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Perinteiset sähköverkot ovat muuttumassa älykkäiksi sähköverkoiksi, jolloin uusiutuva 
energia, hajautettu tuotanto, mikroverkot ja nanoverkot tulevat yleistymään. Nanogrid eli 
nanoverkko on älykäs sähköjärjestelmä, joka ohjaa paikallisesti tuotettua sähköä syöttämään 
talon tai kiinteistön sisäistä verkkoa. Tämän diplomityön tavoitteena oli tutkia nanoverkon 
kannattavuutta ja toteutusmahdollisuutta Venäjällä, jossa uusiutuvan energian potentiaalia 
on paljon, mutta uusiutuvien energiamuotojen käyttöaste on toistaiseksi ollut minimaalinen 
koko maan sähköntuotantoon verrattuna. 
 
Työn teoreettinen osa toteutettiin kirjallisuuskatsauksen menetelmin. Kirjallisuuskatsauksen 
perusteella nanoverkko soveltuu toteutettavaksi toimistorakennuksiin, omakotitaloihin ja 
kesämökkeihin erityisesti haja-asutusalueilla ja maaseuduilla. Työn empiirinen osa 
toteutettiin neljän skenaarion tapaustutkimuksena, jossa nanoverkon toteutusmahdollisuutta 
tutkittiin teknis-taloudellisesti HOMER Pro -ohjelmiston avulla. Tutkimuksen kohteena oli 
Venäjällä sijaitseva kesämökki. Tulokset osoittivat, että tutkimuksen kohteena olleen 
kesämökin teknis-taloudellisin skenaario olisi käyttää nykyistä sähköverkkoyhteyttä. 
Toisaalta tulokset osoittivat myös, että verkkoon kytkettävät aurinkopaneelit olisivat teknis-
taloudellisin skenaario suuremmilla kuormitustarpeilla ja pienemmillä korkoprosenteilla. 
Sähköverkosta irti oleva järjestelmä sopii taas parhaiten kohteisiin, joissa sähköverkkoon 
liittyminen on liian kallista tai teknisesti mahdotonta. 
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Smart grids are the future trend of the development of traditional power grids and will 
contain an increasing number of renewable resources, distributed generations, microgrids 
and nanogrids. Nanogrid is a local power system used to control distributed generation in a 
small residential house or building. The objective of this thesis was to study the possibilities 
and barriers of implementing nanogrid system in Russian electricity market. Russia has great 
potential in renewable energy sources, but the share of these energy sources has been quite 
minimal so far in the country’s electricity production. 
 
The theoretical part of the study was carried out as a literature review. The results show that 
nanogrid system could be feasible to implement in office buildings, detached houses and 
summer cottages especially in rural and remote areas. The empirical part of this thesis was 
carried out as a case study of 4 scenarios. The case study examined the techno-economic 
feasibility of implementing nanogrid in the summer cottage, which locates in Russia. The 4 
scenarios were simulated and analysed with the help of HOMER Pro simulation software. 
The empirical results show that summer cottage’s most techno-economic solution is to 
continue to use the current grid connection. On the other hand, bigger load demand and lower 
discount rate increases the feasibility of using the PV + Grid solution. Off-grid type of 
solution suits in situation where the electrification via national grid is impossible due to 
technical requirements or unfeasible due to high costs. 
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NOMENCLATURE 
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a  azimuth angle [°] 
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E  Electricity generation [kWh/yr, kWh] 

e  elevation angle [°] 

f  inflation rate [%] 
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I  beam intensity, irradiation [kW/m2] 

i  real discount rate [%] 

i’  nominal discount rate [%]   

i, j, k  unit direction vectors  

k  index 

N  lifetime [yr] 

P  electric power [W] 

V  direction vector 

W  annual power consumption [Wh] 

z  sun’s zenith angle [°] 

 

Greek alphabet 
 

η  efficiency [%] 

μ  micro 

 

Acronyms 
 

AC  Alternative current 

AM  Air mass coefficient 

ATS  Administrator of Trade System 

CHP  Combined heat and power 

CRF  Capital recovery factor 
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CSP  Concentrating solar power 

DC  Direct current 

DER  Distributed energy resources 

DNI  Direct normal irradiance 

DOA  Days of autonomy 

DoD  Depth of discharge 

DSM  Demand side management 

DSO  Distribution system operator 

ECC  Energy control centre 

ESM  Energy storage manager 

ESO  Energy storage optimizer 

EV  Electric vehicle 

GHI  Global horizontal irradiation 

GRES  High-power thermal power station of condenser type, Государственная 

Районная Электростанция (ГРЭС) 

HOMER Hybrid Optimization of Multiple Energy Resources 

HVAC  Heating, ventilation, and air-conditioning 

HVDC  High-voltage DC 

IPS  Integrated Power System 

IRENA International Renewable Energy Agency 

JRC  Joint Research Centre 

LA  Lead-Acid 

LCC  Life-cycle-cost 

LCO  Lithium cobalt oxide 

LCOE  Levelized cost of energy 

LFP  Lithium iron phosphate (LiFePO4) 

Li-ion  Lithium-ion 

LIC  Lithium-ion-capacitors 

LMO  Lithium manganese oxide 

LTO  Lithium titanate 

MPP  Maximum power point 

MPPT  Maximum power point tracking 

NaNiCl2 Sodium Nickel Chloride 
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NaS  Sodium Sulphur 

NiCd  Nickel-Cadmium 

NiMH  Nickel-Metal Hydride 

NOCT  Nominal operating cell temperature 

NMC  Nickel manganese cobalt 

NPC  Net present cost 

NREL  National Renewable Energy Laboratory 

O&M  Operation and maintenance 

PEV  Plug-in electric vehicle 

PoE  Power over Ethernet 

PV  Photovoltaic 

PVGIS  PV Geographical Information System Tool 

PWM  Pulse width modulation 

RES  Renewable energy sources 

RUB  Russian rouble [current exchange currency: 1 RUB ~ 0.014 €, 1 € ~ 71 RUB] 

SiC  Silicon carbide 

SO  System Operator 

SSM  Supply side management 

SSWT   Small-scale wind turbines 

TGC  Territorial generating company 

TSO  Transmission system operator 

UES  Unified Energy System of Russia 

VRLA  Valve-regulated lead-acid 

VRFB  Vanadium redox flow battery 

WGC  Wholesale generating company 

ZBFB  Zinc bromine flow battery 

СНТ  Садоводческое некоммерческое товарищество, allotment society 

 

Subscripts 
 

2  two-week 

ann  annualized 

cap  capital 
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D  direct 

def  deferrable 

grid  grid 

h  hour 

i  customer 

inv  inverter 

m  efficiency 

mppp  maximum power 

oc  open circuit 

oper  operating, O&M 

p  power 

panel  panel plane 

prim  primary 

proj  projected 

s  series 

sales  sold energy 

sc  short circuit 

served  load served [kWh] 

sun  solar irradiation 

t  time 

tot  total 
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1 INTRODUCTION 
 

1.1 Background 
 

Climate change, increased consumption of natural resources and concerns about greenhouse 

gas emissions were the driving force in Paris Agreement in 2015 (UNFCCC, 2018). 

Moreover, there are also concerns about growing electricity demand and high costs of power 

production. According to the Center for Climate and Energy Solutions, electricity and heat 

caused 31 % of the world’s greenhouse gas emissions in 2013 (C2ES, 2017) and despite 

efforts to reduce fossil fuel consumption, coal (38.1 %) and gas (23.2 %) were the most used 

sources of power generation in 2017 (BP, 2018). On the other hand, there is almost 1.1 billion 

people (14 % of the global population) living without electricity (IEA, 2017) in rural/remote 

areas, where the electrification via national grid is very unfeasible due to high costs or 

impossible due to technical constraints (Nasir et al., 2018). 

 

Because of the environmental and economic concerns, researches started studying 

distributed generation technologies such as microgrids and nanogrids (Nardello et al., 2017). 

Distributed generation refers to technologies that generate electricity at or near the end-users 

with renewable energy sources (RES) such as photovoltaic (PV), wind, etc. Nanogrid is one 

of future systems, where the power is generated locally near customer with RES whereas in 

traditional grid, the fossil fuel based generated power goes far from large central generators 

through long transmission distances before it is delivered to consumers (Souza et al., 2017).  

 

Big transmission distances lead to bigger transmission losses and decreases the efficiency of 

the grid (Kaipia, 2018). In addition to lower transmission and distribution losses, distributed 

generation offers benefits such as increased security of supply, reduced fossil fuel 

consumption, higher system efficiency, improved quality of supply, new market 

opportunities and enhanced system competitiveness (Ferreira et al., 2011). Furthermore, 

distributed generation creates an opportunity for replacing or deferring grid reinforcement 

by meeting the demand locally (Poudineh & Jamasb, 2014). 

 

Electrification of rural/remote areas and villages via nanogrid is techno-economic 

solution because nanogrid enables the possibility of running on island mode (Souza et al., 
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2017). Uninterrupted electricity is important in critical building loads, such as police stations 

and hospitals, and nanogrid system can provide resilient electricity during power outages. In 

addition, nanogrid approach could create larger power systems by multiconnecting 

nanogrids and forming a microgrid structure, which could electrify the whole village 

(Burmester et al., 2017). 

 

While the traditional generation is challenged by the distributed generation, also the AC 

(alternative current) power system is challenged by the DC (direct current) power system. 

DC voltage is the main operating power system in RES. Development of power electronics 

technology has enabled for more efficient use of RES and opened opportunities for power 

electronics innovations (Cvetkovic et al., 2012). The change of voltage levels (DC-DC 

conversion) is now possible with power electronics, which were only possible with AC 

transformers at the time when traditional grids were established. HVDC (high-voltage direct 

current) has been now used in long distance power transmission because of smaller 

transmission losses, prevention of skin effects and reduction of problems related to cable 

capacitance. Also, at device level, DC is conquering the AC due to high switching 

frequencies, which results in smaller and cheaper passive components. Moreover, the 

number of DC applications are increasing, which leads to situation, where it is more 

beneficial to build distribution system based on DC instead of AC. (Mackay, 2018) As an 

example, rapidly developing electric vehicles (EV) can be charged directly from the 

nanogrid without extra AC/DC converters, which maximises the home economy and 

satisfies residential power demand and plug-in electric vehicle (PEV) driving (Wu et al., 

2017). 

 

The cost of wind and solar power has decreased rapidly in few years, which have also 

contributed in development of nanogrids and microgrids. In addition to the cost decrease, 

also the revolution of Li-ion batteries with longer lifespan and higher power density has been 

a key factor in the distributed generation development (Diouf & Avis, 2019). The people are 

gradually realizing the economic and environmental benefits of RES and the deployments 

are rising steadily. Figure 1.1 presents the learning curve of levelized cost of energy (LCOE) 

against the cumulative installed capacity for the main solar and wind technologies. 

Concentrating solar power (CSP) presented in the figure is a system, which generates solar 
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power with the use of mirrors to create high temperature heat to drive a steam turbine 

(IRENA, 2018). 

 

 

Figure 1.1. LCOE evolution of the main renewable technologies against cumulative installed 
capacity (IRENA, 2018). 

 

It can be seen from the figure that the renewable energy technologies are now competitive 

against the fossil-fired generation in many parts of the world (Staffell & Pfenninger, 2018).  

 

Russia’s electric power system is one of the largest in the world and it can satisfy its own 

energy demand. However, Russia’s electricity system is highly dependent on fossil fuels 

(natural gas and coal), which produced over 60 % of the electricity in 2017 (Ministry of 

Energy, 2018). Moreover, electricity supply in Russia is described being inefficient. 

Inefficient production, transportation and consumption of energy, together with the risk of 

interruption of supply have an economic, social and environmental cost for Russia (Boute, 

2015). Furthermore, most of the regional energy systems in the Far East are isolated and 
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working separately from the Russian national grid, the Unified Energy System of Russia 

(UES) (Boute, 2016). 

 

Russia has great potential in RES due its large land area, climate variation and the low 

population density. However, abundance in fossil fuels and low domestic gas price has been 

the main obstacles in developing and supporting the RES (Vasileva et al., 2015). In the 

energy strategies “Energy strategy of Russia up to 2035” and “Global and Russian Energy 

Outlook to 2040”, Russia is recognizing the benefits of renewable energy and the need for 

RES support from the government (ERI Ras 2016; Ministry of Energy, 2014). According to 

(ERI RAS, 2016) forecasts, electricity consumption in Russia will increase by 23–44 % by 

2040. However, the forecast also estimates that the thermal power plants will remain the 

mainstay of Russia’s electricity production (62 % in 2040) and the share of RES in overall 

electricity production will be as low as 3–4 % in 2040 (Lanshina et al., 2018). 

 

In recent years, the annual demand growth has been less than forecasted, which has 

contributed to current oversupply and to low capacity factor of the power plants (Vasileva 

et al., 2015). In addition, there are significant power losses in the distribution and 

transmission lines (10 % in 2016) (EY, 2018). Distributed energy resources (DER) such as 

nanogrids have significant potential in Russia. Nanogrids could contribute to resolving 

current issues by meeting the demand locally. Moreover, nanogrids will reduce the costs of 

grid development, increase the reliability and reduce the emissions (Khokhlov et al., 2018).  

Nanogrid is a small power distribution system for a single house or building. Therefore, to 

meet the demand locally, the potential sites for the nanogrids in Russia are detached houses, 

summer cottages, office buildings and military services especially in the isolated and remote 

areas. 

 

The support mechanism of the RES in the wholesale market is currently gaining momentum 

and attracting the investors (Zhikharev, 2017). However, the government should promote 

renewable energy also in the retail market and in the isolated zones, which have received 

little attention so far. In the isolated zones of Russia, RES may be an efficient solution for 

utilising local energy sources as the fuel is often transported by air due to lack of suitable 

transport system, which increases dramatically power production costs. (Vasileva et al., 

2015; Boute, 2016). 
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1.2 Objectives 
 

The objective of this thesis is to study the possibilities and barriers of implementing nanogrid 

system within Russian electricity market. The purpose of the case study is to design nanogrid 

system for the cottage, which is located in a small village Naziya in Russia. The study has 

the following research questions: 

 

 Would it be feasible to implement nanogrid system in Russia? 

 What are the challenges and barriers when implementing nanogrid system in Russia? 

 What factors should be taken into account when designing nanogrid system from 

technical and market perspective? 

 

1.3 Structure of the thesis 
 

Chapter 1 Introduction – Introduces the background, motivation and objectives of the 

study. 

 

Chapter 2 Nanogrid System – Defines the nanogrid system and describes the technology 

behind it. Moreover, it provides information about sizing the system and reviews the future 

prospects. 

 

Chapter 3 Russian Electricity Sector – Introduces and describes the Russian electricity 

market in detail. Furthermore, the chapter reviews the potential prospets and the barriers for 

the nanogrid implementation in Russia.  

 

Chapter 4 Implementation: Case study – This chapter contains the empirical part of the 

study. The implemention site and the research methodology for the case study are defined. 

The scenarios of the case study are explained and simulated with the input parameters 

presented in this chapter. Also, the results are presented in this chapter. 

 

Chapter 5 Discussion and conclusions – Discussion and conclusions of the main results is 

in this chapter. In addition, proposes also suggestions for further work related to this study. 
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2 NANOGRID SYSTEM 
 

As the buildings are changing toward nearly zero-energy buildings, also the traditional 

power systems are in a change transition toward residential distributed generation. 

According to (Shahnia, 2017), nanogrid is a future vision of smart electrical system based 

on renewable energy resources. Nanogrid is a power system, which is used to control 

distributed generation in a small residential building (Figure 2.1). In power exchange, 

nanogrid could be connected to the distribution grid or to the other nanogrids and form a 

network which is called microgrid. 

 

 

Figure 2.1 Nanogrid basic block structure (Burmester et al., 2017). 

 

Because of confusions between nanogrid and microgrid, it is important first to provide the 

definitions between systems. Originally nanogrid was defined as a single power domain with 

at least one load and one gateway (Burgio et al., 2018). Nowadays nanogrid could be defined 

as a power distribution system for a single building structure or primary load. It is a small 

electrical domain containing devices such as distributed generation, batteries, EVs and smart 

loads. Nanogrid is also capable running on islanded mode. Navigant Research has developed 



 
 
 

13

own classification for nanogrid based on size: max 100 kW for grid-tied systems and 5 kW 

for remote systems without interconnection to the utility grid (Asmus & Lawrence, 2014). 

 

Microgrid is also power distribution system consisting loads, storages and renewable sources 

and has ability to operate AC, DC or hybrid power structure just like nanogrid. The relative 

size of the system is what separates them. Nanogrid is less complex, while Microgrid is often 

referred to multiple homes/buildings and in (Burmester et al., 2017) nanogrid is suggested 

to be as a single home/building (Figure 2.2).  

 

 

Figure 2.2. Multiple nanogrids forming Microgrid (Burmester et al., 2017). 

 

Nanogrid has better potential markets because it faces less technical and regulatory barriers 

than microgrid in challenging the traditional grid. Compared to microgrid, nanogrid is much 

cheaper, which raises the interest of investors (Asmus & Lawrence, 2014). However, 

multiconnecting nanogrids, creates larger power systems where the power can be shared, 

which secures the power balance (Burmester et al., 2017). One of future’s scenarios is smart 

community where each house has nanogrid power system and all houses would be connected 

to each other (Shahnia, 2017). 
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When comparing traditional grid to microgrid, traditional grid’s power generation is 

centralized and power flows in one direction only. In distributed generation (microgrid) the 

power flow is multi-directional, and it is possible to control the power flow. Generated power 

in traditional grid may come long distances from power plants to the individual consumers, 

while in microgrid/nanogrid the power is generated locally by RES. Operation in traditional 

grid is based on historical experience, while in microgrid it is based on real time data. In 

microgrid the networks are self-healing and they can run on an island mode. This adds the 

potential for more reliable grid. Future energy systems enable energy-efficient and 

environmentally friendlier open energy market. (Honkapuro, 2018) 

 

So, we can conclude the definition for nanogrid: Nanogrid is a local power distribution 

system for a single house or small building, where the capacity is usually from few watts to 

5 kW in remote systems and max 100 kW for grid-tied systems. It consists of local power 

generation from renewables, which powers the local loads and have the ability to control the 

load flow in the system between energy storage, local loads and the generation with a 

connection to external grids.  

 

2.1 Nanogrid structure and technology 
 

The basic components of nanogrid are local power generator, gateway, energy storage, local 

loads and nanogrid controller. Local power generator can be either renewable and/or non-

renewable energy source, which increases the efficient use of residential sized distributed 

generation. Typical RES in nanogrid structures are solar and wind, whereas diesel generators 

and fuel cells are the non-renewable sources. (Burmester et al., 2017) Because fuel costs of 

generators increase the life-cycle-costs (LCCs) in diesel nanogrid, RES are more commonly 

used to generate the power in nanogrid (Akinyele, 2017). 

 

A gateway is bidirectional power connection, which is connected to other nanogrids, 

microgrids or to the distribution grid. This connection could include communication between 

other power entities (except with distribution grid) and maintain the stability in the system 

(Burmester et al., 2017). 
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Energy storage stores the energy when there is oversupply and when required power is 

greater than the local production, energy storage supplies the energy to the household. 

Although energy storage is optional in nanogrid, it adds the stability and ensures 

uninterruptible power supply in the system (Adda et al., 2013). Battery bank is most suited 

option for nanogrid, because of lower capacity, residential location and consequently lower 

capital cost of battery bank compard to energy storage (Burmester et al., 2017). 

 

Local loads are the electrical household appliances such as water heater, TV, lighting, oven, 

etc. Local loads can be either AC or DC loads and loads can be classified into two types 

(Burmester et al., 2017). The first type is non-shiftable appliances, which means that they 

are loads that cannot change its time of operation, i.e. lighting and refrigerator/freezer. The 

second type is shiftable load appliances, which user can decide when they are operating such 

as hairdryer, TV, washing machine, dish washer, etc. (Muthuvel et al., 2017). 

 

Nanogrid controller is a necessary component of a nanogrid, and it is so called a ‘brain’ of 

the system (Burmester et al., 2017). Nanogrid controller manages multiple sources and 

optimises power production and consumption.  

 

Nanogrid can operate in AC, DC or hybrid power structures. Traditional power grid is 

usually AC mainly due to technical reasons at the time when grid was established. Although, 

the researches of distribution generations in electricity distribution systems have shown the 

advantages of DC grid, the debate between AC and DC is still present (Burmester et al., 

2017). The following subchapters will review and compare AC and DC nanogrid structures.  

 

2.1.1 DC nanogrid 
 

A basic schematic diagram of DC nanogrid is displayed in Figure 2.3. 
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AC and DC nanogrids have similarities in the DC source side. As in previous chapter 

presented, generated power can be either from renewable or non-renewable resource. 

