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The main objective of the study was to define the methodology for assessing the limits 

for application island grids instead of interconnecting with existing grid infrastructure. 

The model for simulation of grid extension distance and levelised cost of electricity has 

been developed and validated by the case study in Finland.  

Thereafter, sensitivities of the application limits were examined with the respect to 

operational environment, load conditions, supply security and geographical location. 

Finally, recommendations for the small-scale rural electrification projects in the market 

economy environment have been proposed. 
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1. Introduction 

 

1.1 Statement of the problem 

Island operated small-scale AC and DC electrical systems for supplying local residential 

areas have been proposed for electrification of remote areas in several occasions within 

past decade. The goal is typically to provide locally generated electricity for local 

consumption, number of end-users varying from few tens to few hundreds. The often-

mentioned benefits of the island systems include, for instance, low costs, high 

exploitation of renewable energy sources, and independence from the phenomena in the 

existing power systems and protection against the volatility of the public energy markets. 

Especially, the costs savings achieved in avoiding interconnection of remote areas with 

existing systems are often mentioned. However, the island systems always tend to have 

limitations for energy usage or availability of power supply. Also the total price of 

electricity for the end-users is not always necessarily lower compared to interconnected 

system, even though the pricing would be based on pure cost absorption principle. 

Despite of the late enthusiasm towards developing islanded microgrids, the actual limits 

for their economic application are not widely analysed. The case-by-case analyses 

commonly presented do not provide enough information of the overall techno-economic 

application potential of the island systems, due to reasons like variation in the 

technological solutions, existing grid structures, and in the characteristics of the 

operational environments (ambient conditions, electricity market models, grid business 

models, etc.). Thus, development of a more generic methodology for determining the 

boundaries for the economic application range of island systems compared to 

interconnection with existing infrastructure is required. 
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1.2 Research objectives 

The main objective of this work is to develop methodology for assessing the limits for 

application of island grid instead of interconnecting with existing grid infrastructure. 

Furthermore, significant problem is to validate the algorithm with case study and define 

sensitivity of the above limits with respect to operational environment, load conditions, 

supply security and geographical location. 

Theoretical part of the thesis summarizes design philosophy for the rival solutions taking 

into account applicable control and electricity market models, along with technical 

benefits and drawbacks. 

Case study concentrates on implementation of small-scale hybrid PV-wind-diesel 

microgrid in sparsely populated area in Finland.  

Sensitivity analyses address the following issues: 

• Defining	  optimal	  configuration	  of	  island	  grid,	  or	  rather	  quantify	  the	  appropriate	  mix	  
of	  renewable	  and	  diesel	  power	  generation.	  

• Estimating	  the	  impact	  of	  reliability	  requirements	  on	  economic	  performance	  of	  
island	  grid;	  defining	  the	  economically	  viable	  solutions	  to	  improve	  system	  reliability.	  	  

• Assessing	  the	  techno-‐economic	  application	  range	  for	  island	  grid	  depending	  on	  load	  
level.	  

• Evaluating	  the	  effect	  of	  ambient	  conditions	  and	  business	  environment	  on	  levelised	  
cost	  of	  electricity.	  

• Plotting	  a	  surface	  charts	  for	  estimation	  of	  break-‐even	  grid	  extension	  distance	  
depending	  on	  solar	  and	  wind	  resource	  availability.	  
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1.3 Research methodology 

Firstly, in order to obtain life cycle cost of the island grid, assessment of load parameters, 

resource availability and business environment should be carried out. Power load models 

are applied to simulate the annual residential demand. Subsequently, wind energy 

resources are allocated to hourly patterns by means of Rayleigh probability density 

function and autocorrelation function; solar hourly data is synthesized from latitude and 

monthly averages using Beta distribution. Assessment of input parameters is carried out 

in the Microsoft Excel since it allows using data bulks. 

Further, island grid parameterization is performed using HOMER Energy. The objective 

function to be minimized is the total life-cycle cost of the standalone system, including 

initial investments, operation and maintenance, fuel consumption and replacement of 

power equipment; moreover, objective function is a subject to a set of constraints, such as 

power balance in the nodes, state of charge in the energy storage and reliability 

requirements. Consequently, discounting of aggregate expenditures divided by annual 

consumption yields the levelised cost of electricity. 

In the meantime, life cycle cost of the interconnection is calculated as sum of investment, 

operation and maintenance, loss and outage costs, as well as electricity purchasing and 

distribution fee.  

Subsequently, net present costs for both solutions are split into fixed and length-

dependent components; therefore, grid extension distance is concocted out of the derived 

equation. Computational algorithm designed in Wolfram Mathematica is simply 

adjustable to any developments in operational environment or engineering solutions. 

Sensitivity analysis investigates influence of various factors on the economical 

performance of island grid, providing extensive insight. Output diagrams are plotted in 

OriginLab basing on computations in HOMER Energy and Wolfram Mathematica. 
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1.4 Outline of the thesis 

This Master’s thesis is organised in the following manner: after this initial opening 

chapter, the basic designing concepts for the island grid and interconnection are briefly 

discussed.  

Further, technical cons and pros for the competitive solutions are reviewed in Chapter 3; 

moreover, integrating issues of distributed generation are concerned. 

Chapter 4 introduces and delineates the analysis methodology in order to perform system 

parameterization and cost evaluation. Firstly, sizing algorithms for PV-only and hybrid 

microgrid are presented. Then, concepts of levelised cost of electricity (LCOE), net 

present cost (NPC) and break-even grid extension distance are outlined. 

Chapter 5 explicates generation of the input parameters. In other words, assessment of the 

initial data addresses the question: Given averaged values and their deviation, how should 

be load/wind/solar data allocated into 8760 hourly patterns? 

Chapter 6 validates the proposed methodology with case study in Finnish operational 

environment. Firstly, all the system components, load conditions and available resources 

are carefully modeled; market prices are anticipated basing on relevant information. Also, 

control algorithms and reliability requirements are proposed. Subsequently, transmission 

capacity for two voltage levels is determined, while also outage and loss costs are 

estimated for different types of conductors. Finally, step-by-step calculation is presented, 

particularly, levelised cost of electricity and break-even distance for the specific instance 

are defined. 

Chapter 7 represents the sensitivity analysis in order to evaluate degree of impact of 

different aspects on the project economy. It helps to increase understanding of the 

relationships between input variables and result parameters such as LCOE and break-

even distance. Configuration impact, reliability influence, scale impact, together with 

effect of ambient conditions and business environment are illustrated on the output 

diagrams.  

Chapter 8 concludes recommendations and research questions for further work. 
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2. Designing of microgrid 

2.1 Design concept 

The principle task is to design a system, which can serve demand using the available 

energy sources in cost-effective way. Typically, a designing process of microgrid begins 

with resource, demand and market appraisal. 

The first step is carrying out the assessment of resources, available on the area that will 

need to be electrified. The availability of economically exploited renewables (solar, wind, 

hydro, and biomass) is determined; by such manners electrical energy potential from 

utilization of resources is analysed. 

Subsequently, local electricity consumption is evaluated. Forecasting of electrical 

demand should be performed with the consideration of several possible load growth 

scenarios. The most important value in the dimensioning of distribution grid is a certain 

peak load since it has significant influence on feeder’s parameter selection. 

The proposed applications for rural electrification, along with applicable electricity 

market models, suitable control strategy and supply security issues are discussed in detail 

in the following chapter.  

2.2 Economical environment 

2.2.1 Discount rate and project lifetime 

In order to evaluate total cost of electricity production, the cost flows should be converted 

to a net present value using the capitalization factors. Generally, net present cost (NPC) 

created during the projected life is a subject of interest in economic appraisal of electric 

power systems. This can be determined by discounting the expenses created every 

operation year to the present moment (Lakervi, 2013). Thus, expected project lifetime 

and interest rate exercise significant influence over the total system expenditures; 

moreover, discount rate affects economical viability of the time-spaced expenses, such as 

fuel costs, replacement of equipment, operation and maintenance.  
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Basically, discount rate is developed at the confluence of technology risks, market risks 

and investor preferences. (Fig 2.1) 

 

 

 

Figure 2.1. Discount rate formation factors (Oxera, 2011) 

 

In this Thesis, life span of the system components is selected in line with projected 

lifetime that is 25 years; besides, two possible interest rates, particularly 5 % and 7 % are 

assumed to demonstrate the effect of discounting. 

2.2.2 Costs of electricity use 

Optimally designed distribution tariff system should satisfy the interests of various 

stakeholders in the electricity market: customers, DSO’s, TSO’s, producers and retailers. 

Generally, pricing of electricity distribution should undertake reasonable and appraisable 

revenue stream (Nemesys, 2005), as well as stimulate customers to control their energy 

usage in advantageous way for national economy. It is worth emphasizing that both 

power and energy have influence on the overall performance of power systems, so 
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pricing system should encourage not only decreasing the energy use, but also reducing 

the peak power, as well as optimizing temporary variations of power flow.  

From the viewpoint of a DSO, the tariffs have to ensure appropriate and predictable 

earnings-flow, which enables the construction and O&M of a demandable distribution 

system. The challenge of the DSO is to create a tariff schemes that boost customers to 

adjust their electricity use, seeing that energy consumption should be as balanced as 

possible in order to maximize the usage of network transmission capacity.  

Typical cost structure for distribution system operator (DSO) is presented in Fig 2.2a. 

The graph demonstrates that capital costs, that are investments and financing, figure up to 

more than half of total costs. To stress the importance of peak power limitation, the 

dimensioning of distribution network components is affected by the peak power of 

customer group, which is influenced by load curve crossing of the individual customers 

in supply area. As for energy-based costs, they are mainly comprised of network losses 

and charges of the TSO (6 % and 10% respectively). The remaining 30 % are in the 

network operation costs (O&M, fault repair) that depend on the network scale and 

operating environment. Consequently, considering that network losses comprise of load 

and no-load losses, the energy-based costs are account for less than 6 % of total costs. 

Typical cost structure for domestic customer is presented in Fig 2.2b.  

 

Figure 2.2. Typical cost structure for a) DSO and b) domestic customer (EMA, 2012) 

a) DSO

VAT
19 %

Electricity taxes
11 %

DSO 
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Electricity
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Investments
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b) Customer

energy-based

fixed
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The graph above is conceptually divided into fixed (charges of DSO, TSO, retail) and 

energy-based (electricity purchase, taxes, VAT) parts. The diagramme demonstrates that 

more than 65 % of a consumer’s electricity bill is made up of energy-based charges, 

which encourage the customers to reduce their electricity use, even if the tariff scheme is 

based on a standing characteristics only. Given that main priority is a benefit of national 

economy, the reform of tariff scheme should be introduced. Notwithstanding that 

customers often see revisions as adverse occurrence, they will make profit in the long 

term. 

The distribution tariff for detached housing in Finland typically includes a fixed charge, 

which depends on fuse size (3 x 25 A in general) and energy rate, which varies through 

time and season. In this thesis, the flat rate tariff system is considered; it comprises a 

fixed standing charge (euro per month) and an energy rate (cents per kWh), which is 

constant for any time of day and date. The simplification of tariffication system is 

associated with calculation methodology, which implicates the stability of an electricity 

price during the project lifetime, regardless of the time and season. LCOE calculation 

principle is particularly described in Chapter 4.1. 

For further research, the two-rate tariff system may be considered; it also consists of a 

fixed standing charge and an energy rate, hence, the night-time price is lower. This tariff 

type can be effectively used along with accumulative electric heating systems, 

encouraging customers to schedule the utilization of an electric energy to the nigh time, 

when network is typically loaded least. Subsequently, when the objective is to enhance 

efficiency of energy usage, concurrently promoting utilization of renewables, the 

implementation of demand response to balance the loads plays a key role. Such financial 

incentive, as two-rate tariff system could be a good motivation for demand-side 

management. 
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2.3 Assessment of resources 

According to recommended practices (USAID, 2002), the project assessment arises with 

an appraisal stage; specifically, basic information on the investment attractiveness should 

be provided. It is critical to take into consideration possible risks associated with 

technology status, project scale, variability of generation and demand. Table 2.1 

summarizes data for economic evaluation of possible renewable-energy project; it is 

consolidated with respect to scale (where Large is >20 MW, Medium is 1-20 MW, Small 

is 100 kW-1MW, Micro is <100kW), target use for consumers (whether project is 

typically grid-connected, grid-isolated or standalone) and predictability of weather 

conditions (and respectively relevance in energy back-up).  

Table 2.1. Characteristics for possible renewable-energy project (USAID, 2002) 

Renewable energy 
project type 

Scale range Consumers Historic weather conditions 

Biomass Large; 
Medium; 

Small 

Grid connected; 
Isolated grid 

Known/predictable 

Solar PV 
(Photovoltaic) 

Small; 
Micro 

Grid connected; 
Isolated grid; 

Non-grid 

Predictable 

Wind power Medium; 
Small; 
Micro 

Grid connected; 
Isolated grid; 

Non-grid 

Predictable 

Hydropower Large; 
Medium; 

Small; 
Micro 

Grid connected; 
Isolated grid; 

Non-grid 

Predictable 

Geothermal Large; 
Medium 

Grid connected Known 

	  

The key features for current research are: viability to operate in standalone mode, 

appropriate project scale for remote communities, accessibility of energy resources on the 

proposed area. Also, versatility of data generation is an important issue since it allows 

performing extensive sensitivity analyses. 
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Firstly, geothermal based production is not included in the analyses due to its specific 

conditions. Further, biomass power plants are not considered in the research due to large 

scale; proposed project size is approximately several households, while bioenergy plants 

are typically constructed on the ground of agricultural facility. 

Hydropower projects are typically characterized by high upfront costs, long lifecycles 

and low operating & maintenance costs. Typically, hydropower projects take a long lead-

time inasmuch as great precision in assessment of resources is required; therefore, 

payback periods are quite long. Consequently, hydropower is rarely applicable for rural 

electrification due to specific terrain requirements and financial severities and is thus not 

considered in the analysis. 

Finally, solar PV and wind power technologies are selected for further analyses owing to 

widespread distribution of resources, financial maturity, appropriate scale and flexibility 

of data assessment. Consequently, these renewable technologies for rural electrification 

are briefly described below, followed by approximate market data. 

2.3.1 PV (Photovoltaic systems) 

Solar radiation is utilized to generate power energy using two basic technologies: solar 

thermal and photovoltaic (PV). By means of the first way, solar radiation is converted 

into the heat in opposite to photovoltaic systems, which are used to convert solar 

radiation directly into the electricity. Photovoltaic systems are designed depending on the 

site (available solar radiation, sunshine hours) and local energy demand. It consists of PV 

module, energy storage, charge controller, converter and balance of systems; also system 

needs voltage regulation, transient suppression and extra source of current that may 

overpass PV array capabilities.  Modules provide electricity in the form of DC at 12 or 24 

volts and needs in implementing DC/AC inverter to supply local households. Due to the 

lack of moving parts the technology is reliable and fairly maintenance-free; these 

qualities make PV systems commercially competitive and economically attractive. 

Low initial investments, recurring costs and technical performance are the main criteria 

behind the cost-competitiveness of PV systems in comparison with the other renewable-

based power plants. Consequently, the low maintenance and operation cost, with no need 
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in purchasing of fuel make the photovoltaic power plants especially competitive. (Nouni, 

2006) 

Fast-paced technological progress has led to a stable downward trend in PV modules 

price development. As for November 2014, price for crystalline photovoltaic modules in 

Europe was 0.6 € per Watt peak (pvXchange, 2014). This number should be typically 

multiplied x2-2.5 times to get the end-customer price for an installed operational system. 

Price allocation for PV systems in Europe is presented in Fig 2.3. 

 

Figure 2.3. Average market price for PV System in Europe (November, 2014, pvXchange) 

 

 

 

1.35 EUR/Wp

0.6 EUR/Wp
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2.3.2 Wind power 

Generally, small wind turbines are combined with different energy resources (renewables 

or diesel generators) for reliable power generation. As a rule of thumb, cost effective 

small-scale wind turbines require wind speed of 4 m/s only to start generating. 

The assumed lifetime for modern designed wind power project is approximately 20-25 

years. Installation cost varies depending on soil conditions and type of grid. 

According to (IEA Wind, 2011) experience database, average installed cost for an 

onshore wind power system in Finland was 1500 € per kilowatt capacity (currency is 

converted from USD, 2011 to EUR, 2014). Capital cost breakdown for typical power 

system is presented in Fig 2.4. (Blanco, 2009). 

 

Figure 2.4. Capital cost breakdown for a typical wind power system (Blanco, 2009) 

 

In confirmation of abovementioned data, with reference to (Fraunhofer, 2013), typical 

investments for onshore wind power plant in Europe are in the range of 1000-1800 € per 

kW installed. 

Operational & maintenance costs are slightly increasing by 2.5 % per year throughout the 

lifetime of a wind power project. As thumb of rules, costs should be in the range from 25 
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to 45 €/kW/year (IEA Wind, 2011), including overhaul of electrical equipment such as 

gearboxes and rotor blades, plant monitoring and 2 times-per-year equipment inspections. 

Principle diagram of the price formation in wind power systems is presented in Fig 2.5. 

