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In contrast to residential rooftop photovoltaic systems, plug-in photovoltaic systems offer a significantly lower
barrier to entry in terms of upfront costs, installation complexity, and the need for roof space. These attributes
make them appealing to a wider demographic and position them as transformative tools in the energy
transition, opening opportunities for broader participation in renewable energy and aligning with the growing
emphasis on energy justice and inclusivity. Nevertheless, adoption patterns for plug-in PV systems are not well
understood, especially given their unique characteristics, which limit the applicability of insights derived from
residential rooftop systems. This study addresses this research gap by applying spatial econometric models
to investigate plug-in PV system adoption, revealing pronounced disparities. Our findings show that income
support recipients are less negatively associated with plug-in PV adoption compared to larger rooftop systems,
indicating that the lower upfront costs of plug-in PV systems may reduce financial barriers. Furthermore, the
influence of household income on adoption is weaker for plug-in systems, suggesting that these systems may be
more accessible to lower-income households. Contrary to expectations, solar radiation plays a less significant
role in the adoption of plug-in PV. Additionally, the negative effect of the proportion of rented apartments on
adoption is less pronounced for plug-in systems, highlighting their suitability for renters. Regional subsidies
have demonstrated a positive impact on plug-in PV adoption, further emphasizing the potential of targeted
support programs. Our findings can equip policymakers with the necessary insights to formulate strategies
promoting the uptake of plug-in PV systems.

1. Introduction policy support significantly influence adoption rates, leading to uneven

adoption patterns across different socioeconomic groups [2-4]. Despite

The escalating urgency of climate change mitigation necessitates a
radical reconfiguration of energy systems. As part of its commitment
to combating climate change, Germany has outlined an ambitious
strategy to increase the contribution of renewable energy sources to its
gross electricity consumption to at least 80% by 2030. Key legislative
measures, such as the 2023 amendment to the Renewable Energy
Sources Act (EEG) and the recent provisions under Solar Package I,
aim to simplify the registration and installation processes for renewable
energy infrastructure, particularly PV systems. These changes improve
flexibility and accessibility for all systems, including smaller ones like
plug-in PV [1]. While traditional rooftop PV systems continue to be
a cornerstone of renewable energy generation and are expected to
maintain a central role in the transition to sustainable energy, their
adoption is still hindered by challenges such as high upfront costs,
the need for substantial roof space, and complex installation require-
ments. As research shows, factors like income, education, and public
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declining technology costs, substantial upfront expenses continue to
hinder widespread adoption for many households [5-8]. In recent
years, plug-in PV systems have emerged as a practical alternative to tra-
ditional medium-sized rooftop PV systems, offering distinct advantages.
Unlike conventional systems, plug-in PV units are smaller, simpler to
install, and more affordable. These systems typically consist of between
one and four PV modules connected to a micro-inverter, which can
be plugged directly into a household socket. The energy produced is
primarily used for self-consumption, while any excess energy is fed
into the grid, though typically without financial compensation, as the
regulatory and metering costs outweigh the value of the small amounts
of surplus energy produced. These systems are particularly well-suited
for those without access to large rooftops, enabling energy production
even in space-constrained environments. With system costs ranging
between 300 € and 400 €, and considering Germany’s relatively high
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electricity prices, plug-in PV systems offer a notably short payback
time of approximately 2 years, assuming an 80 % self-consumption
rate. In addition to the financial benefits, the energy payback time of
PV systems in Europe is approximately 1.12 to 1.24 years for systems
installed in Northern Europe, reflecting the energy required for their
production and installation [9]. Their accessibility and affordability
make them an attractive option for households that previously could
not participate in solar energy generation. The rapid growth in plug-
in PV installations underscores the rising popularity. While still a
relatively small segment of the overall PV market, accounting for
approximately 3.2 % of installed capacity in 2024, the absolute number
of installations in Fig. 1 reveal a significant proportion. In 2024, plug-
in PV installations reached 321,900 units, accounting for 46.6 % of
all newly installed PV systems in Germany. This means nearly every
second installation was a plug-in unit, underscoring the technology’s
growing popularity and emphasizing the need to better understand the
factors driving its adoption compared to traditional rooftop PV systems.
While existing studies on PV adoption primarily focus on rooftop PV
systems and highlight several factors, the unique characteristics of
plug-in PV system, such as their smaller size, ease of installation, and
affordability, suggest that the factors influencing their adoption may
differ significantly. However, no study has yet systematically exam-
ined plug-in PV adoption. This research aims to address this gap and
investigates the spatial distribution and adoption patterns of plug-in
PV systems by applying a spatial econometric approach. Initially, we
employ Ordinary Least Squares (OLS) regression to explore the general
relationships between adoption and various socioeconomic factors,
geographical and housing attributes, and policy-related measures. Due
to spatial correlation in the residuals of the OLS model, we subse-
quently apply more sophisticated spatial regression models, including
the Spatial Lag Model (SLM) and the Spatial Error Model (SEM), to
account for these spatial dependencies. To further capture the varying
effects of explanatory variables across different regions, a Geographi-
cally Weighted Regression (GWR) is used. This approach allows us to
account for spatial non-stationarity by examining how the influence of
factors such as income, education, and policy support varies geograph-
ically. Additionally, GWR is extended by incorporating a spatial lag
component, enabling the assessment of how adoption in one area may
influence neighboring regions. These models provide more targeted
insights, informing policymakers about regional variations in adoption
patterns and suggesting geographically tailored interventions.

The remainder of this paper is structured as follows. First, we review
existing literature on PV adoption, focusing on the factors that influence
adoption rates and summarize previous research on the diffusion of
traditional rooftop PV systems, identifying the factors that have been
most influential in driving adoption. Notably, we highlight the gap
in the literature regarding plug-in PV systems, motivating this study’s
focus on this emerging technology. Next, we describe the methodolog-
ical approach in detail, including the datasets used, the data sources,
and how key variables were defined and obtained for the analysis. The
results of the spatial econometric analyses follow, identifying the key
factors influencing the adoption of plug-in and rooftop PV systems,
while highlighting the regional differences in these factors. Finally, we
contextualize our findings within the existing body of research, offer
policy recommendations, and suggest directions for future research.

2. Theoretical background

Understanding the adoption of plug-in PV systems is a novel area
of research, with no existing studies directly addressing this emerging
technology. However, the adoption dynamics of rooftop PV systems
have been extensively studied, offering a useful benchmark. Since many
of the socioeconomic and geographical factors influencing rooftop PV
adoption are likely to also apply to plug-in PV, it is instructive to
review the relevant literature. By comparing the findings from rooftop
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PV studies, we aim to identify commonalities and differences that may
inform the diffusion of plug-in PV systems.

Surveys and interviews have consistently provided valuable in-
sights into the motivations and barriers associated with PV adoption.
For example, Alipour et al. [4] identified lower electricity bills and
consumer interest as crucial factors for PV uptake in Queensland,
Australia. At the same time, high system costs and the expectation
of more affordable future PV systems with battery storage deterred
adoption. Similarly, a survey experiment by Mundaca and Samahita
[8] in Sweden highlighted the significant role of subsidies and peer
effects, with environmental awareness also positively influencing adop-
tion decisions. Both Vasseur and Kemp [2] and Palm [3] reinforced
these findings, noting that high upfront costs remain a barrier despite
decreasing prices, while environmental motivations have consistently
encouraged adoption. Palm [3] further pointed to new challenges,
such as increased administrative burdens and difficulties in accessing
information about market conditions.