Although, the commonly used resources in the residential or commercial properties are solar 

(PV) and wind (small-scale wind turbines, SSWT). Both resources outputs usually DC and 

they are typically less than 50 V. By arranging PV and SSWT modules in either series, 

increases voltage, or parallel, increases current. Solar (1, referring to numbering in Fig. 2.3.) 

is presented in the diagram as a main energy resource because it has better ability to operate 

on residential side. SSWT need a site with good wind resources. However, nanogrid can 

operate with variety of sources, meaning SSWT and PV could be supplying power to the 

nanogrid at the same time. The number of SSWT modules/PV panels selected depends on 

the power requirements of the loads in nanogrid. (Burmester et al., 2017) 

 

Series-blocking diode DS (2) is connected to solar panel to avoid reverse power conduction 

(Adda et al., 2013). Source DC-DC converter (3) is used to step up or down to the required 

output voltage. Source DC-DC converter is usually boost or buck-boost converter because 

the source voltage needs to be stepped up. Source DC-DC converter is used to convert the 

source voltage up to a DC bus voltage (4) (Burmester et al., 2017). 

 

Figure 2.3. Basic schematic diagram of DC nanogrid (Adda et al., 2013; Burmester et al., 2017; 
Muthuvel et al., 2017). 
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DC nanogrid is planned to have 2 DC voltage levels (DC bus). For example, first level is 

380 V (5) powering bigger home appliance such as HVAC (Heating, ventilation, and air-

conditioning) and kitchen loads, and second level is multitude of 48 V DC (7) buses powering 

smaller home appliances such as computer and entertainment systems and LED lightning. 

The 380 V is chosen because it’s the industry-standard intermediate DC voltage 

level. (Cvetkovic et al., 2012) 

 

Load DC-DC converter (6) is used to step down the bus voltage for smaller DC loads. The 

conversion is made with buck converter, which efficiency has greater than 80–90 %. As 

previously mentioned, the voltage level for this stage is 48 V, which is also the standard 

telecom voltage. There are also DC loads which run at 12 V and 24 V. (Burmester et al., 

2017) If there is need for AC loads, DC-AC converter (9) is used to output 230 V AC (10). 

 

Energy storage (14) is required to ensure uninterruptible power supply and to maintain power 

balance in the nanogrid (Adda et al., 2013). The battery bank stores the energy when the 

power exceeds household load demand and supplies it back when local sources are not able 

to provide enough energy for the loads (Muthuvel et al., 2017). Bi-directional DC-DC 

converter (11) is used to have bidirectional power flow between different voltage levels of 

DC bus and batteries. Energy storages are also planned to include PEVs (15) in the future. 

Charging EVs in residential with vehicle-to-grid system increases self-consumption and 

reduces transportation costs and CO2 emissions (Torres-Moreno et al., 2018). 

 

Bidirectional converter is used in gateway (12) because it can interface with the distribution 

grid or the local nanogrid/microgrid (13) as the national grid is usually AC and DC nanogrid 

functions on DC. The reason for bidirectional converter is that the gateway allows selling 

power to or purchasing power from connected power entities, which increases financial 

benefit of owning distributed generation. Gateway has also ability to disconnect from 

external power entities and to operate in islanded mode. (Burmester et al., 2017) 

 

2.1.2 AC Nanogrid 
 

A basic schematic diagram of AC is displayed in Figure 2.4. 
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Compared to DC nanogrid, AC nanogrid has many additional conversions, which is 

associated with efficiency reduction. The additional conversions are DC-AC (4, referring to 

numbering in Fig. 2.4) and AC-DC converters (7). DC-AC converter converts the source 

voltage to the AC Bus level, 230 V AC (5), which is suitable voltage level for the most of 

consumer loads (6). This voltage level is also the public voltage level in local distribution 

grid (12), which means that power can be easily shared between power entities through the 

gateway (11). (Burmester et al., 2017) 

 

AC-DC converter is needed to convert AC voltage to DC level (8) for DC loads (9). 

Bidirectional AC-DC converter (10) is needed when nanogrid is storing the energy to the 

battery bank (13) (overproduction) and supplying it back to the grid when load demand is 

bigger than the energy coming from the source (Burmester et al., 2017). 

 

2.1.3 DC nanogrid vs. AC nanogrid 
 

When comparing AC and DC nanogrid topologies there are many issues to consider. Most 

of consumer products in home are still AC loads, while DC nanogrid has better efficiency as 

the largest loss for AC nanogrid comes in AC-DC and DC-AC conversions. Current houses 

use mainly AC loads and retrofitting houses with DC power system will require modifying 

AC loads to function on DC power or replacing AC loads with DC loads (Burmester et al., 

2017). Retrofitting current AC power system will increase initial capital and the better 

Figure 2.4. Basic schematic diagram of AC nanogrid (Adda et al., 2013; Burmester et al., 2017; 
Muthuvel et al., 2017). 
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efficiency of the DC power system in the long run will come negative. Although, electronic 

devices, which uses DC power, are increasing in the buildings (Chauhan et al., 2014). 

Therefore, when designing and constructing new buildings or residential complex, DC 

power system may come into consideration. 

 

The main reason why DC is more energy efficient is because the main components in 

nanogrid system such as PV panels, wind power and batteries use DC voltage (Figure 2.5). 

It’s more efficient to use DC power system without unnecessary conversions as conversions 

increases system cost and energy consumption, and effects to the system reliability (Chauhan 

et al., 2014). 

 

 

Figure 2.5. Future DC nanogrid (Cvetkovic et al., 2012). 

 

In DC power system it’s also easier to connect multiple sources without phase balancing and 

synchronisation issues. DC system creates also better opportunity to control of energy and 

peak demands, which leads to consumers cost savings. Furthermore, modern applications 

and devices for example LED lightning, USB (USB-C), PoE (Power over Ethernet), EVs, 

building automation, computer and entertainment systems all use DC voltage, which helps 

to create a powerful ICT platform and simplifies the control of nanogrid functionalities. 

(Kaipia, 2018) 
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Furthermore, as the traditional grid is changing to distributed power grid, it would be natural 

if nanogrid’s connected to the grid would operate on DC. The use of RES is growing and 

transportation of electricity over long run distances with extra conversions adds extra costs, 

losses and complexity. Energy consumption will grow if we massively switch to EVs, which 

increases the need for controlled and optimised charging solutions (Direct Current, 2018). 

Therefore, charging EV through DC nanogrid would be sustainable solution. 

 

The protection against short-circuit line fault and ground fault are the topics, which arises in 

the DC nanogrid literature as these faults can damage a DC system. The faults can occur at 

loads, switching devices or output terminals (Burmester et al., 2017). However, these faults 

can be mitigated by various fault protection strategies such as DC circuit breakers (Qi et al., 

2018), bus and converter-based protection (Cairoli et al., 2013), fault detection algorithm 

(Cairoli et al., 2018) or by adding the DC Transformer (Nardello et al., 2017). 

 

2.2 Nanogrid controller 
 

Nanogrid controller is the ‘brain’ of the system, which controls, gives ability to manage 

multiple sources and optimises power between production and consumption (Figure 2.6).  

 

 

Figure 2.6. Example of data going through nanogrid controller (Tellbach & Li, 2018). 
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Nanogrid controller can improve efficiency of nanogrid. Furthermore, communication 

through the Internet is also possible to obtain forecast data such as wind speed, solar 

irradiation, etc., which can used for optimising nanogrid system. For example, load shedding 

in the case of bad weather conditions and battery being unavailable or in a low state of 

charge. In addition, nanogrid controller can use user’s habits in the sense of energy use 

during day/month/year, and nanogrid controller can build own estimation profile of energy 

usage and increase the system efficiency. (Cvetkovic et al., 2012) 

 

There are two categories for controlling nanogrid, supply side management (SSM) and 

demand side management (DSM). SSM is used to match the generated power from sources 

to consumption curve. DSM is used to match the consumption curve of the loads to the 

generated power from sources. There are a number of control topologies for implementing 

SSM and DSM (Burmester et al., 2017). The following subchapter 2.2.1 reviews the 

advantages/disadvantages between them. 

 

2.2.1 Nanogrid control topologies 
 

First topology example is central control (Figure 2.7), where a central controller receives 

information about power production and consumption of the system and possibly some other 

variables such as temperature and does decisions based on that information (Burmester et 

al., 2017).  

 

 

Figure 2.7. Central control and decentralised control block diagrams (Burmester et al., 2017). 
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In central control, all control decisions are made in central location, which gives ability to 

make solid control strategy. Because all the measurements are made in real time, the system 

is fast. Big disadvantage for the topology is its reliance on a high-bandwidth communications 

line for the measuring data in order to make decisions fast. Another disadvantage with single 

controller is its prone to system failure. (Burmester et al., 2017) 

 

The right side of Figure 2.7 presents decentralised control, which has a series of control 

nodes operating independently sensing statuses of each source and load. Loads/sources are 

controlled by the information, which node gathers. Compared to central control, 

decentralised control can operate with narrow communication line and it is also more robust. 

This makes the decentralised topology fast and reliable. Although, decentralised topology 

has limits in usefulness due to lack of communication between system’s nodes. Because of 

the current lack, control strategy hasn’t ability to force a reaction within a power system to 

an event, which is sensed only by a single node. (Burmester et al., 2017) 

 

In Figure 2.8, distributed control is presented, which is almost like decentralised topology, 

but it has extra communication lines between nodes like in central control. It enables each 

node to communicate and store its power status. Distributed control’s advantage is 

possibility to reduce complete failure in the system due to multiple controllers. However, 

like central control, this topology is reliable on high-bandwidth communication lines. 

(Burmester et al., 2017) 

 

 

Figure 2.8. Block diagrams of distributed control, hybrid distributed control and hybrid central 
control (Burmester et al., 2017). 
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Hybrid distributed control (Figure 2.8) is a hybrid of the distributed control and decentralised 

control. Nodes can communicate between each other, which gives ability to create solid 

control strategy. Hybrid system is improved version of distributed control by utilising the 

DC bus/supply lines in creating communication between nodes, which is also used in the 

popular “droop control”. This increases reliability of the system because control topology 

does not need to rely on a communications link. (Burmester et al., 2017) 

 

Hybrid central control (Figure 2.8) is a combination of central control scheme and 

decentralised control. It is a system where central controller communicates with 

decentralized control nodes. The control nodes controls source/load levels, while central 

controller controls each node. The hybrid central control is fast and powerful system and has 

better ability to fight against failures. However, system needs reliable communication lines, 

which can make it vulnerable to faults. (Burmester et al., 2017) 

 

2.2.2 Nanogrid control techniques 
 

Nanogrid control’s goal is to create efficient system by optimising supply and consumption 

patterns. With controlled nanogrid it’s possible to have more financial savings than a 

nanogrid without control strategies. There are several proposed nanogrid control techniques, 

which are listed below with their functionalities. 

 

Ad Hoc Nanogrid is a technique implemented from distributed control. It ensures that loads 

receive the required power, sources are not overloaded, and power is transmitted optimally. 

The ad hoc control technique was developed especially for the isolated rural areas (working 

as an islanded mode) where is no connection to the distribution grid. The goal of the system 

is to be reliable and powerful structure, which can be scaled and adaptive in dynamic 

conditions. In the system all sources and loads are connected to each node where power 

routes from source to the load. The nodes communicate wirelessly during series of phases 

and power flows with the selected control algorithm. At the first phase, node connected to a 

load requests required power from first local sources after expanding its enquiry to the 

available source. If an available source is located, the request is answered with an offer. After 

receiving offers, loads node goes into a holding mode and evaluates the cost of each to find 

the optimal way. A confirmation message is sent to selected path and power can now flow 
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from source to the load. At the second phase, recently formed connection is monitored by 

sending a confirmation message between nodes. At the third phase, system is keeping track 

of which source is supplying certain loads by observing and monitoring the power entering 

the connected nodes. In the last phase, nodes attempt to improve the power flow by looking 

better paths with lower costs. This ensures that nanogrid will find the most efficient path for 

power flow. (Burmester et al., 2017) 

 

Cost Function is a control technique for DSM, which monitors the fluctuations in the local 

distribution grid’s power price. The system uses central control, a two-way communication 

system for smart devices, a smart grid connection and the Internet connection. The 

information central control gathers is used to implement control algorithm and to send 

information/control signals to the converters, which are interface of nanogrid with the 

distribution grid, solar PV’s and energy storage. The algorithms, which are rule-based, 

responds to any fluctuations in power price either shifting or reducing the loads. Based on 

grids buy back price the algorithm also chooses if the production from solar PV’s is either 

sold or used by self. The algorithm has three states of operation: automatic response, load 

curtailment and islanding mode. In automatic response mode, the algorithm uses pricing 

information and weather information to control the batteries of charging/discharging 

depending on the price. Batteries are charged when price is low and discharged when price 

is high. Depending on the grid’s buyback price, the generated solar power is either sold to 

the grid or powering loads/charging batteries. Additionally, the system may implement load 

shedding where unnecessary loads will be dropped and rescheduled for times with lower 

power prices. Load curtailment is a mode, which utilities may request from consumers. 

During load curtailment mode there is consumption limit set by utilities, and grid 

consumption of the nanogrid is arranged to kept minimum. In islanded mode, the generation 

and consumption are monitored, and the essential loads during an outage are powered first. 

The goal of the system is to reduce the payback time of nanogrid. Although, there are similar 

systems, they are often too complex for implementing in home-based systems. (Burmester 

et al., 2017) 

 

Predictive Control is a decision maker based on the gathered information from loads of 

previous day’s power demand. The system creates a DSM algorithm for scheduling the 

charge times of a PEV. The algorithm uses a hybrid central control, where the central 



 
 
 

25

controller sends messages to a node and the node then decides to allow or to refuse the 

charging of a PEV. When there is overproduction predictive control helps the nanogrid to 

flat the demand curve by charging PEV and during times of high-power demand from loads 

the control delays the charging process. The algorithm stores the accumulated power 

consumption of previous day and forecasts the consumption for the next day. The bounds 

(upper and lower) are calculated based on average consumption, giving three distinct areas. 

The algorithm compares real-time consumption data to three distinct areas. If the real-time 

power use is less than the lower bound, PEV receives instructions for the charging. If the 

real-time power use is above the upper bound, PEV is refused to start the charging if possible. 

If the consumption is between bounds, PEV is asked to delay charging. Nanogrid controller 

can deny actions if algorithm causes deviations in the low voltage distribution grid. In 

overall, this control technique reduces a peak consumption and flatters the consumption 

curve, which generates financial savings. (Burmester et al., 2017) 

 

Flattening Peak Electricity Demand is a control technique used in demand side to reduce the 

difference between the peaks and troughs of power consumption. This technique is helping 

to minimize the purchased power from the local distribution grid. This technique uses hybrid 

central control topology for implementing scheduled algorithm, so-called “Least Slack 

First”. In the nanogrid system, there are two defined categories of loads, the interactive loads 

and background loads. Interactive loads are devices that consumer can switch on or off (e.g. 

computer, television). Background loads are loads, which switches on periodically (e.g. hot 

water tank, air conditioning, refrigerator) and are in little interaction with consumer. The 

algorithm schedules background loads by calculating the off-time for loads with minimal 

effect to load’s output. Power will be supplied to the loads when a load’s off-time gets to 

maximum. In the least slack first system, the loads with lowest slack value (lowest off-time) 

receives the power first and the algorithm schedules the priority list. The peak power 

consumption is reduced by scheduling background loads on/off in the case of simultaneous 

loads drawing power. Figure 2.9 shows an example of two loads (jug and hot water tank) 

drawing power simultaneously. The hot water tank is switched off briefly to allow the jug to 

boil. An example shows that peak power consumption drops from 4 kW to 2 kW. (Burmester 

et al., 2017) 
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Figure 2.9. An example of scheduling loads (Burmester et al., 2017). 

 

Droop Control is a control technique, which is used for both DSM and SSM. Droop control 

is used in microgrids for controlling the voltage level and frequency. In nanogrid droop 

control technique is also used in the same manner to manage the supplies and loads. When 

controlling the sources in nanogrid, the DC bus voltage is allowed to droop or reduce in 

magnitude as loading occurs. As soon as the DC bus voltage reaches certain voltage levels, 

the controller connects alternative sources to the system. This means that if the nanogrid 

consists of PV, batteries and grid connection, system uses primarily the power generated 

from PVs. When generated power is not matching the load’s power demand, DC bus will 

begin to droop. When the first voltage threshold is reached the batteries will be added. When 

second voltage threshold is reached, the system connects to the distribution grid. Demand 

side can be controlled in the same way. It means that, rather than triggering sources after 

each threshold, the system can shed the non-essential loads for balancing the power 

production and consumption. Load hierarchy can be developed by setting certain voltage 

thresholds in loads. So, when the DC bus droops to the first voltage threshold, the lowest 

priority load will be switched off, and this continues until there is balance between 

production and consumption. In AC system, droop is measure of the change in frequency 

from the fundamental nanogrid frequency. Frequency droop works like voltage droop with 

predefined frequency thresholds in both sides. (Burmester et al., 2017) 

 

2.3 Nanogrid converters 
 

The converters are the main components of nanogrid system because they are in responsible 

for proper voltage levels. Converters are interfacing nanogrid’s sources, loads, system bus 

and the local distribution grid. The common types of converters used in nanogrid are DC-
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DC, DC-AC and AC-DC converters. The most converter topologies for DC-DC are buck, 

boost or buckboost style converters (Burmester et al., 2017). DC-AC and AC-DC are usually 

bidirectional converters, which are converters working in both ways. They are ideal in grid-

tied DC nanogrids. 

 

As earlier mentioned, the main task for converters is to take input voltage and either step it 

up or down depending on the required voltage level. Pulse width modulation (PWM) is used 

in rapidly switching converters to achieve the necessary output voltage. By measuring the 

output voltage or current of the converter, the output voltage is possible to keep stable if 

PWM is altered for ensuring it. This kind of property is in essential part when nanogrid 

control strategies are implemented (Burmester et al., 2017). 

 

Converters can be used also in other tasks such as maximum power point tracking (MPPT) 

of renewable sources, DC bus voltage regulation, interfacing nanogrid with the grid or 

controlling the charge of batteries. MPPT is used to address the nonlinearities in the system 

by renewable sources. Converter used for MPPT measures the power output of PV array and 

adjusts the PWM to ensure that source will operate at its maximum power output. The DC 

bus voltage regulation is used to implement droop control via the DC bus. Energy Control 

Centre (ECC) is bidirectional converter, which is used to interface the nanogrid with the 

national grid. The advantages of this converter are short circuit protection, soft-start 

implementation and quick regulation of DC voltage. Converters as a charge controller 

regulates the speed of charging and ensures that batteries are not overcharges, which 

lengthens the life of batteries. (Burmester et al., 2017) 

 

Converter topologies is the subject that dominates in nanogrid literature, where the research 

is focused on increasing the efficiency and improving the quality of the converters used in 

nanogrid. The researches have also focused on reducing the physical size of the nanogrid 

systems and easing the controllability of nanogrid (Burmester et al., 2017). The goals have 

been achieved by researching multiple input/output converters, switching variations, 

galvanic isolation and alternative topologies. Table 2.1 presents some of those novel 

converters. 
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Table 2.1. Novel converter types from nanogrid literature (Burmester et al., 2017). 

Converter technology 
Type of 
converter  Hardware novelty 

Dual-active-bridge 
based bidirectional 
micro-inverter 

Bidirectional 
DC to AC 

This converter uses Lithium-Ion-Capacitors (LICs) for short term 
storage, which improves nanogrid's power quality by reducing the 
dP/dt factor in PV's and increases diesel generator's fuel economy. 

Multi-port power 
converter architecture DC to DC 

This converter is replacing the control switch of a conventional boost 
converter with a full-bridge network of four switches and creates 
isolated output for devices, which requires galvanic isolation. 

Boost-derived hybrid 
controller 

DC to DC, 
DC to AC 

Bidirectional single-phase bridge network replaced the control switch 
of a conventional boost converter. Converter provides AC and DC 
output simultaneously, which is a benefit when there are both type of 
loads. 

Multi-input single-
inductor converter DC to DC 

The multi-input single-inductor converter uses single inductor while 
conventional topology of a multi-input, single-output DC-DC converter 
uses multiple inductors. This reduces the costs of converter. 

Dual-input interleaved 
buck/boost converter DC to DC 

Dual-input DC-DC converter interleaves a buck and boost converter 
circuit. Converter is ideal for use in hybrid renewable energy systems 
with galvanic isolation on the output. 

Single-stage multistring 
PV inverter DC to AC 

This inverter is a grid-tied multistring converter with a high-frequency 
AC link, soft-switching operation and high-frequency galvanic isolation. 
It means that numerous PV modules can be connected, and the 
converter gains maximum power from each providing high efficiency, 
high power density and high reliability. 

Multi input single 
control converter DC to DC 

The converter is multi-input boost converter, which do not control 
each input individually. It assigns the status of master source to one 
input and slave source to the remaining n-1 inputs. The master source 
controls the duty cycle of the mutual switch. 

Grid-interface 
bidirectional converter 

Bidirectional 
DC to AC 

This converter is used to interface the grid with two phase legs as the 
full bridge. The third phase leg is used as a bidirectional switching 
regulated DC to DC converter. This increases circuit protection, 
simplifies black starts and looks to improve power density by reducing 
the size of DC-link capacitor. 

