissioned between 2005 and 20217 The dataset
reports the location of solar units at the county (“commune”) or sub-county (“IRIS”) level,
as well as their installed capacity and, for most of them, realized annual output and upstream
substation.

We define categories of installations based on size bins and on whether they are rooftop or
ground-mounted. We then use several public resources to estimate how the investment cost
and the conversion efficiency of the different categories of solar facilities have evolved over
time (IRENA} 2020; CRE, [2014, [2019). Appendixdetails how we make use of these various
data sources. For ground-mounted installations, grid connection costs are assessed based on
the distance to the upstream (or, when unknown, closest) grid substationH Specifically,
we compute the as-the-crow-flies distance between the substation to which the installation
connects and the centroid of the county where it sits. This distance is then multiplied
by a connection cost of 100 €/meter when the unit connects to the medium voltage grid,
and by a connection cost of 1,000 €/meter when it connects to the transmission grid (see
Appendix E

Finally, the public registry of power plants provides, for most medium and large-scale
units, the total energy they produced in 2022. When no annual output was provided in the

dataset, we retrieved expected annual capacity factors at different locations from the website

Hhttps://www.data.gouv.fr/fr/datasets /registre-national-des-installations-de-production-et-de-stockage-
delectricite-au-31-12-2022-2/, last accessed on 30 August 2023.

'2The smallest installations are listed as bundles rather than as individual units (see below), so that the
actual number of individual units (when counting each small rooftop unit separately) is much higher.

13For the vast majority of units connecting to the medium or high voltage grids, we observe the substation
to which they connect. Units connecting to the low-voltage grid are rooftop installations and thus do not
require dedicated power lines to connect to the closest substation.

14 A1l costs are expressed in real 2019 euros.
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renewable ninja (Pfenninger and Staffell, 2016; [Staffell and Pfenninger, 2016)@

4.3 Description of the main variables

Categories of installations and observed commissioning dates (z9)

In what follows, we assign installations to categories that we use to assess cost functions
(see below and Appendix [B). These categories are defined according to (i) size bins; and
(ii) whether a given installation is rooftop or ground-mounted.

While the public registry of power plants reports the installed capacity of each unit, it
does not explicitly specify whether a given installation is a ground-mounted or a rooftop
unit. Therefore, we assess whether each observation is a rooftop or a ground-mounted unit
using different assignment strategies that are detailed in Appendix

In addition, for any installation 4, we further observe in the public registry its commis-
sioning date. However, for residential PV (rooftop < 36 kW), the registry aggregates units
at the county level. Because residential units in a given county are commissioned at differ-
ent dates, detailed information on commissioning dates is lost with spatial aggregation. To
address this issue, we proceed as in |Astier et al. (2023)) and use public information from the
French Department of Energy to construct time series of aggregated residential PV capacity
at the sub-regional (“departement”) level (see Appendix [C]).

Table [2| shows the eight categories of solar installations we use in our analysis, along with

relevant descriptive statistics.

Cost functions (c;;)

For each solar unit i, we build a time series variable c;; that represents the total present
value cost (investment and discounted O&M) of the unit, should it be commissioned in year ¢.
The variables ¢;; are calibrated using category-specific cost functions (see Appendix .

These costs functions include the cost of PV modules (retrieved from public sources), other

15Given the high degree of spatial correlation in solar irradiation, we only sampled the locations of the
substations which represent over 2,000 locations in France.

Whether a given unit is roof- or ground-mounted is assessed based on (i) its name (when available),
(ii) the prevailing size limits in technology-specific auctions, and (iii) geolocalized data on photovoltaic fa-
cilities retrieved from OpenStreetMap. Around 1,000 observations could not be assigned and are allocated
proportionally to the total installed capacity for each category at national level.

17



Table 2: Descriptive statistics by categories of photovoltaic facilities.

Category Obs. Capacity Capacity Years of commissioning Capacity factor Connection length
Mean (MW) Total (GW) [Perc. 20 - Perc. 80] mean mean (km)
E"&ggg ;f%ﬁegated 1,501 15 2.3 2008 - 2018 ?6%(4)11) 0
ggggofo.l A 25:669 0.09 2.2 2013 - 2021 (()(']%(;"2) 0
g;’fﬁ% AW 8,599 0.19 1.6 2011 - 2019 (()(']%812) (()fs)
A 303 1.2 0.3 2011 - 2020 ?(fgg) ?;5)
Eoig(ﬁw 51 47 0.2 2012 - 2020 (()(‘fgg) ?‘fl)
T N S 5
Sgoiml% AW 693 5.6 3.9 2014 - 2021 (()6%(?3) ?ng)
ST;IEW 181 12 2.2 2013 - 2021 ?&?2) ?f:a)

Note: Perc. 20 and Perc. 80 denote the lower and upper quintiles of the commissioning year distribution.
Standard deviations for capacity factors and connection lengths are enclosed in parentheses.

investment costs (that are assumed to decrease exponentially with category-specific growth
rates), and grid connection costs (when relevant)ﬂ

Figure |3 displays the cost trajectories for the eight categories of installations. The small-
est installations have cost trajectories that are (almost) always higher than the cost of other
categories. In contrast, the cost trajectories for larger installations cross multiple times. For
example, very large rooftop units (> 2.5 MW) start becoming more expensive than smaller

rooftop units in 2019.

Energy output (e;;)

For each solar unit ¢, we also compute energy output variables e;; which represent the
energy produced by installation ¢ in year ¢ if it is commissioned in year ' (in particular,
ey = 0 if ¢ < ¢'). These installation-specific yearly outputs are built as follows. We first
retrieve from the public registry of power plants the annual capacity factor of each installation

for the year 2022@ In order to estimate capacity factors for other years and other possible

1"The decomposition of investment costs for the project categories larger than 100 kW are obtained from
CRE]| (2014} [2019)). Investment costs for the other categories are retrieved from [RENA| (2020) and extrapo-
lated for years before 2010. The costs of modules are retrieved from IRENA| (2020). For further details, see
Appendix El

18This information is available for 93% of observations. The capacity factor for the remaining installations
are estimated using the renewable ninja website (Pfenninger and Staffell, 2016; |Staffell and Pfenninger)
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Type
Roof < 0.036 MW
Roof 0.036-0.1 MW
~~ Roof 0.1-0.5 MW
~ Roof 0.5-2.5 MW
*** Roof > 2.5 MW
*= Ground 0.5-2.5 MW
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T ey Ground 2 .5-10 MW
g :'_‘n.. Ground > 10 MW

2010 2013 2016 2019
Year

Figure 3: Cost trajectories (1,000 € per kW) by categories of photovoltaic facilities between
2010 and 2021 in logarithmic scale.

commissioning dates, we need to account for two compounding effects. On the one hand,
the earlier the commissioning date, the lower the conversion efficiency of PV technology. On
the other hand, the conversion efficiency of a given unit decreases over time due to wear and
tear. We estimate both effects directly from our data. Specifically, because the registry of
power plants has been published every year since 2017, we use previous editions to build a
panel of annual energy output over 2017-2022 for a set of 16,000+ installations. Using this
dataset, we estimate a -1% annual rate for depletion and 1% annual rate for technological
improvement (see Appendix [B.4)).

