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Abstract: Renewable energy sources (RES) are gradually becoming one of the key elements in the
process of achieving energy efficiency worldwide. This trend can be observed in many developed
Western economies—for example, in the United States, as well as in the United Kingdom. Hence,
the role of innovative policies for promoting energy efficiency is becoming crucial in transition to the
post-carbon economy. The shift to the carbon-free future make all actors to face forgoing commitments
Nevertheless, customers and residential households are the first and the most important players in the
pursuit of the energy-efficient future. Without them, carbon-free economy based on RES would never
take the shape as envisaged. Our paper focuses on the innovative strategies and policies studying
the effect and the scope of RES penetration into the households. We employ and empirical analysis
of the effects from using RES in households using an example of the residential households in the
northwest region of the United Kingdom (UK) with and without solar photovoltaic (PV) panels and
electric vehicles (EV). We analyse the four scenarios that are aimed at analysing the system dynamics
and providing differentiation between systems in terms of the varying values of the gross demand,
tariffs, metered import, and the total revenue. Our results demonstrate that the solar PV leads to the
transfer of costs and wealth regardless of the ownership of PV and EVs. Solar energy generation
reduces the share of UK solar PV households per kWh costs of the distribution system which causes
the augmenting of the per unit charges as well as to the changes in payments for the electricity
that impoverishes less wealthy customer groups. It also becomes clear that with the increase of EV
penetration, the existing energy efficiency schemes would have to be revised.

Keywords: renewable energy; energy efficiency; consumer attitudes; solar photovoltaic; electric vehicles

1. Introduction

In today’s globalized and industrialized world, energy efficiency appears to only be achievable
though the gradual but steady transition to a low-carbon economy. Many governments across the
globe have set up strict targets for tackling climate change, decreasing the use of carbon fuels, reducing
the emissions of carbon dioxide (CO2) and other greenhouse gases, as well as increasing the share of
renewable energy in total energy generation [1].

With the goals for achieving decarbonizing of transport and heating within the next few decades,
the electricity industry will remain the main creditor paying for the decarbonization of the economy [2].
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This would create a need for the wide supply of RES that would be able to replace the rapidly
shrinking sector of hydro energy and overcome the opposition to the atomic energy among various
citizen groups [3]. Most people understand RES as the energy obtained from the solar, wind, biomass,
geothermal and hydro sources originating from nature.

Reshaping the world economies for the higher deployment of RES would also require approval
from the ordinary citizens (who also represent voters in any given democracy and thence can, albeit
indirectly, influence many economic and political decisions related to energy policy). In a way, these
citizens have their own responsibility for the energy-efficient future.

Luckily, the increased usage of the renewable energy is caused mainly by the popularity of the
solar and wind energy which is strengthened by the technological progress (e.g., interconnection, better
exploitation of the existing hydro storage, improving the existing battery technologies, and applying
smart meters for monitoring and altering consumer behaviour) [4].

Solar PVs now constitute a significant source of supplying basic electricity demands in many
underdeveloped areas of the world. In 2017, approximately 73 million households in these regions
profited from off-grid solar alternatives [5,6].

However, in order to achieve sustainable potential, generated and consumed energy must
encourage human growth in all its social, environmental, and economic dimensions. Issues associated
with environment and energy shortages have set all groups to the job of actively encouraging
instruction in energy conservation [7]. Therefore, many governments worldwide started to identify
their obligation for diminishing the adverse impact of high energy use to the environment [8].

This paper is set up as follows: Section 2 provides a literature review covering the innovative
measures and policies focused on enhancing energy efficiency. Section 3 describes the role of economic
growth in the carbon-free economy. Section 4 outlines the methodology and describes our empirical
model derived from the household profiles obtained from the Customer-Led Network Revolution
(CLNR) survey conducted with households in the Northern England and EV estimated charges.
Section 5 provides an empirical model of the energy efficiency that employs case study of households
in United Kingdom (UK) captured in four cases with and without solar photovoltaic (PV) panels
and electric vehicles (EV). Finally, Section 6 concludes with presenting results and drawing some
policy implications.

2. Innovative Policies for Promoting Energy Efficiency

One would probably agree that in their essence, all energy efficiency measures promise to reduce
energy consumption and save money on electricity bills, as well as reduce the negative environmental
impact of electricity generation [9–11].