Current-fed switched 
inverter 

DC to AC, 
DC to DC 

This new inverter technology can supply both AC and DC loads. This 
converter is derived from the current-fed DC to DC topology, which 
uses an input inductor as does the inverter, meaning continuous input 
current. The inverter exhibits improved electromagnetic interference. 

Isolated bidirectional 
AC-DC converter 

Bidirectional 
AC to DC 

This converter uses multiple switching technologies including IGBTs, 
MOSFETs and Silicon carbide (SiC) diodes. This allows a frequency 
detection method using an advanced filter compensator, a fast quad-
cycle detector and a finite impulse response filter. 

Switched boost inverter 
DC to AC, 
DC to DC 

This inverter is based on the inverse Watkins-Johnson topology. It 
implements DC output on the diode leg of the DC-DC converter 
section. Converter can either buck or boost output voltage with the 
use of shoot through current. 
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In the paper (Sree Devi et al., 2015), the team presents a survey of different types of DC-DC 

converters and highlights the advantages and disadvantages of reviewed converters. 

 

2.4 Energy storages 
 

In the literature the energy storages are usually mentioned as an optional. However, due to 

intermittency of renewable energy, energy storages are inevitable for ensuring the 

uninterruptible power supply, also during power outages. Energy storages are used to store 

the energy during peaks of production and supplying energy back when demand is higher 

than the production (Adda et al., 2013). Energy storages enable also time-shifting of energy 

during the off-peak prices. Battery bank is the most suited option for nanogrid due to lower 

capacity demand and residential application (Burmester et al., 2017). 

 

Electric power can be stored directly or indirectly by various methods. Batteries store the 

energy in the electrochemical form, and they are available in different size and capacity. The 

capacity ranges from 100 W to several MW’s and the estimated overall efficiency range 

from 60 % to 90 %, depending on the operational cycle and electrochemistry type. The 

typical types of battery storage suiting for nanogrid implementations are lead-acid, Nickel-

iron, Nickel-Cadmium (NiCd), Nickel-Metal Hydride (NiMH) and Lithium-ion (Li-ion) 

batteries (Tan et al., 2013). There are different types of Li-ion batteries available in the 

market: Lithium cobalt oxide (LiCoO2, LCO), Lithium iron phosphate (LiFePO4, LFP), 

Lithium ion manganese oxide battery (LiMn2O4, LMO), Lithium nickel manganese cobalt 

oxide (LiNiMnCoO2, NMC), Lithium nickel cobalt aluminium oxide (LiNiCoAlO2, NCA) 

and Lithium titanate (Li2TiO3, LTO) (Diouf & Avis, 2019; IRENA, 2017). 

 

Also, EVs can be charged during the peaks of production or during off-peak prices. On the 

other hand, EVs can also offer many advantages to the nanogrid/microgrid. Studies have 

shown that during the working hours cars are parked most of the time, thus a large number 

of EVs can be connected to the office’s or building’s grid (Wu et al., 2017). Consequently, 

EV can be used as backup energy storage systems and can supply back part of their stored 

electric power to stabilize the system (Ancillotti et al., 2013). In addition, using EVs as a 

backup energy storage may reduce the consumption of electricity from the distribution grid 

(Torres-Moreno et al., 2018). 
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Lead-acid battery is the oldest and the cheapest energy storage device of all battery 

technologies available. However, lead-acid batteries have a relatively low energy and power 

density (Kousksou et al., 2014). Additionally, lead-acid battery life is short due to limited 

cycling capability. Theoretically the lifetime of lead-acid batteries is up to 15 years, but 

practical installations in solar home systems have shown them to last 3–5 years (Diouf & 

Avis, 2019). NiCd batteries with a higher energy density, longer cycle life and lower 

maintenance requirements has an advantage over the lead-acid batteries (Tan et al., 2013). 

However, the cost of NiCd battery is 10 times higher than lead-acid and cadmium toxicity 

poses environmental concern (Aneke & Wang, 2016). NiMH batteries are environmentally 

friendly and provides equivalent cycle life as lead-acid batteries, with an additional capacity 

increase by 25-40 %. However, NiMH batteries suffer from severe self-discharge, which 

makes them inefficient for long term energy storage (Kousksou et al., 2014). Li-ion batteries 

are smaller and more powerful with the highest energy density, but the cost is remaining the 

biggest limitation. In addition, Li-ion batteries are fragile with temperature dependent life 

cycle and requires special protection circuit to avoid overload (Tan et al., 2013; Aneke & 

Wang, 2016). According to (Tan et al., 2013) NiMH is the most techno-economic solution 

for renewable energy applications in terms of power output, voltage profile and charge-

discharge characteristics. However, according to (Diouf & Avis, 2019) Li-ion technology is 

almost an ideal candidate for stationary applications and despite the high cost Li-ion batteries 

can be the most techno-economic solution in rural home solar some systems such as 

nanogrids and microgrids. 

 

In order to achieve much higher power and density, some novel energy storage technologies 

are under research. Sodium Sulphur (NaS) is one of the commercialised electric energy 

storages. NaS has potential to provide high energy density, better energy efficiency, long 

cycle capability, enhanced energy storage capacity and long discharge period. The 

disadvantages are high capital cost, high operational temperature requirement (300–350 °C) 

and high operational hazard due to use of metallic sodium. (Aneke & Wang, 2016) Another 

disadvantage is that NaS battery is not suitable for nano off-grid solutions as it needs the 

constant grid connection for the even heating distribution and to minimize the heating losses 

(Sabihudding et al., 2015).  
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Table 2.2 presents the technical details of different types of energy storage technologies for 

solar home systems such as nanogrids. 

 

Table 2.2 Techno-economic parameters of energy storage technologies (Kousksou et al., 2014; 
Sabihuddin et al., 2015; Aneke & Wang, 2016; Diouf & Avis, 2019) 

  
Lead-acid NiCd NiMH NaS Li-ion 

LCO LMO LFP 

Energy density 
[Wh/kg] 30–50 45–80 60–120 100–240 150–190 100–135 

90–
120 

Power density 
[W/kg] 10–400 100–1000 250–1000 100–260 100–2000 

Capacity [MW] 0–40 0–40 0–3 0.05–80 0–3 
Fast charge 
time [h] 8–16 1 2–4 4–8 2–4 ≤ 1 ≤ 1 
Self-discharge 
/month (room 
temp.) [%] 5 20 30 0-5 ≤ 10 
Life time 
[years] 3–15 10–20 5–15 10–15 5–20 

Cycle life (80 % 
discharge) 200–300 1000 300–500 2500 

500–
1000 

500–
1000 

1000–
2000 

Cell voltage 
(nominal) [V] 2 1.2 1.2 2.075 3.6 3.8 3.3 

Maintenance 
requirement 

3–6 
months 
(topping 
charge) 

30-60 days 
(discharge) 

60-90 days 
(discharge) Low Not required 

Safety 
requirements 

Thermally 
stable 

Thermally stable, fuse 
protection common 

Fuses, 
insulation 
boards, 
fire 
prevent 
measures 

Protection circuit 
mandatory 

Toxicity Very high Very high Low Medium Low 
Round trip 
efficiency 70–90 60–70 60–80 70-90 85–95 
Energy capital 
cost [$/kWh] 50–1100 330–3500 200–730 150-900 200–4000 

Energy capital 
cost [$/kW] 180–900 270–1500 270–530 150-3300 175–4000 

 

From the table it can be concluded that Li-ion batteries are the best candidate for future grid 

system with longer lifespan, higher power density and higher round-trip efficiency.  
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The major obstacles of energy storages are the high cost, limited storage duration and energy 

capacity. Device efficiency and lifetime are also significant obstacles (Tan et al., 2013). 

However, there are many new energy storage technologies, which are under research and 

development stage such as nanotechnology-based Li-ion batteries, Zinc Air battery and 

different types of Flow batteries (Aneke & Wang, 2016). In addition, the capital costs of 

energy storages are decreasing. 

 

Figure 2.10 presents the estimation of improvements in cycle life and cost reductions from 

2016 to 2030. In the figure, ZBFB (Zinc bromine flow battery) and VRFB (Vanadium redox 

flow battery) are flow type batteries, VRLA (Valve-regulated lead-acid) and Flooded LA 

(lead-acid) are lead-acid type batteries. NaNiCl2 (Sodium Nickel Chloride) battery is like 

NaS battery operating at high temperature (IRENA, 2017). 

 

 

Figure 2.10. Energy installation costs and cycle lifetimes of battery storage technologies from 2016 
to 2030 (IRENA, 2017). 

 

It can be seen from the figure, there are going to be installation cost reductions and 

performance improvements in the future, which increases the possibility to use energy 

storages as a backup or in off-grid systems. Also, round-trip efficiencies are going to be 

improved and Lithium-based technologies are going to be forerunners with over 90 % round-

trip efficiency.  
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2.5 Sizing nanogrid 
 

The high capital cost of nanogrid system is one of the main concerns nanogrid is facing. To 

achieve reliable nanogrid system at minimum cost, it’s important to have an optimal sizing 

process of a system. The sizing of solar PV panels and wind power is highly dependent on 

weather data such as solar irradiation, wind resources and temperature. The size of PV panels 

can be reduced by including energy management system, which shifts the balance between 

demand and supply. Energy management system improves the effective use of renewable 

resources. (Muthuvel et al., 2017) 

 

Methods for sizing can be intuitive, numerical or analytical method. Although, (Muthuvel et 

al., 2017) proposes an analytical method. In the analytical method the lifetime of PV panel, 

installation, operational and maintenance cost (O&M), escalation and interest rates are all 

considered. 

 

Sizing of nanogrid starts with sizing the required PV surface area by analysing monthly 

available energy, monthly average consumed energy and conversion efficiency. The 

conversion efficiency depends on the type of solar PV panel. Monthly available energy is 

strongly dependent on weather and place (Muthuvel et al., 2017). Figure 2.11 presents an 

example of average daily clear-sky irradiance data in Saint Petersburg. The consumption 

pattern of household is calculated for various months and averaged for every month. 

 

 

Figure 2.11. Example of clear-sky irradiance on December and May month in Saint Petersburg 
(PVGIS, 2017). 
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In Finland, the consumption pattern for every hour and every month of the year is easy to 

solve due to Smart Meter, which is almost in every household in Finland (Honkapuro, 2018). 

While in Russia, Smart Meters are rarely used and solving the consumption pattern is needed 

to do in the other way (Kuznetcova, 2017).  

 

As an example, if the generated power per panel in June is 11.5 kWh, while the energy 

demand for the same month is 75 kWh, we find that the number of panels is required to be 

7 for the month of June. The calculation should be done for each month. The PV capacity 

should be based on total consumption pattern of the load during the night and the day for the 

whole year. Because the power supplied by PV is dependent on weather, the battery bank is 

needed to fulfil the energy demand. Hence, the size of PV panels is based on the power 

required from the energy storage requirement for consumption during nights and net 

consumption by the loads during the day. Additionally, the shiftable loads can have the time 

of operation altered. (Muthuvel et al., 2017) 

 

2.5.1 Sizing solar PV panels 
 

Direct sunlight provides optimum conditions for solar systems so it’s important to find the 

optimum inclination and cardinal angle for the highest electricity production. And according 

to (Joint Research Centre, 2012; Pyrhönen & Immonen, 2018), the best cardinal direction in 

Saint Petersburg is to South or to South-East. Part of the radiation energy is also reflected, 

diffused or absorbed. Global radiation consists all three direct, reflected and diffused 

components. 

 

The solar intensity has an annual variation as a function of distance between sun and earth. 

The solar intensity of direct component of sunlight can be calculated as 

 

𝐼 = 1.353 ∗ 0.7
.

    (2.1) 

 

where  ID = direct beam intensity 

AM = air mass coefficient (Pyrhönen & Immonen, 2018). 
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AM describes air mass between the sun and the observation point, depends on the site 

location and changes during the day. AM can be calculated as 

 

𝐴𝑀 = =      (2.2) 

 

where  z = sun’s zenith angle 

  h = sun’s elevation angle (Pyrhönen & Immonen, 2018). 

 

The industrial spectrum assumes the zenith angle θ = 48.2 °, which corresponds to 1.5 AM 

and it’s used widely as a standard solar spectrum. Therefore, AM coefficient can be assumed 

as a constant 1.5 (Pyrhönen & Immonen, 2018). 

 

Using equation 2.1, the direct beam intensity is calculated as follow: 

 

𝐼 = 1.353 ∗ 0.7 . . 𝑘𝑊

𝑚
= 0.846 𝑘𝑊/𝑚  

 

PV-panel production depends on direction angle between panel and irradiation. Radiation 

entering to the panel depends on the direction of the sun, which changes every moment. The 

projection share Iproj is the dot product of the unit direction vectors of both sun and panel 

surfaces. Direction vector can determine as 

 

𝑉 = [cos(𝑒) cos(−𝑎) ∗ 𝑖 + cos(𝑒) sin(−𝑎) ∗ 𝑗 + sin(𝑒) ∗ 𝑘]  (2.3) 

 

where  e = elevation angle, the angle between the sun and horizontal line 

  a = azimuth angle, the compass direction from which sunlight is coming 

  i, j, k = unit direction vectors (Pyrhönen & Immonen, 2018). 

 

The projected irradiation Iproj on the panel plane can be calculated as 

 

𝐼 = 𝑉  ∙ 𝑉 ∗ 𝐼 = 𝑥 ∙ 𝑥 + 𝑦 ∙ 𝑦 + 𝑧 ∙ 𝑧 ∗ 𝐼  (2.4) 
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where  Vpanel = panel plane with normal unit vectors 

Vsun  = solar irradiation with direction unit vector (Pyrhönen & Immonen, 

2018). 

 

The direction of sun can be defined using different kind of programs or website-tools such 

as Sun Earth Tools. In addition to the direct irradiation, additional irradiation comes due to 

diffusion and reflection and it’s 10–20 % (Pyrhönen & Immonen, 2018).  

 

When calculating electric power P, panel efficiency and inverter efficiency must be included 

as follow 

 

𝑃 =  𝜂 ∗ 𝜂 ∗ 𝐼     (2.5) 

 

where  P =  electric power by PV panel 

  ηinv = inverter efficiency 

  ηpanel = panel efficiency (Pyrhönen & Immonen, 2018). 

 

There are several factors, which may affect the generation of power in PV panels. These 

factors are shadows, high temperatures, dust, dirt, bird’s dropping pollen and sea-salt 

(Pyrhönen & Immonen, 2018). 

 

2.5.2 Sizing energy storages 
 

Energy storages are inevitable in off-grid solar systems, as the energy production and the 

demand don’t usually match together. This is because the solar power generated during the 

day is not usually fully used until the evening when the household loads start to run, and the 

energy is needed because of the setting of the sun. Therefore, the overproduction during the 

day has to be temporarily stored for using it during the evening, when there is no solar power 

available. 

 

The size of the energy storage is a crucial factor in nanogrid system design. If the energy 

storage is oversized, it increases the cost of energy and there is a risk that battery will not be 
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fully charged. And if the energy storage size is too small, the loads will not be able to run as 

battery power alone.  

 

The capacity and life of the batteries are affected by the temperature according to the 

multiplier effect shown in Table 2.3. The batteries should be kept near room temperature as 

you cannot take as much energy out of a cold battery as a warm one. And although hot 

battery gives you more than rated capacity, the operation at hot temperature shortens the 

battery life. (Mohanty et al., 2015) 

 

Table 2.3. Ambient temperature multiplier (Mohanty et al., 2015). 

Winter ambient temperature Multiplier 

26.7 °C (80 °F) 1.00 
21.2 °C (70 °F) 1.04 
15.6 °C (60 °F) 1.11 
10.0 °C (50 °F) 1.19 
4.4 °C (40 °F) 1.30 
-1.1 °C (30 °F) 1.40 
-6.7 °C (20 °F) 1.59 

 

In the sizing, the temperature multiplier is considered based on the winter ambient 

temperature. The battery capacity can be calculated manually as follow 

 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑆𝑖𝑧𝑒 [𝐴ℎ] =
   [ ]∗ ∗  

∗  
  (2.6) 

 

where  DOA = Days of autonomy, usually 2-3 days 

  DoD = Depth of discharge (Nyachulue, 2018). 

 

2.6 Future prospects 
 
2.6.1 Advantages and potential markets 
 

The large sums of investments on extension and operation the traditional grids and central 

power plants can be reduced by integrating nanogrid networks into the existing distribution 

grid at a manageable rate (Burmester et al., 2017). In addition, nanogrids present technical 

benefits such as improving the reliability of the energy supply, increasing the quality of 
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service by reducing voltage variations and enhancing the efficiency in the system by 

reducing losses due to lower distance between generation and customers. Further, it provides 

also economic benefits related to buying or selling of ancillary services like reactive power 

and voltage control, black-start capability and frequency control reserves (Martin-Martinez 

et al., 2016). Furthermore, nanogrids are environmentally friendlier. 

 

Nanogrid can increase the efficient use of residential sized distributed generation by 

supporting the RES. Nanogrid can be self-working and consumers would save money and 

energy. Nanogrid approach could create larger power systems by interconnecting multiple 

nanogrids, which would eventually form a microgrid structure. As each nanogrid’s the 

consumption and production peaks and troughs vary, the power demand can be met by power 

sharing between the interconnected nanogrids, which decreases the effect of an intermittent 

power supply and increases the financial benefit to consumer. Further, the power can be sold 

to or bought from the local distribution grid with further financial benefits, which is 

advantage also for the utilities. Although, by sharing power within the nanogrid network, the 

need to purchase power from the distribution grid may be reduced. That is to say, the price 

for power share can be negotiated based on quantity of available power and grid 

buyback/purchase price and can be sold within the network at price less than the local 

distribution grid purchase price but greater than the buyback price. (Burmester et al., 2017) 

 

The role of EVs is growing in the fighting against the carbon emissions. Although, switching 

massively to EVs will lead to gigantic charging issues (Direct Current, 2018). Sustainable 

solution for charging EV is charging directly from the nanogrid by optimizing the load 

demand, generated power, electric price and the states of batteries and PEV (Wu et al., 2017). 

For instance, EVs can be charged at nights when power demand is low, but batteries are full 

of energy. EVs can also be charged at daytime if there are overproduction or troughs in the 

power demand. Plugging EVs to nanogrid and optimized charging is cost-effective and saves 

the environment also. 

 

The uninterrupted electricity is important especially in critical buildings such as police 

stations and hospitals. Nanogrid system can provide resilient electricity during power 

outages as it has ability of disconnecting from the local distribution grid and running on 

island mode (Burmester et al., 2017). Nanogrids can be owned and controlled by 
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independent entities (Mackay, 2018). For example, during black outs nanogrid network will 

be serving interconnected nanogrids for a period of time depending on renewable energy 

availability and storage capacity. After the distribution grid has re-established, nanogrid can 

reconnect to the grid. 

 

One potential market for the nanogrids is rural/remote areas where people don’t have access 

to electricity as the electrification via national grid is infeasible due to high cost or technical 

requirements. Many people may also suffer from poor quality of supply due to weak 

electricity grid. However, many of these rural areas are located in the countries where the 

sunlight is abundant. Electrification of these rural areas via islanded nanogrids or microgrids 

is techno-economic solution as the power is generated by RES locally near customers. The 

controlled synchronization ensures the stability in the islanded microgrid, reduces 

distribution losses and enables power sharing. (Nasir et al., 2018) The cottages, farms and 

the detached houses are also potential markets for implementing nanogrid. As the cottages 

are mainly seasonal, the size of nanogrid system may be reduced, which increases the 

financial benefits.  

 

Governmental agencies such as military bases are also interested in networks, which can be 

operated isolated from the national grid. Government is looking for energy solutions for the 

military where the demand for diesel fuel (generators) is huge. The fuel is a big logistical 

challenge as well as risk factor. There is also concerns whether military bases can maintain 

critical functions during power outages. Natural disaster and hurricane prone areas are 

potential markets for nanogrids. (Stock Gumshoe, 2018) For example, the interest in 

nanogrids and microgrids has grown in the US after Hurricanes Katrina and Sandy, which 

caused large periods of power outages (Martin-Martinez et al., 2016). 

 

2.6.2 Disadvantages and challenges 
 

There are two major disadvantages in the distributed generation, including in the nanogrid 

(especially with renewable energy), which prevents its widespread integration into 

residential/commercial properties. The first disadvantage is the intermittent nature of 

renewable power output. Solar and wind power are dependent on weather and the output 

power fluctuates with the energy produced by the sun and wind, causing variations at 
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timescales ranging from minutes to hours to multiple days, as well as across years and 

decades (Staffell & Pfenninger, 2018). Such intermittency can prevent consumers investing 

in renewable energy as most consumers expect power instantaneously. Because of the 

fluctuations, nanogrid may be forced of buying power from the distribution grid or having 

alternative power source e.g. diesel generator, which increases the financial costs (Burmester 

et al., 2017). For example, in Finland PV panels produces power mainly from March to 

October (Pyrhönen & Immonen, 2018). 