 

Figure 2.5. Economics of wind system (EWEA, 2009) 

 

2.4 Reliability 

2.4.1 Supply security 

Distribution reliability basically relates to equipment outages and power supply 

interruptions.  Level of availability is a basic aspect of reliability and it is usually 

expressed as percentage of up-time per annum. Typical values for levels of availability 

(supply security) are referred to so-called “rule of nines”; for instance “3 nines” (or 99,9 

%) of availability are equal to 8,8 hours (or 0,1 %) of annual interruption time. (Richard 

E.Brown, 2008)  



 

 

24 

2.4.2 Reliability indices 

Furthermore, the reliability of a network is determined with internationally applicable 

reliability indices, which definitions are provided below following IEEE Standard 1366-

2003 (Richard E.Brown, 2008): 

𝑺𝑨𝑰𝑭𝑰  (𝑆𝑦𝑠𝑡𝑒𝑚  𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  𝐼𝑛𝑑𝑒𝑥)

=
𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠
𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠  𝑆𝑒𝑟𝑣𝑒𝑑                       /𝑦𝑟,   

𝑺𝑨𝑰𝑫𝑰   𝑆𝑦𝑠𝑡𝑒𝑚  𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛  𝐼𝑛𝑑𝑒𝑥

=
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠  𝑆𝑒𝑟𝑣𝑒𝑑                                             ℎ𝑟/𝑦𝑟, 

𝑪𝑨𝑰𝑫𝑰   𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛  𝐼𝑛𝑑𝑒𝑥

=   
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠                           ℎ𝑟, 

𝑴𝑨𝑰𝑭𝑰   𝑀𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑦  𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  𝐼𝑛𝑑𝑒𝑥

=   
𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝑀𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑦  𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠  𝑆𝑒𝑟𝑣𝑒𝑑                 /𝑦𝑟, 

𝑨𝑺𝑨𝑰   𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝑆𝑒𝑟𝑣𝑖𝑐𝑒  𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝐼𝑛𝑑𝑒𝑥

=   
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐻𝑜𝑢𝑟𝑠  𝑆𝑒𝑟𝑣𝑖𝑐𝑒  𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝐻𝑜𝑢𝑟𝑠  𝑆𝑒𝑟𝑣𝑖𝑐𝑒  𝐷𝑒𝑚𝑎𝑛𝑑                                       𝑝𝑢, 

Customer-based indices are commonly used since reliability of domestic customers is an 

issue of utmost importance. In this Thesis, SAIDI is used for calculation of MV-line 

outage costs, while ASAI affecting the dimensioning of the energy storage is used for 

island grid solution. 

The conceptual framework for financial evaluation of reliability level is presented in Fig 

2.6.. Theoretically, increased supply security is achieved with high upfront investments. 

Net present costs of island grid can be calculated for different system availability and 

matched to the costs of interconnection; this technique has been realized in Chapter 7.2.2.  
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Figure 2.6. Financial impact of reliability level 

 

2.4.3 Supply-interruption costs 

Cost of Energy not Supplied (CENS) Models represent the average cost over the 

interruption duration interval. Outages costs are modeled as a function of the unsupplied 

electrical power, independently of the interruption duration frequency.  

In order to calculate annual outage costs of the system, mean power of the customers 

should be multiplied by CENS and forecasted outage time as follows: 

𝐶!"# 𝑡 =
𝑊
𝑇 ∙ 𝑡 ∙   𝜆 ∙ ℎ 𝑡 , 

where W/T – mean power in kW of the reference period,  

t – average repair time, hours, 

SAIFI, SAIDI, MAIFI

Uninsolated overhead line (OHL)

     Plastic-covered (PAS) overhead line

Underground cable (UC)

ASAI

90 % Availability

99 % Availability

99,9 % Availability 

Grid extension distance, km

NPC, €

IG, ASAI %

Break-even points
MV lines

Reliability
evaluation

Island Grid Interconnection
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𝜆 – interruptions per 1 km in the reference period, 

h(t) – cost of energy not supplied for given consumer group, €/kW.  

Overall outage costs include costs of planned and fault supply interruptions; moreover, 

charges for interruptions differ according to customer group and type of fault. Further, 

average maintenance time is used for planned outages, while average switching (in case 

of complex network) and repair time is used for fault interruptions. 

The subject of interest is a present value of outage costs during an operating time of the 

project, which can be calculated by discounting aggregate expenses to the present time. 

The discounted value of annual costs is obtained by multiplying cost item 𝐶!"# of the first 

year by the capitalization factor 𝑘, where 

𝑘 =   𝜓 ∙
𝜓! − 1
𝜓 − 1 ;         

𝜓   =   
𝛽
𝛼 ;           𝛼 = 1+

𝑝
100 ;             𝛽 = 1+

𝑟
100, 

where 𝑝 - interest rate, %, 

𝑟 – annual load growth, %, 

𝑇 - operating life, years. 

2.5 Grid extension 

2.5.1 Distribution networks 

Traditional 20/1/0.4 kV distribution system has been introduced as primary solution for 

grid extension. Technology has been adopted for utilization in rural forest and lake areas 

in Finland; it allows changing operation of low-power MV branches to 1000 V in cost-

effective way. Low voltage systems are less prone to the short-circuit faults, 

wherethrough short failure in the branch does not influence customers supply of the same 

MV section. As well, 20/1/0.4 kV distribution system is a favorable techno-economical 

solution for the electrification of far-flung transforming district as it allows connecting 
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new customers alongside the line while also avoid construction of extremely strong 400 

V branches. Generally, 1000 V technology is applied as replacement of 20 kV medium-

voltage lines in power systems below 60 kW and within transmission range of 1-5 km. 

(Partanen, 2013) 

Furthermore, to distribute electricity by way of grid extension, it is essential to build-up 

transformers and low-voltage system. The investment costs for secondary distribution are 

normally consistent with the costs for low-voltage network construction in the case of 

island grid; in practice, off-grid distribution systems are in principle a diminished 

analogue of the central grid; it connects several generation sources with loads and central 

controller manages the balance of supply and demand. (Sandgren, 2009) 

Cost of interconnection depends mostly on the distance of load center from the existing 

grid. It is a composite of expenditures on distribution and transmission lines construction, 

transformer along with operation and maintenance costs over a period of system lifetime. 

Price of electricity for customers in Nord Pool depends on spot price at existing grid 

point (zonal market model). For economies with nodal pricing model, electricity price is 

calculated separately for each node of the grid and vary depending on flow calculation. 

Thus, price of the node includes transmission and distribution losses, congestion cost or 

rather rely on system availability, load demand, grid structure and its performance. 

2.5.2 Technical boundary conditions 

On the basis that transformer should provide transmission capacity for the lifetime 

period, selection of the appropriate unit is based on power flow through them. In order to 

prove correctness of the selection, the following inequation should be conformed: 

(1+
𝑟
100)

! ∙ 𝑃 < 1.2 ∙ 𝑆! ∙ cos𝜑,  

where 𝑟 - annual load growth, % 

𝑃 – peak network power in the 1st year of operation, kW, 

𝑆!  - rated transformer capacity, kW 



 

 

28 

𝑇 - system lifetime period, years. 

Coefficient 1.2 is applied for building substation. 

As for medium-voltage lines, voltage drop is a main limiting factor, determining the 

selection of cables cross-section. 

Knowing the active power, electric power factor and voltage at the end of the line, 

voltage drop can be determined as: 

Δ𝑈 =   
𝑃 ∙ 𝑅 + 𝑄 ∙ 𝑋

𝑈!
=
𝑃 ∙ 𝑅
𝑈!

+
𝑃 ∙ tan(𝜑) ∙ 𝑋

𝑈!
 

Consequently, considering the nominal voltage level and allowed voltage drop, maximum 

line length or load-carrying capability for the given type of conductor can be calculated. 

Maximum permissible path length is expressed as: 

𝑙! =
Δ𝑈 ∙ 𝑈!

𝑃 ∙ 𝑟! + 𝑥! ∙ tan 𝜑
, 

where 𝑃  - active load in kW, 

Δ𝑈 - allowed voltage drop, %, 

𝑈 - nominal line voltage in kV, 

𝑟!   𝑎𝑛𝑑  𝑥! - electrotechnical  characteristics of the lines, Ω/𝑘𝑚. 

2.5.3 Network losses 

In order to define lifecycle loss costs of the line, value should be discounted to the 

present time. In contrast to outage costs, load losses are quadratically proportional to load 

growth, and consequently, capitalization factor is calculated as: 

𝑘 =   𝜓 ∙
𝜓! − 1
𝜓 − 1 ,        𝑤ℎ𝑒𝑟𝑒 

𝜓   =   
𝛽!

𝛼 =
(1+ 𝑟 100)!

1+ 𝑝 100  
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Power losses: 

𝑃!"## =
𝑃

𝑈 ∙ cos 𝜑

!

∙ 𝑅, 

where cos 𝜑  - electric power factor, 

𝑅 – line ohmic resistance in Ω. 

Loss energy in the first year is calculated by multiplying power losses to peak operating 

time of losses (hours, annually) as: 

𝑊!"## = 𝑃!"## ∙ 𝑡! , 

Lost cost in the first year is expressed as composition of power-related and energy-related 

terms: 

𝐶!! = 𝑃!"## ∙ 𝐶!"#!! +𝑊!"## ∙ 𝐶!!"## 

where 𝑃!"## – power losses in kW, 

𝐶!"#$$ - price of power losses, €/kW,a, 

𝑊!"## – loss energy in kWh 

𝐶!!"## – price of energy losses, €/kWh, a. 

Consequently, loss cost during operating lifetime can be defined by multiplying 

capitalization factor to the first year expenses as: 

𝐶! = 𝑘 ∙ 𝐶!! 

2.5.4 Transformer losses 

Transformer resistances are determined, by using following equations: 

𝑋 = 𝑋! ∙
𝑈!!

𝑆!
;                                 𝑅 = 𝑟! ∙

𝑈!!

𝑆!
                 

All rated parameters, including 𝑋! , 𝑟! ,𝑃!  and 𝑃!  are taken from the nameplate.  



 

 

30 

Aggregate transformer losses could be principally divided to open-circuit losses and 

losses under load. Firstly, no-load energy is calculated as: 

𝐸!! = 𝑃! ∙ 8760 

Therefore, annual open circuit-loss costs are: 

𝐶!!! = 𝐶!"#$$ ∙ 𝑃! + 𝐶!"#$$ ∙ 𝐸!! 

Logically, annuity is calculated without regard to load growth as: 

𝐶! = 𝐶!!! ∙ [1−
1

1+ 𝑝
100

!] ∙
100
𝑝  

Load losses are defined as: 

𝑃! = (
𝑆!"#
𝑆!
)! ∙ 𝑃! 

Further calculations are performed by methodology, which is identical to load losses 

evaluation in power lines. 

2.5.5 Economical parameterization 

As a rule of thumb, it is profitable to select conductor with bigger cross-section, when 

savings out of minor lost costs are higher than difference in investments. The equation for 

economic comparison of two potential cross-sections is thus (Lakervi, 2013): 

𝐶!"##,!! − 𝐶!"##,!! >   𝐶!"#,!! −   𝐶!"#,!!, 

where 𝐶!"##  - present value of line loss cost in €/kW, 

𝐶!"# - investment costs of the conductors, €/km. 

Hence it appears that boundary load, identifying the economical limits of the cross-

sections can be determined as follows: 
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𝑆! ≥ 𝑈
𝐶!"#,!! −   𝐶!"#,!!
𝑘 ∙ 𝐶!"## 𝑟!! − 𝑟!!

, 

where 𝑟!!, 𝑟!! - resistances of the cross-sections A1 and A2, 

𝑘 – capitalization factor. 

Electro technical parameters of the different conductor types and cross-section sizes, 

along with its capital costs are presented in Appendix 1. 

2.6 Energy storage 

Power balance is a strict requirement for functioning of any power-energy system. The 

balance between demand and operation must be provided by island grid or microgrid, 

operating in off-grid mode. Storage technologies are a key feature that allows achieving 

normal operation of such power systems. Various types of technologies may be 

considered on microgrids depending on specific requirements. Electric energy, generated 

from renewable resource is highly intermittent. Using of energy storage system is vital 

for RES-based island grids to match generated power with electricity demand. Other 

significant issues of storage includes: frequency control (stability of grid), improving 

voltage control, reducing outages and congestions, reducing rotating reserve requirements 

to secure peak power demand, improving reliability and power quality for essential load 

and customers with high value processes. 

The interconnection of microgrid with existing distribution system allows to achieve the 

power balance not only by using accumulator batteries and standby gensets; therefore, 

requirements for energy storage become less strict. Nevertheless, from the technical side, 

its power management ability still play major role. From economical point of view, the 

viability of energy storages is an item of extended analysis. (E. Colombo, 2013) 

The choice of economically feasible technical solution for particular system depends on 

such factors as energy density and required level of power to be stored.  
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There are several types of energy storage technologies, which are applied in microgrids: 

• Chemical	  storages	  (hydrogen)	  
• Mechanical	  storages	  (hydro	  pumped,	  flywheels,	  compressed	  air)	  
• Electrochemical	  storages	  (secondary	  and	  flow	  batteries)	  
• Electrical	  storages	  (capacitors,	  super	  capacitors,	  superconducting	  magnetic	  energy	  

storage)	  
• Thermal	  storages	  (sensible,	  latent,	  thermochemical)	  

Storage characteristics include: lifetime, operation cycle, performance of 

charging/discharging and environmental impact. (IEC, 2011) 

2.6.1 LiFePO4 batteries 

So far the lead-acid batteries are widely applicable in small-scale renewable standalone 

systems (Jousse, Lemaire, 2013). On the basis of price tendency and operational 

reliability, lithium ferophosphate (LiFePo4) batteries were investigated to be viable 

alternative to lead-acid ones. 

Despite the fact that LifePO4 batteries have a higher purchase cost, their aggregate life 

cycle costs in the capacity of energy storage are lower than that of competitive technical 

solutions. It is achieved mainly on account of higher number of cycles to failure, along 

with better energy density (Xingchy Wang, 2012). Owing to all those benefits, LiFePO4 

batteries are highly suitable for standalone systems with discontinuous parameters.  

The distinguishing feature of LiFePO4 technology is unability to define State of Charge 

(SOC) basing on its voltage (Figure 2.1), therefore complex charging/discharging/SOC 

algorithms are required for balancing of system. An energy management system for LFP 

batteries is presented in (Earle, 2011). 
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Figure 2.7. Properties of cathode materials for lithium ion batteries (ZSW Ulm) 

 

Consequently, lithium iron phosphate technology is selected for reference case in this 

investigation. 

2.7 Backup gensets 

Power production in fuel-based generators is not based on stochastic resources; therefore 

gensets contribute to improvement of the availability of electricity generation. Such 

alternatives to fossil fuels as biomass gasifier/biogas systems may be viable if there is a 

local access to fuel supply. 

Traditional diesel and biodiesel generator sets have comparative low investment costs; 

this solution could be viable in economic environment with competitive market price of 

fuel. Nevertheless, anticipating of fuel price for the period up to 10 years has proved to be 

hardly-predictable task. There is an available data with forecasts for future crude oil 

prices, published by International Energy Agency; however it is reasonable to consider 

the risks featured by volatile market price over the course of analysing the economy of 
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fossil fuel-based power generation (Sandgren, 2009). Finally, diesel gensets are 

considered as a back-up solution for the reference case in this research. 

2.8 Control strategy 

Generation capacity of renewable energy sources (RES) should be dimensioned to 

maximize return on investment (ROI) and fuel savings, however high penetration of RES 

should be followed by sophisticated control system. Massive integration of renewables 

address challenges for the control systems of microgrids; such advanced features as 

intelligent manageability and grid stabilization are required (see Fig 2.8). Consequently, 

volatility of solar and wind energy compromises the grid stability, while its integration 

without intelligent control system limits the financial benefits. In effect, renewable 

generation may have to be reduced to ensure grid stability; moreover, lack of automatic 

regulation of power installations results in non-optimized fuel consumption.   

 

Figure 2.8. Control issues in case of high penetration of renewables (PJ Fernandez) 

 

 Operation of energy storage is a reference point in consideration of control algorithms in 

this thesis. The development of viable energy management system (EMS) for different 

kinds of power grids has been discussed narrowly in previous papers, as a result of which 

several approaches have been suggested. The droop control technique has been the most 

commonly used method in AC standalone island grids for frequency and voltage control 
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(Barklund et al., 2008). Moreover, several strategies for controlling of the converters to 

maintain capacity balance among loads, PV modules, wind turbines, storage batteries and 

utility grid during off-grid and grid-connected operation modes have been introduced (Bo 

et al). 

It is noteworthy that applicable control algorithms produce impact on parameterization of 

energy storage and power generators, while also it affects the fuel-consumption rate. In 

this investigation, two principal dispatching strategies have been assumed to associate 

EMS with economic evaluation: cycle-charging and load-following. Under the cycle-

charging mode, all the power sources produce energy to serve the load with excess 

electricity charging the battery array; furthermore, optional set-point state-of-charge 

(SOC) can be maintained to avoid shallow charge-discharge cycles near minimum 

allowed charge level, inasmuch as it harms the batteries service life.  In contrast, under 

the load-following mode, renewable energy sources charge the energy storage, while 

backup gensets do not, which allows restricting fuel consumption (Barley and Winn).  

Consequently, optimal strategy determination depends on equipment and fuel cost, 

energy resources availability, as well as reliability and environmental requirements. 

Using the HOMER simulation software, required operation reserve can be considered, 

while also different dispatching strategies can be simulated in order to define optimal 

control algorithm for each specific case. 
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3. Determining of technical advantages/disadvantages 

With rising fossil-fuel prices, growing electricity demand and actions focused on 

reduction of greenhouse gases in atmosphere, the issues of rural electrification in some 

regions are of the utmost importance. Two critical problems should be solved in parallel: 

increasing energy access, while integrating as much renewables as possible. The ultimate 

goal is to provide reliable electricity service at affordable cost. 

Rural electrification programs provide access to electricity either by building off-grid 

generation units (active bottom-up approach), or by extending the main grid (passive up-

bottom approach). 

The break-even distance for grid extension versus isolated systems plays significant role 

in decision-making. It is obtained by comparing interconnection costs to those of 

designing a microgrid. At the same time such factors as quality, reliability and supply 

security should be taken into consideration. Consequently, technical cons and pros for the 

competitive solutions are listed below. 

3.1 Comparative analysis 

Advantages of interconnection: 

• If	  grid	  extension	  is	  feasible,	  the	  additional	  cost	  of	  providing	  significant	  margin	  of	  

power	  is	  small.	  Thus,	  a	  growing	  energy	  demand	  in	  observable	  future	  is	  relatively	  

easy	  to	  handle,	  thereafter	  consumers	  will	  get	  access	  for	  sufficient	  amount	  of	  power	  

upon	  completion	  of	  works.	  

