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Abstract: The paper applies innovation diffusion models to study the adoption process of solar PV
energy in the UK from 2010 to 2021 by comparing the trajectories between three main categories,
residential, commercial, and utility, in terms of both the number of installations and installed capacity
data. The effect of the UK incentives on adoptions by those categories is studied by analyzing the
timing, intensity, and persistence of the perturbations on adoption curves. The analysis confirms
previous findings on PV adoption, namely the fragile role of the media support to solar PV, the ability
of the proposed model to capture both the general trend of adoptions and the effects induced by
ad hoc incentives, and the dramatic dependence of solar PV from public incentives. Thanks to the
granularity of the data, the results reveal several interesting aspects, related both to differences in
adoption patterns depending on the category considered, and to some regularities across categories.
A comparison between the models for number of installations and for installed capacity data suggests
that the latter (usually more easily available than the former) may be highly informative and, in some
cases, may provide a reliable description of true adoption data.

Keywords: diffusion of solar PV; household adoptions; commercial and industrial adoptions;
feed-in tariff; renewable obligation certificate; renewable portfolio standards

1. Introduction
1.1. Background

The continuing increase in per-capita energy demand, coupled with the planet’s
increasing population, is bringing critical threats to both the fight against global climate
change and energy security issues. The COVID-19 pandemic and the consequent lockdown
periods all over the world have emphasized the importance of secure, stable, and resilient
electricity networks [1].

The process of decarbonization, which is the progressive shift from fossil fuels to
renewable energy technologies, requires on one hand a rapid growth of renewables, namely
solar photovoltaic and wind power, and on the other hand an optimization of the role of
natural gas as a transition medium [2].

Solar photovoltaic energy (solar PV) is considered a very attractive solution among
renewable energy sources (RES), especially for households. According to the most recent
IEA report on renewables [3], the growth of renewable power capacity at the world level
has reached another record in 2021, driven by solar photovoltaic energy; solar PV alone has
accounted for more than half of all renewable power expansion in 2021, followed by wind
and hydropower.

Despite this rapid growth, some key challenges and market barriers remain and
hinder a faster RES diffusion process. As highlighted by [4], social acceptance and political
feasibility are crucial elements for low-carbon transitions. The diffusion of renewable
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energy technologies is a complex process that involves multiple agents, with the interaction
of firms and economic agents, public and private institutions, and final consumers (see,
for instance, [5,6]). All these subjects may have different needs and expectations, different
attitudes towards change, and respond to different economic and social incentives.

Focusing on PV adoption, a study on Switzerland aiming to explain the differences
in PV growth at the subnational level [7] showed that solar PV is more spread in areas
with higher technoscientific knowledge, higher education institutions, and widespread
innovation activity. Moreover, the critical role of local authorities, dedicated citizens,
and energy companies has been highlighted for its ability to accelerate the uptake of this
technology through locally based strategies.

A recent analysis of barriers and enablers for PV installation in [8] identified economic,
information, and administrative barriers, while enablers included subsidies, climate change
concerns, as well as the opportunity to earn money. The analysis especially focused on the
importance of the use of nonresidential buildings to strengthen the diffusion process. A
meta-analysis of studies on residential PV adoption in [9] suggested that measures should
focus on enhancing the perception of benefits.

However, many other aspects may be accounted for when dealing with the diffusion of
a renewable energy such as PV. For example, a study on Greece by [10] highlighted the role
of technological and demographic changes, in combination with climatic factors, to explain
the differences among regions in terms of energy conservation and emissions reduction.
The work by [11] took a broader perspective, considering European countries, and assessed
the sustainability of rooftop PV systems by taking into consideration the different solar
potential of countries as well as the variety of electricity mix throughout Europe. The
results of such analysis show that PV systems may be a viable solution for the future, but
this depends on location and the local electricity mix. A more technical assessment on
the sustainability and performance of PV systems comparing five different technologies,
conducted by [12], confirmed that overall, these technologies proved to be sustainable and
environmentally friendly. As a general observation, these studies suggest that PV diffusion
is characterized by many sources of heterogeneities, resulting from natural, technological,
economic, social, and behavioral specificities.

Bearing in mind the multifaceted nature of a transition to PV systems and the multi-
plicity of agents and factors involved, in this paper we focus on the diffusion of solar PV in
the United Kingdom, one of the top ten countries in terms of solar PV cumulative installed
capacity according to the IEA-PVPS 2020 report [13].

Compared with standard public data on energy diffusion, typically available only in a
highly aggregated form, the UK case is of tantamount importance for the understanding
of RES diffusion patterns, in view of the availability of highly disaggregated data, with
time-granular (i.e., monthly) information on both installed capacity and number of instal-
lations of solar PV from January 2010 to November 2021, concerning three different and
largely heterogeneous market categories: residential, commercial, and utility (i.e., licensed
electricity suppliers).

1.2. Modelling the Diffusion of RES: A Short Review

The mathematical modelling of the temporal trends of diffusion processes has proved
valuable in many applied sciences [14]. Innovation diffusion models, extensively used after
the seminal work of [15], have also proved critically useful for describing and forecasting
the growth of an energy source over the years, considering it as a technology that must be
accepted in a market.

For recent reviews on the applications of innovation diffusion models for renewable
energy technologies see [16,17]. Among the studies using innovation diffusion models
for energy markets, [18] proposed an innovative application of the so-called Generalized
Bass model (GBM) [19] to energy diffusions, whereby the GBM—thanks to the inclusion
of suitable shock terms—was used as a diagnostic tool for describing the impact that
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external shocks (from, e.g., a war, a price shock or wave of policy incentives) exerted on
diffusion trends.