 

The second major disadvantage is the need for financial capital as its required to install RES. 

Lengthy payback times before seeing a financial return may also prevent the investments. 

Retrofitting current house with new electricity system may increase the initial capital. There 

are also a number of countries, which do not offer feed-in tariffs to offsetting the set up costs. 

In addition, buyback prices from unused PV power sold to the grid is lower than the price of 

power purchased from the local distribution grid. (Burmester, 2018)  

 

In addition to these major disadvantages, there are also some other challenges. The energy 

storages are optional in nanogrid, but they add the stability in the system. While, the price 

of battery storages is dropping, they are still expensive and inefficient (Ancillotti et al., 

2013). On the other hand, price declines are expected to continue. Nevertheless, battery 

storages have challenges and limits. The challenges are related to sizing household’s demand 

with the batteries charging and discharging limits, depth of discharge, battery capacity, 

power limits and battery efficiency (Muthuvel et al., 2017). Also, the lifetime of battery is 

quite limited so far. 

 

Smart meters have weaknesses such as limited memory, small processing power and 

physical exposure. Also, the network architecture is vulnerable. Cyber-attacks on smart 

meter in nanogrid could stop the two-way communication between the household and the 

grid. However, cyber-attacks can be mitigated and detected with different mitigation 

methods. (Tellbach & Li, 2018) 

 

Another challenge is the communication architecture as nanogrid needs fast, reliable and 

robust communication network because it plays a key role in matching the demand with 

supply. Communication between nanogrid/microgrid and local distribution grid creates a 



 
 
 

41

need for complex communication network where the delicate information is shared. This 

kind of communication network needs still to be researched. (Burmester et al., 2017) 

 

2.7 Implemented nanogrid projects 
 

Although the literature about nanogrid is quite rich and potential is huge, the amount of 

implemented nanogrids is still quite low. However, the potential for nanogrids in future 

power systems has only begun to be discovered and testbeds are now essential to see 

controlled nanogrids. Some of the implemented nanogrids are presented below.  

 

2.7.1 ABN AMRO office building, Amsterdam, the Netherlands 
 

The new ABN AMRO building “Circl” in Amsterdam is promoted as a world first office 

building on DC infrastructure (Figure 2.12).  

 

 
Figure 2.12. Schematic overview of DC infrastructure in Office buildings (Direct Current, 2017). 

 

The office on DC grid was designed by Direct Current BV. The building works with a 350 

V DC distribution system. More than 500 solar panels on the Circl building are connected 

directly to the DC grid by DC micro-converters and provide energy via the DC grid to the 
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end users, such as PC’s, laptops, screens, mobile phones and LED lightning. The system has 

AC grid as an option for AC loads. Batteries are included for power balance optimization 

and managing. HVAC loads such as cooling, ventilation and heating are automatic 

optimized. System has full protection against overloads, short-circuit line faults and ground 

faults. The building has a possibility to charge EVs automatically. (Direct Current, 2017) 

 

2.7.2 Ferroamp and Vasakronan’s project, Uppsala, Sweden 
 

At Uppsala Science Park, Sweden, a DC power grid is installed between four buildings. The 

solar cells on the four houses covers over 400 square meter of the roof and have a combined 

peak power of 225 kW. Energy and power from solar cells can flow and be distributed 

between the houses as needed. Instead of selling overproduced power to the network, the 

power can be used in one of the other interconnected buildings. This way it’s also possible 

to smooth out power peaks and reduce power tariffs. The technology comes from Swedish 

company called Ferroamp. Figure 2.13 presents the overview of the Ferrosystem and 

houses. (NyTeknik, 2017; Save by Solar, 2018) 

 

 

Figure 2.13. An overview of Ferroamp's nanogrid technology and system (Ferroamp, 2017). 

 

DC network allows the integration of solar cells, energy storage, SSWT and DC loads. The 

system is made up of a bipolar single-bus system where the system voltage is 760 / ± 380 V 
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DC. The core of the system is EnergyHub, which is a bi-directional three-phase inverter and 

constitutes the brain in Ferromp’s system and it is located in each house. The control of 

electricity in the system is based on Voltage droop control. SSO is a DC-DC converter with 

built-in string monitoring and MPPT. The SSO regulates the input voltage in the range of 

120 to 720 V DC and provides output voltage of 760 V DC. The energy storage manager 

(ESM) contains battery cells with a capacity of 7.2 kWh and the type of battery is LiFePO4. 

There is also the possibility to connect and charge electric cars directly from the grid through 

the Energy storage optimizer (ESO). (Ferroamp, 2017) 

 

2.7.3 DCC+G office, Erlangen, Germany 
 

In Fraunhofer Institute IISB in Erlangen, Germany 380 V DC test grid in an office has been 

build-up and installed. The project was developed by DCC+G to prove the benefits of the 

DC network (Weiss et al., 2015). Figure 2.14 presents the overview of the system. 

 

 

Figure 2.14. Schematic overview of DCC+G office demonstrator (Weiss et al., 2015). 

 

The network includes two central inverters that convert incoming AC from the grid to DC. 

Solar system is connected with MPPT, which supplies DC power into the DC grid via DC-

DC converter, which converts 260–1000 V DC to the system’s voltage level (380 V DC). 

Excess power can be transferred to the electricity grid via two conventional inverters. The 

micro combined heat and power unit (μ-CHP) is also connected to the system, which is 
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powered by methane gas and can supply 3 kW of electricity to the DC grid and 14.4 kW of 

thermal power for heating. Furthermore, an electric car charger with a nominal power of 10 

kW has been developed and installed, which is suitable for 380 V DC. 24 V DC network is 

installed for powering smaller home appliances via controllable converter. (Weiss et al., 

2015) 

 

2.7.4 DC microgrid office, Obihiro, Hokkaido, Japan 
 

In Obihiro City, Hokkaido, Japan, the DC network has been constructed for an office 

building with a 380 V DC voltage. The building is supplied with electricity from solar cells 

and with the electricity from the electricity grid. Solar power and the power from electricity 

grid is converted to the system’s voltage, which is set to 380 V DC. The equipment in the 

office has been developed to operate with the DC voltage. The system includes a Li-ion 

battery with 25 kWh capacity and the electric car’s battery charging possibility. Electric car’s 

battery can also be used as an energy storage in the system. Whole system is controlled by 

energy management system, which predicts the current demand for the day. (Noritake et al., 

2014) Figure 2.15 demonstrates the overview of DC microgrid for office building. 

 

 

Figure 2.15. The schematic overview of DC microgrid for office building (Noritake et al., 2014). 

 

In the paper (Noritake et al., 2014), the authors define the system as a microgrid system. 

However, as earlier mentioned, the nanogrid system can be classified based on maximum 

size for the grid-tie systems (100 kW). 



 
 
 

45

3 RUSSIAN ELECTRICITY SECTOR 
 

3.1 Background 
 

Russia’s electric power system is the fourth largest in the world, preceded only by the USA, 

China and India (Josefson & Rotar, 2018). Russian electric power system is a unique large-

scale synchronous transmission grid, which is part of the Integrated Power System/Unified 

Energy System of Russia (IPS/UES), covering 15 countries (Shmatko, 2013), including 

countries like Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kirgizia, Latvia, 

Lithuania, Moldova, Mongolia, Ukraine and Uzbekistan. Finland, Norway and some parts 

of China have also interconnections with IPS (SO, 2018). 

 

The Russian national grid, UES is a network with more than 10 700 power transmission lines 

(2.34 million km of power lines) in 110–1150 kV class (Rosseti, 2018). The UES consists 

of 70 regional energy systems, which forms seven united power grids operating across nine 

time zones: the East, Siberia, Ural, Mid-Volga, South, Central and North-West regions (SO, 

2018). All power grids operate synchronously (parallel mode) and are interconnected by 

high-voltage transmission lines 220–500 kV and higher (Shmatko, 2013). However, most of 

the regional energy systems in the East are isolated or have weak connections with the 

national grid and they work separately from the UES (Boute, 2016). The UES with united 

power grids is presented in Figure 3.1. 

 

 

Figure 3.1. The Russian national grid with united power grids (SO, 2018). 
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As it can be seen from Figure 3.1, the technically isolated regions are significant part of the 

Russian territory, which creates a market for nanogrids. Despite these territories are sparsely 

populated and lack of the economic conditions, Russia is ensuring affordable access to 

electricity by keeping tariffs below the real cost of production for residential consumers 

(industrial consumers pay according to the market). The authorities are obliged to 

compensate the losses for energy producers and investors, and it’s usually done by cross-

subsidisation policy, which is not sustainable (Boute, 2016). More about cross-subsidisation 

is in the chapter 3.4.1. 

 

At the beginning of 2018, the total installed capacity of electric power plants, which 

generating capacity exceeds 5 MW was approximately 246.9 GW (including isolated 

region’s in Russia) (Ministry of Energy, 2018). In order to cover the power demand, Russia 

has two types of power plants: base load power plants (two thirds) and peak load power 

plants (one third). Base load plants are “must run” type power plants running steadily and 

accept whatever price is formed in the market. Peak load plants generate capacity power 

when needed (Gore et al., 2012).  

 

In Russia, the peak of electricity consumption is typically at winter and total consumption 

of electric energy in 2017 was 1059.7 TWh. In 2017, the electric power plants produced 

1073.7 TWh electricity (Ministry of Energy, 2018). Exports/imports plays minor role in the 

system (2 % of the balance). In 2017, only 16.6 TWh was exported to neighbour countries 

and 6.2 TWh was imported mainly from Kazakstan to Orenburg region (Remes, 2018). 

Figure 3.2 presents the electricity production and installed capacity by source in 2017.  

 

 

 
Figure 3.2. Installed generation capacity and electric power production by source in 2017 (SO, 2018; 
Ministry of Energy, 2018). 
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Figure 3.3 presents the electricity consumption by sector. 

 

 

Figure 3.3. Electricity consumption by sector in 2016 (EY, 2018). 

 

As it can be seen from Figure 3.3, the power generation is mainly based on fossil fuel based 

thermal power plants, which are GRES (High-power thermal power station of condenser 

type, ГРЭС, Государственная Районная Электростанция) and CHP types plants. From 

Figure 3.3, it can be seen, that the industry is the main consumption sector of electric energy. 

 

GRES types plants are peak load plants, which produces only electric energy and Russia has 

a large number of these condensing power plants. CHP plants, which produces heat and 

electric energy simultaneously, are most efficient when used in cogeneration mode as they 

are base load power plants and the main heat providers in the cities (Gore et al., 2012; 

Kuleshov, 2017). The fuels used by thermal power plants are mainly natural gas (71 % of 

thermal) and coal (27.5 % of thermal). Gas-fired plants are mainly located in the European 

part, while coal-fired plants are located mainly in Siberia and Far East. The use of heavy fuel 

oil has been decreased in the last decade (Remes, 2018). 

 

Nuclear power plants are always base load plants and are effectively used. Hydro power 

plants are also mostly base load plants, but electricity generation depends on accordance of 

the river (Gore et al., 2012). In addition, hydro power plants have complications with winter 

weather conditions. Nuclear power is most common in North-West and Central parts of 

Russia, while Hydro power is most common in Siberia and East parts of Russia (Ministry of 

Energy, 2018). 

Process 
Manufacturing

28.7 %

Mineral Deposits
12.9 %

Utilities/Municipal
10.9 %

Residential
14.3 %

Transportation
8.2 %

Power Loss
9.9 %

Others
15.1 %



 
 
 

48

Although Russia has great potential in RES, the use of these energy sources such as solar, 

wind, biomass and geothermal has been so far quite minimal. Russia was among the pioneers 

of the early development of renewable energy technologies in 1930s. However, high costs 

of renewable energy technologies, abundance of fossil fuels and reliance on revenues from 

them, have been the main obstacles in developing and supporting RES (Lanshina et al., 

2018). The investments in RES on the wholesale market are supported in the same way as 

new investments in other power sector, according to (Kozlova, 2017), investment in 

renewable energy is now profitable, which have encouraged Fortum-Rusnano to build new 

110 MW solar and 1.8 GW wind capacity at a guaranteed price (Fortum, 2018). Despite the 

new investments, the use of renewable is seen to stay at minimal (Lanshina et al., 2018; 

Letova et al., 2018; Remes, 2018). 

 

3.2 Electricity and capacity markets in Russia 
 

Electricity is traded in two different market levels, wholesale electricity and capacity market 

and retail market. In the wholesale level, consumers or buyers pay separately for the capacity 

and electric energy. The wholesale market is intended for the trade in power between 

generating companies and suppliers, as well as certain large industrial consumers (Josefson 

& Rotar, 2018).  

 

The wholesale electricity and capacity market operate in the territory of regions, which are 

unified in pricing and non-pricing zones. The first pricing zone covers the European part of 

Russia and Ural, whereas, the second pricing zone covers most of Siberia (Figure 3.4) 

(Kuleshov, 2017). The several non-pricing areas are isolated from the main grid or consist 

of vast territories with sparse population and the local’s grid connection to the national grid 

is weak or absent (Letova et al., 2018). 
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Figure 3.4. Price areas of the wholesale market in Russia (ATS, 2017). 

 

The wholesale market prices for electricity are typically higher in Western part of Russia 

and the Ural region, where the gas-fired plants are dominant. In Siberia, the wholesale prices 

for electricity are usually lower due to greater number of cheaper hydro and coal-fired plants 

(Kuleshov, 2017). Figure 3.5 presents the relationship between the electricity price and fuel 

prices in the day-ahead market. The figure presents also the averaged electric energy prices 

(the cost of electricity) in different zones and power grids. 

 

 

Figure 3.5. Electric energy price dynamics by zones (ATS, 2017). 

 

The Russian electricity market is based on nodal pricing model, where the System Operator 

(SO) is responsible for the optimal use of electricity system. The electricity market consists 
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of the day-ahead market and the balancing market (Viljainen et al, 2013). In addition, a small 

portion of the energy is traded through regulated and unregulated bilateral contracts. The 

day-ahead market is the central place for electricity trade in Russia, where about 70 % of the 

energy is traded (Letova et al., 2018).  

 

On the day-ahead market, volumes of planned hourly production and consumption are 

bought or sold with regards to volumes of the regulated agreements. The trade is 

implemented at price, which is established under influence of demand and supply. The price 

of electrical energy is determined based on price bids by suppliers and buyers in the price 

zone with considering power flows to the other zone (Kuznetcova, 2017). The balancing 

market of electricity in Russia is an aftermarket to the day-ahead market. It’s a real-time 

market organized by the SO of Russia with the main objective of minimizing the costs of 

deviations of actual electricity consumption and production from the planned day-ahead 

market (Viljainen et al., 2013). 

 

The separate capacity market was introduced to encourage investment for renovation of old 

infrastructure and construction of new power plants and facilities (Josefson & Rotar 2018). 

Capacity is a special product for investors as they get paid for ensuring adequate resource in 

the period of the peak demand. It guarantees the market entry of new generation and ensures 

sufficient income for the old generators (Viljainen et al., 2013). Figure 3.6 illustrates the 

structure of Russian electricity market. 
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Figure 3.6. The structure of Russian electricity market (Bolshakov, 2016; Letova et al., 2018). 

 

On the retail market, power is sold by suppliers to end-consumers such as industrial and 

residential. Retail market participants are distribution grid companies, end-customers, 

electricity retailers and supervisory control parties. Producers of electrical energy, which are 

not in the trade system and have installed capacity under 25 MW, are allowed to sell 

electricity in the retail market. (Bolshakov, 2016) 

 

The electricity traded to residential consumers is based on the regulated tariff prices. 

Electricity sale for residential consumers is mainly by the electricity retailers or retail 

companies. There are two types of retail companies, which implements the sale of electricity 

to consumers: suppliers of last resort (guaranteed supply companies) and energy providers. 

Guaranteed supply companies are obliged to make a contract with every consumer or with 

the juridical representative of consumer within its operational area, whereas energy 

providers can choose their customers. For the other consumers, the retail market is divided 

based on price and non-price zones similar as in the wholesale electricity market. In the price 

zones the sale is implemented at non-regulated prices, whereas in the non-price zones the 

sale is based on the regulated prices. The regulated prices are based on the forecast of social-

economic development of the Russian Federation. (Bolshakov, 2016) 
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Tariffs in electricity power industries are divided on wholesale market electricity tariffs, 

retail market electricity tariffs and tariffs of wholesale and retail market services (Bolshakov, 

2016). Electricity tariffs for the end-consumers are comprised of 4 major components: 

energy price (the cost of electricity), capacity price (the cost of capacities of suppliers under 

regulated contracts), grid services (the cost of electricity transmission services), 

infrastructural and retail surplus (surcharge of sales company) (Letova et al., 2018). Figure 

3.7 presents an example of the electricity cost structure of the Moscow region in December 

2016. 

 

 

Figure 3.7. Electricity cost structure of an end-consumer in Moscow region in December 2016 
(Letova et al., 2018). 

 

The price of grid services and retail surplus is the regulated component of the price, which 

varies highly depending on the voltage level. Depending on the region, electricity 

transmission service component can be relatively high (40–60 %) of the electricity tariff 

(Bolshakov, 2016). The regulated part includes the payments to SO, ATS and Market 

Council but these payments are comparatively minor part of the overall price. The retail 

surplus is usually fixed at around 5 % (Letova et al., 2018). 

 

Electricity tariffs are growing at an average annual rate of 5 %. Electricity tariffs in Russia 

vary according to the region. For example, the cheapest electricity tariff in 2017 was in 

Irkutsk region (0.97 RUB/kWh), while the highest electricity tariff in 2017 was in 

Kamchatka Krai (8.2 RUB/kWh), which is located in the Far East (Dega Development, 

2017). The other regions in the Far East such as Chukotka Autonomous Okrug, 
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Magadan Region and Yakutia have also high electricity tariff prices and the tariff price 

varied from 5 to 8 RUB/kWh in 2017 (Energo, 2017; Energy Base, 2017). In 2017, the 

average electricity tariff in Russia was 3.1 RUB/kWh (Ria Rating, 2017). In addition, tariffs 

are different for residential consumers, depending is it rural area or city area with an extra 

consideration of the stove type: gas or electric (Kuznetcova, 2017).  

 

All fluctuations in the wholesale market prices are transmitted to the retail market. The 

impact is made by seasonal changes in the modes of operation of power generation. For 

example, at the end of spring during the spring flood, hydropower plants produce a larger 

amount of cheap electricity because the volume of water is increased. During the heating 

period, CHP plants produces cheap electricity to the market through combined heat and 

electricity production. In addition, the prices of gas and coal has an impact on the unregulated 

part of the electricity price. (Realnoe Vremya, 2018) 

 

3.3 Connection and distribution costs in Russia 
 

Electricity distribution system in Russia is divided on high-voltage distribution network, 

(220/110 kV), medium-voltage distribution network (35/10/6 kV) and low-voltage network 

(0.4 kV). The interregional distribution company, which operates on high-voltage network, 

receives the energy from national transmission grid and distributes it to regional distribution 

companies. The power generation and territorial power plants are connected to the high-

voltage distribution network. The regional distribution companies distribute electrical 

energy within its boundaries. Within boundaries of a region, the regional distribution 

companies are responsible for the technical condition and development of the 

network. (Bolshakov, 2016) 

 

In the electricity price, one of the comprised components is the cost of grid services. The 

cost of grid services is a cost for electricity transmission via the unified national transmission 

grid and the distribution grid. The cost can reach up to 40–60 % of the total electricity tariff 

price. In Russia, there is also a significant power loss (up to 10 % in the year 2016) in the 

distribution and transmission lines. The cost of grid services is defined by a ratio of gross 

revenue requirement of a grid company to total connected load of consumers for a calculation 

period by the State. The calculation period is 5 years. In addition, the price for the connection 
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to the national grid is significantly high because of the possible reconstruction of current 

network or new building. (Bolshakov, 2016) 

 

The connection cost for the residentials depends on the capacity need and the distance to the 

nearest distribution power line. The capacity types are for example: less than 15 kW, 15–

150 kW, 150–670 kW and more than 670 kW. The connection cost for the capacity < 15 kW 

is 550 RUB [8 €] in the case if the house’s or cottage’s maximum distance to the nearest 

distribution line is in rural settlement 500 m and in the city 300 m. The connection cost for 

less than the 15 kW is set by the state. In that situation, the houseowner can apply for the 

connection from the distribution grid company or electricity retail company depending 

whose cable line it is. Within 15 days after the apply, the power grid company will send the 

technical requirements in order to get the connection. Technical requirements are the 

requirements for the houseowner what kind of equipment are needed to purchase and how 

to install them. For example, technical requirements include the cable type and length, 

electric counter, distribution board, circuit breakers, etc. The power grid company will build 

the distribution cable line at own cost to the distance at 25 m from the houseowner’s site 

within 4 or 6 months depending on the difficulty level. (Ministry of Energy, 2019; 

Energovopros, 2018; Contur-sb, 2017) 

 

The network grid and electricity retail companies sell services where they offer to perform 

these technical requirements for the houseowner (RKS Energo, 2019c). For example, in 

Moscow’s region, these services can cost up to 50 000–60 000 RUB [690–830 €]. There are 

also contracting companies with the necessary permits and license who can assemble the 

electrical equipment and the costs can be cut down to 20 000–30 000 RUB [280–415 €] 

(Energovopros, 2018). 