• Technical	  solutions	  are	  very	  reliable	  and	  maintenance	  cost	  is	  quite	  low	  (however,	  it	  

depends	  on	  terrain,	  could	  be	  expensive	  in	  uneven	  topography	  such	  as	  mountainous	  

locality)	  

• No	  new	  payments	  structure	  for	  consumers	  

• Access	  to	  centralized	  balancing	  control	  
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Drawbacks of interconnection: 

• Transmission	  and	  distribution	  lines	  need	  to	  be	  built.	  Significant	  investment	  costs,	  

connection	  of	  remote	  small	  loads	  to	  the	  grid	  lead	  to	  excessive	  expenditure.	  

Availability	  of	  large	  industrial	  consumers	  is	  an	  appropriate	  reason	  for	  grid	  

extension.	  

• High	  electric	  power	  losses	  if	  consumers	  map	  is	  quite	  dispersed	  (power	  is	  

transmitted	  at	  medium	  voltage	  in	  order	  to	  reduce	  losses	  of	  energy.	  Then	  voltage	  is	  

reduced	  in	  step-‐down	  transformer	  and	  electrical	  energy	  is	  distributed	  to	  consumers	  

through	  low-‐voltage	  grid.	  Losses	  are	  higher	  in	  distribution	  grid,	  so	  there	  are	  clear	  

limits	  of	  how	  far	  these	  feeders	  could	  be	  extended).	  

• Grid	  failures	  even	  far	  away	  of	  consumption	  site	  and	  maintenance	  works	  lead	  to	  

customer	  supply	  interruption	  	  

 

For emerging economies: 

• Customary	  for	  developing	  countries,	  there	  isn’t	  enough	  central	  grid	  supply	  to	  cover	  

all	  energy	  demand,	  consequently	  small	  rural	  connections	  are	  often	  cut	  off	  (in	  order	  

to	  maintain	  supply	  for	  cities	  and	  industries)	  

• Lack	  of	  metering	  equipment	  and	  energy	  theft	  makes	  difficult	  to	  control	  power	  

quality	  

 

Advantages of standalone grids: 

• No	  transmission	  lines	  need	  to	  be	  built;	  access	  to	  energy	  supply	  for	  distant	  regions	  

• Supply	  can	  be	  shared	  between	  multiply	  neighbouring	  users	  

• Reliable	  supply	  can	  be	  sustained	  while	  the	  central	  grid	  is	  down	  

• Renewable	  energy	  integration;	  environmental	  impact	  

• Generating	  capacity	  and	  utilization	  of	  equipment	  is	  normally	  higher	  

• Investment	  for	  grid	  extension	  can	  be	  delayed	  until	  it	  becomes	  economically	  viable;	  if	  

it	  would	  be	  feasible	  to	  connect	  island	  grid	  to	  the	  transmission	  network	  in	  the	  future,	  

interconnection	  will	  be	  held	  out-‐of-‐risks	  because	  circle	  of	  consumers	  is	  already	  

defined	  and	  system	  is	  already	  operating.	  

 

Drawbacks of standalone grids: 
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• Limitations	  for	  available	  power	  per	  consumer.	  Typically,	  demand	  in	  rural	  areas	  

doesn’t	  grow	  rapidly,	  so	  systems	  are	  designed	  for	  a	  particular	  consumption	  profile.	  

• Intermittent	  energy	  sources	  affect	  the	  grid	  stability;	  limited	  amount	  of	  inertia	  in	  the	  

system	  

• High	  supply	  security	  requirements	  need	  additional	  upfront	  investments	  or	  standby	  

strategy	  

• Complex	  control	  strategy	  should	  be	  developed	  

• Feasibility	  is	  highly	  dependent	  on	  ambient	  conditions	  

• It	  is	  necessary	  to	  create	  local	  organization	  that	  will	  be	  responsible	  for	  collecting	  

charges,	  arranging	  for	  maintenance	  and	  repairs	  of	  lines	  and	  electrical	  equipment,	  

operating	  power	  plant,	  providing	  supply	  of	  fuel	  if	  needed.	  Organization	  should	  be	  

assured	  with	  considerable	  technical	  and	  commercial	  capabilities.	  

 

Challenge of standalone grids:  

• It	  should	  be	  used	  a	  combination	  of	  energy	  sources	  in	  order	  to	  have	  a	  continuous	  

supply,	  due	  to	  weather	  dependency	  and	  seasonal	  fluctuation	  of	  parameters	  (for	  

example,	  variable	  renewable	  resources	  should	  be	  coupled	  with	  diesel	  gensets,	  

batteries	  or	  biomass	  generators)	  

 

3.2 Distributed generation 

Distributed generation (DG) provides the unique feature, which is ability to switch 

between island operation and grid-connected modes. The are several possibilities 

springing with DG integration: 

• Supply	  from	  system	  can	  be	  accessed	  when	  local	  demand	  exceeding	  generation	  

capacity	  or	  energy	  prices	  are	  low.	  

• Excessive	  power	  energy	  can	  be	  fed	  to	  grid	  

• Reliable	  supply	  can	  be	  sustained	  while	  there	  is	  a	  shortage	  in	  central	  grid	  

• DG	  allows	  using	  local	  generation	  when	  spot	  prices	  are	  high.	  

• Supply	  can	  be	  shared	  between	  multiply	  users	  	  

• Demand	  is	  supplied	  locally,	  so	  the	  stress	  on	  central	  system	  reduced	  



 

 

39 

• Impact	  on	  power	  quality	  and	  supply	  security	  of	  central	  grid	  (by	  injecting	  or	  

consuming	  active	  or	  reactive	  power)	  

• Voltage	  can	  be	  controlled	  at	  the	  point	  of	  common	  coupling	  (CPP)	  to	  support	  the	  

central	  grid	  

• Microgrid	  is	  able	  to	  contribute	  to	  black	  start	  of	  the	  central	  grid	  and	  frequency	  

control	  	  

• Increasing	  reliability	  of	  the	  main	  grids:	  ability	  to	  call	  upon	  generation	  assets	  for	  

ancillary	  services;	  peak	  shaving	  during	  peak	  load	  demand	  or	  participation	  in	  

frequency	  regulation	  

• Basis	  for	  smart	  grid	  integration;	  two	  way	  power	  flows	  of	  electrical	  energy	  and	  

information	  should	  be	  used	  to	  establish	  widely-‐dispersed	  automated	  power	  

delivery	  network	  

Subsequently, connection of distributed generators to the grid has undertaken new 

challenges on distribution networks, which were originally designed to operate with 

unidirectional power flow. In view of the fact that distribution networks through the 

world differs greatly in design, the advent of DG issues the challenges of various degrees 

of importance depending on grid structure, taking into account such factors as voltage 

levels, network architecture, types of loads, operation practices, regulations, control and 

protection systems. In such a manner, there is no universal standard for DG integration 

into grid and connection criteria varies depending on the country, even though political 

and socio-economic aspects should be reckoned. Performance of work on grid integration 

leads to introduction of additional equipment and network modernization, followed by 

extra investment. Essential technical issues, which should be taken into account with the 

implementation of DG on electric power systems, are: 

• Steady-‐state	  and	  fault	  current	  limitation	  
• Quality	  of	  electric	  power	  
• Reactive	  power	  and	  voltage	  regulation	  
• Contribution	  to	  ancillary	  service	  (scheduling and dispatch, loss compensation, 

system protection, energy imbalance etc.)	  
• System stability and capability to withstand disturbances  
• Protection issues 
• Power system islanding and isolated network operation 



 

 

40 

For instance, let’s consider distributed generation contribution using short currents as an 

example. It is understood that steady state and fault currents level in the network should 

be kept within the admissible values. The power provided to the grid by distributed 

generation unit may cause significant increase of the current flow; particularly if the 

capacity of DG unit is relative large or penetration of DG units is high. Degree of impact 

is mostly depending on size of the installation and place of connection. Consequently, the 

source of distributed generation contributes to appearance of short-circuit currents on the 

network during the disturbance situations, as well. This impact might be more or less 

considerable depending on applicable technologies; in particular on coupling systems 

(Bousseau, 2003). Subsequently, it will contribute to the existing fault power. On the 

contrary, introduction of DG may decrease short-circuit current if indirect-coupled units 

are on-stream instead of CPP with synchronous generators. 

Interfacing of distributed generators to the island grid must ensure reliable and safe 

operation, frequency control, voltage regulation and power quality conditions on the grid. 

Microgrids should be able to operate in all possible modes (as the only source/one of the 

dispersed sources on isolated mode/parallel with the system) (E.Colombo, 2013) 

The main interfacing technologies are presented in Table 3.1. 

Table 3.1. Interfacing technologies 

Source of energy Power generation Power electronics 

CHP Micro turbines (Diesel 
or gas) 

Synchronous generator; 
Induction generator 

DC/AC inverter; 
Back-to-back converter 

(AC/DC/AC) 

Biomass (CHP) Synchronous generator; 
Induction generator 

Not applicable 

Photovoltaic (PV) Solar cells DC/AC inverter 

Wind power Induction generator; 
Synchronous generator 

Back-to-back converter 
(AC/DC/AC) 

Micro hydro (flow of river) Permanent magnet 
synchronous generator 

Back-to-back converter 
(AC/DC/AC) 
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Sources that could generate mechanical power (such as CHP, wind power and small 

hydro power plants) could be directly connected to the grid. Direct transfer of electrical 

energy through the machine coupled to the grid is more efficient way, then power 

transmission through the intermediate stage. Type of electric machine is selected 

depending on mechanical power nature: induction generators are usually utilized for 

strongly variable power flow (wind power); whereas synchronous machine is more 

suitable for a constant mechanical power (small hydropower, CHP). Permanent magnet 

synchronous generator (PMSG) is a proper option for turbines with slow rotational speed. 

Synchronous machines can feed both active and reactive power to the grid. 

Synchronizing equipment for parallel work with system is a typical requirement for 

proper work of these machines. 

Induction machines are usually utilized for interfacing variable-speed energy sources 

with power grid. Connection to the network requires reactive power compensator. 

Protection equipment typically is: frequency relaying and over/under voltage protection. 

Basically induction generators are less costly, because these machines require no 

synchronous equipment. (M.Bollen, 2011) 
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4. Techno-economical potential 

4.1 Calculation algorithm 

When evaluating off-grid systems versus interconnection with existing structure, the 

main idea is comparing the cost of investment in power generation against the cost of 

grid extension; the cheaper of the two options is usually the one that is implemented. 

Hence, local energy resources should be also integrated into the analysis, since they 

increase the benefit of power line. (Sandgren, 2009) 

The life-cycle cost (LCC) of the generated energy at the end point (€/kWh) is typically 

used for calculation of the aggregate spending and appraisement of various electrification 

solutions. Generally, the LCC calculation involves capital investments and replacement; 

operation and maintenance costs; emissions trading benefits, outage costs and fuel cost 

for the entire system lifetime. Then, total life-cycle (LCC) costs are divided by energy 

output; consequently results are discounted and compared for each option. 

The break-even distance of grid extension or economical distance limit (EDL) is 

calculated by considering total life-cycle cost of renewable energy systems matched to 

the grid extension life-cycle cost (Kandpal, 2010). Typically, EDL values are computed 

for various capacities of renewable energy systems (RES) at different grid availability 

hours (in the case of developing countries).  

The concept of levelised costs of electricity (LCOE) is a convenient approach for 

intercomparison of per-unit production costs of various technologies during their 

economic lifecycle. The discount rate proclaims the payback for an investor in default of 

systematic or technology risk. The evaluation of the LCOE is based on the equality of the 

present worth of the sum of discounted costs and revenues. Basically, LCOE is a current 

value of the total discounted costs divided by energy production for its economical time 

standard. In such a manner, the output price that would balance two money flows is 

nothing else but electricity price, which is exactly break-even on the project.  
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The match of LCOE and electricity price is based on two essential assumptions. Firstly, 

the interest rate “p” is stable and doesn’t change during project lifetime. Also, the 

electricity price  “P electricity” is constant and all output that is produced is immediately 

sold at this stable price. (Projected costs of Electricity, 2010) 

The equation below allows evaluating levelised cost of electricity in the reference island 

grid:  

𝐿𝐶𝑂𝐸!"#$%&  !"#$ = (
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡! + 𝑂&𝑀! + 𝐹𝑢𝑒𝑙! ++𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡!)×(1+ 𝑝)!!

(𝐸𝑛𝑒𝑟𝑔𝑦× 1+ 𝑝 !!)!!

) 

Generally, cents per kilowatt-hours (𝑐/𝑘𝑊ℎ) is an accepted value for calculating of 

LCOE. 

In fact, 𝐿𝐶𝑂𝐸!"#$%&  !"#$ is a sum of the cost flows in off-grid system, divided by energy, 

produced by the system during expected utilization period. Forecasted electricity price 

differs according to the numerous specific technical solutions under particular economic 

environment. In practice, changes in key basic variables such as load factors, discount 

rates, expected lifetime, construction or fuel costs have significant influence on LCOE in 

island grid. 

Structure of prime costs calculation for hybrid island grid and grid extension with making 

allowance for all the assumptions, accepted in this paper, is presented in Fig. 4.1. 
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Figure 4.1. Structure of main costs for hybrid island grid and grid extension 

 

As have been mentioned previously, net present cost of island grid is set against price of 

alternative solution that is grid extension; moreover interconnection price includes capital 

expenditures, O&M, loss and outage costs but also electricity purchasing and distribution 

network fees. 

The break-even price for interconnection is calculated with the aid of the equation below: 

(𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡! + 𝑂&𝑀! + 𝐹𝑢𝑒𝑙! + 𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡!)×(1+ 𝑝)!!
!

=

= (𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  𝑜𝑛  𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛! + 𝑂&𝑀  𝑙𝑖𝑛𝑒𝑠! + 𝐿𝑜𝑠𝑠𝑒𝑠!
!

+ 𝑂𝑢𝑡𝑎𝑔𝑒𝑠! + 𝐸𝑛𝑒𝑟𝑔𝑦  𝐶𝑜𝑠𝑡! + 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  𝑇𝑎𝑟𝑖𝑓𝑓!)×(1+ 𝑝)!! 

Subsequently, cumulative cost for grid extension should be presented as sum of fixed and 

length-related expenditures. Finally, economical distance limit can be obtained from the 

linear equation. 

It is noteworthy that each separate element of the equation varies non-linearly depending 

on load conditions. In such a manner, the load factor along with reliability issues should 

be considered in detail in the impact analysis. 

Energy Storage &
Power Electronics

Diesel Genset

Detached
Houses

- Fuel

- Investments on Island Grid
- O&M

- Investments on interconnection
- Electricity purchase

- Network fees

Renewables MV lines

- O&M
- Losses
- Outages

- Replacement 



 

 

45 

4.2 Sizing algorithm 

The method of peak-sun-hours (PSH) is typically used in the sizing algorithms for 

energy storage and PV array. (Weixiang, 2005) It allows calculating the predicted output 

of photovoltaic system. Peak-sun-hours method expresses the daily amount of hours in 

which the solar irradiance of 1kW/m2 is absorbed by batteries; in other words, PSH is a 

timespan in hours at an irradiance rate of 1kW/m2, essential to produce the diurnal solar 

irradiation, achieved from the irradiance integration over the all daylight hours (IEEE, 

2007). Application of peak-sun-hours method provides an opportunity to investigate 

dependency of photovoltaic array size and energy storage capacity from solar 

availability; therefore, it allows putting geographical location into the economical 

analysis. As far as integration is not carried out precisely, the result will be a rough value, 

which is considered sufficient for the research objectives. Consequently, the PV array 

output can be calculated multiplying PSH by PV array size. 

According to (Markvart, 2006), the main objective of sizing concepts is to determine the 

correspondence between the size of energy storage and PV array output for specific 

reliability requirements. Assuming that supply security is an issue of fundamental 

importance in the context of parameterization, it should be strictly defined. The research 

of (Sandia Laboratories, 1995) demonstrates that objective to meet 99 % of load demand 

triples investment costs comparing with supplying 95 % of electricity consumption. 

Figure 4.2.gives an approximate estimation for usable storage days to be provided taking 

into account PSH for a certain month; particularly, two curves display characteristics for 

95 % and 99 % availability of energy storage system.  

The term “usable” capacity prescribes that maximum depth of discharge (MDOD) and 

discharge rate factor under a given temperature (T, DR) have been accounted for impacts. 

Thereafter, nominal storage capacity (C/20, 25 °C) can be determined as follows: 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑈𝑠𝑎𝑏𝑙𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
(𝑀𝐷𝑂𝐷) ∗ (𝑇,𝐷𝑅) 
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The relationship between LiFePO4 battery capacity and temperature follows the instant 

dependencee; hence, capacity decreases with a reduction of ambient temperature. The 

lower is battery temperature, the higher is resistance and the lower is deliverable 

capacity, respectively. It should also be noted that in the case of temperature exceeding 

15°c, the available capacity remains basically the same (capacity at 15°c is approximately 

98 % of that at temperature 25°c). Also, maximum depth of discharge (MDOD) is 

assumed to be 70 % with reference to performance attributes of LiFePO4 batteries. 

 

Figure 4.2. Impact of availability level on energy storage parameterization (Sandia laboratories, 1995) 

 

If it were claimed to design a standalone system, which is capable to supply load without 

power interruptions, barely owing to power facilities and energy storage, the units’ 

capacity and capital investments would have grown significantly; thus, there is a 

reasonable assumption to achieve 95 % of supply availability with an energy 

accumulators. In order to cut capital investments on storage for regions with low solar 

irradiation level, it is worth providing 95% system availability while covering remained 

5% of supply with back-up solutions, such as standby generator, demand-side 

management or interconnection with existing power grid. 
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The sufficient condition for battery sizing is to recognize the worst month of the year 

(Sandia Laboratories, 1995); in particular, the month of the year with the highest 

demanded to available power ratio.  

