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Abstract 

 

Expanding variable renewable electricity generation can reduce CO2 emissions, but is 

weather dependent and intermittent (not always available) and may cause increased price 

volatility. Electricity storage seems a probable solution by time shifting peak generation to 

peak loads. Between 2011-2016 utility-scale lithium-ion batteries’ global cumulative 

capacity has increased fourfold while their cost has halved. Experience curve analysis of 

future decline suggest next halving by 2030. This, with other inputs, were used in 3 

separate simulations (HOMER Pro software) to meet the load of 3 different sized rural 

communities in northern Finland. Including a battery in a system design lead to 1-2% 

increase (decrease) in NPC (in CO2 emissions), but results is sensitive to assumptions on 

local distribution and to some battery characteristics. Current system, sourcing electricity 

only form the grid, was found to clearly minimize NPC. Cost and 3 other criteria were 

identified to reflect community interests and preferences. Multi-criteria decision analysis 

compared 4 simulated alternatives – grid, net self-sufficiency (NSS), 30% local renewable 

and 30% local renewable with battery – in respect to the identified criteria using TOPSIS 

framework. Result wasn’t clear and depended on selection of framework for weighting the 

criteria. Future research could consider performance and full life cycle environmental 

impacts of batteries and compare to supplementary products: demand side management, 

increased transmission capacity, non-intermittent local renewable technologies and other 

forms of storage. Integration of electricity distribution and wider energy markets could 

enhance the analysis. Nonetheless, this study well demonstrated batteries’ ability to 

reasonably provide time shifting service. 

 

 

 

 

 

 

 



 

Útdráttur 
 

Framleiðsla endurnýjanlegrar raforkufram getur dregið úr losun koltvísýrings en hún er 
jafnframt háð veðri og hléum (ekki alltaf í boði) og getur valdið aukinni sveiflum í verði. 
Rafhlöður eru álitleg lausn til þess að jafna út sveiflur og jafna framleiðslu og eftirspurn. Á 
tímabilinu 2011-2016 hefur framleiðsla á rafhlöðum fjórfaldast og kostnaður helmingast.  
Reynslugögn sýna að verðið á eftir að helmingast aftur um 2030. Þessar upplýsingar, ásamt 
öðrum innmerkjum, eru notaðar til að herma (í HOMER Pro hugbúnaði) hvernig 
raforkuálagi geti verið mætt í þremur misstórum bæjum í Norður-Finnlandi. Það að bæta 
rafhlöðum inn í kerfishönnunina leiðir til 1-2% hækkun (lækkun) í NPC (í CO2 losun), en 
niðurstöðurnar eru næmar fyrir breytingum á forsendum sem tengdar eru  raforkudreifingu 
og eiginleikum rafhlaðana. Niðurstöður sýndu að núverandi kerfi væri með lægastan 
kostnað (NPC), þ.e. án þess að bæta rafhlöðum í kerfið. Hugbúnaðurinn TOPSIS var 
notaður til að framkvæma fjölþátta ákvarðanagreiningu, þ.e.a.s.  bera saman 4 mögulega 
valkosti;  –núverandi raforkukerfi með tengingu við raforkudreifikerifið (grid), kerfi sem 
vær sjálfu sér nógt með tilliti til  raforkuframleiðslu (net self-sufficiency (NSS)), 30% 
nýting á staðbundinum endurnýtanlegur orkugjöfum (30% local renewable) og 30% nýting 
á staðbundinum endurnýtanlegur orkugjöfum ásamt því nota rafhlöður (30% local 
renewable with battery). Niðurstöður frá greiningunni voru ekki afgerandi og þó nokkuð 
háðar gefnum forsendum. Engu að síður sýndi þessi rannsókna að rafhlöður gætu verið góð 
og ekki svo kostnaðarsöm laus fyrir raforkukerfi til geyma raforku þegar er offramleiðsla er 
að ræða sem hægt væri að setja inn á kerfið þegar eftirspurnin væri hærri en framleiðslu.  Í 
lok ritgerðarinnar eru nefnd nokkur atriði sem áhugavert væri að kanna í framtíðinni. 
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1 Introduction 

1.1 Motivation  

Installing variable renewable (VRE) energy has its evident advantages of very low carbon 
emissions. But a drawback is perhaps even more evident: on lull nights other means of 
meeting the demand are still needed. Another drawback is that on favourable times there 
might be excess production. 

Increasing VRE share in electricity generation is found to increase price volatility 
(Würzburg et al., 2013). But if balancing mechanisms have been abundantly available, the 
VRE expansion has decreased price volatility (Rintamäki et al., 2017). An example of 
balancing is the Nordpool electricity market. The transmission systems are quite highly 
integrated, allowing the electricity to be produced and consumed at locations far away from 
each other. Participants of Nordpool area include Denmark, Norway, Sweden, and Finland, 
Estonia, Latvia and Lithuania (Rintamäki et al., 2017.) The area has relatively high share of 
renewables in electricity generation, but still energy sector is a major source of CO2 
emissions (Norden, 2018). Therefore, there is need for further expansion in (variable) 
renewable generation to decrease CO2 emissions.  

One way of solving both drawbacks and additionally benefit of probable price arbitrage 
would be to store electricity from times of excess generation to be used at times of lower 
generation and higher demand. Batteries have stored electricity in small scale since their 
invention by invented by Allessandro Volta at year 1799 (Piccolino, 2000) and modern 
versions are widely used in home electronics and in electronic vehicles (EV). Storing 
electricity from time to time is everyday life for modern societies.  

Storing is done also at grid scale. Almost all the utility scale storage is pumped hydro 
schemes, that have global installed capacity of 160 GW (IEA, 2017a, p. 63). However, 
battery installations are growing at rapid pace, 159% between 2014 and 2016 to 1,4 GW 
(IEA, 2017a, p. 63). Simultaneously, their price was halved in just five years (IEA, 2016a, 
p. 57). This study considers how this trend will continue. 

Installed electricity storage is small scale in relation to total electricity generation. Total 
OECD generation capacity in 2015 was 2 896 GW (IEA, 2017d). But OECD accounts less 
than half of global electricity consumption, which was 24 000 TWh in 2015 (IEA, 2017b, 
p. 30).  

Finland has a low share of variable renewable generation, wind and solar (Energy Finland, 
2018), technologies which are being installed at a fast pace in many parts of the world 
(REN21, 2017). Finland imports 24% of the electricity it consumes solar (Energy Finland, 
2018). And is a sparsely populated country, where some areas need the electricity to be 
transmitted and distributed over long distances. This study considers possibilities of 
increasing variable renewable generation aided with batteries, the impacts on costs, on 
CO2 emissions and on local opportunities and impacts.  
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This study looks at a small part of national power system as research areas. It is small 
enough to defined as a micro-grid and small enough to be modelled in the software used 
(HOMER Pro), but also big enough to be considered as one variable load and even to form 
a sub-system of its own. Alternative designs, for the research areas are considered. Each 
design is a different mix and number of power production and storage units.  

 
As research areas three municipalities, Posio, Utsjoki and Rovaniemi from Northern 
Finland (Lapland) were considered. The region in general is very sparsely populated and 
enjoys being connected to Nordpool electricity markets via national transmission grid. 
Electricity is available and system satisfies the consumer needs. Electricity distribution is 
more expensive than in south Finland Energy Authority Finland (2018), but the distances 
are longer, too. 

Municipality as a research area to consider has the advantage of being geographically 
distinct, (usually) operating under same distribution system operator (DSO), having 
statistics readily available and enjoying some decision-making power in local issues. 
Further, municipalities differ among each other greatly in terms of population and load 
structure (residential, industry, services), which is makes them potentially interesting units 
to compare with one another. 

 

1.2 RQ Research questions 

This study aims to answer the following research questions: 

1. What is the general price level of electricity obtained from batteries and how fast will 
it decline in the future? 

2. What is the net present cost (NPC) minimizing (optimal) design for the power system 
of the research area? 

3. When included in the system design, are batteries (reasonably) able to time shift 
variable renewable generation? 

4. When included in the system design, what is the effect of batteries on the NPC of the 
system and CO2 Emissions? 

5. What is the desired design of the power system of the research area, if price is 
considered only as one criterion among others, which represent local preferences 
and objectives? 
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1.3 Thesis methodology  

To answer the research questions, this study is composed of three separate phases, each 
using a different method. Results from the first phase are used in the second, and 
respectively results from the second are used in the third.  

The first method used is an experience curve based analysis on the future battery 
investment cost and on costs per kWh produced / stored (levels of levelized cost of 
electricity, LCOE). The method helps in answering the question 1.  

The second method is to simulate a power system. Several simulations containing different 
amounts of VRE are carried out. Systems with and without batteries are compared to the 
reference case, which uses only the grid. In the simulations, the load of the community 
needs to be met on an hour-by-hour basis. Simulation results depend on various inputs 
from wind speeds and solar panel efficiencies to variations in the load size and grid 
electricity prices. One of the inputs are the future prices of the batteries calculated using the 
first method. Another important input regarding the batteries is their presumed cycle-life. 

The second method is used to answer the questions 2-4. Simulations help to find out the 
cost optimizing amount of renewable energy and batteries installed to meet the load and 
given targets. A target can be for example share of renewable penetration or simply the 
most cost-efficient solution. The amount of CO2 emissions is also calculated. Results of 
different designs are compared to one another. Moreover, cost and emission results from 
simulations are utilized when using the third method. 

Third method is multi-criteria decision analysis (MCDA), which helps to answer the 
question 5. The MCDA is carried out for a municipality in Northern Finland assumed to 
face a decision choice whether to expand the renewable generation or not and whether to 
include any batteries in the local power system or not? The current situation relying on the 
national grid to provide electricity is compared to a design with a) some local renewable 
generation to meet part of the demand b) some batteries in addition to the renewables and 
c) to a net self-sufficient system.  

1.4 Thesis structure 

List how this thesis is structured, chapter by chapter  

Second chapter describes storage as part of power system and introduces the ways of storing 
the electricity. Study is confined to confined to lithium-ion batteries as technology and time 
shifting as a storage service. A small literature review related to the methods used is provided. 

Third chapter introduces the methods used, experience curve approach, power system 
simulation and multi-criteria decision analysis. 

Fourth chapter gathers and justifies all the assumptions and inputs used in the study. 

Fifth chapter presents the results, including sensitivity analysis. 

Sixth chapter discusses the results and seventh concludes. 
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2 Powers Systems, Storage and 
Literature Review 

This chapter first briefly summarizes state of the art power system. Focus is on the 
essentials characteristics related to increasing proportions of VRE. Then a vision of a 
power system with a high share of VRE and storage is presented and compared to state of 
the art power system (or traditional power system). Second, the current situation in Finland 
is presented.  

Third, different technologies and storage services are introduced. The study is confined to 
lithium-ion (Li-ion) batteries and in time-shifting service. Consequently, their batteries’ 
characteristics and recent developments are examined in the fourth sub-chapter.  

Fifth, a small literature review related to the methods used is provided. Its purpose is not to 
be concise of all issues considered in the study, but rather provide some insights to them. 

 

2.1 Power system 

2.1.1 Topology 

The characteristics and functioning of a power system is described in detail in Wildi (2005) 
and in relation to renewable energy generation in REN21 (2017) and is briefly summarized 
in this paragraph. Large power plants transform energy into electricity, which in turn can be 
transmitted by transmission grid and distribution grid for use at residential as well as 
industrial consumers (see Figure 1). Power plants (in the uppermost edge in the Figure 1) 
use synchronous generators made to move by turbines using either flow of thermal energy 
(generated by nuclear, coal, gas, geothermal) or the flow of water (hydro) and for efficiency 
and safety reasons the AC power needs to be generated at common frequency (Europe and 
Asia 50 Hz, Americas and parts of Asia 60 Hz). Before entering the transmission grid (in 
the middle in the Figure 1), power flows through transformers (in the Figure 1, two partly 
overlapping circles) to rise voltage (V) and drop current (I). In an ideal transformer there 
would be no loss of power flow (voltage times current) passed through, but in the real 
world there are slight losses in all transformers. These losses are worth taking as higher 
voltage in transmission network exponentially reduces the power loss in that part of the 
system. (Losses are given by equation I2R, R for resistance which depends on distance and 
materials used.) In between national transmission grid and the sites of consumption there 
are several regional distribution grids. The voltage needs to be transformed down the closer 
the transmission system gets to final use (or loads). This is dictated by safety and insulation 
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reasons. Transmission and distribution is fast, electricity is consumed practically at the 
same time when it is generated.          

The brief description of a power system given in previous paragraph is based on Wildi 
(2005) and in relation to renewable energy generation on REN21 (2017). Concurrently, it 
describes a model of a traditional power system (a term used in this study). 

 

 

Figure 1: General Electricity Grid Schema. Source: Wikimedia (2008) 

 

Note that the need for distribution grid length in rural areas might be higher than at cities, 
due to distances between sites, potentially increasing losses on the way. Note also that VRE 
generation might be connected directly to the distribution grid (bottom of Figure 1). It 
emphasizes how the model of a traditional power system is changed by installing more 
VRE changes, discussed in next section. 
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2.1.2 Balance and Variable Generation 

In the model of a traditional power system generation and consumption are always in 
balance: supply and demand must match at any given point of time. If demand changes, 
generation is adjusted. This traditional balance is being challenged by residential and 
industrial users, who are increasingly generating part or even more than their consumption 
using distributed production with for example solar photovoltaic (PV) panels. During a 
sunny day, they might produce more than they consume, and if allowed by the distribution 
grid, sell their excess. Combining the roles of producer and consumer, a prosumer can be 
identified as a unit. 

Distribution grid must be able to cope with the increase and change in voltage due to 
distributed generation to keep the grid stable (Wildi, 2005). Also, when the distributed (or 
other VRE) becomes larger, the need and ability to adjust other generation units becomes 
more crucial, both planned dispatching and measures to cope with fast unforeseen changes 
(Wildi, 2005). These needs exist, because of the requirement of matching supply and 
demand all the time. Storing electricity in immense scale, for instance a third of a nation’s 
current production, is not available. 

Local production, consumption and distribution, controlled smartly as a whole, can be 
defined as a micro-grid (Berkeley, 2017). Islands are a natural example of a micro-grid, but 
it might be connected to the main grid (at least part of the time). The ability to control a 
defined part of a greater system is crucial. Also studying impacts of new developments 
locally in a micro-grid is easier than in a larger power system. 

Storage could enhance the operability of a micro-grid. Not only in stability but in balancing 
the generation and consumption. Perhaps the balancing effect is best conceived when a 
prosumer installs also a storage (or integrates an EV capable of discharging back into 
system). Highlighting the smart using of the distributed storage to adjust the supply 
according to the demand of the prosumer, a term stosumer could be used. 

 

2.1.3 Baseload Paradigm Challenged by a New Paradigm 

A change towards a VRE dominated system, whether a larger power system or a micro-
grid, greatly affects the balance of the traditional power system. Figure 2 presents how 
balance is maintained when system does not contain any VRE generation (baseload 
paradigm, upper part of the Figure) and in a vision of a new paradigm (lower part in Figure 
2). Red line is the aggregate load of a system considered. Baseload is running constantly 
and consists of nuclear, coal plants, biomass combustion, geothermal, peat or hydro, while 
intermediate and dispatchable production is shut or adjusted down during nights and 
consists of hydro, gas combustion, biomass combustion or even coal (REN21, 2017, p. 
162). Peak power plants might have greater ability to ramp up or down fast. The system 
must also have reserves for the highest peaks of the year. Some of the reserves are not even 
used every year making their economic operation difficult. Usually the system operator has 
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to operate them or to create capacity markets to make sure reserves are available if needed 
(Fingrid, 2018a).  

 

 

Figure 2:  The Baseload paradigm compared to a new paradigm. Source: REN21 (2017), p. 162. 

 

REN21 (2017) vision of a new paradigm (Figure 2, bottom part) is described in this 
paragraph. VRE regularly produces more than the demand is. Therefore, it is challenging 
the idea and profitability of baseload (missing from the Figure 2 lower part altogether). As 
VRE share in generation has increased, demand response measures and enhancing of 
interconnections have already taken place, seen in Figure 2 as the white areas below the 
load peaks and as higher load during night compared to the original load). Dispatchable 
production is covering the times when VRE are not producing enough and an ability to 
perform fast ramping up or down is a necessity (for example hydro or gas plants). Storage 
is charged whenever VRE generate more than the load is. Timing of discharging is 
controlled to help in dispatching and providing power during peak times, but also so that 
storage capacity is available when it is needed again. Resource forecasting and intelligent 
control of the grid are essential (REN21, 2017, p. 162).  

      



9 

2.2 Electricity in Finland 

2.2.1 Topology, Supply and Demand  

Three main high voltage lines go through Finland from north to south, usually delivering 
electricity from north to south, where greater part of the population and economic activity 
take place. Finland is connected to all neighbouring countries with several interconnectors. 
To understand the northernmost part of Finland, Lapland, please see Figure 3. Minor 
connectors exist to Russia and Norway and main ones to Sweden. Utsjoki, one of the 
research areas is underlined in the map in the very north. From there a 220kV line runs 
southwards collecting the power generated by several hydro plants. After hundreds of 
kilometres the line reaches 400 kV lines, which start from the big hydro plants of Kemijoki 
river. Some of these are located at the area of Rovaniemi, circled in the map. Posio, 
underlined in the map in South-East, is located somewhat close to the big hydro, but 
outside of high voltage network. Main loads: mines, skiing centres and factories all locate 
close to high voltage lines. 

 

Figure 3: Transmission and major distribution lines in northern Finland. Source: Fingrid (2018b) 
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The level of Finnish electricity consumption was 85,5 TWh in 2017, of which industry 
consumed 47%, housing and agriculture 28%, services 22% and 3% was accounted for 
losses (Energy Finland, 2018). Renewables and domestic energy sources both account 
about half of the generation, see Figure 4. Imports accounted 24%, about 10 percentage 
points higher than a decade ago (Energy Finland, 2017). 

 

Figure 4. Finnish Electricity Generation by Energy Source 2017. Source: Energy Finland, 2018. 

 

2.2.2 Balance 

The load variation in Finland has three main characteristics. There is seasonal variation, 
intra-week variation and intra-day variation. Put shortly, the demand is usually some third 
higher in the winter than in the summer. This is mainly due to weather conditions, colder 
temperatures and the need for electricity for heating. There are also major peaks in the 
winter (usually in January). The load during these peaks are well over double the times in 
mid-summer. (see Figure 5). 
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Figure 5. Hour-by-hour Finnish load and its trend, year 2017. Source Fingrid (2018c) 

Intra-week variation means different patterns for intra-day variation in weekdays and in 
weekends. Weekdays are characterized by two peaks, smaller one in the morning and a 
higher one in the evening. Weekends usually contain just one peak at the evening and the 
overall demand is lower than during weekdays. The demand during weekday peaks is about 
25% higher than in the middle of the night, (see Figure 6). 

 

 

Figure 6. Hour-by-hour load of Finland in October 2017. Source: Fingrid (2018c) 

 

Considering the load together with production a clear missmatch can be observed. Demand 
is higher than the generation, every hour of the year, Figure 7. Yet all the load is met as 
large interconnectors make imports from neighbouring countries possible and adequate. 
Imports from Russia are used in addition to the imports from the Nordic electricity market 
(Nordpool), mainly from Sweden. The general idea of Nordpool is that a bigger area can 
better reduce fluctuations both in demand and production. For example, Denmark, which 
has a high share of wind power of its capacity, can sell its excess production during windy 
days and on the other hand it can buy electricity on lull days. Due to congestions in the 
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interconnectors, Nordpool market isn’t completely integrated and varying price differences 
between different areas exist1. 

 

Figure 7. Finnish load and generation, hourly data, year 2017. Source: Fingrid (2018) 

 

 

2.3 Storage 

2.3.1 Different Services (time span)  

It is important to note different time spans and uses for stored electricity. Figure 8 lists 
different services provided by storage. The focus in this study is in services for one hour 
and longer, i.e. the column in the far left and somewhat in the column in the far right in the 
figure. In between there are services related to the optimal functioning of the power 
(transmission) system. Unanticipated and/or fast changes in demand loads can disturb the 
optimal functioning of the system. In case of sudden drops in demand, storage can absorb 
extra supply and in times of sudden increase storage can be unloaded to match the demand. 
If storage was not there, and no other means would be done to keep the system in balance, 
rises/drops in voltage and eventually in frequencies would happen (Wildi, 2005). If rises or 
drops in demand persist, the system is in the risk of collapsing in the worst case (Wildi, 
2005). Power plants differ in how fast they can ramp up or down. In general, the three 
middle columns (in Figure 8) are ways in which storage can give generators time to react to 
changes in demand. Voltage and frequency support happens in terms of seconds and 
spinning reserve support in terms of minutes. Spinning reserves also need to be able to 
                                                 

1  The real-time situation of power flows and prices in Norpdpool area can be seen here: 
http://www.statnett.no/en/Market-and-operations/Data-from-the-power-system/Nordic-power-flow/  
 . 
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persist in delivering power even for hours before outages or other disruption are settled or 
unspinning reserves are ramped up (Wildi, 2005). Batteries, being able to both ramp up and 
down (provided energy capacity is available) could form part of the spinning reserves - but 
generally they function better in serving regularly occurring deviations (Bak-Jensen et al. 
2014).  

 

Figure 8: Different services of storage. Source: IRENA (2015a), p.11 

As the energy capacity of storage increases and it is planned to be used as part of the 
electricity system, i.e. in matching supply and demand, time shifting can be talked of2. In 
short, storage allows electricity produced (in excess) to be consumed later when the 
demand is higher. If price or electricity changes from one point of time to another and there 
is potential to make financial gains from it, time shifting can be defined as arbitrage. Time 
shifting can also be of great importance for VRE generation to help it better match the 
demand. In time shifting the discharge or production for final use will happen typically 
within 24 hours. Considerably longer period storage would be called seasonal storage (IEA, 
2014, pp. 9-10), which is confined outside the scope of this study.  

The same logic of time shifting can be applied also to the column in the far right (in Figure 
8). Storage can offer customers reliability, more energy independence and potentially 
savings if arbitrage is big enough. The baseline in this study are utility scale (bigger) 
electricity storage but much of the same logic applies to customer level. Finally, in some 
cases customers could shift their demand in time, for example better timing in space 
heating or in heating hot water containers. This would act as a substitute for storing 
electricity 

                                                 

2  Sometimes more or less the same service is referred as load shifting (IRENA, 2017, p. 42). Or load 
following (IEA, 2014, pp 9-10) when relatively fast response time, starting from 15 minutes, is highlighted. 
The term time shifting is preferred in this study to draw attention to the especially challenging component 
needed in storage, time. Also, talking of solely the load might distract. It might equally well be a supply peak 
that is shifted, stored and used later. Time shifting is co-ordinated interplay of supply and demand.  
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Finally, same product or technological unit could provide services for several categories, 
e.g. it could aid both in ancillary services and in time shifting. But currently, under EU 
energy law, the generation and transmission of electricity should be unbundled (Kroes, 
2007). 

 

2.3.2 Technologies 

Categorizing broadly by types of technologies, energy can be stored thermally, electrically, 
mechanically, chemically and electrochemically (EASE-EERA, 2017 p. 37). The last one 
has an own section devoted to it while the rest ones are presented shortly in this section. 

Thermal storage creates either very hot or very cold substance and uses temperature 
difference later either directly or to drive a turbine to produce electricity. An example of 
the former is a hot water storage and of the latter a concentrated solar plant (CSP) where 
mirrors are pointed towards a tower where molten salt is heated up. The heat is used at 
night times for electricity generation. Global capacity of molten salt storage for CSP 
reached 30GWh in 2015 (EASE/EERA, 2017, p. 94). Another option in use is a borehole 
or pit storage, where hot water (or other substance) is stored and the heat can be utilized 
when needed. Such systems are in operation in Norway, Netherlands, Canada and Denmark 
(IEA, 2014, p. 24). Often the limits for thermal storage come with the need for space for 
the heated material to be stored in and in the time frames, as (some of the) heat is 
inevitably lost as times passes. 

Electrical energy storage refers to (super)capacitors storing electricity in electric field and 
inductors storing electricity in magnetic fields. Capacitors and inductors can provide power 
factor corrections (reduce reactive power) and thus reduce the total apparent power 
consumption in the system (Wildi, 2005). They can hold a very high power capacity but 
their energy capacity is limited, therefore the time span of the service they can provide is 
short (IRENA 2017, pp 42-43).  

Mechanical storage is either creating movement or potential of movement. Flywheels are 
an example of the former and compressed air energy storage (CAES) of the latter. 
Traditionally flywheels have been capable of only minutes of energy discharge and thus 
used for ancillary services (EASE/EERA, 2017, pp. 82-82) This might be changing in the 
future as a 20MW/80MWh flywheel is contracted in California, USA (US Department of 
Energy, 2016). 

There are two commercially operational CAES sites in the world, one in Huntorf, Germany 
and one in McIntosh, Alabama, USA (IEA, 2014). Compressing the air needs energy and is 
done at night times using baseload generation. At peak demand times the air is used to burn 
natural gas enhancing the efficiency of the natural gas steam combined cycle (GSCC) 
power plant (Crotogino et al., 2001). Huntorf has been in operation for 40 years, so the 
technology can be considered rather tested. Main drawback of CAES is the high investment 
cost, although there is a potential to improve efficiency in future projects (Salvini, 2016). 
The cave construction dominates the costs. If a suitable cave existed readily, it could 
reduce the costs significantly. However as only two sites have been constructed in the 
world, estimating the real cost is done under significant uncertainty (IRENA 2017, p. 57) 
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To enhance CAES, one future possibility is advanced adiabatic compressed air energy 
storage (AA-CAES). It stores the heat from the air compression phase to be used when the 
compressed air is released. This would avoid the rapidly cooling of the air released, 
potentially eliminating or the need of fossil fuel combustion to move the turbine or at least 
further increasing the efficiency of combustion, see Figure 9. (IRENA 2017, p. 54-55). The 
drawback is the same as in every thermal storage, it takes a lot of space. 

 

Figure 9: The schema of CAES and AA-CAES compared. Source: IRENA, 2017, p. 54 

 

Mechanical storage in the form of pumped hydro schemes are overwhelmingly the most 
common form of electricity storage. Simply put, the idea is that a site for a hydro plant is 
chosen in such a way that modern turbines, which can act be turned to motors, are used to 
pumped water up again (in times of lower load). This obviously consumes energy more 
than can be harvested when the same water is run down (in times of higher load). To make 
the scheme economical, the timing of round-trip efficiencies of up to 85% can be reached 
(IEA, 2014, p. 18). Pumped hydro storage (PHS) has been used for decades and is the most 
tested form of storage. It has the advantage to store large volumes of energy for long or 
short time periods. Sites for its expansion exist but not abundantly and everywhere, many 
countries would face geographic restrictions. To some degree already constructed 
structures, e.g. underground caves, old mines or water towers. Ocean could be used as the 
lower reservoir but the need for head between the reservoirs, is restricted by geography. 
And salty water would cause corrosion and increased maintenance need. (IRENA2018, p. 
51). Land use requirement is significant, as it is in general for all hydro plants, and thus 
PHS cannot be thought to be the only solution for expanding electricity storage needs. 

