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1. INTRODUCTION

1.1. Topicality of the Doctoral Thesis

The quality of life, work and leisure of people are completely dependent on primary
energy sources in all countries of the world. Modern technical possibilities of heat and power
processing are aimed not only at creating favourable living conditions, but also at applying
high technological equipment in all areas of human activity.

According to the BP Statistical Review of World Energy, primary energy consumption in
the period from 1965 to 2016 increased by more than 3.5 times, which had a positive impact
on economic development in several sectors of the economy, but exerted a negative impact on
the environment, as a result of exposure to burning fossil fuels [1].

Moreover, the consumption by the transport sector has been about 20 % of the total final
consumption for a long time period. The same situation takes place in Latvia, where a large
part of energy resources are consumed by the transport sector, accounting for 20-30 % of the
annual final consumption of the country. In the transport sector it was 27.8 % of the total
consumption in 2014, 29.7 % in 2015, and 30.3 % in 2016.

Greenhouse gas emissions in the transport sector increased by 6.1 % in 2015 compared to
2014 and decreased by 0.5 % in 2016 compared to 2015 mainly due to the road transport,
since 90 % of energy resources (petrol and diesel) are consumed by the road transport [2].

Adopting documents on financing of national economy sectors, the Ministry of
Economics and the Ministry of Environmental Protection and Regional Development adhere
to the “European Strategy for Clean and Energy Efficient Vehicles”. The main priorities of
the energy strategy are implemented: to ensure the economic efficiency by the reduced
primary energy resources and the increased use of the renewable energy sources, as well as a
quantitative increase of alternative fuels/technologies in road transport fleet, reducing the
dependence of the transport sector on conventional fuels and climate change mitigation
efforts. Electricity, hydrogen and compressed natural gas are the most commonly used
alternative fuels in passenger cars, buses and light-duty vehicles (LDVs) [3].

All these aspects have determined the choice of the theme, objectives and content of the
Doctoral Thesis.

1.2. The Hypothesis, Goal and Objectives of the Thesis

The aim of the Thesis is to development an algorithm for investigating the local
distribution network in accordance with the technical requirements of electric transport, the
charging infrastructure and services, as well as investigation of the Latvian power system
consumption up to 2030, which deals with the integration of electric vehicles into electric
power systems by interaction of technical, ecological and economic aspects.

To achieve the goals, the following tasks have been performed.

. Latvian and world energy balances have been evaluated and classified by sectors

of production and consumption over the period from 1965 to 2016.



Electrical charging station technologies in the world and in Latvia have been
researched and analysed.

Algorithms have been developed to simulate and evaluate the impact of users of
electric vehicles on the distribution network infrastructure and power supply
system as a whole in cities or districts.

The development trends of the electric transport park in Latvia and its
development potential until 2030 have been examined, taking into account the
state energy policy guidelines.

Energy balance has been developed by sectors and emissions in Latvia until 2030,
with particular attention being paid to the road transport sector.

1.3. Methods and Tools of the Research

The methods and tools of the research include, but are not limited to:

the database of the Central Statistical Bureau of Latvia;

Eurostat database and publications;

Statistical Review of World Energy;

Standardization Mandate for Road Vehicles and Associated Infrastructure of
World;

Standardization Roadmap for Electric Vehicles;

processing, analysis and graphical representation of the results in MS Excel (the
mathematical statistics methods, probability theory and the simplex mathematical
optimisation method for linear programming task) and MATLAB
(SimPowerSystems);

calculation of fossil fuel consumption and GHG emissions of road transport sector
by COPERT 5 software;

energy and environmental analysis of historical and prediction indicators, the
development of scenarios and comparison taking into account future uncertainties
by using MARKAL model.

1.4. Scientific Novelty of the Thesis

Latvian and world energy balances have been evaluated and classified by sectors
of production and consumption over the period from 1990 to 2016.

Existing electrical charging station technologies in the world and in Latvia have
been researched and analysed.

Algorithms have been developed to simulate and evaluate the impact of users of
electric vehicles on the distribution network infrastructure and power supply
system as a whole in cities or districts.

The development trends of the electric transport park in Latvia and its
development potential until 2030 have been examined, taking into account the
state energy policy guidelines.



e Energy balance has been developed by sectors and emissions in Latvia until 2030,
with particular attention being paid to the road transport sector.

1.5. Practical Significance of the Thesis

The Doctoral Thesis addresses both fundamental science and practical issues. Its
implementation will significantly contribute to the integration process of Latvia in the
European research area.

The methodologies and algorithms proposed in the Thesis can be used as follows:

e by companies and organisations involved in the implementation of state policies in
the road transport sector and the assessment of environment and natural resources;

e for conducting theoretical and scientific research related to rational construction of
power supply systems in cities or in districts, to optimisation of parameters and
development planning, taking into account the rapid development of smart grids,
the introduction of new network elements and the active role of the end consumer;

e by energy companies and organisations involved in the technical assessment and
development of power supply schemes in the city or its districts, design and
modernisation of 0.4 kV networks and 20-10/0.4 kV transformer substations in
accordance with the requirements of electric vehicle users (customers);

e for assessing the end-user’s participation in both electricity market and balancing
market.

1.6. The Scope of the Thesis

To achieve the set goals, the following objectives have been formulated:

e to develop a new algorithm in order to investigate the local distribution network of
a residential area and obtain the optimal solution for creating charging
infrastructure on the territory of district, in accordance with the requirements of
residents (owners of electric vehicles), at the same time ensuring the reliability of
the power supply network in the urban or rural area;

e to evaluate and investigate the increase of electricity consumption and the
reduction of fossil fuel consumption in Latvia until 2030, due to the integration of
electric vehicles in the road transport sub-sector, as well as estimate the decrease
of greenhouse gas emissions within the framework of the accepted national targets.

The results of the research have been partly presented in 4 projects and 18 contracts.

1.7. Approbation of the Doctoral Thesis

The results of the research have been presented and discussed at 17 scientific conferences
and published in 16 international journals and proceedings.
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1.8. Structure and Volume of the Doctoral Thesis

The Doctoral Thesis is written in English, it contains Introduction, four chapters,
Conclusions, Further Work, and Bibliography containing 132 reference sources. The total
number of pages is 142, including 56 figures, 22 tables and 3 appendices.

Introduction proves the topicality of the subject of the research, defines its main goals and
objectives, the scientific novelty and practical significance. It also provides the list of
publications and conferences the research has been presented at.

Chapter 1 describes Latvian and world Energy Balances, Energy system and Greenhouse
Gas Emissions over the period from 1965 to 2016, and it considers the priority tasks of the
European Union for the development of the energy sector, which is focused on the problems
of energy supply and environment.

Chapter 2 contains the analysis of the world and Latvian scientific studies and the
mathematical models used to predict and control a distribution network, as well as conduct
research on the development of electrical vehicle areas.

The analysis has revealed that the research on the formation of the infrastructure of
charging stations in cities and settlements is of utmost importance and should be based on the
existing available capacity of low-voltage distribution network and the location of different
types of charging stations.

In Chapter 3, the structure of the algorithm has been considered. Its four stages are
described in order to study a local distribution network taking into account the placement of
the electric vehicle charging station. At all the stages, specific tasks have been solved and
implemented. For completeness and accuracy studies, the algorithm is presented together with
a test case.

Chapter 4 has examined the time period of 2000-2030 during which it has been found that
if the road transport fleet consists of 20 % of electric vehicles, the goal set regarding GHG
emissions for 2030 will be fulfilled. The study takes a scenario approach.

Conclusions and Further Work contain the proposals in four directions:

e the new algorithm described in the research should be adapted to the existing
distribution network and planning tools for its application in the future;

e it is necessary to create blocks where a smart tariff plan controls the charging of an
electric vehicle within 24 hours;

e it is planned to create a new block, where generation from renewable energy
sources (such as solar, wind energy, and others) will be calculated and taken into
account when estimating additional capacity in the area;

o the algorithm will be expanded with more additional factors and criteria to
improve real-time applicability situations.
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2. ENERGY BALANCE, ENERGY SYSTEM AND
GREENHOUSE GAS EMISSIONS

2.1. Energy Balance as an Integrated Energy System
Worldwide

According to the BP Statistical Review of the World Energy Consumption, global
consumption of energy resources has increased more than 3.5 times over the past fifty years.
Up to the year 2000, the world energy resources had been consumed as follows: more than
60 % — by North America, Europe and Eurasia regions, less than 30 % — by Asia Pacific, and
about 10 % — by South and Central America, Middle East and Africa [4].

Oil, gas and coal were the primary energy carriers of global demand over the considered
period of time (see Fig. 2.1). In the graph, the dynamics of consumption of energy resources
is shown by the type of energy. It shows a slow shift towards a decrease in the consumption
of hydrocarbons and looks as follows.

e 1965: 40.9% oil, 37.6 % coal, 15.7 % gas, 5.6 % hydro, 0.2 % nuclear, and 0 %
renewable energy sources.

e 2000: 38.2% oil, 25.3 % coal, 23.3 % gas, 6.4 % hydro, 6.2 % nuclear, and 0.6 %
renewable energy sources.

o 2015: 32.9% oil, 29.2 % coal, 23.9 % gas, 6.8 % hydro, 4.4 % nuclear, and 2.8 %
renewable energy sources.

o 2016: 34.4% oil, 28.0 % coal, 23.2 % gas, 6.9 % hydro, 4.5 % nuclear, and 3.1 %
renewable energy sources.

Mtoe oil eq.
14000
[ ]
12000
10000 ® Renewables
B Nuclear
8000 = Hydro
6000 -  Coal
4000 - B Gas
mOil
2000 -
0

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2016

Fig. 2.1. World primary energy consumption by the type of resources.
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BP Statistical Review of World Energy (BC SRWE) also shows the structure of an
average annual growth rate in 1965-2016. As for the type of energy resources, there is a great
difference in the average annual growth figures in the periods from 1965 to 1999 and from
2000 to 2016. In the BC SRWE Report on the Average Annual Growth, they are distributed
as follows: between 1965 and 1999, 2.58 % of oil is consumed, 3.85 % of gas, 1.48 % of coal,
3.14 % of hydro, 15.06 % of nuclear sources, and 12.07 % of renewable energy sources
(wind, solar, geothermal and biomass); between 2000 and 2016, 1.25 % of oil is consumed,
2.56 % of gas, 3.30 % of coal, 2.63 % of hydro, 0.17 % of nuclear sources, and 13.74 % of
renewable energy sources.

Thus, it may be concluded that many world regions are dependent on imports of fossil
fuels as their domestic resources are depleted or extraction is too costly.