Beyond surveys, mixed-method approaches and alternative ana-
lytical strategies have provided additional insights into the adoption
of rooftop PV systems. For instance, Bogel et al. [11] examined the
role of demographic factors, including gender, ethnic identity, educa-
tion level, and wealth, in shaping PV adoption patterns in Germany.
Meanwhile, Sovacool et al. [12] highlighted the exclusion of certain de-
mographic groups — such as low-income families, the elderly, renters,
and students — from PV adoption, noting how structural inequalities
can influence energy transitions. This exclusion is particularly relevant
for plug-in PV systems, which are marketed as a more accessible
solution for renters and low-income households. The extent to which
these systems can overcome barriers faced by disadvantaged groups
warrants closer investigation. Furthermore, Rode and Weber [13] used
an epidemic diffusion model to show how localized, imitative behav-
ior plays a critical role in the diffusion of household PV systems in
Germany. This was further supported by Miiller and Rode [14], whose
analysis of Wiesbaden revealed that the presence of nearby PV systems
positively influences the decision to install PV systems. This imitative
behavior could also be a key factor in plug-in PV adoption, as visible
installations, such as plug-in PV systems, may inspire neighbors and
communities to adopt similar systems. Curtius et al. [15] suggested
that policymakers could foster regional “hotspots” to create snowball
effects, accelerating PV adoption through targeted local initiatives. A
few studies took a different approach, using principal component and
cluster analysis to examine PV adoption. For instance, Hirt et al. [16]
studied clusters in Switzerland and found a greater uptake of solar
PV in clusters with more prevalent techno-scientific knowledge. They
also emphasized the role of local actors, such as local authorities,
energy companies, and dedicated citizens, in accelerating PV uptake
based on local specificities. Zhang et al. [17] conducted a clustering
approach, followed by hierarchical regression analysis and found that
detached houses and multi-person households positively contribute to
solar panel uptake, while high population density and a high proportion
of middle-aged people provide negative contributions. Cross-sectional
spatial regression studies have greatly enhanced our understanding of
PV adoption dynamics by highlighting the influence of socioeconomic,
geographical, and housing factors. For instance, Allan and McIntyre
[18] used a Spatial Durbin Model (SDM) to explore PV uptake in
the UK, discovering that wealth, housing type, and population density
were significant drivers. Contrary to expectations, the study found
that local green attitudes did not play a decisive role in PV adoption.
Similarly, Aratjo et al. [19], using Generalized Spatial Models (GSM),
noted the nuanced effects of political orientation and age on PV adop-
tion in New York. The study identified higher adoption rates among
individuals aged 30-44 and over 59, with income and median home
values also being important factors.

Dharshing [20] applied SLM and SEM to analyze PV adoption
patterns. Their results revealed that economic incentives played a
crucial role in shaping both the spatial and temporal distribution of PV
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Fig. 1. Installed capacity and number of PV installations per year in Germany from 2018 to 2024, differentiated by Plug-In, Rooftop, and Large PV systems. Data source:

Marktstammdatenregister [10].

systems. Socioeconomic status was confirmed as a significant driver,
but the effects of environmental attitudes and settlement structure
were more ambiguous. Geographic factors, such as solar radiation and
the prevalence of detached houses, were similarly found to have a
strong positive impact on PV uptake by several studies [21-23]. No-
tably, Balta-Ozkan et al. [23] demonstrated the non-stationary impact
of low population density, finding that regions with higher solar irradi-
ation and lower population density exhibited greater PV adoption. Fur-
ther emphasizing the role of housing and demographic factors, Collier
et al. [24] used regression models to show how population demograph-
ics, housing density, size, type, and tenure shape PV uptake in the UK.
In Germany, Jacksohn et al. [25] applied binary logit models to assess
the influence of economic and sociodemographic variables on PV adop-
tion. The study highlighted that medium-educated heads of households,
those with more children, and households with higher incomes were
more likely to invest in PV systems. These findings illustrate the broad
range of factors that affect PV adoption, confirming the relevance of
both financial and demographic determinants. Urban-rural differences
were also highlighted by MacIntyre et al. [26], who identified the
impact of social interaction and peer effects on PV adoption through
spatial econometric analysis. The study pointed to tenure composition
and economic status as key factors, especially in urban areas where
social interactions drive adoption. This was reinforced by Schaffer and
Brun [27], whose research using SLM identified solar radiation, housing
density, homeownership ratios, and per capita income as important
predictors of PV adoption in Germany.

Table 1 summarizes regression coefficients from various studies,
highlighting key factors influencing PV adoption, such as socioeco-
nomic characteristics, geographical and housing attributes, and policy
frameworks. Although these studies primarily focus on rooftop PV
systems, they provide a valuable benchmark for understanding the
potential drivers of plug-in PV adoption. Given the advantages of plug-
in PV systems, such as their affordability and ease of installation, some
barriers identified for traditional PV systems may be less relevant,
while new challenges could arise. By comparing our findings with the
trends of rooftop PV adoption observed in previous research, we aim to
explore whether plug-in PV systems exhibit similar adoption dynamics
or differ due to their unique characteristics.

3. Data and methodology

In this section, the data sources, the dependent and explanatory
variables, and the models used to analyze the adoption patterns of plug-
in and rooftop PV systems across Germany are outlined. To capture
spatially heterogeneous PV adoption (see Fig. 2) and provide insights

into the factors influencing adoption rates, our study leverages detailed
regional data at the NUTS-3 level, which corresponds to the county
level in the European Union’s regional classification system. In Ger-
many, there are 400 NUTS-3 regions, offering a sufficiently granular
view of the geographical distribution of PV installations and allowing
for comparability with previous PV adoption literature.

3.1. Dependent variable

The analysis relies on data for PV installations sourced from the
energy market data register (Marktstammdatenregister), a comprehen-
sive registry maintained by the German Federal Network Agency [10].
While the Marktstammdatenregister tracks all power and gas units lo-
cated in Germany, our study specifically focuses on PV systems. The
dataset provides detailed information on installed capacities and loca-
tional details for all grid-connected PV systems across Germany [10].
For plug-in PV systems, we include all installations with capacities
ranging from 0.1 kW to 0.8 kW, reflecting the updated legal threshold
in Germany, which increased from 600 W to 800 W on May 16, 2024.
Prior to this change, installations up to 600 W were considered plug-
in PV systems, and we applied this threshold for data before May
2024. For residential rooftop PV systems, we include installations with
capacities between 3 kW and 30 kW. The data spans from 2018, when
the installation of plug-in PV systems was first legally permitted, until
August 2024. After filtering out installations without location data, we
included a total of 7,23,663 plug-in PV installations and 1,857,190
residential rooftop PV installations in the analysis and aggregated these
installation data at the NUTS-3 level, which corresponds to the county
level in Germany. To account for regional differences in population
and household density, we normalized the installed PV capacity by
the number of households in each NUTS-3 region. This normalization
helps reducing heteroscedasticity in the regression analysis and allows
for more meaningful regional comparisons. Fig. 2 (a) and (b) depict
the spatial distribution of plug-in and residential rooftop PV installa-
tions across Germany. Notably, plug-in PV systems tend to be more
concentrated in northern and central regions, while residential rooftop
installations show higher prevalence in the north-west and southern
regions of Germany.