Chemical storage means that electricity is used to create a chemical substance that can be 
utilised later either to create electricity or for motors in transportation. Substance could be 
for example hydrogen, methanol or natural gas (power to gas, P2G; P2X for unspecified 
substance). There are 12 operational or commissioned hydrogen storage plants in the 
world, of which the largest capacities are 6MW (U.S. Department of Energy, 2016). 
Hydrogen has high energy density and can respond quickly to demand. But they are 
generally at research and development stage with problems in upfront costs, low overall 
efficiencies, safety and in infrastructure. (IEA, 2014, p. 21)  
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2.4 Batteries 

Electro-chemical storage means batteries. Currently lithium-ion batteries are the second 
most common solution. Their share of the global installed capacity is already roughly the 
same as combining flywheels and CAES (third and fourth most common by installed 
capacity). Other types of batteries together make only one fourth of the capacity of Li-ion. 
Sodium sulphur (NaS) is the most common of other battery technologies. Li-ion has also 
taken a clear majority of the new additions (IEA, 2017a, p. 63.3)  They are at an interesting 
and potential phase considering their maturity, capital requirement and risk, see Figure 10. 
There are over 200 over 1MW Li-ion batteries in the world with an average of 1,9 hours of 
duration in full discharge (U.S. Department of Energy, 2016).  

 

Figure 10: Maturity level of different storage technologies. Source: IEA, 2014, p. 16 

 

Flow batteries are nearing demonstration and deployment phase. They make use of two 
separate electrolytes as energy carriers, divided by a membrane. The fundamental 
differences to other electrochemical storage technologies is that power capacity and energy 
capacity can be configured, the former by membrane surface area and the latter by the 
volumes of the active materials (EASE/EERA, 2017, p. 55) However, density constraints 
of the materials are currently preventing them to reach power of energy density levels of 
lithium batteries, see Figure 11. It also emphasizes that Li-ion batteries score well in both, 
power and energy density, how much power and energy can be packed in a unit of space.  

                                                 

3 Thermal storage in the form of molten salt in CSP plants is not counted as storage but just as power 
production. 
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Figure 11. Power and energy densities of different storage technologies. Source: Luo X. (2015). 

 

2.4.1 Functioning and Chemistry of Li-ion Batteries 

This section provides a brief overview how lithium batteries function. It is important to 
understand the main technological features that define, constrain and enable Li-ion battery 
future developments.  

 

 

Figure 12: Schema of a battery. Source: Sciencealert (2015) 
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Lithium is an alkali metal and highly reactive, which means it easily loses one outermost 
electron (to become a +1 charged Li-ion). It eagerly forms compounds with -1 charged 
ions. In a usual Li-ion battery the cathode (negatively charged electrode) is composed of 
such a compound, namely lithium plus other metal plus oxide (LiMEO2), while the anode 
(positively charged electrode) is made of graphite. When electric charge is applied, lithium 
ions are stored in the anode creating electric potential and to discharge the potential into 
electricity, a load is connected to the battery, making the lithium ions move back to the 
cathode releasing electrical energy (Dahn, 2013). See Figure 12. 

Depending on the different compositions of the cathode (or even the anode), different 
characteristics for the battery are achieved. For example, the power / energy density ratio 
can be designed depending on intended use. The most common types of Li-ion battery 
types used in stationary applications are listed in Table 1. 

Table 1: Comparison of lithium-ion chemistry. Source: IRENA, 2017, p. 65 

 

 

A few general remarks on battery performance and temperature are essential. Lifetime and 
performance depend on the usage temperature of the battery. Usually the best combination 
is between 20 and 30 degrees Celsius. The chemistries presented in Table 1 also differ in 
how vulnerable they are to high temperature exposure, LMO being clearly the worst one.  
However, technologies are in constant development, chemistries can be mixed to get 
different impacts. Also, electrolyte material and it additives might matter or be even the 
key to improved cycle life (Dahn, 2013). 

2.4.2 Battery Characteristics 

This section describes and discusses important battery characteristics, definitions and 
terms. They are organized as a list in alphabetic order. 
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Calendar aging (calendar life): the loss of (energy) capacity with time (Ecker et al., 
2014).  

Capacity (usable capacity, storage capacity, energy capacity; see difference to 
power capacity): The maximum amount of electric energy the battery can be charged 
to contain, measured in kWh. (IRENA, 2017) 

Capacity curve: relationship between number of cycles and average depth of 
discharge. (Tao et al., 2014, p. 390) The deeper the discharge, the less full cycles the 
battery has left. However, this relationship is not linear. Usually very deep discharges 
reduce cycle life relatively more. Thus, if one wanted to maximise the overall energy 
discharge during the lifetime of the battery, one would use less deep discharges. In 
other words, the retention rate of the battery increases as the typical DoD increases. 
Another reason for limiting depth of discharge is, that as the state of charge decreases 
so does the voltage. After some point, depending on the chemistry, the rate of 
decrease starts to increase. So, DoD should probably be limited on grounds of power 
stability as well. Finally, too deep discharges are often avoided solely not to damage 
the battery. (see Figure 13.) 

 

Figure 13. Capacity curve: relationship between cycle life and DoD. Source: Choi and Kim 
(2016) 

Cycle life / number of cycles4: The number of (equivalent) full cycles the battery can 
perform. After several times of charging and discharging (a cycle), the capacity 
gradually weakens. A fully charged battery capable of only 60-80% of original 
capacity is usually considered at end of its (cycle) life.  (IRENA, 2015b, p.6)  

Depth of discharge (DoD): How much of the rated capacity is discharged. If a full 
battery is left with 40% of its capacity after charging a load, depth of discharge was 

                                                 

4 Doesn’t necessarily mean end of life. For example, end of cycle EV batteries can be collected and combined 
to a larger battery for stationary use. The capacity of the new larger one is less than the sum of original 
capacities but still potentially useful.  
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60% (IRENA, 2015b, p.6). Usually not all the stored electricity is used because of 
negative impacts to cycle life, see capacity curve above. 

Full cycle: Discharging from 100% to 50% and charging back to 100% twice is a full 
cycle (IRENA 2017, p. 38). 

Energy density: Energy per mass (or per volume, volumetric energy density), usually 
measured in kWh/kg (or kWh/litre) (IRENA, 2017). 

Power capacity: maximum capability to produce electricity within one hour (in 
MW). Corresponds to capacities of conventional power plants.” IRENA 2018 

Round-trip efficiency (import/export efficiency, electrical efficiency): Units of 
electricity discharged out per units of electricity charged in. Note: time used for 
charging/discharging doesn’t play a role here. Charging can be either slower or faster 
than discharging. 

State of Charge (SoC): Rate of capacity that is being used, or share of capacity that is 
charged. “To maximize battery life, lithium-ion cells should not be stored at high 
SoC” (Keil et al., 2016) But potentially, improvement in battery chemistry (and 
battery management system could allow even high SoC storage (Dahn, 2013). 

Temperature (effect): Greatly affects the (calendar) and cycle life of a battery. Both 
time spent and operated at warm temperatures matter. (Dahn, 2013). Operating in 
colder temperatures in turn can lead to power loss (poorer performance) of the 
battery. (IRENA, 2017). 

2.4.3 Batteries in the topology of a Power System 

The batteries could locate in various parts of the power system. please refer to Figure 14. In 
down left corner one can find residential storage, or the stosumer. Electronic vehicles (EV) 
could be used as well. A typical car stands still most of its time doing nothing. It could be 
possible to first charge the EV battery from the grid (or from another source) and then 
discharge back to the grid (V2G) or to a local load). A residential storage operates the same 
way, the only difference is that it is stationary. Another site option for the storage would be 
a commercial site or other users of electricity. All smaller than utility-scale stationary 
storages can be grouped together as distributed storage, the same way as distributed 
generation. A centrally managed pool of distributed storage (plus potentially EV batteries) 
could act as a virtual power plant. This study is confined to utility scale batteries. But it is 
important to keep in mind the possibility of distributed storage providing the same 
services.5 However, there would be differences in losses, materials or management systems 
needed. Considering similar but much bigger designs, wider than the whole distribution 
area, distributed batteries operated as a virtual power plant could lower the amount of 
electricity needed to be transmitted just at the time of peak consumption, as the electricity 
is already transmitted to (or close to) the site of consumption (Müller et al., 2017).  

                                                 

5 Additionally, V2G pricing schemes would need to consider the cost of losing part of battery’s cycle life for 
discharging to the grid, and smart systems to always have a full battery when needed for its primary service. 
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 Figure 14: Different locations for storage. Source: IRENA (2015a), p 8. 

 

2.4.4 Installed Capacity and Costs of Li-ion Batteries 

In recent years a tremendous capacity increase and simultaneous decrease in cost have 
taken place. Large scale Li-ion battery storage capacity has increased from 0,54 GW of 
2014 to 1,4 GW of 2016 (IEA, 2016a, p. 57 and IEA, 2017, p. 63). That means an annual 
growth rate of 61% for the two-year period. Between 2011 and 2016 the installed capacity 
quadrupled (IEA, 2016a and 2017a), meaning 32% year-on-year growth on average.6 

On the other hand, the price has halved in just five years from 2010 to 2015 (IEA, 2016a, p. 
57). In 2016 the costs of NMC type battery were estimated to be on average 420 USD / 
kWh of capacity. Development has been even more tremendous in EV Li-ion batteries, of 
which the costs have plummeted from 1000 USD / kWh in 2010 to 273 USD / kWh in 
2016 (BNEF, 2017, p. 2) 

 

                                                 

6 Exact historical growth rates were not found, only amounts of capacity for years 2011, 2014 and 2016. 
Annual growth rates have been calculated from these capacities. 
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2.5 Literature 

2.5.1 Future battery prices  

As mentioned, Li-ion battery prices have decreased rapidly over the past years. The trend is 
predicted to continue. The market for EV batteries provides an indication for this study of 
how much the prices are to fall more. Berckmans et al. (2017) review six cost projections 
Leaving the oldest (from 2010) prognosis out, the average of predictions is 220 USD / kWh 
capacity in 2020. They approach the prognosis problem from technological potential point 
of view, by conducting process-based cost modelling and calculation and combining 
recently published patents with literature review of expected technical development 
(Berckmans et al., 2017, p. 10). They estimate, that the largest cost components in 2015 
were profit margin (23% of total costs), positive electrode (18%), middle man margin 
(13%), anode active material (10%) and labour (10%). Their prognosis for the price in 
2020 is 195 USD / kWh, more than halved from 2015 and continuing to fall to about 120 
USD / kWh in 2025. In addition, they conduct the analysis to a second type of battery 
(silicon alloy negative electrode), which has higher energy density but is not yet in 
commercial market. For that type of battery, they see even lower costs in 2020 and 2025 
(Berckmans et al., 2017).  

A commercial analysis (again for EV batteries) expects the price (of Li-ion in general) to 
be halved from 237/kWh USD in 2016 by 2023 (BNEF, 2017, p. 2 & 7). 

The cost of grid-scale stationary Li-ion batteries is higher7 per kWh of capacity than for the 
EVs, but these the literature reviewed provided an insight on the probable pace of change. 

 

2.5.2 Valuation of nature and local renewable generation 

Locally situated renewable generation affects the lives of the locals in several ways. This 
section shortly sums up, how these effects have been researched in literature.  

The land required by the generation might have an opportunity value. People might value 
the nature and therefore might be willing to preserve it, or the land might be part of local 
cultural traditions. To support this view, contingent valuation method has been used to 
prove that on many occasions people are willing to pay to save an important site or 
otherwise indicate that environment holds a value to them, a value that can eventually be 
measured as monetary value. (e.g. Hanley and Spash, 1993 and Richardson et al., 2015). 
The valuation depends on the exact location of proposed development. In Germany, local 
and socio-political acceptance of wind farms were clearly less acceptable if they were 
proposed 500m from home.  

On the other hand, locally situated renewable generation provides jobs. This has a positive 
impact for the locals (Sonnberger and Ruddat, 2017). Another research found – besides the 
already mentioned fact that proximity to wind turbines increased the willingness to pay to 
                                                 

7 Estimates on the utility-scale price are provided in Sections 4.1.2 and 4.4.4. 
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avoid them – that the further the turbines were to be situated, the greater the negative 
willingness to pay to avoid them, demonstrating a clear support for wind generation in 
general not close one’s home (Gudding et al., 2018).  

In Finnish context, wind power was assessed to have the highest willingness to pay when 
people were surveyed on four renewable energy sources (among hydro, biomass, crops for 
energy). It was found that on average the Finns’ willingness to pay for wind power is 231 
euros per household (Kosenius and Ollikainen, 2013).  

The nature in Finland has been evaluated to have recreational value, measured in euros. 
Visiting Oulanka national park, located in the north of Finland, was estimated to have 46-
59 euros of value for each visit when travel expenses and time use was considered 
(Juutinen et al., 2014). Similarly, other nature areas might hold a value, a value that would 
have to be sacrificed, land would have to be used for construction of the power generating 
facilities. 

But it is important to keep in mind that electricity price matters, too. This is evident. 
Assuming otherwise, that people would consistently want to pay higher prices for same 
services, would be hard to justify. Having electricity available reliably is convenience 
modern societies have got used to. Costs, quality and performance and convenience form 
part of functional value for rural users of electricity (Hirmer and Cruickshank, 2014.) 

 

2.5.3 Objectives 

Objectives of the locals, towards a local energy project, constitute a concise and 
measurable way to consider conflicting preferences of the all or part of the locals. Nigim et 
al. (2004) identify technical, environmental, social and economic indicators when 
communities consider the impacts of a local renewable power projects. To assess social and 
economic impacts, two questions should be asked. First, Does the project promote 
local/regional economic development? This should be assessed in terms of employment 
provided to the community, support provided for local businesses and in decreasing 
regional dependence on centralized energy sources. Second, does the project provide social 
benefits to this community? This should be analysed considering noise, odours, visual 
discomfort, include stakeholder consultation/input throughout development of project and 
evaluating respect for cultural, racial and gender diversity. (Nigim et al., 2004). 

Bergmann et al. (2007), after reviewing literature and conducting several focus groups and 
interviews, identified 5 essential criteria for energy development in rural Scotland. The 
criteria they came up with were: landscape impact, wildlife impact, air pollution, jobs and 
price. Their research also showed that each of the criteria was sensible in evaluating 
people’s view on proposed projects. They compared larger and smaller wind farms, 
offshore wind farm, gas fired power plant and biomass power plant. What’s more, they also 
differed their results whether people surveyed were urban or rural. Rural people’s views 
depended the most on jobs, wildlife impacts and air pollution, all of which they were 
willing to pay a higher price on 95% confidence level. Avoiding a (high) landscape impact 
was also such that people were willing to pay for, but 95% confidence level was not 
reached. Deeper analysis of independent respondents revealed that different rural groups 
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could be identified in respect to landscape impacts. Some valued landscape the most as 
others who cared more about price and jobs didn’t put much weight on it. Combining all 
the 5 criteria, wind projects were preferred to the gas fired plant. Finally, it is to be noted 
that wind projects were considered to have no impact on wildlife (greater or lesser than the 
proposed fossil plant). 

The objectives used in Bergmann et al. (2007) and the indicators of Nigim. et al (2004) are 
compared to the objectives of the locals’ used in this study, in Section 4.6.6.   

Stein (2013), after reviewing several MCDM articles, which considered electricity 
generation projects, ends up with the four primary criteria clusters: financial, technical, 
environmental and social/economic/political. He then demonstrates what impacts different 
weighting for the clusters has on the implied ranking. His weighting scenarios are used as 
an exemplar for different weightings in this study at Section 5.3.2. 
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3 Methods 
This chapter presents all the three methods used in this study. First, future costs of utility-
scale Li-ion batteries are predicted using experience curve calculations. The results are 
utilized as one input, among many others, in the second method, in simulating the 
performance of alternative designs to find a NPC minimizing solution among the different 
designs simulated. Simulations also generate data for specified alternatives to be utilized in 
third method, multi-criteria decision analysis (MCDA). It considers also other criteria than 
the NPC alone to suggest a preferred alternative for the locals. The different methods used 
with their key inputs and outputs, highlighting the key inputs/outputs between the methods, 
is presented in Figure 15.  

 

Figure 15. Key inputs and outputs of the methods used, emphasizing the relationship between the 
methods. 
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3.1 Experience curve approach to assess future 
costs 

3.1.1 Accumulation of experience 

Considerable know-how accumulation and learning has happened. The reasoning is that 
humans, firms and other agents in the economy learn by doing, in all stages of the 
production. Innovation how to do things better happens and information spreads. As 
production increases, economies of scale take place. All of this brings the prices down. It 
has happened in many technical appliances. The prices have decreased considerably over 
time as they have been built more. Sometimes this is observed as the increasing size (flat 
screens) or efficiency (computer processors and memory) with the same price as smaller of 
less powerful units before. The same has already happened also to the solar PV systems. 
And the same is happening for batteries.  

The future cost can be calculated, if the present cost and capacity are known and 
experience accumulation rate and future capacity are assumed. Equation (1) describes the 
relationship. 

             (1) 

where 

cn is cost (at year n, 1 refers to an earlier year in consideration, usually the first one) 

xn is cumulative capacity, i.e. installed capacity of batteries in gigawatts, at year n, 1 
refers to an earlier year in consideration (same as used as first year for the price) 

b is experience (or accumulation) rate. 

(Smith and Sohn, 2016). 

 

If past years are considered, cn and xn are both know. The Equation (1) can be rearranged to 
Equation (2) to calculate implied experience rate. 

            (2) 

If costs and capacities in at least two points of time in history can be observed, experience 
rate is the only unknown in the equation and can be calculated. Also, the growth rate of 
capacity can be calculated. Then, assuming the same (or different) experience rate and 
growth rate in capacity, the future investment price for each year to come can be predicted. 
The calculated future investment cost is used in the simulations, as the system battery 
reaches its end of life during the considered period (explained in Section 3.2.4). 
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3.1.2 Levelized Cost of Storage (LCOS) 

To compare different sources of electricity a concept of levelized costs of electricity 
(LCOE) is used. It divides the costs of investment, operation and replacement at a period 
considered by the amount of electricity produced at the same period. 

However, adjustments need to take place when LCOE is used for storage solutions and 
especially for batteries. Technical constraints of electrical efficiency, DoD and life must be 
considered to see the actual usage of the energy capacity (Ammon, 2013). The adjusted 
LCOE calculation is called levelized cost of storage (LCOS) (Ammon, 2013). 

In the LCOS calculations conducted in this study an optimal installed size of the battery 
and full knowledge of its lifetime are assumed. That means that the battery will reach its 
maximum cycle life at the end of the period considered (no unused cycles at the end of the 
period considered). The results of the LCOS calculation can be compared to the LCOE of 
conventional means of electricity generation. 

Other costs exist as well. Cheap electricity is needed for charging and high prices for 
discharging (arbitrage). The LCOE and LCOS calculations used in this study omit the cost 
of electricity used for charging, which is allocated for the means of generation used. Thus, 
the LCOS is just the direct cost of using the storage (hence the name). This is assumed for 
two reasons. First, to see better the pure costs of the battery. Second because marginal cost 
of producing an extra unit of electricity can be negligible (from solar PV installation or 
from base load generation during times of least demand). Sometimes prices have been even 
negative (Bolton, 2016). 

LCOS is given by Equation (3). 

         (3) 

where 

I is investment costs 
OMt are the O&M costs at year t 
R is removal costs 
ct is installed capacity at year t 
DoD is depth of discharge at year t 
E is round-trip efficiency at year t 
Ct is the number of full cycles the battery is used during year t 
i is discount rate 
n is lifetime of the project 
t is operating year. 
(Ammon, 2013, p. 13.) 
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The Equation (3) nominator contains the costs. Investment cost is payed fully in the 
beginning. Operating costs are discounted. Cost occurring further in the future matter less 
than costs tomorrow. In the denominator yearly “generation” is derived from energy 
capacity by multiplying it with DoD, round-trip efficiency and number full cycles. 
Generation for each year is discounted (as it cannot be sold right away). Compared to 
LCOE, the nominator is identical. The denominator of LCOE is simpler: it contains only 
the discounted sum of electricity generated (as it can be measured). So, LCOS is an 
application of LCOE, see Equation (4). The two can be compared to each other. 

         (4) 

where 

gt is electricity generated at year t  

(Hdidouan and Staffell, 2017, p. 579). 

 

3.1.3 Assumed Pathways Lead to Different Price Scenarios 

To assess the price change in the future, different pathways based on different assumptions 
are calculated. The purpose of the pathways is to model distinctively differing future 
scenarios to see impacts of differing assumptions on crucial parameters in the model. The 
pathways are done assuming three alternatives for each parameter. These parameters are: 

a) experience rate, 

b) capacity growth and 

c) discount rate. 

The calculations are done both for the investment price only and for the LCOS. The 
different assumed pathways in respect of three different inputs lead to 27 different 
scenarios for future LCOS up until 2050. 

For the investment costs, the discount rate doesn’t matter as the cost is payed right away at 
the beginning. As a result, there are only 9 scenarios for investment price. (In the real 
world, the sum might be borrowed. If it was, interest and payback of the of the loan should 
be modelled just as operating costs, year by year.)  

For simplicity of the analysis the learning rates are held constant over the whole period in 
consideration. The same is true for discount rate. The capacity growth rate on the other 
hand is assumed to change over time in all pathways (as discribed in Chapter 4). 
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3.2 Simulation method 

The simulation in this study is done with HOMER Pro software (Hybrid Optimization 
Model for Multiple Energy Resources). It is developed and maintained by National 
Renewable Energy Laboratory (NREL) of the U.S. government, department of Energy.8 

In short, user defines a load and possible means and resources available to meet it. 
HOMER then finds the optimal design (out of the production possibilities defined to be 
available) for a system consisting of the load and production units.  

The following section describes the inputs needed, and the next one how these inputs are 
used in simulations. Section 3.2.3 then discusses the methods ability to catch price 
arbitrage available and Section 3.2.4. links the future investment cost of Li-ion batteries to 
the simulation method and describes how the knowledge is used. 

 

3.2.1 Inputs 

Load (or the demand) is the starting point in using the software. There are three options to 
define the load simulated. Simplest would be to use one of the load profiles available and 
scale it to a desired level. Second, a more detailed option is to define a load pattern, which 
distinguishes between weekdays and weekends, month of the year and hour of the day. 
After that user defines parameters for randomness to be used to simulate stochastic 
deviations from the patterns defined earlier. A third, and most accurate option would be to 
import some real load data. Finally, load is defined to be either electric or thermal. This 
study used the second alternative and modelled only an electric load (see Section 4.3.1.) 

Production (or the supply) is used to meet the load. User defines available technological 
options (and/or must to include technologies/generators) with which the defined load(s) 
would be served. HOMER contains a library of several models, generic and commercially 
available in the real world: PV panels, wind turbines, converters, biomass boilers, gas 
generators etc. of which the user can choose from (called components in HOMER). 
Alternatively, the components can be tailored by the user (using some library component as 
a base for the tailoring).  

The load(s) together with the components constitute a micro-grid (or the system). The 
system can be studied on its own or it can be connected to (a larger) grid from the world 
outside of the system. The latter option happens by adding ‘grid’ component to the system 
and specifying its capacity and price in delivering and in buying electricity. System 
schematic is a simplified presentation of all the components (optionally) available to meet 
the load. It consists of the components, which were defined to be available for the 
simulation, see Figure 16. The reference case (the current situation), would be to use only 
the AC side of the schema. To be able to answer the research questions 2-5, the 
components at the DC side were added.  

                                                 

8 The version of the program can be found here: https://www.homerenergy.com/products/pro/index.html 
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Figure 16. Schematic of the system in simulations 

It is to be noted that the aim of this study is to see the effects of batteries with VRE 
generation, not to find out the optimal design out of all the technological possibilities in 
electricity generation. It is possible that for instance a local hydro plant could be more 
feasible than the means considered. But any considerations going beyond the schematic in 
Figure 16 are confined outside the scope of this study.9  

To be feasible, every type of technological option (component) must have resources 
available in order to produce energy. So, the user must specify them: biomass and other 
fuels, sun irradiation, speed of winds and water flows. Defining a location for the system, 
allows to download NASA data for solar irradiance and wind speeds.  

Each of the input types mentioned - the load, the components and the resources - contain 
several inputs, such as operating and investment costs, lifetime in years, efficiencies, wind 
turbine hub height and how the wind speed changes with altitude on the location, derating 
factor for solar PV and how deviation from optimal temperature affects the productivity of 
the cell etc. 

In addition, there are some systemic inputs, e.g. discount rate, reserve requirements, fixed 
costs and emission penalties to name a few. Many of the inputs can be chosen as a base for 
sensitivity analysis. List of inputs used in the simulations is provided in Appendix A and 
reasons why they were used in Chapter 4. 

It is to be noted, that the schematic in HOMER (Figure 16) is composed of just the 
components and the load. The black AC and DC lines are there simply to indicate 
connections for the flow of electricity. The program lacks the possibility of modelling and 
analysing distribution (low or medium voltage) network for generated electricity. There are 
two important consequences from this. First, any losses that occur from local transformers 
or from local distribution are not by default taken into account. These losses are almost 

                                                 

9 refer to Sub-chapter 4.2. for reasoning and more on alternative design considered 
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certain to exist as hardly any distribution comes without losses. Second, costs of this 
distribution are not being counted, by default.10 

 

3.2.2 Optimization 

The simulations start from user specified load(s). It has to be met every defined time step 
(e.g. from hour-to-hour) for all year round. HOMER assumes that the demand (however 
random it is) is always forecasted accurately and early enough, so that production (or the 
grid as the last resort) is adjusted accordingly. Ten thousand different designs11 are tried 
and simulated against the load. If a design fails in this, it is dropped. Simulations with 
different designs are tried until NPC optimal solution has been found (or a limit for 
maximum number of simulations is reached, just to prevent a run that continues into 
infinity). So, in the end, HOMER is a net present cost (NPC) optimizer. (HOMER, 2017) 

When the simulations are ready, the different designs are ranked according to NPC.  
However, detailed results for each design simulated is available for the user to assess and 
to compare, either aggregate yearly level or to consider hour-to-hour performance of the 
system. If wished, even the dropped designs can be explored in detail, e.g. why and when 
and for how long they failed to meet the load. (HOMER, 2017) 

In the systemic optimizing mode, HOMER learns after each simulation conducted (e.g. if it 
finds out that adding more wind turbines increases the costs, next simulations are 
conducted with fewer turbines). After the results have been presented, the user can rank the 
results according to number of results, e.g. lowest emissions first or filter to see only results 
with less than x tons of emissions. But this is not really the same as systematically 
searching for the lowest emissions (e.g. that extra wind turbine, which was discarded by the 
optimizer because of increased overall costs could have been part of a system with less 
emissions than any of the results presented). The alternative for systemic optimizing mode, 
for the user, is to specify e.g. the sizes of solar PV installations or range for the number of 
wind turbines to be included in the simulations. It is also possible to define sizes for some 
inputs while using systemic optimizer for the others. Using varying inputs over the years 
requires specifying optional sizes for all components. 12 

 

3.2.3 Price Arbitrage and Battery 

If grid electricity price varies in time and the variation is known to happen before it occurs, 
there is a possibility to time battery discharge so that costs are minimized. But 
unfortunately, there is no such forward-looking smartness in HOMER operating strategies. 
The program is always optimizing just the current time step. Whatever source happens to 
be the cheapest at current time step gets selected and if it can’t match the load alone, the 
                                                 

10 The issue and assumptions related to it is discussed more in Section 4.5.3. 
11 Design was defined in Introduction to be: mix and number of power production and storage units 
12 Section 4.5.2. discusses of varying some inputs over the years. 
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second cheapest is selected next If any of the sources, which need to be used to meet the 
load, is producing excess electricity, the battery is charged. If there is no more capacity 
(energy) or ability (power) to charge the battery, the excess is sold to the grid. 13 

Local VRE generation have marginal generation cost of zero and are therefore always the 
first, if they are available. The next option is always to discharge the battery, if there is 
capacity (both energy and power) available14. Only if local generation and the battery is not 
available, the grid is used to meet the load. 