2.2. Worldwide Greenhouse Gas Emissions

The historical data suggest that over the last fifty years, from 1965 to 2016, global CO,
emissions almost tripled, from 11357.79 Mt to 33017.6 Mt, as it is shown in Fig. 2.2.
Between the years 2000 and 2016, a significant growth by 8,301.8 Mt or 107.6% was
recorded in Asia Pacific. Other facts of growth by more than 400 Mt were registered in the
Middle East (966.3 million tonnes, 88.5 %), South and Central America (411.3 million
tonnes, 44.9 %) and Africa (412.3 million tonnes, 53.4 %). Decline in CO, emissions was
registered as follows: in North America — by 723.7 million tonnes, or 10.5 %; in Europe and
Eurasia — by 353.8 million tonnes, or 5.3 %.

Comparison of indicators for the years 2000 and 2016 shows an increase of 37.6 %, but
from 2014 to 2015 there was a decline of 0.12 %, which suggests that the tendency for
decrease in global annual emissions of CO, can either continue or stabilize. It proves that
even under the conditions of steady growth of energy consumption there is a possibility to
slow down and harness the growth of emissions.

MtCO,
35000
™ Asia Pacific
30000
B Africa
25000
20000 B Middle East
15000 - B Europe and Eurasia
10000 ® South and Central
America
5000 ® North America
0

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2016

Source: BP Statistical Review of World Energy 2018, www.bp.com/
Fig. 2.2. World CO, emissions in the world regions, 1965-2016.
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2.3. Analysis of Segments of the Latvian Energy Sector

2.3.1. Overview of the Energy System and Energy Balance of Latvia

The energy balance data for Latvia between 1990 and 2016 show the state of economic
development of the country over this time period (see Fig. 2.3). By 2000, the main indicators
of the gross inland energy consumption and the final energy consumption of the country had
fallen by half. Then, over the following sixteen years, a gradual increase in production and
consumption was observed. In 2016, gross inland energy consumption rose by 12.7 % and
final energy consumption rose by 17.7 % compared to 2000 [5].

PJ
350
300
250
B Gross inland
200 energy
consumption
150
100 .
M Final energy
50 consumption
0

1990 1995 2000 2005 2010 2015 2016

Fig. 2.3. Energy balance of Latvia: Gross inland energy consumption and final energy
consumption, 1990-2016.

It should be noted that the final energy consumption figures include the amounts of energy
consumed in different sectors of the country’s economy, which are agriculture, residential,
transport, industry, commercial and others. Over the last eleven years, the final energy
consumption figures did not change notably. In 2010, the final energy consumption figure
was 1.9 % higher than in 2005 (3.32 PJ), while in 2016, the final energy consumption
(11.5 PJ) dropped by 6.6 % as compared to 2010. The share of economic sectors in the final
energy consumption figures in Latvia from 1990 to 2016. By 2005, significant changes had
come about in different sectors of the national economy. In 2005, 2010, 2015 and 2016, the
percentage the final consumption in sectors was as follows.

e In 2005, the share of agriculture sector was 3.1 %, industry sector — 18.7 %, residential
sector — 36.5 %, transport sector — 26.6 %, and the share of the commercial and other
sectors was 15.1 %.

e 1In 2010, the share of agriculture sector was 3.5 %, industry sector — 19.9 %, residential
sector — 33.1 %, transport sector — 29 %, commercial and others sectors — 14.6 %.

e In 2015, the share of agriculture sector was 4.0 %, industry sector — 21.8 %, residential
sector — 29.9 %, transport sector — 29.7 %, the share of the commercial and others sectors
was 14.6 %.
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e In 2016, the share of agriculture sector was 4.3 %, industry sector — 20.7 %, residential
sector — 29.2 %, transport sector — 30.3 %, the share of the commercial and others sectors
was 15.4 %.

Analysis of the structure of energy consumption by sector reveals that the transport and
residential sectors account for more than 60 % of total consumption. Although such
percentage of energy consumption in these sectors remains rather stable, it must be pointed
out that the figure for the residential sector has an average annual decline of 2.1 %, in the
transport sector it has increased by approximately 1.2 %.

The transport sector includes the following sub-sectors: road transport, railway, civil
aviation and domestic navigation. The main energy resource prevailing in the transport sector
is oil products, which is shown in detail in the Annual Report of the Central Statistical Bureau
(CSB). The highest energy consumption is observed in the road transport; it amounts to as
much as 85 %.

2.3.2. Greenhouse Gas Emission Inventory, Latvia

In 2016, total GHG emissions were reduced by 57.3 % compared to 1990 (base year).
Consequently, the following trends can be observed in the sectors: a decrease of 62.7 % in the
energy sector; an increase of 8.3 % in the IPPU sector and LULUCF sector; a decrease of
52.5 % in agriculture sector; an increase of 3.8 % in the waste sector. It is worth emphasising
that the energy sector is the most significant source of GHG emissions, with 60—-80 % share of
the total emissions between 1990 and 2016. Relative contribution of the activity sectors in
total GHG emissions by sector in 2016 is presented in Fig. 2.4.

Indirect CO; 0.2%

Energy industries 25.6%
. Manufacturing industries

and construction 8.5%

Transport 44.2%
Other sectors
(Commercialfinstitutional;
Residential;
Agriculture/forestry/fishing)
19.9%
Fugitive emissions from fuels
1.6%
Other 0.2%

Fig. 2.4. Relative contribution of the activity sectors in total GHG emissions by sector in
2016.

In 2016, the greatest share of the GHG emissions, with 44.2 % of emissions in the energy
sector, comes from the transport sub-sector, where 90 % of emissions are generated by road
transport. Civil aviation, road transport, railways and domestic navigation are included in the
transport sub-sector. As shown in Fig. 2.5, between 1990 and 2016 there was an annual
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increase of emissions, which came from road transport, the contribution of which was more
than 90 % of the total emissions of the sector. In 2016, total GHG emissions from the
transport sub-sector increased by approximately 5.1 % compared to 1990, whereas in 2007
the increase was as high as 27.4 %.
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Fig. 2.5. GHG emission trends in the transport sector in 1990-2016, kt CO; eq.

2.4. Energy and Climate Policy of the European Union

In 2009, the European Union adopted the climate and energy package, which is a set of
binding legislation and instruments aimed at reducing greenhouse gas emissions progressively
up to 2050. The key climate and energy targets are set in the following packages:

— 2020 Climate and Energy Package [6];

— 2030 Climate and Energy Framework [7].

To achieve the goals, comprehensive strategies “Transport 2050 and “White Paper on
Transport COM (2011)” were also accepted. In the context of these principles, the
government of Latvia has adopted specific documents: “Latvian National Development Plan
for 2014-2020”, “Latvian Sustainable Development Strategy 2030” and “National Reform
Programme Strategy “EU 2020””, which are aimed at improving energy efficiency of
apartment buildings, public and industrial buildings, infrastructure and municipal public
premises, heat- and power-saving measures and use of alternative fuels in the transport sector
(81, [9]-

Models and Tools of Energy Systems Analysis. The analytical models and tools of energy
systems analysis, such as BALMOREL, EMPS, MESSAGE, MiniCAM, PERSEUS,
RAMSES, WILMAR Planning Tool, MARKAL (TIMES), EnergyPlan, Mesap and others,
offer solutions for the design of least-cost pathways of sustainable energy systems,
compilation of long-term energy scenarios and the preparation of low-emission development
strategies [10]. In Latvia, some models and tools have been used for academic programmes
and research projects, namely: MESAP, MARKAL (TIMES), MESSAGE, and EFOM [11].
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3. CONDITIONS FOR OPERATING THE DISTRIBUTION
NETWORKS AND PLANNING OF ELECTRIC VEHICLE
CHARGING STATIONS

3.1. Electric Vehicles and Charging Stations Worldwide

According to the Global Outlook 2017, 750 thousand units of new EVs were sold
worldwide in 2016. Successful sales started in 2010. If less than 2 thousand EVs were sold in
2005, more than 12.48 thousand in 2010, and the number of electric cars (BEVs and PHEVs)
exceeded the mark of 1.26 million in 2015 [12], [13]. It should be noted that during these
years BEVs (60 %) and PHEVs (40 %) are relatively evenly distributed. The evolution of the
EV market all over the world from 2010 to 2016 has shown that in countries such as China,
Japan, Norway and the Netherlands 80 % of their total number were registered in 2016.

Infrastructure for electric vehicle network is best developed in the countries where there is
an annual increase in the number of electric vehicles, so the world leaders are the USA, China
and Japan. In Europe, Eurasia & European regions, such countries are France, the
Netherlands, Germany, the United Kingdom and Norway. A review of public charging
stations, differentiated in power and charging speed in some of the European countries,
showed that in Norway, Denmark and France more than 70 % of stations are standard
charging stations. In the Netherlands, the United Kingdom and Germany, more than 53 % of
stations are the accelerated charging stations. Regarding rapid charging, the average indicator
is about 10 % of the total number in these countries. An exception is the network of charging
stations in Estonia, where the accelerated and rapid charging stations account for 96 % [14].
Electric vehicles outnumber public charging stations, indicating that most drivers rely
primarily on private charging stations (standard charging, slow). The main characteristics of
electric vehicle battery are charging time, power demand and the rate of charge (see Table
3.1).

Table 3.1

Charging Station Modes. Standard Charging Power Levels [15]-[17]
Alternating (AC) and

Connection mode

Charging mode : : direct current (DC
&g (Grid connection) | | jtace (V) / cur(rent)(A)
Standard charging (slow) — Mode 1 (1 phase /3
StEVCS: nominal power 3 kVA (1- phase) and Mode 2 %gggg :Eg jgggg

phase) and 7 kVA (3-phase), 6-12 h (1 phase / 3 phase)
Accelerated charging (medium) — Mode 3
AcEVCS: nominal power 7-22 kVA (1 phase / 3 phase) 230/32 and 690/250
(1- or 3-phase, 32 A), 1-4 h
Rapid charging (fast) - RapEVCS:
nominal power 50 kVA (DC) and Mode 4 (3 phase) 600/400
43kVA (AC), 80 %,<1h
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The analysis by the International Energy Agency (IEA), based on the projections of the
leading national targets of world countries, as determined by automobile manufacturers and
research scenarios, foresees that the number of EVs (passenger cars and light goods vehicles
up to 3.5 tonnes) will be from 9 to 20 million in 2020, from 40 to 70 million in 2025, and
from 55 to 200 million in 2030.