In [20], the GBM was applied to yearly time series of national solar PV capacity in
eleven countries up to 2006, finding that public incentives had a key role in stimulating
the growth of this technology. A recent cross-country study on 26 countries by [21] has
updated the findings of [20] by including the dramatic incentive-triggered adoption waves
since 2007. Both these works exploited the ability of the GBM to capture the effect of policy
interventions and ad hoc incentives in driving the diffusion of solar energy. In [21], the
important role of the GBM as a parsimonious tool to capture the impact of “structured”
shocks, i.e., shocks characterized by a precise pattern—as it might be the case of a policy
intervention aiming to incentivize a market—on diffusions was noted. Structured shocks
have a fully different nature compared, e.g., to standard stochastic perturbations. A
complementary perspective based on the use of innovation diffusion models was proposed
in [22,23], trying to understand the adoption of solar PV at the household level. In particular,
the analysis proposed in [23] suggested that information from the media should explain
more about investment criteria, feed-in tariffs (FIT), and environmental attributes.

1.3. Contribution and Paper Organization

Most modelling studies of the diffusion of solar PV based on the well-accepted method-
ological approach of innovation diffusion models, initiated by the Bass model, have typi-
cally relied on yearly, highly aggregated data, generally at the national level. This paper
aims to contribute to the growing literature on the diffusion of solar PV technology by con-
sidering sectoral diffusion patterns in the UK as allowed by the high degree of granularity
of data available for this country.

Some recent works have considered solar PV diffusion in the UK [24–26]. The authors
of [24] conducted an analysis of PV adoption data, along with a study of implemented
policies, finding that areas of similar installed PV capacity are clustered, indicating a strong
dependence on local conditions for PV adoption. In [25], an interesting spatial analysis was
performed in order to understand the socio-economic variables that help the adoption of
solar PV and explain the spatial heterogeneity in the diffusion of such technology. In [26], a
simulation study evaluated the effects of a cautious reduction in FIT in the UK solar PV
market. Their results suggest the counterintuitive effect by which a reduction in incentives
(i.e., in the FIT), while reducing the adoption of solar PV, could incentivize battery storage.

The present article uses the GBM to describe the heterogeneity in adoption behavior
among different types of agents and on the related role played by the incentive measures
provided by the UK government. To this end, we carried out separate nonlinear regressions
with the GBM to the monthly time series of data on PV adoptions for each of the three
sectors considered, namely residential, commercial, and utility. This allowed us to offer
insights on how the UK government’s policies influenced the solar PV diffusion across
these sectors in terms of persistence and intensity of the shocks emerging in the adoption
trajectories. Additionally, we also highlighted the differences between these three categories
in terms of the two main communication channels typical of Bass-type innovation diffusion
models, i.e., the spontaneous communication among individuals (“word of mouth” or
“imitation”) and the publicly available information supplied by the media. Moreover,
as a by-product, we took advantage of the dual nature of the UK data, providing both
the numbers of individual installations (which is the appropriate figure for diffusion
models) and the installed capacity (which is the typically available figure), to discuss the
appropriateness of installed capacity data.

Overall, our results indicate a general weakness of media support and a key role of
incentives as the main drivers of the solar PV diffusion across sectors in the UK. Moreover,
the imitation effect differs largely among the three sectors: while the residential market
grows primarily because of public support, the commercial and utility sectors have an
estimated imitation effect ten times larger. All in all, companies seem to make more
rational decisions based on economic factors rather than being led by perceptions. Last, the
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results also highlight some nice regularities between the sectors analyzed, and situations
where data by installed capacity and number of installations exhibit similar patterns, thus
justifying the use of the former to predict the latter, at least in terms of trend.

The structure of the paper is as follows. Section 2 presents the data employed for our
study and the methodology, based on the GBM and its reduced version, the Generalized
Internal model (GIM). Section 3 presents an overview of the policies implemented in the
UK for stimulating solar PV growth. Section 4 applies the GBM and GIM to the data
concerning the three categories and discusses the results obtained. Section 5 is devoted to
some discussion and Section 6 to general conclusions.

2. Data and Methodology
2.1. Data: Solar PV Adoption Data in UK

In this paper, we use monthly UK government data on cumulative installed capacity
(Figure 1) and cumulative number of installations (Figure 2) from January 2010 to November
2021 [27]. Although the launch of solar PV took place in the early 1990s, the time span
of our dataset is suitable for the purpose of our analysis as 2010 is the year in which the
rapid diffusion of solar PV in the UK began. In fact, the technology grew from 26 MW of
cumulative capacity in 2009 to almost 1 GW in 2011. The cumulative installed capacity in
November 2021 was of 13.6 GW, while the number of installations was just above 1,116,000.

Based on previous classifications of the solar PV market [28–30], installations have
been categorized by capacity size as follows: installations with fewer than 10 kW are
attributed to the residential sector, installations between 10 kW and 5 MW are considered
commercial sector, whereas installations above 5 MW are considered utility sector.

A first inspection of data, both in terms of cumulative installed capacity (Figure 1) and
cumulative number of installations (Figure 2), reveals some interesting patterns.

On the one hand, the temporal trend of both installed capacity and number of installa-
tions appears consistent with the application of classical innovation diffusion models à la
Bass [15], since an s-shaped pattern broadly emerges with evident saturation symptoms.