If HOMER could look beyond the current time step into the future, it might sometimes be 
wiser to delay the battery discharge to (peak) times when other sources, namely the grid 
electricity, have a more expensive price. But as HOMER can’t see into the future, this is 
not possible. Therefore, the system simulated cannot fully benefit from arbitrage. Smartly 
optimizing the battery lacks in the simulations (but probably it would involve extra costs as 
well for the smartness required).  

Because assessing batteries’ performance in time shifting service, the issue described could 
potentially ruin the analysis in this study. Therefore, the whole simulations method was 
tested, before using it, to assess in how big difficulties the lack in forward-looking 
smartness can potentially lead to15. So, a pre-simulation with the load, the grid, wind power 
and a battery was run. Any load not covered by wind or battery discharge is covered by the 
grid. Results can be seen as a red arrow in Figure 17. If perfect weather forecast is assumed 
for the next day on the evening 28th October (in Finnish: loka 28), battery discharge 
(between 7pm October 28th until 3 am October 29th) could have been delayed to the (day 
and) evening peak of 29th October. This would minimize the total costs as peak times are 
virtually always more expensive. This kind of smartness in timing the battery discharge 
would also decrease peak load for 29th October in the grid transmitting to the area. 
However, as the price differences in the grid simulated are not big, the effect of lack of 
smartness in discharge timing are not big either. Moreover, usually the hour-to-hour load 
following works quite well. The highest wind and solar output is during the day and excess 
electricity is charged into the battery, which is then used during the evening peak (as 
happens in the Figure 17 on October 26th and October 30th.) The example on arbitrage just 
                                                 

13 HOMER uses load following as the term for this strategy. Other strategies of dispatching are less sensible 
with the VRE components studied. Using them, the user could specify an order in which the generators would 
be always used or dictate that some generators should always be used at full capacity (to maximize their 
efficiency). In this strategy, a setpoint state of charge for the batteries could be used. It would imply a 
minimum state of charge that should always be reached when charging of the battery is started. This could 
make sense, if there was data supporting that continuously charging and discharging a battery with small 
energy capacities would diminish its life time considerably faster per kWh than larger capacity round-trips. 
Such an analysis would go into details of battery characteristics and is confined outside of the study. 
Moreover, the simulation software used wouldn’t have a structure to model this effect on battery life.  
14 Optionally, if included in the design, the local combustion generators could be specified to run at full speed 
whenever they are used. Depending on the generator, running at full speed could minimize their emissions per 
kWh produced (which would still be very high). Also, running at full speed could potentially minimize the 
costs of ramping up and down. For the battery this would mean that once it reaches the lowest DOD specified, 
a combustion generator starts to serve the load, and reaches full speed soon. If it is producing more than the 
demand is, the battery is charged. Any excess production left over is then sold to the grid. (HOMER 2016 and 
HOMER 2017) 
15 And this is why to present this already at methods chapter, to describe the functioning and logic of the 
simulation method used. 
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points out that a smarter system with the same battery could function even more efficiently 
than simulated. 

 

Figure 17: Arbitrage missed. Variations in battery SoC and in wind generation and in load for 6 last 
days in October (loka). 

 

The simulation method can be seen as an iterative process. Examining the arbitrage and 
battery is one of the many pre-simulations conducted before finding the components to be 
defined available in final simulations. Other pre-simulations conducted are described in 
Chapter 4. 

 

3.2.4 Battery investment and replacement price 

The calculated future investment price (results in Section 5.1.1) is used in the simulations 
as a replacement price for the system battery when it reaches end of life. Here an iterative 
process might be needed. First, the replacement price in 12th year is used (the maximum 
years the battery can be used. If the simulation results in faster usage of the battery, say 
reaching the end of life already at 9th year, input for the simulation is corrected for the 
investment price of the 9th year (higher than that for the 12th year). Then simulation is 
conducted again. The end of life year of the battery is observed and a new correction is 
made if necessary.  
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3.3 Multi-Criteria Decision Analysis 

3.3.1 Single Criteria and Multiple Criteria 

The simulation method, presented above is a single-criteria decision method: it goals to 
optimal design of electricity generation, sees number / amount of different components 
(number of wind turbines, converter and battery capacity etc.) as alternatives, from which 
decision is made using NPC as sole criterion. It wouldn’t be a multiple criteria analysis as 
there are no more criteria than NPC. Alternatives available are ranked based on NPC and 
the lowest price alternative gets to be chosen. However, the simulations can be augmented 
to additionally have a constraint, for example a minimum amount of reserves or minimum 
renewable penetration constraint, or several constraints, which are necessary conditions for 
any decision. Optionally a simulation (using another software) could be built so that it 
would, in addition to minimizing NPC, also minimize the amount of emissions. But then a 
need to describe how potentially conflicting preferences (lowest price & lowest emissions) 
should be weighted or what would be a price of ton of CO2 saved/emitted. 

Multiple-criteria decision making (MCDM) comprises of five components: goal, decision 
maker's preferences, alternatives, criteria's and outcomes. It aims to find optimal results 
when several indicators, conflicting objectives and criteria are considered. (Kumar et al., 
2017). In Section 2.5.3 it was seen that local people might have also different preferences 
and views than just minimizing the electricity price. To better see what alternative the 
locals would prefer, the analysis in this study in augmented with MCDA method. 

 

3.3.2 General procedure 

The general procedure of MCDM is presented in Figure 18. In the context of this study, it 
is the following. First, definition of system is broader than in the simulation method. Here 
system is the local community of people, which are impacted by the structure of the power 
system. To avoid misunderstandings, the simple term system is not used hereafter, terms 
community, municipality, locals or something else more describing word is used. Second, 
several objectives for the local people will be identified. Third, four alternatives are 
considered: grid (current status quo), net self-sufficiency achieved by using VRE and 
batteries, more moderate VRE development and the moderate VRE development added 
with a battery. The data to be assessed in MCDA is mostly based on simulation results of 
this study. 

The procedure followed gives a structured framework to systemically focus on the fifth 
research question. The performance of the different alternatives is compared taking several 
local preferences into account. Thus, the decision problem described in this study is a 
problem of choice. There are set of alternatives and the aim is to choose the best one 
among them. 
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Figure 18: General Procedure of MCDM (Kumar et al., 2017) 

 
To make the choice, fourth step in the general MCDM procedure would be to set weights 
for different criteria to be used. Setting the weights is based on subjective views of the 
decision maker. Finding the weights is found to be the most uncertain part of the procedure 
in the context contemplated. Therefore, any clear-cut weights are not proposed but rather 
the impact of different weighting is studied, demonstrated and showed. Doing this allows 
alternative outcomes, or alternative optimal decisions.  

In the fifth step, selecting a MCDA method, TOPSIS (Technique for Order Preference by 
Similarity to Ideal Solution) was chosen. It is one of the preferred methods in evaluating 
electricity supply strategies (Kumar et al., 2017) and is explained in the next section. 

 

3.3.3 TOPSIS 

The general idea of TOPSIS is that the best solution has the least distance to the ideal 
solution (Ishizaka & Nemery, 2013, p. 260). In short, the procedure has 5 steps: 1) Create 
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the decision matrix, 2) Normalize the decision matrix, 3) Define the ideal and negative 
ideal solutions, 4) Estimate the weighted Euclidean distances from ideal and negative ideal 
solutions, and 5) Rank the alternatives based on the performance index, which is based on 
relative closeness to the ideal solution (Fazeli et al., 2017) 

Distances can be measured in n dimensional space where n is the number of criteria. Each 
alternative can be interpreted as a vector (with length and direction) in this space. Further 
on, an optimal solution is a point in the n dimensional space, where a vector combining all 
the best possible values for all criteria would point at. The distance between each solution 
or alternative from the ideal point is obtained by deducting the vector of the alternative 
from ideal vector. (Krohling and Campanharo, 2011) 

To get the row vectors for each alternative, a decision matrix is formed. It contains 
alternatives in rows and criteria in columns. Each alternative receives a score according to 
each criterion. These scores give the values in the cells, see Equation (5). 

          (5) 

After that, each the cells in each column is normalized. For normalization there are 
different methods. Distributive normalization was used in this study. It can be written as in 
Equation (6). 
 

            (6) 

where 

i = 1, … , m, and j = 1, … , n and  

i refers to alternatives, j to criteria and r is the normalized value in each cell. 

 

The weighted normalized value pij is calculated by Equation (7). 

            (7) 

where i = 1,…,m, and j = 1,…,n. 

Then ideal points are identified by taking the best (as the most preferred) and the worst (as 
the least preferred) value for each criteria available in the set of alternatives considerred. 
Together these values define a vectors, which can be written as in Equations (8) and (9). 

          (8) 

          (9) 
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And then distances from positive and negative ideal solutions for each alternative are 
calculated by Equations (10) and (11) respectively. 

                 (10) 

where 

. 

 

                 (11) 

where 

. 

(Krohling and Campanharo, 2011, p. 4191 & Opricovic and Tzeng, 2004, p. 449) 

To implement the TOPSIS procedure, the DECERNS program was used. The program 
does the calculations mentioned and ranks the alternatives. All this is convenient, but the 
main reason for using the program is its ability to help in sensitivity analysis. The weights 
of the criteria can be changed easily and the effects of these changes can be seen and 
analysed graphically. This way it is easy to see what effects weighting one criteria over the 
others has on the result. Therefore, the impact of changes in the important of potentially 
conflicting criteria can be analysed, e.g. policy focusing more on employment in expense of 
all other interests will weigh the criteria differently than a policy focusing primarily on 
protecting local environment. DECERNS helps in assessing the effects of different 
weights. 

The last step of the general MCDM procedure is to select and execute the alternative with 
least distance to the optimal point (or take the alternative into deeper consideration). 

 

3.3.4 Aim of MCDM in this study 

As explained earlier, due to the reasons of uncertain and rough subjective weighting, the 
MCDM part of this study aims primarily to see impacts of different weights on different 
criteria and only secondly to select the best alternative, if the best alternative is clearly 
distinguishable from other alternatives. 
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4 Data, inputs and assumptions 
This chapter introduces, explains, justifies and discusses the inputs and assumptions, which 
were necessary to reasonably execute the methods described in the previous chapter. Sub-
chapter 4.1. considers the experience curves. 4.2 is, due to the iterative nature of simulation 
method, dedicated to pre-simulations, which were used to confine the scope of the study 
and the components assessed as inputs in the simulations. Sub-chapters 4.3 - 4.5 then 
present the inputs grouped into assumption which are site specific, renewables specific and 
other ways important. Pre-simulations used to justify some inputs are discussed linked to 
respective inputs. Finally, 4.6. describes the inputs of MCDA. Identification process of the 
criteria is explained and linked to literature.  

 

4.1 Assumptions for learning curve calculations 

4.1.1 Capacity Growth 

For the future capacity growth, three different pathways are assumed. In the mean pathway, 
growth rate is around 20% slowing yearly to below 10% in 2037 and below 5% in 2048. 
Finally, 71,5 GW capacity is reached in 2050. Mean pathway is mostly in line with IEA 
2DS where all electricity storage capacity of China, India, Europe and USA combined will 
be 310 GW (existing level is around 80 GW) (IEA 2014, p. 30).  

Slower growth pathway assumes that the seen two-year growth from 2014 to 2016 was an 
extraordinary event and the general capacity growth rate will continue from what it was 
between 2011 and 2014. So, growth is first 15% per year and decreases annually until 
2040. Then, as the price has declined over the decades, batteries will finally start being 
installed at a faster pace. 30 GW capacity is reached in 2050.  

In fast capacity growth pathway, the yearly growth rate starts from 35% (still half of what it 
was from 2014 to 2016) and decreases annually so that more than 295 GW capacity is 
reached by 2050. To put the pathway in perspective, in IEA breakthrough scenario 
electricity storage capacity of China, India, Europe and USA combined in 2050 is about 
520 GW (IEA 2014, p. 30). The beginning of the fast pathway is somewhat in line with 
2DS where global non-pumped hydro storage reaches 25 GW in 2025 (IEA, 2017, p. 63). 
In fast pathway there are 16 GW of Li-ion batteries in 2025. Development of cumulative 
capacity and annual growth rates in different pathways can be seen in Figures 19 and 20  
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Figure 19. Installed utility-scale battery capacity growth under different pathways.  

 

 

Figure 20. Past and future utility-scale battery capacity growth rate. Source: for history IEA, 2017. 

 

4.1.2 Price Assumptions 

Investment price of today was set to 342 EUR/kWh capacity16 (IRENA 2017, pp. 124-125). 
The investment price in 2011 was assumed as 700 EUR/kWh of capacity (IEA, 2016a, p. 
57). 

                                                 

16 USD/EUR conversion rate of 17th March 2018 (0,813267) from 420 USD. DiOrio et al. (2015) used 
$429/kWh for residential system Li-ion NMC battery, in line with the assumption made in this study. 
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For LCOS calculations, removal cost was assumed as 10% of the investment price even 
though the materials might be valuable for recycling after battery’s lifetime17. Operating 
and maintenance costs were assumed to be constant at 1 EUR/kWh of capacity18. 

 

4.1.3 Experience Rate    

There is only short period of time in history to observe the experience capacities and prices 
to evaluate the implied experience rate. From 2011 to 2016 it was 0,52 indicating halving 
of the price in every five years (holding the capacity growth rate constant). 

Three different pathways are assumed for future experience rate. Slowest rate is 0,25 which 
implies 16% price reduction for every doubling of capacity (learning rate). In the mean 
pathway experience rate is 0,35 (22% price reduction for capacity doubling) and 0,45 for 
the fast experience accumulation pathway (27% price reduction for capacity doubling).  

To put these assumptions in perspective, the learning rate for commercial solar PV 
technology has been estimated as 24% from 1980 to 2016 (Fraunhofer ISE, 2018, p. 43). 
More moderate estimate was reached by De La Tour et al. (2013) who collected 27 
different studies of the learning rate in the solar industry. The median learning rate was 
20% (average 19,9%).  

Higher learning rate for batteries can be justified assuming that solar PV technology, 
although still developing, is at a more mature state than battery technology. The assumed 
Li-ion battery learning rates are considerably lower than their calculated historic learning 
rates. Probably such a phenomenal learning rate cannot be sustained for a longer time.  

4.1.4 Discount Rate 

Mean assumption is 6%, low 3% and high 9%. The rates are held constant over the whole 
period.  

Mean assumption is based on a discount rate used in Finland from Financial perspective 
(ECEEE, 2015, p. 24). Lower one is a EU commission guideline for social discount rate 
(ECEEE, 2015, p. 20). However, according to the source there is variation in 

                                                 

17 Recycling of batteries is not a novel idea. Currently 96% of lead-acid batteries in the U.S. are recycled 
(IEA, 2014, p. 41). 
18 Alternatively, a learning curve also for the O&M costs could have been modelled. On the other hand, when 
capacity is expanding rapidly there might be temporary shortages of trained workforce which might lead to 
pressures to temporarily increase the wages. Over time, inflation also increases prices. But the decision to set 
the variable costs fixed is mainly a matter of convenience, not betting for inflation and learning by doing 
effects to cancel each other out. 
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recommendable discount rate to be used. Higher discount rate is the same as used in 
PRIMES19 model for power generation (ECEEE, 2015,, p. 8). 

4.1.5 LCOS calculation 

Round-trip efficiency of 95% was assumed as well as lifetime of 2 000 full capacity 
equivalent cycles (IRENA 2017, pp. 124-125). Assuming 12 years usage time and 70% 
DoD results in 238 cycles per year (which corresponds 167 full capacity equivalent cycles). 

Removal cost was assumed to be 10% of the investment price. However, assessing any 
such figure well into the future is difficult. There is even a change that this cost turns even 
negative. Resource constraints for several metals might become reality in the future (see 
Section 6.2.2). Therefore, there might be a market for the metals inside of a used battery to 
get recycled. Then these metals might have a value, even higher than the costs of the 
battery removal. Alternatively, the used batteries might be not completely useless. They 
could be re-used for other installations or uses as they are not worn out, but rather have just 
lost enough of their former qualities not to be able to perform the tasks they were 
constructed for in the first place. 

                                                 

19 An EU energy system modelt: https://ec.europa.eu/clima/policies/strategies/analysis/models_en#PRIMES  
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4.2 Pre-simulations: Specifying the Available 
Components 

Some simplified pre-simulations were conducted to better evaluate the effects of certain 
inputs on the final results. These pre-simulations are mentioned in the following sub-
chapters related to the specific inputs, whose impacts they were testing. The pre-
simulations helped in deciding for instance, which wind turbine or battery models to use. 
Also on many minor inputs were tested in the same way. 

Perhaps the main pre-simulation considered a possibility of a totally independent system. 
First it was tried just with wind, solar and battery. Such a system would have had the 
biggest solar plant in Finland, quite big wind farm and by far the biggest battery in the 
world - a not likely scenario. Second, to cope with long periods of lull in the winter and, 
some local fossil fuel generators were tried. Gas or diesel generators where allowed. This 
was done as batteries are not for seasonal storage. But still, the independent system was 
found to be multiple times more expensive and more polluting much more than the grid 
electricity does. That alone raised questions on the sensibility of such a system. If properly 
planned, independent system should be designed considering multiple optional means of 
production. Moreover, imported fossil fuels cannot be considered as a local power source. 
And finally, HOMER would not have been able to benefit from storing electricity from a 
combustion generator source (discussed in Section 3.2.3.) As a result, the modelled battery 
would have been quite handicapped. To sum up, adding the combustion generator(s) would 
have raised more questions than it would have been able to answer. 

Replacing (some of the) fossil fuels by biomass would constitute a more local power 
source. But measuring the biomass combustion effects on emissions easily constitutes a 
study of its own, even if only the CO2 emissions were considered as the carbon storage of 
the biomass grown and lost would need to be evaluated. And to have been able to 
reasonably assess multiple criteria for the area from biomass burning, things such as area 
requirements to grow the biomass, possible income from it and possible loss to natural 
habitat would have been needed to be considered in Section 4.6.6. All of this would not 
have been able to enhance the analysis of storing electricity in any way. 
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4.3 Simulations: Site Specific Inputs and 
Assumptions 

The following sub-chapters present all the inputs and assumptions made regarding the 
simulations. Too see inputs as a list, please see Appendix A, an input report obtained from 
HOMER software, extended with several inputs also used.  

4.3.1 Load 

In HOMER it is possible to simulate demand fluctuations on hourly or even more delicate 
level. Hourly level was chosen as a sufficient level of detail and due to data availability. It 
catches most of the variation during the day, peak times are easily identifiable and they 
need to be matched with either local production or electricity from the grid. More detailed 
level would demand more calculating power or time for the simulations to be carried out. It 
can be assumed that more precise level of detail level wouldn’t change the simulation 
results on optimal outcomes. And, after all, the focus in this study is to see how demand is 
matched and can batteries provide a time shifting service to the system. A reasonable time 
shifting service last often longer than one hour.  

The hourly consumption data is available only on national level (not on municipal level). 
Therefore, the load for the research areas studied was constructed as follows. First, the 
relative levels of demand were set as the usual Finnish households have them, for each 
hour in weekdays and weekends. Second these relative demands where scaled for each 
month of the year, again according to a general Finnish household consumption patterns. 
Third, seasonal, diurnal and hourly variations in demand were set to follow a measured 
data set in Paatero and Lund (2006, p. 276). Fourth, only one slight alteration was done, a 
mild peak in morning demand was added. This is justified by Fingrid (2018) data on all 
electricity consumption in Finland where clearly a two-peaked working day is more rule 
than an exception. As the Fingrid data is for all electricity use, not just households, it is not 
used directly to model the demand in simulations. All the research areas considered are 
dominated by the household demand, the only exception being Rovaniemi (Energy Finland, 
2017). Finally, the level of the overall yearly demand of the research area was set to match 
electricity consumption of 2016 in the municipalities considered (Energy Finland, 2017). 

After this final step a comparison to consumption levels in previous years was made. It was 
done to see, if the data on last available year is sensible to consider. To assess that, the 
trend in the household electricity consumption (Figure 21) and electricity consumption at 
the municipalities considered (Table 2) was examined. Due to data availability reasons and 
sectoring of the economy, Figure 21 combines households and agriculture electricity use, 
which is obviously not perfect, but it gives better estimates than considering the 
consumption of the whole economy. The increase in consumption has either stopped or 
been milder during the past 5 years, than what it was in the early years of the millennium. 



45 

 

Figure 21. Electricity Consumption of Finnish Households and Agriculture, GWh. *results unverified. 
Source: Statistics Finland (2018) 

Considering the local level by looking at the development of total yearly electricity 
demand, it can be hypotesised that there is probably no trend in the consumption change. 
Much of the electricity demanded in the north is consumed for heating. So, to punctually 
assess any year to year trends, one would need to consider also the yearly temperatures.  

Table 2. Yearly demand of electricity in GWh at the research areas. Source: Energy Finland (2017). 

year Posio Utsjoki Rovaniemi 

2007 42 19 545 

2008 38 19 587 

2009 41 19 560 

2010 42 20 582 

2011 41 19 584 

2012 42 21 599 

2013 40 19 579 

2014 38 19 545 

2015 37 19 549 

2016 38 19 565 

 

It was concluded that considering the past, year 2016 consumption level is a reasonable 
estimate for the simulations. Nevertheless, future is unclear and thus sensitivity analysis 
was conducted assuming increasing or decreasing demand in the future (in Section 5.2.6). 
Table 3 summarises other essential characteristics of the research units. 
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Table 3. Research area characteristics. 

Research area 

(Municipality) 

Hourly 
load 
average 

Inhabit
ants 

Population 
density20 
(per km2) 

Notes 

Posio 4,5 
MW 

3 367 1,14 Load is roughly the same in the 
following northern municipalities: 
Pello, Muonio, Salla and Ranua 

Utsjoki 2 MW 1 247 0,24 Northernmost municipality in Finland 

Rovaniemi 65 MW 62 037 8,16 17th largest town in Finland 

 

There is still one important aspect of demand fluctuation to cover, namely randomness due 
to weather and behaviour. HOMER simulates this by adding two user defined components 
of randomness, day-to-day variability and timestep variability. The former means 
differences in the demand for the whole day holding the hour-to-hour profile the same, and 
the latter means differences for each hour, holding the overall demand as defined 
(HOMER, 2017). The magnitude of each randomness is defined as a percentage, day-to-
day variability was 10% and timestep variability 20% (sensitivity analysis on these 
assumptions was conducted, see Section 5.2.6). HOMER uses this percentage as standard 
deviation when it generates random values from normal distribution for each day and hour 
(HOMER, 2016b). But it is to be noted that HOMER doesn’t have a feature to simulate 
harsher winter year (for example most of the days of January with higher than usual 
demand) or specify that most of the variation occurs at daytime, for instance. The resulting 
hour-by-hour load pattern for a few days can be seen in Figure 22.   

 

Figure 22. Ten days of synthetic load used in the simulation (Posio) 

                                                 

20 source for the populations and densities: https://en.wikipedia.org/wiki/List_of_Finnish_municipalities  
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4.3.2 Site Selection 

Renewable generation must exist somewhere, so a site within the boundaries of the 
research area was selected21. It should be emphasized that this doesn’t propose the site nor 
does it claim that the site is the best available. Especially for wind generation, finding a 
real world suitable site would make a study of its own. In this study, the site is just an 
example of a probable site. Selecting a specific site allows weather data to be downloaded. 

Five common sense criteria were used, no houses nearby, existing roads nearby, existing 
distribution lines nearby, no protected areas nearby and site is higher than surroundings. 
The criteria were used just to make the suggestion somewhat sensible. A site that would 
not need lot of new roads and transmission capacity of a site that would not get a permit or 
a site that would situate in the middle of a village etc. If the site proposed as an example 
will not be suitable, it is assumed that another place for a wind park could be found. There 
are vast uninhabited lands in every one of the research areas. Even at Rovaniemi, where 
population is centred in the city leaving many surrounding areas unpopulated. 

 

4.3.3 Wind Resource 

Selection of an optimal site is a crucial part of any wind project. To simplify the 
engineering challenge greatly, it involves observations on wind speeds at different heights 
and a selection of best sized and height turbine for the speeds measured. But not just any 
site can be selected, geographical, residential, environmental or administrative restrictions 
might be in place. Also, infrastructure needs, EIA and other administrative costs would 
have to be bared. As mentioned, this would constitute as a study of its own.  

Site selection makes it possible to download wind speed data originating from NASA from 
HOMER servers. The data seem to be available for area level, not for comparing hills to 
each other. Each month has a wind speed average. These figures were compared to 
Tammelin et al. (2011) to see they are in line with it. HOMER uses the averages to 
construct wind speeds for each day and for each hour, so that the monthly averages are met. 
For these purposes, it needs some statistical input specifying how often the highest wind 
speed occur at the same time of the day and how likely it is for a weather (lull or storm) to 
persist from hour to hour. Most important is the Weibull distribution describing how well 
the wind speeds in the simulation concentrate around the average value. Weibull K 
measure of 2 was used. Other inputs were: diurnal pattern strength: 0,25, autocorrelation: 

                                                 

21  The site selected from Posio can be seen here: 
https://asiointi.maanmittauslaitos.fi/karttapaikka/?share=customMarker&n=7350798.375657982&e=522400.
9565141371&title=Site%20Lemmontunturi&desc=&zoom=7&layers=%5B%7B%22id%22%3A2%2C%22o
pacity%22%3A100%7D%5D  
 Alternative site: 
https://asiointi.maanmittauslaitos.fi/karttapaikka/?share=customMarker&n=7334734.375657982&e=541264.
9565141371&title=Site2%20Teuronvaara&desc=&zoom=7&layers=%5B%7B%22id%22%3A2%2C%22op
acity%22%3A100%7D%5D  
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0,85 and peak hour of wind speed: 15. The distribution of wind speeds was set to can be 
seen in a Figure 23 below. Wind speed average in each month was around 4 m/s.22 

 

Figure 23. Stochastic wind speed of a year used in the simulations. 

 

The amount of maximum power available in any wind is given Equation (12).  