3.2. Overview of Public Charging Stations and Vehicles with
Electric Engines in Latvia

In 2014, using the funds provided by the National Climate Change programme, the
Ministry of Environmental Protection and Regional Development of the Republic of Latvia
held a project contest for reducing the amount of greenhouse gas emissions in the road
transport sector. As a result of the held contest, during the period of 20142015 there had
been additional funding given for acquiring almost 200 EVs and for deals for installing 235
public charging stations by 2023 [18]. Currently, the number of public charging stations in the
territory of Latvia is approximately two times larger than in 2014, and it is evident that the
market of electric vehicles and the infrastructure for public charging stations will broaden
[19]. As part of the public procurement of RTSD, an analysis of the location of fast charging
stations near the main highways has been made. It is planned that the distance between the
charging stations will be from 30 to 50 km [21]. As of 1st January 2018, 275 EV and 37
PHEV passenger cars have been registered in Latvia, where Volkswagen e-up and Nissan are
the most popular EV models [20]. The total number of vehicles with electric engines is shown
in Table 3.2.

Table 3.2
Number of Vehicles with Electric Engines in Latvia, 2011-2017

2011 2012 2013 2014 2015 2016 2017
Type
Passenger cars 2 11 18 192 223 268 368
Light commercial
vehicles 2 2 2 6 7 11 13
Buses 0 0 0 0 0 0 1
Motorcycles 0 0 0 0 3 3 5
Mopeds/quadracycle 0 0 0 50 56 58 75
Total 4 13 20 248 289 340 462

3.3. Overview of the Research and Methodology for the
Integration of Charging Stations

Before proceeding to the Doctoral Thesis, the author has studied modern technical and
theoretical studies. They reflect different positions and approaches to solve the set goals, and
suggest possible actions to ensure the reliability of electrical network and national
environmental safety in the context of the widespread use of vehicles with electric engines.
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It is important to indicate that eighteen scientific studies have showed that such sub-
sectors as road transport, electricity generation and distribution of electricity to the consumer
are of considerable theoretical and practical importance in all regions of the world.

Particular attention has been devoted to the mathematical models used to predict and
control a distribution network as well as conduct research on the development of electrical
vehicle. To establish algorithms and models of EV infrastructure, the researchers from
different countries have used the following attributes as constraints: provision of the
population with vehicles, the average daily mileage of a vehicle, the distance between
destinations, number of individual trips, opening hours and parking lot availability, technical
indicators of the distribution network, etc.
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4. EVALUATION ALGORITHM OF LOCAL DISTRIBUTION
NETWORKS TAKING INTO ACCOUNT THE
PLACEMENT OF ELECTRIC VEHICLE CHARGING
STATIONS

4.1. The Overall Framework of the Algorithm

An algorithm for studying a low-voltage distribution network in urban and rural areas has
been developed in the present Thesis in accordance with the needs of charging stations.

The main tasks of the algorithm are as follows.

e To estimate the power load of the local distribution network and the possible
additional load for the daily time intervals.

e To choose the location of charging stations, taking into account the behaviour of
car owners at the parking places within 24 hours and the existing electric power
load of the local distribution network.

e To choose the location of charging stations, taking into account their interaction
with the energy company, including economic and environmental components.

e To investigate the distribution network in accordance with the needs of charging
stations, as elements of an intelligent network (smart grid).

e To test the methodology of algorithm for verifying the accuracy of the equalization
of peak loads in the existing distribution network and increasing its reliability and
efficiency under the condition of additional load from charging stations.

The algorithm consists of four steps. The configuration is shown in Fig. 4.1. Each step is
implemented to solve specific tasks and has the following phases: input, calculation, analysis
and decision.

The goal of Stage 1 is to determine the existing demand of the local area network and
capabilities for additional load according to time intervals of the day.

The Input Phase gathers the necessary data about the distribution network and system
elements that can be later used during the calculation phase.

Calculation Phase: the quantitative and qualitative parameters of all objects that are
needed for analysis are calculated.

Analytical Phase provides new information that can be used in the current test as well as
in repeated research steps. The information is summarised in data 1. This phase also considers
two possibilities, if S,qq > 0 and if S,aq < 0.

Decision Phase determines the transition to the second stage. There are two different
decision phase steps. If S,qq < 0, we return to Input Phase or Stop. IF S,qq > 0, we proceed to
Stage 2.

During Stage 2, to determine the location and type of the charging station, the optimal
model of charging station placement is used. The simplex mathematical optimisation method
for linear programming task is used for this purpose.
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Input Phase: S,qq > 0 value and the optimal model for the charging station location (see
Chapter “Algorithmic Description of the Methodology™).

Calculation Phase evaluates the total electrical load in the area under consideration for all
types of charging stations (slow charging, quick charging and super fast charging).

Analysis Phase compares the total electrical load obtained from electric vehicle charging
stations (EVCSs) with potential additional loads for transformer substations. If the Sgycs <
S.aa 1s fulfilled, then there is a transition to the Decision Phase. The Decision Phase
determines the transition to Stage 3 or the return to Stage 1 (Input Phase).

INPUT PHASE CALCULATION PHASE ANALYSIS PHASE DECISION PHASE
Stagel Technical characteristics and Quantitative and qualitative Sadd (t) Identify and
numbers of transformer indicators: - apply
points = Smaxs Smins Saver 1 Tirreg fioad E I i \ \
Map the area (km2) and Jenorm pasr.ffau!r_k Sren (€) 5000
k " : v v
length of the streets (km) load A "ioad = A = YES NO
System elements: the «> v Library Stage 1
number and type of ¢ Statistical data Information Data 1 Dage
consumers +  Theoreticdata ata Stop
Stage2 | Stagel Data -T> > -
The model of charging Theloadflow is = Z -
station placement Standard/Accelerated/Rapid Saaa() = ) Seves La)—) Stage 2 Data
—1> Charging performed for every =t
24 hours duringthe day
Stage3 Stage 1 Data i=n i=n Constrains: Post-fault /Normal —Is Identify and
Stage 2 Data 09 = ZS‘ (3] +Z Seves (£) < 1.4 apply
— i=1 i=1 o T \
06 < Zsz(t) +Zssvc:, (®) <09 ~YES v NO
* i=1 =1
v Information Data2 | Stage3
Data Stop
Stage4 | InformationDatal —_—n Tests —->

Information Data 2 L .
Quantitative and qualitative indicators

Discrete or dynamicmodes, U, |, P, Q (SimPowerSystems)

A

¢ Information Data 3

Approval and
Final choice

Fig. 4.1. The overall framework of the algorithm.

During Stage 3, data of Stage 1 and Stage 2 are combined as the Input Phase. According
to the Electrical Codes and Standards, the technical characteristics of transformer substations
are verified, which compare the total capacity of objects with the permissible load of the
transformers in the post-fault and normal modes. The information is summarised in Data 2,
which is used as a current test as well as in the course of repeated research.

The Decision Phase has two different decisions: YES and NO. If the conditions are not
met, we return to Stage 1 Data. If the conditions are met, we proceed to Stage 4.

Stage 4 is algorithm validation. Input Phase: Data from information blocks of Stage 1 and
Stage 3 (Data 1 and Data 2). The Calculation Phase and Analysis Phase are combined. The
validation of the data of the qualitative and quantitative parameters is carried out according to
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Stage 1. The Analysis Phase explores the quantitative and qualitative indicators, as they have
to correspond to their possible practical application.

In addition, Simulink software (MATLAB tools) is also used, which allows evaluating the
parameters of distribution networks (voltage, current, active, reactive and full capacity) to
existing and additional loads. Due to the large amount of data, all information is summarised
in Data 3, and then it is used for the analysis of the tests.

The Decision Phase determines approval and the final choice of the distribution network
in accordance with the needs of charging stations.

The detailed description of the algorithm methodology, the sequence of the research and
the rationale for choosing the methods are available in the sections of the Thesis.

Approbation of the algorithm for studying a low-voltage distribution network in urban and
rural areas in accordance with the needs of charging stations has been presented and discussed
at scientific conferences and published in proceedings and international scientific journals
[22]-{24].

4.2. Description of Algorithm Methodology

Figure 4.2 demonstrates the block scheme of the algorithm of operation of the existing
local distribution network in the case of introducing charging stations differentiated by power
and charging speed.

A 2 " gsnson (Cope L)

Economic benefits for owners: of charging stations and

electrical vehicles —~
Wz Information
Charging station modes and strategy Statistical data INPUT DATA
N phase 1
Theoretic data
Vehicle battery charging , kWh/100 km: EV, PHEV, V2H /’\
Parking patterns, h $

Quantitative and qualitative indicators: S, Ppay Prins firreg. fioad
i=n
S (1) =+, (1) fy = 3 Si()
il
v

Yes No
Saa (>0

Amount and type of road transports<3.5t

Model of the charging stations placement

— iscn ai(t)

380 4i(D < S,y (O Q9.5 3751 0+ 3 Serud (V<14
i=l < i=l

Approval and Final choice
No |

OUTPUT DATA

Inf i <> et
ntormation Quantitative and qualitative indicators: S, Prayx Prins firreg. fioad

phase 3

Information
phase 2

0.6< isi (t)+ismi (t)<0.9

Yes

Discrete and dynamicmodes, U, |, P, Q (Simulink/MATLAB )

Fig. 4.2. Block scheme of the algorithm.
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The working principles of the proposed algorithm are described below.
4.2.1. Stage 1. Selecting the Input Data of the Distribution Network

Since charging stations are considered new consumers, it is necessary to investigate the
capabilities of the existing local low-voltage power distribution network and demand of
consumers. The distribution network selected for the evaluation should contain as much
information about the objects, which have connection to the transformer substation and the
plan of territory, as possible. This information can be about the number and type of the
objects; the power consumption of the objects and their daily load schedules; the scheme for
the distribution network, technical specifications, the number and the location of the
transformer substations; length of the streets.

In case of the absence of input data of the power consumption of the objects and their
daily load schedules, there is a reference to the Library module (Excel document archive),
which contains the database of the quantitative indicators and load graphs of eighteen objects.
Quantitative indicators are active power (P, kW), reactive power (Q, kVar), apparent power
(S, kVA); coefficients of demand for lift installations of residential buildings (Kq); estimated
coefficients of reactive power of residential buildings; specific design of electric loads of
public buildings; daily load of consumers of the micro district; parameters of lighting
installations of the transport and pedestrian system of streets and roads and the technical
specification of three-phase transformers 10/0.4 kV. The missed input data in the Library
module are estimated by means of statistical and calculating methods on the basis of
mathematical statistics and probability theory [25], [26].

Further, the quantitative indicators and load graphs for each object, transformer substation
(TS) and distribution network are calculated. The calculations can be carried out for each
season, month and day (working day or weekends) depending on the goals and objectives, and
with the presence of input data. For the objects, the calculations take maximum (peak), Spax,
average (middle), Sayer , minimum (off-peak), Spin, demand and their daily time of use, the
load factor (fieaq) and the irregularity factor (fiweg) [27]-[30].

Then, quantitative and qualitative indicators are generated in the report (in table and
graphically) in Information block 1. On the base of this information, the possible additional
load for the temporary daily intervals is calculated by Equation (4.1) [31], [32].