On the other hand, one may notice that this s-shaped pattern is not smooth, as is the
case in many innovation diffusion processes, but rather shows “jumps”, suggesting the
presence of shocks to the diffusion, which is investigated in more detail later.

Such jumps are especially visible in the utility sector, both in capacity and installation
terms. Instead, the residential sector appears to follow a smoother profile. Nonetheless, a
deeper glance at the residential trends suggests evidence a multiphasic adoption pattern,
with three main phases of development. Finally, the commercial sector shows interme-
diate features. In relation to such types of patterns, the GBM represents an ideal tool to
understand whether such patterns in the data are due to true external “structured” shocks
affecting the market or to other factors, such as some form of seasonality.
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Figure 1. Monthly cumulative installed capacity of solar PV (in MW) by sector: residential (green),
commercial (blue), and utility (orange) from January 2010 to November 2021. Data from [27].

Figure 2 suggests that the number of installations is essentially dominated by the
residential sector (as evident from the adoption scales differing by orders of magnitude)
and shows a nice regular pattern, which indicates the presence of a sequence of phases in
the diffusion process.
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Figure 2. Monthly cumulative number of installations of solar PV by sector: residential (green),
commercial (blue), and utility (orange) from January 2010 to November 2021. Data from [27].

2.2. Methodology: Generalized Bass Model

The Generalized Bass model, GBM [19], extends the Bass model, BM [15], by adding a
multiplicative, time-dependent component, h(t), in the hazard rate, yielding to:

y′(t) = h(t)
(

α + q
m
y

)
(m – y) (1)

where y(t) is the cumulative number of adoptions at time t, and y′(t) is the variation
in the number of adoptions per unit of time. Parameter α > 0 is the innovation rate
governing adoptions by mediatic communication, while q > 0 is the imitation rate governing
adoptions by individual communications through word-of-mouth, and m the market
potential, representing the market saturation level.
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The GBM reduces to the BM when h(t) = 1. Moreover, the GBM may be usefully
reduced to the Generalized Internal model, GIM, when parameter α is negligible [21].

Function h(t) is conveniently represented as h(t) = 1 + g(t), where g represents
the “shock” term. For g = 0, at all times the GBM reduces to the BM, while the case
g(t) ≥ 0 (≤ 0) describes a positive (negative) shock. In applications, function g can be
specified by appropriate parametric forms whose parameters can be estimated jointly with
(α, q, m). In [21], three types of shocks were used:

(i) A constant shock function (form 1, F1) of intensity A over the time interval (a, b):

g(t) = A · I(a, b)(t), 0 < a < b, A ∈ R (2)

(ii) An exponential (either increasing or decreasing) shock function (form 2, F2) sud-
denly arising at a point in time and then inflating or deflating at rate c:

g(t) = A ·ec(t−a) · I(a, ∞)(t), 0 < a, A ∈ R, c ∈ R (3)

(iii) An initially growing and then decaying shock function (form 3, F3)

g(t) = A ·(t− a)e−c(t−a) · I(a, ∞)(t), 0 < a, A ∈ R, c ∈ R (4)

where I(a, b) (t) represents the indicator function of the time interval (a, b). Inclusion of
multiple shocks over different time periods is technically straightforward by using different
shock functions hi(t), one for each relevant interval of time [20,21].

2.3. Methodology: Estimation of Model Parameters

Besides the communication parameters (α, q) and the market potential (m), the number
of further unknown parameters included in the GBM depends on the number of shock
terms hi(t) considered. Including k shock functions of any of the above specified forms (2),
(3) and (4) brings 3k additional parameters.

The unknown model parameters were estimated by fitting the GBM to the UK monthly
time series of sector-specific PV adoption data by both number of installations and installed
capacity (Section 2.1). Estimates were computed by nonlinear least squares (NLS) [31].

As the estimation of the market potential m may raise bias issues [32] due to the brevity
of the time series and the fact that the solar PV markets mainly develop due to public
incentives [21], in most our fitting analyses, the market potential was assigned externally.

3. Solar PV Policies in the UK

Before presenting the results of our analyses, we provide an overview of the policies
implemented in the UK to enhance PV adoption. As is made clear later, these policy
measures have played an evident and significant role.

Research has agreed that the development of the solar PV market in the UK has
needed substantial and stable adoption incentives to overcome the barriers to technology
diffusion, reduce the high costs of the investment, and relax financial constraints [23,33].
The first incentives supporting the solar PV market in the UK were R&D investments
(see Appendix A, Figure A1), projects, demonstration, and field programs. Among the
numerous programs, the most successful in preparing the ground for the diffusion of PV
was the Low Carbon Building Program (LCBP) in act from 2006 to 2010 [34]. The program,
aimed at households, community organizations, schools and public sector, emphasized the
relationship between microgeneration RES technology efficiency and low-carbon buildings
in order to increase technology awareness among the possible adopters, an issue of crucial
importance in the early stages of adoption [28,35].

However, although British households valued renewable energies significantly, a
market development policy based only on these types of incentives proved insufficient to
reduce financial barriers due to the substantially higher costs compared with households’
willingness to pay [33,34].
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A previous incentive was established from 1990 under the “Non-Fossil Fuel Obligation”
(NFFO) and replaced by the “Renewable Obligation Certificates” (ROC) in 2002 [20]. This
type of policy aimed at encouraging firms and suppliers to invest in systems larger than
50 kW to produce “clean” electricity above a yearly pre-established minimum target in
terms of share in total electricity. Studies that focused on this stage of the solar PV diffusion
highlighted that the NFFO had a minor impact on this technology, forecasting a consistent
reduction in subsequent years in the absence of further government measures [20].