                  (12) 

where  
P is power 
ρ is air density [kg/m3] 
A is area swept by the turbine blades [m2] and 
V is velocity of the wind [m/s] (Hdidouan and Staffell, 2017, p. 581). 

 

So, to harvest the power available, one would want not only larger turbines (areas swept by 
the turbine) but especially higher wind speeds. On the other hand, the wind cannot be too 
high either. Turbines have a cut-out speed, usually somewhere in the low 20s meters per 
second, to avoid failures and break downs of the turbines. On average, wind speed is 
greater higher up. The altitude effect on the wind speed available for a wind turbine by 
Equation (13), which describes the wind speed as function of hub height and roughness: 

                                                 

22 Perhaps needless to say that the low wind speeds are not very potential for wind generation. The resulting 
capacity factor for the wind turbines turned out to be under 10%. Sub-chapter 5.2 provides more detailed 
results. 
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                 (13) 

where 

Uhub is the wind speed at the hub height of the wind turbine [m/s] 

Uanem is the wind speed at anemometer height [m/s] 

zhub is the hub height of the wind turbine [m] 

zanem is the anemometer height [m] and 

z0 is the surface roughness length [m] 

(HOMER, 2017 and Hdidouain and Staffell, 2017, p. 579). 

 

Thus, the surface roughness length parameter describes how fast wind speeds increase as 
the altitude increases. Roughness in turn depends on what kind of ground is used. I assume 
roughness length for forests 1,4 following Tammelin et al. (2011)23. The reasoning is that 
nearby areas are likely to continue to be under forestry.  

 

4.3.4 Temperature and Irradiance 

Site selection allows HOMER software to get monthly average temperatures from NASA, 
see Figure 24. The averages are in line with the data from Finnish meteorological institute 
(FMI, 2018). The use of monthly average values is quite simplifying assumption. Some 
days may differ even tens of degrees from the average and this would impact the ability of 
panels to create electricity. But there simply is not more accurate data available. 
Temperature affects the efficiency of solar panels. But as the focus of this study is not on 
calculating and modelling the exact production of solar PV, these simplifying assumptions 
give enough information what magnitude of production would be expected. 

 

Figure 24. Monthly average temperatures at Posio. Source: NASA via HOMER libraries. 

                                                 

23 HOMER Pro help would use 0,5 for forest which would mean faster increase in wind speed with altitude. 
The area is covered by boreal coniferous forest. Maybe the database in HOMER is for another type of forest. 
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Figure 25: Global Solar Irradiation kWh/m2 and day number in June. Synthetic variation in 
simulations. 

 
Site selections also allows to download monthly average irradiance and clearness data 
originating from NASA from the HOMER servers. The irradiation has more impact on the 
PV production outcome than the temperature has. To mimic its variability according to 
weather changes and cloud movements, HOMER creates random days based on the 
irradiance and clearness data (see Figure 24). Thus, the days simulated resemble more 
realistic weather patterns. However, there is no possibility for the user to specify how these 
weather patterns are constructed (do the days follow an organized pattern with afternoon 
showers like in the tropics or is the daily pattern totally random). The resulting solar 
resource, combination of direct and indirect radiation, for the whole year, see Figure 26. 

 

Figure 26. Synthetic solar resource based on historic data (sourced from HOMER libraries, from 
NASA) 
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4.3.5 Grid Electricity Purchase Price 

The reference and existing option to satisfy the load is to buy electricity from the grid. The 
hourly price of grid purchase was constructed from two sources: first the base price of 
generation, which was obtained from Nordpool (2018), and second the distribution price 
(depending in the region). Taxes were omitted, because they need to be payed whether 
electricity is generated locally or purchased from the grid. Only exemptions for this rule 
would be legal ones, for example electricity generated for legal person‘s own use (exempt). 
As the focus is not on individual level, this is confined outside of this study. 

Nordpool spot price actualises for each hour of the year. The highest priced hours are 
typically multiple times more expensive than the average hours, let alone the lowest ones. 
The data exists for several years. The choice of the year for the base price of the simulation 
might have an impact on the results. Significant differences between different years exist as 
can be seen from Figure 27 and Table 4 below.  

 

Figure 27. Nordpool hourly electricity price for 2014, 2015, 2016 and 2017. Y-axis: €/MWh, x-axis: 
n:th hour in a year (a year has 8760 hours). Source: Nordpool (2018) 

Table 4. Statistics on Nordpool hour-by-hour prices 

PRICE \ YEAR 2014 2015 2016 2017 average year

average 36,02 29,66 32,45 33,19 32,83

median 33,37 26,89 31,07 30,82 30,54

99th percentile 74,38 66,71 74,59 66,59 70,57

95th percentile 56,10 55,97 50,08 50,09 53,06

90th percentile 48,44 49,97 44,81 45,04 47,07

80th percentile 41,93 39,96 40,25 38,96 40,28

20th percentile 28,61 19,03 22,58 27,03 24,31

10th percentile 26,04 12,31 20,04 24,88 20,82

5th percentile 24,05 8,71 18,05 22,88 18,42

1st percentile 18,05 4,71 14,61 15,77 13,28
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The year 2017 was chosen as a base year out of the options (2014, 2015, 2016 and 2017). 
Average and median price in 2017 is very close to the average over all the four years in 
question. It has not been an extreme year in neither ends of the spectrum. But judging from 
the Figure 27 there has been considerable number of peaks and bottoms and variation in 
general, which makes a simulation result to be able to cope with variations in demand. 
Year 2017 also has the advantage of being the latest year and thus it implicitly catches the 
most recent capacity and interconnector installations as well as probable changes at 
demand pattern as well. Averaging the four years (on every hour) would not be wise as the 
peaks and bottoms don’t occur same days of the year and this would significantly decrease 
variations. 

The second price component, distribution price, was obtained from Energy Authority 
Finland (2018). It’s share dominates the overall purchasing price for households and 
doesn’t fluctuate between hours as Nordpool spot price does. Electricity distribution is a 
natural monopoly, operated by 78 different companies depending on the location, each with 
their own list of prices. 

Choice of distribution price category is crucial, as industries, farms and businesses on 
average pay 30-76% of the price for little consuming households. The research areas 
studied are dominated by households, so it makes sense to look at prices for households. 
Two categories for households exist (K1 and K2). The cheaper category K2 was chosen as 
many houses in the areas use electricity for heating their houses, which often are separate 
houses. (The higher price category would better match an apartment flat.)  

One important component of price is missing, namely the selling premium. One of the 
distribution companies, Loiste, has published shares of cost components: Taxes take 32%, 
generation 22%, distribution 28%, selling premium 17% and transmission 2% (included in 
distribution costs payed by the consumers) (Loiste, 2018). The distribution’s share was 
counted in the grid price, but the selling premium is not24. This is important to keep in 
mind. Selling premium could be about half of the distribution costs. It is not counted in the 
grid price in this study. Presumably local generation (just for the locals) wouldn’t need that 
much selling. On the other hand, local generation might need some distribution 
infrastructure, the use of which would need to be payed for. (Section 4.5.3 for details.) 

Finally, the feasibility of assumptions on grid price can be tested by comparing them to the 
average electricity prices the consumers are really paying. Distribution price category K2 
houses paid on average about 0,13EUR/kWh. As can be seen in the Table 5 below, the 
estimation of the grid price in this study can be considered moderate. The local DSOs are 
charging higher prices than DSOs on average.25 

                                                 

24  In Finland, it’s possible for the consumer to choose the seller of the electricity, while the DSO is 
determined by the location 
25 The selling premium could have been estimated because two facts are known: the average electricity price 
paid and the how much the local DSO is more expensive than an average DSO. However, the DSOs differ 
greatly in the number of customers they have. But there is no data available on the number of customers. As a 
result, the average DSO price is not the average paid for distribution by the consumers. It only gives a hint. 
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Table 5. Distribution prices for the research areas considered. Source: Statistics Finland 

Research 
area 

DSO DSO 
distribution 
price 
EUR/kWh 

% of average 
price among 
DSOs 

Average grid 
electricity 
price 
EUR/kWh 

% of average 
of average 
consumer 
price 

Posio Caruna 0,1220 131% 0,155 119% 

Utsjoki Tunturiverkko 0,1129 122% 0,146 112% 

Rovaniemi Rovakaira 0,0909 98% 0,094 72% 

 

4.3.6 Other Grid Assumptions 

In remote areas with thousands of kilometres of distribution lines, outages might occur due 
to e.g. heavy snowfalls or storms. HOMER allows user to define the usual number of 
outages and the average length of these outages. HOMER then randomly “creates” the 
outage(s). It simply means that grid is not available for serving the load during randomly 
selected day(s) and for randomly selected number of hours. Assumptions were: on average 
2 outages per year with an average length of 12h each. 

There is also option to sell electricity to the grid (if local production exists). The power 
capacity of selling was limited to 13 MW, which is approximately the existing grid 
infrastructure needed for current peaks. There are two reasons, first additional transmission 
capacity would have to be built by DSO and second, the intention is to model local 
generation mainly to serve the local needs. Another study that would consider an industrial 
scale power plant in service of the nation and Nordpool markets would be a conducted by 
different methods, starting from careful site selection. 

However, if local production occasionally increases the load, any excess produced can be 
sold to the grid.  The selling price for was assumed to be equal to Nordpool spot price. An 
elsewhere located buyer would need to pay for his DSO to transmit the electricity. As a 
result, the selling price from the grid was considerably lower than buying price (on average 
3,3 cents per kWh – buying price on average 15,5 cents per kWh at Posio).  

Finally, the CO2 emissions from electricity purchased from the grid were assumed to be 
around 100g CO2-eq/kWh (Energy Finland, 2018, p. 23), which is rather low compared to 
international average. Note that emissions from biomass combustion are not included in 
these official emission statistics (implicitly assumes carbon neutral forestry). 

If a simulation results in selling part of the VRE sourced local generation to the grid it 
means that somebody outside the system is using it. Then, potentially that user is avoiding 
CO2 emissions (depending available alternatives). This avoidance is not showing in the 
results of this study. It is assumed that these potential reductions are considered elsewhere, 
for example when the overall emissions assessments for the Finnish electricity mix.   
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4.4 Simulations: Renewable Energy and Battery 
Inputs and Assumptions 

4.4.1 Wind Turbine Costs 

Costs on installing and maintaining the turbines are rather well documented. For operating 
and maintenance costs the Finnish average per installed kW is known to be 40 USD per 
kW (IRENA 2018, p. 108). Cold conditions increase the costs because of heating/de-icing 
of the blades (Korpela, 2016). For total installing costs, containing the turbine and 
everything else, the Swedish average of around 1700 USD/kW was used (lack of data on 
Finnish projects) (IRENA2018, p. 95). Converted to euros26 yielded 34 e/kW and 1 400 
e/kW. 

Several factors have an impact on the costs. The height of the turbine was already 
mentioned above. Multiple other factors, for example the soil and the administrative costs 
might play a role. More specific breakdown and analysis of wind turbine costs is confined 
outside the study and average costs are used. 

20 years life-time for the turbines was assumed27. The instalment costs have been declining 
over the past years (IRENA, 2018, pp. 94-98). Thus, the replacement cost (20 years from 
now) was assumed to be a third lower than the current installing cost28. Punctually correct 
assumptions on life-time and replacement costs are likely of no crucial significance. Costs 
20 years from now are discounted. And at the end of the period considered (25 years), 
HOMER calculates any existing infrastructure to has a value (HOMER, 2017). Under the 
assumptions taken, the discounted value of the replacement cost is merely 20% of the 
original investment price and its discounted salvage value at the end of the period is 56% 
of the replacement cost. An addition, the quality of the turbine is assumed to be the same 
even though the replacement turbine might have its efficiency increased. But the effects on 
electricity produced would also be discounted. 

4.4.2 Characteristics of Wind Turbines 

To sum up the turbine selection and installation problem, generally one wants to choose a 
large turbine (swept area) and usually install it as high as possible. But both larger blades 
and higher hub height increase the costs. But turbines have dozens of other characteristics 
than just their size. Choosing the specific manufacturer and model for the wind turbine 
used in the system simulated is by and large confined outside of this study as it would 

                                                 

26 USD/EUR conversion rate of 17th March, 2018 (0,813267) 
27 most of the wind turbines, including the ones in pre-simulations below, have lifetime of 20 years in 
HOMER library of wind turbine types. 
28 BNEF (2017) suggest more striking cost reduction expectation: 47% in lcoe by 2040. 
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easily make up an optimization study of its own29. For purposes of this study, a plain pre-
simulation on the site chosen was carried out. It contained only the load, grid and 4 
optional turbine types. Their hub height was fixed at 55 meters to avoid any affects from 
different wind speeds at different heights. The costs of the turbines were assumed to be the 
same, again to be able to see pure effects of the turbines’ technology. The results can be 
seen in Table 6 below. 

Table 6. Pre-simulation on wind turbine types. Source for rated capacity: HOMER library 

turbine rated capacity capacity factor lcoe 

Vestas V47 0,66 MW 6,84% 0,256 EUR/kWh  

Vestas V82 1,65 MW 7,94% 0,221 EUR/kWh 

Leitwind L80 1,65 MW 8,51% 0,206 EUR/kWh 

Enercon E82 E4 3 MW 5,60% 0,313 EUR/kWh 

 

Considering the table, it is clear that choosing an optimal turbine makes a difference. The 
site in this study is characterised by low winds, so a turbine with low cut-in speed performs 
the best. Leitwind L80, which has only 3 m/s cut in speed30, was chosen as the turbine to be 
used in the simulations in this study. 

The height for Leitwind 80 is available at 60m, 65m and 80m. As every meter of materials 
cost and the cost was set to follow average, the middle ground option, 65m was chosen for 
the simulations in this study. Table 7 below presents results if assumption had been made 
differently, holding the costs fixed. It highlights the importance of properly optimizing not 
only the turbine model but also its height. But as mentioned, optimizing the choice on wind 
turbine is confined outside the scope of this study.  

Table 7. Pre-simulation on wind turbine height (turbine: Leitwind L80; roughness 1,4) 

turbine height capacity factor lcoe 

55 m 8,51% 0,206 EUR/kWh 

65 m 9,76% 0,180 EUR/kWh 

80 m 11,4% 0,153 EUR/kWh 

 

                                                 

29 For example, data for 1 500 different turbines of their power curves, heigts, cut-in speeds and other 
characteristics are listed here:  https://www.thewindpower.net/store_manufacturer_turbine_en.php?id_type=4 
30 https://www.thewindpower.net/turbine_en_1475_leitwind_ltw80-1650.php  
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Land area need was estimated to be 1 hectare per installed MW. This constitutes for direct 
final and temporary land use. In projects studied in the USA, road needs made land use 
much greater constituting about 80% of the total land use of the projects. (Denholm et al., 
2009.) 

In the context of this study, a main road is already close by and smaller roads constructed 
for forestry purposes exist at the site (and in most parts of forests of Finland). Any new 
roads constructed could benefit also the forestry to come. As a result, the direct use impact 
as a land use impact seems better justified. Finally, it is to be noted that the estimates are 
almost decade old and the turbines since then have increased in size and in efficiency 
enhancing their capacity and production per area used. 

Height of the turbines have also a drawback, they potentially increase visual impact. 
Otherwise the site selection problem was already briefly discussed above. Visual and land 
area needs are considered in greater detail in Section 4.6.6. 

Availability loss was assumed to be 5%. The variation in availability of Finnish wind 
turbines between 2000 and 2015 has been 89-96%, mainly due to icing, a problem which is 
mainly overcame by heated blades (Korpela, 2016, p. 95). 

 

4.4.3 Solar PV 

North of Finland is one of the worst places in Europe in terms of received solar irradiation 
(Šúri et al., 2007). However, the possibility of enhancing the white night midsummer time 
when the sun doesn’t set at all was allowed for the simulation as one alternative of power 
production.  

For instalment cost, the world weighted average cost of installation in 2017 was 1400 
USD/kWp31 (IRENA2018, p. 64). That is approximately in line with rooftop prices in 
Fraunhofer 2018, p. 41.32 Realising that Finland in general, let alone the northern parts of it 
are not a mature market for solar PV installations, a mark-up assumption is made. It 
accounts for the requirement for skilled workforce, expertise needed in installation and 
other congestions that might occur. Therefore, the core installation cost is assumed to be 
1700e/kWp (about 50% mark-up compared to the weighted world average). Still, that is 
less than calculated in FinSolar project, coordinated by Aalto University of technology and 
funded by Tekes (now Business Finland), where estimated price for rooftop systems in 
2017 was 1833e/kWp (FinSolar, 2017). It is assumed that bigger projects can enjoy lower 
investment costs. So, the 50% higher than world average price is still 7% lower than 
Finnish rooftop investment prices.  

The base price of O&M costs was assumed to be 20e/kWp (Fraunhofer ISE, 2015, p. 53.) 
A mark-up of 30% was assumed, resulting in 26e/kWp. The mark-up is justified by same 

                                                 

31 kilowatt peak, means the max power capacity or power the unit is producing at STC conditions.  
32 The price also fits in the spread given for Finland in 2016 (FinSolar, 2017) 



57 

reasons as for the instalment, there is less experience of cold and snowy weather 
conditions, at least not for the start). 

But the numbers above are not final assumptions on solar PV investment and O&M costs. 
At far north locations, solar altitude and azimuth change considerably during the year. The 
almost 24-hour possibility of PV power generation in the middle of the summer was 
already mentioned. To enhance the diurnal production time of the panels, a two-axis 
tracking system for the panels, was assumed.  This was assumed to raise the costs by about 
15%. Therefore, the cost assumptions are 2000e/kWp for investment costs and 
35e/kWp/year for O&M costs. 

Derating factor of the panels was assumed to be 80%. Usually snowy and icy conditions 
last well into April, even May potentially decreasing production from sunny spring months. 
It is somewhat lower than typical values of 80-90% (Fraunhofer ISE, 2018, p. 29, 
performance ratio). 

Efficiency of the panels was assumed to be around market average 17% (Fraunhofer ISE, 
2018, p. 27).33 Efficiency is defined at standard test conditions (STC34) (HOMER, 2017). 

Lifetime assumption was 25 years (Fraunhofer ISE, 2015, p. 53.). No specific 
commercially available model from the HOMER library was used as a base for the 
simulations. The PV was designed manually to represent average qualities available at the 
market. Panel degradation was assumed to be zero for convenience35. Land use of solar PV 
was assumed to be 3 hectares (8 acres) per MW of installed capacity (Ong et al., 2013). 

 

4.4.4 Battery 

The intention in modelling the battery characteristics for the simulations is to have it close 
to an average battery available in the market. HOMER library of components includes 
several commercial Li-ion batteries (NMC and LFP compositions). Comparing their 
characteristics to reference data (IRENA 2017, pp. 124-125) makes oftentimes their cycle 
life seem optimistic. Maybe they are from the higher end in the market (or then technology 
has improved in one year). To avoid crucial deviations in the final results, three pre-
simulations each with a different battery model. Before these pre-simulations, each battery 
model was scaled for investing price and cycle life according to reference prices in IRENA 
(2017, pp. 124-125). The result was that optimal choice for battery capacity, price of 
electricity and CO2 emissions where all within 2% in all simulations. It was concluded that 
the choice for a base model is not going to be decisive factor in the final results. Other 

                                                 

33 Matches also well in comparison to Energysage, 2018.  
34 cell temperature of 25°C and an irradiance of 1000 W/m2 with an air mass 1.5 (AM1.5) spectrum 
35 modelling degradation of the panels would only be possible in the software used by sacrificing some of the 
optimizing capacity (https://www.HOMERenergy.com/products/pro/docs/3.11/multi-year_inputs.html) 
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assumptions made on the battery characteristics, e.g. its efficiency and investment price 
influence far more on the final results, than the base model selection. 36  

Based on the pre-simulations, NEC DSS 510kWh 1108Kw battery model was selected as a 
base for modelling the battery. However, its characteristics were changed profoundly for 
the main simulations, because the aim is to simulate an average battery available at the 
market. Scaling of cycle life and price was already done before the pre-simulations. Cycle 
life was 2 000 cycles or max 12 years (scaled down from 5000 cycles and 15 years), total 
installation cost was 342 EUR/kWh capacity (IRENA 2017, pp. 124-125.37) Round-trip 
efficiency was assumed to be 95% (IRENA 2017, pp. 124-125), down from original 96% 
used in pre-simulation.  O&M costs were assumed to be 1 EUR/kWh of capacity. 

Minimum required SoC affects the results to some degree as it dictates how much of the 
battery’s capacity (which still need to be constructed, installed and paid fully) can be 
utilized. On the other hand too deep discharges may lead to decreased cycle life and 
deterioration of the battery. To avoid destruction of equipment, a conservative estimate, 
30% minimum SoC (or max. 70% DoD) was required. Sensitivity analysis was conducted 
according to a reference estimate of 10% minimum SoC (IRENA 2017, pp. 124-125.) The 
conservative assumption SoC is done also because too long time spent in too deep 
charging, or close 100% SoC may also decrease the lifetime of the battery (Keil et al., 
2016). 

During the considered period (or assumed project’s life time) there is a need to replace the 
batteries at least once. The replacement price in the future assumed as the results from 
experience curve based scenarios imply (the mean learning rate, mean capacity growth path 
assumptions where used (see Figure 15). It is likely, that in the future batteries have not 
alone lower price, but improved characteristics as well. But there is no way in HOMER 
software to evaluate this kind of technological progress. So, the battery characteristics 
remain the same after the replacement.  

Temperature effects for the battery performance where not considered. Assumption is that 
enough warmed warehouse space will be available or easily constructible at negligible cost. 
Yearly energy need for heating/cooling is included in the O&M costs of the battery.  

 

4.4.5 System Converter  

The wind and solar generation create DC electricity. The load on the other hand uses AC. 
The DC need to be converted to AC (see Figure 16.) This is done using a system converter. 
Its main qualities were assumed according to the HOMER component library entry ‘generic 

                                                 

36 These pre-simulations also included the load, grid and some local VRE generation. The compared battery 
models were NEC DSS 510kWh 1108Kw (NMC), EnerDel Secure+ 101 kWh (NMC) and Iron Edison 
4900Ah (LFP). For differences in NMC and LFP chemistry, please refer to Section 2.4.1batteries for details.  
37 USD/EUR conversion rate of 17th March, 2018 (0,813267) from 420 USD (IRENA, 2017). Elsewhere 
DiOrio et al. (2015) used $429/kWh for residential system NMC battery. Significant spread between different 
price estimates was noted: highest 840 USD, lowest 200 USD (IRENA, 2017, pp. 124-125). Therefore, 
sensitivity analysis was done for investment price. 
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system converter. It costs 300e per kW of capacity, has efficiency of 95% and needs to be 
replaced every 15 years. For reasons discussed in Section 4.5.3, the yearly O&M costs were 
assumed to be 100e/kW and the efficiency was scaled down to 92%. Sensitivity analysis on 
these assumptions was conducted. 

 

 

4.5 Simulations: Other Inputs and Assumptions  

4.5.1 Economics  

Discounting has an impact on costs (and incomes) to payed (gained) in the future. The 
investment costs are assumed to payed right away. Thus, it is assumed that municipality (or 
other body) has finances available and there are no capital costs (or opportunity costs lost 
for other use of the finances). Discount rate was assumed to be 6%. Sensitivity was carried 
out at 3% and 9%. (For grounding of assumptions, see Section 4.1.4.) 

Note that by discount rate, a real discount rate is meant38. This means a real-time 
preference between succeeding time periods, without inflation effect. HOMER assumes 
inflation advances at same rates all over the economy, i.e. the costs of labour, electricity 
and all other prices change at the same rate.  

 

4.5.2 Varying inputs over the years 

HOMER allows to consider changes to a few defined variables in a simulation. Most of 
them are related to economics of inflation. Assumption of economy-wide coherent inflation 
rate is partly relaxed, and to regard either faster or slower pace for a few defined input 
prices, namely the grid electricity, fuel prices (not used in this study) and system fixed 
O&M costs (not used in this study). Other prices must be held constant (or more 
specifically, the real prices in relation to one another are held constant: the coherent 
inflation rate over the whole economy). 

It is also possible to model a systematic relative change in the load to be served. 

Finally, a constraint in the software used is to be born in mind. Even if any inputs are 
changed in time, the resulting optimal component composition must remain the same over 
the period in consideration. For example, even if the load is increasing fast, each simulated 
alternative to meet it will remain the same and contain the same number of components 
over the years in consideration.  

                                                 

38 if inflation was 2,00% and nominal discount rate 8,12%, then real discount rate is 6,00%. (HOMER, 2017) 
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4.5.3 Losses and costs of local distribution 

The lack of distribution network design in HOMER was mentioned in Chapter 3. Because 
some people in the research areas considered live far from each other and really need local 
distribution, no matter where the local production would site at, it was recognised that local 
distribution needed to be fitted in the model considered somehow. 

But the situation is not very simple. The existing solution (all demand is met from the grid) 
is compared to alternative solution (including the grid and some local production). If the 
electricity is bought from the grid, losses from also the local part of the distribution 
network are counted in. Thus, they should be considered also when local production is 
considered. The difficult part is that the amount of these losses is not public information. 
So, an estimate based on the total amount of losses in transmission and in distribution in 
Finland, 3,5% was used (Honkapuro et al. 2015, pp 11-13). 

To tackle the absence both the losses and the costs of local distribution, the characteristics 
of the system converter component were altered. The converter still does what it does, acts 
as an inverter (and potentially as a rectifier, too), with a loss, which was assumed to be 5%, 
resulting in 95% efficiency of the conversion (one-way). This efficiency is adjusted 
downwards to 92% to account for any losses from distributing the local renewable 
generation to the residents. Therefore, there is almost as much loss in distributing the local 
generation as there is from transmitting and distributing from national grid. Sensitivity 
analysis regarding the assumption is carried out in the Section 5.2.6. 

To cover the costs using the existing distribution infrastructure and for managing the 
system as a whole, O&M cost of 100e per kW of converter capacity is assumed. It is the as 
assuming a demand charge for distribution capacity used. The advantages of using 
converter component are first that its size can be matched according to these restrictions 
and second that converter is not used at all in a simulation when solely the grid is used to 
cover all the load. The disadvantage is, that the assumed demand charge might be 
unrealistic and the charge might be based on amount of electricity transmitted. Alternative 
would be to add the costs for using the local distribution after the simulations are carried 
out. 

To sum the converter / local distribution loss assumptions: any decrease in converter 
efficiency below 95% = losses in local distribution and any O&M price of converter = 
O&M price charged for using the local distribution network). 

 

4.5.4 Constraints 

Maximum annual capacity shortage was set at 5%. It was not set to zero, because doing this 
would (under the design options) lead to otherwise unnecessarily high battery capacity, 
which would be used to serve the load during a grid outage. Rather than that, the aim of 
this study is to find out optimal battery capacity and then see, how it would help in times of 
a grid outage. 
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Minimum renewable fraction was set to zero (an open optimizing problem). To get data for 
different alternatives in the MCDA part of the study, the renewable fraction constraint was 
used. 

