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A B S T R A C T

The present study investigates the role of wind speed and solar irradiation on the cost of medium-sized energy 
systems under weather conditions characterised by long winters and summers with extended sunlight hours. The 
study models and optimises different configurations of off-grid hybrid energy systems for 100 persons for con
ditions of 20 different cities, using hourly input data of solar irradiation, ambient temperature, and wind speed. 
In total, more than 500,000 data points are used in the multi-variable optimisation. In these cities, the average 
(throughout the year) wind speed varies between 2.32 and 7.23 m/s, and the solar irradiation varies from 1.94 to 
3.61 kWh/m2/day. The winters for the investigated cities are long (several months), with solar irradiation less 
than 0.5 kWh/m2/day. The optimised systems consist of small-scale wind energy, solar energy, batteries, and 
biodiesel generators as backup energy. For the optimised systems with wind energy, the results show that the 
levelized costs range between 0.16 and 0.48 $/kWh. For the optimised systems without wind energy, the cost 
ranges from 0.44 to 0.63 $/kWh. These results give new insight into when additional energy sources may be 
needed in medium-sized energy systems. Finally, a sensitivity analysis shows that even small-scale off-grid 
systems without wind energy may soon be a viable option for reaching competitive energy prices with existing 
technologies.

Introduction

Globally, 46 % of power capacity installation is today related to 
renewable energy [1], although fossil fuels (coal, natural gas, and oil) 
still account for around 80 percent of the world’s primary energy con
sumption. The Nordic countries (Finland, Sweden, Norway, Denmark, 
Iceland, and the Faroe Islands) have high ambitions to reach carbon 
neutrality [2,3]. The electricity production methods vary among the 
Nordic region and are mostly based on renewable energy resources. The 
highest shares of electricity generation methods were 54 % with wind 
energy in Denmark, 35.1 % with nuclear energy in Finland, 88.1 % with 
hydro energy in Norway, 40.6 % with hydropower in Iceland, 40.6 % 
with hydro energy in Sweden in 2022, and around 47.8 % of electricity 
demand based on wind energy in the Faroe Islands in 2023 [4,5]. The 
high use of wind energy in these countries today would not be possible 
without the presence of hydropower, supporting the electricity supply 
during wind-free days. The electricity market in Denmark, Sweden, and 
Norway is based on small zonal prices (five zones in Norway, four in 

Sweden, two in Denmark, and one in Finland), influencing the flexibility 
and system costs for energy transition [6,7]. This part of the world 
enjoys long, bright summer days with 20 to 30 times higher solar energy 
than in the wintertime, which could be utilised to satisfy electricity and 
heating demand when it is combined with appropriate energy storage 
units, especially at more cost-effective prices on larger scales [8,9]. 
However, solar energy in this area has become less common than in 
other parts of Europe, partly explained by less sun during the winter 
[10]. Furthermore, the Nordic regions take advantage of abundant wind 
energy with a newly installed capacity of nearly 5 GW in 2024 and a 
cumulative amount of almost 40 GW [11].

Despite the European Climate Law to attain climate neutrality in the 
long term by 2050 [12], Nordic countries have a high ambition of 
achieving this target by 2030 in Norway, by 2035 in Finland, by 2040 in 
Iceland, by 2045 in Sweden and by 2050 in Denmark [13]. This is while 
the Nordics face harsh climatic conditions with low solar radiation and 
high-energy-demanding industries [14]. Nordics, as a pioneer in clean 
energy and net-zero emissions achievement, has developed various 
projects to facilitate this pathway, such as Nordic hydrogen valleys as 
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energy hubs, the clean energy transition partnership, the Nordic energy 
research mobility, Nordic energy systems, Nordic maritime transport 
and energy research, bioenergy value chain programs, green transition 
initiative, and so on [15]. Policies and regulations have been updated 
over time by various countries and the European Union, such as the 
carbon border adjustment mechanism [16], European green deal, 
Environment action program to 2030, REPowerEU, Clean industrial 
deal, Fit for 55, EU emissions trading system, and net-zero industry act 
to accelerate this transition by adopting clean energy sources while 
steadily eliminating fossil fuels to satisfy the minimum 55 % decrease in 
greenhouse gas emissions as the intermediate goal by 2030, compared to 
its value in 1990 [17,18].