The ROC obligation share increased from 3% in 2002 to 46.8% in 2019 at a slower pace
of 1% per year until 2012 and of 5% per year thereafter (see Appendix A, Table A1). The
obligation period starts from 1 April until 31 March of the following year [36].

Despite the ROC being in act since 2002, the neutrality of the scheme in the first decade,
i.e., without distinguishing between the various types of RES, led only to the adoption of
the most productive technologies [37].

In this sense, the diffusion of solar technology in the UK has been hindered by a
predatory–prey relationship with wind technology. Indeed, the UK is considered one of
the best locations for wind power worldwide, which contributes to this predatory role of
wind towards solar PV [38]. Consequently, the RES market did not develop as expected
and put at risk the achievement of the long-term carbon emissions reduction targets [39].
This forced the UK government to revise its policy in 2012, focusing on those technologies
that mostly needed the support of incentives to develop, including solar PV [40].

The ROC scheme for new solar PV systems larger than 5 MW lasted until 1 April 2015,
while for new smaller systems until April 2016 [41]. Thereafter, the ROC was gradually
replaced by Contracts for Difference (CfD) starting from 2013 to 2017 (Energy Act, 2013 [36]).
The CfD is a system of reverse auctions aiming at creating certainty among the RES market
investors through fixed electricity prices [42]. However, the government considered the
solar PV an already developed technology and excluded it from the auctions [43].

The UK government also provided production-related incentives by a FIT, based on
the payment of a pre-established tariff for the electricity generated by an implant until
the plant warranty expires, say after 20–25 years. The incentive is directed only to plants
smaller than 5 MW for three levels of the tariffs (high, medium, and low) based on the
commissioned date and overall number of installations [44]. The high values are presented
in Figure A2 in Appendix A.

There were two dramatic reductions in the FIT level, at the beginning of 2012 and in
January 2016, due to the excessive number of installations compared with the government
expectations and to the technology’s decreasing price. Indeed, the module price for the
systems under 4 kW decreased from GBP 15,000 in 2010 to GBP 6000 in 2016 [45]. The FIT
phased out to new applicants on 1 April 2019 [46].

Last, the UK government also set a target to adopt 20 GW of solar PV by 2020 [47].
The goal aimed at reducing carbon emissions by 35% in 2020 and to further achieve an 80%
reduction by 2050 compared with the 1990 baseline [48]. As highlighted in Section 2.1, by
November 2021 only 13.6 GW (13.4 GW by December 2020) of solar PV has been installed
in the UK, thus the target for 2020 was not achieved.

4. Results

As a preliminary reminder, the first period in the history of PV adoption in the UK,
between 1992 and 2010, was characterized by a regime of low-intensity incentives (LCBP),
yielding a rather constant growth rate and few cumulative adoptions until 2010 (only
26 MW by 5736 systems). A summary on this period, based on the analysis by [21] using
only yearly aggregated capacity data and not distinguishing by sector, is reported in the
Appendix A (Table A3).

Therefore, the present sectoral analysis for the 2010–2021 data focuses on the most
active incentivization phase for the PV market. We highlight that the utility sector started
its growth in 2012 with the reduction in PV technology prices and increased considerably
up to a 56% share at the beginning of 2015. The PV market became more stable from 2017
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to 2021 with, respectively, 22%, 33%, and 45% shares of the residential, commercial, and
utility sectors in total installed capacity (Figure A3).

A preliminary analysis based on the BM revealed the lack of significance of the
coefficient of innovation α in all sectors (Table A2), confirming that the UK solar PV market
developed in absence of relevant continued public support. This is consistent with the
results of [20,21]. Based on this evidence, subsequent analyses used the GIM instead of
the GBM in all sectors, for both installed capacity and number of installations. For the
estimation of the best model, at least two different shocks were needed to predict the solar
PV curves, with significant variations among sectors. The results, reported in Table 1 and
Figures 3–5, are discussed by sector.

Table 1. Estimates of GIM parameters for the time series of PV adoptions in the UK 2010–2021 for
the three sectors considered: residential (R), commercial (C), and utility (U) and for the two types
of data series considered (by installed capacity and by numbers of installations). For each of the
six categories considered, the best-fit model is reported including the estimates of the basic Bass
parameters (q, m) as well as the type and number of shocks, e.g., “2-shock (F1 + F2)” means that two
shocks having forms F1 and F2 were selected, while 5-shock F1 (4 A) refers to 5 rectangular shocks
(form F1) estimated with 4 different intensities (A).

Installed Capacity Number of Installations

Sector R C U R C U

Best Model 3-shock
(F1 + F2 + F1)

2-shock
(F1 + F2)

6-shock
F1 (5 A)

3-shock
(F1 + F2 + F1)

3-shock
(F1 + F2 + F1)

5-shock
F1 (4 A)

q 0.003 0.044 0.041 0.004 0.005 0.048
m 31,123 4477 5914 27,457,642 28,841,448 448
A1 44.5 3.3 97.9 40.4 15.8 110.0
a1 0.0 0 13 0 0 13
b1 20 25 14 20 23 14

A2 (c2) 0.4 0.1 36.3 0.4 0.3 40.1
a2 20 68 25 20 20 25

b2 (A2) 154 4 26 133 104 25
A3 5.4 79.7 4.6 5 133.8
a3 24 37 24 24 36.99
b3 73 37 74 76 37.20
A4 22.5 20.4
a4 49 49
b4 50 50
A5 4.6 110.0
a5 61 61.6
b5 62 62.1
A6 97.9
a6 94
b6 95

4.1. Residential Sector

The residential time series by installations increased from 5500 systems (January 2010)
to 1,080,000 systems by November 2021. For this sector, the adoption patterns of installed
capacity and number of installations are very similar and appear almost entirely incentive
driven in a background of very poor self-sustaining abilities. Indeed, this sector shows
a substantial weakness of imitation (q = 0.003/month and q = 0.004/month for installed
capacity and number of installations, respectively), which does not exceed the level of 5%
per year.