It becomes apparent that the state as well as local governmental policies may encourage the
development of more energy-efficient buildings and products, as well as encourage consumers,
companies and industrial customers to take advantage of low-cost, energy-efficient measures and to
invest in future energy-efficient improvements and technological solutions [12].

However, improvements in energy efficiency can be reached by simultaneously increasing
the implementation of novel energy services and by increasing of the overall energy consumption.
The energy services and the precise metering are at times limited and thence decreased the desired
efficiency. For example, consumers often have inaccurate or incomplete information about energy
consumption, prices or net savings from energy-efficient investments [13].

Reducing energy consumption will reduce costs and can lead to financial savings for consumers if
energy savings offset the additional costs associated with implementing energy–efficient technologies.

In many countries, energy efficiency is also recognized as a national security benefit, as it can be
used to reduce energy imports from abroad and can slow down the energy consumption rate at which
domestic energy is depleted.

A good example is the U.S. state of California. As part of its energy efficiency strategy, California
has put in place a “order to load” new energy resources, putting energy efficiency first, renewable
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energy supplies second, and new fossil-fuelled power stations are in the process of being restructured
and dismissed which is similar to the development in the other parts of the world [14–16].

In addition to the rebates that can be offered through public or public programmes, governments
sometimes offer tax incentives for energy-efficient projects [17]. Moreover, it has been long observed
that product, industrial, transport and construction laws all contribute to the overall framework for
energy efficiency. Provincial and territorial governments will work to support and expand efforts
to improve existing buildings by supporting energy efficiency improvements and speeding up the
adoption of energy-efficient equipment, while adapting their programmes to regional conditions [18].

Many Asian countries have also given priority to energy efficiency and have ambitious targets for
energy efficiency. For example, China’s leading energy experts presented how the national target for
energy reduction was set for each province and for the country’s leading energy–efficient businesses,
and how the government tightened energy efficiency standards for devices, buildings and vehicles [19].
This approach proves to be very efficient, since in China there exists a five-year plan period with
additional funding from provincial governments that serves as an incentive to invest in energy
efficiency and research and technological development [20].

Another good example is Canada. In 2000, the government started an initiative that was envisaged
to help reaching the energy efficiency. The key objective was to make sure Canada would reach a
commitment for reducing greenhouse gases from 2010 to 1990 levels (a 6% decrease) [21].

However, the reduction and subsequent elimination of national energy subsidies caused the
energy prices to rise. In the United States, a special law has designated the State Energy Efficiency
authority (SEEA) as the main implementation arm of the national energy policy [22]. For example,
it makes sure that institutions to establish a sense of ownership in their buildings. In order to do
that, the authorities ask the participating energy service companies (ESCOs) to include employee
awareness programmes in their daily agenda [23]. In addition to the that, ESCOs also need to provide
the evaluations of the renewable energy potential in all its project proposals.

Moreover, there are energy labels on the equipment contain information about the energy savings
that can be achieved by introducing more energy-efficient appliances or equipment, or by ensuring
that a product is more efficient than the average device on the market. Taxing and labelling can be
used as powerful instruments for increasing the behaviour and strategies targeted at enhancing the
energy efficiency [24].

In general, one can see that the entrepreneurs all around the world are looking for strong,
long-term energy and tax policies to invest with renewed confidence in the future [25]. Energy taxes
would undermine the future of any country, which would hamper the energy industry’s ability to
invest in new energy supplies and conduct the necessary research and development to develop new
technologies, giving up foreign companies [26]. Increasing taxes on the energy sector is not only a
threat to investments in new energy projects. Millions of households rely upon the financial strength
and performance of energy companies to protect their investments [27].

Achieving energy efficiency is essential to reduce energy consumption and costs which can be
realised, if applicable, to redirect savings to potentially finance energy programmes and future energy
improvements or to finance other district requirements [28]. However, it can also be intended to
promote and to provide solutions to perform the services requested by any given country in the most
cost-effective and energy-efficient way.