Period to consider was set in 25 years and sensitivity analysis was carried out for 20 and 
30-year projects. 25 years was chosen primarily because it fits well with battery 
replacement times (discussed in Section). 25 years is also the lifetime assumption for solar 
PV. To calculate longer periods exactly, price decline assumptions on battery, PV and wind 
should have been made, because the replacement price in the future is probably less than 
what the investment price is now. But the software used does not allow several 
replacement prices for one component. 20-year consideration on the other hand cuts in 
between the lifetime of the second battery and doesn’t count the full assumed operating life 
for the PV.  

 

4.5.5 Operating reserves / scope of the system change 

Operating reserves is an important concept in power systems - whenever a non-stable load 
is served and especially when the system includes variable generation. The system must 
have enough dispatchable production available to cope with sudden changes, an 
unexpected increase in demand or unexpected decrease in weather dependent generation. In 
HOMER, these reserves are defined as percentage of the load at current time step (or of 
annual peak load or both). Further, it is possible to require a certain percentage of solar 
and/or wind output at each time step. This would better take into account that larger 
reserves might be needed as the system contains more variable generation. 

In the system considered, it is assumed that the grid service provider (or TSO reserves at 
last resort) is always able to act as generation of last resort or simply provide any amount of 
more electricity needed (or also able to cope with shocks which suddenly decrease the 
load). As the load is currently served by a DSO, any fluctuations are already handled. 

Therefore, the reserve constraints where set to zero percent. These constraints would have 
assumed to at least 10%, if an island or totally independent system would have been 
simulated. But designing such a system was confined outside the scope of this study. (see 
sub-chapter 4.2) Optimally designing such a system is likely to involve studying feasibility 
of several means of production including combined heat and power production. Regarding 
the batteries, any available battery power is counted in the reserves (HOMER, 2017).  
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4.6 Inputs and Assumptions for the MCDM 
Framework 

The MCDM method was discussed earlier in Sub-chapter 3.3. To execute the method, data 
on the performance of the alternatives is needed. Mostly the data on the alternatives 
consists of the results of conducted simulations. This sub-chapter explains how the data is 
used, how criteria to evaluate the alternatives is constructed.  

4.6.1 Decision Maker and Stakeholders  

The decision maker in MCDM is the local municipality council. In the political system of 
Finland, municipalities hold some power regarding decisions on local life and they hold 
some independent decision-making power. Their approval is a necessary condition for any 
local power generation development. The approval is not a sufficient condition alone, as at 
least other authorities need to approve as well.  

The municipal council is elected by the residents of the municipality. So, if we assume that 
the opinions of the people are represented in the municipal politics, then the view of the 
council equals the aggregated view of the people. However, some stakeholders or interest 
groups might hold power to hinder of make any plan unfeasible or impossible. So, the 
decisions analysis achieved in this paper is by no means a final analysis of the decision. 
The analysis here provides only recommendation based on assumption and circumstances. 
The analysis can say what results should be, if a certain criterion is given more weight than 
the other. But analysing proper weights to be used, would consist a study of its own, 
utilizing results from political science   

Listing all the stakeholders impacted by the decision on power generation could be a 
challenging task. Stakeholders would include at least: distribution system operator (DSO), 
energy authority, transmission system operator (TSO), hunters, reindeer herders, 
indigenous people (Sami Parliament), tourism entrepreneurs, land owners, electricity 
consumers, neighbouring municipalities. Including these all and conduct a stakeholder 
analysis on the decision could potentially be insightful and fruitful, as different preferences 
and perspectives of all the agents impacted by the decision would be considered 
systematically (Marttunen et al., 2012). But at the same time, it would make the analysis 
quite complicated. Questions on identifying the stakeholder groups to be included in the 
analysis and questions on their views should both be answered in a systematic way 
(Marttunen et al., 2012).. And finally, there would be a decision how to weight different 
stakeholders in the final decision making. The weighting problem would potentially be 
even more complicated. 

The municipal council can be seen to represent many of the stakeholders listed above39.  
Analysing a municipal council decision is close to stakeholder analysis simplified to 
consider only the local level and identifying the view of the locals with value-focused 
thinking. 

                                                 

39 Stakeholders represented by the council are written in italic in previous paragraph. 
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4.6.2 Identifying objectives based on literature 

The whole MCDA process is based on the idea that several (conflicting) objectives exist. 
People might have other objectives towards electricity generation schemes than just to have 
the lowest possible price in their electricity bill.  

Six mean objectives towards (local) electricity generation identified and used in this study 
are presented in Table 8. They are justified briefly and reference to literature (Section 
2.5.3) where they are based is given. Each of the objectives is discussed in more detail in 
following sections. 

 

Table 8. Mean objectives and their relationship to literature 

Have local jobs Operating and maintenance of local generation needs 
workforce and creates income for the area. Sonnberger 
and Ruddat, 2017 

Preserve the local nature for 
other income generating 
activities 

Represents negative effects the land use for local 
generation might have on means of income from other 
sources than power production 

Hanley and Spash, 1993; Richardson et al., 2015; 
Ovaskainen et al. (2014) 

Affordable electricity prices Hirmer and Cruickshank, 2014 

Avoid longer outages Locally situated generation needs less transmission, 
vulnerable to weather conditions, e.g. heavy snowfall, 
storms etc. 

Hirmer and Cruickshank, 2014 

Oppose construction on 
important sites 

Represents negative effects the land use for local 
generation might have on other uses and values of the 
land. 

Sonnberger and Ruddat, 2017 & Gudding et al., 2018 

Support renewable generation as 
an alternative to fossil fuels 

Kosenius and Ollikainen (2013) & Gudding et al., 2018 

 

4.6.3 Value Focused Thinking: Identifying Fundamental 
Objectives 

The six mean objectives can be clustered into four fundamental objectives as presented in 
the left side of Figure 28. It is important to note that these objectives cover the needs of 
local workers, entrepreneurs and indigenous people – basically all those who have a vote in 
municipal elections – and not just locals consuming the electricity. This is one way of 
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highlighting that local people are not reduced solely to consumers (economical right) but 
are considered as decision makers, represented by the council (political rights) and as 
stakeholders (social rights). 

The purpose of discussing the objectives and values behind them is that systematically 
identifying them helps to create meaningful alternatives for the analysis (value-focused 
thinking; Keeney, 1992). 
 
 

4.6.4 Local Generation’s Potential Impacts on Objectives 

If local generation is to be built, it affects each one of the mean objectives. Local 
generation can provide jobs, it can mitigate the emissions from power generation and the 
impact of grid outages, but it can also raise the prices payed for the electricity and demands 
area under construction. All these relationships, along with how they are measured and 
related to the objectives are presented in Figure 28 and Table 9. Figure presents the 
relationships graphically with shortened texts while the Table gives more justification for 
the relationships identified. 

 

 

Figure 28. Relationship of fundamental and mean objectives, effects and how effects are measured.  
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Table 9. Needs of the locals, how local generation affects them and how these effects get measured 

Objective Local power production affects via Measure of the effect 

Local jobs (whatever 
jobs) 

Operating and maintenance jobs from 
local production. 

Income from O&M of 
local generation  

Secure means of local 
nature related income  

Requires area and can be seen. Areas of 
nature tourism, reindeer herding, 
hunting or forestry might be hampered. 
Possibility of local pollution. 

Landscape impact &  

Emissions from local 
power generation. 

Affordable electricity 
price 

Cheaper or more expensive, case 
dependent. 

Price of electricity 
(NPC) 

Avoid longer outages. 
(People have got used 
to have electricity 
available 365/24/7. 
Occasional longer 
outages still happen in 
rural areas.) 

Might decrease the effects of outages in 
the national grid or distribution grid 
outside the municipality.  

Total local generation in 
KWh / year 

Oppose construction 
on important sites. 
(Important cultural and 
historical areas, 
landscapes, nature and 
wildlife should be 
preserved, not 
sacrificed under 
industrial construction. 

Negative effects due to closeness to 
homes, decreased recreational 
opportunities, concerns over local 
nature conservation and concerns over 
culturally important sites. The Figure 
28 uses the term NIMBY (not in my 
backyard) comprehending backyard as 
not only areas close to homes, but also 
all the locally important sites (opposed 
to sites elsewhere in the country) 

Landscape impact 

Support renewable 
generation as an 
alternative to fossil 
fuels. 

Local renewable generation decrease 
the CO2 emissions of the electricity 
mix used 

Total emissions from 
power generation 
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4.6.5 Criteria for the Impacts of Local Generation 

 

From the Table 9 above, 5 different measures are identified. 

A) Income from O&M from local generation & controlling the micro-grid 
B) Emissions from power generation 
C) Landscape impact 
D) Price of electricity (NPC) 
E) Total local generation in KWh / year 

 

All but one of the measures (A) were used as criteria in the MCDA (later the corresponding 
letters for the criteria are used). Measures A) and E) always vary together (to receive 
income from local generation, there needs to be local generation). The simpler one to 
measure (E) was chosen as criterion (E) to represent them both the job effect and power 
security effect. The merging of the two measures into one criterion is indicated also in 
Figure 28 as blue arrow with red edges. Merging is backed up by standard theory of 
MCDA. The criteria should be independent (Ishizaka and Nemery, 2013, p. 1-9). 

Each criterion is measured on a numerical scale where a unit of difference matters. 
Criterion is measured B) in euros, C) on a scale from 0 to 1 and D) in tonnes of CO2-eq 
and E) in KWh / year. 

 

4.6.6 Landscape Impact Criterion 

Criteria C, measuring the landscape impact needs more explanation. Perhaps the first 
association of a landscape would be a beautiful picture in a postal card. Indeed, visual 
impact is important and part of landscape impact, for humans. But more profound effects 
on the area, on its ecosystem, should be counted as well. In turn, these impacts on the 
nature might play a significant role also for humans, who are utilizing the nature either for 
income or for recreation. A whole discipline, landscape ecology, has evolved around these 
issues. Within this study landscape impact is defined simply as a relation of defined 
alternatives to one another, and scored on a scale from 0 to 1. It is an aggregate measure of 
impacts on biodiversity, land use, historic sites etc., which the locals care about (see Table 
9 above). To be clear, landscape impact is not a measure biomass loss, number of locals 
opposing the new development or any other real change. 

To assess the alternatives in terms of landscape impact, consider an example where two 
options, first grid and second, constructing some wind production were compared. The grid 
is already (and will remain) there, so it doesn’t create any additional impacts. The proposed 
wind farm would need some land and would be seen from somewhere. Hence it is worse 
than the grid option. So, grid received a score of 0 and wind a score of 1 Note that scores 
apply only on the decision between the two alternatives specified.  
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Continue considering the same example, but introduce a third option. A new scoring needs 
to take place. Suppose the third option involves more profound changes in the area, 
demands more land or is proposed at a more precious site than the second option. The third 
option could be a bigger wind park or proposed on a less preferred site. It is clear, that the 
third option is worst one, and thus it would receive a score of 1. The grid would still be 
best one and receive score of 0. The second option would score somewhere between zero 
and one (a middle alternative). To assess where in between 0 and 1, needs evaluation. 

In the scope of this study, the landscape impact scores of the middle alternatives are 
assumed based on the size and land use of the proposed developments. Sensitivity analysis 
in respect to the assumed scoring is also provided (Section 5.3.4). Better would be to 
properly assess the views of the locals to get a more reliable measure. Conducting such an 
assessment or otherwise evaluating these views could be a subject of a future study. 

It is important to note that the score on landscape impact does not relate to anything outside 
the alternatives currently in consideration40. The scoring of the same alternative, option 2, 
changed in the example given, depending on the setting of the problem alternatives. The 
purpose is solely to see the relative impacts of the alternatives in consideration. 

 

4.6.7 Comparison of the criteria to literature 

Nigim et al. (2004) define indicators for rural energy development, presented in Section 
2.5.3. In Table 10, their indicators ae matched to the criteria used in this study are: for each 
indicator one or more criteria to get these indicators measured.  

                                                 

40 The scores are given regardless of the actual impacts or size or location of the wind park. These would be 
covered when weighting the criteria to make the decision. 
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Table 10.  Indictors of Nigim et al. (2004) and their relation on the criteria in this study 

Questions and indicators 
which measure how well these 
questions are considered? 
(Nigim et al., 2004) 

Criteria in 
this study 

Comment 
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 c
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a) provide employment Total local 
generation 
in KWh / 
year 

In order to have jobs from local generation, 
local generation must exist. 

Landscape 
impact 

Covers also area use, considers possible 
negative impacts on local income sources 
needing the same areas (reindeer herding, 
nature tourism, forestry etc.) 

b) support local 
businesses, agencies 
and institutions 

Landscape 
impact 

 

Covers also area use, considers possible 
negative impacts on local income sources 
needing the same areas (reindeer herding, 
nature tourism, forestry etc.) 

Price of 
electricity 

Change in electricity price affects 
businesses and other entities, which are not 
directly impacted. 

c) decrease regional 
dependence on 
centralized energy 
sources 

Total local 
generation 
in KWh / 
year 

If there is more local generation, the 
dependence on electricity bought outside 
the system is diminished. 
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d) reduce noise, 
odours, visual 
discomfort 

Landscape 
impact 

Landscape impact considers visual 
discomfort. Noises and odours were not 
considered. 

e) include stakeholder 
consultation/input 
throughout 
development of project 

not covered Democratic process in place to represent 
interests of locals in the municipal council. 
The views of stakeholders not represented 
by the council could be heard elsewhere in 
the decision-making process (confined 
outside the scope of the study) 

f) respect cultural, 
racial and gender 
diversity 

Landscape 
impact 

Covers also area use, considers possible 
negative impacts on local culture, 
important sites & traditional income 
sources and way of life  
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The criteria used by Bergmann et al. (2007) were also introduced in Section 2.5.3. Their 
criteria match well to the criteria used in this study, with minor differences, shown and 
analysed in Table 11. 

Table 11. Criteria compared to Bergmann et al. (2007) 

Criteria in this 
study 

Criteria in 
Bergmann et al. 
(2007) 

Remarks 

CO2 emissions Air pollution Air pollution was answered to be the single most 
important criteria among the people. Here it is 
replaced by CO2 emission as there are no local air 
pollution in any of the alternatives. It is assumed 
that people care about global CO2 emissions as 
well, at least to some degree. 

Landscape impact Landscape impact In this study gathers impacts for a) income from 
alternative use of the area, b) the cultural and 
emotional impacts of the area and c) ecological 
effects of the area.  

Price of 
electricity (NPC) 

Price Evident 

Total local 
generation in 
KWh / year 

Jobs Local generation is simply easier to measure. It 
also captures energy security, local generation 
(aided with the grid) is less prone to outages than 
only the grid.  

  Wildlife impact Bergmann et al. (2007) assessed wind farms to 
have no impact on wildlife. Here the probable 
effect is considered as one part of landscape 
impact 

 

 

4.6.8 Alternatives in MCDA 

The alternatives for the analysis are based on the simulation results in this study (see Sub-
chapter 5.2). Four alternatives considered are presented in Table 12 
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Table 12: Alternatives for MCDM 

alternative description solar 
capacity 
MW 

wind 
capacity 
MW 

battery 
capacity 
MWh/MW 

Grid The reference case or the current 
situation: all electricity is distributed 
via the grid (produced outside the 
municipality) 

0 0 0 

30% ren 

(30 ren) 

30% of the yearly demand is produced 
by local generation from wind and 
solar. The rest is purchased from the 
grid. On the most productive hours, 
excess production is sold to the 
existing grid. 

 

6 6,6 0 

30% ren + bat 

(30 ren+bat) 

Otherwise like the second alternative, 
but a local battery is in place to support 
the local generation. Whenever local 
generation produces more than the 
current consumption is, the excess can 
be stored in the battery and used later. 

 

6 6,6 10/20 

NSS Net self-sufficiency: community 
produces as much as it consumes on a 
yearly basis. But still needs the grid to 
sell their excess production and to 
cover demand at times not covered by 
wind, solar or battery production. 

16 26,4 41/82 

 

4.6.9 Summary of the Structure for MCDM 

Alternatives: Grid, 30% ren, 30% ren+bat, NSS. (refer to Table 12.) 

Criteria: NPC, CO2 emissions, Landscape impact and Local generation. (see Figure 28.) 

Weights: not fixed. The Chapter 5 discusses on impacts of different weights 

Framework: an artificial storyline or scenario which could lead to a specified weighting 

For data on NPC, CO2 emissions and Local generation, the simulation results in Posio with 
standard assumptions were used. Local generation was the sum of PV and wind generation 
in kWh, but any excess production deducted. Landscape impact scoring is explained in 
Chapter 5. 
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5 Results 

5.1 Battery costs scenarios 

At the beginning of previous chapter different future pathways were constructed assuming 
different discount rate, learning rate and capacity expansion. Combining these assumptions 
differently lead to different future scenarios for price and LCOS. This section presents 
these scenarios. 

The scenarios are named after the assumptions made. Each name has different sign before 
the capital letters. G stands for growth in cumulative capacity, L for pace of learning (or 
experience accumulation) and D for discount rate. The sign before each letter tells how was 
the assumption. The signs are: + for fast of high, - for slow of low and ~ for mean. So, for 
example. +G-L~D is fast growth, slow learning and mean discount rate scenario. 

5.1.1 Future investment costs 

The different scenarios for future investment price are presented in Figure 29. Dark red line 
representing the development under mean learning and mean capacity growth pathways.  

 

Figure 29: Future battery investment cost price paths. Source: own calculations 
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In nearly all scenarios the future price declines quite fast. The mean scenario suggests 
halving in the price by 2030. The fastest scenario suggests next halving already by 2024.  

 

5.1.2 LCOS Calculated  

Taking these adjustments in to account the LCOS of battery storage can be calculated using 
Equation (3). The calculation has been done by using all prices per kWh of capacity, so 
also denominator has 1 kWh as capacity.   

 

This equals 0,40 EUR/kWh, if discount rate is assumed to be 6%. (0,34 for 4% discount 
rate and 0,46 for 9% discount rate). 

 

5.1.3 Mean Discount Rate Scenario 

As was seen in Section 5.1.1, the investment price is falling the further into the future one 
moves. Investment price is a key variable in LCOS calculations. Therefore, as the 
investment cost for a new project changes, the LCOS changes as well. The LCOE 
scenarios are presented in Figure 30 below, by starting year of the project. The mean 
scenario suggests halving in the LCOS by 2030 and the fastest scenario by 2024. 

 

Figure 30: Future LCOE price paths. Source: own calculations 
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5.1.4 All Scenarios 

To see also the effects of different discount rate assumptions, all 27 scenarios can be seen 
in Figure 31 below. Dotted thick pink line is the mean discount rate, mean learning, mean 
capacity growth scenario. 

 

Figure 31. LCOE (LCOS) path in all scenarios 

 

Different assumptions on discount rate lead to different current LCOS result and therefore 
different starting points for the scenarios. If the other two assumptions are the same and 
only the discount rate is different, the shape of the curve is the same, and the only 
difference is its starting point.  

All the scenarios under fast or mean capacity growth predict very rapid price reductions in 
for next decade. Taking the average of all scenarios, the LCOS would be halved by 2030 
and continue to decrease after that. Leaving the slow capacity growth scenarios out, then 
the scenarios on average predict the halving by 2028. The fastest scenario sees the price to 
be halved by 2024 and the slowest by 2050.  
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5.1.5 The Effect of Assumption on Cycle Life 

Correct assumption on the cycle life of the battery considered has an impact on the price. 
IRENA predicts not only the price per energy capacity but also the cycle life to improve to 
more than 3 800 cycles by the year 2030 (IRENA 2017, p. 124-125). To test the effect of 
the assumption, a sensitivity analysis was carried out to the scenarios assuming a constant 
3 000 cycles over the period in consideration (instead of just 2 000 cycles). The resulting 
LCOS in year 2018 were (discount rate in parenthesis): 0,26 EUR/kWh (6%), 0,23 
EUR/kWh (3%) and 0,30 EUR/kWh (9%). Then scenarios were constructed as described. 
The result was that the halving of LCOE took approximately the same number of years as 
described earlier. 

The prediction of future prices for batteries was important for two reasons. First, the 
calculated investment prices will be used in the simulations.  Second, it highlights that the 
prices are declining fast and any analysis conducted based on a fixed price assumption is 
soon outdated. 

 

 

5.2 Results from Simulations 

 

This sub-chapter reports the result form the simulations. Results are mainly from the ones 
for the location of Posio. When simulations for other municipalities are reported this is 
clearly stated. Generally, choice of location is not a decisive factor for any result. But 
knowledge from a different location is insightful considering some issues.  

 

5.2.1 NPC Optimal Design 

Using only the grid is the most economic option. Hereafter referred as grid alternative or 
the reference case. Other options would simply cost more under the assumptions taken. 
Meeting the demand from the grid for 25 years has a discounted net present cost (NPC) of 
73,6 million euros, the lcoe 0,152 EUR/kWh and yearly CO2 emissions are 3,9 tons. A 
definite answer for research question 2 has been obtained. 
 
 

5.2.2 Effects of Increasing Renewables’ Share Requirement 

However, to assess other research questions, alternatives including batteries have to be 
considered. An extreme case, building an island system functioning completely without the 
grid was confined outside the scope of this study in Sub-chapter 4.2.  
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Increasing the share of the renewables constraint for the system is an insightful way of 
seeing several impacts. Results for the NPC optimal designs for different percentage share 
of the renewables are presented in Table 13. Every line in the Table represents a NPC 
minimizing design, which meets the renewable requirement in the leftmost column. 

 
 
Table 13: Results for different levels of renewable expansion 

 

As the share41 of renewable generation increases, the emissions decrease, the NPC of the 
system increase and the demanded converter capacity increases. Batteries start to play a 
role when the share of renewables is 40% or higher. To meet 60% renewables’ share 
constraint would be most economical including a 25MWh/50MW battery, which would be 
one of the biggest in the world. (USDE, 2018). Rising the constraint to 80% would result in 
a system which is producing more than it consumes, if the whole year is considered. But 
such a system would cost more than double than the reference case (in terms of NPC). 

To be better able to assess the research questions, the 30% renewables’ share case, was 
taken in to deeper consideration. Its results are first presented without including a battery 
and later compared to a design case where a battery is included. As can be seen in the Table 
13, excess electricity generation (or electricity generated in vain) is only a small share 
(1,8% of all electricity produced) related to the consumption. It can be considered as a 
sound system where no remarkable constraints for renewable energy expansion have been 
met. A greater share of renewables, 40%, would produce 3,8% of electricity in vain 
(excess). It counts as approximately one tenth of renewable generation, which cannot be 
considered a sound and well-planned system anymore.  

On the other hand, 30% renewables’ share is big enough to well demonstrate the need for 
time sifting. Some months see much higher renewable energy penetration than the 30% 
average throughout the year. Renewables regularly produce more than the local demand 
and 5% of the electricity generated gets sold to the national grid (at 20% renewable share 
the sales are less than 1% of local generation). But equally, most of the time the grid is still 
needed to purchase electricity. In other words, there is not enough local generation to 
match the demand. The need for time shifting both from the side of the demand and 
production makes the situation fruitful opportunity to model battery usage. In the cheapest 
option the need is covered by selling excess to the grid and buying from the grid at times of 
no renewable generation. But modelling batteries to cover part of the need, there are other 

                                                 

41 By renewable energy share is met the renewable generated share of the electricity consumed (either by the 
load or sold to the grid) (HOMER, 2017) 
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interesting things than solely the cost. For these reasons, the 30% renewables’ share 
(hereafter 30% ren) was analysed more. 

5.2.3 30% ren Alternative 

Figure 32 below presents the sources of electricity produced for each month of the year. 
The yearly averages are: 67%, from the grid, 19% from solar and 14% from the wind 
(renewables more than 30% since some of it is produced in excess). 

 
Figure 32: Monthly average electricity production, 30% ren, 

Figures 33 and 34 present PV production each hour of the year, the former without tracking 
devices for the panels and the latter with them. Th 2-axis tracking system greatly enhances 
the productivity of the panel: their capacity factor increases from 10,8% to 14,8% It is still 
below world average of 17,6% (IRENA 107, p. 66). 2-axis tracking system for the 30% ren 
alternative was used. 

 
Figure 33. PV output, no tracking. 

    
Figure 34. PV output, 2-axis tracking 
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For wind generation the site is not so favourable. Figure 35 presents how often different 
levels of generation are reached. The maximum (6 600 kW) is reached hardly ever. Thus, 
the turbines produce but not at their full potential, resulting to a pathetic capacity factor of 
9,8% (world average 28%, IRENA 2017, p. 104). 

 

Figure 35. Cumulative frequency of wind turbine output 

 

5.2.4 30% ren+bat Alternative 

To create analyse impacts of adding a battery to the system, a new option was formed. As 
in 30%ren, 30% share for the renewables was demanded. Additionally, a 10MWh/20MW 
battery was included in the new option (hereafter 30% ren+bat, or 30 ren+bat). The battery 
in consideration would be capable of serving the average of the load for about 2 hours and 
30 minutes, at highest demand peaks, less than an hour.  

Table 14. Results of 30ren and 30ren+bat compared 

 

Table 14 compares the two alternative system designs (30% ren and 30% ren+bat). The 
most striking differences are that energy sold to the grid in the former is about ten times 
more than what it is in the latter and that converter capacity in the latter is one fifth less. 
The system including the battery results in 1,5 % less CO2 emissions, but costs 2,3% more 
(NPC). The annual energy flow through the battery is about 3% of the total load served. 

Figure 36 shows hourly development of important variables for a ten days period at a time, 
which on average is one of the best times of the year for renewable generation at the site. 
Last day of April is exactly so with both wind and solar peaking at close to their maximum 
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capacities (6000kW and 6,6kW). Battery is charged full between 4 and 7 am. During most 
of the day, renewable output exceeds the load and some electricity is sold to the grid. 
However, the renewables cease to generate right before the evening peak, which is covered 
by grid purchases aided with discharging the battery between 6pm and 9 pm. Time shifting 
taking place. May first is then completely other kind of day, perhaps calm and cloudy. Grid 
purchases cover most of the demand. The following days are somewhere in between, part 
of the load served from the grid and part of it from local sources. Battery is charged full 
and discharged at the lowest allowed 30% DoD at least once each day, again providing 
time shifting service. Battery discharge is usually timed at peak hours of demand (May 3rd 
evening, 4th morning, 5th evening and 6th evening). Timing of the discharge could have 
been better during some of these. This is due to the limitation in the software used. The 
issue has been discussed in Section 3.2.3.  

 

Figure 36: 30% ren + bat, hourly development 

The time shifting taking place can be seen more closely in Figure 37, showing battery 
charging and discharging powers at two days, April 24th and 25th. Also, many other days of 
the year battery gets discharged right during the (presumed) evening peak. This can be seen 
in the Figure 38, in which battery SoC decreases from full to 30% (the demanded DoD 
level) usually right at the time of the evening peak. So, even without ahead-looking 
smartness in the dispatch strategy, timing of the discharge happens quite well (or resembles 
the new paradigm presented in Sub-chapter 2.1). This is because variable renewables 
usually produce during the day, leaving evening (peaks) for the battery discharge. 
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Figure 37. Battery charge and discharge during 2 days in April, 30ren+bat. 