The average capacity factors in 2022 are reported in Table [2) broken down by category.
We notably observe that larger facilities have on average higher capacity factors. Indeed,
larger installations (i) may locate in places with higher solar irradiation than average, (ii) may
be equipped with tracking systems; and (iii) were installed towards the end of our study pe-
riod. Unit-level capacity factors are not directly observed for the smallest installations,

which represent 35% of total installed capacity. Our method to assign capacity factors to

2016). The corresponding installations are mostly residential PV systems, to which we assign capacity
factors assumed to be uniform over the area supplied by a given substation (see Appendix @
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these units relies on locally uniform simulated values, and therefore under-estimates the
true heterogeneity in actual capacity factors. This method for inputting missing data repre-
sents another channel through which our assessment of misallocation can be considered as

conservative (i.e., a lower bound).

5 Main results

5.1 Dynamic misallocation

We use our dataset to assess the magnitude of dynamic misallocation in the case of France
over the period 2005-2021. We find that the present value cost of the optimal sequence of
solar investments would have been 29% cheaper than the realized present value cost (i.e.,
m = 0.29). Specifically, we estimate the optimal trajectory to have a present value cost
of 18.4 billion euros, while the observed trajectory has a present value cost of 25.9 billion
euros@ It corresponds to a decrease in the levelized cost of solar energy of about 50 euros
per MWhT)

Figure [4] compares the realized and optimized trajectories of cumulative installed capac-
ity, broken down by category. Our main result seems to be driven by two main effects. First,
the optimization program leverages economies-of-scale by commissioning the larger solar
projects much earlier than they actually were. Table [3| reports the average change in com-
missioning dates for each project category. The optimization program postpones on average
residential PV by seven years, and installs ground-mounted and rooftop PV facilities bigger
than 2.5 MW two to four years before their observed commissioning dates. Second, the
optimization program anticipates differential trends in the decrease in investment costs. For
example, in order to benefit from lower investment costs, it delays medium-size rooftop PV
(between 0.1 and 0.5 MW) by three years compared to small-size rooftop (between 36 kW

and 0.1 MW). Indeed, the investment costs of small-size rooftop PV increase between 2016

YPresent values are computed as of 2005 with a discount rate of 4.5% (real), which is consistent with
French government’s guidelines for public infrastructures.

29The difference in LCOE is computed by taking the ratio of the present value cost of misallocation and
the total levelized energy produced by the solar fleet over a 20 year period after commissioning (assuming a
depletion in energy output of 1% per year and a discount rate of 4.5%).
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A: Observed trajectory

B: Optimized trajectory

Type Type
B Ground > 10 MW B Ground > 10 MW
M Ground 2.5-10 MW B Ground 2.5-10 MW
= B Ground 05-2.5 MW = B Ground 0.5-2.5 MW
o Roof > 0.5 MW o Roof > 0.5 MW
. Roof 0.1-0.5 MW Roof 0.1-0.5 MW
Roof 0.036-0.1 MW 5 Roof 0.036-0.1 MW
Roof < 0.036 MW Roof < 0.036 MW
0 0

2005 2010 2015

Year

2020 2005 2010 2015

Year

2020

Figure 4: Realized (left panel) vs optimized (right panel) trajectories (cumulative installed
capacity).

Note: Rooftop units of size ranging between 0.5-2.5 MW and greater than 2.5 MW are merged together for
more visibility.

and 2019. As a result, the optimization program allocates a substantial fraction of small-
size rooftop PV installations before the cost increase, with no installations of small-size PV

occurring between 2016 and 2019.

Table 3: Capacity weighted average change in commissioning dates (year observed - year
optimal) by category

Project Type Ground Rooftop

N obs. 1,419 36,123
Project Segment (MW)

> 10 4

25-10 2 4
0.5-25 -2 -2
0.1-0.5 -3
0.036 - 0.1 0

< 0.036 (Residential) -7

5.2 Sensitivity analyses

Because they are expressed in present value terms, our results are sensitive to our choice
of discount rate. Figure [5] shows, however, that the order of magnitude of misallocation

remains similar for a wide range of discount rates. This counter-intuitive result stems from
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the fact that we account for (exogenous) technological progressﬂ Indeed, in absolute terms,
the cost of smaller installations have decreased significantly more than the cost of larger
installations. A large fraction of the misallocation is thus driven by the early commissioning

of a large number of small installations (see below).

40

Misallocation (%)

0.00 0.05 0.10 0.15 0.20 0.25
Discount rate

Figure 5: Effect of varying discount rates on the part of misallocation (%)

One of the main inputs of our optimization program are investment cost time series for
each project category. These time series are imperfectly observed and therefore calibrated
with different data sources (see Appendix . In particular, because we do not have data
before 2010, we extrapolate investment costs functions for the period 2005-2010 assuming
category-specific exponential trends. We test the sensitivity of the estimated misallocation to
this extrapolation by looking instead at an extreme scenario where we set investment costs
for 2005-2010 to their 2010 level for each project category. Resulting cost functions thus
represent a lower bound for actual investment costs. Under this assumption, we estimate
that dynamic misallocation decreases to 27%, with present value costs for the realized and
optimized trajectories of respectively 25.1 billion and 18.2 billion euros. Our results are
therefore robust to different extrapolation strategies for investment costs occurring in the

early years of our study period. Indeed, despite their early commissioning (and therefore

21Gection |§| provides an in-depth discussion of the role of learning-by-doing.
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higher weight in present value terms), the projects commissioned before 2010 only represent
a small share of the total solar capacity, and therefore have a relatively small impact on the

total present value cost of solar investments.