3.2. Explanatory variables

To guide the selection of adoption factors, including socioeconomic
characteristics, housing characteristics, and additional elements like
environmental attitudes and geographical variables, we have drawn on
the findings of previous studies, summarized in Table 1. The data was
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Table 1

Summary of key variables and their influence on PV system adoption in related research.
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Fig. 2. Installations per 1,000 residential units of (a) plug-in and (b) residential rooftop PV systems in each NUTS-3 region in Germany from January 2018 to August 2024.

collected from multiple sources: socioeconomic and housing data from
the German Census [29], election results to capture environmental at-
titudes from [30], and solar radiation data to account for geographical
differences in energy potential from the German Meteorological Service
(DWD) [31]. In the following, we explicitly examine these variables
by discussing the findings from previous studies and the assumptions
made by other authors about why certain factors may influence PV
adoption in particular ways and summarize the identified tendencies
and adoption patterns for each variable, referencing the literature to
explain these relationships. Based on these discussions, hypotheses
regarding their potential influence on both plug-in PV and rooftop PV
adoption in the context of our study are formulated.

Drawing on the insights from previous studies and recognizing the
potential implications, we included detached homes as an explanatory
variable in our analysis. Detached homes often have larger roof areas
and fewer distance regulations to comply with compared to other types
of residential buildings, which provides more space for installing PV
systems. Furthermore, owners of detached homes typically have greater
autonomy to modify their properties, such as installing PV systems,
compared to residents of multi-unit buildings. This could lead to a
higher uptake of PV systems in areas with more detached homes.
Several studies have found that regions with higher shares of detached
homes are more likely to experience greater uptake of residential PV
systems [17,20-23].
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An additional variable of interest is the proportion of rented homes
in a county. The financial viability of installing larger rooftop PV sys-
tems typically hinges on the simultaneous consumption of the energy
the investor produces. However, this is generally different for rented
apartments. Although there have been regulatory attempts to mitigate
this issue and boost attractiveness through schemes such as tenant elec-
tricity, certain barriers persist. This notion is supported by literature;
for instance, Schaffer and Brun [27] noted that homeowners are more
likely to invest in PV systems than renters. Similarly, Sovacool et al.
[12] found that homeownership positively correlates with PV uptake.
Therefore, we propose to include this variable in our analysis. The
impact of the proportion of rented apartments could be less negative for
plug-in PV systems because the barriers to adopting plug-in PV systems
are significantly lower, requiring only the property owner’s consent.

The inclusion of different age demographics as explanatory vari-
ables has been the subject of previous studies and yielded mixed results.
Some researchers have deliberately omitted population age from their
analyses to prevent distortion of the results or to circumvent issues
of multicollinearity [21]. Dharshing [20] found that the under-20 age
group negatively impacts PV adoption. However, the effects of other
age groups on PV uptake remain ambiguous due to inconsistent findings
across different studies. Zhang et al. [17] show middle-aged people
have a negative influence, whereas Araijo et al. [19] find that those
aged 30 to 44 and above 59 have positive tendencies toward PV
adoption. Contrarily, Jacksohn et al. [25] report that PV adoption
probability decreases with the age of the household head. Given this
context, our analysis aims to clarify further the influence of population
age on PV and plug-in PV system adoption.

We include median household income in our analysis due to the
controversial results found in previous studies on PV adoption. While
some research shows that higher-income households are more likely
to adopt PV systems because they can afford the high upfront costs of
rooftop installations [19,20,22,26-28], other studies have reported a
negative or insignificant relationship [17,21,23,24]. This inconsistency
in the literature makes it important to assess the role of income,
especially for plug-in PV systems, which are more affordable and likely
to appeal to low-income households. By including income, we aim to
explore how this variable influences the adoption of both rooftop and
plug-in PV systems, with a particular focus on its relevance for the
wider accessibility of plug-in PV.

Sovacool et al. [12] and Vasseur and Kemp [2] highlight a potential
economic barrier in PV system adoption, suggesting that the PV sys-
tems’ high costs exclude low-income families. In response, our study
incorporates the variable of welfare recipients, aiming to explore the
adoption likelihood of plug-in PV systems among this demographic. We
hypothesize that plug-in PV systems with considerably lower upfront
costs may present a more inclusive approach to solar energy adoption,
extending its benefits across a broader demographic.

Regarding the variable of subsidy for PV systems and its influence
on adoption, it is noteworthy that the feed-in tariff defined by the
EEG is uniformly applicable across all NUTS-3 regions. Therefore, any
regional differences observed in the distribution of residential rooftop
PV systems are likely attributable to other determinants. Conversely,
subsidies for plug-in PV systems exhibit a high degree of locality,
with considerable differences from one county to another. The state of
Mecklenburg Western Pomerania stands as the only exception where
subsidies are provided at a regional level rather than locally. Informa-
tion on these subsidies was compiled via extensive internet research,
representing the status as of August 31, 2024.

The environmental attitude within a given area may serve as a
potential variable influencing PV adoption. A community with a more
environmentally conscious population might be more inclined to adopt
PV systems. As a proxy for this general environmental attitude, we
considered the proportion of Green Party voters in the area. This ap-
proach relies on the assumption that a higher prevalence of Green Party
voters may reflect a greater commitment to environmental principles.
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To incorporate this variable in our study, we utilized data from the
latest federal election results in Germany [30]. The influence of this
variable on PV adoption has been addressed in various studies with
mixed results. While some research indicates a positive influence of this
variable [3,8], others have found it to be insignificant [19-21,25,27].

Solar radiation has emerged as a critical factor in understanding
PV system adoption, as emphasized by various studies [21,23,27]. It
plays a fundamental role, given its direct influence on a PV system’s
performance. Higher solar irradiation allows a PV system to generate
more electricity, enhancing the attractiveness of the investment by po-
tentially improving the economic returns. For our analysis, we sourced
data on solar radiation from DWD, relying specifically on their long-
term radiation dataset, covering an extensive period from 1990 to 2020
and offering a granular resolution of 1 km x 1 km [31]. Using this data,
we calculated the mean solar radiation value for each NUTS-3 region.
An overview of all variables considered in the analysis is presented in
the descriptive statistics in Table 2.

3.3. Model specification

Our analytical approach employs an OLS regression to establish
a baseline understanding of the factors influencing PV adoption. The
OLS model assumes that relationships between the dependent and
explanatory variables are constant across the study area. In our study,
the OLS regression model takes the form of a semi-logarithmic model,
where In(y;) is the logarithm of the dependent variable, representing
the number of PV installations per 1,000 residential units in region i.
x; are the explanatory variables for region i, including socioeconomic,
housing, environmental, and geographical factors. f, is the intercept,
and p,, are the coefficients to be estimated for each explanatory variable
m. Lastly, ¢; is the error term for region i.