All the relevant information, such as monthly averaged insolation for a horizontal surface 

(kWh/m2/day) and equivalent number of black days to be supplied by storage system is 

provided for various geographical locations by ASDC NASA (Atmospheric Science Data 

Centre at National Aeronautics and Space Administration) observed and collected during 

the 22-years period (from July 1983 to June 2005) and SWERA (Solar and Wind Energy 

Assessment) by NREL (National Renewable Energy Laboratory). 

However, since the purpose of research is to introduce renewable generation into the 

techno-economic assessment, all the accessible sources of energy should be taken into 

consideration. The implementation of PV-only standalone systems can lead to oversizing 

of power equipment under the conditions of low solar availability and relatively high load 

demand. 

The algorithm for definition the number of photovoltaic panels and wind generator 

capacity needed for isolated system was suggested by (Kellogg, 1997). It uses the hourly 

average insolation, wind speed and load profile to define the PV Array/wind generation 

capacities required to supply demand at rock-bottom price. In further words, the task is to 

define technically allowed microgrid configuration, following the aim of an objective 

function (Fc) minimizing, which is sum of capital and maintenance cost over the system 

lifetime: 

𝐹! = 𝐶! + 𝐶! 

These costs can be presented as the sum of hybrid system elements: annual cost of the PV 

array, wind turbine, energy storage as follows: 

 

𝐶! = 𝐶!,!" + 𝐶!,!"#$ + 𝐶!,!"#$% 

𝐶! = 𝐶!,!" + 𝐶!,!"#$ + 𝐶!,!"#$% 
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The objective function is compelled to minimize the range between generated power 

(Pgen) and load demand (Pdem) over the timespan: 

∆𝑃! 𝑡 = 𝑃!"# 𝑡 − 𝑃!"# 𝑡 𝑃!"# 𝑡 > 𝑃!"# 𝑡 , 

∆𝑃! 𝑡 = 𝑃!"# 𝑡 − 𝑃!"# 𝑡 𝑃!"#(𝑡) < 𝑃!"#(𝑡) 

Integrating power ΔP attains an energy equation versus time; the time interval ΔT for 

integration is assumed as 1 hour, on the basis of distributed data. The energy curve of this 

equation can be used to determine the storage capacity for the hybrid microgrid: 

𝑊!"# =𝑊!"#,                                                                                           

𝑃!"#(𝑡) ≠ 𝑃!"#(𝑡) ,      𝑡ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒 

∆𝑊!"! = ∆𝑃! 𝑡 𝑑𝑡 

∆𝑊!"! = ∆𝑃! 𝑡 𝑑𝑡 

Battery charge is cycling between the highest and lowest peaks of energy curve; 

therefore, sufficient capacity is equal to the spread between minimum and maximum 

values. The important issue is a definition of reasonable time period for a storage-sizing 

algorithm. In a general case, repetition cycle n+1 should be realized, where “n” is amount 

of days to be considered; consequently, calculation cycle repeats unless and until the 

extreme value is determined.  

However, considering the load characteristics, general assumptions may significantly 

simplify the sizing algorithm by minimizing total number of iterations; in particular, 

either cases of lacking and excessing generation over demand should be considered (e.g. 

for winter and summer month). Subsequently, the higher of two values is nothing else but 

required storage capacity. Further, maximum depth of discharge and discharge rate 

factors, while also inverter efficiency during charging and discharging cycles should be 

taken into account. 
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Finally, the recurrent approach for determining the amount of wind turbines and 

photovoltaic panels needed for isolated microgrid is as follows: 

• The	  available	  unit	  sizes	  for	  storage	  battery	  packs,	  wind	  turbines	  and	  photovoltaic	  
panels	  should	  be	  selected.	  

• Proceeding	  from	  the	  position	  that	  power	  rating	  for	  wind	  turbines	  dramatically	  
exceeds	  that	  of	  single	  photovoltaic	  panel,	  the	  quantity	  of	  wind	  turbines	  (Kw)	  should	  
be	  kept	  stable	  and	  the	  number	  of	  photovoltaic	  panels	  (Kpv)	  should	  be	  increased	  until	  
the	  system	  is	  balanced.	  

• Repeating	  of	  the	  previous	  step,	  but	  this	  time	  with	  selecting	  of	  different	  number	  of	  
wind	  turbines	  (Kw=1,	  2,	  3,	  etc.)	  

• The	  total	  annual	  system	  costs	  for	  each	  configuration	  of	  the	  units	  should	  be	  
calculated	  

• The	  configuration	  with	  the	  lowest	  total	  cost	  should	  be	  chosen	  and	  introduced	  for	  the	  
break-‐even	  analysis.	  

Integration back-up fossil fuel generation into system parameterization arises an issue of 

load priority that is defined by a control algorithm. 

Sizing algorithm of a hybrid renewable-diesel off-grid system is a challenging task, 

requiring time-step modeling in the specialized software. Assuming the introduced 

constraints, Homer Energy simulates power flow through the accumulator batteries in 

order to define optimal size of the energy storage. During the optimization process, 

software searches for the leas-cost solution that satisfies supply security requirements. 
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5. Simulation model 

5.1 Software 

HOMER Energy (Hybrid Optimization Model for Electric Renewable) is commonly used 

computer program for simulation, optimization and carrying out of a sensitivity analysis 

of various microgrid configurations.  Software solves the optimization issue to minimize 

the criterion function, considering various technical, economical and environmental 

conditions and suggests the optimal combination of system components, e.g. optimum 

solar, wind and battery ratings. Different configurations are compared with the respect to 

LCOE (levelised cost of electricity) and NPC (net present cost) (Fahmy, 2012). 

In order to perform calculations in HOMER, the input parameters should be prepared in 

terms of values for each simulation time-step. The process of input data assessment is 

describes in the following chapter. 

5.2 Input data assessment 

5.2.1 Assessment of the load 

Influence of the load conditions on the project feasibility is an issue of detailed 

engineering economy study. In order to perform valid cost evaluation, load patterns 

should be modeled as accurately as possible. Comprehensive load profiles allow 

estimating correctly annual electricity consumption, seasonal power demand, while also it 

is a crucial factor for reasonable parameterization of the system components. Errors in 

load data have a very significant impact on electric power supply, network calculation 

and pricing planning.  

The widely accepted method for data accessing is an applying of load models, while 

empiric methods, such as Velander’s formula are rarely used nowadays by reason of its 

unsuitability for power demand estimation of an individual consumer. There are two 

main assumptions for a proper application of a modeling technique: type of electricity 

user and its annual energy consumption should be known. Load profiles for the typical 

consumer groups are introduced by way of two-week indexes (26 models), hourly day 
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patterns (24 models) and day categories (3 models: for workday, eve and holiday), 

amounting to 1872 hourly demand patterns for the whole year.  

Therefore, average power per hour can be expressed as: 

𝑃! =
𝑊
8760 ⋅

𝑘!!
100 ⋅

𝑘!!
100+ 𝛽 ⋅ ΔT ,                                                   

where 𝑃! - power per hour in kW at time “t”, 

𝑊 - annual energy in kWh, 

𝑘!! , 𝑘!! – two-week and hour indexes at time “t”, 

𝛽 - temperature factor, 

ΔT - difference between normal outdoor and measured outdoor temperature at time “t”. 

In order to determine the possible peak power, random variations of load should be taken 

into account. Assuming the normal distribution, maximum power accords to an excess 

probability, which in its turn can be calculated if the load deviation is known.  

Consequently, above-mentioned indexes for load and its deviation illustrate dramatically 

nature of consumption, along with the load dispersion for different groups of energy 

consumers. 

In this Thesis, assumed load profiles are based on the typical models for detached 

housing in Finland; for the present purpose, electricity consumers differ according to the 

heating system. Load characteristics and its deviations are based on the measurements 

done in 1980’s, with allowances for annual consumption, since the basic form is still 

found to be applicable.  

The modeling of aggregate load profile for residential community consists of several 

steps. Firstly, average electrical consumption per household for each type of electricity 

consumer has been determined as follows: 20000 kWh for detached houses with heat-

pump electrical heating (for the “Finnish case) and 5000 kWh for terraced houses without 

electrical heating (for the “European” case). Therefore, considering the accuracy 
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requirements, preset confidence level of 95 % was chosen as commonly used for peak 

power calculations. Thus, from the normal distribution: 

𝑧! = 1.6  (𝑖𝑓  𝛼 = 5  %)  

Peak  power  for  the  group  of  similar  customers  is  calculated  as:  

𝑃!"# = 𝑛 ∙ 𝑃 + 𝑧! ∙ 𝑛 ∙ 𝛿,                                          (7.2) 

where 𝑛  is a number of similar electricity consumers, 

 𝑃 is a mean power, 

 𝛿 is a load deviation. 

5.2.2 Assessment of the wind data 

In order to calculate economic features for renewable energy-based island grid under 

certain environmental conditions, the wind resource hourly data should be provided. This 

input information, along with the data on rest energy resources and demand curve should 

be sufficient for properly system sizing, that as a consequence enable us to calculate net 

present value (NPV), end-customer cost of energy (COE) and therefore break-even 

distance of grid extension for the project. 

Hence, proceeding from the premise that current research issued the challenge to carry 

out generalized analysis, the geographical location followed by ambient conditions 

should be accepted as a variable for sensitivity study. By this means, specification of the 

basic parameter is a vital issue to conduct flexible and accurate sensitivity analysis. It 

should be convenient to develop a distribution pattern that will follow the desirable 

precision ratio. 

Average wind speed at the elevation of 20 meters has been admitted as acceptable basic 

parameter. Selected altitude is widely applicable hub height for the wind turbines with 

output less then 20 kW. (Suomen Tuulivoimayhdistys) Also worth noting that this data is 

measured for variety of locations or either could be acquired by mathematical 

transformation of 50 meters height observations, provided by meteorological stations. 
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The wind data should be corrected using the equation below (P. Gipe, 1993): 

𝑆
𝑆!
= (

𝐻
𝐻!
)! 

where 𝐻  𝑎𝑛𝑑  𝐻! =     50  𝑎𝑛𝑑  20 meters, respectively;  

𝑆  𝑎𝑛𝑑  𝑆! - wind velocities at 50  𝑎𝑛𝑑  20 meters elevation. 

The exponent 𝛼 = 0.13  is a measure of surface frequency that is confirmed with 

experimental observations. 

Subsequently, the problem of developing an allocation model based upon average wind 

speed has been stated.  

Further investigation was carried out with an increased focus on theoretical basics of 

distribution models describing behavior of the wind. Wind speed distributions were 

considered to follow Weibull statistics with the shape factor k=2, that is known as 

Rayleigh probability density function (PDF). 

Following few mathematical manipulations, the probability density function can be 

expressed in the terms of basic parameter, which is average wind speed. Therefore, 

applying the method of autocorrelation solves issue of the data allocation into daily 

recurring patterns. The 24-hours variations are defined by the means of cosine function, 

wherein peak wind speed hour is phase and diurnal pattern strength is phase amplitude.  

All of these parameters have a stochastic nature under real-world environment; their 

distributions vary depending on ambient conditions. Hence, this approach is admitted as 

suitable for work objectives, permitting us a possibility to pick a synthetic data for 

defining the impact of environmental factors on the microgrid lifetime costs. 

Detailed aspects of the wind data synthesis and considerations of wind-powered 

generator performance are examined further. 
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It is indubitable fact that wind speed varies according to the season, time of a day and 

influenced by objects in direct proximity. Looking ahead, power output of the wind 

turbine depends on wind velocity in accordance to cubic law: 

𝑃!
𝑃!
=

𝑉!
𝑉!

!

 

Where 𝑃!,! - power densities at certain 𝑉!,!windspeeds 

 Wind speeds vary during the time period either with high or low amplitude; in the 

meantime, average speed of wind can be equal. Under the circumstances, power 

performance for wide-range speed variation results in dramatically higher efficiency 

factor. From there, it can be said that calculation should not be based only on the average 

wind speed indexes what can lead to meaningless result.  

Consequently, average wind velocities can be suitable basic parameter, but probabilistic 

model should be taken into consideration in order to get trustworthy outcome.  

The Weibull probability density function has been widely adopted in the assessment of 

wind energy data according to its good performance and few influencing parameters (Lun 

2000, Kaminsky, 1977).  

Expressed mathematically, 

𝑓 𝑣 =
𝑘
𝑐
𝑣
𝑐

!!!
𝑒𝑥𝑝 −

𝑣
𝑐

!
 

Where k is a shape parameter, c is a scale parameter 

Based on the premise that wind conditions are little known on the site, the starting 

assumption is to admit k=2. (Gilbert M. 2004) 
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Weibull PDF with the shape parameter 𝑘 = 2  is also known as Rayleigh 

probability density function, which is defined as: 

𝑓 𝑣 =
2𝑣
𝑐! 𝑒𝑥𝑝 −

𝑣
𝑐

!
 

The potential error in the wind power assessment for widely-accepted Rayleigh 

distribution was examined by (Zhou, 2013) Generally, shape factors for different 

locations are slightly different from 𝑘 = 2 ; therefore, wind power outputs calculated by 

the means of Rayleigh statistics could be over or under-estimated. At the geography level 

and globally, wind power is basically overestimated by an average of 6%, except in 

Europe (Fig. 5.1.) As a result, the parameter spread of Rayleigh distribution in relation to 

Weibull function is accepted as reasonable for the current observation. 

 

Figure 5.1. Regional dispersion of the Weibull shape parameter (k) 

 

The influence of a scale parameter c on Rayleigh distribution is plotted in Fig. 5.2.  

Figure displays that large scale indices transpose the curve toward the high values of 

average wind speed and vice versa. 
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Figure 5.2. Rayleigh distribution with different scale parameters (Gilbert M., 2004) 

 

Back to the key parameter, average wind speed value can be defined in probabilistic 

terms: 

𝑣 = 𝑣! ∙ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑣 = 𝑣!
!

 

Likewise, it can be found using a probability density function: 

𝑣 = 𝑣 ∙ 𝑓(𝑣)𝑑𝑣
!

!

 

Therefore, connection of basic parameter (average wind speed) and scaling factor can be 

described as follows: 

𝑣 = 𝑣 ∙ 𝑓(𝑣)𝑑𝑣 =
2𝑣!

𝑐! 𝑒𝑥𝑝 −
𝑣
𝑐

!
!

!

!

!

=
𝜋
2 𝑐 ≅ 0,886  𝑐 
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If we represent conversely: 

𝑐 =
2
𝜋
𝑣 ≅ 1,228  𝑣 

Consequently, the Rayleigh probability density function is expressed in terms of average 

wind speed by substituting scale factor into the basic equation (Gilbert M, 2004): 

𝑓 𝑣 =
𝜋  𝑣
2𝑣!

𝑒𝑥𝑝 −
𝜋
4
𝑣
𝑣

!
 

	  

The complexity of surrounding terrain has a strong influence on the autocorrelation 

factor. In such a manner low values (0.7 – 0.8) are typical for the locations, surrounded 

by areas with various surface topography (e.g. open water on one side and mountains on 

another). Complex terrain has a baffling effect on wind, so permanent wind shears result 

in variable wind pattern. Therefore, low autocorrelation rates are caused by low 

persistence of wind speed.  

By contrast, areas surrounded by featureless terrain (either flatland or open water) tend to 

have high values of autocorrelation (0.9 – 0.97) 

Consequently, the autocorrelation factor represents how randomly speed of wind 

fluctuates from hour to hour. (Brett and Tuller, 1984) 

The rated value r = 0,9 has been assumed as default value in this thesis. 

In the general case, autocorrelation coefficient for a time series 𝑧!, 𝑧!…𝑧! is defined as 

follows: 

𝑟! =
(𝑧! − 𝑧!!!

!!! )(𝑧!!! − 𝑧)
(𝑧! − 𝑧)!!

!!!
 

Windspeed data has been split into 24-hours recurring pattern for the critical 

approximation to actual environment and computational convenience. 



 

 

58 

These distinct daily patterns cause the autocorrelation function to fluctuate on a 24-steps 

period. 

The diurnal data variations are represented using the following equation: 

𝑣! = 𝑣 1+ 𝛿 cos !!
!"

𝑖 − 𝜑      for i=1,2…24  

 

where δ - diurnal pattern strength (varies between 0 and 1), 

 φ - peak windspeed hour (varies between 1 and 24) (Lambert, 2004) 

5.2.3 Assessment of the solar data 

The average monthly solar parameters of the selected site are obtained from the SWERA 

database, and the data simulation of the synthesized solar irradiation is based on the 

algorithm (Graham and Hollands, 1990), which is stated in HOMER Energy user’s 

manual. In technical literature, there have been recorded instances of introducing random 

behavior of solar irradiation using Beta probability density function (Ettoumi et al., 

2002). Furthermore, a technique of smoothing solar data by Beta PDF is implemented for 

synthesizing input parameters in this paper.  

The Beta distribution is determined as follows: 

𝑓 𝑥 =
1
𝛼,𝛽 ∙ 𝑥!!! ∙ 1− 𝑥 !!! ∙ 𝐼[0,1] 𝑥 ;  

𝐵 𝛼,𝛽 = 𝑥!!! ∙ 1− 𝑥 !!!𝑑𝑥,
!

!
 

where 𝐵 𝛼,𝛽  is the Beta probability density function, 

𝐼 𝑥  – indicator function. 

As can be seen from the equations, the integral represented by Beta PDF normalizes 

function 𝑓 𝑥  to the interval [0,1]. The indicator function 𝐼 𝑥  ensures that all values of 𝑥 

outside the interval have zero probability. 
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The shape parameters 𝛼  𝑎𝑛𝑑  𝛽 can be obtained from the mean value 𝜇  and standard 

deviation 𝛿 as stated below: 

𝜇 =   
𝛼

𝛼 + 𝛽 ;                                                 𝛿
! =

𝛼 ∙ 𝛽
𝛼 + 𝛽 + 1 ∙ 𝑎 + 𝛽! ;  

𝛼 =
(1− 𝜇) ∙ 𝜇!