However, very often energy efficiency can be better achieved at the micro (household) level [29].
According to some research, increasing or decreasing thermostats “one degree” can lead to a 6 percent
energy saving for energy-efficient installations such as the primary source of energy, and up to 4 percent
for fuel- or oil-based installations [30]. Thence, with the increasing rate of global warming and new
technologies that are more focused on energy saving, the policy-makers continue to explore and
explore all options leading to reaching and maintaining energy efficiency [31,32].

On the other hand, the data show that energy consumption—either in the form of food, fossil fuels
and other resources—is essential to promote the health of humans, the environment and the planet and
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sustainable economic development [33]. Although it is not new to emphasise how efficiently energy
and food consumption can solve some of the key problems our world faces, there is not much research
and no unifying framework to harmonise the concepts of sustainable system management in a single
theoretical body [34].

It is necessary to have an understanding that goes beyond reducing efficiency in order to
encourage integrated changes in the use of natural resources around the world to achieve a wiser
energy consumption, better agricultural systems and healthier dietary habits [35]. Cooperation as a
person or a group of individuals, while raising awareness of energy policies and plans, overall usage
and costs, will help to reduce energy consumption and improve the environment, while at the same
time reducing energy costs [36].

In addition, one has to remember that other sectors, such as product, industrial, transport and
construction ones all contribute to the overall framework for energy efficiency [37]. Governments
should work to support and expand efforts to improve existing technologies as well as by supporting
energy efficiency improvements and speeding up the adoption of high - efficiency equipment,
while adapting their programmes to regional conditions. It is important for them to establish
that future development is crucial for long-term availability in increasing amounts of reliable, safe,
and environmentally friendly sources.

Therefore, it becomes clear that energy management strategies developed by the governments
should be smoothly integrated into their work programmes, and moreover, energy efficiency concepts
and improvements in energy management should also be studied and looked upon in an integrated
and holistic way.

3. Economic Growth and Carbon-Free Economy

One would probably agree that household emissions are essentially indirect emissions from the
electricity consumption acquired by the electrical industry. Since natural gas generates more energy
for the same emissions as coal, the increase in natural gas consumption has contributed to the overall
decrease in carbon intensity and emissions in the last decade [38]. From 2012 to 2016, the decline and
the resulting stability of engine petrol prices, combined with a sustained economic recovery, have led
to increased fuel consumption and increased CO2 emissions worldwide [39].

In 2017, indirect carbon emissions recorded electricity consumption in the electricity sector fell
by 3.5% [40]. Two primary factors, in particular, have contributed to reducing the carbon intensity of
electricity generation (CO2/kWh) since 2005—replacing coal with lower carbon dioxide emissions and
more efficient combined natural gas production and increasing non-carbon dioxide emissions [41,42].

Even though nuclear remains the dominant source of non-carbon generation, the rise in wind
and solar power since 2008 has led to a decline in carbon intensity [43,44]. CO2 emissions also differ
significantly from one sector to another based on factors such as the use of different fuels for electricity
production, different climates and different sources of economic performance (both commercial and
industrial) [45].

For example, in Vermont, the largest share of emissions in 2016 came from the transport sector
(57%), mainly from oil, while the electricity sector accounted for a total of 0%, as Vermont practically
did not report the generation of fossil fuels [46]. Vermont’s residential share of 22%, reflected its
relatively cold climate, where oil is the primary fuel for heating [47]. In the same time, the State Energy
Research and Development Authority in New York has introduced regulations for energy-efficient
products and environmentally friendly housing [48].

There are quite a number of factors that influence the per capita emissions, including climate,
the structure of the economy, population density, energy sources, building regulations and explicit
guidelines for reducing emissions [49]. For utility companies, this understanding can also help them
navigate the potentially tough decisions of “greening” their production, reducing the risk of seeing
demand and income cannibalized by distributed generation, while giving consumers the choice to buy
renewable energy which many expect [50]. Coupled with plenty of slate gas and the displacement
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of coal through the combination of new fossil fuels, the options for reducing carbon production are
becoming the norm and it perceived as such by residential households [51].

Many studies focusing on the role of households in the low-carbon economy were limited by their
relatively small sample size, or the absence of a combination with the construction of carbon footprint
and socio-economic characteristics of the home, as well as energy-saving consciousness [52,53]. Further
research would be helpful: for example, estimating a per capita demand and environmental impact
that would take into account relevant domestic characteristics in order to predict the demand for and
the environmental impact of a new residential project, thus creating a benchmark for policy-making
decisions, especially in the case of carbon reduction.