() = fo+ X BuXim +€; e}

While OLS can provide useful insights, it assumes that the error terms
are independent and identically distributed. However, in spatial data,
nearby regions may exhibit similar characteristics, leading to spatial
autocorrelation in the residuals, violating the assumptions of OLS and
resulting in biased or inefficient estimates. To assess whether spatial
autocorrelation is present in the OLS residuals, we conduct the Global
Moran’s I test, a widely used measure to detect spatial dependence. If
the Moran’s I test shows significant spatial autocorrelation, the OLS
model may not be suitable, as it assumes no spatial dependence.
In addition, we perform Lagrange Multiplier (LM) tests to determine
whether spatial lag or spatial error models are more appropriate. The
LM test evaluates whether the spatial lag or spatial error components
are significant in explaining the residuals. Based on the results of the
Moran’s I and LM tests, we implement spatial models that account for
spatial dependence in the data. The SLM is specified as:

In(y;) = pW In(y) + X;8 + ¢; ()]

p is the spatial autoregressive parameter, capturing the influence of
the dependent variable in neighboring regions. W is the spatial weight
matrix (based on contiguity, in our case using the queen criterion). X;
is the matrix of explanatory variables for region i. g is the vector of
coefficients to be estimated and ¢; is the error term for region i.

The SEM, which captures spatial dependence in the error terms
rather than the dependent variable, is expressed as:

In(y;)) = X, + AWe +u, 3)

A is the spatial error parameter, capturing spatial dependence in the
residuals, u; represents the error terms in region i.

Both models address the spatial dependence identified in the OLS
residuals, providing more robust and efficient estimates. In addition to
SLM and SEM, we employ GWR to capture spatial non-stationarity. The
mathematical formulation of GWR is a spatially weighted version of a
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Table 2
Descriptive statistics of dependent and independent variables.
Variable Description Mean Std Min Max
Dependent variables
Plug-in PV systems per Number of plug-in PV 18.62 6.58 3.95 43.57
residential units [10] systems per 1000 residential units
Residential rooftop PV systems Number of residential rooftop PV 50.93 26.45 6.52 128.99
per residential units [10] systems per 1000 residential units
Independent variables
Share of households living in 0.64 0.17 0.19 0.90
Detached homes [29] detached and semi-detached homes
Residential units [29] Number of 1000 residential units 107.77 132.64 18.16 2018.83
Household income Household income 2013.03 194.38 1490.75 3124.67
Welfare recipients [29] Share of welfare recipients 6.92 3.47 2.13 21.85
. . Share of green voters in
Environmental attitude [30] the Bundestag election 2021 12.88 5.71 3.04 35.96
- Long-term average of
Solar radiation [31] solar radiation [kKWh/m’+ a] 1093.22 55.64 992.77 1207.15
h f 1
Rental [29] Share of rental apartments and 47.59 13.05 25.62 82.58
residential buildings
Share of individuals
i 2 . . . 5
Population above 64 years [29] aged 65 and above 23.05 3.06 15.79 32.45
Plug-in PV subsidy Binary for the provision 0.28 0.45 0 1

of plug-in PV subsidies

linear regression model, in which each observation is weighted by a
function of the distance from the location of interest, thereby allowing
the relationships between the dependent and independent variables to
vary across space, providing location-specific coefficients. The GWR
model is formulated as:

In(y) = fio + D, i + € @

B0 and p;,, represent the intercept and coefficients for region i, allowing
for spatial variation in the relationships. The p coefficients are esti-
mated by minimizing a spatially weighted sum of the squared residuals,
with more weight given to points closer to i. This weight is determined
using a spatial kernel function. In our study, a Gaussian kernel function,
represented in Eq. (5), was the most suitable. Here, w;; represents the
weight between j and i, d;; signifies the distance between the centroids
of j and i, and bw denotes the bandwidth.

d.. 2
ij
tiy = exp <‘m > )

d;; is the distance between regions i and j, and bw is the bandwidth.
The bandwidth is selected based on the Corrected Akaike Information
Criterion (AICc), balancing model fit and complexity. We extend the
GWR model by incorporating a lagged dependent variable [32], re-
sulting in the Geographically Weighted Regression with Spatial Lag
model (GWR-SLM). While standard GWR captures local variations in
the relationships between variables, GWR-SLM goes further by explic-
itly addressing spatial autocorrelation in the dependent variable (see
Eq. (6)). This model allows us to account for both local variations and
the influence of neighboring regions, helping us better understand the
interactions between regions, particularly in areas where the diffusion
of PV systems is influenced by surrounding regions.

In(y) = W )+ B + Y BinXim + € (6)

For both GWR and GWR-SL, bandwidth selection is critical. While
the conventional practice often involves choosing the minimum AICc
[33], we assign greater importance to using an identical bandwidth
value for both regression models, which slightly deviates from their re-
spective minimum values. This deviation is motivated by the necessity
to compare the two distinct PV system types fairly. By standardizing
the bandwidth, we can avoid potential distortions in the results caused
by unequal spatial resolutions, which would have resulted from using
differing bandwidths. This is especially critical when comparing the
spatial patterns and local variations of the regression coefficients for the

two types of PV systems, as the bandwidth determines the spatial res-
olution of these patterns. Following this method, a unified bandwidth
of 12 was selected, as illustrated in Fig. 3, which shows the AICc and
R? values for both models. The bandwidth thereby defines an adaptive
radius for the weighting function, which adjusts dynamically based on
the 12 nearest neighbors.

4. Results and discussion

In the following, our regression results for the explanatory variables
will be discussed. These results clarify the specific factors influencing
the adoption of residential rooftop and plug-in PV systems. Special
attention will be given to the differences between these two systems,
particularly how socioeconomic variables uniquely shape their dif-
fusion patterns. The results of the Moran’s I and LM tests indicate
significant spatial autocorrelation in the residuals of the OLS regres-
sion models for both rooftop and plug-in PV systems. For rooftop
PV, Moran’s I is significant with a value of 0.4333, suggesting strong
spatial dependence. Similarly, the LM Error and LM Lag tests are both
significant, with their robust versions further confirming the presence
of spatial dependence, particularly in the error terms. For plug-in PV,
Moran’s I is 0.2321, which is lower than that of rooftop PV, but still
indicates significant spatial autocorrelation. The LM tests and their
robust versions confirm spatial dependence. The detailed results of the
Moran’s I and LM tests are summarized in Table 3.

With the significant spatial dependence detected in the OLS resid-
uals for both rooftop and plug-in PV systems, spatial econometric
models are necessary to better account for this spatial autocorrelation.
Therefore, we employ the SLM and SEM, which address spatial au-
tocorrelation either in the dependent variable or in the error terms,
respectively. Additionally, spatial heterogeneity is further analyzed
using GWR and its extension, GWR-SLM. Table 4 presents the re-
sults for all models. For rooftop PV systems, the SLM model offers
a significant improvement over the OLS model. The inclusion of the
spatial lag variable (p = 0.187***) captures the influence of neighboring
regions on PV adoption. This spatial dependence improves the model’s
performance, as seen in the increase in pseudo-R* to 0.798 and the
reduction in Moran’s I to 0.359. By contrast, the SEM model, which
accounts for spatial dependence in the error terms (1 = 0.813***), shows
a lower pseudo-R? of 0.743 and a higher Moran’s I of 0.652. Thus,
the SLM model better addresses spatial autocorrelation, particularly
through the spatial lag variable. For plug-in PV systems, the spatial
lag variable in the SLM model is again significant (p = 0.202***).
The pseudo-R? rises to 0.577, and Moran’s I is reduced from 0.232
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Table 3

Moran’s I and LM Test results for OLS residuals.