𝛿! ;                                                       𝛽 =
1− 𝜇
𝜇 ∙ 𝛼; 

The Beta distribution approach have been validated by several researchers as a simple 

and adjustable two-parameters probability density function for synthesizing of solar 

parameters, which pretty exactly fits the empirical data in many cases (Atwa et al., 2010). 

Generally, usable solar irradiation contains of direct, ground-reflected and diffuse 

components. 

The solar data provided by SWERA is presented in terms of monthly averages. For 

majority of locations it is introduced in three main forms: 

• as	  GHI	  (Global	  Horizontal	  Irradiance),	  	  
• Tilt	  (Flat-‐plate	  tilted	  at	  latitude)	  
• DNI	  (Direct	  Normal	  Irradiance)	  

Global horizontal irradiance data is relevant for a flat-plate collectors directed horizontal 

to the ground surface. It describes the solar resources available for given type of PV 

modules: sum of DNI from the sun and DHI (Diffuse Horizontal Irradiance) from the 

sky.  

For some location latitude tilt collector orientation can significantly increase the 

efficiency of photovoltaic systems if an optimal slope is chosen. The optimal slope varies 

depending on the location. For instance, with the reference to (M. Šúri, 2007) average 

annual electricity production in Hamburg is higher then in Lappeenranta if modules are 

horizontally oriented (736 to 699 kWh/kWp), however targeting with an optimal angle, 

which is 41° for Lappeenranta provides an opportunity to achieve higher electricity 

production then in Hamburg case (854 to 847 kWh/kWp). Nevertheless, for some 

locations sloping position of collector will not be suitable solution due to weather 

conditions, such as afternoon rainfalls or morning fogs.  
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It must be noted that HOMER Energy simulation software uses GHI as input data, 

adjusting the angle of slope within the model. 

Finally, Direct Normal Irradiance represents the solar resource accessible to CSP 

(Concentrating solar power) systems. This technology allows improving system output 

by tracking the sun throughout the light day. 

To sum up, direct normal irradiance (DNI) is used for the case study computation, while 

Beta distribution is applied to simulate input parameters for generalized model. 
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6. Case study 

6.1 Project overview 

6.1.1 Project description 

For the case study, the sparsely populated rural area in the Western Finland was chosen. 

(Ymparisto.fi, 2014) The reference island grid is comprised of several households with 

typical load profiles for detached housing in Finland. Study is carried out with allowances 

for local pricing patterns (Yksikköhinnat, 2014), taking into account energy policy of 

Finland as well as possibility of interconnection and power trade within Nord Pool 

electricity market. 

Proceeding from the premise that the principal idea is to develop sustainable and 

economically feasible system, the mix of energy-efficient and green technologies is 

corroborated by mature technical solutions. The potential distance to the operational MV 

distribution system is an alternating quantity, which is determined by matching of island 

grid life-cycle costs to alternative cost of grid extension. Various reliability levels are 

examined both for standalone microgrid and medium-voltage line. 

In principle, solar-powered photovoltaic panels and wind turbines generate electrical 

power; further electricity is turned into alternating current via inverter and transmitted 

through 1 kV lines. Subsequently, it is transformed to 0.4 kV and fed to the customers at 

the load points. Excessive energy is either accumulated in the batteries (12 V bus, 4 

batteries per string) or dispersed in the domestic heating units and resistors of community 

sauna (Mäkinen, 2012) if the energy storage is fully charged. Consequently, energy 

accumulator, standby generator and step-down substation are examined to be an 

appropriate option for retrenchment of costs and improving the reliability of power 

supply. 

In conclusion, such possible engineering solutions as low voltage direct current (LVDC) 

network and Distributed Generation (DG) can be proposed in further studies. 
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6.1.2 Location 

 

Figure 6.1. Location of the reference island grid 

 

The reference island grid is situated in the rural forested area in the west coast of Finland 

(geographical coordinates of 62°83’N 21°35' E). Region was selected for the analysis on 

account of advantageous environmental conditions. Estimated offshore wind potential 

comparing to other regions is fairly high (EEA technical report, 2009), while solar 

irradiation level over the year is sufficient for introduction of small-scale photovoltaic 

system (Suri and Huld, 2007). 

6.1.3 Network configuration and control 

In the base case, generation of electric power is coupled at AC/DC bus lines; in effect AC 

and DC units that serve energy supply, are connected at both sides to the three-phase pure 

sin wave inverter. 

Under actual operating conditions, the PV array output depends heavily and nonlinearly 

on voltage; in its turn maximum power point (voltage at which efficiency is maximized) 

62°83’N 21°35' E
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is contingent on temperature and solar radiation. Therefore, PV array is connected to DC 

bus through charge controller that ensures maximum power point tracking (MPPT) at any 

specific time. Solar panels are connected in series to reduce wire losses and obtain higher 

output voltage. 

Wind turbines are equipped with build-in intelligent control unit that adjusts voltage and 

current. It is implemented as rectifier combined with micro controller.  

Since the use of power electronic devices is intended and not examined extensively; they 

are not separately sized. Neither sizing of inverters, system controllers nor wiring is taken 

into consideration in this thesis. It is merely assumed that MPPT device and inverter will 

be sized in accordance with the array and batteries wattage.  

The load-following dispatching strategy has been applied to maintain power flows 

between energy sources and battery bank. 

In the case of low voltage direct current (LVDC) system, a three-winding front-end 

transformer should step down the voltage; further rectifier bridges convert secondary side 

AC voltage into bipolar DC voltage of ± 750 V. The DC distribution network terminates 

with intelligent inverter units. Customer-end inverters (CEI) convert DC voltage level 

into traditional AC-low voltage level appropriate for the consumers load. 

6.1.4 Heating facilities 

The heating systems contribute substantially to the overall consumption, just as load 

profile relies heavily on the heating facilities. In the case of direct systems, the heating 

load is consistently high, while application of storing systems allows customer to 

participate in demand-side management. (Broad and Spielman, 2014) 

The heat pump systems show an excellent performance as distributed heating source, 

enabling user to reduce total energy costs, specifically in the households with electrical 

heating. Nevertheless the utilization of distributed generation is growing up in Finland, 

the number of installations is still small over against other Scandinavian countries. 

(Pasonen, 2014) According to (SULPU, 2014) report, the market share of heat pump 

systems increased significantly among the detached house owners over recent years; for 
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instance annual business volume of air-to-water pumps was up 30% last year with up to 

1000 sales, and turnover of the air-source pumps also increased by a few percent, in spite 

of the fact that construction of new family-cottages and building restoration countrywide 

decreased to a great extent.  Sustainable trend in the heating arrangements is illustrated 

dramatically on Fig 6.2. with the aggregate amount of unit sales from year to year. 

 

 

Figure 6.2. Installed heat pump systems in Finland, units per year (1996-2013) 

 

Consequently, allowing for widespread distribution and performance capability we 

assumed heat-pump system as a suitable option for carrying out a case study. 

6.1.5 Load profile 

The daily load profile on a yearly basis is typically dependent on exogenous variables 

such as average outside temperature and diurnal solar time that generally follow 

resembling patterns throughout the successive years. Resulting from northern location 

electricity consumption takes the sinusoidal shape for Finnish conditions. (Haapakoski, 

1998) The underlying factors are: strong seasonal fluctuations in the daylight time, low 

rate of summertime cooling loads, as well as increased use of household electrical 

devices during the cold season. (Paatero and Lund, 2005) 
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The hourly variation of dwelling loads results from cumulative effect of customer 

availability along with activity level. By such manners the mean daytime consumption 

during weekends is significantly higher then that in the workdays, which is an attribute to 

Finnish load profiles for detached housing. (Adato, 2006)  

Annual consumption for each household with partly accumulating electric heating system 

is assumed equal 20.000 kWh/a.  

Load growth is not taken into consideration (𝑟 = 0%) 

Average electric power factor (PF) 𝑐𝑜𝑠𝜑 = 0.85 have been accepted for computations 

using reactive power. 

Finally, typical load profile for heat pump heating island grid is presented in Fig. 6.3 

Consumption is shown separately for winter and summer seasons. 

 

Figure 6.3. Typical load profile for summer and winter day (heat-pump electrical heating) 
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Peak power is an important quantity, which make influence on the dimensioning of the 

network components. 

Peak loads can be rough estimated by applying Velander’s formula as follows: 

𝑃!"# = 𝑘! ⋅𝑊 + 𝑘! ⋅ 𝑊   ≈ 32  𝑘𝑊, 

Where 𝑘! = 0,22 and 𝑘!= 0,9 are Velander coefficients for customers with electrical 

heating, W = 100 MWh is an annual energy consumption for the base scenario. 

Practically, electrical energy consumption do not strictly match the assumptions achieved 

by Velander’s formula, however it gives approximately correct values either for 

individual users or large consumers group and therefore can be applied in case of lack of 

information. Nevertheless, equation makes no reckoning of consumer’s quantity.  

The load modeling method, based on consumption patterns, brings more precise results 

then forenamed formula. Diurnal hour models and hour indices, adjusted for each time 

frame are introduced for each two-week period, based on evaluation of measurement 

data, which is described in detail in chapter 5.2.1. The random variation, occurring in the 

electricity consumption, affect peak power value, which can be assessed statistically, 

when we assume that load variation follows Gaussian curve. Generally, peak value 

conforming to a certain probability can be calculated if the distribution patterns are 

known.  

Two-week indexes for consumption level and deviation are shown in Fig.6.4. The graph 

demonstrates how load density is distributed over the year. It is noteworthy that load 

capacity and its dispersion show the negative inverse relationship. 
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Figure 6.4. Two-weeks index for load and deviation (heat-pump heating) 

 

In order to calculate peak power using load models, excess probability, number of 

consumers, mean load and its deviation are needed. For the confidence level of 95 % 

(𝛼 = 5%), we obtain factor 𝑧!" = 1,65.  

Subsequently, peak power adjustment in relation to number of households is presented in 

Fig. 6.5. 

 
Figure 6.5. Levelling out of the peak load as the number of households in representative 

island grid increases for an excess probability of 5 % 
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Estimated peak  power  can  be  obtained  from  the  graph by multiplying average power 

to peak-to-average ratio for various network sizes.  

Anticipated peak power values for the base and sensitivity scenarios are presented in the 

Table 6.1. 

Table 6.1. Estimated peak power values (kW) for the reference island grid (heat-pump heating, annual 
consumption of a household – 20.000 kWh/a) 

Number of households, n / 
Annual consumption of 

household, MWh 
2 5  10 15 20 

5  3 6.9 13.1 19.2 25.2 

10  6.1 13.8 26.3 38.4 50.5 

15 9.2 20.7 39.4 57.7 75.7 

20 12.2 27.7 52.5 76.9 101 

 

6.2 Assessment of energy sources 

6.2.1 Wind energy 

Wind resource data provided by NASA meteorology database is used as input parameter 

for the simulation. Values are presented at hourly interval considering the wind velocities 

at 50 meters elevation above ground. Subsequently, magnitude is recounted for assumed 

hub height. 

Average annual wind speed is a good marker of the viability of the wind turbine 

arrangement in a given site, so typically values above 5m/s are considered sufficient for 

the satisfactory output. The summary results based on the wind energy capability report 

confirm that west coast of Finland has promising potential for project implementation. 

(EEA, 2009) 

For case study we used geographical coordinates of 62°83’N 21°35' E 

The average rates of wind speed shows quite stable trend for the given location with 

marginal increase of indices from October to January. 
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The mean values are presented in Table 6.2 in the monthly basis. 

Table 6.2. Average wind speed by month 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
average 

Wind 
speed, m/s 7,29 6,98 6,59 6,31 6,11 5,92 5,82 6,01 6,67 7,32 7,31 7,31 6,64 

 

The Probability density function (PDF) for the wind speed is presented in Fig. 6.6. 

Both shape and scale factor are within the range of a standard annual average for a 

moderately windy site. 

 

Figure 6.6. Wind speed distribution 

 

Selection of wind turbines was carried out in accordance with load parameters and wind 

conditions. Considering the wind exposure in the neighborhood, wind power generators 

with relative low start up wind speed were selected. Technical characteristics for utilized 

equipment (Generic 10 kW wind turbine) were achieved from internal database of 

HOMER Energy simulation software. The power curve demonstrating performance of 

selected wind turbine is shown in Fig. 6.7. 
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Figure 6.7. Generic 10 kV power curve (accessed from HOMER) 

6.2.2 Solar energy 

As reported by (Purhonen, 2013), utilization of two-axis solar trackers can dramatically 

improve the PV system efficiency in Finland. The electricity production benefit is 

explained by daylight duration during the summer period, when the energy can be 

produced almost from 3 am till 9 pm. 

As contrasted with wind resources, solar data for given location takes the sinusoidal 

shape, varying from general lack of solar irradiation in December up to 7.5 kWh/m2 per 

day in June.  

The average monthly values of direct normal irradiance are presented in Table 6.3. 

Table 6.3. Average direct normal irradiance by month 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
average 

PSH, 
kWh/m2 0,6 1,6 2,91 5,07 7,27 7,52 7,01 5,17 3,67 1,84 0,94 0,08 3,64 
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6.3 System reliability and backup 

6.3.1 Reliability assumptions 

Underlying principles of distributed reliability and applied reliability indices are 

explained in Chapter 2.4. 

In order to estimate the influence of reliability requirements on net present cost of island 

grid, two levels of system availability have been considered: 99.9 % (base case) and 95 % 

(sensitivity case).  

Further, operating reserve, providing safety margin to ensure reliable electricity supply 

have been taken into account. It provides emergency capacity to secure power feed from 

variability in the renewable power supply and electric load. The required operating 

reserve for each hour is 10 % of total load, while also 25 % and 50 % of solar and wind 

power output, correspondingly. Operating reserve is calculated by multiplying each of the 

referred parameters by load or output value and summing up results. 

The uncertainty in reliability is the major challenge in parameters selection: the number 

of faults varies significantly from year to year. A case in point is a statistics on failure 

causes for overhead and underground lines, provided by (Fortum, 2005), which is 

presented in Fig. 6.8.. Subsequently, long-term interruption data play strong role in the 

analysis. According to the statistics, there are some strong trends in supply interruption: 

about 90 % of power failures originate from MV-distribution networks, while only 10 % 

of the failures are continuous by nature. (Partanen, 2013).  
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Figure 6.8. Failure causes of a) overhead distribution lines b) underground cables (Fortum, 2005) 

 

  For the determination of the design parameters, it is essential to define the indexes for 

the failure rates of network equipment as accurately as possible; for example the 

distinction between failure rates could be a motivation for applying plastic-covered PAS 

overhead conductors instead of bared ones. (Lassila, 2010) 

Reliability analysis for distribution network components in Nordic countries was carried 

out by (Ying He, 2010). Failure rates due to sustained outages for 1-39 kV overhead lines 

(OHL) and underground cables (UC) were determined based on the average statistics. 

Mean failure rate for underground cables was 0.85 (faults per 100 km annually), while 

indexes for overhead lines were 0.21 and 4.77 for covered conductor (isolated) and bare 

conductor (uninsulated) solutions, correspondingly.  

a)

b)
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According to (Partanen, 2013), failure rates can be influenced by clearance of the line 

paths or building power lines along the waysides. Hence, it was assumed that MV-line 

should pass through the forest landscape. Fault rates for the case network, supplied by 

Suur Savon Sähkö Distribution Company were summarized in (Haakana, 2013) and 

presented in Table 6.4. 

Table 6.4. Typical fault rates for MV-lines 

MV Line 
Permanent faults, 
(faults/100km,a) 

Automatic reclosing, (faults/100km,a) 

High-speed Delayed 

Overhead line (OHL)  

Forest 10 21.9 30 

Roadside 6 10.95 15 

Field 1.3 4.38 6 

Covered conductor (PAS) 

Forest 5 2.92 4 

Roadside 2 2.19 3 

Field 1 2.19 3 

Underground cable (UC) 

UG cable 1 - - 

 

Above-mentioned data is appropriated for current thesis since it is clustered for different 

types of locality. Consequently, failure rates for reliability calculation are selected as 

follows: 

𝜆!"# = 0,1      
𝑓𝑎𝑢𝑙𝑡𝑠
𝑘𝑚 /𝑎 

𝜆!"# = 0,05      
𝑓𝑎𝑢𝑙𝑡𝑠
𝑘𝑚 /𝑎 

𝜆!" = 0,01      
𝑓𝑎𝑢𝑙𝑡𝑠
𝑘𝑚 /𝑎 

Failure rates for the transformer substation, circuit breakers and disconnectors are not 

accounted for the calculation because they are negligibly small comparing to indices for 

MV lines.  
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The number of planned outages is: 

𝜆!"#$$%& = 0,05      
𝑓𝑎𝑢𝑙𝑡𝑠
𝑘𝑚 /𝑎 

Customer average interruption duration (CAIDI) is assumed to be 3 hours. 

In addition, major storm component can be included into sensitivity analysis. (Kaipia, 

2007) 

To sum up, various types of conductors are characterized with different reliability indices 

and different investment costs which makes reliability an essential issue of techno-

economical assessment. 

6.3.2 Energy storage 

When defining a battery type, the critical parameters to consider are: voltage, capacity, 

round-trip efficiency, maximum depth of discharge (MDOD), capacity curve and lifetime 

curve, showing number of cycles to failure under different state of charge (SOC) 

In this case study, newly commercial LiFePO4 batteries have been considered for the 

facility under analysis. All battery strings have a nominal capacity of 200 Ah including 4 

single cells with nominal voltage of 3.2 V each. 