6 Discussion

In this section, we explore various reasons that may help explaining the magnitude of the

estimated misallocation.

6.1 Decomposing misallocation

We decompose misallocation into various components by proceeding as follows. We first
define a partition of the set of installations (e.g. small, medium and big). We then define the
misallocation associated to each subset in the partition as the obtained misallocation when
only optimizing the commissioning dates of all installations but the ones in the considered
subset (which are frozen to their realized trajectory). In other words, we compute the
misallocation associated to given subset of solar installations as the obtained misallocation
when the social planner cannot change the commissioning dates of installations in this subset.

We study two such partitions of the universe of solar installations. First, we distinguish
the main categories of installations (ground-mounted, large rooftop, medium rooftop and
residential). Second, we partition installations according to their commissioning dates, dis-
tinguishing four distinct periods that roughly map into different phases of public support

regimes.

Misallocation decomposed by PV categories
First, we consider four mutually exclusive categories of PV projects:
e Ground-mounted installations, which were mostly developed through auctions.

e Large rooftop (> 100 kW), which were under FiTs until 2011 and auctions after 2011.

e Small rooftop (between 36 kW and 100 kW), which were under FiTs for the whole

period.
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o Residential PV (< 36 kW), which were under FiTs for the whole period.

For each category of installations, we optimize the investment trajectory while freezing
the commissioning dates of the corresponding installations. The obtained misallocation can
be thought of, as a first approximation, as the contribution of the considered category to the
total misallocation 2]

Table 4: Decomposition of the misallocation by project category
Present Value Difference with PV*  Additional LCOE

Frozen category Capacity share (Billion Euros) (Billion Euros) (Euros per MWh)
Ground 50% 19.9 1.5 20
Rooftop>100 kW 17% 18.8 0.4 17
Rooftop 36 to 100 kW 16% 18.7 0.3 15
Residential 17% 23.9 5.5 211

Note: Additional LCOE are calculated as the difference between the present value of category-constrained
optimization and unconstrained optimization, relative to the total levelized energy output of the category,
assuming a lifetime of 20 years and a depletion of the energy output of 1% per year.

Table [4] reports the obtained results. The present value costs of each constrained opti-
mization are displayed, along with their difference with the unconstrained optimal present
value cost. We observe that freezing the commissioning dates of residential PV installations
induces the largest misallocation, despite the fact that these units only represent 17% of
total installed capacity. Expressed as a ratio of absolute misallocation cost over the total
levelized energy generated, the misallocation cost of the realized trajectory for residential
PV is 211 euros per MWh. In contrast, the misallocation that may be attributed to other

categories is lower than 20 euros per MWh.

Misallocation decomposed by time windows

A second approach is to optimize the timing of investment decisions while taking as given
the investments that took place during a given time window. Reshuffling the commissioning
dates of PV installations is then only allowed for units that were commissioned outside of
the considered time window. We consider four different periods, roughly corresponding to

different phases in the policies supporting renewables:

223uch a “contribution” has to be understood in an “accounting” sense since we do not claim that our
methodology causally identifies the underlying mechanisms responsible for the observed misallocation.
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2005-2008: early FiTs.

2009-2012: temporary moratorium and significant subsequent changes in support regimes.

2013-2016: first auctions.

2017-2021: new auction regimes with higher volumes of large-scale projects.

Again, the difference between the present value cost of the optimal trajectory and the
present value cost of a constrained trajectory is interpreted, in an accounting sense, as the
contribution of the considered time window to the misallocation.

Table 5: Decomposition of the misallocation by time windows

Present Value Difference with PV*  Additional LCOE
(Billion Euros) (Billion Euros) (Euros per MWh)

Frozen period Capacity share

2005-2008 1% 18.7 0.3 341
2009-2012 26% 23.7 5.3 118
2013-2016 23% 19.4 1 26
2017-2021 51% 19.9 1.5 23

Note: Additional LCOE are calculated as the difference between the present value of time-constrained opti-
mization and unconstrained optimization, relative to the total levelized energy output of plants installed in
the time period, assuming a 20 years project lifetime and a depletion of the energy output of 1% per year.

Table [p| reports the obtained results. The first support mechanisms between 2005 and
2008 generated the highest misallocation per unit of energy produced (341 euros per MWh).
The misallocation then gradually decreased to reach 23 euros per MWh for auctions run
after 2016. In absolute value terms, the period 2009-2012 is associated with the largest

misallocation.

6.2 Learning-by-doing

So far, we have assumed that the present value total cost c¢;; of installation ¢ in year t
is exogenously given. This strong assumption deserves some discussion since learning-by-
doing is perceived as one of the main market failure that policies supporting PV generation
were trying to address. Credible amounts of learning-by-doing may indeed rationalize rel-
atively high initial subsidies (Van Benthem et al., |2008), assuming this learning-by-doing
is not appropriable, which is itself a debatable statement (Bollinger and Gillingham) 2019).
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Therefore, an important caveat of our framework is that it does not explicitly account for
learning-by-doing. This concern may however be less critical than one may expect.

First, a large fraction of the investment cost of a solar unit consists of its PV modules.
These modules are traded on a global market, in which France represents a negligible share
of total demand. Therefore, a significant portion of the observed decrease in investment
costs is truly exogenous.

Second, it seems reasonable to assume that a sizable fraction of endogenous learning,
such as decreasing O&M costs or improving conversion efficiency, can be related to the
total amount of electricity generated to date. Because our optimization keeps constant the
trajectory of annual aggregate generation of solar units, learning along these dimensions will
be identical under both the realized and optimized investment trajectories, at least to the
extent that learning spills over different installations in a similar way. The extreme polar
assumption would be to assume that learning is category-specific and does not spill across
categories of solar installations. We discuss this scenario in the next paragraph.

Finally, a residual share of learning is likely to relate to construction costs, and therefore
to scale with the total installed capacity of solar units rather than their aggregated output
to date. Because we do not treat installed capacity as an explicit variable, our framework
cannot account for such learning in a satisfactory manner. However, installed capacity and
total generation are highly correlated, so that the discussion of the previous paragraph also

applies, at least to some extent, to this type of learning-by-doing.

6.3 Cross-sectional misallocation

To study the implications of having zero learning spillovers across categories, we consider an
extreme scenario where learning-by-doing is fully endogenous and category-specific. For the
assumed cost trajectories to be valid in both the realized and optimized investment decisions,
we therefore constrain the annual aggregate output of each category of installations to remain
equal its realized value.