S =1 -4311.u(t)—i§,5i Of, 4.1

where S, — the rated power of the transformer, kVA;
1.4 — the max load factor in the post-fault mode;
S;i — the apparent power of the consumers (objects), kVA;
fq — diversity factor, <1.

If the condition S,4(t) > 0 is performed, then the transition to Stage 2 takes place.
Otherwise, the algorithm returns to the Input Phase.
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4.2.2. Stage 2. Implementation of the Optimal Model for the Placement of Charging
Stations

In Stage 2, a stand-alone model of the charging station location is used to study the
algorithm methodology. The aim of this model is to satisfy the necessary hourly (daily)
requirements for charging electric transport under the conditions of traditional parking places.
The interaction of people behaviour, urban infrastructure and the power supply system are
used as the main attributes. The model allows estimating the low, medium and high
penetration demand for charges. Mathematical statistics methods, probability theory and the
simplex mathematical optimisation method for linear programming task have been applied to
implement this model.

The model is implemented as follows.

e The input data are represented as data of Stage 1 (Saqa).

e Number of vehicles with a gross weight of less than 3.5 tonnes and their parking

within 24 hours in the area is defined.

e The behavior of car owners at the parking places within 24 hours is reviewed and
analysed by cluster analysis.

e Technical indicators: charging types (slow/medium/fast) and the most common
models of road electric transport are accepted for the calculations.

e On the basis of the list of road transport, a park of possible electric transport is formed.

e The dynamics of changes in harmful emissions from vehicles under investigation are
examined by COPERT 5 program.

e In accordance with the two criteria — the optimal time of the battery charging (the
degree of charging is necessary for the owner of vehicles) and the number of charging
stations (charging types — slow, medium, fast) at the places of traditional parking — the
load necessary for the charging process is estimated (power consumption).

e To provide the best solution during the process, the load is analysed, several options
are tested and then the final choice is presented.

e Having received the final version of the location of the infrastructure and the
penetration demand (SEVCS is the load of the charging station) for charges, day-night
consumption of energy for charging is estimated and compared with S,44(t) by using
Equation (4.8).

If Equation (4.8) has been performed, the process is completed, and we proceed to Stage
3. Otherwise, the process returns to the point of infrastructure and the penetration demand. It
is necessary to calculate a new load of the charging station.

To illustrate the concept of declarative processes, a block scheme of the model is shown in
Fig. 4.3.
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Fig. 4.3. Block scheme of the model of the charging station placement.

4.2.1.1. Description of the Model Methodology

A. Data collection and analysis of interaction of parking pattern in the infrastructure
of the area

The analysis of interaction of parking pattern in the infrastructure of the area is based on
the collection of input data represented as three groups. The input data of groups are as
follows.
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Group 1: Stage 1 Data are the condition S,qq(t) > 0.

Group 2: Number of vehicles with a gross weight of less than 3.5 tonnes and location and
duration of parking within 24 hours in the area under consideration. Group 2 requires
information about behaviour of vehicle owners: number of vehicles, location and duration of
parking, and average daily mileage.

Group 3: Process of electric vehicle battery charging. Group 3 requires information about
electric vehicles: available EVs and PHEVs in the market and electric vehicle battery
charging.

Group 2. Since the fleet of electric vehicles is under formation in Latvia, the input data for
modelling are the road vehicles with internal combustion engines. The input data of the
number of vehicles are available from the publications of the National Statistical System of
Latvia or on the website of the Road Traffic Safety Directorate [20], [33].

To obtain the input data of the location and duration of parking, it is necessary to gather
information from different data sources and choose methods for their processing. For the
study, the following necessary information has been defined: total number of vehicles in a
parking lot (parking lot volume); number of vehicles in a parking lot at a given instant of time
(parking accumulation for each hour); annual mileage or the daily mileage of vehicles.

The information has been collected using traditional methods, such as monitoring and
studying the existing legislative documents, forms and reports on the location and duration of
parking near the house, work, shop, etc. [20], [34], [35]. The information has been processed
by the correlation analysis, which is a good analytical technique to group or segment identical
elements.

For the analysis, it is necessary to solve the following tasks:

e to estimate the volume of usage and parking demand within 24 hours in the area;

e to choose the most loaded location of parking according to its volume of usage and

demand by the correlation analysis;

e to determine average daily mileage.

To estimate the volume of usage and parking demand in the area, a simple average
method has been used. Using this method, the total number of parking spaces of each parking
lot is calculated and then it is divided by the total number of type units. The formula for the
simple average method is as follows (4.2):

X=tizmXt 4.2)

n

where X is sampling mean, N is a set of observations, and X; is i-sample component.

The level of correlation is analysed using MS Excel program.

The European Environment Agency (EEA) in its Guidebook has adopted standardization
for all categories of road vehicles, in particular, for vehicles with a total weight of up to 3.5
tons, such as passenger cars (PCs) and light trucks (LCV) [36]. In the present research, only
these two categories are considered since currently there are EVs and PHEVs technologies in
this segment.
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Further, to continue the study, it is necessary to determine the average daily mileage. For
this purpose, the statistics of the average annual mileage for these categories of road transport
have been used. These are as follows: average annual mileage for vehicles in the country; in
urban and rural areas, and vehicles owned by private persons and by legal persons. The data
gathered by the author of the Thesis for the period of 2008-2015 have allowed concluding
that the average daily mileage in Latvia has been implemented as follows: the indicator for
private persons is 37.7 km per day and for legal persons — 70.4 km per day (the range from
63.8 km to 200 km per day). In Riga, the situation is as follows (as part of the study
conducted for Riga City Council): the indicator for private persons is 24.9 km per day (does
not exceed 28 km per day) and for legal persons — 71.2 km per day (the range from 57 km to
120 km per day (see Table 3.1) [37], [38].

Group 3. Analysis of EVs and PHEVs availability in the market. To calculate the average
power consumption of a single electric vehicle, technical and practical data have been used,
which were taken from the following models popular in Latvia: FIAT Fiorino Elettrico,
Volkswagen e-up, Nissan e-NV200 Electric Van. Most BEVs cover 100 kilometres with
17 kWh and PHEVs cover 29 kilometres with 7 kWh. The gathered data allowed concluding
that the mileage, claimed by the manufacturers, of a fully charged EV might be lower than
initially specified. The changes in mileage might occur due to seasonal changes
(consequently — road quality changes), the work of the interior electric heater, the influence of
low temperatures on the battery, as well as due to the operation of air conditioning, charging
of other devices in the car (auxiliary systems of EVs) and, of course, due to the individual
manner of driving. As a result, the mileage might become reduced by 30 %. In view of the
above, the calculations showed that to cover a distance of 100 km the BEV consumes on an
average 24 kWh in winter, 17 kWh in summer, and 21 kWh in spring and autumn.

B. Electric vehicle battery charging

Table 3.1 provides the data of charging times on EVSEs from the database of EV makers.
The time of charge and driving range with StEVCS, AcEVCS and RapEVCS charge levels is
based on charging an empty battery to full actual state of the charge (SOC,cwa). From
practical point of view, using AcEVCS is the most common and preferred routine for
everyday charging. At the same time, RapEVCS is not designed to fill the battery completely
but if the vehicle has the long travel during the day, it can drive and have the next charging
station [39].

The main characteristics of batteries for EVs are charging time, power demand and the
rate of charge [40]. Therefore, the process of charging the battery is carried out in accordance
with the selected charging mode (CM), the initial state of charge (SOCiyitial) and the actual
state of the charge (SOCycal) of the battery at the end of the process. In general, a charging
action occurs when the SOC level is 15 % or less, because the warning light for the shortage
of battery is activated at that level. The communication between EV is determined by ISO
15118, which is designed to support the energy transfer from electric vehicle supply
equipment (EVSE) to all types of EVs [41]. Thus, the required state of charge (SOCyctar) can
be estimated by Equation (4.3).

27



SOC,... = SOC,

initial

+SOC(t), (4.3)

actual

where SOC(t) is the state of battery charging process at an instant of time, minute or hour.
The time depends on the selected mode and power level of the charging station.

Table 4.1

Charging Time on Electric Vehicle Service Equipment

StEVCS, 1.5 kVA | AcEVCS, 6.6 kVA RapEVCS, 20-120 kVA
Charge levels AC-120V,15A | AC-240V,30A | DC—400-600 V, up to 300 A
Driving range % km 36 km 110 km. 270 km
per hour charge
BMW i3 o . )
(22 kWh) I5h 4h To 80 %: 24 kW in 30 min
Nissan Leaf o . .
(32 kWh) 16 h 5h To 80 %: 50 kW in 20 min
Chevy Bolt o ‘ .
(60 kWh) 40 h 10h To 80 %: 50 kW in 60 min
Tesla S 85 o . )
(90 kWh) 60 h I5h To 80 %: 120 kW in 40 min

It is important to note that the range of vehicles with electric or hybrid types of engines is
expanding every year, so it is impossible to consider the entire spectrum of the existing
battery. The technology assessment of BEVs and PHEVs conducted by the California
Environmental Protection Agency presented an increase in the average mileage per full
charge of the battery by 45 % by the end of 2016 compared to 2010. It is still expected to
increase substantially by 2025 [42].

Analysis of the interaction parking pattern in the infrastructure of the area is carried out
on the basis of input data and is as follows.

First, the location of parking lots and duration of parking can be estimated in accordance
with information about the behaviour of ICE vehicle owners. A passenger car is in motion
only a small percentage of the day time. During the remaining time, it is parked near a
dwelling house, an office building, and a special parking facility or another convenient place.

The number of observations of parking lots was collected by the author of the Thesis and
used as the main reference for estimation of the behaviour of car owners.

Second, the average daily mileage for vehicles in the country has been estimated in
accordance with the average annual mileage. Thus, the range is from 24.9 km to 200 km per
day.

Third, in accordance with kWh per 100 km of consumption, vehicles can be further
classified into three groups (small, medium, large). For each group, the following data are of
importance: the maximum charging and maximum time of the charge from an empty battery
to a full one. The number of hours required for charging a storage battery using slow charging
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(StEVCS) varies from 6 to 12 hours, medium charging (AcEVCS) requires from 1 to 4.5
hours and fast charging (RapEVCS) takes 30 to 55 minutes.

The next stage is to define the placement of charging stations and the load of distribution
network. According to the penetration demand and possible additional load, the number of
EVs (Ngy) is calculated by Equation (4.4).

t
Sadd;

t
SEv;

Nigy = ) 4.4)
where S;ddi is the additional load in the period of time i. The minimum additional load occurs

in the winter season, whereas the maximum one — in the summer season.

Sévi = /PEZVi + Qévl- is the load that represents charging for one EV in the period of time.