Concept Moran’s I LM Error Robust LM Error Robust LM Lag
Rooftop PV 0.4333
Plug-in PV 0.2321

*** Gignificant at the 0.001 level.
** Significant at the 0.01 level.

Table 4
Regression results for residential rooftop and plug-in PV systems.

Residential rooftop PV systems

Plug-in PV systems

OLS SLM SEM GWR GWR-SLM OLS SLM SEM GWR GWR-SLM
3.182 2.764 2.809 2.094
I .825%%* .130* .205%%* 2.761%** 2.219%%* 2. e
ntercept 3.825 3.130 3.205 0.672) (0.944) 76 9 845 (0.722) (0.934)
o ~ e 0721 -0.783 . . —0.149 —0.234
Green voters —-0.742 0.785 0.704 (0.568) (0.534) 0.074 0.018 0.063 (0.594) (0.550)
: P _ -0.173 —-0.143 0.219 0.279
Population above 64 years -0.927 0.796 0.311 0.745) (0.805) 0.086 0.081 0.115 0.761) 0.762)
i —1.445 -1.422 s s -0.981 -1.056
Income support recipients -1.171 1.304 (0.897) (0.864) 0.751 0.769 0.969 (0.661) (0.691)
i 0.478 0.619 0.411 0.482
Household income 0.293 (0.849) (0.840) 0.272 0.343 0.183 (0.875) 0.733)
-1.600 -1.518 -1.792 -1.703
hy —1.249° —1.224* -1.
Rented homes (1.478) (1.546) 9 4 7 (1.688) (1.584)
. 0.772 0.647 —0.338 —0.341
Solar radiation (1.135) (0.987) —0.587 —-0.551 —0.565 0.748) (0.684)
s 1.227 1.159 0.512 0.403
Detached homes 1.187 1.069 1.452 0.519) (0.516) 0.641 0.548 0.631 (0.485) (0.498)
. 0.100 0.093
Subsidy 0.125 0.101 (0.074) (0.071)
0.120 . 0.255
’ (0.193) 0.202 (0.228)
i 0.53
Bandwidth 12 12 12 12
R? 0.787 0.954 0.957 0.561 0.826 0.838
Adjusted R? 0.783 0.937 0.940 0.551 0.754 0.763
Pseudo R? 0.798 0.743 0.577 0.549
Global Moran’s I 0.4337%** 0.3597%* 0.6527** 0.0947** 0.038 0.232%%* 0.143%** 0.286*** 0.066** —0.006
No. observations 400

p<0.1.
** p<0.05.
“ p<0.0I.

to 0.143. In contrast, the SEM model, which captures spatial error
dependence (1 = 0.537***), performs less effectively, with a pseudo-R>
of 0.549 and a higher Moran’s I of 0.286. Similarly to the regression
of rooftop PV systems, this suggests that the SLM model provides a
better fit for plug-in PV systems by more effectively capturing the
influence of neighboring regions on PV adoption through the inclusion
of spatial lag effects. Interestingly, similar conclusions were drawn in a
study by Dharshing [20], which also analyzed PV adoption patterns in
Germany and found high values of p = 0.80 and 4 = 0.76 suggested
strong spatial dependence between neighboring counties that could
not be fully explained by economic, sociodemographic, or building
variables alone. Instead, PV systems appeared to form geographical

clusters in certain regions, indicating that local interactions and re-
gional influences play a significant role in shaping adoption patterns.
These findings further support our approach to spatial modeling, as
traditional models may fail to capture such local dynamics. The SLM’s
ability to account for spatial lag helps in identifying these clustering
effects, but it is clear that more flexible models like GWR are needed
to fully capture the local variations.

The GWR and GWR-SLM models outperform the global models
(OLS, SLM, SEM), as shown by much lower Moran’s I values and higher
R? values. For rooftop PV, GWR (R?> = 0.954) and GWR-SLM (R? =
0.957) demonstrate superior fit, while for plug-in PV, GWR (R? = 0.826)
and GWR-SLM (R? = 0.838) offer similar improvements. These enhance-
ments stem from the models’ ability to capture spatial heterogeneity by
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estimating local coefficients rather than assuming uniform relationships
across the study area. The inclusion of the spatial lag in GWR-SLM
further enhances model performance by capturing the influence of
neighboring regions on local adoption patterns, which reduces Moran’s
I to 0.038 for rooftop PV and eliminates spatial autocorrelation entirely
for plug-in PV (Moran’s I = —0.006). By incorporating spatial lag,
both models achieve lower Moran’s I and higher R?, demonstrating
their effectiveness in handling spatially dependent data for rooftop and
plug-in PV systems.

Table 4 presents the estimation results for the GWR and GWR-
SLM models, including the mean values of parameter estimates and
their respective standard deviations. Unlike the global models, which
provide general estimates, the GWR models offer more nuanced insights
by generating local regression estimates for each geographic location.
The results of the GWR-SLM model, which offers the best fit, are
visualized in Fig. 4 for plug-in PV and Fig. 5 for rooftop PV, showing the
spatially varying regression coefficients for each explanatory variable
across all regions. In the following, we will analyze these results in
detail, focusing on how each variable affects the adoption of rooftop
and plug-in PV systems across different regions.

4.1. Green voters

Across all global regression models, we observe a significant nega-
tive relationship between the share of green voters and the adoption
of rooftop PV systems. This negative correlation persists in the GWR
models, emphasizing consistent spatial variations. In the eastern re-
gions of Germany, the effect of green voters on rooftop PV adoption
is particularly strong and negative, while in other parts of the country,
this effect is less pronounced or insignificant. In some northern areas,
the relationship even shifts to a slightly positive one. The negative
impact of green voters on rooftop PV adoption may be attributed to
saturation effects. Since rooftop PV systems have been available for a
longer period, it is possible that regions with higher shares of envi-
ronmentally conscious individuals, such as green voters, have already
experienced a wave of early adopters. As suggested by Palm [34],
the initial surge of PV adoption among green voters may have been
driven by non-financial motives like environmental concerns. Over
time, as these early adopters have been accounted for, the influence of
green voters on further adoption may have diminished, leading to the
observed negative correlation in the more recent data (2018-2024).

These findings align with several existing studies. For instance, Ba-
ginski and Weber [21] and Dharshing [20] report a significant negative
relationship between environmental attitudes, including green voter
share, and PV adoption, consistent with our results for rooftop PV.
However, the literature presents mixed findings. While Allan and McIn-
tyre [18] reports a negative but statistically insignificant effect, Aratijo
et al. [19] identifies a positive influence of green voters on PV adoption,
suggesting that the regional context and study design may drive this
variability. Our findings reflect this complexity, as we observe both
negative and positive effects depending on the analyzed region.