 

 

Figure 38. Battery SoC in 30ren+bat. 

Morning peaks are a different story. To utilize electricity generated at previous day, 
smartness in managing the battery would be needed (or at least a timer set every day at 6 or 
7 am). In the locations simulated, solar PV can produce already at early mornings during 
the summer (if the tracking devices are used). But during the winter it’s quite different, 
much less sunlight available. 

Land use need by the 30ren alternative at Posio would be 25 hectares. 

 

5.2.5 Results at Different Locations 

The effects of site location were discussed separately at various sections in Chapter 4. To 
sum up, the Utsjoki is located further north than Rovaniemi and Posio (Figure 3), the 
average load size at Rovaniemi is roughly 14 times that of Posio, which in turn is double 
the size of Utsjoki (Table 2), grid price is the highest in Posio and cheapest in Rovaniemi 
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(Table 5) and finally the average wind speeds at Rovaniemi and Posio are milder, at 
Utsjoki they are about 1,5 m/s faster and also there are lots of open fells. But in general, 
None, of the sites is an ideal place for wind generation. 

First, the smallest site, Utsjoki, was considered. The price optimizing solution is to use 
solely the grid here, too. But when the renewable proportion constraint is increased, it does 
not raise prices as aggressively (compare results in Table 15 below to ones in Table 13 
above). For instance, at Utsjoki system meeting 20% (50%) renewables constraint is 5,2% 
(18,2%) more expensive than the grid case. At Posio the corresponding price increase is 
11,8% (42,7%). Solar panels produce at more or less the same capacity factor 14,1% 
(14,8% at Posio) but wind park’s capacity factor is almost doubled to 18,7%. This shows 
also at optimal designs. The smallest renewable constraints (10% and 20%) are met with 
using only wind generation.  

Table 15. NPC optimal results under different renewable share constraints, at Utsjoki, 

 

The results from 30% renewables share constraint (which corresponds to the 30% ren case 
earlier), were considered in more detail, also with a battery42 (corresponds to 30 ren+bat 
case earlier). Most of the earlier analysis is valid here, too. Battery are not included in the 
NPC minimizing design. Including a battery results to a cost increase of 1% and CO2 
emission decrease of 0,7%.  

Turning on to the biggest site, Rovaniemi, provided slightly differing results. The NPC 
optimal design was again the grid alternative, but considering 30% renewables constraint it 
turned out that a battery was part of the NPC optimal design43, although an alternative 
without a battery (but still meeting 30% renewables constraint) was only 0,1% more 
expensive. Compared to that alternative battery saved 0,5% in CO2 emissions. Looking at 
capacity factors, Rovaniemi achieved a bit higher than Posio: 15,3% for PV and 10,0% for 
wind. 

 

                                                 

42 5MWh/10MW, which is half the size of the one simulated for Posio (load is half, too) 
43 88MW PV, 87,5MW wind, 57 MW converter and a 30MWh battery. Results were also verified in regards 
to all three discount rates considered, this section presents the ones for 6% 
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5.2.6 Net Self-Sufficiency Alternative 

To be better able to analyse batteries in part of a power system with much more VRE 
generation, a net self-sufficient (NSS) system was at Posio considered. Net self-sufficiency 
is defined as purchasing less electricity from the grid than and selling there over the course 
of a year. 

It is to be noted that the aim is not to design a best functioning self-sufficient system, but 
rather to evaluate battery functioning and see roughly the effects on price and emissions. 
Feasibility congestions and constraints due to not properly planning other forms of local 
generation than only wind and solar were discussed in Sub-chapter 4.2. Nevertheless, a 
NSS municipality was considered. To find a suitable net self-sufficient composition of 
components, slightly altered designs where compared (holding the battery size constant). 
The designs are all close to or are NSS and are close to the NPC minimizing option. Table 
16 below shows the results of the comparison and highlights the chosen design (fifth line). 
The comparison was done to evaluate the sensibility of the system (excess electricity best 
describes this). The composition highlighted was chosen because it minimizes the excess 
electricity produced and is less than 1% away from the NPC minimizing option. Compared 
to the option of using only existing grid to serve the load, its NPC is double compared to 
current grid price, but emissions are about one fourth.  

Table 16: Characteristics of the detailed optional designs for net self-sufficiency (NSS) 

 

The resulting renewable fraction is 77,7%. Comparing to the highest renewable penetration 
lines in Table 16 above, the excess electricity of less than 5% can be concluded to be rather 
acceptable. 6 700 MWh/year of electricity, or 18% of the load served, circulates through 
the battery. That is less than what is still purchased from the grid. Yearly and diurnal 
variation of the NSS option can be seen in Figure 39. During the summer electricity is not 
needed almost at all from outside the municipality, but during the winter grid practically 
needs to feed in all the time. However, the need is considerably less than what it is in the 
grid option. Overall, net self-sufficient option decreases demand for grid capacity.  
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Figure 39: Grid sales (blue) and purchases (red) in net self-sufficiency option 

Land use implied by NSS alternative at Posio would be about 74 hectares 

 

5.2.7 Main Sensitivity Analysis 

Several sensitivity analysis runs were conducted to see if assumptions made in respect to 
the inputs crucial for the battery altered the results. Inputs for which sensitivity was 
conducted are presented in Table 17 and grouped in three pools. To get inputs for a 
sensitivity simulation, one selections from each of the pools was made. That is one round 
of sensitivity analysis. After that, another round was done, this time selecting differently at 
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least from one of the rows. Rounds were repeated until no new combinations from the rows 
of the table were possible. All other parameters were held as they were in the simulations 
conducted earlier. Exception to this rule is that the number of wind turbines, amount of PV 
panels, converter capacity and battery capacity was allowed to change when other 
alternatives than NSS was selected from renewables and battery sensitivity pool (battery 
capacity was held constant in 30 ren+bat option). For NSS the number of components was 
held constant because of the described formulation of that alternative. This way the impact 
of the changed input(s) can be estimated also for the NPC optimal system design. 
Altogether 348 combinations of sensitivity were conducted. All for the location Posio. 

 

Table 17: Sensitivity pools and their contents 

sensitivity pool alternatives in the pool 
- separated with a semi colon, e.g. one; two; third case; fourth 

option: description, details; five; six etc.) 
- standard assumption in italic 

discount rate  3 %; 6 %; 9 % 

renewables and 
battery constraint 

no restriction; 30 ren; 30 ren+bat: NSS 

battery and 
converter 
characteristics 
(BACC) 

cycle life: 3000; or 2000; 
battery replacement cost 105EUR/kWh; or 172 EUR/kWh; or 252 
EUR/kWh; 
DoD 10%; or 30%; 
investment price 25% lower: 256,5 EUR/kWh; 342 EUR/kWh; 25% 
higher: 427,5 EUR/kWh; 
battery efficiency 97%; or 95%; or 92%; 
battery O&M costs 0,5 EUR/kWh; or 1 EUR/kWh; or O&M costs 2 
EUR/kWh; 
converter efficiency 94%; or 92%; or 89%; 
converter O&M cost 50e/year/kW; or 100e/year/kW; or 200e/year/kW; 
project lifetime 20 years; or 25 years; or 30 years; 
battery life 15 years; or 12 years; 
grid sales capacity 16 MW; or 13 MW 

 

Full results of the sensitivity analysis are presented in Appendix B. The following 
statements summarise the main results of the sensitivity analysis: 

• Using only the grid remained the NPC optimizing composition of components in all 
cases 

• When 30 ren or 30 ren+bat constraint was selected, the amount of wind turbines and 
PV capacity remained unchanged 
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• Only exception for the former when 3% discount rate for 30 ren+bat was implied. 
Then the preferred PV capacity increased from 6 MW to 6,5 MW (leading to 1% 
decrease in CO2 emissions) 

• Lower (higher) discount rate increases (decreases) NPC  

• The higher the VRE share, the less discount rate has impact relative to the reference 
6% discount rate 

• Emissions are measured in tons per year and they are not discounted in the analysis, 
so they remain unchanged.  

• Change in battery and converter characteristics have more impact for NSS than for 30 
ren+bat, both relatively and absolutely  

• Out of BACC inputs, the ones regarding the converter had the most impact 

o e.g. assuming a double O&M price for converter capacity (capacity charge 
for local distribution) increases the NPC by 4-6% for 30ren and 30ren+bat 
and 10-14% for NSS (spread for different discount rates) 

o e.g. assuming 2 percentage points higher converter efficiency (less losses in 
local distribution), results in 1% lower NPC in 30ren and 30ren+bat and 2% 
less CO2 emissions in NSS 

• Out of inputs regarding to the battery, most impact where assumptions on investment 
price, DoD and efficiency 

o e.g. deeper DoD assumption of (10%) resulted in 8% reduction in CO2 
emissions in NSS alternative 

o e.g. assuming 3 percentage points lower round-trip efficiency resulted in 2% 
higher price for 30ren+bat 

o e.g. assuming 25% lower battery investment price lead to 1-2% reduction in 
NPC for 30ren+bat and 3% reduction in NSS 

Sensitivity analysis supports the results. Should the simulated alternatives take place, and 
should the assumptions made regarding the battery turn out to be wrong the costs and 
emissions would differ from the ones simulated in this study, but the general conclusions 
would still hold all the same. Especially regarding the research questions.  

 

5.2.8 Additional Sensitivity Analysis on the Load 

Issues of synthetic load data generation process in HOMER has been discussed in Section 
4.3.1. To see effects of changing the randomness parameters defining the synthetic load, 
supportive sensitivity analysis was conducted. The load considered was that of Posio. The 
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increased (decreased) inputs were 20% (5%) for day-to-day variability and 30% (10%) for 
timestep variability, (10% and 20% were used in all other scenarios. Increasing 
(decreasing) the randomness was found to lead to an 1% increase (1% decrease) in the CO2 
emissions in 30ren alternative. 30ren+bat however was more resilient and flexible in this 
respect. The change in randomness didn’t change the simulated CO2 emissions. Other 
results and NPC optimal system compositions remained the same, under each of the three 
discount rate assumptions. NSS alternative wasn’t tested in respect to changed randomness 
patterns. 

The trends in load change have been considered in Section 4.5.2. It was also noted that the 
software used allows to model an increasing or decreasing load, but it doesn’t allow to 
adjust the generation alternative (e.g. add PV panels at year 10 when demand has 
increased). Therefore, full analysis of such a system is somewhat paralysed.  

Supportive sensitivity analysis was conducted, again for the load of Posio, assuming it 
increases (decreases) 1% each year, hereafter referred as case+1 (case-1). The grid 
alternative remained the NPC optimal one in both. For 30ren and 30ren+bat alternatives, 
30% renewables constraint had to be met each year. For reasons of stable system design, 
renewables share of production changes throughout the period in consideration. In case+1, 
the share was of 38% at year 1, which then gradually decreases to be just above 30% at 
year 25. In case-1, the share was just above 30% at year 1, and gradually decreased to xx at 
year 25. In case+1… The optimal design of 30ren and 30ren+bat for the case-1 didn’t 
change, because regarding the renewables constraint, it is essentially the same at year 25 as 
the system was in the main simulations. But for case+1, the optimal designs were (for all 
three discount rates): 30ren: 7,5MW PV; 9,9MW wind; 5MW converter, and for 
30ren+bat: 6,5 MW PV; 9,9 MW wind; 4,5MW converter. So, incorporating a battery 
decreased the need for PV and converting capacity. Regarding the research question 4, in 
the case+1, the NPC of 30ren+bat was only about 1% more expensive and decreased the 
yearly CO2 emissions by 1,1%. The results from case-1 are the same as in the main 
simulations. 

 

5.2.9 Summary of the Results in Respect to Research Questions 

The aim of the simulations was to be able to answer research questions 2-4. The questions 
and short answers based on the results is seen below 

• What is the net present cost (NPC) minimizing (optimal) design for the power system 
of the research area? 

The price optimizing design is as it is, to use electricity from the existing grid. 

• When included in the system design, are batteries (reasonably) able to time shift 
variable renewable generation? 

Yes. It was demonstrated that there is a need for time shifting (from both sides demand and 
supply). Batteries can provide the service and did this reasonably most of the days when 
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excess supply was available. However, to fully benefit from the batteries, more smartness 
in managing the batteries would be needed 

• When included in the system design, what is the effect of batteries on the NPC of the 
system and CO2 Emissions? 

In general, they rise the costs and decrease the emissions. Two alternative system designs 
were compared. Both contained the same amount of renewable generation capacity, the 
other supported by a battery and the other one was not.  The system including the battery 
resulted in 1,5 % less CO2 emissions and 2,3% higher NPC, when the battery was sized so 
that 3% of the electricity consumed was circulated through the battery. Therefore, 
including a battery increases the costs but decreases the emissions. However, one needs to 
be careful before generalizing these results. Sensitivity analysis showed that the results, 
especially in the NPC, might be sensitive to the assumptions made on battery 
characteristics and on local distribution. 

 

 

 

5.3 MDCA Results 

5.3.1 Data and Decision Matrix 

To better understand the MCDA results, a decision matrix is presented in Table 18. It 
contains the scoring of each alternative according to the criteria. Price of the net self-
sufficiency is more than double of the current price level, but it would also provide almost 
three quarters reduction in emissions. Local generation amounts are kWh/year from local 
VRE generation, excluding any unusable excess produced. 

Landscape impact is 0 for the grid alternative (least impact) and 1 for NSS alternative 
(most impact). Alternatives 30ren and 30ren+bat are assumed to be identical and their 
landscape impact is estimated to be 0,4. The assumption is based on the sizes on relation to 
NSS option. The proposed installations would be 36% for PV and 25% of NSS in capacity. 
The assumption is justified with a simple logic. Impact must be greater than the relative 
share, some impacts must take place from the existence of the sites. On the other hand, 
NSS development is multiple times bigger, so the impact is probably less than half of NSS 
impact. Sensitivity analysis on the size of assumed landscape impact for the alternatives 
30ren and 30ren+bat will be conducted. 
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Table 18: Decision matrix 

 

 

5.3.2 Ranking of Alternatives – Effects of Weighting Framework 

If all criteria are weighted equally, the alternatives appear to be close to each other, NSS 
has the highest similarity index, see Figure 40. 

 

Figure 40. Results under equal weighting for the criteria 

To study effects of different weighting three frameworks were considered. Scenarios of 
Stein (2013) were seen as base for the idea in constructing the frameworks: one or two 
criteria were weighted more. Stein’s scenarios were not copied because the decision 
makers in this study are more definite group than the broad set of stakeholders in a country. 
Frameworks are presented in Table 19. They are artificial and do not base in factual 
characters or policies conducted. Figures 41-43 present the results of weighting according 
to each framework. 
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Table 19. Different stories for different weighting 

criteria & 
grounding 

“Jobs and balanced 
economy!” 

“National policy focus” “Not at ancient burial 
ground!” 

NPC 35% 50% 10% 

CO2 10% 30% 30% 

Local 
Generation 

35% 15% 10% 

Landscape 
impact 

20% 5% 50% 

Grounding Local politicians at 
the council are 
balancing between 
two main goals: create 
local jobs for income 
and prosperity. But 
not at whatever cost. 
Landscape impact is 
stressed to some 
extent for not to lose 
traditional income 
sources. Reducing 
CO2 is viewed as last 
in the priority list.  

National level strategies, 
goals and funding might 
have strong influence on 
decisions taken at 
municipal level. State’s 
aid to municipalities is an 
important source of 
financing. States have 
goals and pledges in 
mitigating CO2 emissions. 
Local employment has 
more weight than impacts 
on local landscapes. 

The site proposed for 
the renewables faces 
strong and active local 
citizens opposing it. 
But in general, 
environment is loved 
and cared about. So, 
local politicians feel a 
double pressure: to 
reduce emissions but 
fierce opposition to 
construct at this very 
site. Wind is welcome, 
but not just here. 
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Figure 41. Results for Jobs and balanced economy framework 

 

Figure 42. Results for National policy focus framework 

 

Figure 43. Results for Not at ancient burial ground framework 
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As can clearly be seen from the results, the selection of framework or weights matters and 
leads to different results. A policy favouring decisively local generation will choose an 
option that relies on it. But if the proposed development happens to be at a wrong location, 
more weight is given to landscape impact criterion and it becomes the preferable option. 
The alternatives 30ren and 30 ren+bat appear close to each other in every framework. 

 

5.3.3 Sensitivity Analysis on Weighting 

DECERNS contains a graphical sensitivity analysis interface, which allows to analyse 
impacts of changing the weight of one criteria. As an example, sensitivity analysis on 
changing the weighting of CO2 emissions criteria for the National policy focus framework 
was conducted (see Figure 44) If the weight of CO2 criteria is increased by 3 or more 
percentage points, and relatively decreasing the weight of criteria, the NSS becomes the 
preferred option. 

 

Figure 44. Sensitivity analysis: changing the weight of CO2 
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5.3.4 Sensitivity Analysis on Landscape Impact Scoring 

When the alternatives are so even, or the results depend so much on choices in weighting, 
the importance of setting the right scores for middle-ground alternatives in the landscape 
impact criterion becomes crucial. This can be seen doing sensitivity analysis on scoring the 
alternative with respect to landscape criterion. If the 30 ren and 30 ren+bat developments 
are seen relatively less disturbing than the massive NSS development they could each 
receive a score of 0,20 (instead of 0,4). This could also reflect a setting where moderate 
developments can find sites with little impacts. But more ambitious plans like NSS would 
either need areas which are loved by the locals of sites which would imply very negative 
effects on nature related tourism, reindeer herding or for some other alternative land use. 
Result can be seen in Figure 45, which should be compared to Figure 43 above (same 
framework for weighting). Now it is impossible to distinguish grid alternative from the 
30% renewable ones while NSS remains the worst alternative. 

 

Figure 45. Sensitivity analysis: changing the scoring of landscape impact in “Not at Ancient...” 
framework 
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6 Discussion 
 

The purpose of this chapter is to analyze the results presented in the previous chapter and 
relate them to wider context and considerations. First part of the chapter elaborates the 
results achieved, method by method. The last part then puts emphasis on environmental, 
energy security and other considerations, which are relevant regarding the results and study 
conducted. Special highlight is on full life cycle CO2 emissions of a battery, when CO2 
emissions of a power system is considered.  

 

6.1 Discussion on the Results 

6.1.1 Future Investment Prices 

Li-ion batteries used in EVs have gained more attention than the utility-scale ones. As the 
technology is largely the same, it is useful to compare the scenarios of this study to 
predictions on EV battery prices. 

The fastest price decrease scenario in this study is in line with Berckmans et al. (2017). In 
their prognosis price reduction in EV batteries is about 40% from 2020 to 2025 and 60% 
from 2020 to 2030, matching the fastest scenario in this study. In the two second fastest 
scenarios in this study the corresponding rates are about 35% and 50%. The fastest scenario 
of this study also corresponds to the predictions in BNEF (2017, p. 2 & 7.) Different 
scenarios conducted suggest different paces for the future price decline. It is to be noted 
that there is also uncertainty in current price level, and the future price depends on that, too.  

 

6.1.2 Calculated LCOS in Relation to Real World Prices 

The calculated current LCOS is considerably higher than the variable prices in Nordpool 
electricity market. To be profitable, battery should reach at least the highest prices in the 
market. This would start from the highest prices. But the 95th percentile of the hourly 
prices has been slightly over 50e/MWh over the past years (Table 4), which is still 8 times 
the calculated LCOS. 

Comparing prices from other markets to the calculated LCOS, it is four times what the 
magnitude of current average electricity prices are from conventional sources and almost 
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three times the higher end of combined gas turbine price (IEA, 2015, p. 4). However, for 
some microgrids lithium-ion batteries reached positive net present values in 2014 (IRENA, 
2015b, p. 13). Potential markets possibly exist at island markets and at remote areas with 
no electricity access or at areas where the grid is unreliable. 

Even if battery storage was profitable, there might be other forms of storage available. For 
an island of 100 inhabitants using 250 kWh of electricity a day pumped hydro system was 
calculated to be more feasible than a battery system. However, if minimum number of 
independent days from the grid required (under undesired weather conditions for renewable 
energy) is decreased from 5 to 1,5 days, batteries were at the same price level with pumped 
hydro (Tao et al., 2014, p. 390).  

Finally, it is important to keep in mind that the LCOS contains just the costs of storing. To 
make profit, the costs of storing and cheapest form of generation together should be lower 
than the price received from the market. 

 

6.1.3 On the Experience Curve Method and Batteries 

The sensitivity analysis on battery cycle life illustrates, that the accumulated experience 
and know how does not just decrease the investment price. Often it also improves the 
technology of the product in consideration. This is true for other products, too. Mobile 
phones are not what they used to be ten or twenty years ago. But when calculating a 
relative price, such as LCOS, price related to output the technological progress is held 
constant in the calculation (constant DoD, efficiency, life cycle). If the calculation was 
aiming to be more exact, it could have incorporated a model of technological improvement 
as well (e.g. how efficiency increases depends on capacity expansion, or from another 
variable). 

The capacity of EV batteries is also expanding rapidly and as noted in Section 6.1.1, their 
price is declining, too. But are Li-ion battery for an EV and for stationary utility-scale 
essentially just a same product, tailored slightly differently and produced in different scale 
(like a smart phone and a tablet computer). Or are they distinctively enough to be qualified 
and separate products? (one wouldn’t list a Li-ion battery of a smart phone and a utility-
scale stationary Li-ion battery as same product) Whatever the answer is, there might be 
spill over effects from EV battery expansion. Therefore, relying just on the capacity growth 
of stationary batteries is questionable.  

The calculations done are simplifications, based on assumption that future is somewhat like 
the past. Future research could better assess a changing learning rate in the future and 
consider also technological development. How to assess the possibility of black swans or 
otherwise unforeseen changing of trends?  
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6.1.4 On Simulation Assumption and Results 

The simulations conducted contained various inputs, often grounded on some sort of 
assumption. The inputs and assumptions made are justified and discussed in Chapter 4. In 
this section the implications of some of the most important assumptions and those related 
to batteries are discussed.  

To begin from the load, the level of detail in load variation considered was hour-by-hour. 
But the weather sometimes changes faster, even in minutes. Therefore, the level of detail 
considered does not model needs of fast ramp-ups or ramp-downs happening in minutes 
due to weather dependent VRE generation. In addition, there might be fast variations in 
demand, too. Therefore, if renewable energy expansion would be planned to be 
implemented, a simulation in much more detailed time level should be carried out. But The 
focus of this study is in time shifting services, so the hourly level of detail can be 
considered accurate enough.  

Sensitivity analysis on the load demonstrated that, if more variations in the load were 
assumed in 30ren alternative, the emitted CO2 increased, but also that the optimal design 
of the system remained the same. The increased CO2 was since VRE is inelastic in respect 
to changes in the load. If there is more demand it must be served from the grid. Difference 
to the 30ren+bat was clear. System battery could often be used to serve the load if it 
suddenly increased. Or respectively, if the demand suddenly dropped, the battery was 
charged with any excess production. As the data available does not make it possible to 
verify how variable the load really is, the exact CO2 reductions achieved because of adding 
a battery in a system cannot be stated. 

Regarding the load, and more specifically the synthetic variability added to it, it is 
important to note that, the load is simulated independent of weather conditions. This 
assumption is unrealistic. Many houses in the areas considered use electricity for heating. If 
colder temperatures persist, the demand would be higher. There are also other issues 
related to weather conditions and these all are discussed in more detail in Section 6.1.8. 

The sensitivity was not tested on several assumptions, which may be critical towards 
comparing the cost of VRE to grid electricity. The ones related to grid, losses and topology 
in general are discussed in Section 6.1.7. And the ones related to VRE are briefly 
mentioned here. Solar PV and wind power investment prices were assumed around global 
(or regional) averages. However, there is always considerable variation between different 
sites. Moreover, these prices are declining. Because of these two factors, there is 
considerable uncertainty in assuming a price. Also, several technical assumptions were 
made, e.g. on wind turbine height, PV degradation factor, roughness etc. as well as 
assumptions in resource variations, e.g. Weibull K and the HOMER tool embedded 
synthetic stochasticity in solar irradiance. These all would make a lot of variables to be 
tested in a precise sensitivity analysis. In the scope of this study, such sensitivity was not 
conducted. The reason is that the research questions focus on impacts of the batteries, their 
capability in time shifting, their impact on price and CO2. Therefore, it is not crucial if 
(most) assumptions made on other inputs than the ones directly related to batteries, do not 
reflect the real state of the world. The key here is that a comparison of a simulated system 
with and without batteries is systematic, both simulations are twisted consistently and in 
the same way. So, the correctness of all these assumptions is not so critical in answering 
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research questions 3 and 4. However, these assumptions might play a role in assessing 
research question 2, if alternatives including VRE would have come even close to the grid 
options. Then one would be keener to explore if all the assumptions are punctually correct. 

 

6.1.5 On Battery Characteristics and on Their Impact on 
Simulation Results 

Any inaccuracies in assumptions on battery characteristics could potentially reduce 
credibility in assessing research questions 3 and 4. Therefore, many of them were tested in 
sensitivity analysis. Main finding from the sensitivity analysis was that none of them alone 
has a great impact. Sensitivity assumption differed significantly from the standard 
assumption, but still resulting differences were generally 1% in NPC or CO2 or even less 
for a change in 30 ren+bat. Changes of this magnitude cannot be stated turn the analysis 
upside down. However, one might consider it the other way around: if a change in one of 
the dozens of inputs impacts 1%, how big impact could a few changes together have? 
Especially when the difference between 30 ren and 30 ren+bat alternatives is just one or 
two percentages in NPC and in CO2 emitted. Then, a few inaccurate assumptions could 
turn the order of the compared alternatives and analysis upside down. 

By using the first method described, it was seen that the investment prices are changing fast 
and that it is difficult to estimate the current price accurately, it might already be a past 
price. And yet, the assumed investment price in the simulations is one of the assumptions 
that causes the most effects is assumed differently. 

Moreover, the battery modelled for the simulations was a simplification and its 
characteristics were assumed to be close to an average market battery. As a result, it is not 
a battery that exists for real to test the results of this study. Greatest simplifications relate to 
the use patterns of the battery. No capacity curve was assumed and battery’s cycle life was 
assumed to be 2000 full cycles, no degradation in capacity in time was assumed to take 
place. The hour-to-hour analyse form the simulations showed that quite often battery was 
charged from the lowest allowed SoC to 100%, then battery remained at full charge and 
was discharge very fast. All these uses patterns are potentially degrading the battery’s 
calendar life and capacity (Keil et al., 2016, Dahn, 2013). Further battery temperature and 
how it affects calendar life was not considered. 

From the reasons described below, one needs to be careful before generalizing the numeric 
results of this study with respect to research question 4. They might be sensitive to the 
battery assumptions. Nevertheless, regarding the conclusion in respect to research question 
3, there is nothing so profound in the sensitivity of the battery characteristics that would 
change conclusion on that question. As will be seen in the following section this is more 
problem of adequately sizing the battery in respect of the load size. 