In general, creating sustainable energy systems for residential use, might become a good way
of saving energy and using RES instead of carbons. It becomes apparent that various energy-saving
products (such as various novel appliances) are a bridge between government incentives and
low-carbon localization practices for residential households [54].

On the other hand, the proposed price of carbon would apply to natural gas and oil used in the
neighbourhood, as well as to carbon-intensive electricity and transport-related emissions (e.g., public
transport). The uncertainty of tax credits, fuel prices and economic growth will affect the pace at which
renewable energy sources (RES) are developing. Companies with sustainable development goals also
stimulate renewable energy development by building their own facilities (such as solar roofs and wind
farms), obtaining renewable energy through purchasing agreements and obtaining renewable energy
certificates (RECs). In general, as far as the greenhouse gas emissions during operation are concerned,
all RES can be divided into: (i) zero (wind, solar, and hydro); (ii) low (geothermal); or (iii) neutral
(represented by biomass).

With the constantly increasing cost of solar electricity generation technology, there is a strong
incentive for the continued growth of the clean energy resources worldwide. Previous scepticism
about clean energy and RES subsided because energy projects on a large scale proved that renewable
energy could be a fundamental element of the country-wide energy system [55]. However, one thing
is the public support, and another thins is political rhetoric and approaches. While President
Obama advocated the nation-wide support for renewables, his successor Donald Trump supports
its carbon-intensive industry supporters, while at the same time taking into account economic
opportunities and the environmental benefits offered by the RES sector. This is happening when
the solar energy in U.S. is a growing country’s share of electricity, with more than 50 GW of installed
capacity, which in 2017 reached 1.3% of the total electricity supply [56]. However, if RES are fully
developed and in place, U.S. would need a coordinated development policy both on the federal and
state level that would be targeted at new RES technologies and provide incentives for stimulating
renewable energy consumption in all sectors of its energy market: wholesale, retail, thermal, as well as
transport. Wind turbines use solar energy to generate clean electricity, but the effects of the production
process are affected by the environment.

Solar-powered thermal power stations are well suited to the peak load of summer afternoons in
thriving regions with high cooling requirements, such as the Southwestern United States. In addition,
there is an important place of biomass which was the fourth largest source of RES in the U.S. after
hydro energy, solar, and wind.

Many U.S. consumers begin to comprehend that RES are sustainable, completely unwavering
sources of renewable energy, unlike the finite carbon fuels. They also begin to realize that nuclear
reactors are the closest to a non-polluting energy source, very much like RES. Renewable energy is
the fastest growing U.S. energy source, with 67% growth between 2000 and 2016. Renewable ethanol
and biodiesel fuels accounted for more than 22% of the total consumption of renewable energy in the
united states in 2016, compared to 12% in 2006. In 2016, renewable energies accounted for almost 15%
of electricity generation, with a majority of hydro, wind and biomass [57].

In addition, two-thirds of Americans believe that renewable energy and the decline in dependence
on foreign oil in the United States are the country’s top energy priorities [58]. In 2013, U.S. federal
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government subsidies and support for renewable energies, fossil fuels and nuclear energy were $15,
043 billion $3, 431 billion and $66 billion, respectively [59]. Electricity distributors or wholesale sellers
should be motivated to use RES for supplying a certain share of their electricity.

When it comes to the status of the energy consumption in the UK, a country that is in focus of
our empirical model outlined in this paper, one needs to realize that UK households are currently
enjoying one of the lowest retail electricity prices in the European Union (in fact, they are among the
lowest among the “core” EU-15 Member States). Other EU countries that have similar low electricity
prices are Finland, France or Luxemburg (the highest retail electricity prices in the European Union
can be found in Denmark or Germany). Wholesale gas and electricity costs in UK constitute 47%,
transmission, distribution and metering costs are 20%, and other supplier costs and margins are 19%
with VAT being 5% [60]. Moreover, the average annual household electricity bill of a British household
is about £600 (in real prices and before rebates). Wholesale energy costs were estimated to make up
around 37% of an average household electricity bill [61].