For plug-in PV systems, the global models do not show a significant
relationship between green voters and adoption. However, in the GWR
models, a slightly negative effect emerges, following a spatial pattern
similar to that of rooftop PV systems. The strongest negative effects are
observed in the eastern regions, while the impact remains negligible or
only slightly negative elsewhere. This mirrors the spatial distribution of
rooftop PV adoption. The absence of a significant effect for green voters
in the global models and the weaker influence in the GWR models can
be attributed to the shorter market presence of plug-in PV systems.
Unlike rooftop PV, plug-in systems are a newer technology, and the
saturation effect observed in rooftop PV adoption is less relevant here.
Since plug-in PV systems appeal to a broader demographic, including
those who might not have adopted rooftop PV due to cost or space
constraints, the influence of green voters appears less critical.
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4.2. Population

In our analysis, the relationship between older populations (above
64 years) and rooftop PV adoption is consistently negative across all
global regression models. This negative trend is further reinforced by
the GWR models, where local estimates (-0.173 and -0.143 for GWR
and GWR-SLM, respectively) highlight that regions with a larger share
of older residents are less likely to adopt rooftop PV systems. The
spatial distribution of these effects is predominantly negative across
Germany, with few exceptions in some western regions, where the
impact of age is less pronounced. This negative correlation aligns with
previous findings in Dharshing [20], who also identified a significant
negative relationship between older populations and PV adoption in
Germany. However, this contrasts with studies by Aragjo et al. [19],
Collier et al. [24] and Graziano and Gillingham [28], which report
a positive correlation between older populations and PV adoption,
particularly in other contexts. The divergence may be due to differences
in socioeconomic factors, regional policies, or the maturity of the PV
market in Germany. In our context, it appears that older populations
may face higher barriers to adopting rooftop PV systems, potentially
due to the upfront costs or longer payback periods, which are less
attractive to older individuals.

For plug-in PV systems, the results differ significantly. The global
regression models do not show a significant relationship between older
populations and adoption, suggesting that it is not a major determinant
for plug-in PV adoption in the global context. However, the GWR
models reveal a slight positive trend (0.219 and 0.279 for GWR and
GWR-SLM, respectively), particularly in some regions, indicating that
in certain areas, older populations may be more inclined to adopt
plug-in PV systems. This positive tendency can be explained by the
characteristics of plug-in PV systems. The lower upfront costs and
simpler installation processes make these systems more accessible to
a broader demographic, including older individuals. Furthermore, the
focus of plug-in PV systems on self-consumption aligns well with the
daytime electricity usage patterns of retirees, who are typically at home
during daylight hours.

The negative relationship between older populations and rooftop PV
adoption, combined with the neutral to slightly positive relationship for
plug-in PV, underscores the different dynamics at play for these two
technologies. While older individuals may be less inclined to invest in
larger, more complex rooftop PV systems due to higher costs and longer
payback periods, they may find plug-in PV systems a more practical and
economically viable option. The smaller size, affordability, and ease
of use of plug-in PV systems, which cater to self-consumption without
the complexities of grid feed-in, make them particularly appealing to
retirees.

4.3. Income support recipients

The presence of income support recipients consistently shows sig-
nificant negative effects across all regression models for rooftop PV
adoption. This negative relationship is particularly pronounced in the
GWR models, with coefficients of —1.445 for GWR and -1.422 for
GWR-SLM. These findings suggest that economically disadvantaged
households, particularly those relying on income support, face substan-
tial barriers to adopting rooftop PV systems. The regional distribution
of these effects reveals some geographic nuances. While parts of north-
ern and eastern Germany show insignificant to slightly positive values,
the majority of the country, especially in western and southern regions,
experiences a negative impact. This pattern is likely due to the high
upfront costs and long payback periods associated with rooftop PV sys-
tems, making them less accessible to households with limited financial
means.

For plug-in PV systems, the negative effect of income support recipi-
ents remains, but it is less pronounced compared to rooftop PV systems.
The GWR models show a similar spatial distribution to rooftop PV,
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with positive values in the central regions of Germany, indicating areas
where income support recipients might be more likely to adopt plug-
in PV systems. However, much of the country still exhibits negative
effects, though the magnitude is smaller than for rooftop PV. The
reduced negative impact for plug-in PV systems can be attributed to the
substantially lower upfront costs of these systems, making them a more
viable option for low-income households. Unlike rooftop PV systems,
which require significant initial investment, plug-in PV systems offer a
cost-effective alternative that aligns better with the financial constraints
of income support recipients. This affordability likely explains why
income support recipients show a stronger preference for plug-in PV
systems, as these are easier to acquire and install, providing a more
accessible entry point into solar energy adoption.

The comparison between rooftop and plug-in PV systems highlights
the differing levels of accessibility based on financial status. Rooftop PV
systems, with their higher costs and longer payback periods, continue
to present financial barriers for low-income groups, making adoption
significantly more difficult. In contrast, plug-in PV systems, with their
lower financial commitment, offer a more inclusive solution for these
groups, potentially enabling broader participation in the energy transi-
tion. These findings align with the broader literature on PV adoption.
Both Dharshing [20] and Baginski and Weber [21] emphasize the
financial constraints faced by economically disadvantaged groups, par-
ticularly in the context of rooftop PV adoption. Meanwhile, studies such
as Allan and McIntyre [18] and Balta-Ozkan et al. [23] highlight how
lower unemployment rates positively influence PV adoption, further
supporting the idea that financial security plays a critical role in
driving solar energy adoption. In the case of plug-in PV systems, the
affordability factor appears to mitigate some of these barriers, making
them a more attractive option for income support recipients and other
economically disadvantaged households.

4.4. Income

Household income has a significant positive effect on the adoption
of rooftop PV systems across all regression models. In both the global
regressions and the GWR models, higher-income households are more
likely to adopt these systems, particularly because they can better
manage the high upfront costs required for rooftop PV installations. The
GWR models reveal that this positive influence is strongest in eastern
regions of Germany, where income levels play a critical role in driving
adoption. In contrast, some southern regions exhibit a slightly negative
impact, suggesting that income disparities may be less influential in
these areas, possibly due to regional policy incentives or other contex-
tual factors that mitigate financial barriers. This pattern aligns with
previous studies, such as Schaffer and Brun [27] and Graziano and
Gillingham [28], which highlight the role of financial capacity as a
key determinant of rooftop PV adoption. Higher-income households are
better equipped to invest in these technologies and are more likely
to see them as a financially viable long-term solution. The positive
relationship between income and rooftop PV adoption has also been
emphasized by Dharshing [20], MacIntyre et al. [26], and Aradjo et al.
[19], who all underscore the critical role that financial resources play
in enabling access to rooftop PV systems. However, it is worth noting
that some studies, such as Baginski and Weber [21], Balta-Ozkan et al.
[22], and Collier et al. [24], document negative impacts of income on
rooftop PV adoption, which could suggest that wealthier regions might
already have reached saturation in PV installations or that other factors,
such as local incentives or housing types, play a more significant role
in certain contexts.