We believe this approach represents a lower bound estimate of dynamic misallocation

under endogenous category-specific learning-by-doing. In particular, we no longer allow the
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optimization to arbitrage differential learning rates across categories. Instead, inefficiencies
only occur within each category, for example due to location-specific capacity factors and
grid connection costs.

Under this scenario, we find that the observed sequence of investments nonetheless entails
a misallocation of 6%. This value can also be interpreted as the part of the misallocation that
comes exclusively from cross-sectional inefficiencies. In that regard, its order of magnitude
is similar to comparable estimates found in the literature (Lamp and Samano, [2023; |Colas
and Saulnier] 2023).

The maps in Figures to in Appendix show the (capacity-weighted) average dif-
ference in commissioning dates broken down by category. Ground-mounted facilities exhibit
the largest variation in the changes of commissioning dates. The optimization indeed lever-
ages the high cross-sectional heterogeneity in LCOEs for this category. Besides arbitraging
differences in solar irradiation conditions (e.g. postponing the commissioning of facilities in
the Northern and Eastern parts of France), changes are also driven by idiosyncratic ineffi-
ciencies, possibly tied to the relative quality of the sites on which facilities are developed.
For instance, the Southwestern part of France has good solar irradiation conditions, but
sees its installed capacity being postponed by 3 years on average relative to the observed
commissioning dates. This might stem from a significant number of sites that have less
sun exposure or are more distant from the electricity grid. In contrast, the changes in the
sequence of investments in smaller units seem to be mostly driven by local solar irradiation

conditions.

6.4 Imperfect information

Our framework assumes that the social planner can perfectly forecast all relevant informa-
tion, including future costs of solar units. This is of course a strong assumption since most
forecasts back in 2005 did not correctly anticipate the significant decrease in the costs of PV
installations. One may therefore wonder whether small mistakes in forecasting future costs
could rationalize the observed trajectory of investments.

We focus attention on residential PV, which we found to be associated with the bulk of the
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assessed misallocation. Specifically, although smaller installations were in 2005 significantly
more expensive than larger ones (on a per-MWh basis), a social planner might still have
preferred to start by installing residential PV first under some beliefs about the future
evolution of costs. Indeed, if larger installations were expected to benefit from much larger
technological improvements relative to residential PV, it could have been rational to first
install residential PV in order to wait for these improvements to materialize.

To explore this possibility, we assume that the social planner had correct beliefs about the
future costs of all installation categories but residential PV. This assumption is conservative
in the sense that these other categories have experienced a very strong decline in costs (about
—14%/year on average), significantly larger than many forecasts from the mid-2000s. We
then ask: what should have been the beliefs of the social planner regarding the future costs
of residential PV in order to choose to commission these installations at the beginning of
our study period?

Concretely, starting from assumed costs for 2005, we hypothesize different rates for the
decrease in residential PV costs and look at when residential PV is installed in the optimized
trajectory. We find that the social planner needs to believe that the cost of residential PV
will increase by at least 3.5%/year in order to install it at the beginning of our study
period. In other words, imperfect forecasts cannot rationalize the observed magnitude of
dynamic misallocation. Even if the social planner was anticipating no technological progress
in residential PV (and very significant technological progress for other categories), he would

have installed residential PV towards the end of our study period.

6.5 Limitations

Our results suggest that most of the estimated misallocation stems from having invested
early on in large amounts of residential PV. These installations have indeed been deployed
at a time when small-scale rooftop PV was much more expensive than medium and large-
scale units. In addition, their costs have dramatically decreased in the following years, even
more so than the costs of other categories of installations (in absolute terms). Consistently,

early years with high installation rates of residential PV (2005-2012) are associated to the
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bulk of the assessed misallocation. Although France is not the only country to have massively
deployed residential PV early onﬂ our results can of course lack external validity in other
countries. In addition, a number of other caveats apply.

First, a fraction of inefficient investments may correspond to a somewhat necessary “trial
and error” process when betting on a non-mature technology. In particular, our optimization
assumes a perfect foresight of future cost reductions, which is of course unrealistic. Back in
2005, the forecasts for PV investment costs did not anticipate their incoming steep decrease.
Although it cannot completely rationalize our results (see above), the significant gap between
initial forecasts and realized costs may rationalize some amount of misallocation.

Second, we assumed learning-by-doing to be either exogenous or driven by cumulative
output. Some learning-by-doing is however likely to depend on the cumulative stock of instal-
lations (e.g. decrease in balance-of-system costs). It is then an open question whether such
learning is specific to each category (e.g. ground-mounted vs residential), or whether some
learning spills over categories. In the latter case, the costly early residential PV installations
may have actually contributed to trigger learning-by-doing effects benefiting all technolo-
gies@ Further research is however needed to investigate whether subsidies directed to small
projects have generated significant learning effects for the overall sector. It is indeed unclear
why small residential projects would generate learning that may not be obtained through
pilot projects of medium or large-scale installations.

Third, the obtained misallocation may arise because the social planner was pursuing
additional policy objectives beyond mere efficiency. If so, our estimate for the cost of mis-
allocation should be interpreted as the realized opportunity cost to fulfill these other policy
goals. For example, small installations may generate economic benefits that are more spread
out over space (jobs, taxes, etc.) and reduce land use conflicts. Investigating the nature
of these other policy goals and whether they were indeed achieved is a promising area for

further research.

23For example, De Groote and Verboven| (2019) and [De Groote et al|(2022) describe a similar if not more
extreme adoption pattern in Belgium.

24 For example, the first PV developers on the French market might not have been able to implement large-
scale solar power plants if they did not have prior knowledge of how to commission smaller PV installations.
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7 Conclusion

This paper proposes a methodology to quantify dynamic misallocation in the deployment
of solar energy. We study a dynamic optimization problem where a social planner seeks
to minimize the present value cost of investing in solar power plants, under the constraint
to produce a given amount of solar electricity each year. In order to derive an arguably
conservative estimate, our approach purposely freezes a number of possible channels of mis-
allocation which are particularly prone to measurement errors.

We apply our methodology to the case of France for the period 2005-2021. Our re-
sults suggest that the present value cost of investments in solar energy could have been
almost 30% lower than the realized present value cost without any change in the aggregate
annual production of solar energy. We then explore the mechanisms that may explain this
misallocation. The early large-scale deployment of residential PV seems to be associated
with the bulk of misallocation costs. This observation is consistent with the high level of
the early feed-in-tariffs rates for small installations. The later introduction of auctions is in
contrast associated to a significant decrease in the magnitude of misallocation.