Additionally, one can notice that in the UK, the load profile (the time of the day and year that
electricity is used) has a strong influence on the price paid per unit of electricity by the consumers.
Those customers who do not use half-hourly metered data, the exact daily consumption is not known
and the periodic meter readings (typically a few times a year) is recorded and converted for billing
purposes into 30-min profiles based on standardised load profiles, also known as profile classes.

Moreover, the UK government, despite all the troubles with Brexit and its impending departure
from the European Union, set a binding target for to decrease the carbon emissions by 35% in 2020 and
by 80% in 2050. Of course, RES is perceived both by authorities and by the general public as being the
most obvious ways how to achieve these targets. Thus, the authorities and the policy-makers tend to
promote the popularity and the usefulness of the domestic PV solar systems through the generous
capital subsidies for those British households who want to install solar PV systems [62].

A few words need to be said about the system’s energy optimisation aspects. As far as the optimal
design of distributed energy systems is concerned, elements such as annual costs or carbon emissions
can be considered for drawing comparisons [63]. In addition, it becomes clear that there is plethora
of methods and algorithms for the energy systems and their optimisation, but one needs to consider
reliability, maintenance, as well as social aspects in optimization for making the system work [64].
This might be especially relevant for the case of energy efficiency projects.

When it comes to RES, it appears that due to the wide gap between the research and the real-world
applications as well as the complexity of the real world, there is a need for efficient renewable
energy system design for technical, economic, environmental and socio-political optimisation [65,66].
This should be achieved not only at the country’s level but also at the municipal and local level [67].

4. Research Methodology and Data Description

In this section, we build a model of energy efficiency using a case study of UK residential
households either having or not having solar PV panels and EVs. Moreover, we present the data that
has been used for the creation of the model.

The example in question has not been chosen on random—in the United Kingdom, household solar
PV technology is perceived as the one occupying a key position in the transition to a sustainable future.
This is happening in spite of the traditional stereotype of grim and clouded skies over the British Isles.
Even though wind renewable technologies are popular in some parts of the UK, most notably Scotland
and Wales, most populated parts of the country, including London, are inclining to solar PV installations.

Most Britons regard solar energy as a very cheap and effective source of renewable energy generation.
UK households which installed PV solar panels use them for generating around 40% of their annual
electricity consumption and use around 80% of that electricity at home for their basic needs [68]. Table 1
that follows shows the share of the UK PV solar systems and the total installed capacity (TIC).

Feed-in Tariff (FITs) used for buying the electric energy generated using RES technologies in UK
were first introduced in 2010. Thanks to their popularity, the rate of installing PV solar systems in the
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UK was growing at an incredible pace, increasing the installed capacity from 0 to 2.4 GW by 2013 [70].
Most of the solar PVs in the UK are located in the residential areas or are used in industry., Small PV
solar systems that do not involve excessive administrative procedures and cumbersome installation are
particularly popular with household customers [71]. Basically, there are two options for the solar PV
owners in UK which are derived from their PV power: (i) generation tariff and, (ii) the quota system.
With regard to the above, the following regulations are set:

• PV solar systems below 50 kW can use FiTs;
• PV solar systems between 50 kW and 5 MW can use both FiTs and the quota system;
• PV solar systems more than than 5 MW can use the quota system.

Table 1. Share of installations and total installed capacity: a case of the United Kingdom.

Region Share of Installations Total Installed Capacity (TIC)

South East 12.97% 11.52%

North East 5.61% 3.73%

East of England 12.25% 11.63%

East Midlands 10.06% 10.64%

North West 10.13% 7.43%

London 2.68% 1.97%

South West 14.46% 18.74%

West Midlands 8.14% 7.42%

Yorkshire and The Humber 9.88% 8.71%

Scotland 7.15% 11.49%

Wales 6.63% 6.65%

Source: adapted from [69].

Apart from benefitting from FiT, solar PV owners naturally use some or all of their energy or
can sell the surplus back to the electric grid. In case the household PV solar system has the power of
less than 30 kW, the household owner receives a feed-in premium over the production tariff. If the
household PV solar system’s power is greater than 30 kW, the household can sell the surplus at the
power market using regular wholesale price. Table 2 which follows below demonstrates the differences
in payments and savings in the case of the FIT for the selected UK locations.