Focusing on the installed capacity series, the resulting best model of the residential
sector presents three shocks (Table 1). First, the dramatic increase in the growth rate during
2010–2011 (around 18%, i.e., 200% per year) compared with the previous period (about
30%), which possibly followed the launch of the FIT incentive in April 2010, is explained



Forecasting 2022, 4 465

by a constant shock (F1), starting at the beginning of the series, which lasted about 2 years
(Figure 3).
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Figure 3. Observed vs. fitted (by the best GIM model) PV adoptions in the UK 2010–2021 for
the residential sector by installed capacity and by numbers of installations. For each category
considered, the figure reports: (i) cumulative adoptions, (ii) monthly adoptions, and (iii) growth rate
of cumulative adoptions.

A second shock of F2-type started in November 2011, lasting two months (1/c2 = 2.2)
but with high intensity (A2 = 154). This shock was probably caused by the government’s
announcement during October 2011 of an incoming FIT cut by February 2012 [49]. There-
fore, the dramatic short-term increase in the monthly growth rate (up to 50%) was the
possible consequence of a “race” to install solar PV at a high value of FIT while taking
advantage of the reduction in the installation cost. Following the drastic cuts by August
2012, the monthly growth rate declined to very low levels of 2–3%. In other words, the
positive effect of the reduction in the cost was clearly secondary compared with the negative
effect of the announcement of the FIT reduction.

Finally, a third (F1) long-lasting shock was estimated for the period between August
2012 and December 2015, bringing continued slow growth. Note that the monthly adoptions
as well as the growth-rate curve suggests, besides evidence of pulses (occurring once
a year), that such a long shock is rather the outcome of a sequence of four yearly shocks
until December 2015. A possible explanation of the annual phases of growth might reflect



Forecasting 2022, 4 466

the presence of small groups of adopters who had already decided to adopt but feared the
possibility of a further FIT reduction. The model does not include the instantaneous shock
that appears at the beginning of 2019 in line with the end of the FIT policy.

Last, from January 2016 until the end of the observed period, the growth rate fell
to negligible levels (<0.3%) despite the presence of incentive (FIT still around 5 p/kWh
compared with 45 p/kWh at the beginning).

As for the model selected for the number of residential installations, it may be easily
noted from the estimated parameters that there is an almost perfect correspondence with
the results for capacity data. This is not surprising given that the observed data have an
almost overlapping trend (only differing by a scale factor). This is the consequence of the
rather moderate variation in the average plant size, suggesting that, for this sector, installed
capacity data are an excellent surrogate of individual installations data, which, in principle,
best reflect the adoption process when the latter are unavailable.

4.2. Utility Sector

The solar PV diffusion among the utility sector started later than the other sectors,
with the first system of 6 MW installed in January 2012. The absence of installations prior to
2012 is mostly explained by the high installation cost, making the utility-scale installations
unprofitable [34,50], along with the revision of the ROC scheme which brought the share to
15.8% (+3.4 p.p. compared with 2011) and increased the buy-out price to 0.64 GBX/kWh
(Table A1). Instead, in 2012, a substantial drop in PV technology price was registered [51].

Even at a first sight, the history of PV adoption in the utility sector (Figure 4, right column)
is completely dominated by a few outliers in the form of massive “point adoption pulses”
(i.e., lasting a single month), followed by a slow growth. This applies to both capacity and
installations data. Reproducing such a pulsing behavior by the GIM model required 6 (F1)
shocks for installed capacity (with 5 different intensity values) and 5 (F1) shocks for the
number of installations, with 4 different intensities. These shocks emerged at the beginning
of each year from 2012 up to 2017 for installations and up to 2019 for the installed capacity
intensities (Figure 4). The resulting staircase shape of the cumulative growth of the utility
sector might be explained by the proximity of the ROC’s deadline on 31 March of each
year [52], suggesting that many electricity suppliers postponed their installations until just
before the deadline. After 2019, the utility sector substantially saturated.

Going into details, the exceptional growth rate registered in March 2013 (980%, surely
due to the low level of the market at that stage) was possibly forced by the fact that the
buy-out price from the 2012–2013 obligation period increased by 0.16 p/kWh, an increase
of 33% compared with the previous period (Table A1). The peak in monthly adoptions
(March 2014, with 147 installations counting for more than 2 GW) can be explained by the
fact that in this period the buy-out price grew substantially (by 36%). The worrying absence
of adoptions after 2018 is also to be remarked: only two or three systems per year and
none in 2021. This suggests that the end of the ROC scheme, along with the government’s
decision to block solar PV from the CfDs [53], brought the market to a full stall. Last, the
imitation effect in the utility sector is above 4.1%/month, much higher compared with the
residential sector, q = 0.003 (0.3%/month).
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Figure 4. Observed vs. fitted (by the best GIM model) PV adoptions in the UK 2010–2021 for
the utility sector by installed capacity and by numbers of installations. For each category consid-
ered, the figure reports: (i) cumulative adoptions, (ii) monthly adoptions, and (iii) growth rate of
cumulative adoptions.