In calculations Qgy = 0 was accepted.

If the condition N,gVi > 0 is performed, then the transition to the next stage takes place.
Otherwise, the algorithm returns to the point of infrastructure and the penetration demand
(input data of groups), where it is necessary to calculate a new load of the charging station.

Finally, the results of the analysis of the possible additional load of objects, mode and
time of charging station constraints (Sévcsia where t = 0-10 h and i = 0-43 kVA) and
interaction parking pattern in the infrastructure of the area show the parking availability
pattern that allows assuming possible scheduling of charging stations. This process is
performed by using the IF function in Excel.

The next stage is to define the charging mode and number of charging stations according
to the constraints for the public EVCSs. Constraints are classified by EVCS type as follows:

o Constraint I: t > [ (hour) is period of time interval and i > 43 (kVA) is the rated input
power of charging station. If criteria are performed, this means that in the considered
period of time the public RapEVCSs and AcEVCSs can be loaded. If No, then
Constraint 11 shall be used.

o Constraint II: 1 <t <4.5 (hour) and 7 < i <22 (kVA). If criteria are performed, this
means that in the considered period of time the public ACEVCSs and StEVCSs can be
loaded. If No, then Constraint 111 shall be used.

o Constraint IIl: 2 <t <10 (hour) and 3 <i <7 (kVA). If criteria are performed, this
means that in the considered period of time the public StEVCSs can be loaded.

This calculation is also performed by using the IF function that identifies which criteria as
a whole are performed and which of the criteria are absent. If the constraints are performed,
the algorithm determines the number of public charging stations. Otherwise, the algorithm
returns to the analysis of the interaction parking pattern in the infrastructure of the area. To
estimate the total number of EVCSs, the three modes of EVCSs (and three cars are connected)
simultaneously per hour have been considered. It means that StEVCS (9.7 %) + AcEVCS
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(30.6 %) + RapEVCS (59.7 %) = 100 % EVCSs (see Table 4.1). EVCSs represent the load for
the main transformer per hour and their total number is defined by Equation (4.5):

_ 9.7 % Saqa(t) 30.6 % Saqq(t) 59.7 % Saqda(t) _
Ngycs = - + > + " = Nevesg, + Nevesye + Nevesg,,  (4-5)

where Ngycsg, 18 the number of StEVCS, Ngycs,. is the number of AcEVCS, and
NEVCSRap is the number of RapEVCS.

Equation (4.5) allows determining the total number of stations differentiated by modes.
However, the main criterion for choosing and deciding on the number of charging stations is
the possible additional load. In the framework of economic expediency, the operation within
24 hours a day and differentiated tariffs for electricity are taken into account for installing
public charging stations. The tariffs for electricity for legal persons are differentiated by 3
time zone tariff [43]. In general, all the three modes of EVCSs may be applied to a parking
pattern in the infrastructure of the area. Therefore, to determine the specific locations of
stations it is necessary to use the optimisation process at this stage, which is solved by the
simplex method in Excel Solver [44], [45].

C. Optimisation of placement of charging infrastructure and the ecological and
economic aspects

Optimisation of the location of charging infrastructure is carried out on the basis of the
data, which were obtained before. Additionally, there are ecological and economic aspects, as
well as the opportunity of using the grid-to-vehicle (V2G) / vehicle-to-grid (G2V) technology
is considered.

Placement of charging stations based on the simplex algorithm.

The simplex algorithm is a linear mathematical model, which allows finding the optimal
or best outcome. The placement problem of charging stations has the following formulation:
the location of objects of parking lots (C;, C,, ..., Cy) and the possible additional load of
objects (Cy, Cy, ..., Cy) are known. Three modes of charging stations (B;, B,, B3) and the
additional load for EVCSs per hour (b, by, bs) are also indicated. Unit load for EVCSs is
7kVA, 22 kVA, 43 kVA. It is assumed that charging stations are open 24 hours day.
Mathematical formulation of linear equations for both the objectives and the constraints are
expressed by the following equations.

The objectives:
F(x) = byx; + byxy + -+ + byx,, » max(min).

The constraints:
a11x1 + a12x2 + -+ alnxn S Cl'
aj1Xq + Ap2Xo + -+ AynXn < Cy,

Am1X1 + QpaXy + o+ QpnXn <
Xj =2 0;j=1,N.
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Subsequent actions take place in the analysis phase according to Equation (4.6), as well as
the transition occurs to the decision phase (Stage 2 Data). Therefore, the total load of charging
stations on the local distribution network (X:=% Sgycs i(t)) is estimated. This load cannot be
higher than the additional load in Stage 1, calculated before.

i SEVCS i(t) = Sgvcsg, (O)Ngvesg, + Seves,, (O)Neves,, +

- 4.6
=1 + Sevesgap (E)NEVCSRap: (4.6
The location and number of charging stations are provided in Table 4.2.
Table 4.2
Location and Number of Charging Stations

Parking lot 1 | Parking lot 2 Parking lot N Total
StEVCS x x x x x
AcEVCS X x x x x
RapEVCS X X X x X

Analysis of exhaust emissions of motor vehicles based on COPERT 5 Software.

The ecological aspect of this algorithm is the analysis of emissions in urban and rural
areas, using the COPERT 5 program reflecting the dynamics of changes in harmful emissions
in the structure of road transports. To analyse the possible change of emissions in the use of
vehicles with internal combustion engines (ICE) and BEV technologies, the following
comparison has been proposed: if the number of ICE technologies is 100 % of the total
passenger cars (PCs) and light trucks (LCV) and the number of BEV technologies is more
than 50 % (high penetration), less than 10 % (low penetration) and from 10 % to 50 %
(medium penetration) of the total passenger cars (PCs) and light trucks (LCV) in the area
according to the daily mileage for private persons and legal persons.

COPERT 5 is a software tool used to calculate air pollutant and greenhouse gas emissions
from road transport as described in the 2006 IPCC Guidelines and EMEP/EEA Emission
Inventory Guidebook — 2016 [46]-[48].

As the basis data for the model, the following information is provided: the number of
vehicles, mileage for passenger cars and light-duty trucks, ambient temperature variations
during months, and others. Estimation of GHG emissions, air pollutants and effects of cold-
start emission is a substantial factor to analyse the change in the emissions in urban and rural
areas. COPERT 5 allows determining the fuel consumption for each type of vehicle engine.
Chapter 4 of the Doctoral Thesis considers the consumption of primary and secondary energy
resources, greenhouse gas emissions and the consumption of electricity in the country until
2030 in the case of widespread use of roads.

Distribution network and vehicle-to-grid / grid-to-vehicle technologies.

The main factors for the implementation of V2G/G2V technologies are the growth of
V2G/G2V fleet and use of smart grid technologies to manage commercial and household
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loads. Taking into account that the average daily vehicle mileage is used, the power limited

by vehicle’s (V2G) stored energy is calculated:

1
Py2Gsiorage = Pv2c = Pas = Pvac 15> 4.7

where Py)g is energy consumption of V2G; kWh per 100 km; P, is auxiliaries service (the
consumption for cooling or heating, etc), which according to various sources, on average is
15-30 % of the maximum stored energy; and | is average daily mileage of EV, km.

One V2G battery does not influence the energy supply system. However, if hundred cars
are introduced to the system, it can improve the efficiency of power distribution. Available
Sada from V2Gs will also affect the possible additional load for new objects in the area.

The analysis of economic profit from EV integration

The economic aspect of this algorithm is the interaction and management of needs of the
two parties — the driver and the service operator/owner of charging stations. The driver needs
electricity in the battery for driving, flexible tariffs for electricity during the day and
convenient charging technical solution. The service operator wants the maximum use of
charging stations during the day and economic benefits from this business.

Thus, having obtained the optimal location of the infrastructure, the consumption of
energy for charging is estimated and compared with S,q4(t) using Equation (4.8).

Sada(t) = XiZT Sgyesi(t). (4.8)

If Equation (3.8) is performed, the algorithm goes to Stage 3. Otherwise, the algorithm
returns to the first stage, the input data point of infrastructure and the penetration demand,
where it is necessary to calculate a new load of the charging station.

The result of the optimal model for the placement of charging stations is the Decision
Phase with output data (Stage 2 Data).

4.2.3. Stage 3. Verification of the Transformer Substation in Post-fault and Normal
Modes

During Stage 3, according to the Network Codes and standards, the technical
characteristics of transformer substations and equations of Stage 1 are verified during the
Calculation Phase and Analysis Phase. Input phase for the Calculation Phase and Analysis
Phase is the quantitative indicators of data of Stage 1 and Stage 2. Then, the total capacity of
objects with the permissible load of the transformers in the post-fault and normal modes is
compared. The post-fault mode is calculated by Equation (4.9).

0.9 < TETSi(O) + TiZT Seves, < 14 (4.9)

The normal mode is calculated using Equation (4.10).
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0.5 < TIZES:(6) + XY Seves, < 0.9. (4.10)
Formation of the calculated data is carried out in the form of a report in the Information
block 2. Analysis Phase analyses the report and determines the fulfillment of the conditions
(normal and post-fault modes). The final result of Stage 3 is the Decision Phase —
identification and application — where the decision is made (Yes) or not made (No). If the
conditions are met, go to Stage 4. If at least one of the conditions is not met, further studies
are not performed, the algorithm is interrupted (Stop).

4.2.4. Stage 4. Validation of the Algorithm Taking into Account the Specific Location of
Electric Vehicle Charging Stations

In the fourth stage, verification of transformer substations and power supply facilities is
conducted to ensure that the methodology of the algorithm provides a theoretically reliable
result. For Stage 4, the Input Phase is Data 1 of Stage 1 and Data 2 of Stage 3. At the
Calculation Phase, quantitative and qualitative indicators for transformer substation are tested
according to the following two conditions.

The second test is the assessment of the correct placement of connection at the charging
stations with existing objects (reliable operation of electrical network and the absence of
emergency situation) and assessment of the efficiency of their use for the power supply
scheme under consideration [34], [49].

For this condition, using Simulink Simscape Power Systems (SimPowerSystems) the
distribution network is modelled and tested in dynamic mode for parameters such as voltage
U, current I, active P and reactive power Q [50]. Simulation of the modes allows for the
evaluation of operation of the existing distribution network (voltage, current, active, reactive
and apparent power) in accordance with the electric vehicle demands of charging stations and
as an element of smart grids.

Data block 3 is used to collect information at the calculation phase and analysis phase.
Their data are used for the analysis, as well as in the course of repeated analytical studies.

The final step is the approval and final choice for a local distribution network in
accordance with the needs of electric vehicles.