 

In the case if the capacity need is more than 15 kW or the distance to the nearest distribution 

power line exceeds the maximum limit (300 m or 500 m), then the local distribution company 

or electricity retail company can set the tariff costs for the connection based on standardized 

rates or capacity rate (Ministry of Energy, 2019). These costs can be very expensive, and 

they vary between regions and companies. In this case the applier is responsible for paying 

for the construction of the distribution line. The cost depends on the capacity, distance to 

nearest cable line, and the connection type: on the ground or by the air. For instance, if the 
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nearest distribution line is far away, constructing electricity pylons may be necessary and 

one pylon may cost up to 25 000 RUB [350 €] (Contur-sb, 2017). For example, in Moscow, 

the connection fee would be almost 31 000 RUB [430 €], while in Moscow region (Moscow 

Oblast), the connection fee would be 8 300 RUB [115 €] (MOESK, 2019a-b). 

 

After the Decree No. 1351 came into force in 2017, regarding the conditions for connecting 

to the electricity in the Russian allotment societies (СНТ, садоводческое некоммерческое 

товарищество), there are now two ways of electrifying the allotments. Before introduction 

of the law, the only way to electrify the allotments were through the gardening partnership. 

In those cases, the electric grid company builds the cable line and connection to the border 

of the land of the gardening partnership. From the border, the gardening partnership is 

responsible for building the electricity network for every member of the association. The 

gardening partnership collects the money from members for constructing the electricity 

network through the allotment. After the law, those houseowners whose cottage is in the 

allotment society but is not member of a gardening partnership, can now apply for the 

electricity connection directly from the grid company. (Advokat Anisimov, 2018; Ukaz 

Wiki, 2018) These allotment societies are one of the potential sites for multiconnecting 

nanogrids and forming microgrids. 

 

3.4 Potential prospects for nanogrids in Russia 
 

The new technologies such as DER, demand response, distributed storage, energy efficiency, 

etc. are the key elements in the energy transition from conventional power systems to new 

technologies and practises. DER such as nanogrids have significant potential in Russia. 

However, DER are currently ignored in long-term plans and in official documents. 

(Khokhlov et al., 2018) 

 

The studies have shown that Russia has considerable potential of RES (PV, wind) is 

especially in remote areas (Letova et al., 2018). In addition, there are studies, which have 

concluded that some of the RES are already competitive against the fossil fuels in many 

regions. Moreover, the RES are becoming even cheaper and cheaper (Lanshina et al., 2018). 
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The main challenge in Russian power industry in the near future is the need to replace old 

generation as there are over 50 % of CHPs, which are over 30 years and are approaching the 

end of their life. According to (Khokhlov et al., 2018), the need for decommission, upgrade 

or replacement of these CHPs will be in 2025-2035 over 70 GW. At the same time, the 

forecasts predict the increase in demand, which increases the investments in future. 

However, the forecasts of demand increase have been less than the actual demand growth in 

recent years. Due to overestimated demand forecast, the current power plants run at low 

capacity factor (averagely 50 % in 2016). (Khokhlov et al., 2018) The high level of reserve 

system makes consumers paying for inefficient power stations and excessive reserves 

(Letova et al., 2018). 

 

According to (Khokhlov et al., 2018), the DER including microgeneration could contribute 

in eliminating the capacity shortage in the future. The main drivers for development of DER 

in Russia are the high cost and complexity of connecting new facilities to electric grids, 

insufficient reliability of existing power supply, reducing the costs of energy, improving the 

efficiency and lack of a clear link between the final price of power and consumer demand. 

(Khokhlov et al., 2018) 

 

There are many examples of DER utilisation among industrial consumers. However, among 

the households and microgeneration, the DER has not been developed properly yet and is 

remaining the choice of enthusiasts despite the potential. Although, there are few cases such 

as systems in Kaliningrad, Krasnodar and some other regions (Khokhlov et al., 2018). In 

Kaliningrad, the Russian homeowner achieved successfully the net metering for his solar PV 

panels on the roof with the support of Yantarenergo utility (Lanshina et al., 2018). 

 

The nanogrids and microgeneration in Russia creates advantages and disadvantages for the 

all parts of the energy market. The potential benefits of nanogrids for the energy users are: 

 

 No need to purchase from the grid and possible sales allowance reduces power and 

capacity costs. 

 Possibility to reduce connection fees and costs for new or ongoing consumers. 

 The better ability to control the reliability and quality of the electricity as not relying 

on the grid services. 
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 Opportunities for new business for users and electricity producers for example 

prosumers in microgrid/nanogrid systems. 

 Electricity tariff prices could reduce as there will not be need for such expensive and 

large projects. 

 The competition and flexibility between energy suppliers will increase, which 

reduces the electric power costs. 

 Reduction of electric power costs due to increased competition and flexibility. 

(Khokhlov et al., 2018) 

 

The potential risks and additional costs, which may appear for consumers: 

 

 Due to erroneous planning, engineering and implementation self-generation projects 

a possible decrease in reliability and increase in the cost of supplied energy. 

 High investment risks due to long payback period and need of investment capital. 

 Additional expenses for reserving the capacity for the operation at island mode. 

 Part of the costs shifting to the non-self-generation consumers. (Khokhlov et al., 

2018) 

 

The potential benefits of nanogrid for the electricity producers: 

 

 Electricity producers may get profit from co-working in the projects as they have 

more special experience than others.  

 Using investment resources optimally and diversification of activities in markets and 

pricing regimes. (Khokhlov et al., 2018) 

 

The potential disadvantages and risks for electricity producers: 

 

 The risks are that there will be decline in the wholesale market, reduced demand for 

capacity plants and in other investment projects and reduced revenue in the wholesale 

market. 

 The competition between others will increase. (Khokhlov et al., 2018) 
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The potential benefits of nanogrids to the electric grid companies: 

 

 The activity will increase in distribution grids with increased number of connections 

and growing number of payments for connection. 

 There will be opportunity to create new business core, for example control service 

for nanogrids. (Khokhlov et al., 2018) 

 

The potential disadvantages and risks for the electric grid companies: 

 

 The transferred electric power via existing grids will reduce so as revenue and 

traditional investment projects. 

 The modernization of distribution network, protection, automation, etc. will need the 

capital expenditure in order to integrate Smart grids into the system. (Khokhlov et 

al., 2018) 

 

Nanogrid is a small power distribution system for a single house or building with the capacity 

range from few watts to 100 kW. In order to meet the demand locally, the potential sites for 

the nanogrids in Russia are detached houses, summer cottages, office buildings and military 

services especially in the isolated and remote areas. More about the remote areas in 

subchapter 3.4.1. Multiconnecting nanogrids together could create microgrid solution, where 

the power can be shared, which would increase the use of energy and power balance. 

Potential prospect for microgrids could be the allotment societies. The small local CHPs 

could be a potential deployment in bigger offices or buildings (Chukanov et al., 2017). There 

are many types of nanogrids, which could be used in these sites. 

 

For example, PV + Grid type of nanogrid could reduce the payments for peak hours and 

reduce the electric costs. In addition, the unused solar energy could be sold, which may 

increase the incomes. 

 

PV + Battery + Grid type of nanogrid could improve the quality and reliability of the 

electricity. In addition, it increases the independence as the small power outages will not 

affect so much. The battery gives possibility to store the unused solar energy during the day 
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and the stored energy could be used again in the evening when solar power is not available. 

In addition, the loads could use the grid connection during night when tariff price is cheaper. 

 

PV + Battery (off-grid) type of nanogrid could be a solution especially for the new buildings 

and houses. This kind of solution reduces the connection fees and costs for the electricity. 

Solar power is available mostly during the summer, which favours using this kind of 

nanogrid type in the summer cottages. Alternatively, wind resources could be added in order 

to power loads also during the wintertime. 

 

PV + Wind + Other Local Resources + Battery kind of nanogrid suits best for the remote 

areas where the grid connection is not available or it’s too expensive. Using all kind of local 

resources helps to secure the local demand during the whole year. 

 

There are possibilities to use only renewable energy resources such as PV, Wind or all kind 

of energy resources. For example, hybrid nanogrid could be Diesel + PV or Diesel + Wind 

type of nanogrid system. Remote areas are favourable sites for Hybrid type of nanogrids.  

 

In conclusion, the nanogrids could reduce the costs of the grid and large-scale development 

by adding the capacity in smaller increments depending on the actual demand in the specific 

locations. In addition, nanogrids will improve the efficiency, increase the reliability, increase 

the competitiveness, reduce the grid electricity losses, reduce the emissions and improving 

the attractiveness of Russian electricity sector for investors. 

 

3.4.1 Potential prospect: Remote areas 
 

According to (Boute, 2016; Letova et al., 2018), the renewable energy potential is 

considerable in the remote and sparsely locations such as northwest Russia, North Caucasus, 

Siberia and Far East, which have received a little attention so far. Remote areas are the 

regions, which are isolated from the centralised network. Russian Federation is characterised 

by a large number of island energy systems and remote settlements, which rely on diesel 

sources for energy production. Remote areas include smaller settlements such as villages, 

districts or industrial sites, which are located in parts of the Russian territory, functioning in 

isolation from the national grid and technically isolated energy systems. Technically isolated 
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energy systems function in isolation from the UES of Russia and supply electricity to large 

cities in the Russian Far East (e.g. Yakutsk, Petropavlovsk-Kamchatsky and Magadan and 

surrounding neighbourhoods). (Boute, 2016; Letova et al., 2018) The potential market for 

nanogrids could be these remote areas and settlements.  

 

The energy transfer from these areas to demand centers would be too expensive. However, 

using these RES locally is reasonable and sustainable. The Far East regions have potential 

also to export electricity to China, Japan and South Korea (Letova et al., 2018). The Russian 

government has announced policy mechanisms to stimulate energy producers in the Far East 

to utilise the RES. Investments are slowly starting to be implemented but are remaining 

limited due to important regulatory, policy and financial barriers (Boute, 2016). 

 

Electricity generation from diesel is very expensive because the fuel is often transported by 

air over long distances due to lack of suitable transport system (Vasileva et al., 2015). This 

also creates environmental problems and risks with transportation and storage of diesel, 

especially with fuel spills and leaks in pristine rural areas. Moreover, the black-carbon 

impact of diesel in remote Arctic areas accelerates the effect of global warming. At the same 

time, reliability and security of electricity supply is vital in remote Arctic areas due to severe 

climatic conditions. The social and economic development of remote areas is affected by the 

high cost of electricity production. (Boute, 2016) 

 

The high cost of electricity production in remote areas generates challenge with regard to 

ensuring the affordability of the energy supply. In Russia, regional tariff authorities 

determine the retail price of electricity within the tariff limits set by the Federal Service for 

Tariffs. The tariffs for customers in isolated systems and remote settlements are kept below 

the real cost of production in order to ensure affordable access to electricity. And although, 

tariff authorities are obliged to compensate the losses, by adopting tariffs that do not reflect 

the real cost of production, tariff authorities expose electricity producers to revenue 

losses. (Boute, 2016) 

 

Cross-subsidisation is the traditional way of providing investors with sufficient revenue to 

allow them to recover their costs. In cross-subsidisation, tariff authorities adopt higher tariffs 

for customers that are connected to the electricity network for financing preferential tariffs 
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in remote settlements. For example, cross-subsidisation has been adopted in the Republic of 

Sakha-Yakutia, where the western and central electricity systems are characterised by cheap 

electricity production from hydropower and gas power plants, while in the north, electricity 

is produced from much more expensive decentralised diesel generating facilities. Despite 

the large difference in cost of electricity production, customers pay the same price for 

electricity across the Yakutia. This cross-subsidisation policy is not sustainable and affects 

the economic interests of customers and hinders the industrial and economic development 

of these regions. However, consumers could have severe social consequences if the 

electricity prices would be correlated to the electricity production costs. (Boute, 2016) 

 

In the isolated and remote areas of Russia, RES may be an efficient solution for utilising 

local energy sources (Vasileva et al., 2015). Switching from diesel generation to wind- or 

solar-diesel hybrid energy can increase security of supply in an environmentally friendlier 

way and more affordable prices in these regions. The utilisation of RES will reduce the 

expenses related to transporting and storing the diesel. It can also play a role in addressing 

the challenge of cross-subsidies. Additionally, off-grid RES system can avoid high cost of 

grid extension and mitigates the energy security risks associated with dependence on long 

transmission lines. (Boute, 2016) 

 

Russian module maker and project developer Hevel has been active in the wholesale market 

by building and planning to build solar and hybrid solar-diesel power plants in remote 

regions such as Kalmykia (75 MW of solar), Tyva Republic (1.6 MW of hybrid solar-diesel), 

Far East (40 MW of hybrid solar-diesel) (PV Magazine, 2018a-c). Earlier Hevel has installed 

solar plants in Altay, Astrakhan region, Bashkortorstan, Buryatia, The Orenburg region, 

Saratov region, Volgogradskaya region, which all are in the wholesale market (Hevel, 2019). 

However, the renewable energy investments in the retail market have been so far quite 

limited. 

 

3.5 Barriers for RES investments and implementations 
 

Despite the huge potential of renewable energy in Russia, there are few obstacles and 

drawbacks. One of major obstacles for RES development in Russia is abundance of fossil 

fuels and reliance on revenues from them (Lanshina et al., 2018). The price of electricity in 
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Russia is much lower than in many European countries due to higher taxes, the role of 

renewables and reliance on fuel imports in those countries. According to (Letova et al., 

2018), solar generation in Russia can be five times as expensive as generation from fossil 

fuels and nuclear energy. However, there are also researches, which shows that in places 

with abundant wind and sunshine, renewable energy technologies can be competitive and 

even cheaper than most of the fossil fuels (Lanshina et al., 2018).   

 

According to (Lanshina et al., 2018), the poor development of renewable energy is due the 

deficient goals and lack of pressure in the implementing the support mechanism. Although, 

the renewable energy strategy is included in broad energy sector plans and programs such as 

the “Energy strategy of Russia up to 2035” and “Global and Russian Energy Outlook to 

2040”, it’s more of a declaratory nature rather than a real ambition. It can be seen from the 

documents, that fossil fuels and nuclear energy are the top priorities (Lanshina et al., 2018). 

Moreover, the main goals for the promoting of the RES use are mainly economic and social 

policy objectives and not the climate change mitigation and adaption (Boute, 2016). People 

usually lack knowledge or simply don’t care about environmental issues (Remes, 2018). 

 

Another obstacle is the lack of effective regulation and support mechanism on the retail 

market. As earlier mentioned, the support mechanism of RES on the wholesale electricity 

market has been introduced and implemented and is currently attracting the investors. In 

2015, RES support mechanism (Decree N47) on the retail market and retail generation was 

represented, which thought would have open investment opportunities, attract minor 

investments and providing a growth of RES share in the energy balance of the country. One 

of the objectives in the Decree was conclude the support mechanism for the RES use also in 

the remote areas with the possibility to use technologies such as solar, wind, small hydro, 

biomass, biogas and landfill gas. However, with the new rules, the amount of the investments 

to be implemented are slowly starting and remaining quite limited. The current support 

mechanism has a number of barriers for the development of the retail renewable energy 

generation. (Boute, 2016; Zhikharev, 2017) 

 

The main barriers are related to tariff setting and qualification of a generation facility. In the 

current support mechanism, the tariff can be set after actual commissioning, which means 

few years after the start of the construction. In addition, the qualification process can take 
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more than 6 months and there is no guarantee that facility will be qualified at all. In the 

support mechanism the grid operators are obliged to purchase power from qualified 

renewable power generating facilities at regulated prices. However, the mechanism does not 

specify the date and terms for conclusion of such an agreement. Moreover, network 

organization may interpret this in its own way and refuse to conclude the agreement until 

the renewable energy facility is commissioned. In addition, the volume of these purchases 

should not exceed 5 % of the expected transmission power losses. The current support 

mechanism causes risks for investors. The economic turbulence and depreciation of Ruble 

with strict local content requirements doesn’t attract investors in RES either. In order to 

qualify for the highest tariff rates and to avoid tariff penalties, there is the high level of local 

Russian-made equipment requirement. The requirement is 65 % in wind farms and small 

hydro, while in solar it’s 70 %. (Zhikharev, 2017; Lanshina et al., 2018) 

 

3.5.1 RES support for off-grid projects 
 

Russian Government is addressing the fact that the use of RES can play an important role 

against the high cost of electricity supply in remote areas. Using renewables in remote areas 

will reduce the use and imports of diesel, which will have also a positive environmental 

benefit. In addition, RES can contribute to the creation of employment in the region. (Boute, 

2016) 

 

However, important regulatory, policy and financial barriers are standing in the way of 

developing and using RES in the remote areas. The cost of RES in remote areas is higher 

than for RES projects in other more accessible regions. Another challenge is the managing 

of the variability of solar and wind energy. Storages can be used to maximise the efficiency 

of the system, although it adds the additional costs. As the electrification of isolated regions 

to the centralised network is one of the priorities of Russian electricity policy in the Far East, 

an additional challenge is related to this connection if it generates a downward revision of 

tariffs. (Boute, 2016) 

 

Off-grid installations could possibly participate on the retail market support scheme with the 

facilities below 25 MW. However, RES support mechanism on remote areas is unlikely to 

be effective in generating off-grid investments. Firstly, the support mechanism on the retail 
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market fails to guarantee investors unchanged tariffs during the payback period. Decree N47 

lacks the definition for the period of time, for which the tariffs should be set, noting only 

that the they should be long term. For example, in the off-grid projects where the CAPEX is 

high, the payback period may be as long as 20 years. Secondly, in order to receive RES 

support, RES installations need to pass the qualification requirements. The qualification is 

made by on-site audit of the installation by the electricity market regulator, which is located 

in Moscow. Great distance and difficult accessibility to remote settlements is not 

proportionate to the small size of RES facilities. Moreover, the qualification takes place after 

the commissioning of installations. The current support mechanism for off-grid RES is 

problematic from an investor’s perspective and do not motivate them. (Boute, 2016) 

 

International experience demonstrates that off-grid RES systems can provide technically 

feasible and economically sound solution to the energy challenges that remote area faces. 

Harnessing the RES potential of remote areas requires the adoption and implementation of 

specific policy and regulatory support mechanisms in order to address the specific technical, 

financial and regulatory challenges related to off-grid RES projects. The specific policy and 

regulatory support mechanism should differ from the existing support mechanism for RES 

installations to the centralised network. Alaska and Canada have had some success in the 

deployment of off-grid RES systems in the north part of the world. (Boute, 2016) 

 

According to (Boute, 2016), there are also alternative off-grid RES policy tools, which can 

be adapted. For instance, in the “Avoided cost” energy tariffs the tariffs are determined based 

on “avoided cost-method”, which means in the remote areas that the tariff for RES 

investments is based on the basis of the cost of electricity production from diesel sources. 

The investors will receive the difference between the real costs and the exiting tariffs. The 

cost of diesel generation would include the fuel and transportation costs. Moreover, the 

avoided costs can include the contribution to mitigating environmental costs. 

 

In the Energy Performance Contracting, the aim is to improve the energy efficiency and 

reduce the high costs of energy supply especially diesel use in remote areas. This would be 

done as follow example: The RES investor contacts the monopolist energy supplier and 

commits to replace a certain share of electricity produced from diesel sources with electricity 

produced from RES. The cost-savings (diesel and amount of costs) would be the financial 
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basis and RES investor will be paid until the project costs including the profit are fully paid. 

Alternatively, both parties can split the saving benefits. (Boute, 2016) 

 

Transfer of subsidies from diesel to RES. As mentioned earlier, cross-subsidisation is the 

way for the investors to recover their costs with the tariffs set below the cost-reflective levels. 

The current approach to subsidisation is not sustainable and doesn’t fit to the characteristics 

of RES investments. While waiting the structural changes, there are also alternative 

subsidisation approaches, which are possible due to Russia’s energy efficiency law and 

Russia’s policy of phasing out cross-subsidies. The federal budgetary resources can be used 

to improve co-finance regional energy efficiency improvement, such as the promotion of 

RES projects. In addition, the budgetary resources can be used to reduce the cross-subsidies 

with regional direct subsidies especially in Far East. (Boute, 2016) 

 

3.5.2 Microgeneration support scheme 
 

Nanogrid and microgrid systems would go under the Microgeneration support scheme.  

There has been a draft law about the introduction of net metering for solar and other 

renewable energy systems up to 15 kW in capacity developed by Ministry of Energy. The 

Russian Duma has recently approved the draft law and the new rules are expected to come 

into force by the end of the year of 2019 (PV Magazine, 2019). 