Overall, this work shows that mechanisms supporting renewable electricity generation can
be very far away from their cost-efficiency frontier. In a context where an energy transition
of unprecedented speed is called for in order to meet climate objectives, improving the cost-
efficiency of public spending can therefore represent a low-hanging fruit to speed up the

deployment of renewables.
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A Supplementary Figures

Figure A.6: Ground-mounted facilities. Panel A: density of installations per sub-region as
of 2021 (kW/km?). Panel B: capacity weighted average changes in commissioning dates

obtained from the optimization (year observed - year optimized).
A: Observed density B: Changes in commissioning dates from optimization

Figure A.7: Large rooftop facilities (greater than 100 kW). Panel A: density of installations
per sub-region as of 2021 (kW/km?). Panel B: capacity weighted average changes in com-

missioning dates obtained from the optimization (year observed - year optimized).
A: Observed density B: Changes in commissioning dates from optimization
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Figure A.8: Rooftop installations between 36 and 100 kW. Panel A: density of installations
per sub-region as of 2021 (kW/km?). Panel B: capacity weighted average changes in com-
missioning dates obtained from the optimization (year observed - year optimized).

A: Observed density B: Changes in commissioning dates from optimization

Figure A.9: Rooftop installations lower than 36 kW. Panel A: density of installations per sub-
region as of 2021 (kW /km?). Panel B: capacity weighted average changes in commissioning

dates obtained from the optimization (year observed - year optimized).
A: Observed density B: Changes in commissioning dates from optimization
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B Computing solar units’ costs and energy output

This Appendix details how we compute the cost and yearly energy output of each solar unit
in the inventory, as a function of its commissioning date. Step 1 uses several data sources
to calibrate investment cost functions for different categories of projects. Step 2 computes
connection costs (for ground-mounted installations) based on the distance between solar
facilities and the grid sub-stations to which they connect. Step 3 estimates the expected
annual energy output as of 2022 for PV units that do not report their realized production

in the inventory. Step 4 calibrates depletion and learning-by-doing factors.

B.1 Calibrating investment costs functions

We use two main data sources to calibrate different cost functions for different types of
projects. First, we rely on two reports by the French Energy Regulation Commission (CRE)
that provide a detailed analysis of the costs of large PV projects (greater than 100 kW) in
France. The first report covers the years 2011-2015 (CRE, 2014)), and the second one the
years 2017-2019 (CRE, 2019)). Second, for module costs and small PV projects (lower than
100 kW), we rely on reports by IRENA (IRENA| 2014, [2020)).

We define different cost functions for 8 categories of projects. These categories are defined
by the combination of a type of installation (ground-mounted or rooftop) and a size bucket

(in MW):
e Ground-mounted >10 MW

Ground-mounted 2.5-10 MW

e Ground-mounted 0.5-2.5 MW

Rooftop >2.5 MW

Rooftop 0.5-2.5 MW

Rooftop 0.1-0.5 MW

Rooftop 0.036 - 0.1 MW

37



e Rooftop <0.036 MW

We calibrate cost functions for project categories above 100 kW by extrapolating data
from CRE, complemented with IRENA’s data on PV modules’ costs. For project categories
under 100 kW, we rely on IRENA’s reports only. All costs are computed in real 2019 euros.

B.1.1 Cost functions for project categories above 100 kW

To compute cost functions for large projects (>100 kW), we mainly rely on CRE’s reports.
CRE makes a distinction between rooftop and ground-mounted projects, and uses three
size buckets that correspond to our categories. We compute total costs by summing two
components: (1) PV modules’ costs, which are taken from TRENA| (2020) and are common
to all project categories; (2) other investment costs, which are extrapolated (separately
for each project category) from |CRE| (2014) and |CRE| (2019). These latter costs include
construction, transformers, wires, engineering and procurement as well as the present value
of future O&M costsﬁ Figure shows investment costs other than PV modules and grid
connection costs as a function of the commissioning date. Figure shows the assumed
evolution for the cost of PV modules.

Because we only have a few data points for the costs other than modules’ cost, we extrap-
olate cost functions over the whole period (2005-2021) for each project category. Specifically,
if we denote with f(i,t) is the cost per kW of commissioning a solar unit of category i in

year t, we make the following parametric assumptions:

fist) = wi +myy (2)

log(miy) = a; + bit (3)

where wy is the cost (per kW) of PV modules cost in year t (common to all categories) and
m; ¢+ captures all other costs, which are category-specific. We use OLS regressions to calibrate

m; ¢ from cost observations in 2011, 2015, 2018, 2019 and 2020. The obtained coefficients

2We account for OPEX and rental costs, which are given per project category. Taxes are not included
in the variable costs. Present values are computed with a discount rate of 4.5% and a project lifetime of
20 years.
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Figure B.10: Assumed investment costs (real euros 2019) other than PV modules and grid
connection costs, by project category and commissioning date.
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Figure B.11: Evolution of the cost of PV modules (real euros 2019)

(ai, b;) are reported in Table [6]

B.1.2 Cost functions for project categories below 100 kW

Cost functions for small projects (< 100 kW) are calibrated using TRENA| (2020), which
reports time series of total installation costs for commercial and residential PV in France.

Since these time series only span from 2010 to 2020, we apply the same extrapolation as
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Table 6: Calibrated parameters for project categories larger than 0.1 MW

Type Size (MW) Coeff. a Coeff. b
Rooftop 0.1-0.5 276 -0.13
Rooftop 0.5 -2.5 259 -0.12
Rooftop >2.5 212 -0.1

Ground-mounted 0.5-2.5 341 -0.17
Ground-mounted 2.5-10 347 -0.17
Ground-mounted >10 360 -0.17

above outside of this time window. Coeflicients obtained from the regression are reported in
Table |7l IRENA|(2020) only reports total installation cost, not O&M costs. We assume that
the present value of O&M costs represents a fixed percentage of installation costs, equal to

the average of the observed percentages for larger rooftop categories (whose range is 10-20%).