4.3. Algorithm Testing. Effective Urban Electrical Network
Infrastructure and the Development of Public EVCSs

4.3.1. Stage 1. Selecting the Network Architecture of Urban Area

To test the algorithm, a residential micro-district in Riga has been chosen, where in the
territory of the city district there are 25 transformer substations (TS). In our case, we are
interested only in the location of TS-1 (TR 2x1250/10/0.4 kV) in a certain territory that
provides electricity for 1656 individual customers. The consumers of TS-1 (TR 2x1250/10 /
0.4 kV) are: 2 office buildings, 4 grocery stores, 12 dwelling houses (three-storey buildings
with 12 consumers each), 24 dwelling houses (five-storey buildings with 60 consumers each),
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large parking place (for 500 vehicles), 2 catering services, health centre, police department,
post office and a kindergarten. The length of the streets is 3.1 km. In the context of the
proposed methodology, the quantitative indicators and daily load graphs of the objects and
transformer substation have been determined for the working days of all seasons. In order to
perform a 24-hour simulation of load curves, the average daily load schedules of electricity
consumers have been taken from the library module, which provides information about
technical specification of three-phase transformers 10/0.4 kV and load graphs of objects from
Latvenergo JSC [51].

The estimation of electricity consumption is performed in the following two steps.

Step 1: A time period of maximum, minimum and average daily electricity consumption
for each group of consumers, as well as the load factor and load curve irregularity factor are
determined. Due to the fact that consumers have very similar profiles of daily load curve and
the same energy consumption tariff plans, it has been decided that the research can be carried
out using the general average daily data of the said objects.

Thus, the study is carried out for the average daily data of the winter season. The load in
maximum (peak), average and minimum (off-peak) demand periods and its daily time period
of use are quantitatively estimated. All factors characterising the electrical load for each
consumer obtained in the process of calculation are demonstrated in Table 4.3.

Table 4.3
Factors Characterising the Electrical Load for Consumers
Household sector Tertiary sector
Dw Dw Park. Groc. Post Cater. | Kinder | Health
) " | lot (for | Office- | store | office/ | service | garten | centre
house house . .
(3-st) (5-st) 500 indust. police
veh.) depart.
Sma, MVA 5.37 16.21 3.24 164.57 | 83.25 7.39 9.24 7.38 13.61
Smins MVA 8.70 26.27 478 | 221.97 | 114.69 | 9.97 12.20 12.25 18.35
Saverages MVA 3.04 9.18 1.83 | 111.38 | 40.76 | 5.00 4.13 4.00 9.21
fload 0.62 0.62 0.68 0.74 0.73 0.74 0.76 0.60 0.74
firree. 0.35 0.35 0.38 0.50 0.36 0.50 0.34 0.33 0.50

Further, based on the consumption of objects, the load of the household sector and that of
the tertiary sectors have been calculated. The information allows evaluating the largest and
smallest load over time intervals. According to the winter graph, time periods for daily
schedule are as follows: household sector is characterised by maximum consumption from
7:00 am to 9:00 am and from 5:00 pm to 11:00 pm, minimum consumption takes place from
00:00 am to 6:00 am. The load factor is 0.62. The load curve irregularity factor is 0.35;
tertiary sector has maximum consumption from 8:00 am to 8:00 pm, minimum consumption
takes place from 9:00 pm to 8:00 am. The load factor is 0.75. The load curve irregularity
factor is 0.49. All peaks of the consumption occur between 8§ am and 9 am and between 5 pm
and 8 pm, and minimum consumption occurs between 00:00 am and 7:00 am. Then, all
quantitative and qualitative indicators are generated in Data block 1.
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Step 2: Based on the received data, the total load of objects and possible additional load
are calculated. The total load of objects per hour can be calculated as follows:

NiTre S, (6) = myS; + 1Sy + 1Sy, s 4.11)

where N is the number of objects, and Sy is the load of object per hour, kVA.

Calculation results of the total load of objects per hour show that the peak demand is from
7:00 pm to 9:00 pm. The load factor (fieaq) is 0.81. The irregularity factor (fimeg) is 0.51.

All in all, it can be concluded that the largest load in the urban district is observed from
7:00 am to 11:00 pm, whereas the minimum load is observed from 11:00 pm to 7:00 am.

The possible additional load for 9 objects is estimated for implementation of Stage 2.
These 9 objects are chosen to simplify optimisation and reduce the processing time of
penetration demand charging data. Taking into account the total load of objects in the urban
area and the rated power of the transformers, the possible additional load is calculated for the
temporary daily intervals using Equation (4.1).

S
S

=1.4-1250 —1017.23 - 0.9 = 834.49 kVA.
=1.4-1250 — 1459.99 - 0.9 = 436.00 kVA.

add (¢=23:00 to 07:00)

add (¢=23:00 to 07:00)

Table 4.4 provides data for the possible additional load per hour, i.e., every hour there is
an opportunity to apply additional load.

Table 4.4
Additional Load per Hour (Winter)

[ [ ooo] 1] 200 300 400] soo] o] 700] soo] 00 1000] 11:00] 1200 13:00] 1400 1500] 16:00] 1700 1500] 19:00] 2000] 20:00] 2200 23:0]
[sada kva Jo3724] 057.17] 10m1] 10647] 1085] 1070.7] 940.44] 743.43] 614.08] 545 73] 514.05] 52338 54775 s97.37] 538.12] 52501 5079 s10.44] 515.39] 481.77] 43601 as0.7] 64591 s34.09]

Since condition S,qq(t) > 0 is performed, transition to Stage 2 is carried out at the Decision
Phase.

4.3.2. Stage 2. Implementation of the Optimal Model for the Placement of Charging
Stations

The input data of groups are as follows:

e Stage 1 Data. Possible additional load on TS-1: Saqdt=00:00 10 23:00) = 436.01 kVA. Saaqt = 23:00
t0 07:00) = 834.49 kVA and Sadit = 07:00 10 23:000 = 436 kVA. Possible additional load for
objects.

e Road transport fleet and behaviour of vehicle owners in the urban district.

Fossil fuel vehicle owners in this urban area are the following: 638 private persons

(vehicles that are owned by private persons — residents of the said microdistrict), and 71 legal
persons (vehicles that are owned by legal persons — consumers of the said microdistrict
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service buildings). The location of public parking lots for vehicles are: 2 office buildings, 4
grocery stores, 12 dwelling houses (3-storey buildings), 24 dwelling houses (5-storey
buildings), large parking place (for 500 vehicles), 2 catering services, a health centre, police
department, post office and a kindergarten. The parking period near the police department,
post office, kindergarten, grocery stores and catering services is restricted to the specified
duration (free parking for one hour) due to the limited amount of space near the buildings (the
number of parking lots varies from 5 to 10). Therefore, placement of public charging stations
in this car parking place is not considered economically viable. Grocery stores and catering
services should be economically interested in EVCS location. The charging station powers a
car, while its owner is shopping or dining. The parking demand in accordance with the time
intervals is presented in Fig. 4.4.
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Fig. 4.4. Parking lot demand in accordance with the time intervals.

Car parking near the dwelling houses (3-storey buildings), post office, police department,
catering services and kindergarten cannot be recommended as places for public EVCSs, since
they have less than 10 parking lots. Hence, the daily mileage of EVs owned by a private
person is 24.9 km per day and that by a legal person is 71.2 km per day. Thus, private persons
need to charge EVs once two days. Since there is no information about cars of non-resident
persons (guest consumers who live and work in another district and charge the vehicles as
needed) that could be charged, further calculations will be carried out provided that EVs will
be charged every day to cover a distance of 100 km. To obtain the results, it is necessary to
define the number of vehicles that could be integrated in the energy distribution network of
the said microdistrict on the daily basis, according to the possible additional load.

To reach the above-stated objective, it is assumed that every car has identical battery

capacity, Py, = 24 kWh or Sfy, = V242 + 02, to get results in similar units.

The number of EVs (Ngy) is calculated using Equation (4.4). For example, the minimum

additional load occurs at 8:00 pm; consequently, N&%?° = 4326"}01 = 18. Hence, in this urban

area 432 of EVs can be integrated per day or 60.9 % of the car fleet.
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The obtained results of the parking demand illustrate that condition Név,— >0 is
performed and the integration of EVs in a single urban district is as follows:
e from 7.00 am to 9.00 am, the minimum number of EVs is 23;
e from 9.00 am to 4.00 pm, the minimum number of EVs is 21;
e from 4.00 pm to 9.00 pm, the minimum number of EVs is 18;
e from 9.00 pm to 11.00 pm, the minimum number of EVs is 19;
e from 11:00 pm to 7:00 am, the minimum number of EVs is 35.

It is also essential to estimate the additional load of objects, mode and time of charging
station constraints (SIEVCSi’ where t = 0-10 h and i = 043 kVA). This process is performed
by using the IF function in Excel and has two results of comparison: True or False.

Possible scheduling scheme for the charging station is estimated only for office building,
grocery store, dwelling house (5-storey building), large parking place (for 500 vehicles) and
health centre.

The results reveal that the constraints 10 >t > 10 and 43 > S; > 3 are performed for all
objects, only a large parking lot is the exception from 9:00 pm to 2:00 am (FALSE).

As these objects require a detailed consideration, the next stage is to define the charging
mode and number of charging stations according to the constraints for the public EVCSs.

Constraints are as follows.

e ConstraintI: t>1 (h) and i > 43 (kVA).
o ConstraintIl: 1<t<4.5(h)and7 <i<22 (kVA).
o ConstraintIII: 2 <t<10(h)and 3 <i <7 (kVA).

Comparison of the constraint results has shown that the charging process will be carried
out within 24 hours a day, if the EVCSs is placed in the parking lots as follows.
e Dwelling house (5-storey): standard charging.
e Large parking lot: standard charging can be applied only 18 hours a day, but
unavailable during 24 hours.
e Office building: standard charging, accelerated charging and rapid charging.
e Grocery store: standard charging, accelerated charging and rapid charging.
e Health centre: standard charging and accelerated charging.

Thus, constraints are performed only by in objects (a large parking lot does not participate
in the subsequent calculations) and now the algorithm determines the number of public
charging stations. To estimate the total number of EVCSs, Equation (4.5) is used:

9.7%-436.01 N 30.6 % - 436.01 N 59.7% - 436.01 18
Eves = 7 22 43 -

Thus, the total number of public charging stations is 18 (6 of each mode). Further testing
will be based on the analysis of the interaction parking pattern in the infrastructure of the area,
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by using the simplex method in Excel Solver. The following assumptions have justified the
implementation of the said method: the functions are linear in nature, parameters are certain,
and negative values are unacceptable.