 

The new draft law will provide the opportunity for owners to sell surplus electricity on the 

retail markets at the tariff price around 1 RUB [0.014 €]/kWh. Although the multi-family 

residential buildings are not included. It is expected to boost the solar retail market, 

according to the Anton Usachev, president of the Russian Solar Energy Association (PV 

Magazine, 2019). However, according to (Lanshina et al., 2018) only the wealthy and 

enthusiasts will try new technologies despite the scheme is well-tuned and without much 

bureaucracy. Although (Lanshina et al., 2018) concludes that any support of RES 

microgeneration is a good one because it promotes RES among the population.  

 

The literature mentions lack of knowledge among the people and lack of sufficient skills in 

universities and personnel in energy sector as a barriers in implementing microgeneration 

technologies (Paiho & Ahvenniemi, 2017; Volkova & Kolesnik, 2012). Furthermore, the 
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lack of smart meters in Russia and low level of digitalization are additional obstacles 

(Kuznetcova, 2017). For example, smart meters are vital components in implementing 

nanogrids and microgrids. 

 

One of main obstacle for nanogrids is lack of financing and affordability issue. For example, 

the owners of the cottages or houses cannot afford to buy and install the PV panels or SSWT. 

The cottages or houses in remote areas and settlements are usually populated by senior 

citizens. In 2018, the average pension in Russia was 14 100 RUB [195 €] per month 

(Buhguru, 2018). Electric grid companies or electricity producers may offer alternative 

solutions for the grid connection and charge for example monthly for the installed nanogrid 

or microgrid system. 
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4 IMPLEMENTATION: CASE STUDY 
 

4.1  Implementation site 
 

The implementation site for the case study is a dacha located in horticultural/allotment 

society, which locates in Naziya (Putilovskoye rural settlement) in Kirovsky District of 

Leningrad Oblast in Russia (Figure 4.1). Dacha is a seasonal or year-around a cottage type 

of second home. Dachas are common in Russia and they often locate near large cities or in 

remote settlements. Dachas in horticultural/allotment society are mainly seasonal and are 

used for growing garden crops and other leisure activities by senior citizen. However, in 

Putilovskoye rural settlement, there are also people who lives permanently in these dachas 

through the whole year. 

 

 

Figure 4.1. The location of the dacha (Google Maps, 2018). 

 

“OOO RKS-Energo” is the guaranteeing electricity supplier on the territory of the Leningrad 

Region. Tariff prices for the electricity are regulated and are based on the category for the 

horticultural, gardening and cottages. In addition, tariff price depends on the time of the day: 

night (23-07) and day (07-23). Tariff prices have been increasing approximately 5 %/yr 

during the last years and the prices for the year 2019 are presented in Table 4.1 (RKS Energo, 

2019a-b). 

 

Table 4.1. Tariff prices for the year 2019 in horticultural area (RKS Energo, 2019a). 

 01.01.2019 - 30.06.2019 01.07.2019 - 31.12.2019 

Day (7-23) 4.35 RUB/kWh 0.060 €/kWh 4.49 RUB/kWh 0.062 €/kWh 

Night (23-07) 2.27 RUB/kWh 0.031 €/kWh 2.43 RUB/kWh 0.033 €/kWh 
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The dacha (Figure 4.2) was built in the mid-1990s and in the beginning of 2000s the first 

distribution lines were constructed and connected in the region by the gardening partnership. 

The current dacha is used mainly from the beginning of Spring to the end of Autumn and 

the peak of electrical consumption is in the summer that could potentially make solar PV 

installation a favourable choice of technology. In addition, night time tariff is cheaper than 

day time tariff, which favours using solar PV during the day time and grid electricity during 

the night time.   

 

 

Figure 4.2. The dacha is presented on the left and the sauna on the right. 

 

Total electrical consumption in 2017 was 184 kWh (day 152 kWh, night 32 kWh) and in 

2018 it was 517 kWh (day 437 kWh, night 80 kWh). The price paid for the electricity in 

2017 was 686 RUB [9 €] and in 2018 it was 2 048 RUB [27 €].  

 

In late 2017, the distribution cable lines around the allotment society were replaced, which 

increased the capacity of power transfer. The replacement of the cables around the allotment 

society costed 12 000 RUB [166 €] per household. The connection cost from the replaced 

distribution lines to the dacha was 6 000 RUB [83 €] covering the material (incl. cable) and 

the work for the electrician. The sudden increase in the consumption was due to this cable 

replacement, which allowed to use more and bigger loads simultaneously. In addition, the 

increase in consumption was due to additional loads such as electrical tools, which were 

used in construction work. The construction work of dacha and garden is going to continue 

in the near future. 
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The cost for the first connection in the beginning of 2000 is not available. The new dacha’s, 

which are going to be constructed in the region of the allotment society can apply for the 

electricity connection as a member of gardening partnership or by individually directly from 

the distribution grid company. In the case if gardening member makes an apply for the 

connection to new dacha, the connection cost is 6 000 RUB [83 €], which covers the material 

and the work to electrician. 

 

Table 4.2 presents the main electrical appliances, which are used currently in the cottage and 

the estimated yearly consumption of these. Table shows also whether the appliances are 

shiftable or non-shiftable. In the table, the active use of dacha is between 15.4–31.10 and 

active weeks approximately 22. 

 

Table 4.2. Main electrical appliances and estimated yearly average consumption of dacha. 

Electrical 
appliances 

Rated 
Power 
[W] 

Average 
estimation 
time [h] of 
use/day 

Length of 
use (yearly) Shiftable 

Non-
Shiftable 

Annual Energy 
consumption 
[kWh] 

Television 120 4 140 days x x 67.2 
Blender 600 0.25 50 days x   7.5 
Electric kettle 2200 0.12 150 days x x 39.6 
Microwave oven 800 0.25 140 days x x 28 
LED lamps 100 4 140 days   x 56 

LED lamps (sauna) 25 4 per week x x 1.1 

Oven/Cooker 2000 5 per week   x 220 

Refrigerator/ 
Freezer 70 12 145 days   x 121.8 

Vacuum cleaner 1400 1 per week x   30.8 

Mobile charging 
devices 20 5 140 days x   14 

Miscellaneous 
units 200 2 100 days x   40 

Additional loads 800 3 80 days   x 192 
Total           818 

 

It can be seen from the table that there are many shiftable appliances. The cooking appliances 

and lamps during the dark time are the only non-shiftable.  The additional loads are the loads 
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for constructing work such as air compressor, drill machines, saws, lawn mower, concrete 

mixer, grinder, etc. 

 

Due to absence of Smart Meter in dacha, the average monthly consumption in dacha is 

calculated from the typical load profile curve of a Finnish cottage customer with an hourly 

and 2-week indexes. Cottage’s average power consumption in a particular time calculates as 

follow 

 

𝑃 = ∗ (𝑘 ∗ 𝑘 )   (4.1) 

 

where  Pit = Customer’s i hourly rate of power at time t 

  Wi = Annual power consumption 

  hours =  Operating hours, for example 8760 h annually 

  ki2t = 2-week index for the customer i at the time t 

  kiht = hourly index for the customer i at the time t (Partanen, 2018). 

 

The 2-week indexes various from the time of the year. Hourly indexes various during the 

day and depends on the day of the week (weekday, eve, holiday).  

 

In this case study, the dacha’s annual load consumption is considered to be approximately 

800 kWh and dacha is used approximately 200 days annually, which corresponds to 4800 h 

load time of the year. Figure 4.3 shows a calculated plot of dacha’s power demand for the 

time when dacha is in active use (15.4-31.10). The Russian national holidays were 

considered in calculating and plotting load profile based on an hourly and 2-week indexes. 
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Figure 4.3. Dacha's approximated electricity demand curve based on typical load curve for cottages 
(authors calculations based on the collected data by Haakana, 2019). 

 

It can be seen from the figure that the peak consumption is approximately 0.5 kW. The 

challenge of using typical load profile is that it’s rather an estimation of load demand than 

the real load profile of the implementation site. However, typical load profile is practical to 

demonstrate the typical load demand in the implementation site. 

 

4.2 Methodology and data 
 

The PVGIS (Photovoltaic Geographical Information System) is used in this study to evaluate 

and estimate the solar electricity production of PV system. PVGIS is an online free solar PV 

energy calculator for standalone or connected to the grid PV systems and plants. PVGIS 

application calculates the monthly and yearly potential electricity generation E [kWh] of the 

PV system covering almost the whole world. (PVGIS, 2019) 

 

The HOMER Pro software is used in this study to design the power system and simulating 

different results for the chosen case study. The HOMER (Hybrid Optimization of Multiple 

Energy Resources) software is designed by the National Renewable Energy Laboratory 

(NREL) in the United States and is used for optimizing technically and financially the 
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microgrid and distribution generation design in all kind of off-grid and on-grid power 

systems. (HOMER, 2011) 

 

In order to perform calculations and simulations, the input data and parameters such as daily 

electric load profiles, equipment costs, location, discount and inflation rates, etc. should be 

fed into HOMER software, after that the software simulates and examines viable system for 

all possible combinations of the system (Nyachulue, 2018). HOMER offers catalogue of 

available technologies and components such as PV’s, converters and batteries but these 

components need capacity and cost input parameters. It’s also possible to add components 

out of the catalogue list. HOMER has a user-friendly interface and detailed sensitivity 

analysis with powerful graphical analysis (Mendes, 2018). The economic analysis in this 

case study are made based on the results of simulations made by HOMER.  

 

The economic analysis is based on LCC of the system where the all initial capital costs, 

installations costs, O&M costs are considered during its entire lifetime. HOMER software 

solves and suggests the optimal combination of system components by minimizing the 

criterion functions and considering various technical, economic and environmental 

conditions. Different combinations and configurations are compared with the following 

calculation methods. LCOE [€/kWh] is calculated as 

 

𝐿𝐶𝑂𝐸 = ,     (4.2) 

 

where  Cann,tot =  total annualized cost of the system [€/yr] 

  Eserved = total electrical load served [kWh/yr] (HOMER, 2019a) 

 

where the total electrical load served Eserved is calculated as 

 

𝐸 = 𝐸 , + 𝐸 , + 𝐸 , + 𝐸 ,   (4.3) 

 

where  Eserved,ACprim = AC primary load served [kWh/yr] 

  Eserved,DCprim = DC primary load served [kWh/yr] 

  Eserved,def = deferrable load served [kWh/yr] 
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  Egrid,sales = energy sold to the grid [kWh/yr] (HOMER, 2019a) 

 

 and where the total annualized cost of the system Cann,tot [€] is calculated as 

 

𝐶 , = 𝐶𝑅𝐹(𝑖, 𝑁) ∗ 𝐶 ,    (4.4) 

 

where  CRF() = a function returning the capital recovery factor 

  i = the annual real discount rate [%] 

  N = the project lifetime [yr] 

  CNPC,tot = the total net present cost [€] (HOMER, 2019a). 

 

The capital recovery factor CRF is calculated as follow 

 

𝐶𝑅𝐹(𝑖, 𝑁) =
( )

( )
      (4.5) 

 

where  i = real discount rate 

  N = number of years (HOMER, 2019a). 

 

The real discount rate i is calculated as follow 

 

𝑖 =      (4.6) 

 

where  i’ = nominal discount rate 

  f = expected inflation rate (HOMER, 2019a). 

 

The total net present cost (NPC) CNPC,tot is the present value of all costs (capital costs, 

replacement costs, O&M costs, fuel costs, emission penalties and the costs of buying power 

from grid) the system incurs over its lifetime, minus the present value of all the revenue 

(salvage value and grid sales revenue) it earns over its lifetime. HOMER calculates the total 

NPC by summing the total discounted cash flows in each year of the project lifetime. 

(HOMER, 2019a) 
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HOMER calculates the grid costs in a unique way. The grid O&M cost is considered as equal 

to the annual cost of buying electricity from the grid minus any income from the sale of 

electricity to the grid. The operating cost is the annualized value of all costs and revenues 

other than initial capital costs as follow 

 

𝐶 = 𝐶 , − 𝐶 ,    (4.7) 

 

where  Cann,cap = the total annualized capital cost [€/year]. (Homer, 2019a) 

 

The total annualized capital cost refers to the total initial capital cost multiplied by the CRF. 

 

4.3 Site evaluation 
 

According to (Joint Research Centre, 2012), yearly sum of global irradiation in Naziya is 

approximately 1000–1200 [kWh/m2] at optimally inclined and south-oriented PV modules 

(Figure 4.4).  

 

 

Figure 4.4. Global irradiation and solar electricity in European countries (Joint Research Centre, 
2012). 
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According to (Pyrhönen & Immonen, 2018) annual yearly sum is the highest in Saint 

Petersburg when the inclination angle is approximately 35 ° and Azimuth angle is set to 

South-East (–10…–20 °). Naziya is near Saint Petersburg but more accurate analysis and 

calculations are made in the following chapter. 

 

By introducing the latitude and longitude’s coordinate values in the HOMER software tool, 

it can generate accurate chart of the solar resource condition of the current project location. 

HOMER software generated the following chart of monthly average of GHI (Global 

Horizontal Irradiation) in the current location (Figure 4.5). GHI is the total solar radiation 

incident on a horizontal surface and it’s the sum of Direct normal irradiance (DNI), diffuse 

horizontal irradiance and ground-reflected radiation. (HOMER, 2019b) 

 

 

Figure 4.5. Monthly average of GHI for the implementation site (HOMER, 2019b). 

 

As it can be seen from the figure, the GHI is the biggest in the summer (approximately 5.5 

kWh/m2/day). However, the irradiation in the wintertime is quite minimal. Scaled annual 

average radiation for the case study is about 2.76 kWh/m2/day, which corresponds 

approximately to a yearly sum of irradiation up to 1000 kWh/m2. 

 

In order to obtain the highest electricity production, solar panels should be optimised and 

inclined. According to (PVGIS, 2017) optimal inclination angle (elevation angle) is 40…42 

° and azimuth angle near 0 ° (South-oriented), which would generate approximately 3 

kWh/m2/day for the scaled annual average radiation (Figure 4.6).  
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Figure 4.6. Annual average radiation and PV energy production at optimal angles (PVGIS, 2017). 

 

It can be also seen from the figure that optimised PV panels could generate yearly 

approximately 800–900 kWh energy with a 1 kWp system depending on the losses in the 

system. (PVGIS, 2017) 

 

The shape of the dacha’s roof is gable (set to east and to west) and it suits well for the PV 

panels (Figure 4.7). Inclination of the roof is approximately 40 °. However, there is a 

smokestack on the west side part of the roof, which decreases a little bit of the roof area for 

PV panels. Nevertheless, the east part of the roof is optimal place for PV panels when there 

is no possibility to install the panels to the south. The roof area on the east side is 

approximately 8 m * 3.5 m = 28 m2. 

 

 

Figure 4.7. The roof of cottage is gable, and inclination is approximately 40 °. 
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If the average size of the crystalline silicon PV panel is approximately 1.65 m * 1 m (rated 

power 230–250 W), the east part of the dacha’s roof could be covered with 14–16 panels in 

2 rows (7–8 PV panels per row). The peak power would vary from 3.2 kWp to 4 kWp and 

the roof area would be covered either 23 m2 or 26 m2. And although, there is a smokestack 

on the left side of the roof, it could be also covered with few PV panels, as the sun would 

shine to these panels mainly from South and West. In addition, also the sauna’s roof is 

possible to cover with PV panels, where the inclination angle is smaller.  

 

Table 4.3 plots the possible yearly PV energy production with different kind of variations. 

 

Table 4.3. Estimated yearly PV energy production in the implementation site with different variations 
(PVGIS, 2017). 

PV Panels 

PV 
installed 
[kWp] 

Total 
system 
loss [%] 

Inclination 
angle [°] 

Azimuth 
[°] 

Yearly PV 
energy 
production 
[kWh] 

Irradiation 
[kWh/m2] 

Year to 
year 
variability 
[kWh] 

14 * 230 W 3.22 23 40 0 2590 1040 140 
14 * 230 W 3.22 24 40 -90 1990 810 80 
14 * 230 W 3.22 26 0 -90 2090 870 80 
16 * 230 W 3.68 23 40 0 2960 1040 160 
16 * 230 W 3.68 24 40 -90 2270 812 90 
16 * 230 W 3.68 26 0 -90 2380 870 90 
14 * 250 W 3.5 23 40 0 2810 1040 150 
14 * 250 W 3.5 24 40 -90 2160 810 90 
14 * 250 W 3.5 26 0 -90 2270 870 90 
16 * 250 W 4 23 40 0 3210 1040 170 
16 * 250 W 4 24 40 -90 2470 810 100 
16 * 250 W 4 26 0 -90 2590 870 10 
20 * 250 W 5 23 40 0 4020 1040 220 

20 * 250 W 5 23 45 90 and -
90 3064 800 100 

20 * 250 W 5 30 42 90 and -
90 2838 810 90 

 

It can be seen from the table that the production varies a lot depending on different kind of 

variabilities. As earlier mentioned, the optimal angles for inclination would be 40 ° and 

azimuth angle would 0 ° (South). As the dacha’s roof is set to the east and west (inclination: 

40 °, azimuth: 90 ° or -90 °), only these are the relevance for the current case study. In the 
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table, the last two scenarios (20 panels) are the scenarios where extra 4 panels would be 

assembled on the east side part of the roof. So, we can conclude that 14–16 PV panels in the 

case study, could generate around 2–2.5 MWh yearly. The technical and economic analyses 

of solar power potential are presented in the following chapters.  

 

4.4 Scenarios for the case study analysis 
 

In this chapter, the equipment for the case study are considered and selected. The current 

dacha is equipped mainly with AC loads. Retrofitting current system will increase the 

installation costs. Therefore, AC nanogrid system is going to be considered in this case study. 

The scenarios for the case study are presented in Table 4.4 based on the potential scenarios 

in Russia presented in the chapter 3.4. The scenarios with the considered equipment are 

analysed with the HOMER Pro software. 

 

Table 4.4. The scenarios for the case study analysis. 

# Scenario 
1 No PV plant (base case) 

2 PV + Grid (on-grid) 

3 PV + Battery + Grid (on-grid) 

4 PV + Battery (off-grid) 
 

First scenario is a base case and refers to the current situation at dacha as there is no PV 

panels installed at the moment and uses only grid connection. Second scenario is PV with 

the grid connection in order to reduce the payments for peak hours and to reduce electric 

costs. Unused solar energy could be sold back to the grid. Third scenario is PV with battery 

and grid connection in order to improve the quality and reliability of the electricity. It also 

enables to use grid connection during night when tariff price is cheaper. Fourth scenario is 

off-grid type connection of PV and battery. It reduces the cost for the electricity and 

improves the reliability of the electricity supply. 
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4.5 Technical and economic analysis 
 

Trina Solar panels were considered in the case study because of the good reputation. Trina 

Solar modules are ranked one of the highest in reliable performance under real-world climate 

conditions. Trina Solar guarantees their modules output to be at or above its nameplate 

wattage, with an additional 10-year and 25-year linear product power output warranty (Trina 

Solar, 2017). There were also other Trina Solar panels available in the market such as TSM-

DD05A.08, but Trina TSM-275 PD05 is chosen because they are much cheaper, and they 

are also in HOMER’s PV catalogue. Trina TSM-275PD05 technical parameters are 

presented in Table 4.5. The nominal voltage of PV panel is 20 V. 

 

Table 4.5. Parameters of the PV module (Trina Solar, 2017). 

Trina Solar   
TSM-275 PD05 

Wp 
(W) 

Isc 
(A) 

Voc 
(V) 

Impp 
(A) 

Vmpp 
(V) 

ηm 
(%) 

No 
of 
cells 

NOCT 
(°C) 

Temperature 
coefficient of 
Pmax (%/°C) 

Multicrystalline 275 9.32 38.1 8.84 31.1 16.8 60 44 -0.41 
 

The consumption is small in the implementation site. Therefore, transformerless string 

inverter SMA Sunny Boy 1.5 is chosen as a converter as it’s suitable for small self-

consumption systems with the wide input voltage range. Sunny Boy is combinable with 

energy management and storage solutions. SMA has free integrated service of an automatic 

inverter monitoring analysing the operation, reporting irregulations and minimizing the 

downtime. Sunny Boy has the protective devices such as DC side disconnection point, 

ground fault monitoring, grid monitoring, DC reserve polarity protection and AC short 

circuit current capability. SMA offers features such as interfaces through WLAN/Ethernet 

and display via smartphone, tablet or laptop. In addition, SMA Sunny Boy has the OptiTrac 

Global Peak feature, which allows the operating point of the inverter to follow the optimal 

operating point of the PV array (Maximum power point, MPP) precisely at all times. The 

inverter detects several MPPs even in the case of PV systems are partially shaded. (SMA 

Sunny Boy, 2019) SMA Sunny Boy 1.5 technical parameters are presented in Table 4.6. 
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Table 4.6. Parameters of the Sunny Boy inverter (SMA Sunny Boy, 2019). 