Table 2. UK households’ savings from installing PVs and using the Feed-in Tariff (FITs) scheme.

Characteristics Sunderland Durham York

Energy performance certificate band * D or higher E or lower D or higher

Roof angle 30◦ 70◦ 50◦

Shading very little significant heavy

Roof pointing at south north south

Installation size small medium small

Peak generation in kW 1.5 kWp 2.0 kWp 1.5 kWp

Monthly electricity bill £61 £80 £55

Generation tariff 4.32p/kWh 0.74p/kWh 4.32p/kWh

Annual payment (generation tariff) £55 £3 £27

Annual fuel bill savings £44 £16 £22

Export tariff 4.91p/kWh 4.91p/kWh 4.91p/kWh

Annual payment (export tariff) £31 £11 £16

Total payments and savings £131 £30 £65

* Note: EPCs describes how energy efficient a building is in a scale from A (very efficient) to G (inefficient). In order
to get FITs at the standard rate for solar PV, the property needs to have an EPC of band D or better. Source: adapted
from [72].



Energies 2019, 12, 1392 8 of 17

However, the question arises: Is there an additional potential for the household PV in the United
Kingdom? Alternatively, it would be interesting to pose the following question: What is the maximum
PV potential in the UK?

Let us make a brief estimate here using back-of-the-envelope calculations: In 2014, there
were 23.4 million residential homes in UK. About 42% of residential accommodations in UK are
semi-detached or detached houses, some 30% are represented by the terraced houses, and mere 9% are
constituted by bungalows (thence having rooftops suitable for PV installations). Flats (not suitable
for PV installation) accounted for 16% (purpose-built) and 4% (converted flats) of the dwelling stock.
In addition, it happens so that about 61% of homes in England are located in suburban areas, 21%
are located in cities, and 18% are can be found in rural areas. The majority of the homes are owner
occupied (63%) or private rented (20%). This is followed by houses owned by the local authority (7%)
and housing association stock (10%) [73].

Therefore, our back-of-the envelope calculations would include the following parameters
applicable to the UK economy:

• There are around 23.4 million residential dwellings
• There are about 27 million residential electricity customers
• Around 61% of UK households are located in suburban areas
• About 21% are located in city or urban centres
• Around 63% are owner occupied
• Nearly 20% are private rented

The calculations provided in Equations (1)–(3) yield the following results:

23,400,000 (habitable homes in the UK) * 82% (suburban areas or urban centres) * 63%
(owner-occupied) = 12,088,400

(1)

23,400,000 (habitable homes in the UK) * 82% (located in suburban areas or urban centres) *
83% (owner-occupied and rented) = 15,926,040 (maximum potential for PVs in the UK)

(2)

27,000,000 (residential electricity customers) * 63% (live in owner-occupied houses)
= 17,010,000

(3)

Our data is taken from the consumer household survey done by the Customer-Led Network
Revolution (CLNR). The survey used smart meters to monitor 199 households in the Northern England
for the duration of two years (so-called “CLNR project”). CLNR data included the records on the
usage of electricity or various appliances obtained from the smart meters between October 2012 and
July 2014. It contained very detailed information on each single household and the data from using
36 household appliances.

Moreover, this data was complemented by the information from another CLNR trial including
155 households with solar PV carried out between June 2012 and March 2014. The data from the second
survey was less detailed but included information on solar power and the power import (in kW) of
each household.

Both data files contain the recordings of 30-min intervals for an average day for an average household
with and without solar PV which represents around 17520 data points in total. Both datasets bear the
accurate readings of the electric energy consumption and electric energy consumption and generation
patterns in British households detailed and categorized by the individual appliances up to date.

The data in question was not used directly but was modified in order to derive the average values
of household electricity consumption and solar energy generation. In addition, some estimates of the
average EV consumption were used. EVs (plug-in hybrids or all other battery systems) are used to
prevent local air pollution, particularly in urban areas. Over the last few decades, the use of electric
vehicles and PV solar power has grown. Using solar energy to power an electric car can be cheaper for
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households with PVs, since the cost of a solar system at home can also be included in the equation.
In addition to understanding what it costs to power an EV, it is also important to know the cost of an
important part of the home technology: the electric vehicle’s equipment and the cost of its installation.
This cost depends to a large extent on the size of the system, the quality of the solar panels and the use
of the power inverter and the complexity of the installation.