Optimal location of charging infrastructure

The placement problem of charging stations has the following formulation: the location of
objects of parking lots (C; is a dwelling house (5-storey building), C, is an office building, C;
is a grocery store and Cy is a health centre) and the possible additional load of objects (¢; =
13.13 kVA, ¢c; = 110.98 kVA, ¢; = 57.35, ¢4 = 9.18 kVA) are known. Three modes of
charging stations (B; — StEVCS, B, — AcEVCS, B; — RapEVCS) and the additional load for
EVCSs per hour (b = 18.53 kVA, b, = 58.25 kVA, b; = 113.85 kVA) are indicated. Unit load
for EVCSs is 7kVA, 22 kVA, 43 kVA. It is assumed that the charging process of high
penetration demand is examined. The linear problem has the following formulation for both
the objective and the constraints. For a given objective function, the optimisation problem can
be written as follows:

F(x) = 18.53x; + 58.25x, + 113.85x,, - max.

The constraints:
7x1 + 22x, +43x 3 <13.13,
7x, + 22x, +43x 3 <110.98,
7x, + 22x, +43x 3 <57.35,
7x, + 22x, +43x 3 <9.18,
x 2 0;j =14

Now, it is possible to find the optimal solution using the simplex LP solving method:

The first solution has shown that only the parking place of dwelling house solution
satisfies Solver’s test for optimality. Therefore, the second test has been performed. It
demonstrated that the criteria are satisfied for the other objects under study. To complete the
optimal solution properly, the third solution is necessary in order to satisfy all constraints. The
data from the first and second solutions have been used. As a result, constraints have been
satisfied and an optimal solution has been found. There are no other feasible options. The
location and number of public charging stations have been received according to the
requirements of the parking of vehicles and allowable additional load on the transformer
substation (see Table 4.5).
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The Location and Number of Public Charging Stations

Table 4.5

Parking near | Parking near | Parking near .
. Parking near a
a dwelling an office a grocery Total
o health centre
house building store

StEVCS 7 - - 1 8
AcEVCS - 4 - - 4
RapEVCS - 2 4 - 6

18

Having received the optimal location of the infrastructure, the charging load (the objective
function value) is estimated using Equation (4.6).

i=n
Seves(20:00) = 7-8+ 224+ 43-6 =402 kVA.
i=1

Subsequent actions are taken at the analysis phase. The consumption of energy for
charging (SEVCS) is estimated and compared with S,q4(t) using Equation (4.8).

i=n

436.01(Sadd) 2 402.0 Z SEVCS'

i=1

Thus, it was revealed that Equation (4.8) is performed, the total load of charging stations
is less than the additional load and the test goes to next stage.

Analysis of GHG emissions based on COPERT 5

To analyse the change in the GHG emissions in this urban area, the passenger cars (PCs)
and light trucks (LCV) with ICE and EV technologies have been proposed for consideration
in the following three scenarios.

e Scenario 1: The number of FV technologies is 709 (100 %). Number of vehicles with
petrol engine — 400, vehicles with diesel engine — 309.

e Scenario 2: The number of FV technologies is 277 (39 %) and the number of EVs is
432 (61 %). The number of EVs has been previously discussed in the Thesis. Number
of vehicles with petrol engine — 156, vehicles with diesel engine — 121, battery electric
vehicles — 432.

e Scenario 3: The number of FV technologies is 509 (71.8 %) and the number of EVs is
200 (28.2 %). The calculation of the number of EVs is shown further. The number of
vehicles with petrol engine — 287, vehicles with diesel engine — 222. Number of
battery electric vehicles — 200.
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Since the minimum number of EVs that can be charged per hour, as well as the number
and modes of EVCSs have been defined above, for Scenario 3 NEV per day is defined as
follows: 24 (from StEVCS) + 32 (from AcEVCS) + 144 (from RapEVCS) =200 of EVs.

The daily mileage of EV owned by a private person is 24.9 km per day or 9088.5 km per
year and that by a legal person is 71.2 km per day or 25988 km per year.

Comparing the results of the modelled scenarios and the data on the fuel consumption, one
can see that Scenario 1 is the most unfavourable as to the control over such fuel consumption
and GHGs from the vehicles. Analysis of Scenarios 2 and 3 allows for the conclusion that
despite a similar number of transport vehicles it is possible to cut fuel consumption and the
volume of relevant emissions by using EVs.

Available S,44 from V2G technologies

Assuming that V2G technology cars will be used in Scenario 2 and Scenario 3, in the
volume of 10 % of the total EVs, V2G/G2V technology has been assessed as the one that can
increase the additional load on the electrical network. As such, the average daily vehicle
mileage (private and legal persons) is 29.53 km per day, P, is 30 % and battery capacity
(24 kWh) has been used to calculate the available S,4q from V2G by Equation (4.7).

29.53
PyaGaorage = 24— 3.6 — 24~ oo = 9.7 kWh.

As expected, in Scenario 2 the stored energy available S,qq from V2G is 209.8 kVA and
97.1 kVA in Scenario 3 (S, for new objects, Stage 1 Data). It should be noted that
calculation does not include all possible conditions of the electricity transmission back to the
grid. Moreover, the car owner of V2G technology can use the stored energy for household
needs.

Analysis of economic profit from EV integration
With the help of the electricity tariff system, differentiated by the time of the day, it is
possible to stimulate private and legal consumers to participate in the power market.
Currently, Latvian households and other users have the opportunity to use a two-tariff system
and a three-tariff system that include the use of tariffs according to the time of the day. Based
on consumers’ response to day-time pricing, consumers can be classified as EV consumers
and EVCS consumers. The electricity distribution differential tariffs (without VAT) have
been applied in calculations [52].
Assuming that these rates are used by the EV consumers, owners of BEV and V2G
technology, the cost of a single charge per 100 km is as follows.
e Two-tariff system, in the case of charging:
o night zone and weekends (11:00 pm to 7:00 am) — 0.90 EUR;
o day zone (7:00 am to 11:00 pm) — 1.34 EUR.
e Three-tariff system, in the case of charging:
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o maximum hour zone (8:00 am to 10:00 am, and 5:00 pm to 8:00 pm) — 3.10
EUR;

o day zone (7:00 am to 8:00 am, 10:00 am to 5:00 pm, 8:00 pm to 11:00 pm) —
2.75 EUR;

o night zone and weekends (11:00 pm to 7:00 am) — 2.57 EUR.

During the day, taking into account the average mileage of the car, the owner of V2G
technology contributes to the network 9.7 kWh, while receiving an income of 0.39 EUR
(where 1 kWh = 0.04 EUR/kWh). If, these rates are used by the EVCS consumers, for
example, public rapid charging stations at parking lots near office buildings, it will be difficult
to evaluate the revenue from one EV because this refers to economic and business studies.
Thus, the result of Stage 2 is the output data on the load of charging stations, their location,
type and quantity in urban area (see Table 4.6), and further testing proceeds to Stage 3.

Table 4.6
Output Data of Stage 2
Number of EVCSs SEVCS, kVA*
StEVCS 8 56
AcEVCS 4 88
RapEVCS 6 258
Total 18 402

*Minimum additional load occurs at 8:00 pm.
4.3.3. Stage 3. Verification of TS-1 in Post-fault and Normal Modes

During the third stage, the total load of objects with permissible load of transformers in
post-fault and normal modes is compared.

Pst-fault mode: 0.9 < 1.34 < 1.4,

Normal mode: 0.5<0.67 <0.9.

As the conditions are met, we proceed to Stage 4.

4.3.4. Stage 4. Validation of the Algorithm Taking into account the Specific Location of
Electric Vehicle Charging Stations

At the fourth stage, the quantitative and qualitative indicators for transformer substation
are tested according to the two conditions. The data blocks 1 and 2 are used as input data.

To fulfil the first condition, the calculation process of Stage 1 of this algorithm (the
parameters and coefficients of the local distribution network are calculated) is used. At the
Decision Phase of output data (data of Stage 2), the location of public charging stations has
been completed, and it has been revealed that the public charging stations can be located at
parking lots near a dwelling house, office building, grocery store and a health centre. For
these objects, as well as for the transformer substation the parameters and coefficients have
been calculated. Further, all quantitative and qualitative indicators are generated in data
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block 3. Thus, by just using charging load of EVCSs, the parameters and coefficients have
improved.
fioad:
e for dwelling houses (5-storey building) from 0.620 to 0.621;
e for office buildings from 0.74 to 0.78;
e for grocery stores from 0.73 to 0.75;
e for health centre from 0.74 to 0.81;
e TS-1 from 0.81 to 0.85.

o for dwelling houses (5-storey building) from 0.35 to 0.36;
e for office buildings from 0.50 to 0.58;

e for grocery stores from 0.36 to 0.41;

e for health centre from 0.50 to 0.64;

e TS-1 from 0.51 to 0.61.

The results show that the extent of the transformer substation power use and factors that
characterise the load objects increase, implying an increase in the reliability and effectiveness
of the network as such. Before carrying out the second condition, the urban distribution
network is modelled, using Simulink Simscape Power Systems (SimPowerSystems). Thus, to
validate the algorithm, two work modes have been simulated.

e  Work mode A is a model of the existing urban local network.
e Work mode B is a model of the same network with added charging stations at

parking lots.
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Fig. 3.5. Reference network model (part: the substation buses of 10/0.4kV, Work mode B).
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Figure 3.5 shows the test system for the substation buses of 10/0.4kV, where the local

network model includes the local charging infrastructure. Comparison of the test results

without and with charging stations has shown that while creating a charging infrastructure in

the urban district, the total load for TS-1 increases by 14.8 %, which does not exceed the

maximum permissible values for a transformer substation TR 2x1250/10/0.4 kV. For the

substation buses the process of changes in all three phases happens at present within the

margins of 11.59-13.34 % (there is an increase) and voltage within the margins of 0.04—
0.16 % (there is a decrease).

The results of the analysis of the two work modes have the following features.

The quantitative and qualitative factors that characterise the distribution network
load increase, imply an increase in the reliability and effectiveness of the network
as such.

The possible additional load exceeds the total demand of charging stations in the
area. Consequently, this load does not lead to network overloads, does not affect
the quality of power and does not require the replacement of the transformer
substation TS-1.

The obtained test results illustrate that standard charging stations account for
44.5 % of the total number of charging stations, accelerated charging stations
make up 22.2 %, and rapid charging stations — 33.3 %. At high EVs penetration,
when the operating of all EVCSs happens within 24 hours a day, the average daily
electricity consumption is increased by 14.8 %.