Single-
Phase 
Inverter 

DC Max 
Input 
Power 
(W) 

Max 
Input 
Current/ 
String 
(A) 

Max 
Array 
Short 
Circuit 
Current/ 
String 
(A) 

Input 
Voltage 
(V) 

MPP 
Input 
Voltage 
range 
(V) 

AC 
Output 
Power 
(W) 

Max 
Output 
Current 
(A) 

Output 
Voltage 
(V) 

Max 
Efficiency 
(%) 

SMA 
Sunny 
Boy 1.5 3000 10 18 50-600 

160–
500 1500 7 

180–
280 97.2 

 

From the table it can be seen that to obtain sufficient input voltage from PV panels to the 

inverter, the minimum amount of PV panels should be 4 in series. And in order not to 

oversize the inverter, the maximum amount of PV panels should be 7. 

 

Due to lack of smart meter in the implementation site, the SMA Sunny Home Manager 2.0 

is considered as a controller/Smart Meter for the system. Sunny Home Manager monitors all 

energy flows in the home, identifies automatically potential savings and uses solar energy 

efficiently. Sunny Home Manger optimizes PV self-consumption and reduces the electricity 

costs by scheduling the distribution of solar power among the household appliances.  It also 

includes an integrated Energy Meter to monitor the properties import/export. Energy Meter 

is fast bidirectional single- or three-phase meter used to measure ingoing or outgoing power 

of the grid. (SMA Sunny Home Manager 2.0, 2017) 

 

Sunny Island 3.0 M was chosen as Battery inverter because it’s compatible with many well-

known brands of Li-ion battery and lead-acid batteries. In addition, it enables off-grid use. 

Sunny Boy Storage 2.5 as a battery inverter could have been another option but it would 

have required much higher minimum battery capacity (6.4 kWh). The technical parameters 

of Sunny Island inverter 3.0 M are presented in Table 4.7. Sunny Island’s AC power at 25 °C 

for 30 min is 3 kW. Sunny Island can operate at single- and three-phase systems. (SMA 

Sunny Island, 2014) 
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Table 4.7. Parameters of the Sunny Island inverter (SMA Sunny Island, 2014). 

Battery Inverter 

AC Max 
Input 
Power 
from 
Grid 
(kW) 

Battery 
DC Input 
Voltage 
Range 
(V) 

Max AC 
Input 
Current 
(A) 

Max DC 
Charging 
Current 
(A) 

Rated 
Power at 
Stand-
Alone 
Operation 
(W) 

Rated 
Input 
Voltage 
(V) 

Max 
Efficiency 
(%) 

Sunny Island 3.0 M 11.5 41–63 50 51 2300 230 95.5 
 

Li-ion batteries were considered for the case study because they are more advantageous in 

solar PV system than lead-acid and they have better round-trip efficiency. Based on the 

approved Li-ion batteries list, the BYD battery (LiFePO4) was selected for the case study. 

Table 4.8 presents the technical parameters of the BYD battery. 

 

Table 4.8. Parameters of the BYD Battery (BYD Battery, 2019). 

BYD Battery  
B-Box Pro 
(50 Ah) 

Capacity 
(kWh) 

Max 
Output 
Power 
(kW) 

DC 
Voltage 
Range 
(VDC) 

Nominal 
Voltage 
(VDC) 

Ambient 
Temperature 
(°C) 

Weight 
(kg) 

Round 
Trip 
Efficiency 
(%) 

LiFePO4 2.56 2.56 43.2–56.4 51.2 -10…+50 79 ≥ 95.3 
 

The peak output power for the 30 sec is 5.12 kW. The BYD battery B-Box 2.5 can be scaled 

from 2.56 kWh up to 81.92 kWh. There are also battery modules (2.56 kWh) available, 

which could be added to the box to increase the capacity (BYD Battery, 2019). 

 

The block diagram with considered equipment is shown in Figure 4.8.  
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Figure 4.8. Block diagram with considered equipment for the case study. 

 

The Sunny Island 3.0 M and BYD Battery is connected to the nanogrid in those scenarios 

where the battery is considered to be. The grid is not connected in the off-grid scenario.  

 

The economic parameters for the case study are presented in Table 4.9. 

 

Table 4.9. Economic parameters and cost breakdown of the system (Pyrhönen & Immonen, 2018; 
Europe Solar Store, 2019). 

Parameter Value 

Project lifetime 25 a  
Discount rate 7.92 %  
System degradation rate 0.75 %  

Cost of PV module [275 W] 121 €/unit 440 €/kW 

Cost of inverter [1.5 kW] 539 €/unit 359 €/kW 

Cost of controller / smart meter 529 €/unit  
Cost of battery inverter [2.3 kW] 1 829 €/unit 795 €/kW 

Cost of LiFePO4 battery [2.56 kWh] 1 453 €/unit 568 €/kWh 
Installation cost 200 €  
O&M cost 20 €/a   
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According to the Central Bank of the Russian Federation, the discount rate should be at least 

7.75 % (Central Bank of Russia, 2019). 7.92 % is based on the equation 4.6. In order to 

obtain minimum real discount rate, nominal discount rate is considered 9 % and expected 

inflation rate 1 %. The lifetime of inverters and batteries is considered to be 15 years, which 

means they will need to be replace at least once (Pyrhönen & Immonen, 2018). System 

degradation rate is considered to be 0.75 % because Trina Solar panels are ranked one of the 

reliable panels in the market.  The installation cost includes the cost of other electronics such 

as cables, fuses, etc. and the cost for the electrician. The O&M costs are considered to be 

20 €/a because in small solar systems there is not much maintenance work needed (Pyrhönen 

& Immonen, 2018). 

 

4.5.1 Input parameters for HOMER Pro 
 

This chapter reviews the input parameters for HOMER Pro based on the economic and 

technical parameters presented in the previous chapters. The implementation site for the case 

study is a dacha located in Naziya, the longitude is approximately 31.5 and latitude 

approximately 59.5. The scenarios are going to be analysed with the following schematic 

(Figure 4.9). 

 

 
Figure 4.9. Schematic model for the Case study simulation. 

 

TSM-275 illustrates the Trina Solar PV panels and SMA 1.5 illustrates the Sunny Boy 

Inverter. The Li-ion illustrates the composite of Battery Inverter and BYD Battery. 
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The project lifetime in economics input parameter is considered 25 years. In order to obtain 

the minimum real discount rate (7.75 %), nominal discount rate was considered 9 % and 

expected inflation rate 1 % (see Equation 4.6). 

 

The grid input parameters are presented in Figure 4.10. The scheduled input parameters are 

based on the tariff prices presented in Table 4.1. 

 

 

Figure 4.10. Scheduled grid input parameters in HOMER. 

 

The grid sellback price 0.014 €/kWh is based on the news presented in the chapter 3.5.2 that 

net metering is considered to be activated during the year 2019. 

An additional input parameter for the grid price is the increase of the tariff price 5 % annually 

based on previous year’s tariff prices (RKS Energo, 2019b). 

 

The load demand [3.5 kWh/day] is based on the load profile calculated in the chapter 4.1 

(see Figure 4.3). Figure 4.11 illustrates the load demand during the whole year. The annual 

consumption is 1280 kWh, the average consumption is 0.15 kW/h and the peak demand is 

0.56 kW. 
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Figure 4.11. Load demand during the whole year with 3.5 kWh demand/day. 

 

The annual average demand [kWh/day] can also be scaled. The case study will use also 

2 kWh/day (730 kWh annual consumption) demand to illustrate the differences. The load 

demand is considered to increase 0.5 % annually. 

 

The input parameters for the PV panels are presented in Table 4.10. 

 

Table 4.10. Input parameters for PV modules. 

Input parameter   Value 

Panel Slope 40 ° 
Panel Azimuth -90 ° 
Ground Reflectance 20 % 
Temperature effects on power -0.41 %/°C 
NOCT 44 °C 
Efficiency at standard test conditions 16.80 % 
Derating Factor 85 % 
Time 25 a 
O&M 20 €/year 

Capacity and Capital 

1.1 kW 684 € 
1.375 kW 805 € 
1.65 kW 926 € 

1.925 kW 1 047 € 
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The panel slope and azimuth angles are based on the dacha’s roof, which is set to east (-90 °) 

at approximately 40 ° inclination. The O&M costs are added in the PV panel input 

parameters. The installation costs [200 €] are added to the capital cost of considered amount 

of PV modules.  

 

The input parameters for the Sunny Boy inverter are presented in Table 4.11. 

 

Table 4.11. Input parameters for Sunny Boy inverter. 

Input parameter Value 

Lifetime  15 a 
Efficiency  96 % 
Capacity and Capital 1.5 kW 1 068 € 
Replacement   539 € 

 

As earlier mentioned, the lifetime of inverter is considered to be 15 years. The efficiency is 

considered to be little lower because of an additional inverter. The initial capital cost 

[1 068 €] is a sum of total cost of Sunny Boy inverter and smart meter/controller. The 

replacement cost is only for the inverter replacement. 

 

The input parameters for the Battery are presented in Table 4.12.  

 

Table 4.12. Input parameters for Battery. 

Input parameter   Value 

Nominal voltage 51.2 V 
Nominal Capacity 2.56 kWh [50 Ah] 
Roundtrip efficiency 90 % 
Maximum Charge Current 35 
Maximum Discharge Current 50 A 
String Size 1.00 % 
Initial State of Charge 100 % 
Minimum State of Charge 20 % 
Lifetime 15 a 

Capacity and Capital 
1 qty @ 2.56 kWh 3 282 € 
2 qty @ 5.12 kWh 4 465 € 

Replacement 
1 qty @ 2.56 kWh 3 282 € 

2 qty @ 5.12 kWh 4 465 € 
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The capital costs includes also the costs for the battery inverter. For example, 1 quantity of 

battery includes 1 battery and 1 battery inverter, 2 quantity of batteries include 2 batteries 

and 1 battery inverter. The roundtrip efficiency is considered the multiplication of both 

efficiencies. The lifetime of both is considered to be 15 years. 

 

4.6 Results of the scenarios 
 

4.6.1 No PV plant (base case) 
 

The first scenario without the PV panels is the current situation in dacha. Figure 4.12 presents 

the annual grid purchases with consumption rate of 2 kWh/day and without price or 

consumption increase 

 

 

Figure 4.12. Annual grid purchases with the consumption rate of 2 kWh/day, tariff price increase 
0 %, consumption increase 0 %. 

 

Figure 4.13 presents the annual costs of buying the electricity from the grid for the next 25 

years when the tariff price is increasing 5 % annually. The total cumulative cost during 

project lifetime is 1 850 € for buying the electricity from the grid. 
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Figure 4.13. Annual costs for buying the electricity from the grid with the consumption rate of 
2 kWh/day, tariff price increase 5 %/year, consumption increase 0 %. 

 

Figure 4.14 presents the consumption curve when consumption is rising 0.5 % yearly. 

 

 

Figure 4.14. Consumption curve with the consumption rate of 2 kWh/day and consumption increase 
0.5 %/year. 

 

Table 4.13 summarises the main results with different kind of variables. 
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Table 4.13. Input parameter variation impact on results. 

Input parameters Results     

Average 
Consumption 
[kWh/day] 

Grid Price 
Grow 
[%/year] 

Consumption 
Grow 
[%/year] 

Consumption 
1st year 
[kWh/year] 

Consumption 
25th year 
[kWh/year] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

2 5 0 730 730 660 0.084 1 850 
2 5 0.5 730 820 690 0.085 1 990 
3 5 0.5 1100 1230 1 040 0.085 2 980 
3.5 5 1 1280 1630 1 290 0.086 3 760 
8 5 0.5 2920 3290 2 780 0.085 7 950 

 

From the table it can be seen that the LCOE is approximately 0.085 €/kWh when using only 

the grid connection. In this base case scenario, the connection cost was not included. 

 

4.6.2 PV + Grid (on-grid) 
 

In this scenario, the PV panels are installed in the roof without batteries. The total amount 

of PV panels for the system is considered to be 4–7. The PV panels are considered to be 

installed on the east side part of the roof. 

 

Table 4.14 presents the main results of the PV and grid connection. In the table, the energy 

production, energy purchased, energy sold, and renewable fraction are the average results 

during the project lifetime. 

 

Table 4.14. Results of PV + Grid connection. 

Input parameters Results 

Load 
Demand 
[kWh 
/day] 

Load 
Demand 
[kWh 
/yr] 

PV 
panels 
[kWp] 

Production 
[kWh/yr] 

Energy 
Purchased 
[kWh] 

Energy 
Sold 
[kWh] 

Renewable 
Fraction 
[%] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

2 730 

1.1 860 440 490 65 2 230 0.162 3 010 
1.38 1080 420 680 71 2 290 0.145 2 960 
1.65 1290 400 860 76 2 350 0.132 2 940 
1.93 1510 380 1060 79 2 430 0.121 2 940 

3.5 1280 

1.1 860 900 370 48 2 670 0.144 4 320 
1.38 1080 850 520 55 2 650 0.131 4 040 
1.65 1290 810 690 61 2 650 0.12 3 820 

1.93 1510 780 860 65 2 690 0.111 3 680 
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The lowest NPC with the consumption rate of 2 kWh/day is achieved with 1.1 kWp system. 

Closer look at the considered system is presented in the next figures where Trina Honey or 

TSM-275 refers to the PV panels. Figure 4.15 illustrates the closer look at the cost of the 

system. 

 

 
Figure 4.15. Cost summary of the system by component with the consumption rate of 2 kWh/day 
and 1.1 kWp PV system. 

 

It should be noticed that salvage has been done with the Sunny Boy inverter. Figure 4.16 

presents the cash flow during the project lifetime by cost type. 

 

 
Figure 4.16. Cash flow summary of the system by cost type with the consumption rate of 2 kWh/day 
and 1.1 kWp PV system. 
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Figure 4.17 presents the main electrical results in the year 1. 

 

 
Figure 4.17 Main electrical results in the year 1 with the consumption rate of 2 kWh/day and 1.1 
kWp PV system. 

 

Figure 4.18 presents the main electrical results in the year 25 with the increases of tariff price 

and load demand and the degradation of the system. 

 

 
Figure 4.18. Main electrical results in the year 25 with the consumption rate of 2 kWh/day, 1.1 kWp 
system, tariff price increase 5 %/year, load demand increase 0.5 %/year and system degradation 
0.75 %/year. 



 
 
 

92

From the figures it can be seen that grid connection is needed especially in the autumn and 

the need grows during the project lifetime due to degradation of the system. Figure 4.19 

presents the purchased and sold energy from/to grid in the 1st year (left) and in the 25th year 

(right). 

 

 

Figure 4.19. Purchased and sold energy from/to grid with the consumption rate of 2 kWh/day and 
1.1 kWp system. 

 

It can be seen from the figure that annual cost for the grid purchases/sells in the 1st year is 

only 3 € when in the 25th year it has grown up to 38 €. Figure 4.20 presents the purchased 

and sold energy from/to grid during the day and 1st year. 

 

 

Figure 4.20. Purchased and sold energy from/to grid during the day and year with the consumption 
rate of 2 kWh/day and 1.1 kWp system. 

 

It can be seen from the figure that the system uses solar power mainly from 6 am until 18 

pm and grid connection outside of the timescale. 

 

4.6.3 PV + Battery + Grid (on-grid) 
 

Table 4.15 presents the main results of the PV, battery and grid connection 
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Table 4.15. Results of PV + Battery + Grid connection. 

Input parameters Results 

Load 
Demand 
[kWh / 
day] 

Load 
Demand 
[kWh / 
yr] 

PV 
panels 
[kWp] 

Production 
[kWh/yr] 

Energy 
Purchased 
[kWh] 

Energy 
Sold 
[kWh] 

Annual 
Through
put of 
Battery 
[kWh/yr] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

2 730 

1.1 860 440 490 1.6 6 400 0.465 8 480 
1.38 1080 420 670 9.6 6 460 0.41 8 440 
1.65 1290 400 860 2 6 520 0.365 8 410 
1.93 1510 380 1050 4.6 6 590 0.33 8 410 

3.5 1280 

1.1 860 900 360 1.6 6 840 0.37 9 790 
1.38 1080 850 520 10.2 6 820 0.337 9 520 
1.65 1290 810 690 2 6 820 0.308 9 290 

1.93 1510 780 860 4.6 6 850 0.285 9 150 
 

From the table it can be seen that the addition of batteries does not much affect to energy 

purchases and sells to the grid, but the total costs increase dramatically. Next figures will 

illustrate the closer look at the 1.38 kWp system with 2 kWh/day demand. Figure 4.21 

presents the battery’s state of charge. 

 

 
Figure 4.21. Battery State of Charge with the consumption rate of 2kWh/day and 1.38 kWp system. 
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The figure illustrates that battery is at first attempted to charge to the initial state of charge 

and after that it’s kept at the minimum state of charge (20 %). According to Homer Pro’s 

Battery control (HOMER Battery Control, 2016), the battery control decisions are based on 

the economics. Homer charges and discharges the batteries when that is the lowest-cost way 

to meet the load. This means that Homer uses grid connection to purchase and sell the PV 

generated electricity because it is the most economical way to do. 

 

Figure 4.22 illustrates the cost summary for the 1.38 kWp system with the consumption rate 

of 2 kWh/day. 

 

 
Figure 4.22. Cost summary of the 1.38 kWp system with the consumption rate of 2 kWh/day. 

 

Figure 4.23 presents the results of electrical details for the same system.  
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Figure 4.23. Main electrical results in the 1st year with the 1.38 kWp system and consumption rate 
of 2 kWh/day. 

 

Figure 4.24 illustrates the grid purchases vs. grid sales. 

 

 
Figure 4.24. Grid purchases vs grid sales with the consumption rate of 2 kWh/day and 1.38 kWp 
system. 
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Adding the battery to the system almost triples the NPC and LCOE compared to the PV + 

Grid scenario. From the Figures 4.23 and 4.24 it can be seen that PV system sells mostly the 

PV generated electricity during the spring. In the autumn the amount of grid sales decreases. 

 

HOMER Pro software uses the grid connection instead of charging/discharging the battery 

due to economic benefits. However, the battery enables the reliability and quality of 

electricity supply. Battery could be used during power outages as the 2.56 kWh battery 

enables 23.2 hours of autonomy. Nanogrid controller can set the dispatch strategy either to 

charge battery first or to use grid connection. 

 

4.6.4 PV + Battery (off-grid) 
 

This scenario is off-grid type connection with PV panels and battery. Table 4.16 presents the 

results of off-grid type connection. 

 

Table 4.16. Results of off-grid connection. 

Input parameters Results 

Load 
Demand 
[kWh / 
day] 

Load 
Demand 
[kWh / 
yr] 

PV 
panels 
[kWp] 

Production 
[kWh/yr] 

Unmet 
Load 
[kWh/yr] 

Excess 
Elec 
[kWh/yr] 

Annual 
Throughput 
of Battery 
[kWh/yr] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

2 730 

1.1 860 260 300 200 6 280 1.12 8 080 
1.38 1080 210 460 230 6 400 1.04 8 200 
1.65 1290 170 630 250 6 520 1.00 8 320 
1.93 1510 140 820 260 6 640 0.979 8 440 

3.5 1280 

1.1 860 770 230 150 6 280 0.964 8 080 
1.38 1080 670 340 190 6 400 0.852 8 200 
1.65 1290 600 470 230 6 520 0.788 8 320 
1.93 1510 540 620 260 6 640 0.748 8 440 

 

From the table it can be seen that the NPC is over 6000 € and the LCOE is around 1 €/kWh 

with the consumption rate of 2 kWh/day. The autonomy with the consumption rate of 2 

kWh/day is 23.2 hours and 13.2 hours with the 3.5 kWh/day load demand.  It can be also 

seen that there is capacity shortage and excess electricity. Figure 4.25 presents the electrical 

detail results for the 1.65 kWp system. 
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Figure 4.25. Main electrical results in the 1st year with the consumption rate of 2 kWh/day and 
1.65 kWp system. 

 

Figure 4.25 illustrates that there is 180 kWh/year capacity shortage in the 1st year. During 

the project lifetime it increases to 300 kWh/year. It can be also seen from the figure that the 

amount excess electricity is huge. Figure 4.26 presents the closer look at surplus vs. unmet 

electricity. In the figure, the black colour illustrates the load demand, green illustrates the 

excess electricity and the red illustrates the unmet load. 

 

 

Figure 4.26. Excess electricity vs unmet load with the consumption rate of 2 kWh/day, 1.65 kWp 
system and 2.56 kWh battery capacity. 
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From the figure it can be seen that the main surplus electricity production is in the spring 

when the dacha is not under use. The unmet load is mainly on the autumn when the PV 

production is smaller due to lower amount of sunshine. See Appendix I for the better 

resolution of excess electricity vs unmet load in the summer. Figure 4.27 presents the surplus 

vs unmet electricity in the case there would be 5 batteries with 2.56 kWh capacity each (12.8 

kWh total). 

 

 

Figure 4.27. Excess electricity vs unmet load with the consumption rate of 2 kWh/day, 1.65 kWp 
system and 12.8 kWh battery capacity. 