Table 7: Calibrated parameters for project categories smaller than 0.1 MW
Type  Size (MW) Coeff. a Coeff. b
Rooftop < 0.036 403 -0.2
Rooftop  0.036 - 0.1 284 -0.14

B.1.3 Obtained cost functions

Figure shows the assumed cost function for each category, as well as the observed data
points. Note that cost functions for the smallest categories (lower than 0.1 MW) are always
higher than observed data points since the former include O&M costs while the latter do not.
It is worth noting that only a negligible total capacity was installed before 2010, consisting

mostly of small rooftop projects.
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B.2 Grid connection costs

Grid connection costs can represent a sizable fraction of total installation costs (up to 20%
of investment costs). This paragraph describes how we estimate connection costs.

Solar installations can connect to the grid at different voltage levels. If they connect
to the distribution grid, they may either connect to the low voltage level (BT) or to the
medium voltage level (HTA). The size of PV installations connecting to the low voltage
(resp. medium voltage) grid is capped to 250 kW (resp. 17 MW). Larger units have to
connect to the grid at higher voltage levels (HTB).

Solar units connecting to the low voltage level (BT) are assumed to have zero connec-
tion costs. Indeed, these units are rooftop installations and rarely require any significant
expansion or reinforcement of the power network.

Solar units connecting to either the HTA or HTB level are assumed to incur grid con-
nection costs. These costs most often consist of building/reinforcing power lines connecting
the unit to the upstream substation. Therefore, we compute connection costs as the product
of the as-the-crow-flies distance between the PV installation and the substation to which it
connects and a fixed connection cost per meter: 100 €/m in HTA and 1000 €/m in HTB
(Enedis, 2021)). The location of solar facilities is only reported at the county level. We
assume they sit at the centroid of their county. GPS coordinates of substations are obtained
from the TSO and DSO open data portals. For all installations but 4%, the public inventory
of power plants indicates to which upstream substation each solar unit connects@ Finally,
we correct outlier observationﬂ by drawing a random distance from a log-normal distri-
bution calibrated on the rest of the dataset@ Table |8] reports summary statistics for the

obtained distribution of connection distances, broken down by voltage level.

26Tnstallations for which this information is missing are matched to the closest substation.

2TQur procedure only yields 1% of outliers, defined as observations whose distance of connection is either
zero or larger than 50 km. These outliers likely stem from missing substations or matching errors between
sub-stations and solar units.

28Using a log-normal distribution is motivated by the fact that distances must be non-negative, as well as
by the shape of the distribution of connection distances (Figure ,
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Figure B.13: Histogram of connection distances for units connecting to HTA and HTB
voltage levels.

Table 8: Distribution of obtained grid connection distances (in km).
Grid Voltage N Obs. Min 1st Q Median 3rd Q Max
HTA 2,439 0.05 28 4.8 8.0 41
HTB 90 0.6 1.5 2.2 6.4 6.4

B.3 Yearly energy output

For most observations (~93%) in the registry of power plants, we observe the total output
they produced during the previous 12 months. As such, we observe the energy produced by
each unit between December 2021 and December 2022.

For the remaining observations (7%), we first retrieve simulated capacity factors at differ-

ent locations and in different years from the website renewable ninja (Pfenninger and Staffell,

2016 |Staffell and Pfenninger, 2016)). We sample 2,214 locations in mainland France (corre-

sponding to the locations of grid substations) for 2010-2020 (i.e., 11 years corresponding to
different weather conditions)ﬁ We average capacity factors over these years to obtain a sin-
gle expected capacity factor per location. Figure maps these capacity factors (averaged

over larger geographical units for more clarity). Finally, we match each solar installation for

29The API requires to set a number of parameters about the characteristics of the considered solar instal-
lation. We set these parameters to the same value for all requests: a tilt angle of 28 degrees, an azimuth
angle of 178 degrees, system losses at 10%, and no tracking technology.
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which no output is observed in the public registry to the closest location we sampled.
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Figure B.14: Simulated capacity factors averaged over 2010-2020 at the sub-region level.

Simulated capacity factors retrieved from renewable ninja are theoretical benchmarks
that do not account for outages and depletion. Table[]compares the distribution of simulated
capacity factors to the distribution of capacity factors observed in the public registry of power
plants. We observe that simulated capacity factors are on average higher than observed
ones. However, installations commissioned after 2018 have comparable capacity factors to
simulated values. This suggests that the conversion efficiency of solar units decreases over

time, a phenomenon that we account for in the next paragraph.

Table 9: Observed vs simulated capacity factors

Sample N Obs. Min 1st Q Median 3rd Q Max
Inventory 37,542 0 0.12 0.14 0.16 1.6
Inventory (after 2018) 14,454 0 0.13 0.15 0.16 1.6
Simulated 3,356  0.13 0.14 0.15 0.16  0.19

Table [9] also reveals that output data reported in the public registry is prone to mistakes.
In addition, observed capacity factors can mis-represent the average performance of the unit

(e.g. due to long outages). We account for outliers by setting a minimum (resp. maximum)
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threshold over (resp. under) which the observed capacity factor is deemed to be inaccurate.
We set the minimum threshold to 0.03 and the maximum threshold to 0.3F% All units
reporting capacity factors above or under these thresholds are assigned energy outputs as of

2021 computed from simulated capacity factors. The obtained final distribution of capacity

factors is reported in Figure

60004
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Count

20007

01 02 03
Capacity factor

Figure B.15: Histogram of PV project capacity factors after correcting for outliers.

B.4 Learning-by-doing and depletion rates

The annual output in given year of a solar plant installed at a given location depends on
its commissioning date for at least two reasons. First, conversion efficiency decreases over
time due to wear and tear. Second, due to improvements in solar PV cell technologies, units
commissioned later in the period tend to have higher conversion efficiencies. To account for
these two effects, we assume that if a given solar unit ¢ commissioned in year t. would have

instead been commissioned in year ¢, its annual output in year ¢ would change as follows:

39This maximum threshold corresponds to the highest capacity factor achievable for a plant equipped with
2-axis tracking, suffering no system loss, and installed in the most irradiated location.
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e = eit, (1 +a) (1 + ) ! (4)

Where « is the annual rate of technological improvement for solar modules and S is the
annual rate of depletion. The variable e;;, is the annual energy output following the initial
year of commissioning of the plant, denoted by t..

We estimate depletion and technological improvement rates directly from our data. Using
all public inventories of solar plants published between 2017 and 2022, we build a panel
dataset consisting of the annual energy output of 16,000+ solar units for these 6 consecutive
years. After applying a log-transformation and a first order approximation to equation (4),

we seek to estimate the following equation:

In(Yi) = Inei,) + (t —te)a+ ' — )8 + e (5)

Where In(Y;;) measures the natural logarithm of the capacity factors in year ¢ of unit 4,
which was commissioned in year t. The parameters of interest are «, which measures the
annual rate of increase in the output due to technological learning, and 3, which captures
the annual depletion rate in output.