For plug-in PV systems, the influence of household income is also
positive, but less pronounced than for rooftop PV systems. While the
GWR models still show significant positive effects, the impact is gen-
erally weaker compared to rooftop PV systems, especially in the SEM
model, where income becomes less of a driving factor. This reduced
dependency on income can be attributed to the lower upfront costs
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and easier installation process of plug-in PV systems, making them
more accessible to a broader range of income groups. The regional
distribution of the income effect for plug-in PV systems mirrors that
of rooftop PV systems to some extent. In wealthier regions, income
still plays a role, but the lower costs of plug-in PV systems allow for
wider adoption, even in less affluent areas. This inclusivity highlights
the broader appeal of plug-in PV systems, which provide a cost-effective
alternative for households that might not have the financial resources
to invest in larger rooftop installations.

The contrast between the income effects on rooftop and plug-in
PV systems highlights the differing financial dynamics of these two
technologies. Rooftop PV systems, with their higher financial barriers,
are more strongly influenced by household income, leading to greater
adoption rates in wealthier regions. In contrast, plug-in PV systems,
with their lower costs, exhibit weaker income dependencies, making
them a more inclusive option for a wider range of households. This
regional variation in the income effect emphasizes the financial in-
equalities in access to rooftop PV systems, as wealthier households are
more likely to invest in these systems, while plug-in PV systems offer
a more affordable entry point into solar energy adoption.

4.5. Rented apartments

Higher shares of rented apartments have a consistently negative
impact on PV adoption across all regression models for both rooftop and
plug-in PV systems. This finding is supported by the global regression
models and the GWR models, which both show a significant negative
correlation between the proportion of rented apartments and PV adop-
tion. The literature presents a mixed picture regarding the relationship
between rental properties and PV adoption. Some studies, such as Al-
lan and Mclntyre [18], Baginski and Weber [21], Schaffer and Brun
[27], and Zhang et al. [17], indicate that homeownership positively
influences PV adoption. However, other studies, including Balta-Ozkan
et al. [22] and Collier et al. [24], suggest a negative impact of renting
on residential rooftop PV adoption. Interestingly, studies by Aratjo
et al. [19] and Graziano and Gillingham [28] associate rental homes
with positive impacts on PV adoption, although Maclntyre et al. [26]
observed negative effects for both social and private rental housing
sectors.

Our geographic analysis shows that the negative impact of rented
flats is strongest in regions where the proportion of rented housing
is high, particularly in western and northeastern Germany. In areas
with lower proportions of rented apartments, the influence is weaker,
and adoption rates are higher. This suggests that homeownership is a
significant facilitator of PV adoption, while renting poses substantial
barriers. The installation of rooftop PV systems is typically the respon-
sibility of the property owner. Since they cannot directly consume the
electricity produced, the investment may be less attractive, which could
explain the lower PV adoption rates in rental properties. To overcome
this, tenant electricity models (Mieterstrommodelle) allow landlords or
housing cooperatives to install PV systems and sell the electricity to
tenants at a reduced rate, enabling tenants to benefit from solar energy
without owning or installing the systems themselves. At the same time,
the landlord benefits from a higher return compared to feeding the
electricity into the grid. If these models are more widely adopted,
the current negative effect on PV adoption in rental properties could
be mitigated. Despite the significantly simpler and more accessible
installation of plug-in PV systems, which theoretically offer a good
option for tenants, the observed negative effects related to the share
of rented apartments may be due to the fact that installing these
systems often requires modifications to the building and the landlord’s
approval, which can be a barrier. Recent legislative efforts in Germany,
such as Solar Package I and planned changes to the German Civil Code
(BGB), aim to reduce these barriers for tenants.
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4.6. Solar radiation

For rooftop PV systems, the impact of solar radiation varies across
different models. The OLS and SLM model indicate a slightly negative
influence, while the SEM and GWR model show a positive impact of so-
lar irradiation on adoption. This discrepancy across models aligns with
the mixed findings in the literature. Several studies, including Allan and
Mclntyre [18], Baginski and Weber [21], Balta-Ozkan et al. [22], Balta-
Ozkan et al. [23], Collier et al. [24], and Schaffer and Brun [27], report
positive influences of solar radiation on rooftop PV adoption, although
in some cases the effects are insignificant. The GWR analysis provides
more granular insights, showing positive effects of solar radiation
predominantly in the western and some southern regions of Germany.
In contrast, regions in the north and east of Germany display negative
or insignificant correlations.

For plug-in PV systems, the influence of solar radiation is consis-
tently negative across all regression models, with the GWR analysis
showing a similar spatial distribution. The negative effect is more
pronounced in the northern regions of Germany, whereas positive
values can be observed in parts of the midlands and southern Germany.
This suggests that, unlike rooftop PV systems, the adoption of plug-in
PV systems does not heavily rely on solar radiation as a motivating
factor. A possible explanation for the negative impact of solar radiation
on plug-in PV adoption is that other factors may be more influential
than the direct profitability of solar energy generation. For example,
users might prioritize environmental consciousness over financial re-
turns, especially given the relatively lower upfront costs of plug-in PV
systems.

The relatively modest variation in solar radiation across Germany
suggests that factors like orientation and shading may play a more
critical role in determining the efficiency of PV systems. The negative
influence of solar radiation found in the analysis could indicate that,
while regional differences in sunlight exist, local factors such as build-
ing orientation and shading from nearby structures often have a greater
impact on a system’s actual performance. Therefore, the importance of
solar radiation in influencing PV adoption might be overstated, as it
does not fully capture the local conditions that can significantly affect
the total solar exposure of installations.

4.7. Detached houses

The presence of detached houses shows a generally positive and
significant influence on the adoption of PV systems, particularly for
rooftop PV systems. The GWR and GWR-SLM models further confirm
this effect, with GWR values of 0.512 and 0.498, indicating that regions
with a higher proportion of detached houses see increased adoption
of rooftop PV. The positive correlation between detached houses and
rooftop PV adoption is expected, as these types of houses typically
offer larger, unobstructed rooftop spaces, which are ideal for PV in-
stallations. This is consistent with findings by Dharshing [20], who
noted that expansive roof areas and fewer architectural limitations in
detached homes create favorable conditions for solar energy genera-
tion. These factors make detached houses highly suitable for adopting
larger PV systems, as they can maximize solar exposure and installa-
tion efficiency. For plug-in PV systems, however, the correlation with
detached houses is significantly less pronounced. The global models
as well as the GWR models reflect this weaker influence, suggesting
that detached homes are not as critical for the adoption of plug-in PV
systems as they are for rooftop PV systems. This can be attributed to the
smaller size and portability of plug-in PV systems, which makes them
suitable for a wider range of housing types, including apartments and
buildings with limited roof space. Therefore, the architectural benefits
of detached houses, such as large roof areas, are less relevant for the
adoption of plug-in PV systems, which do not rely as heavily on such
features.
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The GWR analysis also highlights geographical differences in the
impact of detached houses on PV adoption. The influence is stronger in
the northern regions of Germany, where positive values are observed,
and weaker or negative in southern regions. This gradient suggests that
in northern areas, where detached houses are more common, they play
a more significant role in both rooftop and plug-in PV adoption. In con-
trast, in southern regions, other factors may diminish the importance
of detached houses for PV system adoption, perhaps due to different
housing structures or urban density.