 

It can be concluded that even the increase of battery capacity would not help to satisfy the 

load demand in the autumn. NPC would increase to 12 500 € and the LCOE to 1.75 €/kWh. 

Although the autonomy would increase to 116 hours.  

 

Table 4.17 summarizes the economic results of the presented scenarios. 
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Table 4.17. Summary of results of case study scenarios. 

Input parameters Results 

Scenario 

Demand 
[kWh 
/day] 

PV panels 
[kWp] 

Production 
[kWh/yr] 

Energy 
Purchased 
[kWh] 

Energy 
Sold 
[kWh] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

Grid (base) 
2     780   690 0.085 1 990 

3.5     1360   1 220 0.085 3 490 

PV + Grid 
(on-grid) 

2 

1.10 860 440 490 2 230 0.16 3 010 

1.38 1080 420 680 2 290 0.15 2 960 

1.65 1290 400 860 2 350 0.13 2 940 

1.93 1510 380 1060 2 430 0.12 2 940 

3.5 

1.10 860 900 370 2 670 0.14 4 320 

1.38 1080 850 520 2 650 0.13 4 040 

1.65 1290 810 690 2 650 0.12 3 820 

1.93 1510 780 860 2 690 0.11 3 680 

PV + Grid 
+ 2.56 kWh 

Battery 
(on-grid) 

2 

1.10 860 440 490 6 400 0.47 8 480 

1.38 1080 420 670 6 460 0.41 8 440 

1.65 1290 400 860 6 520 0.37 8 410 

1.93 1510 380 1050 6 590 0.33 8 410 

3.5 

1.10 860 900 360 6 840 0.37 9 790 

1.38 1080 850 520 6 820 0.34 9 520 

1.65 1290 810 690 6 820 0.31 9 290 

1.93 1510 780 860 6 850 0.29 9 150 

PV + 
2.56 kWh 
Battery 

(off-grid) 

    
Production 
[kWh/yr] 

Unmet 
Load 
[kWh/yr] 

Excess 
Elec 
[kWh/yr] 

NPC 
[€] 

LCOE 
[€/kWh] 

Cumulative 
Cost [€] 

2 

1.10 860 260 300 6 280 1.12 8 080 

1.38 1080 210 460 6 400 1.04 8 200 

1.65 1290 170 630 6 520 1.00 8 320 

1.93 1510 140 820 6 640 0.98 8 440 

3.5 

1.1 860 770 230 6 280 0.96 8 080 

1.38 1080 670 340 6 400 0.85 8 200 

1.65 1290 600 470 6 520 0.79 8 320 

1.93 1510 540 620 6 640 0.75 8 440 

 

From the table it can be concluded that the grid connection is the most techno-economic 

solution to use. However, the grid scenario does not take into account the connection costs, 

which have been paid earlier. 
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4.7 Sensitivity analysis 
 

In Figure 4.28, the electricity production from PV panels is plotted on the surface plot 

superimposed with unmet load. Load demand/day is taken along y-axis and PV panel’s 

azimuth angle along x-axis. The electricity production plot is from 1.65 kWp system. 

 

 

Figure 4.28. PV electricity production plot on surface plot superimposed with unmet load, load 
demand is taken along y-axis and azimuth angle along x-axis. 

 

It can be seen from the figure that if assembling PV panels near to south (0 °), the production 

from PV panels can reach up to 1700 kWh annually. However, it can also be seen that the 

decrease in amount of unmet load is not that significant. Although, it will produce more 

excess electricity, which can be sold or stored. For example, assembling PV panels to 0 ° 

azimuth angle with 1.65 kWp system and with the consumption rate of 2 kWh/day, the NPC 

would drop to 2300 € and LCOE to 0.104 €/kWh. 

 

The NPC is superimposed and plotted on the optimal system type plot (Figure 4.29). Load 

demand/day is taken along y-axis and nominal discount rate along x-axis. According to 

HOMER’s optimization, HOMER shows top-ranked systems according to the NPC 

(HOMER, 2019a). 
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Figure 4.29. Optimal system plot of superimposed NPC, load demand is taken along y-axis and 
nominal discount rate along x-axis. 

 

The grid’s NPC increases with lower discount rate due to HOMER’s grid O&M cost 

calculations as in chapter 4.2 presented. Hence, the increase in load demand [kWh/day] with 

the decrease of nominal discount rate [%] increases the economic feasibility of solar power 

system. For instance, the off-grid (1.1 kWp PV + 2.56 kWh Battery) system’s LCOE 

decreases to 0.59 €/kWh from 1.34 €/kWh. 

 

The NPC is plotted on the surface plot superimposed with LCOE, as shown in Figure 4.30. 

Lifetime of battery is taken along y-axis and capital cost multiplier along x-axis. The plot is 

from PV + Grid + Battery connection with the consumption rate of 2 kWh/day and 1.96 kWp 

system. 
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Figure 4.30. NPC plot on surface plot superimposed with LCOE, lifetime of battery is taken along 
y-axis and capital cost multiplier along x-axis. System of 1.96 kWp PV + Grid + Battery connection 
with the consumption rate of 2 kWh/day. 

 

It can be seen from the figure that the decrease in capital cost of battery and the increase in 

lifetime of battery could make PV + Grid + Battery connection type as a feasible solution. 

The LCOE would be reduced to 0.11 €/kWh in the case if the cost of battery would be 

dropped to quarter of the original capital cost and the lifetime would be increased to 25 years. 
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5 DISCUSSION AND CONCLUSIONS 
 

The centralized traditional power grid is one of the greatest infrastructures and has been 

supplying the electricity to millions of users. The challenges the centralized traditional grid 

now is facing are the environmental concerns (greenhouse gas emissions), rising electricity 

demand and the outdated grid infrastructure with transmission losses and power outages. 

Nanogrids offer potential to overcome these issues. Controlled distributed generation power 

systems such as nanogrids and microgrids has clearly potential to be one of future’s scenarios 

by utilising the renewable energy sources (RES) such as PVs and SSWT locally near 

customer. By supporting the RES, nanogrid would increase the efficient use of residential 

sized distributed generation.  

 

5.1 Nanogrids 
 

Integrating nanogrid networks into the existing distributions grids can reduce the large sums 

of investments in replacing the traditional grids and central power plants. Nanogrid offers 

benefits such as improving the reliability of the energy supply, increasing the quality of 

service by reducing voltage variations and enhancing the efficiency in the system by 

reducing the losses by generating power near at the loads and customers. Furthermore, it’s 

environmentally friendlier and provides economic benefits related to buying or selling of 

ancillary services. For consumers, nanogrids could increase the financial benefits by meeting 

the power demand locally and selling the overproduced power to the local distribution grid.  

This can be done by using nanogrid controller with DSM and SSM techniques, which can 

match better house’s supply and load curves. 

 

Regarding the concerns of population without access to electricity, nanogrids could play a 

key role in socio-economic development by electrifying the rural and remote areas as 

nanogrids are capable running on islanded mode. Moreover, nanogrids can be interconnected 

and aggregated into microgrids, which could serve multiple of houses or buildings. This 

would secure the power balance by sharing the power between houses. Furthermore, 

nanogrids/microgrids can provide resilient electricity during power outages by 

disconnecting from the local distribution grid. However, compared to microgrid, nanogrid 



 
 
 

104

has better potential to attract the investors as it faces less barriers. Furthermore, nanogrid is 

less complex, much cheaper and the relative size is referred to single house or building.  

 

Nanogrid has ability to operate AC, DC or hybrid modes. Its power architecture consists of 

components such as local power generator, converters, energy storage, local loads and 

nanogrid controller. There is still debate between AC and DC power systems, but researches 

are favouring the DC system because of the better efficiency as the AC-DC and DC-AC 

conversions products the biggest losses. In addition, the main components of the system and 

modern applications such as EV, computer and entertainment devices, LED lightning, and 

PoE use DC voltage, which would create better opportunity to control of energy flow and 

peak demands leading to economic cost savings. However, current houses are using mainly 

AC loads, which leads to situation that current houses will require modifying AC loads to 

function on DC power or replacing AC loads with DC loads. Retrofitting current AC 

powered houses will increase initial capital costs and the better efficiency of DC power 

system will come negative in the long run. However, the electronic devices operating in DC 

power are increasing in the buildings. Retrofitting issues are related only to current houses 

or buildings, if designing new buildings or residential complex, DC powered system can 

come into consideration for the efficient home of the future.  

 

There are two major disadvantages in nanogrids which prevents its widespread integration 

into residential and commercial properties. The first disadvantage relates to the intermittent 

of renewable power output. Because solar and wind power are dependent on weather, the 

output power fluctuates and causes variations at timescales from minutes to hours and 

multiple days as well as across the years. This kind of intermittency can prevent the 

consumers investments in RES as most consumers expect power instantaneously. Due to 

fluctuations, nanogrid may be forced of buying power from the distribution grid or having 

alternative power sources e.g. diesel generator or energy storage, which increases the 

financial costs. In some countries such as Finland and Russia, PV panels produces power 

mainly in summer, which means that there is need for another source of power during winter. 

For example, nanogrid system could include SSWT as source or having a hybrid system 

structure. 
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The second major disadvantage is the need for initial capital in order to install RES. Lengthy 

payback times before seeing any financial benefit may also prevent the investments. The 

feed-in tariffs or offsetting the set up costs could increase the amount of implementation 

projects. However, there are a number of countries, which do not offer these. Moreover, 

buyback prices from unused PV power sold back to the grid is lower than the price of power 

purchased from the local distribution grid. Retrofitting the current house or adding the 

energy storage to the system increases the initial capital costs. Although, energy storages are 

optional in nanogrids, they would add the stability in the system. The price of energy storages 

is dropping, but so far, they are still quite expensive with limited lifetime. However, forecasts 

estimate that the capital costs of energy storages will decrease with an addition improvement 

in cycle life. Hence, Li-ion batteries are seen an ideal candidate in future for solar home 

systems especially in rural areas. The high initial capital costs can be reduced by having an 

optimal sizing process of a system and sizing method can be intuitive, numerical or 

analytical. 

 

5.2 Implementing nanogrids in Russia 
 

One of the countries having a great potential for RES is Russia, although the share of RES 

in overall electricity production is quite low. Russian electricity system is highly dependent 

on fossil fuels such as natural gas and coal, which is an environmental cost for Russia. 

Current electricity supply in Russia is described being inefficient due to overestimated 

demand forecasts, which led to capacity oversupply and low capacity factor of the power 

plants. Moreover, there are regional energy systems in the Far East, which are isolated or 

have weak connections with the national grid and work separately from the UES. These 

technically isolated regions with low demand are significant part of the Russian territory, 

which could create a market for nanogrids and microgrids. 

 

One of challenges Russia is facing in near future in the power industry is the need for 

replacing old generation especially CHPs as they are approaching the end of their operational 

lifetime. Currently new technologies such as distributed energy resources (DER), demand 

response, distributed storage, etc., which could contribute in eliminating the capacity 

shortage in future, are not included in Russian’s long-term plans and in official documents. 

The DER including nanogrids and microgrids could reduce the costs of the grid and large-
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scale development by adding the capacity locally. Furthermore, nanogrids could improve the 

efficiency, increase the reliability, increase the competitiveness, reduce the grid electricity 

losses, reduce the emissions and improve the attractiveness of Russian electricity sector for 

investors.  

 

In Russia, electricity is traded in two different market levels, wholesale electricity and 

capacity market and retail market. The nanogrids and microgeneration would go under the 

retail market. However, implementing nanogrids and so-called microgeneration in Russia 

would have a consequence for all parts of the energy market (energy consumer, electricity 

producer and grid company). For the energy consumer, nanogrids could reduce costs for 

connection, power and capacity. In addition, the reliability and security of electricity supply 

will increase. The risks for the energy user could relate to the erroneous planning, 

engineering or implementation with an addition risk for high investment and additional costs. 

The potential benefits for the electricity producers are the possible profits from co-working, 

while the risks are that there will be reduced demand for capacity plants and reduced revenue 

in the wholesale market. The potential benefits for electric grid companies could be the 

opportunities to create new business core and increased number of connections. However, 

the risks are seen that transferred electric power via existing grid will reduce so as revenue 

and traditional investment projects. 

 

The potential sites for the nanogrids in Russia are the houses and buildings with small 

capacity such as detached houses, summer cottages (dacha), office buildings and military 

services especially in the remote and isolated areas. In addition, the allotment societies could 

be a potential market for the microgrids with multiple of nanogrids. The nanogrid types in 

these potential sites could be AC, DC or hybrid structures using the RES such as PV, Wind 

or other local resources. The hybrid structure including the non-renewable energy sources 

such as Diesel generators, could be feasible in remote and isolated areas. 

 

The renewable energy potential is considerable in remote and isolated regions, which rely 

highly on diesel sources for energy production and Russia has large number of these island 

energy systems and remote settlements. Using RES locally would be reasonable and 

sustainable. Electricity generation from diesel is not just expensive due to transportation but 

causes also environmental problems. On the other hand, the reliability and security of 
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electricity supply is important in Arctic areas due to climatic conditions. However, tariffs 

for the electricity are kept below the real cost of production in order to ensure affordable 

access to electricity. This kind of cross-subsidisation where the authorities compensate the 

losses for the electricity producers is not sustainable. Utilising the local energy sources by 

switching from diesel generators to wind- or solar-diesel hybrid energy could be an efficient 

solution to reduce high cost of grid extension and reduce the fuel transportation costs in an 

environmentally friendlier way.  

 

Despite the huge potential of renewable energy in Russia, there are few obstacles in 

developing and supporting the RES. First obstacle for RES development is abundance in 

fossil fuels and reliance on revenues from them. The capital cost for solar generation can be 

much more expensive than the generation from fossil fuels. Although, renewable energy 

technologies can be also competitive and even cheaper in places with abundant wind and 

sunshine. Second obstacle is the lack of regulation and support mechanism on the retail 

market. The current support mechanism on the retail market causes risks for the investors as 

the tariff is determined after the actual commissioning, meaning few years after the start of 

the construction. Moreover, the qualification process can take more than 6 months with no 

guarantee that project will be qualified at all. Furthermore, the strict local Russian-made 

equipment requirement decreases the possibilities to RES implementation as the local market 

in Russia is not that huge and it’s more expensive.   

 

Russian Government is acknowledging the fact that RES could be feasible solution in remote 

areas in order to decrease diesel use and the high cost of electricity. However, the lack of 

regulatory support and the qualification requirements do not attract the investors. There are 

several international off-grid RES deployments, which have been successful in remote areas, 

which shows they can be techno-economically feasible. However, the policy tools for off-

grid RES in Russia should be updated and adapted before they can be attractive. This study 

presented these alternative policy tools, which could decrease the use of diesel and decrease 

also the fuel and transportation costs. 

 

DER with small capacity such as nanogrids goes into the microgeneration support scheme, 

which contains net metering up to 15 kW. The current draft law about microgeneration 

support is well-tuned and going to be commissioned by the end of the year 2019. It’s 
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expected to boost the solar retail market as it provides opportunity to sell surplus electricity 

on the retail markets at the tariff price around 1 RUB [0.014 €]/kWh. However, the main 

obstacle for the nanogrids is lack of financing and affordability as the solar panel systems 

requires high initial capital and the payback times might be long. Hence, there is need for 

alternative solutions to promote the RES for the houseowners as so far it will be possible 

only for the wealthy people.  

 

5.3 Case study results 
 

The case study examined the possibilities and feasibility to implement nanogrid system in 

Russia. The implementation site for the case study was a dacha located in allotment society, 

which locates in Naziya. The current dacha is used mainly in the summer, which makes a 

solar PV installation as a favourable choice of technology. Trina Solar PV panels with SMA 

inverters were considered for the system because of the small consumption during the year. 

There were also possibilities to use, Fronius inverters for example, but they are more suitable 

for the bigger load demands. While, the Russian-made equipment would have been much 

more expensive with smaller market selection. The 4 scenarios of a case study were 

simulated and analysed with the help of HOMER Pro simulation software. The scenarios 

were analysed with consideration that net metering support has come into force. 

 

The results of the case study revealed that in current situation dacha’s most techno-economic 

solution is to continue to use the current grid connection, despite the annual tariff price and 

load demand increase consideration. Because the connection fees have already been paid 

earlier, the grid scenario does not take into account them. During the lifetime, grid 

connection’s NPC would be 690 € and LCOE 0.085 €/kWh with the rate of 2 kWh/day 

consumption. With the same consumption rate, PV + Grid scenario’s NPC would be 2300 € 

and LCOE 0.015 €/kWh. However, the increase in load demand and decrease of discount 

rate could increase the economic feasibility of solar power system.  

 

Although PV panels could generate over 1000 kWh annually, the grid connection is 

necessary in order to meet the load demand during the whole day and year. The grid 

connection is needed especially in the autumn because of lower sunshine and the need grows 

during the project’s lifetime due to degradation of the system. The grid connection is 
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necessary also because of the surplus electricity, which can be sold back to the grid. 

However, the price for surplus electricity is only 1 RUB [0.014 €]/kWh so it would be 

economical to use the surplus electricity by self.  

 

Due to need for grid connection, the considered off-grid system is not technically feasible as 

there would be unmet load demand. Then the size of off-grid system would have to be 

increased, which again increases the initial capital costs, which is already considerably high. 

There would be also excess electricity especially during the spring and winter, which 

decreases the feasibility of the off-grid system as surplus electricity cannot be supplied 

anywhere. 

 

The results from the third scenario (PV + Battery + Grid) revealed that it’s more economical 

way to use grid connection than charging/discharging battery, which leads to situation that 

battery is not needed in current dacha. Although, the battery increases the reliability and 

stability in the system, it increases also the initial capital costs dramatically. However, if the 

capital cost of battery would decrease and the lifetime increase as it’s estimated, the PV + 

Grid + Battery scenario might come into consideration in the future. 

 

The conclusion of the dacha’s case study is that because the connection fees have been paid 

earlier, using current grid connection is most techno-economic solution. However, the 

assembled PV panels will decrease the emissions and would be more environmentally 

friendlier solution. Technically, PV + Grid type of nanogrid could be feasible solution. 

However, adding the battery increases the reliability and stability of the system, but the total 

initial costs will increase relatively high, which decreases the feasibility. 

 

5.4 General conclusions 
 

Regarding the feasibility and other issues of nanogrid system in Russia, the following 

conclusions can be drawn: 

 

Lack of Smart meter: The problem, which arose also in case study analysis is the lack of 

smart meters in Russia. Not knowing the precise consumption curve with power peaks 

decreases the possibility to have an optimal sizing process of a system. 
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Net metering: Net metering is not yet available but is expected to come into force during 

the year of 2019. It will remain to see how it will affect to the solar market. Although the 

price for surplus electricity [1 RUB] is not much, it’s still better than nothing. Will the net 

metering require new devices, or would it be reasonable to have a smart meter?  

 

Potential in RES: As earlier mentioned, Russia has great potential in RES and potential 

sites for nanogrids could be single houses or buildings such as offices, detached houses, 

summer cottages. The techno-economic feasibility of nanogrid system depends on the load 

demand and the tariff prices. For example, if the load demand is huge with high tariff prices, 

using PV panels could be feasible solution. Furthermore, if the connection cost for 

connecting new house or building to the electric grid is relatively high, the techno-economic 

feasibility of nanogrid system increases. 

 

Remote areas: Remote areas, which are isolated from the national grid has a huge potential 

for nanogrids as the electricity would be generated locally using local resources. Using diesel 

generation causes environmental issues and have high cost of electricity. Due to intermittent 

of solar and wind power, the remote areas could use hybrid systems, which would decrease 

the use of diesel generation also. Using nanogrid could decrease the connection and 

electricity costs, which could make them feasible solution. 

 

Financing and support mechanisms: The biggest obstacle for nanogrids is the need for 

financial capital and affordability issue. The houseowners cannot afford to buy the 

equipment for the nanogrid system. Therefore, there is need for alternative support 

mechanism for financing PV household installations. For instance, electric grid companies 

or electricity producers may offer alternative solutions instead of the grid connection and 

charge, for example, monthly fee for the installed nanogrid or microgrid system. The 

companies may also offer for customers to choose whether they want to have PV based 

solution or grid connection with different kind of tariff prices and monthly fees. Currently 

there is no peer to peer energy transactions between nanogrids, in the case of unmet or excess 

electricity in the households. This kind of interact could be a solution in the future and there 

is going to be a need for regulation and support mechanism for it. 
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5.5 Future research work 
 

The nanogrid projects such as in Sweden, Germany, the Netherlands and Japan shows that 

there are potential to implement nanogrid systems. Although, further research with practical 

implementations is still needed due to low amount of deployed systems. The further research 

would answer and highlight real world issues related to nanogrid system and its 

functionality. Further researches could be related also to a community of nanogrids and to 

make further observations based on it. 

 

Also in Russia, the further research relates to practical implementation. Further research 

could be related to specific house or building when the precise load demand curve is known. 

Other futher researches could be related to remote and rural areas and allotment societies. 

The possibility to use multiple nanogrids in Russia is also worth for further research. 
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