In spite of the fact that lithium ferrophosphate (LFP) batteries are mainly applicable in 

electro-mobility, its technical performance is revealed appropriate for stand-alone 

intermittent systems. (Wang and Adelmann, 2012) The particular advantage of LiFePO4 

batteries is that they show long working lifespan (≥ 2000  𝑐𝑦𝑐𝑙𝑒𝑠) and therefore low life 

cycle cost comparing to lead-acid and rest of Li-ion batteries. Specific features of LFP 

accumulators are discussed previously in Chapter 2.6.1.of this thesis. 
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6.3.3 Back-up gensets 

Back-up generator designated to be brought on line to assist in periods of peak loads or 

lack of renewable energy. From there, it runs with minimal consumption of fuel. 

The load-following dispatch strategy is admitted for system modeling, which means that 

AC generator doesn’t charge accumulator batteries, while producing power only to serve 

the primary load. 

6.3.4 Interconnection 

A traditional 20/1/0.4 kV distribution lines are exploited for grid extension; it is assumed 

that rural community is interconnected with national network through the one power-

system branch. 

Cost of the MV lines, pole-mounted substation, distribution transformer and other 

component prices are presented in the national cost list (Sähköenergialiitto, 2014). Low-

voltage system components, such as AMKA-cables, fuses, fault-protection devices, 1/0.4 

kV transformers, are equal for the island grid and interconnection solutions; on that basis 

they are disregarded from the economical comparison. 

For the first iteration, economical distance limit is calculated as line length of 20 kV 

medium-voltage branch from the existing grid point to the load center, without regard for 

low-voltage network topology.  

Furthermore, sensitivity analysis has been carried out to estimate the impact of different 

grid extension technologies on system reliability and economic feasibility; such 

engineering solutions as PAS overhead conductors, bared overhead conductors and 

underground cables were matched by economic criterion. 

Cables cross-section should be dimensioned with the accordance to such technical 

limitations as voltage drop, load capacity and shortage withstand capacity; protection 

requirements, which are defined in the SFS 6000-8-801 standard should be considered as 

well. In rural areas, thermal capability of the conductors usually fit the requirements, 

while voltage drop occurring in the lines becomes a limiting resource in transmission. 
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(Lakervi, 2012) Assuming voltage drop ΔU = 4%, transmission limit for different types 

of conductors have been determined. Consequently, maximum allowed path lengths at 

two voltage levels are shown in Fig 6.9 and 6.10 for the bare and covered conductors, 

respectively. Diagrams indicate, that transmission capacity of conductors is good enough 

at 20 kV; by contrast, it is strongly restricted in the case when 1 kV voltage is utilized. 

  
Figure 6.9. Maximum allowed path length for bare overhead conductors at 1 and 20 kV (ΔU =

4%, cos𝜑 = 0.85) 

 

  
Figure 6.10. Maximum allowed path length for insulated conductors at 1 and 20 kV (ΔU = 4%, cos𝜑 =

0.85) 

6.4 Economics 

6.4.1 Major economic factors 

The economic indicators such as discount rate and project lifetime has a significant 

influence on the profitability of power-energy project.  

The analytical survey of (Oxera, 2011) has summarized and marked valuable 

technological and market risks for renewable and low-carbon power generation in order 
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to forecast potential discount rates. Allowing for Finnish energy trends to 2030 (Capros, 

2010), the discount rate is assumed in the range from 5% to 7%.  

The operating lifetime of the wind/solar system is the third largest cost driver, following 

load factor and construction costs at a given discount rate. (Projected costs of Electricity, 

2010)  

The project lifetime is assumed to be 25 years in accordance with the anticipated life span 

of renewable power-generating equipment (PV system, wind turbine). 

6.4.2 Wholesale price and retail margins 

By reference to Nord Pool, price fluctuation records we assumed 0.04 euro per kilowatt-

hour as an average price for electrical energy, with optional scenarios of price variability 

from 0.03 to 0.05 euro per kilowatt-hour.  

 

Figure 6.11. Annual average Elspot prices for Finland (2000-2014) 

Upon the (Satu Viljanen, 2013) information, highest profits in electricity markets are 

generally made in the wholesale markets, while retail is quite tough market with high 

potential risks and relatively low profits. Retail margins in Finland, which are the lowest 

among the Nord Pool Spot, have been disregarder in this paper. 

 

Pr
ic

e,
 E

UR
/k

W
h

Year
2000 2002 2004 2006 2008 2010 2012 2014

0.01

0.02

0.03

0.04

0.05

ASSUMED VARIATION RANGE



 

 

78 

6.4.3 Energy taxes and VAT 

Excise tax of the higher category (I) is charged on electric energy used by private 

households, along with forestry, agriculture, construction, public service and 

administration. Based on regulatory documents, (Energy Taxation Customer Bulletin 21) 

tax levies in Finland are as follows: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑡𝑎𝑥  𝑐𝑙𝑎𝑠𝑠  𝐼 ≈ 1.9  𝑐  /  𝑘𝑊ℎ, 

𝑉𝐴𝑇 = 19  % 

6.4.4 Distribution tariff 

On the basis of postage-stamp tariff system, electrical user may purchase electricity from 

any retailer throughout unified Nordic electricity market. 

Distribution tariff is represented as aggregation of connection point fee, consumption fee 

and use-of-grid fee. It ought to be remarked that that average values throughout the 

project lifetime, without regard to seasonal variations, should be considered for the 

LCOE calculation method, which is accepted in this Thesis. 

According to (Viljainen, 2013), energy-biased rates were gradually increased for the 

recent years in contrast to point-of-connection tariff that was unchanged. Based on 

above-mentioned assumptions, distribution tariff indexes for the case study are selected 

as follows: 

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛  𝑓𝑒𝑒 = 1000  €/𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟, 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  𝑓𝑒𝑒   = 50  
€

𝑀𝑊ℎ   + 3  
€

𝑚𝑜𝑛𝑡ℎ , 𝑐𝑢𝑠𝑡 

𝑈𝑠𝑒  𝑜𝑓  𝑔𝑟𝑖𝑑  𝑓𝑒𝑒   = 40  
€

𝑀𝑊ℎ   + 7  
€

𝑚𝑜𝑛𝑡ℎ , 𝑐𝑢𝑠𝑡 

It is noteworthy that electricity taxes, retail margin and VAT are included in the above-

mentioned prices. 
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6.4.5 Retail electricity price 

Conception of end-user retail electricity price is introduced for sensitivity analysis to 

simplify the calculation process; it aggregates energy price, distribution fee, retail 

margins and all the taxes. According to (Viljanen, 2013), all-in electricity retail price in 

Finland is approximately 15 c/kWh, while average European price is about 18.5 c/kWh as 

for 2013. 

6.4.6 Fuel price 

Diesel price has a profound affect on the operational costs of system customized with 

back-up diesel generator. Based on the “Global petrol prices” report we considered 1.4 

euro per liter as a base price for diesel in Finland with possible variations from 1.2 to 1.6 

euro per liter. 

 

Figure 6.12. The trend in diesel prices for Finland (2014) 

 

These assumptions along with electricity price diapason and discount rate scenarios bring 

us the possibility to carry out a primary sensitivity analysis and therefore get the range of 

adequate values. 
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6.4.7 Outage costs 

Typical outage cost parameters for households applied in Finland are presented in Table 

6.5. 

Table 6.5. Outage cost parameters for households 

Outage Fault interruption Planned interruption 
Automatic reclosing 

High-speed Delayed 

Cost 
€ /kW € /kWh € /kW € /kWh € /kW € /kW 

0.36 4.29 0.19 2.21 0.11 0.48 

 

In this paper, average duration of planned interruptions assumed equal 1 hour, while 

average repair time is 3 hours. 

Overall interruption costs have been obtained by plugging the failure rates from chapter 

6.3.1, average outage durations and CENS values from Table 8.5 to the outage costs 

equation as prescribed in chapter 2.4.3. Then, cost values have been discounted by 

applying capitalization coefficients at two interest rates. Final values for three types of 

technologies, which are overhead lines, PAS-conductors and underground cables, 

adjusted to the annuity are presented in Fig 6.13. 

 

Figure 6.13. Average annual outage costs for different transmission technologies at interest rate 
𝑝 = 5  %  and 𝑝 = 7  %   (𝑇 = 25  𝑦𝑒𝑎𝑟𝑠) 

 

The standard compensations for exceeding interruption time limits are excluded from 

reliability calculations since it express the financial relations between Distribution 

System Operator (DSO) and customers. 
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6.4.8 Loss cost 

Finnish Electricity Acts states that network losses belongs to pass-through cost, therefore 

there is no efficiency target applied on them (NordEG, 2011). 

The price risks of network losses are hedged in advance in the financial market. Price 

hedging is merely based on the forecast related to volumes of loss energy.  Hedging is 

carried out on the basis of Nord Pool system price. In this analysis, costs of network 

losses in the reference case are 0.05 €/kWh.  The peak operating time of losses, 

dependent on temporal load behavior is assumed to be 2000 hours annually for medium-

voltage lines (Lakervi, 2013) and price of power losses is 50 €/kW. 

Finally, overall loss costs have been calculated by applying equation from chapter 2.5.3 

with different capitalization coefficients. Graphs of losses cost as a function of peak 

power have been plotted. Losses curves, adjusted to the annual values are presented in 

Fig 6.14 and Fig. 6.15 for bare and insulated conductors, correspondingly. 

 

Figure 6.14. Average annual loss cost for bare overhead conductors at interest rate 𝑝 = 5  %  and 
𝑝 = 7  %   (U = 20  kV, cos𝜑 = 0.85 ,𝑇 = 25  𝑦𝑒𝑎𝑟𝑠) 

 

Figure 6.15. Average annual loss cost for insulated conductors at interest rate 𝑝 = 5  %  and 𝑝 = 7  %   
(U = 20  kV, cos𝜑 = 0.85 ,𝑇 = 25  𝑦𝑒𝑎𝑟𝑠) 
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6.5 Calculation example 

6.5.1 Input parameters 

Table 6.6. Calculation parameters 

Calculation parameter Value 

Location Finland, 62°83’N 21°35' E 

Load profile Heat-pump electrical heating 

Annual consumption [kWh/a] 100 000 

Annual growth of consumption [%] 0 

Peak power [kW] 26 

Electric power factor 0.85 

Lifetime [a] 25 

Interest rate [%] 7 

Peak operating time of losses [h] 2 000 

Diesel price [€/l] 1.4 

Energy spot price [€/kWh] 0.05 

Distribution fee: connection [€/month]; consumption 
[€/Mwh]; use of grid [€/Mwh] 1000; 3; 1 

Energy tax [c/kWh] 0.19 

VAT [%] 19 

ASAI [%] 99 

PV module investment [€/kWp] 1 500 

PV module O&M cost [€/kW, a] 150 

Wind turbine investment  [€/kW] 1 800 

Wind turbine O&M cost [€/kW, a] 500 

12 V x 250 Ah Battery pack investment [€/unit] 4 000 

Battery O&M cost [€/unit, a] 150 

Battery lifetime [cycles] 2 000 

Diesel generator investment [€/kW] 500 

Generator lifetime [operating hours] 15 000 

30 kW Converter investment [€/unit] 5 000 

Converter O&M cost [€/unit, a] 250 

Converter and rectifier efficiency [%] 90; 85 

Cable type and grid extension investment [€/km] Raven; 24 610 

MV aerial network O&M cost [€/km, a] 100 

50 kVA Transformer investment [€/unit] 3 430 

Transformer O&M cost [€, a] 150 

2-pole mounted substation investment [€/unit] 6 700 
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6.5.2 Software tools 

Sizing algorithm of hybrid microgrid is a complex task, requiring customized software 

use. One-hour time-step simulation is needed to emulate the system behavior with 

adequate accuracy; to be specific, it is necessary to anticipate accurately fuel 

consumption, operating hours and power flow through the battery array, which impacts 

the technical lifetime. HOMER Energy has been used for microgrid simulation, 

optimization and parameterization of power supply units. Consequently, it comes up 

against major issue, which is finding a combination of components that can serve the load 

at the lowest cost.  

Assessment of renewable resources and load modeling for data-in has been carried out in 

Microsoft Excel, which allows using large-scale arrays. 

Computation algorithm for determination of break-even distance has been developed in 

Wolfram Mathematica.  

Firstly, interconnection expenses, including outages, losses, O&M, investment costs and 

electricity purchasing have been calculated and discounted over the lifetime for various 

load levels. Subsequently, aggregate expenditures for grid extension have been presented 

as composition of standing cost and length-related cost. Likewise, life cycle cost of island 

grid is a constant term; therefore, target value, which is economically viable distance of 

grid extension, can be derived from linear equation.  

Finally, computational methodology is flexible; that is why it can be easily modified 

depending on research objectives and environmental conditions. Figure 6.16 

demonstrates calculation algorithm for determination of break-even distance. 
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Figure 6.16. Calculation algorithm and software used 
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6.5.3 Interconnection 

Capitalization factor: 

α = 1+
p
100 = 1+

7
100 = 1.07 

𝜓 =
1
α =

1
1.07 = 0.934  

k = 𝜓 ∙
𝜓! − 1
𝜓 − 1 = 0.934 ∙

0.93!" − 1
0.93− 1 = 𝟏𝟎.𝟗𝟐  

Investment costs: 

𝐶!"# = 𝐶!"#,!" + 𝐶!"#,!"# + 𝐶!"#,!"#$ = 3430+ 6700+
24610
𝑘𝑚

= 𝟏𝟎𝟏𝟑𝟎  €+ 𝟐𝟒𝟔𝟏𝟎  € 𝒌𝒎  

Operation and maintenance costs: 

𝐶!" = 𝑘 ∙ 𝐶!",!" + 𝐶!",!"#$ = 10.92 ∙ 150+
100
𝑘𝑚 = 𝟏𝟔𝟑𝟖  €+ 𝟏𝟎𝟗𝟐  € 𝒌𝒎  

Outage costs are comprised of supply interruptions costs and expenses for planned 

outages. Outages cost parameters are taken from the Table 6.5, separately for planned, 

fault outages, while also high-speed and delayed auto reclosing. It is assumed that 

average rural feeder has power of 1000 kV; therefore outage affects all the feeder 

customers until the remote disconnectors actuate in 5 minutes. Consequently, power is 

supplied to half of the load in 1 hour, while total repair time is 3 hours (15 % of the 

feeder load affected) 

Outage costs are calculated as: 

𝐶!"# = (𝜆! ∙ P ∙ h!" + h!" ∙ 𝑡! + (𝜆! ∙ P ∙ (h!" + h!")    𝜆! ∙ P ∙ (h!! + h!" ∙ 𝑡!)) ∙ 𝑘 =

(0.1 ∙ 1000 ∙ 0.36+ 4.29 ∙ 0.083 + (0.1 ∙ 0.5 ∙ 1000 ∙ 0.36+ 4.29 ∙ 1 + (0.1 ∙ 0.15 ∙

1000 ∙ 0.36+ 4.29 ∙ 3 + (0.1 ∙ 1000 ∙ 0.11+ 0.48 + 0.05 ∙ 1000 ∙ 0.083 ∙ (0.19+

2.21 ∙ 1)) ∙ 10.92 = 𝟔𝟐𝟑𝟒  €/𝐤𝐦  
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Network losses costs: 

𝑃!"## =
P

𝑈!" ∙ Cos 𝜑

!

∙ 𝑟!"# =
27.7

20 ∙ 0.85

!

∙ 0.535 = 1.42  𝑘𝑊 

𝐸!"## = 𝑃!"## ∙ 𝑡!"## = 1.42 ∙ 2000 = 2840  𝑘𝑊ℎ 

𝐶!"##  !"# = 𝐸!"## ∙ 𝐶!" + 𝑃!"## ∙ 𝐶!" ∙ 𝑘 = 2840 ∙ 0.05+ 1.42 ∙ 50 ∙ 10.92 =

= 𝟐𝟑𝟐𝟔  €/𝐤𝐦     

Transformer losses costs: 

𝐸! = 𝑃! ∙ 8760 = 0.14 ∙ 8760 = 1226.4  kWh  

𝐶! = 𝐸! ∙ 𝐶!" + 𝑃! ∙ 𝐶!" = 1226.4 ∙ 0.05+ 0.14 ∙ 50 = 68.32  €    

𝑃! = (
𝑆!"#
𝑆!
)! ∙ 𝑃! =

2
0.85
50

!

∙ 0.885 = 0.33  𝑘𝑊 

𝐸! = 𝑃! ∙ 𝑡!"## = 0.33 ∙ 2000 = 660  𝑘𝑊ℎ 

𝐶! = 𝐸! ∙ 𝐶!" + 𝑃! ∙ 𝐶!" = 660 ∙ 0.05+ 0.33 ∙ 50 = 49.5  € 

𝐶!"##  !" = (𝐶! + 𝐶!) ∙ 𝑘 = 68.32+ 49.5 ∙ 10.92 = 𝟏𝟐𝟖𝟔  € 

Energy cost and network fees (where 𝑛 is a number of customers): 

𝐶!"!#$% = 𝑊 ∙ 𝐶!"#$ + 𝐶!"##$% + 𝑛 ∙ 12 ∙ (𝐶!"#$ + 𝐶!"##$%) ∙ 𝑘 + 𝐶!"##$!%&$$ ∙ 𝑛 =

= 100  000 0.04+ 0.05 + (5 ∙ 12 ∙ 7+ 3 ∙ 10.92 + 5 ∙ 1000 =

= 𝟏𝟎𝟗  𝟖𝟑𝟐  € 

Finally, aggregate costs of interconnection may be represented in the form of affine 

function: 

𝐶!"# = 𝐶!"#$% + 𝒍 ∙ 𝐶!"#$%! 

𝐶!"# = 𝐶!"#,!" + 𝐶!"#,!"# + 𝐶!",!" + 𝐶!"##,!" + 𝐶!"!#$% + 𝐶!"#,!"#$ + 𝐶!",!"#$ + 𝐶!"# +

+𝐶!"##,!"# ∙ 𝒍 = 𝟏𝟐𝟐  𝟖𝟖𝟔  €+ 𝟑𝟒  𝟐𝟔𝟒  € ∕ 𝐤𝐦    
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It is noteworthy that reclassification of cost ratio follow the load growth; for instance, 

share of connection point fee in distribution tariff should gradually decrease, while 

proportion of load losses costs should steeply go up. 