4.3. Commercial Sector

Considering the installed capacity, the trend of the commercial sector (Figure 5) ap-
pears to show mixed characteristics between the residential and utility sectors. This can be
explained by the fact that this sector benefits from both FIT and ROC (>50 kW) incentives.
On the contrary, in the case of the number of installations, a pattern more comparable to the
residential sector can be observed, as systems with capacity between 10 and 50 kW eligible
only for FIT counted on average for approximately 90% of the commercial installations.
In fact, the modelled pattern of the number of installations for the commercial sector is
identical in shape with the residential one: a three-shock model (F1 + F2 + F1) with an
initial constant shock lasting two years during the first stage of the FIT scheme followed
by an exponential one (F2) initiated in November 2011, highly intense (A2 = 104) and
lasting about three months on average (1/c = 3.3). As it was the case of residentials, the
second shock should be attributable to the announced FIT cut. Like the residential sector,
we estimated a constant long-lasting shock (F1) in the period between August 2012 and
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December 2015. Finally, the imitation rate is also extremely low (0.5% monthly and 6%
yearly), as in the case of the residentials.
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Figure 5. Observed vs. fitted (by the best GIM model) PV adoptions in the UK 2010–2021 for
the commercial sector by installed capacity and by numbers of installations. For each category
considered, the figure reports: (i) cumulative adoptions, (ii) monthly adoptions, and (iii) growth rate
of cumulative adoptions.

Quite differently, the best model for the capacity data was a two-shock model (F1+ F2),
with an initial constant shock (two-year lasting) that is still present during the first stage of
the FIT scheme. The second shock is a long-lasting (1/c = 10) exponential one (F2) with
low intensity (A2 = 4) that covered various smaller shocks over the period 2015–2017: in
December 2015 before another drop in the FIT value and again in March before the 2016
and 2017 ROC deadlines. After 2017 and until November 2021, only one shock occurred
with the March 2019 ROC deadline, although it was not estimated.

In more detail, the analysis of the installed capacity pattern shows the highest growth
rate (around 500%) in July 2011 after the announcement of the dramatic drop in FIT value
for standalone panels from August 2011. On average, the growth rate attributable to the
ROC deadline lies around 13%. Similar spikes can also be observed considering the number
of installations, again consistent with the dramatic changes in FIT and ROC deadlines, with
the difference that the latter registered lower growth-rate spikes.
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The low levels of medium–large commercial installations prior to 2012 might be
explained by the low FIT values for medium–large systems [20]. This emphasizes the fact
that both FIT and ROC schemes have significantly impacted the commercial sector over
the years. In fact, the staircase pattern also observed for commercial adopters, although
smoother than in the utility sector, is consistent with both FIT reduction announcements
and ROC deadlines. Another similarity with the utility sector is the high value of the
imitation rate, above 4.4%/month (52%/year).

Last, the difference between the shape of the number of installations and the installed
capacity patterns for this sector deserves specific attention. This may likely be attributable to
its large heterogeneity, which possibly ranges from small enterprises up to big companies,
thereby yielding a dramatic heterogeneity in the adopted plants’ size. Therefore, the
possibility to use the capacity trend to predict that of the number of installations appears
quite limited as far as we consider such a coarsely grained level of analysis for commercial
enterprises. Clearly, refining the analysis by further disaggregating the commercial class
into subgroups based on more homogenous classes by plants’ size would show more
homogeneous temporal trends. In the Appendix A, we report some supplementary analyses
targeting small-sized commercial units (Figure A4 and Table A4). It is to be noted, however,
that this would introduce several complications (e.g., the need to possibly account for
different patterns of communication in the different subgroups of the sector) which would
call for further and more detailed explanations.

5. Discussion

The application of the GIM to the three categories considered to study the UK solar PV
adoption data confirms some key points already described in the literature [20,21,23]. The
analysis proposed in our work supports those previous findings by showing (i) the fragile
role of the media support to the uptake of solar PV, which is reflected in the systematically
negligible—and nonsignificant—estimates of the innovation coefficient in the GBM, (ii) the
ability of the resulting GIM to capture in a precise and meaningful way both the general
trends of adoptions as well as the magnitude and duration of the effects induced by external
perturbations, i.e., ad hoc incentives, and (iii) the dramatic dependence of the adoption
process of solar PV from public incentives. Indeed, the application of the GIM to observed
data showed that the trend of installations has been especially reactive to the changes in
incentive schemes in all sectors considered; the increase in FIT has always resulted in a
peak of installations, while their reduction has led to a parallel reduction in PV adoptions.
The peculiar nature of these data was observed in [24], highlighting the unsuitability of
both neoclassical economic models and simple s-curves, such as the logistic or the Bass
model, and therefore the need for models able to describe the highly perturbed structure
of data.

More generally, this paper offered a broader perspective on modelling the adoption
process of solar PV, as made possible by the highly disaggregated dataset available for
the UK, compared with past similar works [20,21]. This allowed to distinguish between
type of data—capacity vs. installations—and between categories of adoption—residential,
commercial, and utility. This more granular analysis stimulated several further interesting
insights. First, the use of sector-specific disaggregated data revealed, despite a common
dependency on incentives, highly different adoption patterns between sectors, likely due to
different economic attitudes and reactivity to incentives as well as to the different types of
incentives applied to the three different sectors. Second, the possibility to study separately
both the installed capacity and the number of installations data for the different sectors
suggested that the former, which are those most typically employed on renewable energy
studies, may be used as a good and reliable representation of the true adoption process
(embedded in the latter). This resulted to be especially true in the case of the residential
and utility sectors. The fact that the same consideration did not hold for the commercial
sector is clearly attributable to the high heterogeneity of this category which includes plants
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having a size ranging from 10 kw—possibly typical of a very small firm—up to 50 MW,
surely reflecting a large-scale company.