4.8. Subsidy

In Germany, both residential rooftop and plug-in PV systems ben-
efit from general financial incentives, such as feed-in tariffs for the
electricity generated and tax exemptions on PV system purchases.
However, plug-in PV systems receive specific direct financial support
aimed at incentivizing their purchase, reflecting the government’s fo-
cus on promoting this more accessible and smaller-scale technology.
The regression results indicate that subsidies have a modest positive
effect on the adoption of plug-in PV systems. In the OLS model, the
subsidy coefficient is 0.125, while the GWR-SLM models show averages
of 0.1 and 0.093, respectively. This suggests that although subsidies
contribute positively to plug-in PV adoption, the effect is not over-
whelmingly strong, particularly when compared to other drivers like
income or housing characteristics. In northern Germany, particularly
in Mecklenburg Western Pomerania, the positive impact of subsidies
is more pronounced. This state offers comprehensive, region-wide sub-
sidies, contrasting with the localized support provided in most other
counties. The success of this broad regional approach suggests that
widespread incentive programs may be more effective in driving adop-
tion than sporadic, local efforts. The influence of Mecklenburg Western
Pomerania’s subsidies even appears to extend to surrounding areas,
hinting at the potential for region-wide incentives to stimulate adoption
beyond their immediate jurisdiction.

Despite the positive correlation between subsidies and adoption, it
is important to question the long-term effectiveness of these financial
incentives, particularly for plug-in PV systems. The upfront costs of
these systems have decreased significantly in recent years, with system
prices ranging between 300 € and 400 €. Given these already low
costs, the impact of subsidies on further reducing barriers to adoption
may be diminishing. Instead of broad financial subsidies, it may be
more effective to focus support on specific demographic groups, such
as low-income households.

5. Conclusions and further research

While existing studies provide valuable insights and have suggested
specific strategies to increase the adoption of residential PV systems,
these strategies primarily focus on larger installations. As a crucial
driving force in the energy transition, the continued development and
adoption of these larger systems remain paramount. However, our
findings underscore the unique role of plug-in PV systems in this
transformation, as we observed distinct differences in the adoption
patterns of plug-in PV systems compared to traditional residential
PV systems. Notably, plug-in PV systems appeared more accessible
and appealing to demographic groups that have historically been less
involved with or benefited from conventional rooftop PV installations.
Our regression analysis revealed that income support recipients were
less negatively associated with plug-in PV adoption than with larger
rooftop systems, suggesting that financial barriers may be lower for
these systems. Additionally, household income had a weaker positive
influence on plug-in PV adoption, indicating that these systems may
provide a more equitable option for accessing renewable energy, even
for lower-income households. This points to the potential of plug-in
PV systems to broaden participation in the energy transition. We also
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Fig. 4. Local GWR-SLM estimates for plug-in PV systems in Germany.
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Fig. 5. Local GWR-SLM estimates for residential rooftop PV systems in Germany.

found that older populations, typically less inclined to adopt larger-
scale installations, did not exhibit the same hesitancy toward plug-in PV
systems. Similarly, the percentage of rented accommodations showed
a weaker negative effect on plug-in PV adoption compared to larger
installations, suggesting that plug-in PV systems may offer more flexi-
bility and accessibility to renters. These findings highlight the potential
for plug-in PV systems to engage demographic groups that have tradi-
tionally been underrepresented in the energy transition. This presents
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significant opportunities to not only meet renewable energy targets
but also to strengthen the inclusivity and democratic participation
in this transition. The growing discourse on energy democracy un-
derscores the importance of restructuring energy systems to promote
greater inclusivity and participation, particularly by addressing the
sociopolitical dynamics surrounding energy access [35]. This study
provides early indications of this positive shift, showing that plug-in PV
systems may serve as a tool to democratize energy access, addressing
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existing inequalities in energy participation, as highlighted by Dunphy
and Lennon [36]. These perspectives challenge the idea that energy
citizenship is purely based on economic participation, reminding us
that access to resources, information, and decision-making power plays
a crucial role in shaping equitable energy futures.

Another key finding of our study was the negative association
between solar radiation and plug-in PV adoption. This suggests that
economic benefits may not be the primary driver for the decision
to adopt these systems. Instead, environmental considerations, as evi-
denced by the positive relationship with the proportion of green voters,
appear to play a more significant role. This is in contrast to traditional
residential PV systems, where the relationship with environmental
attitudes was either negative or insignificant. This insight supports
the argument that non-monetary incentives, such as environmental
awareness and energy independence, might be as important as finan-
cial incentives for promoting plug-in PV adoption, particularly among
environmentally conscious populations.

Regarding policy implications, our findings suggest the need for
more comprehensive, region-wide subsidy schemes. While subsidies
have a positive influence on the adoption of plug-in PV systems, the
effect is modest. A uniform subsidy structure across regions, rather
than fragmented local programs, could help reduce regional disparities
and ensure that all households, regardless of their location, benefit
from financial support. Furthermore, targeted subsidies for low-income
households, who showed a higher inclination to adopt plug-in PV
systems compared to rooftop PV, could be an effective way to broaden
access to renewable energy. Policymakers must carefully design these
subsidies to reflect the socioeconomic characteristics of different re-
gions, as discussed by Burke and Stephens [37], who emphasize the
importance of inclusivity in energy policy. In addition to financial
incentives, non-monetary incentives should not be overlooked. Regula-
tory changes, such as the ongoing adjustments to the BGB, are already
simplifying the process for tenants to adopt plug-in PV systems. Further
reducing bureaucratic hurdles will help encourage broader adoption
among renters. Moreover, awareness and education campaigns, partic-
ularly offline campaigns to address digital poverty, could play a crucial
role in driving adoption among low-income households and older pop-
ulations, groups that often face barriers in accessing information. These
campaigns should focus on providing clear, accessible information
on how plug-in PV systems can be installed and maintained, while
also highlighting their affordability and potential to reduce energy
costs [38]. Such initiatives could help overcome existing informational
barriers and make plug-in PV systems more attractive to a broader
demographic.

For future research, it would be valuable to investigate these dy-
namics more deeply, particularly by exploring the specific barriers and
motivators for underrepresented groups. Surveys or qualitative studies
could offer insights into the social, economic, and psychological factors
driving the adoption of plug-in PV systems and could also serve as a
valuable tool to evaluate the findings of our study. These surveys should
be specifically designed to address the observations we made, such as
the role of income support, housing status, and environmental attitudes.
Additionally, further studies could explore the long-term impacts of
targeted financial incentives on fostering broader energy participation
and inclusivity. The development of models to test these hypotheses
could further strengthen our understanding of the intersection between
energy policy, socioeconomic factors, and renewable energy adoption.

In conclusion, policymakers and stakeholders must recognize the
heterogeneity among various demographics and devise strategies that
specifically cater to the adoption of plug-in PV systems. Our study
contributes significantly to this understanding by examining the driving
factors behind the adoption of these systems, providing an essential
foundation for policy development. The inherent versatility of plug-in
PV systems in engaging a broad demographic necessitates the formula-
tion of insightful, customized strategies to fully harness their potential.
It is paramount to promote a more inclusive and widespread transition
to sustainable energy solutions, which in turn can catalyze a broader
and more democratic energy future.
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