6.5.4 Island grid 

In order to define optimal combination of units, HOMER goes through all possible grid 

configurations, gradating them by total net present cost; this means that broad spectrum 

of input sensitivities leads to the large number of calculations. Technique of successive 

approximations dramatically shortens simulation time and improves the quality of output. 

According to the results of final iteration, optimal configuration of microgrid includes 20 

kW photovoltaic module, 5 wind turbines with a capacity of 10 kW each, 5 LiFePO4 

battery packs, 30 kW converter and 20 kW diesel genset (see Fig. 6.16). 

 

Figure 6.17. Optimal configuration of the island grid 

 

Overall investment cost of island grid is determined as: 

𝐶!"# = 𝐶!"#,!" + 𝐶!"#,!" + 𝐶!"#,!"# + 𝐶!"#,!"# + 𝐶!"#,!" =

= 20 ∙ 1500+ 5 ∙ 18000+ 5 ∙ 4000+ 1 ∙ 5000+ 1 ∙ 10000 =

= 𝟏𝟓𝟓  𝟎𝟎𝟎  € 

Operation and maintenance costs: 

𝐶!" = 𝑘 ∙ 𝐶!",!" + 𝐶!",!" + 𝐶!",!"# + 𝐶!!,!"# =

= 10.92 ∙ 3000+ 2500+ 750+ 250 = 𝟕𝟏  𝟑𝟎𝟗  €   

PV modules 
20 kW LiFePO4

 5 Battery Packs

Wind turbines 
5 х 10 kW AC-DC converter

 30 kW
Diesel generator

 20 kW
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Generator replacement is expected at 4th, 7th, 10th, 14th, 17th, 20th and 23rd years of 

exploitation, while battery life expires at 10th and 20th operational years.  

Discount factor (DF) for given year “t” is calculated as: 

𝐷𝐹 =
1

(1+ 𝑝)! 

Consequently, in order to define replacement cost, equipment cost should be multiplied 

by discount factor in the year of renewal: 

С!"# = 𝐶!"#$%& + 𝐶!"#$% = 𝐶!"#$%& ∙ 𝐷𝐹 𝑡
!

+ 𝐶!!"#$ ∙ 𝐷𝐹 𝑡 =
!

= 20000 0.508+ 0.258 + 10000(0.763+ 0.623+ 0.508+ 0.338

+ 0.317+ 0.258+ 0.211) = 𝟒𝟕  𝟏𝟕𝟎  € 

Average diesel consumption is 18 800 liters annually. Thus, fuel costs over the lifecycle 

are: 

𝐶!"#$ = 𝐶!"#$#% ∙ 𝐺!"#$#% ∙ 𝑘 = 1.4 ∙ 18800 ∙ 10.92 = 𝟐𝟖𝟕  𝟒𝟏𝟒  €  

Finally, total NPC of standalone island grid is calculated as: 

𝑁𝑃𝐶 = 𝐶!"# + 𝐶!" + 𝐶!"# + 𝐶!"#$ = 155000+ 71309+ 47170+ 287414 =

= 𝟓𝟔𝟎  𝟖𝟗𝟑  € 

6.5.5 LCOE and break-even distance 

Levelised cost of energy can be defines as: 

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝐶
𝑘 ∙𝑊!

=
560  893

10.92 ∙ 100000 = 𝟎.𝟓𝟏𝟑  €/𝐤𝐖𝐡 

The break-even grid extension distance: 

𝒍 =
𝑁𝑃𝐶 − 𝐶!"#,!"#$%

𝐶!"#,!"#$%!
=
560893− 122886

34264 = 𝟏𝟐.𝟕𝟖  𝒌𝒎 
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7. Sensitivity analysis 

7.1 Framework 

The primary objective of sensitivity analysis is to determine all the significant influencing 

factors and evaluate their impact on feasibility of reference island grid. Different 

technical requirements, types of load, economic factors and environment conditions have 

been taken into consideration. 

Basically, investigation is be represented in the form of two independent parts: 

Firstly, analysis is carried out for certain geographical location: solar and wind 

parameters are constant, while consumption nature, business environment and reliability 

requirements are assumed to be variable in order to estimate its influence on the life cycle 

cost of the system and break even point of grid extension, respectively. This type of 

analysis allows defining optimal technical solution for the electrification of rural 

community in cases where location is specified. 

Subsequently, such ambient conditions, as available solar irradiation and wind speed are 

assumed to be variable. This type of analysis allows mapping suitable locations for 

integration of renewable energy-based hybrid microgrids. 
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7.2 Output evaluation for Finnish case 

7.2.1 Configuration impact 

In this section, influence of the system configuration on the project economics has been 

investigated. In other words, configuration analysis attempts to answer the question: 

What is the optimal combination of power units to supply the load in cost-effective way? 

Generally, diesel costs are volatile and gradually growth in the course of time, while 

renewable energy costs look to long-term down. At the same time, increasing production 

of intermittent renewable energy intensifies the need for accumulation of power to ensure 

system flexibility and reliability. Therefore, high peak loads along with the strict 

reliability requirements may lead to additional investments.  

Figure 7.1 shows lifecycle cash flows for three different solutions, which are diesel-based 

microgrid, reference hybrid microgrid (case study) and hybrid microgrid under 

constraints (minimum acceptable power, generated by renewables, so-termed renewable 

fraction (RF) should be at least 90 % of total output). 

 

Figure 7.1. Cash flows for different island grid configurations 
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The most notable commercial result of the hybrid microgrid system is the net present cost 

(NPC) reduction by 31 % as opposed to diesel based-case.  Permissible renewable 

fraction (RF), together with reliability requirements affects the upfront investments; 

specifically, increasing of renewable fraction from 75 % to 90 % amounting to growth by 

145 000 € in the capital costs.  

Hybrid island grid contains two renewable power sources, energy storage and back-up 

diesel generator. A detailed review how different power sources contributes the electrical 

generation by month is presented in Fig. 7.2. 

 

Figure 7.2. Monthly average electric production (HOMER) 

 

Wind power generation is the most effective energy source contributing to 52 % of the 

total electricity output. On the contrary, solar power generation varies over the year, 

showing its lowest capacity rates in December, followed by January and November, 

owing to lack of daylight hours; however, higher PV performance over a period of 

summer months enables to cut down the fuel expenditures. All the system components 

shows high complementarity, allowing to built sustainable and profitable microgrid. 

Finally, calculation results demonstrate that hybrid island grid is a cost-effective option in 

the present context. However, renewable-only solution should not be ruled out, since it 

can be viable under different ambient conditions, reliability parameters or load 

performance; more detailed analyses are presented in the following chapters. 
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7.2.2 Reliability impact 

Reliability study, as mentioned previously, alleges to the ability of the planned island grid 

to continuously meet the load demand for specified service hours. In this section, the 

effects of the system availability on the economical performance have been investigated. 

In other words, reliability analysis addresses the following questions: (1) How much can 

we save by leveling down ASAI requirements? (2) What are the economically viable 

solutions to improve system reliability? 

Firstly, required availability level has been decreased from 99.9 % to 95 %. Annual 

maximum capacity shortage is calculated as: 

𝑊!!,! = 𝑊 𝑡
!

∙ 1−
𝐴𝑆𝐴𝐼!
100 ;   

  𝑊!!,!!.! = 100  000 ∙ 1−
99.9
100 = 100  ℎ;       𝑊!!,!" = 100  000 ∙ 1−

95
100 = 5000  ℎ;   

Consequently, island grid has been recounted in HOMER with the application of new 

engineering constraints. Optimal combination of units is shown in Fig. 7.3. 

 

Figure 7.3. Optimal configuration of the island grid (ASAI = 95 %) 

 

As can be seen from Fig. 6.16 and Fig. 7.3, allowing different capacity shortage changes 

dramatically the system configuration. In this case, rated capacitance of wind turbines 

and diesel generator has been reduced; moreover, load can be served directly without the 

use of energy storage.  
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Figure 7.4 illustrates, that total NPC has declined by 52 €k, while break-even distance 

has decreased from 12.48 to 10.77 km. 

 

Figure 7.4. The break-even grid extension distance for two availability levels 
𝐴𝑆𝐴𝐼 = 99.9  𝑎𝑛𝑑  95  %  

 

Capacity shortage occurs if total power output is not sufficient to meet the required load 

demand. Figure 7.5 demonstrates root causes – the underlying factors behind the 

problem. Winter day under review is characterized both by low availability of renewable 

energy sources and heavy load induced by electric heating operation. Evening peak takes 

place when the light day is already over; then, battery state of charge (SOC) sharply 

dwindles, reaching its minimum allowed level about 6 p.m. Subsequently, diesel 

generator comes to a maximum output, however it is insufficiently to supply the load 

demand to the full extent. 
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Figure 7.5. Example of capacity shortage (HOMER) 

 

Getting back to the system configurations, lower reliability requirements allows to cut 

investment costs exactly to a refusal of energy storage or utilization of power equipment 

with lower rated output. Following this, admissible level of capacity shortages affect the 

system parameterization and net present cost (NPC), respectively.  

Ideally, power demand should be balanced as much as practical in order to afford the 

maximum use of generating capacity. By contrast, high peaks for a short time lead to 

oversizing of system components. Therefore, when the objective is to optimize the 

capacity utilization, simultaneously preventing additional investments, the 

implementation of demand-side management plays a key role. 

Figure 7.6 shows average daily load profiles of unmet load and excess power for the 

island grid with lower reliability standards (𝐴𝑆𝐴𝐼 = 95  %), extracted from HOMER 

simulation results. 
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Figure 7.6. Unmet load and excess power (HOMER) 

 

Daily graphs give distinct information about non-optimal utilization of energy resources. 

High penetration of renewables causes an excess production of power, especially during 

midday. Those production peaks have a negative influence on grid stability. 

Rescheduling of the load can significantly improve the capacity usage; particularly, 

midday peak can be shaved by shifting loads to the given period. In the meantime, 

demand response technique results in additional fuel savings. 

Determination of the time-flexible loads is the key element in demand-side management 

analyses. Therefore, digit-by-digit algorithm for load modeling is needed to identify 

importance and adjustability of the loads. 

To sum up, overstated reliability requirements may cause an odd expenditure due to 

oversizing of the system components. If reliability requirements for the island grid are 

quite strict, demand side management is a step-ahead solution to implement. The 

application of demand response techniques has the potential to optimize system 

configuration and fuel consumption, while also should have a positive impact on grid 

stability. Moreover, no additional expenses on power equipment are required, without 

regard to installation of a device that can automatize the load shifting. 

In the perspective of grid extension, an island grid with energy management system can 

contribute to the grid stability by the peak shaving (Budenbender, 2010). Furthermore, 

market-based demand response provides an opportunity to realize a profit on energy 

trade, if established network tariffs provide the dynamic pricing. (Partanen et al., 2012) 
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7.2.3 Scale impact 

Generally, growth of the load affect either life cycle cost of standalone island grid and 

cost of interconnection; moreover, various cost components depends on the load level in 

a different way. In this section, scale impact of the load has been investigated. 

In the case of grid extension, load buildup affects outage costs and power losses in 

medium-voltage lines and transformers, while also introduction of the bigger cross-

sections may be required. As for standalone microgrid, re-dimensioning of the system 

components should be carried out. 

Assuming the proportional load growth and fixed retail electricity price, the graph of a 

grid extension distances as a function of a peak load have been plotted in the range of 

values from 20 to 100 kW. The stochastic regions for possible technical solution have 

been obtained considering different economical scenarios. The dependency diagram is 

illustrated in Fig.7.7, while input calculation parameters are presented in Appendix 2. 

 

 

Figure 7.7. Break-even grid extension distance for hybrid PV/wind/diesel island grid, located in the 
western Finland (62°83’N 21°35' E)  
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The most striking feature is that break-even distance of grid extension increases with the 

growing peak power; moreover, the upward trend is clear at low loads, gradually 

smoothing over with the rising load level. If the values are out of the bounds of shading, 

the implementation of island grid or interconnection is an unambiguous solution; 

however, if the values are within a range of tolerance, engineering solution may depend 

on market behavior or supply security requirements.  

Generally, upward tendency results from undercharge of the power lines; particularly, 

increasing of load level doesn’t lead to re-dimensioning of cross-sections. On the other 

hand, off-grid generating capacities should be enhanced to serve the increased power 

demand. In this thesis, scale advantage is not considered; therefore, growing of the load 

leads to the proportional upvaluation of power equipment, although this cost should be 

slightly lower under actual market prices.  

The leveling off trend mainly results from quadratic increase of losses under load. As for 

other cost elements of interconnection, outage costs increases linearly; O&M and 

investment costs are almost unchanged. 

Overall, the key points to note are:  

• Firstly,	  balanced	  growth	  of	  the	  net	  present	  cost	  (NPC)	  is	  observed	  with	  increasing	  of	  
the	  load,	  while	  levelised	  cost	  of	  electricity	  (LCOE)	  remains	  stable.	  

• Secondly,	  the	  break-‐even	  distance	  increases	  with	  the	  growth	  of	  load;	  upward	  trend	  
leveled	  off	  at	  high	  peak	  loads	  due	  to	  significant	  power	  losses.	  
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7.3 Impact of ambient conditions 

7.3.1 Assessment of electricity price for the end-customer 

In this chapter, effects of ambient conditions on economic viability of island grid have 

been examined. Put it differently, analysis of geographical locations provides an 

opportunity to anticipate end-customer levelised cost of energy (LCOE) in hybrid 

microgrid, knowing prices for fuel and equipment.  

Several assumptions should be taken into consideration: 

• Interest	  rate	  is	  assumed	  to	  be	  5	  %	  and	  7	  %,	  while	  project	  lifetime	  is	  25	  years	  in	  
conformity	  with	  working	  lifespan	  of	  system	  equipment.	  

• Load	  profiles	  for	  generalized	  model	  should	  be	  reconsidered,	  since	  heat	  pump	  
heating	  systems	  with	  strong	  seasonal	  variations	  are	  quite	  specific	  for	  Nordic	  
countries.	  Representative	  grid	  includes	  20	  domestic	  customers	  with	  annual	  electric	  
consumption	  5	  000	  kWh	  each	  (100	  000	  kWh	  in	  total).	  Peak	  load	  of	  the	  residential	  
community	  is	  25	  kW.	  In	  the	  example	  group,	  consumers	  live	  in	  detached	  houses	  
without	  electrical	  heating.	  	  This	  type	  of	  profile	  is	  less	  dependent	  on	  seasonal	  
deviation;	  from	  there,	  it	  found	  to	  be	  applicable	  for	  the	  research	  objectives.	  
Consumption	  profile	  and	  2-‐week	  coefficients	  for	  load/deviation	  are	  presented	  in	  
Appendix	  3.	  

• Temperature	  Variations	  to	  the	  load	  profiles	  should	  be	  considered,	  when	  the	  purpose	  
is	  to	  obtain	  the	  results	  for	  predetermined	  location.	  

• Average	  Service	  Availability	  Index	  (ASAI)	  95	  %	  have	  been	  chosen	  for	  the	  
representative	  case.	  For	  instance,	  strict	  reliability	  requirements	  can	  be	  used	  for	  
developed	  countries,	  while	  less	  stringent	  requirements	  can	  be	  considered	  for	  
emergent	  nations.	  

• Latitude	  and	  longitude	  have	  impact	  on	  solar	  availability	  over	  the	  year.	  The	  mid-‐
European	  geographical	  coordinates	  of	  50°	  N	  10°	  E	  have	  been	  selected	  for	  the	  
calculation.	  However,	  solar	  trackers	  can	  be	  utilized	  to	  offset	  the	  influence	  of	  
geographical	  location.	  Therefore,	  two-‐axis	  solar	  tracking	  system	  is	  implemented	  in	  
order	  to	  improve	  efficiency	  of	  PV	  System.	  	  

• Hub	  height	  of	  wind	  turbine	  is	  assumed	  to	  be	  20	  m,	  while	  anemometer	  is	  installed	  
at	  elevation	  of	  50	  m.	  Density	  of	  Weibull	  shape	  parameter	  for	  different	  continents	  is	  
shown	  in	  Fig	  X.	  (k	  =	  2	  for	  Europe)	  
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Firstly, estimation of electricity price has been carried out for few representative 

locations with a view to determine a dependence of LCOE on diesel price in different 

environmental conditions.  The following locations have been considered: 

• Lappeenranta,	  Finland,	  as	  site	  of	  intense	  interest	  with	  moderate	  renewable	  
resources;	  

• Vaasa,	  Finland,	  as	  perspective	  location	  for	  RES	  integration	  at	  the	  domestic	  level;	  
• Reykjavik,	  Iceland,	  as	  primarily	  “windy	  area”	  with	  lack	  of	  solar	  radiation;	  
• Seville,	  Spain,	  as	  favorable	  location	  for	  renewables	  with	  high	  solar	  parameters;	  
• Munich,	  Germany,	  as	  mid-‐European	  case.	  

	  

Fig 7.8 displays representative locations, together with average solar and wind 

parameters.  