Because we do not observe e;;,, we instead estimate:

ln(Yitt/) =c+ (t — tc)Oé + (t/ — t)/B + ln(F?H) + )\tl + €t (6)

where F?H is the simulated capacity factor of unit i (see above) and Ay are year fixed
effects. Table reports the obtained results. We estimate a depletion rate of -1% per
year and a technological learning rate of 1% per year. Our estimates are in line with other
values found in the literature. For example, De Groote and Verboven (2019) assume a
yearly depletion rate of 1%, Borenstein (2017) a rate of 0.5% and |Feger et al.| (2017)) set
the depletion rate to 3% for the first year and to 0.7%/year for later years. Regarding
technological learning, the literature review by |Allouhi et al.| (2022)) suggests a rate of 0.5%

per year.

46



Table 10: Regression results

Capacity factor (logarithm)

(1) (2) (3)
t — 2005 0.011%*  0.011**  0.008***
(0.001)  (0.001)  (0.001)

t—t 0.0117%  -0.012°*  -0.012*
(0.0004)  (0.0005)  (0.0005)

FTH

0.645***
(0.009)
Constant -1.986***  -1.988***  -0.753***
(0.006)  (0.007)  (0.018)
Fixed effects (Year) No Yes Yes
Observations 97,554 97,554 92,412
R? 0.048 0.051 0.106

*p<0.1; **p<0.05; **p<0.01
Note: This table displays the results of the regression of the logarithm of capacity factors on differences
in years of installation and in years of production for three specifications: column (1) does not introduce
additional controls, column (2) controls for year of production fixed effects, column (3) controls for year of
production fixed effects and simulated capacity factors matched from the closest location, denoted by FCTH

47



C Details on the public inventory of installations

This Appendix details the two steps implemented to build our final inventory of PV instal-
lations. First, we retrieve the installed capacities of small installations (<36 kW) over time
by combining the list of larger installations (>36 kW) and the annual time-series of PV
installations aggregated at the department level. Second, large units (>500 kW) are labeled

to be either ground-mounted or rooftop projects.

C.1 Building residential PV time-series at the departement level

For most small PV units (< 36 kW), that is, residential PV, the public inventory of power
plants only reports a cross-sectional view of their installed capacity. We thus use other
data sources to construct annual time series for the evolution of residential capacity between
2005 and 2021. More specifically, we compute annual time series of residential PV capacity
aggregated at the “departement” level, which is sufficient for our analysis@

We compute these departement level time series of residential PV capacity as follows.
First, for 2005 to 2016, we use a dataset from the French Department of Energy (DOE) that
provides yearly panel data of total installed capacities at the departement levelﬁ Because
we observe their commissioning dates in the public inventory, we first build departement-level
time series of non-residential installations. We then subtract these time series to the time
series of total installed capacity, which leaves us with residential PV installations. Second,
from 2017 onwards, we use the total capacities of residential PV, as directly reported in the
inventory of the corresponding yearﬂ Figures and show the obtained results for
each departement. Overall, the two sources agree very well as we do not observe significant
discrepancies in values between the years 2016 and 2017. As shown in Figures and

we constrain time series to be weakly increasing.

31Given our methodology, coarser levels of spatial aggregation actually works against finding large amounts
of misallocation, which strengthen the conservative nature of our estimates.

82 https://www.statistiques.developpement-durable.gouv.fr/tableau-de-bord-solaire-photovoltaique-
quatrieme-trimestre-2021. Our data consist of the publications released in the last quarter of each
year.

33The first public inventory of power plants was released in 2017. We collect public inventories from 2017
to 2021, selecting the versions updated in December 31st of each respective year.
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Figure C.16: Inferred departements level time series of PV capacity from aggregated units
(first 49 departements). Green dots represent capacities as reported in solar plants inven-
tories for 2017, 2018, 2019, 2020, 2021. Red dots are capacities obtained from the French

Department of Energy (DOE) dataset.
Note: Green dots represent capacities as reported in solar plants inventories for 2017, 2018, 2019, 2020, 2021.
Red dots are capacities deduced from the French Department of Energy (DOE) dataset.

49



50 51 52 53 54 55

60-

40 -

20-__/._.-0000' —-"____....o '_./'_._..ow' _.’_._._..u"

0- e st R
56 57 58 59 60 61

60 -

40-

20-._/-’.“‘. ._/-.w ._/,‘M e a——agt?*

o FRipem— PR
62 63 64 65 66 67

G0

- EPEESEs SopSEEs _/# EESESN SE=olc BeEamns
68 69 70 7 72 73

Mo =
oo oo

T4 75 79

Mo =
oo oo

Inferred residential PV capacities (M

80 81 82 83 84 85
50 -
40-
0 a9 _____,_.-—-O‘“' f‘.’.
0-
a6 a7 ag a9 a0 91
60~
40

92 93 04 95 2010 2015 2020 2010 2015 2020

2010 2015 2020 2010 2015 2020 2010 2015 2020 2010 2015 2020
YEAR

Figure C.17: Inferred departements level time series of PV capacity from aggregated units

(last 45 departements).
Note: Green dots represent capacities as reported in solar plants inventories for 2017, 2018, 2019, 2020, 2021.
Red dots are capacities deduced from the French Department of Energy (DOE) dataset.
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C.2 Assigning technologies to large individual installations

The public inventory of power plants does not specify if a given unit is ground-mounted
or rooftop. Four strategies are implemented to assign PV facilities to either rooftop or

ground-mounted types, as detailed in the paragraphs below.