Battery wear and tear and actual cycle life resulting from the usage characteristics. The 
battery is use in simulations usually so that it gets to be charged from the lowest allowed 
DoD very fast to the maximum capacity. The need of the usage pattern dictates a need for a 
good battery management and cooling system. The cell temperature need to be kept not 
rising too high to prevent loss in cycle life of the battery…. 
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6.1.6 On Differing Results from Different Locations 

Simulations were run for different locations to have comparison in respect to three things: 
the average size of the load, average grid price and most importantly different weather 
conditions. At the least populated research area, due to best (least worst) wind conditions, 
30ren design was achieved with relatively less VRE capacity (than at Posio). Further, it 
was found that the site and the additional cost of adding a battery to a system with 30% 
share of renewables was relatively less, even though there the grid electricity price was a 
little cheaper on average. The main conclusion from comparison to the smaller (and 
windier site) was that small differences in average wind conditions can make a big 
difference. As noted even that site with its well below 20% capacity factor for wind 
production is far from an optimal site. 

At the biggest site, Rovaniemi, there was no additional cost for adding a battery into the 
design meeting 30% renewables constraint. It was a rather surprising result, because the 
weather conditions are somewhat equivalent to those of Posio and the grid electricity price 
is considerably cheaper. One reason for the result could be the scale of the system in 
consideration. Dropping or adding for instance 1MW of VRE, converter or battery capacity 
is very small in relation to the overall costs, so several almost identical designs ae very 
close to the NPC optimal design. 

The NPC optimal battery performance was analysed more closely to see the timing of the 
services it is providing. An exemplary day from June (one of the lowest peak demands) is 
selected to describe it (see Figure 46).  

 

Figure 46. Battery SoC (black, right scale), load (brown), PV output (yellow), wind output (blue) and 
grid purchases (red) for a day at Rovaniemi 
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The battery’s capacity is small related to the loads it is serving. When discharging starts 
(from 100% SoC), It lasts for an hour or so (which is also the most detailed time frame 
considered in this study). It is questionable if this short-lasting service is time shifting. 
Including the battery into the design does not make much difference. A more detailed 
analysis on the different design alternatives and battery discharge times would be needed. 
This analysis should also consider effects on battery life due to repeatedly deep charges and 
discharges and time spent at high SoC 

Finally, and most importantly, this study was conducted at sites not very suitable for wind 
production (and the aim of the study was not to optimise the location). But as such it 
should serve as an example on how not ideal sites may benefit from adding a battery to 
support VRE generation. 

 

6.1.7 On Local Distribution 

Sensitivity analysis showed that greatest variation occurred if assumptions on converter 
efficiency and O&M price were changed. As discussed in Section 4.5.3, these assumptions 
were made to model local electricity distribution. So, hereafter discussion considers these 
as same things.  

The intention of modelling grid sourced and local production was to compare their 
differences in meeting the load and in their costs. In this consideration all price 
components, which are common for the two are omitted in the analysis. Taxes are one such 
component. Some (unknown) part of local distribution is also common. But grid electricity 
price has it embedded in it. On the other hand, grid electricity price did not include any 
selling premium but equalled just the production and distribution price (see Section 4.3.5.).  

Any measure for the costs of local distribution is also an input with some uncertainty in it. 
It is something that would eventually depend on negotiations between the DSO, which has 
the monopoly over existing power lines. But that is not all for the DSO. Part of the local 
generation is sold and distributed outside the area considered and the DSO’s grid is used 
for this generating also income for the DSO. The greater the local VRE share, the greater 
the change. Moreover (as can be seen in Table 14) batteries decrease the need for electricity 
purchased from and sold to the grid. But on the other hand, they might decrease the need 
for peak power capacity needs in the grid. Detailed modelling of power distributed and 
capacity needed for it should be made before making any more detailed analysis. The 
uncertainty over the costs of local distribution remains over the results of this study. But to 
make a rough comparison of the impacts discussed on the incomes of the DSO, see Table 
20. The results have been gained from the simulation results holding the capacity of the 
grid constant. The Table indicates that the assumption made for local distribution charge 
might be too low as the incomes of the DSO would decrease if moving from current 
situation to 30ren or 30ren+bat alternatives, while NSS option would be more profitable 
than 30% renewable expansion alternative. It is to be born in mind that the rough 
calculation does not consider changes in the power transmission capacity needs in the 
distribution. 
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Table 20. Yearly income of the DSO under the alternative considered, euros. 

 grid 30ren 30ren+bat NSS 

distribution to the are  4,621,508 3,289,567 3,238,076 1,341,874 

converter / local distribution  443,638 344,472 1,400,000 

distribution from the area  78,779 8,198 1,374,226 

total 4,621,508 3,811,984 3,590,746 4,116,100 

 

The grid electricity price, even though constructed from real data, is an assumption, too. It 
was noted in Section 4.3.5 it doesn’t include selling premium on top of costs of electricity 
generation and distribution. Table 20 indicates that there probably is a selling premium in 
real world prices consumer are paying for their electricity. Therefore, the price estimate of 
the grid electricity used in this study might be too low.  

Losses occurring because of the local distribution were assumed to be almost as high as the 
average of losses in the whole Finnish electricity transmission system are (see Section 
4.5.3). The real losses are affected by the local topology, where local VRE generation 
would be installed and how close the houses in the area are to each other, all in the same 
village or houses far from each other, and which of these houses would primarily be served 
by the VRE. All of this indicates that for accurate results, considering the local topology 
would be quite crucial. Sensitivity analysis showed that differing assumptions on local 
losses played a role: 3% more losses resulted in 1% higher NPC for the 30ren, 30 ren+bat 
and NSS alternatives and 4% more CO2 emitted in NSS alternative. As reported in the 
results, sensitivity results for different converter O&M (demand charge for the DSO) 
resulted in even higher changes. Therefore, more detailed assessing and modelling of the 
local distribution should be task of future studies. 

 

6.1.8 On Weather Variations 

As described in Chapter 4, parameters describing variability in load and weather dependent 
resources are assumed. In addition, it is known that the grid electricity price fluctuates 
following certain patterns described in Section 2.2.2, but it was seen in Section 4.3.5 that 
different years might have quite a different detailed profile. 

There is no way in HOMER to link these variations and thus the reasons for the variations 
were not considered in this study. Nonetheless, the weather phenomena are intertwined. 
For instance, colder winter temperatures probably are linked with certain tendencies in 
relation to wind conditions and solar irradiance. If colder temperatures occur, there is 
increased need for electricity (for heating), but the probable availability of VRE resources 
is affected by the temporary temperature anomaly. If VRE is not available, then grid can 
always be used (as it was assumed). But that price, too, is affected by weather and the 
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increased loads outside the area considered. So, future research could consider how defines 
the load, prices and production possibilities. 

 

6.1.9 On Energy Efficiency and Demand Side Measures 

Sensitivity analysis (Section 5.2.6.) considered year-by-year decreasing load, which is 
practically the same as assuming increasing energy efficiency. This analysis could be 
augmented by considering also a deferrable load, a load that can be served within a certain 
time spread for certain amount, but the exact timing of it is not crucial, examples could be 
better timing in heating the houses or hot water storage or charging EVs. This kind of load 
could essentially provide a load shifting service to the electricity system. Therefore, it 
could be used instead of batteries and as such would make an interesting comparison. 

  

6.1.10 On Potential Critique on Conducted Multi-Criteria 
Decision Analysis 

As was mentioned earlier, the aim of conducting MCDA was to evaluate the impacts of 
assuming different weighting. This has been done by setting different reasonings to weight 
criteria differently and by presenting the equivalent results. In addition, sensitivity analysis 
was demonstrated by showing how changing the relative importance of just one criterion 
might change the optimal outcome. Finally, sensitivity analysis on Landscape Impact 
Criterion. This demonstrated the subjectivity of that measure and the decisive impact 
scoring it right has on the results. 

This Section discusses three potential critique on objectivity towards the way MCDA was 
conducted in this study is. First is the lack of objectivity in scoring for landscape impact. 
Second is the lack of objectivity in weighting the criteria (Ardakani et al., 2016). And third, 
that subjective value judgements should only take place in either one of the stages.  

First critique is that the landscape impacts score should be objective and measurable – it 
should compare the land area covered by the projects, measure how far they can be seen on 
standard weather conditions, measure an index of wildlife lost, how many jobs will be lost 
because of a project etc.  

While this critique is relevant. But the main purpose of conducting MCDA was to see 
preferences and perspectives of the locals. In the scope defined for this study, the value 
judgement is essential. And as discussed in Section 4.6.5 the Landscape criterion is a 
relative measure between a few alternatives currently considered against each other. In this 
setting, it is easy to state the order of the alternatives from best to worst and quite easy to 
approximate where the middle ground options would stand. Moreover, trying to collect an 
objective measure would be arduous to collect an objective measure to capture a historical, 
cultural or simply emotional importance of sites threatened to be sites of power generation. 
And even if it succeeded, it should be combined with the measures of loss in ecology and 
income. It should be noted, however, that landscape impact scoring is designed for setting 
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with few alternatives. It is to be admitted that if there were dozens of alternatives, scoring 
them subjectively for one line from 0-1 wouldn’t probably be ideal way to evaluate the 
impact. 

Second critique would argue that weighting, which was found to be crucially affecting the 
final recommendation for the decision, should be objective, it should be based on 
measurable facts. For example, based on the political parties voted in municipal elections 
one could construct a model of values people in the municipality hold, are they valuing 
income over environment for example.  

But quite often decision making (weighting of criteria) in real world is subjective and 
dependent on many factors (Kahneman, 2011). For instance, the actual alternatives and 
variables outside the setting influence the weighting. The weight of the landscape impact 
would be different, depending of what was proposed. The actual propositions dictate how 
much weight is put on landscape impact measurement. Also, the weight of local production 
(catching the job creation objective), could be totally different depending on nearby 
alternatives, are the closest vacant jobs next door or 100km away, or do they exist at all. 
Weighting of the criteria takes all these issues into account. If the world changes, the 
weights might change as well. The beauty of multi-criteria is (especially when using a 
software designed for it), that after giving any weights for the criteria, sensitivity analysis 
can and should be conducted to analyse impacts of different weighting. 

However, a future study could combine objective and subjective weighting (Ardakani et 
al., 2016). One possibility would be to objectively measure what would be the rough 
guidelines of selecting a framework for weighting the criteria. Subjective part would then 
place the actual weights within this framework. Fully subjective weighting approach used 
in this study has no grounds of assessing the relevance of the frameworks proposed. 

The third critique was that value judgements should be isolated to take place only either in 
the weighting stage or in measuring / evaluating the alternatives phase. It has been 
dissolved already by arguing that subjective statements are an essential part of both phases.  

 

6.1.11 On Ownership and Capital Requirements 

It might be the case that the municipality does not have finances readily available for 
investment or there are difficulties in getting several millions in capital from the markets or 
there are expertise constraints on setting up a local organization for power generation. The 
project has also risks (as all investment projects have). Now, it can be assumed that the 
community makes a long-term contract with a power producing company. The company 
provides the expertise and capital needed for the construction, operation and controlling the 
system and bears all the risks. In exchange on the services and risks the community pays a 
premium price for the local electricity. The magnitude of the premium could be agreed for 
a long period of time.  
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Ownership of a scheme like this could make a difference in how the locals view the 
project. Minority share for the municipality could be negotiated in the deal, and 
additionally locals could be offered an opportunity to invest, generating even more income 
streams for the locals. A multi-criteria assessment of a community (partly) owned scheme 
could be different from a project that is owned by outsiders. Positive relationship between 
ownership and attitudes towards windfarms have been found (Warren and McFadyen, 
2010). In this study, the ownership question was not considered. The assessment could be 
done with using the same method. The ownership would affect how much weight is put on 
criteria E) local generation. 

 

6.1.12 On Alternatives, Methods and the Decision-Maker 

Considering the alternatives selected in the MCDA, one can say that NSS is quite extreme 
compared to a current situation. It could be insightful if either of the extreme end options, 
NSS or grid, could be ruled out before conducting the MCDA. This could be grounded on a 
general political pressure, is self-sufficiency a high goal (if so then grid alternative could be 
ruled out) or will the power system continue to be based mainly on the traditional topology 
(if so then NSS could be ruled out). If the number of alternatives would be reduced this 
way, the issues around precise scoring for landscape impact criterion vanish, as there 
would be only scores of 1 and 0. And vice versa, the more alternatives, the less reliable the 
landscape impact scoring becomes.   

This links to a discussion on relative importance of the two methods used, namely 
simulation and MCDA (in the setting it was implemented). Simulations could handle 
almost indefinite number of alternatives and decision-making is straightforward using 
single-criteria (with or without constraints). Multi-criteria on the other hand could consider 
a few alternatives more profoundly, to assess if simulations minimizing NPC miss crucial 
preferences. But it is to be noted that the data used in MCDA is largely based on the 
simulation results. Therefore, the two methods are supportive for one another. 

The MCDA conducted considered the view of the locals. Similarly, the simulation 
considered costs of using electricity. But if VRE development was implemented, other 
stakeholders, for example the DSO might react in a way that makes the simulated results 
on NPC, or local generation obsolete44. So, additional considerations are recommended 
before selecting any alternative based on the results of this study. 

 

                                                 

44 See Table 20 on DSO incomes. 
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6.2 General Discussion 

6.2.1 Scaling the Results 

What is the relation of battery capacity growth scenarios of Chapter 5 in relation to global 
energy demand? Despite energy efficiency developments in the developed world, many 
outlooks projected the overall energy demand to grow in many outlooks. For, U.S. Energy 
information Administration expectations, see Table 21 below. 

Table 21: Global Energy Demand. Source: EIA, 2017 

year energy demand increase from 2015 

2015 575 Btu x 1015  

2030 663 Btu x 1015  15% 

2040 736 Btu x 1015  28% 

2050 813 Btu x 1015  41% 

 

IEA expects same magnitude growth in ”policies under consideration” scenario. However, 
under 450 scenario the demand should remain at current magnitude of 14 000 Mtoe45. 
(IEA. 2017b, p. 58). 

Regarding electricity storage, even more important than the growth of demand is the level 
of it. Electricity demand globally in 2015 was 24 000 TWh46 of which variable wind 
production covered a little more than 3% or 800 TWh, (or 800 000 GWh). Even if we take 
fast battery capacity growth scenario of this study and accordingly assume there will be 240 
GW of battery storage capacity in 2050 and that capacity would be used effectively 160 
hours a year (as was the battery in the simulations conducted), that would mean only about 
38 000 GWh of production, which is roughly just 5% of all wind generation in 2015. The 
calculation does not include solar PV production. Therefore, a future were batteries would 
cover anywhere near all demand whenever it doesn’t wind or shine seems unrealistic. 

This is not to say that batteries, other forms of storage and demand side load shifting could 
still have a significant impact in shaping the future of electricity generation. Table 13 
showed that batteries became a cost-efficient part of the system design when VRE 
penetration reached 50%. In sensitivity analysis for Rovaniemi, battery was part of the 
NPC optimal system design already at 30% VRE penetration. Sensitivity analysis showed 
that assessing the NPC, several assumptions made of the battery could shape the outcome 
of the calculation slightly. Moreover, Section 5.1.1 assessed that battery price is declining 
fast, which makes them more attractive 

                                                 

45 correspond to 555 x 1015 Btu 
46 corresponds to 82 x 1015 Btu, roughly about one sixth of energy demand is in electricity 
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Even though the results of this study are not to be generalized to bigger market areas (such 
a consideration would need different software and more profound power transmission 
modelling), one can make a comparison to Figure 47. Many countries are increasing the 
share of VRE in their electricity mix and nearing also 30% level considered in this study. 
Denmark, part of Nordpool electricity market, has already almost 50% share in VRE 
generation. Such a high share would not be possible without power transmission to/from 
Norway and Sweden. The example emphasizes that storage is not the only solution for time 
shifting when VRE penetration is high.  

 

Figure 47. VRE share in power generation. Source: IEA (2017c) 

 

Multi-criteria decision analysis was conducted at municipal level considering local 
objectives. But the same method could be used for regional or state level as well. Then the 
objectives of the citizens would be assessed again and following value-focused thinking, 
probably new alternatives would be constructed as well. But if we assume, for simplicity, 
the same setting, same alternatives and same objectives, for a fast country-level 
consideration, the analysis procedure would remain mostly the same. The weighting 
remains a critical factor. But different criteria might get different weights. This rises 
interesting questions. For instance, would local generation be an issue of national security? 
Would a country have relatively more finances available than what a municipality has? 
Does Paris agreement reduction targets affect more at country than at municipal level? And 
regarding the landscape impact: is it easier to find a back-yard to be sacrificed? And what 
would be the answers to these questions, if the setting is widened to consider a plan at 
European level? 

As mentioned such a consideration, should start form reviewing the objectives in 
consideration and might end up to a totally different setting. The landscape impact 
criterion, if included, should probably consider a wider-level public acceptance. This term 
was not used at municipal level, because separating landscape impact and local generation 
criteria, also positive and negative impacts were separated. 
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6.2.2 Li-ion Batteries and Energy Security 

Broader and more concise definitions for energy security exist. An example of the former is 
four pillars in energy security: availability, affordability, efficiency, and environmental 
stewardship (Sovacool et al., 2010) and an example of the latter is “reliable and adequate 
supply of energy at reasonable prices” (Bhattacharyya, 2011, p 463). How batteries link to 
all four pillars is discussed briefly in this section. Then more throughout analysis on 
adequate supply is provided. Finally, the link to the last pillar is considered in the following 
Section (6.2.3). 

Batteries link to all four pillars. First, they may enhance availability. If other sources are 
suddenly not available, they can provide short-term back up power. Under normally 
operating power market, this study demonstrated that batteries can provide a time shifting 
service, thus enhancing the availability of electricity by better matching supply and 
demand. More short-term services, mentioned in Chapter 2 would also enhance availability 
in their part. Batteries may also directly support the affordability pillar, if differences in 
market prices between peaks and bottoms are big enough to cover the costs of installing 
and operating the battery. Results of this study suggest, that batteries are part of a cost-
efficient design, when VRE penetration is high enough. When NPC designs where 
simulated, Batteries found to be part of the system, when VRE penetration reached 
between 40-50%. So, affordability is closely linked to the efficiency pillar, the efficiency at 
systemic level, when money or resources spent is considered as an input and energy 
received for use considered as an output. NSS is an exemplar of this. Batteries were aiding 
VRE generation to be more efficient, more of that output could be used instead of losing it 
as excess production. Moreover, batteries were analysed to become more affordable in the 
future as their installed capacity increases. 

Bhattacharyya adds to the definition that it includes “geopolitical, military, technical and 
economic dimensions” and also time dimension, which in the short-term means disruptions 
in supply and in the long-term means future supplies (Bhattacharyya, 2011, p 464). 
Disruptions were discussed linked to the availability pillar. Geopolitics will be touched 
briefly at the end of this section. The long-term supply of Li-ion batteries, or more 
precisely the long-term availability minerals needed to construct them, is discussed in the 
following. 

Large scale manufacturing of batteries need several minerals: lithium, cobalt, nickel, 
aluminium and copper are needed. The demand of utility-scale batteries is not the only 
source of demand. Same minerals are demanded for EV batteries and home electronics as 
well. It is estimated that (excluding other uses) the reserves of lithium would be just 
enough for 1,6 billion EVs, while there are currently 1 billion cars in the world (MacKay, 
2008, p. 132). This calculation is only providing some sort of magnitude of the reserves 
available. According to exhaustible resource economics, the price might rise if the reserves 
are exploited faster than new sources can be added to the reserves. So, it might be that in 
the end it is not economical to use all the tons found. 
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It is recognised that more ambitious climate schemes need more of it. So, it is estimated 
that the cumulative demand for lithium up until 2050 would be 10 million tons for 4 
degrees scenario (4DS)47 and 20 million tons (spread between 10-30 million tons) for 2 
degrees scenario (2DS) (UNEP 2013, p. 21). If more ambitious battery breakthrough is 
assumed (EVs having 50% market share in automotive industry and lithium-ion batteries 
50% in utility scale storage market), the spread for lithium demand increases to 20-50 
million tons for the 2DS and 10-25 million tons for 4 DS (UNEP 2013, p. 21). Related to 
the current reserves of 16 million tons (USGS, 2018), all the cumulative consumptions are 
high. 2DS demand more than the reserves can materially deliver and 4DS comes close. So 
close that economic constraints might occur.  Therefore, a great resource constraint may 
well take place in the future. 

In addition to cumulative demand change, the level of demand from energy storage 
technologies in 2050 need to be considered comparing different DS. Compared to 6-degree 
scenario (6DS), 4DS demands double, and 2DS ten times more, see Figure 48. 

 

Figure 48. Demand for minerals compared to 6DS. Source: World bank, 2017, p. 17. 

   

However, markets may react to the growing demand by increasing not only production but 
also the reserves via exploration of virgin (second-hand) resources and enhancement of 
current exploration (recycling) technologies. Indeed, it has happened. From 2015 to 2017 
the global production has increased from 32 500 tons to 43 000 tons and reserves from 14 
million tons to 16 million tons (World bank, 2017, p. 43 & USGS, 2018). So, at least in the 
short-run, the price is expected to fall48. Also, as discussed in Speirs et al. (2013, p. 13-16) 

                                                 

47 degree scenarios (DS) refer to a scenario where global warming is restricted below the number of the 
scenario by the end of the century 
48 https://www.businessinsider.com.au/lithium-prices-45-fall-by-2021-2018-2  
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there great variability in lithium content of different batteries. So technological progress is 
possible towards the technologies, which hold the highest lithium intensity. Possibility of 
recycling is also huge. Currently less than 1% of lithium gets recycled (UNEP, 2013). 

Considering the geopolitics, the reserves and resources are concentrated in few countries. 
Currently Chile and Australia are the top producers. Chile holds more than half of the 
reserves and resources are concentrated at the South American ‘lithium triangle’ of Chile, 
Argentina and Bolivia, see Table 22.  

Table 22. Global lithium production, reserves49 and resources50, tons. Source: USGS, 2018. 

country production reserves resources 
Argentina 5 700 2 000 000 9 800 000 
Austria   50 000 
Australia 18700 2 700 000 5 000 000 
Bolivia - - 9 000 000 
Brazil 200 48 000 180 000 
Canada   1 900 000 
Czech Republic   840 000 
Chile 14 100 7 500 000 8 400 000 
China 3 000 3 200 000 7 000 000 
Congo   1 000 000 
Mexico   180 000 
Portugal 200 60 000 100 000 
Russia   1 000 000 
Serbia   1 000 000 
Spain   400 000 
USA W51 35 000 6 800 000 
Zimbabwe 1000 23 000 500 000 
World total 43 000 16 000 000 53 150 000 

 

6.2.3 Life Cycle Impacts of a Li-ion Battery 

Comparing conventional car and an electric vehicle construction, the EV’s Li-ion battery 
makes its construction have more and considerable environmental impacts than 
constructing a conventional vehicle. Impacts are mainly due to water and fuel intensive 
mining of lithium and other minerals. In a life cycle assessment (LCA) study these impacts 
are categorized under certain impact categories. Out of these52, the EV’s impact is roughly 
double in photochemical oxidation formation, in particulate matter formation and triple in 

                                                 

49 amount economically exhaustible 
50 amount known to exist 
51 W: Withheld to avoid disclosing company proprietary data 
52 Global warming (GWP), terrestrial acidification (TAP), particulate matter formation (PMFP), 
photochemical oxidation formation (POFP), human toxicity (HTP), freshwater eco-toxicity (FETP), terrestrial 
eco-toxicity (TETP), freshwater eutrophication (FEP), mineral resource depletion (MDP), fossil resource 
depletion (FDP). 
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freshwater eco-toxicity, in human toxicity and in terrestrial eco-toxicity. LCA aims at 
calculating all impacts within the lifetime of a product. Therefore, when impacts of driving 
and fuel consumption are added, depending on the electricity mix used for charging the 
battery, the balance generally changes the in favour of the EV. But not in every impact 
category. In freshwater eco-toxicity and human toxicity EV is (because of battery 
construction) clearly more polluting than a conventional car even after 150 000 kilometres 
driven. (Hawkins et al., 2012, p. 5.) These briefly reviewed results are for EV construction, 
but the effects of battery construction were clearly isolated. Impacts of constructing a 
bigger scale product, a stationary utility scale battery, is not the same. But most likely it has 
similar environmental impacts.  

LCA studies can reveal, that decreasing CO2 emissions (or GWP altogether) is by far not 
the only environmental impact or emission. They also highlight, that lifetime impacts of 
different electricity generation alternatives should be considered, not only the end of pipe 
effects, or impacts at the electricity production phase only. 

One of the impact categories, global warming potential is considered more closely in this 
chapter, because this study considered the main part of it (CO2 emissions). The life -cycle 
global warming potential of the battery hugely depends on the electricity used in the 
production process. Calculated GWP due to the production phase (cradle-to-gate) of a Li-
ion battery, using current electricity mix, is 4.6 tonnes carbon dioxide equivalents (CO2-eq.  
or CO2e) per battery pack (Ellingsen et al. 2013, p. 5). If hydropower was used in the 
production, the effect would be just 40%, whereas in case of solely coal use the effect 
would be 40% higher. (Ellingsen et al. 2013, p. 7.) 

To get a comparable unit for comparison to other sources of electricity, the production 
phase emissions are divided by battery life time cycles, or how many times the produced 
kWh of capacity is used. Ellingsen et al., 2013 modelled a 26,6 kWh capacity battery, so 
the GWP per kWh of capacity is: 

 

Relating this to how many times (or full cycles) that capacity gets to be used and how 
efficiently it is capable of functioning:  

  

where C denote the number of life time full cycles and E denotes battery round-trip 
efficiency. Table 23 concludes results for different assumptions on cycles and eff. If the 
same battery could operate greater amount of cycles, the impact per kWh produced will be 
considerably less. On the other hand, real usage might differ from ideal calculations, e.g. 
the 10MWh/20MW battery used in the simulation in 30ren+bat scenario at Posio, reached 
the maximum number of years before it reached the maximum number of cycles. As a 
result, its GWP per kWh produced is greater than an ideally used battery would have. 
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Table 23. Battery GWP, different assumptions 

battery cycles efficiency CO2-eq 

g/kWh 
produced 

reference 2000 95% 91 

reference, but longer cycle life 3000 95% 61 

reference but higher efficiency 2000 97% 89 

reference, but lower efficiency 2000 92% 94 

reference, performed in 30ren simulation 1372 95% 133 

 

These numbers are now almost comparable to alternative sources of electricity. Almost 
because the source electricity for battery charging is not accounted. So, if one wants to 
compare say a coal produced electricity with battery electricity charged with PV, the life 
cycle impact of PV production needs to be counted as well.  

Figure 49 presents GWP for different sources of electricity, both before and after 
harmonization from LCA studies. Harmonization means that results of different studies a 
reviewed, screened and transformed to contain a consistent set of assumptions, metrics and 
methods53. Typically, the aim was to consider a modern facility operating in the U.S. (to 
avoid effects due to location selection). The harmonization process is still under way for 
some energy sources, for instance for geothermal and for natural gas. Harmonization has 
increased the accuracy of the estimates by decreasing the variation between estimates from 
different studies. (NREL, 2018.)  