Detailed assessment of resources for selected areas is presented in Table 7.1. 
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Figure 7.8. Locations for sensitivity analysis 

Table 7.1. Assessment of resources for representative locations 

Location Resource Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ave 

Lappeenranta 
61° N 28° E 

Wind 3.9 3.8 3.8 3.8 3.8 3.8 3.6 3.8 3.9 3.9 3.9 3.95 3,84 

Solar 0.8 1.8 3.2 4.5 6.0 6.0 5.8 4.2 3.0 1.7 1.0 0.43 3.2 

Vaasa 
63° N 22° E 

Wind 6.8 6.6 6.1 5.8 5.6 5.4 5.4 5.5 6.1 6.9 6.8 6.85 6.16 

Solar 0.5 1.5 2.9 5.2 7 7.5 6.9 4.7 3.5 1.8 0.9 0 3.53 

Reykjavik 
64° N 22° W 

Wind 10.2 10.2 9.6 8.4 7.2 6.5 6.4 6.6 7.6 8.8 8.76 10.4 8.41 

Solar 0.3 0.9 1.5 2.6 4.2 5.3 3.7 2.9 2.5 1.5 0.7 0 2.18 

Seville 
37° N 6° W 

Wind 4.2 4.5 4.6 4.5 4.4 4.2 4.3 4.2 3.8 3.9 4.0 4.2 4.25 

Solar 4.6 5.3 6.1 6.3 6.8 8.3 9.3 8.4 6.7 4.9 4.3 3.9 6.25 

Munich 
48° N 12° E 

Wind 7.3 5.9 6.5 5.6 4.3 4.9 4.9 4.5 5.0 5.5 6.4 6.9 5.66 

Solar 1.7 2.6 3.0 3.7 4.4 4.3 4.5 4.3 3.2 2.3 1.5 1.3 3.06 
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Subsequently, cost curves for five representative locations have been plotted, based on 

simulation results in HOMER Energy; besides, case of Vaasa is presented as regular cost 

profile and cost curve under constraints (𝑅𝐹 = 80  %). 

Levelised cost of energy strongly depends on fuel cost; Figure 7.9 shows that in order to 

determine LCOE, projections of diesel price should be extended until they intersect the 

cost curves.  

 

Figure 7.9. Assessment of the electricity price in island grid depending on diesel price and ambient 
conditions. 

 

Graphs shows that LCOE for each of the environments is almost equal at low diesel 

prices; whereas, in contrast, ambient conditions become an issue of the utmost 

importance with rising fuel prices. Cost curves can be clustered into three groups for 

analyses convenience:  fuel-based, including Lappeenranta and Munich, renewable-based 

comprising Seville and Reykjavik, while also two scenarios for Vaasa case.  

Firstly, Lappeenranta and Munich show similar economical performance at extremely 

high and low diesel prices. Small margin occurs at moderate fuel costs; this difference in 

LCOE arises from character of renewables: better solar conditions during summer month, 
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if using two-axis tracking system, allow reducing fuel consumption in Lappeenranan 

case. In its turn, wind turbines are able to meet competition with further increase in diesel 

price; therefore Munich gradually realizes its wind potential, steadily converging to 

Lappeenranan cost curve at high fuel prices. 

Very similar trend is observed by comparison cost profiles for Seville and Reykjavik. 

Generally, efficiency of resources use is defined by multiplication of capacity factor (CF) 

and relative investments per kW-installed power. Seville case offers cheapest electricity 

at low diesel prices, since its PV modules have highest capacity use factor compared with 

other scenarios. However, average capacity factor of wind power is less than 6 %; 

therefore, cost curve for Seville overtakes cost profile for Reykjavik at the turning point 

(𝐶!"#$#% = 0.9    €/l).  Resource complementarity of Reykjavik case allows smoothing the 

cost curve; specifically, PV modules with capacity factor 15 % produces more bang for 

the buck at higher fuel prices then diesel generators. As a result, photovoltaic energy 

supplants excessive fuel consumption during the solar months, enabling to spare 

additional funds. Cost allocation diagrams for Reykjavik and Seville are shown in Fig. 

7.10. 

 

 

Figure 7.10. Cost allocation diagrams for Reykjavik and Seville cases 
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Vaasa case demonstrates that renewable energy constraints become negligible at diesel 

prices 𝐶!"#$#% = 1.5    €/l and higher; however, environmental restrictions or carbon taxes 

can change situation, bringing down break-even fuel price. 

Finally, levelised cost of energy for hybrid microgrids typically ranging from 0.2 to 0.6 

€/kWh (from 0.35 to 0.55 €/𝐤𝐖𝐡  in European business environment) depending on 

diesel price and renewable resource availability. PV modules are highly competitive at 

low fuel prices, while high wind turbine capacity has a beneficial impact on LCOE at 

moderate and advanced diesel prices. 

7.3.2 Break-even distance in European environment 

Next task is to introduce feasibility of interconnection into break-even analyses. 

European business environment has been picked for evaluation due to accessibility of 

pricing data and urgency of an issue. 

Mean European prices for electricity (𝐶!"#$%& = 19  𝑐/𝑘𝑊ℎ), diesel (𝐶!"#$#% = 1.25    €/l) 

and network components (𝐶!"#$ = 25  000  €/𝑘𝑚) were taken into consideration; besides, 

in order to get exact outcome for selected country, actual prices have to be taken. 

The synthesized wind and solar data have been used for the computation. According to 

SWERA wind/solar maps, the variation range from 3 to 6 PSH and from 5 to 9 m/s was 

considered for European environment. Assessment of the renewable resources and data 

processing principles are closely described in the Chapters 5.2.2 and 5.2.3. 

Subsequently, price of island grid has been set up against the price of interconnection (20 

kV, MV-lines) in order to get the break-even grid extension distance under various 

ambient conditions.  Figure 7.12 and Figure 7.13 demonstrate 3-D plot of target distance 

progression for interest rate 𝑝 = 5  % and 𝑝 = 7  %, respectively. 

It is noteworthy that obtained values are approximate, on the premise that average input 

data have been used in the calculations. Also, we have arrived at this results under 

assumptions that annual consumptions of rural community is approximately 100 MWh 

and peak load is 25 kV; therefore increasing of load levels will lead to extension of 

targeted line length.   
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Figure 7.11. The break-even grid extension distance in European environment (𝑝 = 5  %)  

 

 

Figure 7.12. The break-even grid extension distance in European environment (𝑝 = 7  %)  
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Generally, break-even distance varies from 5.1 km to 13.3 km under 𝑝 = 5  % and from 

4.8 km to 11.7 km under 𝑝 = 7  %. These difference springs from various degree of fuel-

involvement into electrical generation; particularly, participation of diesel gensets is 

higher at low resources availability, therefore proportion of allocated costs is bigger and 

discounting rate plays a paramount role. 

As can be seen from the figures, break-even distance steeply decreasing with higher wind 

velocities that is referred to cubic function of wind speed; moreover the higher is average 

wind value, the stronger is trend. By contrast, capacity factor of PV array exponentially 

vanishes when passing from 3 to 6 peak-sun hours. 

It is worth mentioning that although geographical location defines in a greater degree the 

capacity factor of PV system and wind farm, it is also a matter of technological solutions, 

such as tracking system, photovoltaic material and turbine design, which should be tailor-

made for any particular case. 
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8. Summary and conclusions 

8.1 Key results of the master’s thesis 

The objective of the study was to define the methodology for assessing the limits for 

application island grids instead of interconnecting with existing grid infrastructure. The 

model for simulation of grid extension distance and levelised cost of electricity was 

developed and validated by the case study in Finland. Thereafter, sensitivities of the 

application limits were examined with the respect to operational environment and 

ambient conditions. Calculation methodology is flexible and easily adjustable to the 

survey objectives; consequently, it can be applied for the further line of research.  

Here are the recommendations for small-scale rural electrification projects in the market 

economy environment. The major findings are based on the sensitivity analysis with 

regard to supply security requirements. Overall, the crucial points to note are: 

• In	  the	  recent	  decades,	  the	  substantial	  growth	  of	  renewable-‐based	  microgrids	  was	  
experienced	  in	  the	  electrical	  systems	  across	  the	  globe.	  This	  trend	  may	  be	  explained	  
by	  progress	  in	  generating	  technologies,	  cost	  improvement	  in	  materials	  and	  financial	  
incentives.	  However,	  simulation	  results	  demonstrate	  that	  hybrid	  island	  grid,	  based	  
on	  the	  exploitation	  of	  local	  energy	  resources	  with	  a	  back-‐up	  fossil	  generation	  
capacity	  is	  an	  optimal	  solution	  at	  the	  moment.	  The	  average	  payback	  period	  against	  
the	  diesel	  generator	  is	  from	  5	  to	  10	  years	  depending	  on	  economical	  environment.	  
Reasonable	  renewable	  fraction	  is	  from	  50	  to	  80	  per	  cent	  depending	  on	  ambient	  
conditions,	  while	  higher	  proportion	  of	  intermittent	  energy	  sources	  leads	  to	  
excessive	  expenditures.	  Potentially,	  the	  consideration	  of	  green-‐energy	  incentives	  or	  
carbon	  taxes	  can	  make	  differences	  in	  favor	  of	  higher	  renewable	  penetration.	  

• Peak	  load	  is	  a	  key	  parameter,	  affecting	  the	  parameterization	  of	  island	  networks	  and	  
their	  national	  grid	  interconnected	  alternatives.	  On	  the	  assumption	  that	  load	  losses	  
depend	  quadratically	  on	  the	  peak	  power,	  selecting	  of	  optimal	  cross-‐section	  is	  a	  
subject	  of	  techno-‐economic	  assessment.	  Considering	  the	  energy	  and	  power	  losses	  
significantly	  improves	  the	  dimensioning	  accuracy.	  Basically,	  grid	  extension	  distance	  
gradually	  increases	  with	  the	  growing	  of	  peak	  power.	  Simulation	  in	  the	  Finnish	  
economical	  environment	  with	  two	  boundary	  market	  scenarios	  has	  show	  the	  
following	  output:	  if	  tolerance	  interval	  for	  20	  kW	  peak	  load	  is	  from	  5	  to	  15	  km,	  then	  
admitted	  region	  for	  100	  kW	  peak	  load	  is	  from	  15	  to	  30	  km.	  

• System	  equipment	  should	  be	  carefully	  selected	  for	  any	  particular	  case.	  For	  instance,	  
wind	  turbines	  with	  low	  start-‐up	  speed	  or	  increased	  amount	  of	  blades	  should	  be	  
utilized	  at	  low	  wind	  rates.	  Further,	  two-‐axis	  solar	  tracking	  significantly	  improves	  PV	  
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system	  efficiency.	  Moreover,	  charging	  performance	  is	  a	  key	  parameter	  when	  picking	  
out	  energy	  storage	  technology.	  

• Reliability	  requirements	  have	  a	  profound	  effect	  on	  parameterization	  of	  standalone	  
system.	  Leveling	  down	  availability	  requirements	  from	  𝐴𝑆𝐴𝐼 = 99.9  %  𝑡𝑜  𝐴𝑆𝐴𝐼 =
95  %	  allows	  to	  cut	  capital	  investments	  approximately	  by	  50	  000€	  in	  the	  simulation	  
case.	  Demand-‐side	  management	  can	  achieve	  obligatory	  supply	  security	  level;	  
moreover,	  application	  of	  demand	  response	  techniques	  may	  not	  merely	  decrease	  
capital	  expenditures	  and	  optimize	  fuel	  consumption	  but	  also	  improve	  grid	  stability.	  

• Generally,	  levelised	  cost	  of	  electricity	  (LCOE)	  for	  small-‐scale	  hybrid	  island	  grid	  lies	  
in	  the	  range	  from	  0.35	  to	  0.55	  €/kWh	  for	  the	  European	  business	  environment.	  
Capacity	  factors	  of	  renewable	  power	  generators	  along	  with	  diesel	  price	  are	  the	  key	  
determinants	  of	  project	  feasibility.	  Typically,	  PV	  generation	  is	  competitive	  even	  at	  
low	  fuel	  prices,	  while	  high	  wind	  turbine	  capacity	  drives	  out	  excessive	  diesel	  
consumption	  at	  moderate	  prices.	  

• The	  break-‐even	  grid	  extension	  distance	  for	  25	  kW	  peak	  load	  demand	  varies	  from	  5	  
to	  15	  km	  under	  the	  different	  ambient	  conditions.	  The	  economical	  distance	  limit	  is	  
markedly	  affected	  by	  interest	  rate,	  particularly	  at	  high	  fossil	  fuel	  fractions.	  	  

8.2 Suggestions for further research 

8.2.1 LVDC 

The low-voltage direct current (LVDC) distribution network can be examined as possible 

solution for interconnection instead of traditional medium-voltage branches. Firstly, it has 

a higher transmission capacity in contrast with low-voltage AC lines applying the same 

network components. (Kaipia et.al., 2006). Furthermore, DC-distribution increases 

flexibility and controllability, while also brings special features and technical benefits for 

the distribution network, enabling effective integration of renewable energy sources and 

energy storage systems (Lana, 2014). 

The economical drivers for LVDC networks include reducing the number of outages 

affecting electricity consumers (Kaipia, Lassila, et.al., 2007) and cost saving potential in 

conductors selection compared with the traditional distribution solutions; on the other 

hand, expensive power electronic devices are required. Lifecycle costs of LVDC 

distribution have been calculated and systems have been shown to be economically 

profitable. (Lassila, 2009) 
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In consequence, the techno-economical application range of island grids against ± 750 V 

bipolar DC network should be investigated in a future study. 

8.2.2 Distributed generation 

Nowadays, the shift away from reliance on organic fuel has increased the amount of 

renewables connected to electric power system, in the form of photovoltaic power plants 

and wind farms. Distributed generation combines technological edge of both alternative 

solutions, improving supply security and providing opportunity for the electricity trade. 

Bottom-up approach for rural electrification involves construction of standalone island 

grid followed by accompained interconnection with existing distribution network. 

Therefore, techno-economical assessment of renewable energy integration with power-

transmission system should be carried out. Economical distance limit of interconnection 

and break-even time of hybrid microgrid introduction into the main grid are the urgent 

issues for further research. 

8.2.3 Demand response 

Firstly, demand-side management (DSM) introduces flexibility to the island grid, which 

can help handle the supply-side variability and uncertainty, which are increased by 

renewable power utilization. Also, demand response can provide operating reserve and 

reduce total power capacity needed in the microgrid. Hence, in order to estimate amount 

of DR reserve that is sufficient to improve system reliability, detailed algorithm of load 

modelling should be developed. Also, bearing in mind distributed generation, DR effect 

8.2.4 Dynamic pricing 

The concept of levelised cost of electricity (LCOE) applicable in this paper intends that 

price of energy and distribution fee are constant over the project lifecycle regardless of 

seasonal and diurnal variations. Bearing in mind possibilities of distributed generation 

and demand-side management, pricing principles should be reconsidered; for instance, 

demand response allows load shifting from peak hours to the nighttime. Thus, for a start, 

day/night and peak prices can be introduced into analyses. 
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8.2.5 Biomass power plant 

Availability of resources and simplicity of technologies are the substantial reasons to fall 

back on biomass project. Feedstock resources are widespread and generated by natural 

process such as agriculture and waste-generation. Agro-based industries can facilitate a 

profitable, efficient yearlong project from the ground up or by replacing fossil fuels in 

their operations. Generally, existence of the local agricultural enterprise is an urgent 

reason for implementing the biomass project. Gasifier systems for supplying of village-

scale energy demand are widely installed in Finland; typically, such systems are based on 

sustained biomass supply from local agro-residues, captive energy plantations, animal 

manure and food waste. The important benefit of biomass systems over intermittent 

renewables is a high gasifier turndown ratio, which means that increase in load demand 

doesn’t lead to increasing of gasifier rating.  

Consequently, determination of the break-even grid extension distance for biomass power 

plant in Finnish environment for various operation hours and gasifier capacity is a 

pending task. 

8.2.6 Emissions penalties and financial incentives 

Emission penalties and green incentives are neglected in this research. However, it can be 

possibly introduced for the feasibility analyses in the future studies; for instance, range of 

incentive effectiveness for stimulating renewable technologies or level of emissions 

penalty to stimulate market towards green energy can be determined. 
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Appendix A: Technical parameters and costs of equipment 

Table 8.1. Conductor parameters and price indices for Finland, 2014 

Conductor type 𝑟,Ω/𝑘𝑚 𝑥,Ω/𝑘𝑚 Investment cost, 
€/km 

Sparrow  0.847 0.383 20 760 

Raven  0.535 0.368 24 610 

Pigeon 0.337 0.354 26 570 

Al 132 0.218 0.344 29 930 

PAS conductor 70 0.493 0.302 30 020 

PAS conductor 95 0.363 0.292 32 160 

AHXAMK-W 3x70 0.443 0.138 46 170 

AHXAMK-W 3x95 0.326 0.133 48 910 

 

Table 8.2. Transformer parameters and price indices for Finland, 2014 

Transformer 
power 𝑟𝑘,% 𝑥𝑘,% 𝑅0,Ω 𝑋0,Ω 𝑃𝑘,𝑊 𝑃0,𝑊 Investment cost, 

€ 

30 kVA 1.95 3.38 0.114 0.383 585 103 3360 

50 kVA 1.77 3.48 0.056 0.778 885 140 3430 

100 kVA 1.49 3.5 0.022 0.379 1485 220 4920 

200 kVA 1.4 3.8 0.009 0.2 2800 360 6450 
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Appendix B: Calculation parameters for scale impact study 
 

Table 8.3. Calculation parameters for scale impact study 

Calculation parameter 1st scenario 2nd scenario 

Location Europe Europe 

Load profile No electrical heating No electrical heating 

Annual consumption [kWh/a] 100 000 100 000 

Annual growth of consumption [%] 0 0 

Peak power [kW] 25 25 

Electric power factor 0.85 0.85 

Lifetime [a] 25 25 

Interest rate [%] 7 5 

Peak operating time of losses [h] 2 000 2 000 

Diesel price [€/l] 1.2 1.6 

End-customer electricity price [€/kWh] 0.17 0.13 

ASAI [%] 95 95 

PV module investment [€/kWp] 1 200 1 500 

PV module O&M cost [€/kW, a] 150 120 

Wind turbine investment  [€/kW] 1 000 1 800 

Wind turbine O&M cost [€/kW, a] 500 750 

Interconnection cost [€/km] 30 000 25 000 
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Appendix C: Load profile for household without electrical 
heating 

 

 

Figure 8.1. Typical load profile for summer and winter day (without electrical heating) 

 

 

Figure 8.2. Two-weeks indexes for load and deviation (without electrical heating) 
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