5. Empirical Model

Our empirical model focuses on solving the problem for establishing the optimal tariffs and
charges in a situation when the total number of customers remains the same but the share of solar PV
increases altering the total revenue recovered from the residential customers. Another modification
would be to add the EV to the system in order to see how the balance changes.

As far as EVs are concerned, we will look at the situation in UK. It becomes apparent that less
than 50% of electricity customers are likely to have an EV. The question is: How many are going to buy
an EV? In 2015, there were 31,170,700 private cars in the UK [74]. It appears from the available data
that around 77% of UK households have at least one car (about 81% have access to a car meaning they
might commute or share rides), and 33% of households have two or more cars [75]. By the end of 2016,
UK had a fleet of over 80,000 electric vehicles. During the same period, British EVs constituted around
1.3 per cent of new cars [76].

Let us introduce a fixed element F and a variable element v in order to obtain a new plausible
solution for establish the optimal tariffs and charges in a situation when the total number of customers
remains the same but the share of solar PV increases altering the total revenue recovered from the
residential customers. We will put a new factor assuming that the charges were upgraded by the
same percentage. The calculations proceed as follows: let the Total Revenue (TR) be equal to 88.53 ×
3,040,000 + 67.85 × 59,751. The average TR = TR/3,100,000 households (a total number of households
using electricity in the Northwest region in the Northern England, a site of the CLNR trial). In addition,
we have F + v (fixed and variable tariffs). The fixed tariff (F) remains unchanged (not additional power
is needed). The only variable part will be (v) given that the volume of consumed electrical energy
should remain unchanged after the adaption of PV and EV by some households. The total revenue
(TR) should also remain unchanged. Solving the system of equations for x would yield the following
results (see Equations (4)–(7)):

(1 + x) F * 3,100,000 + (1 + x) v * (2540 * 3,040,000 + 1800 * 59,751) = TR (4)

(1 + x) F * 3,100,000 + (1 + x) v * (2540 * 3,100,000 * 0.78 + 1800 * 3.1 * 0.22) = TR (5)

(1 + x) F * 3,100,000 + (1 + x) v * (2540 * 3.04 + 1800 * 59,751) = TR (6)

(1 + x) F * 3,100,000 + (1 + x) v * (2540 * 3.1 mil. * 0.78 + 1800 * 3.1 * 0.22) = TR (7)

where:

x—an additional component that needs to be added to the existing optimal tariffs and charges in a
situation when the total number of customers remains the same but the share of solar PV increases
altering the total recovered revenue (expressed in £);
F—payment for the unit of power (kW) per day by one household (k) connected to the electricity
network (expressed in £);
v—payment for the unit of energy (kWh) by one household (k) connected to the electricity network
(expressed in £);
TR—total revenue of the electricity provider for N customers (households) (expressed in £);

Now, let us assume that each type of household has an EV. When there is a a PV solar panel in the
house, the EV battery can become a storage device, as well as a battery that connects the power supply
to a distributed photovoltaic system.
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In addition, suppose that an EV would increase a household electricity consumption by the
additional 3000 kWh. We can proceed with our computations comparing the results for the households
with and without solar PV. This time, we will add a hypothetical EV consumption of 3000 kWh
that increases the household electricity consumption [77]. There are 4 scenarios to be considered in
similarity to a recent study by Küfeoğlu and Pollitt [78] that yield a decrease in electricity bill due to
the introduced modifications:

• Scenario 1 (no PV, no EV);
• Scenario 2 (PV, no EV);
• Scenario 3 (no PV, EV);
• Scenario 4 (PV, EV)

Overall, the issues of solar energy and electric vehicle used in residential households questions the
current distribution charging mechanism for the consumers (represented by households). It appears
that this existing mechanism can be unfair. In the UK, a country selected as an example for our case
study, there is a two-part tariff design with a fixed rate (£/day) and a volumetric rate (£/kWh). When a
fixed amount of revenue is rising by the varying the volumetric charge (as in the case of PV and EV),
inequalities in charging would appear.