                                                 

53 For example, for solar PV 400 studies were screened, on various PV technologies and projects. Only 17 
studies with 46 estimates on GHG emissions passed the screening. The most important harmonized factors 
between the studies were solar irradiation, (1 700 kWh/m2/year), operating lifetime (30 years) and module 
efficiency. 
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Figure 49. Life cycle CO2-eq / MWh by source of electricity. Source: NREL, 2018. 

 

The results from Table 23 can be compared to amounts in Figure 49 (but keeping in mind 
battery needs electricity for charging as well). Battery GWP is far from zero, and 
considerably higher than from renewable sources. Still, the level of around 100g CO2-eq is 
far better than for example natural gas, let alone coal. A more precise comparison should 
consider real alternatives. If battery would be used to serve peak loads, what is the 
alternative source to serve these loads? 

Future study could calculate simulated full life cycle impacts of a battery and local VRE. 
Production data from simulation could be used to assess how much each unit produce and 
relate this estimates to emissions. Equivalent counterpart of life cycle impacts for grid 
electricity mix should be used to make a comparison. And further comparison should also 
be made to the life cycle impacts of peak hour generation, which the battery would replace. 
Finally, life cycle perspective should firmly assess also other impacts than global warming 
potential alone, as mining for minerals needed in batteries are known to cause severe local 
impacts. 

 

6.2.4 Power System and Batteries as Part of Energy System 

In this study, the power system has been considered alone, almost detached from the rest of 
the world. The aim has been to meet the load of a local community, holding the load 
constant into the future. Only in sensitivity analysis (Section 5.2.6) a slightly growing 
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deferrable load was simulated, to see effects of demand side measures to the system. But 
the future development in electricity might be closely integrated to energy. 

Lund (20007) considered converting Denmark into a 100% renewable energy system. He 
concluded that such a concise energy system needs flexibility in integrating three parts: 
renewable production, energy efficiency (enhancing energy in, energy out ratios) and 
energy savings (reducing demand). Integration will be the key in cutting primary energy 
dependence on fossil fuels. (Lund, 2007.) More recent visionaries on 100% renewable 
world model also storage as essential part of such a system. In Neo-carbon energy vision, 
created in the Lappeenranta University of Technology, excess electricity, produced by wind 
and solar, is used not just to make artificial carbon fuels for transportation sector, P2G and 
P2F (Neo-carbonenergy, 2016). In another model, created in the Stanford University, the 
energy generation is based on wind, hydro and solar, and hydrogen is used as a middleman 
to store energy generated as electricity into a storable and transportable form (Jacobson, 
2016).  

However, efficiency and savings will be an essential part in emission reductions. These 
measures have already decreased IEA member country emissions by 11% from 200 to 
2015. In bridging scenario broadly comprehended system level efficiency, (which 
corresponds to Lund’s efficiency and savings) will account for 49% of emission reductions 
from 2014 to 2030. These will be achieved with proven technologies and policies and by 
not sacrificing economic development. (IEA, 2016b, pp. 68-69) 

In the context of this study, other parts of the energy system than just electricity generation, 
have not been considered. This rises 4 questions to future research, on electrifying the 
transportation and heating, on developments of energy efficiency and savings, and on 
demand side management.  

Will the community increasingly electrify its transportation? If they will, could these loads 
be smartly timed into the system (to primarily use times of excess electricity). And further, 
would V2G integration of EV batteries to the grid be sensible and profitable? Could they 
deliver the same time shifting service as stationary utility-scale batteries? 

What is the development of space heating? Will it be increasingly electrified or will energy 
be provided increasingly by other means, biomass combustion for instance? Assumptions 
made on this impact the resulting electricity demand. Not only in aggregate level but also 
on the structure and timing of the demand. 

How would optimal designs and decisions change if energy efficiency and energy saving 
measures will take place in the future? By integrating demand side research, assumptions 
on the quantity and characteristics of future load could be made. To some extent, these 
assumptions could be incorporated into the simulation model used by annually decreasing 
the load. But perhaps a more sophisticated simulation model could achieve more exact 
results by for example integrating energy efficiency and technological progress into the 
model. 

Will demand side measures be a substitute or complement to batteries and energy storing? 
In theory, time shifting service could be delivered (to some extent at least) by shifting the 
production or shifting the load. In practice, demand side measures are being tested by time 
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shifting heating or time shifting hot water heating. In national policy level, the importance 
of flexible demand and demand side management are being stressed and examined 
(MEAE, 2017). Future research study could model these demand side measures in time and 
quantity. By using the simulation tool used in this study, a deferrable load could be used to 
simulate these measures. 
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7 Conclusions 
This study first assessed the future investment cost of utility-scale Li-ion batteries and the 
future levelized cost of storage. Future investment cost was used as one input in to simulate 
different alternative power generation designs in meeting the load of a municipal area in 
northern Finland. Batteries ability in providing time shifting service was demonstrated. A 
clear NPC minimizing design was found. The batteries’ impact on NPC and CO2 was 
evaluated carrying out comparing simulations results data from various alternative system 
designs. Then, this data on NPC and CO2 emissions was used in multi-criteria decision 
analysis to select preferred alternative in respect to criteria representing local interests and 
preferences, and to analyse the impact of different weighting frameworks to the identified 
criteria. 

Li-ion batteries are a developing fast. Their energy density is rising, their costs are falling 
and their cumulative installed capacity increasing at a tremendous pace. Experience curve 
analysis conducted suggests that both investment price and the levelized cost of storage 
will be halving by 2030 to levels of 172EUR/kWh and 0,2 EUR/kWh, respectively. The 
fastest scenario considered suggests halving already by 2024. It is still slower than seen in 
the past: between 2011 and 2016 capacity has quadrupled and the price more than halved, 
with increasing pace. 

The current situation, using only grid electricity was found to be clearly the NPC 
minimizing alternative for all areas simulated. However, none of the sites considered is 
ideal for wind or solar generation. Capacity factors for solar were slightly below 15% and 
for the wind 9-19%. Optimizing site selection was not in scope of the study. 

Batteries ability in providing time shifting service was tested by examining the 
performance of a simulated system with 30% variable renewable penetration. Batteries 
proved to be capable of serving the load for few hours, when weather was not favourable 
for the renewables. The timing of battery discharge was regarding peak loads quite 
successful, but could be enhanced with increased smartness in controlling the system to 
better seize available arbitrage. 

To assess the impacts of battery on NPC and CO2 emissions, pairwise comparison of 
functioning of similar simulated systems, one with and one without a battery was done. 
These simulations were conducted for different areas, different renewable penetration, 
different discount rates and with different assumptions on battery characteristics. To sum 
up, batteries slightly increased the NPC but decreased the CO2 emitted (both by 1-2%). 
Results were most sensitive on assumptions on local distribution, its price and losses 
because of it. Regarding the battery, depth of discharge and current investment price were 
found to cause the most variation from reference simulations. The fast decline in the future 



114 

investment price, suggested earlier, further increases the uncertainty on the exact NPC 
estimate of system with a battery. 

Different objectives and preferences regarding local renewable power generation schemes 
were identified form literature. Based on these four criteria – NPC, CO2 emissions, local 
yearly generation and landscape impact – were used in multi-criteria decision analysis. 
Four alternatives, which represent different battery development to aid local renewable 
generation were considered: grid only (current system), net self-sufficiency (NSS), 30% 
local renewable and 30% local renewable with battery. Data for the alternatives in respect 
to 3 first mentioned criteria were obtained from simulation results. The fourth one was 
constructed to assess the value of lands to be sacrificed in the minds of the locals. 

Decision maker was the local municipal council (representing the best interest of the 
locals). Different frameworks were constructed to see impact of differently weighted 
criteria. It was shown that a framework putting the highest weight (50%) to NPC criterion, 
would still rank the grid alternative last. But contrarily, a framework with only 10% weight 
for NPC criterion ranked the grid alternative first. These rather surprising results 
demonstrate that the decision is highly sensible for correct weighting of the criteria. The 
results also highlight that the importance of judging more criteria than the price alone. The 
NPC optimizing decision was clear and straightforward: the grid electricity would be 
preferred. But introducing other additional criteria, even with lighter weight than the NPC, 
might change the optimal decision. Even at a site, which is far from optimal for solar or 
wind production. 

Discussion chapter raised two important issues regarding expansion in global battery 
capacity. First, the projected demand growth for lithium is so tremendous that the current 
reserves are not able to cover the need for decades. So, new reserves must be found and 
exploited and/or recycling rate must increase. Second, when considering CO2 emissions 
and batteries, full life cycle impacts should be considered. The production phase of 
batteries is energy intensive leading to a calculated global warming potential of around 
100gCO2-eq/kWh stored (and consumed). 

Future research topics were shortly suggested and discussed. First, better site selection for 
the variable renewable generation would enhance capacity factors and help to make most 
out of the equipment invested in, probably decreasing the NPC as well. Second, the 
modelling and system design could consider directly the costs and impacts of local 
distribution to get better evaluation how the local generation could meet the load and at 
what cost. Third, prospects of supplementary products for batteries, things capable of 
providing the same time shifting service could be considered and compared to batteries. 
Supplementary products include increased transmission capacity, demand side 
management and non-intermittent local renewable technologies as well as other forms of 
storage: pumped-hydro, flow batteries and technological developments in Li-ion 
technology. Fourth, a comparison of full life cycle impacts of simulated Li-ion battery use 
could be compared to life cycle impacts of grid sourced electricity or to life cycle impacts 
of the electricity batteries are replacing. Fifth, methods to evaluate (frameworks) for more 
accurate and more describing weighting for MCDA criteria could enhance the usability and 
the applicability of the results. Sixth, integrating electricity market analysis and energy 
market analysis and consideration of future developments in the load, could better model 
probable future use for increased low operating cost electricity available. Artificial 
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intelligence could be used to balance fluctuations in VRE electricity generation, e.g. by 
generating energy for transportation sector. Energy efficiency measures might decrease the 
overall (and timing of the) load. 

To conclude, for the areas considered, batteries are a viable and well-functioning option for 
time shifting: making variable renewable generation better to match the load. Adding them 
to a system, which at least partly consists of variable renewable generation, provides minor 
savings in CO2 emissions. Currently the adding increases the costs mildly, if the renewable 
penetration is not very high. But cost is declining fast.  
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Appendix A: Input Summary of the 
simulation inputs 
 
Project Location  
Input Summary  

Project title 

Master Thesis Posio 
 

Author 

Tero Heinonen 
 

Notes 

Grid prices hour-by-hour, norpool spot + distribution price, max. sales capacity 13,000kW 
 

Project Location  

Location Unnamed Road, 97815 Posio, Finland 

Latitude 66 degrees 16.81 minutes North 

Longitude 27 degrees 30.09 minutes East 

Time zone Europe/Helsinki 

Load: Electric1  

Data source Synthetic 

Daily noise 10% 

Hourly noise 20% 

Scaled annual average 104,110.000 kWh/d 

Scaled peak load 13,360.9964 kW 

Load factor 0.3247 

Microgrid Controller: HOMER Load Following  
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Quantity Capital Replacement O&M 

1 €0.00 €0.00 €0.00 

Minimization strategy Economic 

Allow multiple generators to operate simultaneously Yes 

Allow systems with generator capacity less than peak load Yes 

Allow diesel off operation Yes 

PV:Generic flat plate PV  

Size 

1KW 

Capital 

2,000 

Replacement 

1,700 

O&M 

26.00 

Lifetime 25 yr 

Derating factor 80% 

Tracking system Two Axis 

Slope 66.280 deg 

Azimuth 0.000 deg 

Ground reflectance 20.0% 

Efficiency 17% 

Consider temperature effects Yes 

Solar Resource  

Scaled annual average 2.36 kWh/m2/d 

; Wind Turbine:Leitwind 80 1650kW  

Quantity Capital Replacement O&M 

1 €2,310,000.00 €1,540,000.00 €56,100.00 

Wind Resource & turbine  

Scaled annual average 3.88 

Availability losses 5% 



129 

Hub height 65m 

Lifetime 20 years 

Surface roughness lenght 1.4 

Weibull K 2 

1 hr. autocorrelation factor 0.85 

Diurnal pattern strength 0.25 

Hour of peak windspeed 15 

; Fuel: Natural Gas  

Price € 0.40/m³ 

Lower heating value 45.0 MJ/kg 

Density 0.79 kg/m3 

Carbon content 67.0% 

Sulfur content 0.0% 

Fuel: Diesel  

Price € 1.00/L 

Lower heating value 43.2 MJ/kg 

Density 820.00 kg/m3 

Carbon content 88.0% 

Sulfur content 0.4% 

Battery:NEC DSS 510kWh 1108kW Tero  

Quantity Capital Replacement O&M 

1 €174,420.00 €87,720.00 €510.00 

Round-trip efficiency 95% 

Minnimum state of charge 30% 

Maximum lifetime throughput 1,020,000 kWh 
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Maximum lifetime 12 years 

Converter  

Size Capital Replacement O&M 

1.00 €500.00 €500.00 €100.00 

Sizes to consider 100,0 kW 

Lifetime 15 yr 

Inverter can parallel with AC generator Yes 

Economics  

Annual real interest rate 6% 

Project lifetime 25 yr 

Capacity shortage penalty €0/kWh 

System fixed capital cost 0 

System fixed O&M cost 0 

System control  

Timestep length in minutes 60 

Multi-Year enabled No 

Allow systems with multiple generators Yes 

Allow systems with multiple wind turbine types Yes 

Battery autonomy threshold 12 

Maximum renewable penetration threshold 55 

Warn about renewable penetration Yes 

Optimizer  

Maximum simulations 10000 

System design precision 0.01 

NPC precision 0.01 
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Minimum spacing 0 

Focus factor 2.5984344225229 

Optimize category winners Yes 

Use base case No 

Emissions  

Carbon dioxide penalty € 0/t 

Carbon monoxide penalty € 0/t 

Unburned hydrocarbons penalty € 0/t 

Particulate matter penalty € 0/t 

Sulfur dioxide penalty € 0/t 

Nitrogen oxides penalty € 0/t 

Constraints  

Maximum annual capacity shortage 5 

Minimum renewable fraction 30 

Operating reserve as percentage of hourly load 0 

Operating reserve as percentage of peak load 0 

Operating reserve as percentage of solar power output 0 

Operating reserve as percentage of wind power output 0 

 

Based on HOMER Pro input report. HOMER Energy, LLC © 2018 
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Appendix B: Simulation Sensitivity 
analysis  
 

standard assumptions: 2000 cycles, 30% DoD, replacement 172 EUR/kWh, investment cost 342 

EUR/kWh, o&m 1EUR/kWh capacity, 95% efficiency, 92% converter efficiency, converter o&m cost 

100e/year/kW  
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T
 

RESULT VALUES 

RESULT DIVIDED BY 

STANDARD 

ASSUMPTION VALUE 

OF THE 

CORRESPONDING 

COLUMN AND 

DISCOUNT RATE        

(1 means no change) 

INCREASE FROM THE GRID 

ALTERNATIVE UNDER SAME 

ASSUMPITONS. 

    POSIO POSIO POSIO 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

 s
ta

n
d

a
rd

  

grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 113 176 1.00 1.00 1.00 1.00 0.0% 11.0% 13.0% 76.0% 

  CO2  tons/year 3940 2804 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.5 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.6% 106.5% 

CO2  tons/year 3940 2804 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.7 137 1.00 1.00 1.00 1.00 0.0% 28.1% 32.0% 142.0% 

  CO2  tons/year 3940 2804 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 113 176 1.00 1.00 1.00 1.00 0.0% 11.0% 13.0% 76.0% 

  CO2  tons/year 3940 2798 2761 1186 1.00 1.00 1.00 1.01 0.0% -29.0% -29.9% -69.9% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 
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wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.5 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.6% 106.5% 

CO2  tons/year 3940 2803 2762 1186 1.00 1.00 1.00 1.01 0.0% -28.9% -29.9% -69.9% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.7 137 1.00 1.00 1.00 1.00 0.0% 28.1% 32.0% 142.0% 

  CO2  tons/year 3940 2805 2761 1186 1.00 1.00 1.00 1.01 0.0% -28.8% -29.9% -69.9% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 112 174 1.00 1.00 0.99 0.99 0.0% 11.0% 12.0% 74.0% 

  CO2  tons/year 3940 2798 2761 1177 1.00 1.00 1.00 1.01 0.0% -29.0% -29.9% -70.1% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.2 151 1.00 1.00 1.00 0.99 0.0% 18.9% 21.2% 105.2% 

CO2  tons/year 3940 2803 2761 1177 1.00 1.00 1.00 1.01 0.0% -28.9% -29.9% -70.1% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.5 137 1.00 1.00 1.00 1.00 0.0% 28.1% 31.6% 142.0% 

  CO2  tons/year 3940 2805 2761 1177 1.00 1.00 1.00 1.01 0.0% -28.8% -29.9% -70.1% 

b
a

tt
e

ry
 r

e
p

la
ce

m
e

n
t 

e
x

p
e

n
si

v
e

 2
5

2
 E

U
R

/k
W

h
 

grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 113 178 1.00 1.00 1.00 1.01 0.0% 11.0% 13.0% 78.0% 

  CO2  tons/year 3940 2798 2760 1169 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 90 154 1.00 1.00 1.01 1.01 0.0% 18.9% 22.3% 109.2% 

CO2  tons/year 3940 2803 2760 1169 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 75 139 1.00 1.00 1.00 1.01 0.0% 28.1% 32.5% 145.6% 

  CO2  tons/year 3940 2805 2760 1169 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 

D
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%
 

grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 
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wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 112 175 1.00 1.00 0.99 0.99 0.0% 11.0% 12.0% 75.0% 

  CO2  tons/year 3940 2798 2759 1078 1.00 1.00 1.00 0.92 0.0% -29.0% -30.0% -72.6% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.1 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.1% 106.5% 

CO2  tons/year 3940 2803 2759 1078 1.00 1.00 1.00 0.92 0.0% -28.9% -30.0% -72.6% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.4 137 1.00 1.00 1.00 1.00 0.0% 28.1% 31.4% 142.0% 

  CO2  tons/year 3940 2805 2760 1078 1.00 1.00 1.00 0.92 0.0% -28.8% -29.9% -72.6% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 111 171 1.00 1.00 0.98 0.97 0.0% 11.0% 11.0% 71.0% 

  CO2  tons/year 3940 2798 2760 1177 1.00 1.00 1.00 1.01 0.0% -29.0% -29.9% -70.1% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 88.4 148 1.00 1.00 0.99 0.97 0.0% 18.9% 20.1% 101.1% 

CO2  tons/year 3940 2803 2762 1177 1.00 1.00 1.00 1.01 0.0% -28.9% -29.9% -70.1% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 73.7 133 1.00 1.00 0.99 0.97 0.0% 28.1% 30.2% 135.0% 

  CO2  tons/year 3940 2805 2760 1177 1.00 1.00 1.00 1.01 0.0% -28.8% -29.9% -70.1% 
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higher battery 

investment price: 

427,5 EUR/kWh 

(125% of standard)         

grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 114 180 1.00 1.00 1.01 1.02 0.0% 11.0% 14.0% 80.0% 

  CO2  tons/year 3940 2798 2760 1169 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 
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NPC 73.6 87.5 90.6 157 1.00 1.00 1.01 1.03 0.0% 18.9% 23.1% 113.3% 

CO2  tons/year 3940 2803 2760 1169 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 75.8 142 1.00 1.00 1.01 1.04 0.0% 28.1% 33.9% 150.9% 

  CO2  tons/year 3940 2805 2760 1169 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 112 175 1.00 1.00 0.99 0.99 0.0% 11.0% 12.0% 75.0% 

  CO2  tons/year 3940 2798 2762 1165 1.00 1.00 1.00 0.99 0.0% -29.0% -29.9% -70.4% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.5 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.6% 106.5% 

CO2  tons/year 3940 2803 2762 1165 1.00 1.00 1.00 0.99 0.0% -28.9% -29.9% -70.4% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.7 137 1.00 1.00 1.00 1.00 0.0% 28.1% 32.0% 142.0% 

  CO2  tons/year 3940 2805 2762 1165 1.00 1.00 1.00 0.99 0.0% -28.8% -29.9% -70.4% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 114 176 1.00 1.00 1.01 1.00 0.0% 11.0% 14.0% 76.0% 

  CO2  tons/year 3940 2798 2769 1181 1.00 1.00 1.00 1.01 0.0% -29.0% -29.7% -70.0% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 91 153 1.00 1.00 1.02 1.01 0.0% 18.9% 23.6% 107.9% 

CO2  tons/year 3940 2803 2769 1181 1.00 1.00 1.00 1.01 0.0% -28.9% -29.7% -70.0% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 75.9 138 1.00 1.00 1.02 1.01 0.0% 28.1% 34.1% 143.8% 

  CO2  tons/year 3940 2805 2764 1181 1.00 1.00 1.00 1.01 0.0% -28.8% -29.8% -70.0% 
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30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 
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3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 112 175 1.00 1.00 0.99 0.99 0.0% 11.0% 12.0% 75.0% 

  CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.5 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.6% 106.5% 

CO2  tons/year 3940 2803 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.7 137 1.00 1.00 1.00 1.00 0.0% 28.1% 32.0% 142.0% 

  CO2  tons/year 3940 2805 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.9% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 113 176 1.00 1.00 1.00 1.00 0.0% 11.0% 13.0% 76.0% 

  CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.7 153 1.00 1.00 1.00 1.01 0.0% 18.9% 21.9% 107.9% 

CO2  tons/year 3940 2803 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.8 138 1.00 1.00 1.00 1.01 0.0% 28.1% 32.2% 143.8% 

  CO2  tons/year 3940 2805 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6.5 16.5   1 1.08 1 0 6.5 6.5 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 112 114 177 1.00 1.01 1.01 1.01 0.0% 12.0% 14.0% 77.0% 

  CO2  tons/year 3940 2803 2761 1214 1.00 1.00 1.00 1.04 0.0% -28.9% -29.9% -69.2% 

6% PV capacity MW 0 6.5 6.5 16.5   1.08 1.08 1 0 6.5 6.5 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 88.5 90.6 154 1.00 1.01 1.01 1.01 0.0% 20.2% 23.1% 109.2% 
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CO2  tons/year 3940 2801 2761 1214 1.00 1.00 1.00 1.04 0.0% -28.9% -29.9% -69.2% 

9% PV capacity MW 0 6.5 6 16.5   1.08 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 73.4 75.6 138 1.00 1.01 1.01 1.01 0.0% 29.7% 33.6% 143.8% 

  CO2  tons/year 3940 2805 2764 1214 1.00 1.00 1.00 1.04 0.0% -28.8% -29.8% -69.2% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6 6 16.5   0.92 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 110 112 174 1.00 0.99 0.99 0.99 0.0% 10.0% 12.0% 74.0% 

  CO2  tons/year 3940 2800 2758 1145 1.00 1.00 1.00 0.98 0.0% -28.9% -30.0% -70.9% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 86.9 89 152 1.00 0.99 0.99 1.00 0.0% 18.1% 20.9% 106.5% 

CO2  tons/year 3940 2800 2763 1145 1.00 1.00 1.00 0.98 0.0% -28.9% -29.9% -70.9% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.1 74.1 137 1.00 0.99 0.99 1.00 0.0% 27.4% 30.9% 142.0% 

  CO2  tons/year 3940 2800 2762 1145 1.00 1.00 1.00 0.98 0.0% -28.9% -29.9% -70.9% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6.5 16.5   1 1.08 1 0 6.5 6.5 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 118 118 200 1.00 1.06 1.04 1.14 0.0% 18.0% 18.0% 100.0% 

  CO2  tons/year 3940 2798 2759 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -30.0% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 92.9 93.9 170 1.00 1.06 1.05 1.12 0.0% 26.2% 27.6% 131.0% 

CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 76.8 78.1 151 1.00 1.06 1.05 1.10 0.0% 35.7% 38.0% 166.8% 

  CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 
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30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6 6 16.5   0.92 1 1 0 6 6 16.5 
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wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 107 110 163 1.00 0.96 0.97 0.93 0.0% 7.0% 10.0% 63.0% 

  CO2  tons/year 3940 2798 2754 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -30.1% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 84.7 87.3 144 1.00 0.97 0.98 0.95 0.0% 15.1% 18.6% 95.7% 

CO2  tons/year 3940 2803 2757 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -30.0% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 70.3 73 131 1.00 0.97 0.98 0.96 0.0% 24.2% 29.0% 131.4% 

  CO2  tons/year 3940 2805 2761 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6 6 16.5   0.92 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 85.7 95.7 97.4 153 0.86 0.86 0.86 0.87 0.0% 11.7% 13.7% 78.5% 

  CO2  tons/year 3940 2803 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 66.1 79.4 81.3 140 0.90 0.91 0.91 0.92 0.0% 20.1% 23.0% 111.8% 

CO2  tons/year 3940 2803 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 52.9 68 70.2 130 0.93 0.94 0.94 0.95 0.0% 28.5% 32.7% 145.7% 

  CO2  tons/year 3940 2805 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 124 126 194 1.00 1.12 1.12 1.10 0.0% 24.0% 26.0% 94.0% 

  CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 94 96 162 1.00 1.07 1.07 1.07 0.0% 27.7% 30.4% 120.1% 

CO2  tons/year 3940 2803 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 
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9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 75.7 77.9 142 1.00 1.04 1.04 1.04 0.0% 33.7% 37.6% 150.9% 

  CO2  tons/year 3940 2805 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 11 112 176 1.00 0.10 0.99 1.00 0.0% -89.0% 12.0% 76.0% 

  CO2  tons/year 3940 2798 2762 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.5 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.6% 106.5% 

CO2  tons/year 3940 2803 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.7 137 1.00 1.00 1.00 1.00 0.0% 28.1% 32.0% 142.0% 

  CO2  tons/year 3940 2805 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 
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grid 

30 

ren 

30 

bat NSS grid 

30 

ren 

30 

bat NSS grid 30 ren 30 bat NSS 

3% PV capacity MW 0 6.5 6 16.5   1 1 1 0 6.5 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC (million) 100 111 112 175 1.00 1.00 0.99 0.99 0.0% 11.0% 12.0% 75.0% 

  CO2  tons/year 3940 2798 2760 1171 1.00 1.00 1.00 1.00 0.0% -29.0% -29.9% -70.3% 

6% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 73.6 87.5 89.2 152 1.00 1.00 1.00 1.00 0.0% 18.9% 21.2% 106.5% 

CO2  tons/year 3940 2803 2762 1171 1.00 1.00 1.00 1.00 0.0% -28.9% -29.9% -70.3% 

9% PV capacity MW 0 6 6 16.5   1 1 1 0 6 6 16.5 

wind turbines 0 4 4 16   1 1 1 0 4 4 16 

battery cap. MWh 0 0 10 41     1 1 0 0 10 41 

NPC 56.6 72.5 74.5 137 1.00 1.00 1.00 1.00 0.0% 28.1% 31.6% 142.0% 

  CO2  tons/year 3940 2805 2760 1171 1.00 1.00 1.00 1.00 0.0% -28.8% -29.9% -70.3% 

 