The conclusions reached in this paper are broadly consistent with those proposed
in [26], where the effects of FIT changes on PV penetration were studied with a system
dynamics approach embedding, among others, a Bass diffusion model. Through simu-
lations, the authors of [26] found that a cut in incentives would cause a decrease in PV
installations and reduced benefits for solar companies; on the other hand, their analysis
indicated that the reduction could sustain the growth of other energy-related technologies,
such as PV-battery systems. This not obvious side effect could justify the decision to reduce
FIT in the longer term. From a methodological point of view, the consistency of results
obtained through different—but related—approaches, namely innovation diffusion models
and system dynamics, suggests their combination for future studies, thanks to their joint
ability of estimating systematic changes in observed adoption trajectories due to policy
decisions and simulating “what-if” scenarios based on alternative policies.

As a last point, it is worth observing that our analysis is more descriptive than predic-
tive, since no forecasting procedure has been proposed. However, all the data considered
clearly show a flat behavior of adoptions in recent years, with a worrying market stall.
In view of this pattern, we preferred to use all the information, until 2021, for estimation
purposes only, while a useful forecasting exercise could be made if the market for solar PV
shows some recovery soon.

6. Conclusions

In this work, innovation diffusion models (GBM and GIM) were used to characterize
the temporal trends of the adoption process of solar PV energy in the UK over the period
2010–2021 for three main adopters’ categories, namely households, private enterprises,
and public companies and for two types of data, i.e., number of installations and installed
capacity. By exploiting the ability of the GBM and GIM to describe diffusion trajectories
subjected to structured perturbations, as it might be the case of incentivizing interventions,
the effects of the UK incentives on adoptions by those categories is studied by analyzing
the timing, intensity, and persistence of the perturbations of adoption curves.

The results confirm previous findings on PV adoption, including the generalized
lack of a persistent media support to solar PV, the ability of the GIM to capture both the
general trend of adoptions, as well as the possible effects induced by ad hoc incentives
and the dramatic dependence of the adoption process of solar PV from public incentives.
In addition, we highlighted both regularities as well as the differences in sector-specific
adoption patterns. Availability of data for both number of installations and installed
capacity allowed a model-based comparison showing that the latter data (usually more
easily available than the former) may be broadly representative of true adoption data,
especially when disaggregated data by category are available.

As for the strengths of this work, the high degree of granularity of the UK data gave
the opportunity to perform much more detailed modelling analyses of the temporal trends
of PV diffusion compared with past studies (e.g., [20,21]) that had to rely solely on the
highly aggregated data published at the international level on a yearly basis only. On the
one hand, the availability of data on a monthly time scale allowed a finer characterization
of the temporal patterns of the shocks in adoption trajectories induced by the strengthen-
ing/lifting of the incentive measures. On the other hand, the availability of sector-specific
data permitted to characterize the diffusion of strongly different categories of adopters,
likely responding in a different manner to policy interventions.

The present approach suffers the typical limitations of innovation diffusion models.
It is indirect because it proceeds by identifying the shocks in the adoption trajectories to
provide a post-hoc confirmation of the effectiveness of policy interventions. Integration
with direct policy data (as reported in Section 3) would allow to complement the present
approach by including the planned intensity of interventions. Moreover, the proposed
approach focusing on separate analyses of sector specific trajectories ignores both between
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sectors’ interaction as well as other external interactions, such as, e.g., the unavoidable
competition with other energy sources. Broader approaches, such as diffusion models in
competitive settings [2,54] as well as the system dynamics approach used in [26], would
allow to include some of these complexities. Overall, the general lesson that can be
learned from the present modelling effort is the need for high-quality, open, and highly
disaggregated data in the energy context, in order to provide a better understanding of RES
adoption dynamics and of the effects of related public interventions. This is a precondition
for designing better targeted policies aiming to stimulate the market. Though this paper
focused on the UK case, an extension to other countries appears straightforward and
would be useful to capture some key common factors across countries in PV adoption,
while controlling for the effect of national specificities, such as climatic, technological, and
institutional aspects. Of course, a replication of this study to other countries would need
sector-specific data, as in the UK.

Therefore, making such types of high-quality and granular data rapidly open in all
countries worldwide is an urgent need. This appears even more crucial in the current era,
after two years of a deadly pandemic and with a war going on at the heart of Europe, where
the pervasive threat of global climate change requires a rapid energy transition; science
needs the best data to inform energy policies.
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Figure A1. Annual RD&D investments for solar power in million GBP (nominal) from 1974 to 2016.
Data from IEA Online Data Service.

Table A1. Renewable Obligation Certificate (ROC) shares, buy-out prices, effective price per unit,
and supply growth rate (in p.p) over the years (2002–2022). Data source: Ofgem [52].