Dictionary of key words in installations’ names
The first strategy we use to identify project types is to match installation names with a

dictionary. We use the following key words:

e Words specific to rooftop installations: PARKING; PKG; OMBRIERE; TOITURE;
SCI

e Words specific to buildings: SERRE; LOGISTIQUE; TECHNOPOL; LA POSTE;
CENTRE COMMERCIAL; CENTRE; SAINT CHARLES; UNIVERSITE; ENTRE-
POT; STATION; HIPPODROME ;STADE; RESERVOIR; ARENA; OMNISPORT
;LYCEE; ETABLISSEMENT; CASERNE; HANGAR; USINE ;ZAC; SIEGE SOCIAL;
BATIMENT; BAT; AEROPORT; STADE; STADIUM; CINEMA; SUPERMARCHE

e Words specific to large retailers and firms: CASINO; AUCHAN; GEANT; SANOFI;
GIFI; SISLEY; IKEA; UBISOFT; LEROY MERLIN; RENAULT; LECLERC; CAR-
REFOUR; SUPER U; SYSTEME U; HYPER U

e Words specific to ground-mounted installations: FERME SOLAIRE; CENTRALE;
PARC SOLAIRE; CHAMP; AU SOL

e Known project names for ground-mounted projects: GABOTS; LAVANSOL; SO-
LAIREISTRES; ENFINITY; KRONOSOL; PLAINES; QUINCIEUX; TSAOS4.7; SALAUNES

This strategy allows us to assign more than 800 units to rooftop types and about 40 units

to ground-mounted types.

Size thresholds

The second strategy is to define size thresholds for each type by using eligibility rules
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of support mechanisms and stylized facts. From support mechanisms’ rules we are able to

define three thresholds:

e There are no ground-mounted PV under 500 kW. Indeed, CRE auctions are only for
projects larger than 500 kW.

e Solar energy auctions before 2016 set a maximum size for rooftop projects at 4.5 MW.
We therefore assume that all units above 4.5 MW and installed between 2012 and 2017

(using one year construction lag) are ground-mounted.

e Auctions after 2016 have extended the size limit for rooftop PV to 8 MW. After 2017,
only units larger than 8 MW are therefore automatically assigned to being ground-

mounted.

This strategy allows us to assign 33,500 additional units to rooftop types and 400 units

to ground-mounted types.

Auction winners
In the third strategy, we retrieve the list of winners from ground-mounted specific auctions
and match the candidates names to the installations names in the inventory. This method

only identifies about 20 additional ground-mounted installations.

OpenStreetMap facilities

In the fourth strategy, we combine the list of solar units in the inventory with the list
of solar installations that are reported in OpenStreetMap (OSM). OSM is an open-source
database that stores geographic objects worldwide, including PV installations. OSM reports
more than 1,300 PV installations that are located in mainland Francd®¥] As OSM focuses on
spatial objects with significant land footprints, the majority of PV installations identified in
the database are ground-mounted facilities. Rooftop installations listed in OSM are explicitly

associated with the specific buildings on which they are installed (e.g. factory, warehouse,

34obtained from OpenStreetMap’s API: https://overpass-turbo.eu/, specifying objects with label “so-
lar” in the “plant” category and within France geographic boundaries.
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stores). After being assigned to either rooftop or ground-mounted types, the OSM dataset is
matched to the public inventory of solar plants using either (i) ERC codes, a unique identifier
for PV installations, or (ii) projects’ installed capacity and location. This allow us to match
about 400 additional units to rooftop and ground-mounted types.

Finally, we proceed in two steps to attribute project types for the 1,300 remaining units

with unknown types:

e Units lower than 1 MW are assigned to rooftop types until the total installed capacity
of rooftop facilities within the range of 0.25 and 1 MW that is observed in mainland
France is reached (France Territoire Solaire}, [2023)). Remaining observations lower than

1 MW are then assigned to ground-mounted PV.

e Units larger than 1 MW are randomly assigned based on the observed distribution of
project types within specific size categories. For example, among units of sizes ranging
between 2 and 3 MW, there are only 10% of rooftop facilities among the observations
that are already assigned to a category. We thus randomly assign 10% of the unknowns
within the range of 2 and 3 MW to the rooftop type and the remaining observations

to ground-mounted.

At the end of our assignment procedure, we have 1,400+ ground-mounted and 36,000+

rooftop solar units.
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D Special case of static LCOEs

In this Appendix, we solve the simplified case where there is neither technological progress

nor wear and tear of installations:
VZ.7 t; Cit = C; and VZ, t, t,’ e’itt/ =€;

The optimization program then simplifies to:

=1 t=1
s.t.
N t
vt e {17 "'7T}7 Zei (Z $it’> > by (pt)\t)
i=1 t'=1
T
Vie{l,..,N}, dap <1 (fii)
t=1
Vie{l,.,N},Vte{l,..,T}, it > 0 (ptgit)

One can then write the Lagrangian as:
N T
L(wit, My i ) = > ¢ (Z Pt$it>

i=1 t=1
T N t

i (m- S ()
t=1 i=1 t'=1
N T

S (z . 1)
i=1 t=1
N T

PR

i=1 t=1
Besides the complementary slackness conditions, we get (taking derivative w.r.t. x;;) the

following first-order conditions:

T

For all 4, t: ple; —e; Zpt/)\t/ + [ = ptgit
=t

On the right hand-side of the equation, the multiplier K., is non-negative and equals 0 if,
and only if, z; > 0, that is if unit 7 is (at least partly) commissioned in year ¢. If we denote

t*(i) the year at which plant 7 is optimally commissioned, we thus have:
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t'=t* (i t'=t

In other words:
T
t*(i) = argmin [ptci —e Z pt/)\t/]

t =t

Which may be rewritten:
t*(i) = argmm [p'L; — Ay] where L; = = and A= Zp Ay
t'=t

We then have the following Lemma:
Lemma 1 For alli,j, L < Lj = t*(i) < t*(j)

Proof.
By definition of ¢*(j), we have:

vt, p"OIL; — Ay < p'Lj — Ay

Then:
PrOL = Ay = p"O(Li = Ly) + p" O Ly = Ay
ot ()(LZ—Lj)—i-pLj_At

("D = ") (Li = Lj) + p'Li = Ay

IN

IN

For t > t*(j), we have (p'"0) — pt) > 0. In addition, (L; — L;) < 0. As a result:
Vt > t°(5), p"" DL — Mgy < pLi — Ay
And thus:

t*(i) = argmin, [p"L; — A¢] < t*(j)

Assume, without loss of generality, that we have indexed units such that:
Li<Ly<..<Ly_1<Lyn
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From Lemma |1} and denoting 7o = 0 and i = N, there exists indexes:

such that units commissioning in year ¢ have an index 7 such that:
1—1 <1 < i

Finally, we can pinpoint the thresholds %1, io, ... , i7_1 using the target trajectory of
annual solar generation. Specifically, the threshold index 4; in year ¢ will be chosen so that

unit 7; is the last one needed to meet the energy output target:

ir—1 it
Z e; < By < Zei
i—1 i—1

o6
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