Stage 4 of this algorithm confirms the compliance with reliability requirements of power

supply to the local distribution network in accordance with the Latvian and European quality

standards. Testing allows concluding that the methodology of the algorithm results in the

acquisition of theoretically valid results.
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5. ANALYSIS AND DEVELOPMENT OF LONG-TERM
FORECAST OF ENERGY CONSUMPTION IN LATVIA BY
2030

5.1. Modelling Framework and Scenarios

The starting point for the modelling of forecast is the following main indicators: the
existing and future energy system of Latvia (including energy and environmental policy);
energy consumption and energy resources structure by national economy sectors (including
the quantities and costs of primary and secondary energy resources, the technologies of
energy and emission reduction); macroeconomic indicators for the past period, from 1990 to
2016, and the country’s expected economic development data up to 2030 (gross domestic
product (GDP), development of national economy (surplus value), living standards
(consumption or expenditure by households, including personal expenditure forecasts), and
demographic development of population, etc. It is important to note that the actual calculation
of the Latvian emissions and the dynamics of the development of road transport in
MARKAL-LV model are made using the COPERT 5 model. Fuel consumption, average
mileage and emission simulation for all types of engines are simulated in COPERT 5 model,
taking into account tighter emission European standards and emission degradation due to
catalyst wear, as well as the emission effects of hot, cold-start and evaporation. The main
indicators are included: the passenger kilometres per year; average mileage per vehicle a year;
total mileage of vehicles a year (types of vehicles: passenger cars, light-duty vehicles (LDV <
3.5 tonnes), buses, heavy-duty vehicles (HDV > 3.5 tonnes)), freight tonne kilometres (LDV
and HDV) of vehicles a year. The electric motorcycles and mopeds are not included in the
modelling because there is a lack of technical and economic data. The starting information for
the fuel consumption calculation of BEVs and PHEVs is the data presented in the reports and
studies [53]-[56]. The historical and projected trends from 2015 to 2030 for the BEV and
PHEV technologies accepted for the present research are shown in Table 5.1. Thus, the
starting point for the two scenarios assumes the existing national policies of Latvia as well as
energy and climate targets for 2020 and 2030. Both scenarios have been proven.

. Scenario 1. BASE scenario assumes the targets, which are focused on current situation
in the branches of economy and their development trends. The vehicle fleet starts to
shift to plug-in hybrid electric vehicles (petrol and diesel) and battery electric vehicles
after 2020 without specific supporting policies. The ratio of battery electric vehicles
and plug-in hybrid electric vehicles (petrol and diesel) is assumed as follows: 0.07 %
in 2020, 0.4 % in 2020, and 2.15 % in 2030 of the total road transport fleet. Thus, in
comparison with 2015, the total number of BEV and PHEV technologies will increase
2.4 times in 2020, 13.5 times in 2025, and 75.1 times in 2030.

. Scenario 2. EV_Strategy scenario assumes the targets, where the subsequent
formation of road transport is based on electric vehicles of at least 160 000 (20 %) by
2030. The rate of change gets bigger sharply from 2025 to 2030, reaching the share of
15.5% of EVs and 0.045 % of PHEVs by 2030 of the total road transport park.
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However, the total share of EVs is 0.27 % in 2020, 2.85 % in 2025, and 20 % in 2030
of the total road transport fleet.

Table 5.1
Historical and Projected Trends in the Road Transport Sector
Small Medium Large LDV/HDV/
Year pass.cars pass.cars pass.cars buses
Electrical energy stored in batteries | 9-12 kWh | 12-18 kWh | 18-34 kWh | 24-180 kWh
BEV
2015-2030 Electricity, % 100 100 100 100
PHEV
2015 Electricity/Petrol or Diesel, %* 25/75 35/65 45/55 35/65
2020 Electricity/Petrol or Diesel, %* 30/70 40/60 50/50 40/60
2025 Electricity/Petrol or Diesel, %* 35/65 45/55 55/45 45/55
2030 Electricity/Petrol or Diesel, %* 40/60 50/50 60/40 50/50

*Consumption of electricity and fossil fuels in percentage.

5.2. Analysis and Comparison of the Results

The development of the fleet of electric vehicles and infrastructure for their charging are
the solutions to reduce greenhouse gas emissions in the country, which have been considered
within the framework of two scenarios.

Baseline scenario is based on the actual situation of energy system of Latvia and the
electric vehicle fleet development trends for 2030. Therefore, this is taken as the starting point
for comparison. The Strategic scenario is based on the same development of energy system of
Latvia, but assuming that 20 % of the road transport fleet will be electric vehicles. This can be
achieved using aggregate measures, such as motivation for buying electric vehicles and
creating of affordable infrastructure and charging networks. Comparing the data given in the
scenarios for the number of EVs, the author of the Thesis has obtained the following results.

e 2020: in EV_STR scenario, the number of BEVs is 4 times bigger and that of PHEVs

is 2.2 times bigger than in the BASE scenario.

e 2025: in EV_STR scenario, the number of BEVs is 7.9 times bigger and that of

PHEVs is 4.5 times bigger than in the BASE scenario.
e 2030: in EV_STR scenario, the number of BEVs is 8.9 times bigger and that of
PHEVs is 10.6 times bigger than in the BASE scenario.

In EV_STR scenario, the structure of vehicles is characterised not only by higher share of
BEVs and PHEVs, but also by the difference in use of PHEV technologies in comparison
with the BASE scenario. If in the BASE scenario PHEVs that use petrol dominate, 19 % of
PHEVs using petrol, and 1 % of PHEVs using diesel, whereas in case of EV_STR scenario
PHEVs that use diesel fuel dominate, 9 % of PHEVs using petrol and 13 % of PHEVs using
diesel.

Comparing the results of the consumption of electricity by road transport during the 15-
year period, in case of EV_STR scenario the consumption will grow substantially, more than
12 times, as compared with the BASE scenario. This difference is due to the structure of road
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transport fleet; mainly the share of EVs is used in scenarios. The total consumption of
electricity in EV_STR scenario is higher by 0.00058 % (0.013 PJ) in 2020 than in the BASE
scenario, and by 5.3 % (1.4 PJ) in 2030. The modelling results reveal that the total greenhouse
gas emissions and GHG emissions from the road transport in both scenarios indicate a
decrease in 2030 with respect to 2005 (Fig. 5.1). However, comparing the EV_STR scenario
with BASE scenario it has been found that the total greenhouse gas emissions are reduced by
0.7 %, but in the road transport sector — by 0.27 % in 2020; and by 0.42 % and 1.86 % in
2025, and by 4.59 % and 13.65 % in 2030, respectively.
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W Other Road Transport

Fig. 5.1. Comparison of GHG emissions by two scenarios, 2010-2030, kt CO; eq.

The comparison of the two scenarios with respect to 2005 allows to conclude the
following.

e In 2020, the BASE scenario includes an increase in the consumption of fossil fuels by

3.30 % and an increase in GHG emissions by 5.02 %.

e In 2030, in the BASE scenario there will be a 23.49 % decrease in fossil fuel

consumption, and GHG emissions will reduce by 1.80 %.

e In 2020, the EV_STR scenario includes an increase in the consumption of fossil fuels

by 3.26 % and an increase in GHG emissions by 4.18 %.

e 1In 2030, in the EV_STR the fossil fuel consumption will reduce by 27.19 % and GHG

emissions will reduce by 9.69 %.

Comparing the results of the modelled scenarios, it can be observed that the EV_STR
scenario is the most suitable one for fulfilling the tasks of the national targets for 2020 and
2030, as it allows achieving 9.69 % below 2005 level by 2030, whereas the BASE scenario —
only 1.8 %.
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CONCLUSIONS

The research has shown that to implement the Latvian National Development Plan it is
necessary to pay special attention to the road transport sub-sector, where during many years
the annual increase in energy consumption and greenhouse gas emissions has been observed.
Thus, the investigation of the potential for the development of a fleet of vehicles with engines
working on alternative fuels (cars with hybrid engines, clean electric motors, etc.) is of critical
importance in promoting the decrease in consumption of fossil fuels and in retaining the
growth of GHG emissions.

The analysis of road transport fleet has revealed that the growing demand for electric
vehicles in Latvia and worldwide is currently triggered by government incentives, including
subsidies, exemptions from tolls and parking fees.

Moreover, despite the increased attention to the development of infrastructure of charging
stations, in Latvia a number of theoretical and practical issues remain unresolved, which is
explained by the lack of real practical data on electricity consumption of cars and mileage per
charge. This also related to the study of low-voltage distribution networks in the context of
their interaction with electrical vehicle charging stations (as new electricity consumers).

The analysis of seasonal and daily energy consumption of several household and service
sector objects with installed charging stations, as well as an estimation of possible tariffs
differentiated by the time of the day has indicated that with the help of the electricity tariff
system it is possible to stimulate the private and legal consumers to participate in the power
market. Owners of buildings (objects) that will provide the services of charging stations from
their distribution network may receive economic benefits.

For this purpose, several factors should be considered: estimation of equipment cost of
charging stations, its proper installation into the local network, and an accurate study of
possible economic profit from such an investment into the energy trading business.

Within the framework of the present research, the structure of the algorithm of a local
distribution network in accordance with the needs of electric vehicle charging stations has
been considered and tested. At all the four stages, the specific tasks have been solved and
implemented. For completeness and accuracy studies, the algorithm is presented together with
a test case.

The result testing allows concluding that the methodology of the algorithm leads to the
acquisition of theoretically valid results.

The proposed algorithm allows investigating the local distribution network of a residential
area and obtaining the optimal solution for creating infrastructure on its territory of district, in
accordance with the requirements of residents (owners of electric vehicles) simultaneously
ensuring the reliability of the power supply network in the urban or rural area.

Analysis of a long-term forecast of energy consumption in Latvia till 2030 indicates that
the current trend of development of the country shows good performance to meet its national
targets in the energy sector. The strategic scenario has considered preconditions that could
accelerate the use of electric vehicles, which is a positive sign in the future. The results of the
scenario allow concluding that it is possible to decrease the fossil fuel consumption and the
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GHG emissions owing to the use of efficient electric vehicles, despite the expected increase
of road transport fleet. If the strategic scenario is implemented, the national obligations will
be achieved by 2030.

FURTHER RESEARCH

The present research has revealed several opportunities for further research.

First, the new algorithm described in the research should be adapted to the existing
distribution network and planning tools for its application in the future.

Second, it is necessary to create blocks where a smart tariff plan controls the charging of
an electric vehicle within 24 hours. This will make it possible to theoretically estimate the
charging at any time, and offer charging at the time when the consumer demand for electricity
in the network is low. Smart tariff plan will reduce the cost of payment by EV owners, will
control other charging sites located in the area and reduce the demand for electricity at peak
times, thus ensuring flexibility, stability and reliability of the distribution network operation.

Third, in further studies it is planned to create a new block, where generation from
renewable energy sources (such as solar, wind energy, and others) will be calculated and
taken into account when estimating additional capacity in the area.

Fourth, the algorithm considers only three basic criteria, such as the vehicle owners’
behaviour, urban infrastructure and the power supply system. In further research this
algorithm can be expanded with more additional factors and criteria to improve real-time
applicability situations.

The author is more than happy to support or take part in further research with interested
parties.
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