Obligation Period
(from 1 April to

31 March)
Supply (%) Supply Growth

Rate (p.p.)
Buy Out Price

(£/MWh)

Effective Price
per Unit
(p/kWh)

2002–2003 3 £30.00 0.09
2003–2004 4.3 1.3 £30.51 0.13
2004–2005 4.9 0.6 £31.39 0.15
2005–2006 5.5 0.6 £32.33 0.18
2006–2007 6.7 1.2 £33.24 0.22
2007–2008 7.9 1.2 £34.30 0.29
2008–2009 9.1 1.2 £35.76 0.33
2009–2010 9.7 0.6 £37.19 0.36
2010–2011 11.1 1.4 £36.99 0.41
2011–2012 12.4 1.3 £38.69 0.48
2012–2013 15.8 3.4 £40.71 0.64
2013–2014 20.6 4.8 £42.02 0.87
2014–2015 24.4 3.8 £43.30 1.06
2015–2016 29 4.6 £44.33 1.29
2016–2017 34.8 5.8 £44.77 1.56
2017–2018 40.9 6.1 £45.58 1.86
2018–2019 46.8 5.9 £47.22 -
2019–2020 48.4 1.6 £48.78 -
2020–2021 47.1 −1.3 £50.05 -
2021–2022 49.2 2.1 £50.80 -

Table A2. Standard Bass model estimates (α, q, m) by sector for installed capacity and number of
installations.

Installed Capacity Number of Installations

Sector R C U Agg R C U Agg

α 0.0061 0.0004 0.0005 0.0005 0.0066 0.0026 0.0010 0.0065
q 0.04 0.08 0.16 0.08 0.03 0.05 0.14 0.03
m 3091 4540 5816 13,456 1,043,260 37,037 448 1,081,618



Forecasting 2022, 4 473Forecasting 2022, 4, FOR PEER REVIEW  18 
 

 

Figure A2. Standard Solar FIT values (high rate) by capacity range in kW from April 2010 to March 

2019. Source: Ofgem—UK Government Statistics [44]. NB: FIT payment rates for solar photovoltaic 

installations determined by the Gas and Electricity Markets Authority (Ofgem) under Article 13 of 

the Feed-in Tariffs Order 2012. 

Table A3. The GIM fit in the UK considered under the minimum target: summary information [21]. 

     First Shock Second Shock 

Country 
Selected 

Model 

Q and Time to the 99th 

Percentile of the Mini-

mum Target 

Year of Achievement of the 

Minimum Target 
Peak C1 A1 A1 C2 A2 A2 

GBR F3 + F3 0.31 (2044) 2029 Yes 1.75 17.28 33.06 2.53 21.43 23.18 

 

Figure A3. Monthly share in total cumulative installed capacity by sector: residential (green), com-

mercial (orange), and Utility (purple) from January 2010 to November 2021. Own calculation based 

on data from [27]. 

Figure A2. Standard Solar FIT values (high rate) by capacity range in kW from April 2010 to March
2019. Source: Ofgem—UK Government Statistics [44]. NB: FIT payment rates for solar photovoltaic
installations determined by the Gas and Electricity Markets Authority (Ofgem) under Article 13 of
the Feed-in Tariffs Order 2012.

Table A3. The GIM fit in the UK considered under the minimum target: summary information [21].

First Shock Second Shock

Country Selected
Model

Q and Time to the
99th Percentile of

the Minimum Target

Year of Achievement of
the Minimum Target Peak C1 A1 A1 C2 A2 A2

GBR F3 + F3 0.31 (2044) 2029 Yes 1.75 17.28 33.06 2.53 21.43 23.18
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based on data from [27].
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Figure A4. Observed vs. fitted (by the best GIM model) PV monthly adoptions in the UK 2010–2021, 

for the small-size (10–50 kW) systems of the commercial sector: (left) installed capacity (F1 + F2 + 
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Table A4. Estimates of GIM parameters for the time series of PV adoptions in the UK 2010–2021 for 

the small-size (10–50 kW) commercial sector for the two types of data series considered (by installed 

capacity and by numbers of installations). The best-fit model is reported including the estimates of 

the basic Bass parameters (𝑞, 𝑚) as well as the type and number of shocks. 

 Small-Size (10–50 kW) Commercial Sector  

 Installed Capacity Number of Installations 

Best Model 3-shock (F1 + F2 + F1) 3-shock (F1 + F2 + F1) 

q 0.006 0.006 

m 5256 24,544,092 

A1 14.8 13.3 

a1 0.0 0 

b1 23 23 

A2 (c2) 0.4 0.4 

a2 20 21 

b2 (A2) 137 107 

A3 3.9 4.1 

a3 24 24 

b3 75 75 
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Figure A4. Observed vs. fitted (by the best GIM model) PV monthly adoptions in the UK 2010–2021,
for the small-size (10–50 kW) systems of the commercial sector: (left) installed capacity (F1 + F2 + F1);
(right) number of installations (F1 + F2 + F1).

Table A4. Estimates of GIM parameters for the time series of PV adoptions in the UK 2010–2021 for
the small-size (10–50 kW) commercial sector for the two types of data series considered (by installed
capacity and by numbers of installations). The best-fit model is reported including the estimates of
the basic Bass parameters (q, m) as well as the type and number of shocks.

Small-Size (10–15 kW) Commercial Sector

Installed Capacity Number of Installations

Best Model 3-shock (F1 + F2 + F1) 3-shock (F1 + F2 + F1)

q 0.006 0.006
m 5256 24,544,092
A1 14.8 13.3
a1 0.0 0
b1 23 23

A2 (c2) 0.4 0.4
a2 20 21

b2 (A2) 137 107
A3 3.9 4.1
a3 24 24
b3 75 75
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