The explanation of the two-part tariff design can be conducted as follows: one daily charge consist
of fixed charge applied to each billing day and flat rate variable charge multiplied by net demand
(one daily charge, £) = (fixed day charge, £) + (total net demand for a given day, kWh) * (flat rate
variable charge, £/kWh). Since we have fixed day charge in tariff, it makes sense to calculate data none
less than on the basis of the daily data. This can be expressed in mathematical terms as the following
(see Equations (8) and (9) that follow):

y ∈ {1, . . . , z} ∧ ts
y ∈ Ts

v (8)

Ts
v (j) = ts

k, pj ∈ Ik (9)

where:

ts
y—a digital meter variable tariff for period y,

Ts
v—the ordered set of time-of-use tariffs;

Ik—a set of peak and off-peak periods.

Figures 1–4 that follow demonstrate the decrease in the payments of the maximum distribution
network tariff in the case of different scenarios when the PV and EV occurs in households which own
EVs but not PVs, own PVs but not EVs, own neither of them, or own both. The scenarios summarize
the tariff variation using the example of Northwest England households.

All four of the above scenarios provide differentiation between systems in terms of varying values
of the gross demand of a household (“regular” household, PV household, an EV household, and a
PV and EV household), tariff (total payment for electrical energy) per household per year, as well
as metered import for the “regular”, PV household, an EV household, and a PV and EV household,
also expressed per household per year.

The main point of the scenarios is to show the system dynamics as the total revenue is shrinking
due to the swelling of changes cause by the massive uptake of PV and EV in the households. Of course,
all four scenarios represent a simplified model of reality with just a few parameters changing while
the rest of the parameters (many of which would, without any doubt, might become key to the
system dynamics) remain fixed. Nevertheless, the model might be used as a means of supporting our
argument of how to achieve and attain energy efficiency in the situation with massive uptakes of PV
and EV by residential households and the collapse of traditional energy tariffs and charges.
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Looking at the results, one can see that the current tariff design applicable on the electricity
markets, the attempts to increase energy efficiency using innovative technologies such as PVs and EVs,
would inevitably lead to the reduction of distribution charges for less wealthier households without
any EVs or PVs. With a higher share of PV penetration, the tariff increases regardless of whether a
household owns PV or not. This would create an unfavourable situation for many energy consumers,
in particular elderly and disabled ones. As a result, the final arrangement would not be set in
accordance with the principles of social and economic justice, which, in the long run, might pose
serious issues for the energy efficiency.

6. Discussion and Conclusions

Overall, it appears that energy efficiency depends on the smooth transition to the low-carbon
future. This transition can be enhanced by the increase in the general awareness of the environmental
issues and sustainability, as well as about shifting to renewable energy sources. Consumers and
households should embrace the option of generating their own energy and using it for powering their
homes as well as for transportation.

Our results show that there is a vast potential for that, both when it comes to rooftop capacity
(using an example of the United Kingdom), or the potential for the increase in the EV fleet.
The popularity of the renewable technologies is coupled with the financial incentives and earnings
they might provide.

In addition, it becomes apparent that electric vehicles will consume more and more electricity,
which will lead to more generation operations, with a huge increase in the use of generation fuel
and air emissions. In particular, electric vehicles connected to the grid may be used instead of or
in connection with the storage of electricity in emergency situations or extreme supply shortages.
EVs can raise energy prices outside the peak enough to reduce the benefits of certain grid-related
storage applications, in particular the change in energy time and the management of energy costs.

Furthermore, our empirical model could have some potential for regional power plant
development in addition to using distributed PV systems. With EVs showing explosive growth
over the last few years, they might take over the role of the distributed mobile storage devices have a
high potential for power systems in future networks, especially when they coordinate with renewable
energy. This would surely contribute to the increase in energy efficiency and enhance the transition to
the low-carbon economy.

Our results shown that massive introduction of solar PV under the unaltered network tariffs
and charges provisions lead to the transfer of costs and wealth between different existing customer
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groups. We showed that in case when residential households start producing their own solar energy
using PV solar panels, they start tolerating lower share of the per kWh costs of the distribution system
and the per unit charges increase for all electricity customers. Our results advocate the idea that with
the increase of PV and EV deployment worldwide, the existing energy efficiency schemes need to be
recalibrated by the relevant stakeholders and policy-makers.
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