Wind and solar energy play a crucial role in the green energy tran
sition. The high amount of variable wind energy necessitates balancing 
power at various time scales, such as different storage systems or other 
resources coupling to overcome the mismatch between supply and de
mand, as the wind energy follows quite the same pattern in this region 
and the uncertainty in forecasting [19,20]. One study in Nordic condi
tions showed that integrating wind energy into solar energy systems 
could reduce the life cycle cost by as much as 32 % [21]. Norway 
installed the most onshore wind energy capacity in 2020, while Sweden 
achieved the first position in 2021 in Europe and together with Finland 
in 2022 in the Nordic region [22]. It was shown that small wind turbines 

can generate more power than PV annually in Poland; however, large- 
scale wind turbines generate electricity at a lower price, thanks to the 
economies of scale. Today, with capacity factors as low as 20 %, small- 
scale wind turbines can be cost-competitive [23]. Despite various studies 
on wind energy and techno-economic assessment, there is still a need for 
further and in-depth investigation in specific contexts [24]. Although 
solar panels receive a larger amount of reflected irradiation as a result of 
the albedo effect in snow-covered surroundings and achieve better ef
ficiency at lower temperatures, the soiling impact, together with the 
dark winter days and rapid weather changes, could impose a major issue 
during the wintertime. Cloudy and snowy days also influence the 
mismatch between supply and demand [25]. It has, however, been 
shown that it is possible to supply the whole energy demand of buildings 
under the Nordic climatic conditions to achieve a net-zero or even 
positive energy building by having better energy-efficient buildings. 
Further, this energy supply should be integrated with harvesting or 
importing additional renewable energy, such as taking advantage of 
wind turbines, which also leads to the supply and demand matching 
improvement, as well as more photovoltaic thermal panels than what is 
available on rooftops in buildings [26].

To further accelerate renewable energy adoption, several different 
strategies could be used. One alternative could be to incentivise the 
implementation of hybrid renewable energy systems (HRESs). Off-grid 

Nomenclature

Abbreviations
AC Alternative current
BT Battery
CAPEX Capital expenditure
CC Cycle charging
DC Direct current
DG Diesel generator
DOD Depth of discharge
EU European Union
Fingrid Finland’s transmission system operator
HOMER Hybrid optimisation of multiple energy resources
HRES Hybrid renewable energy systems
LCOE Levelized component cost of energy
LF Load following
NOCT Nominal operating cell temperature
NPC Net present cost
OPEX Operating expense
PV Photovoltaics
SOC State of charge
WT Wind turbines

Parameters
Ai Anisotropy index
B (0.00650 K/m) Lapse rate
Cannualised ($) Annualised component cost
c Storage capacity ratio
fd (%) Derating factor
g (9.81 m/s2) Gravitational acceleration
Gb (k W/m2) Beam radiation
Gd (k W/m2) Diffuse radiation
G(T,STD) (1000 W/m2) Incident radiation at standard conditions
GT (W/m2) Actual global solar radiation incident
GNOCT (0.8 kW/m2) Solar irradiation at NOCT
hhub (m) Wind turbine hub height
Imax (A) Maximum charging current
N Number of each component
n (year) Project lifetime

P(cmax,KiBaM) (W) Maximum capacity based on the Kinetic battery 
model

P(cmax,MCC) (W) Maximum charge power based on the maximum 
charging current

P(cmax,MCR) (W) Maximum capacity based on the maximum charging 
rate

P(dmax,KiBaM) (W) Maximum discharging power
P(WT,STP) (W) Wind turbine power output
Ppv (W) PV energy output
Prt (W) PV output at the standard conditions
PWT (W) Actual WT-generated power
Qmax (kWh) Maximum capacity of the battery
R (287 J/kg/K) Gas constant
r (%) Real discount rate
T (K) Actual temperature
T0 (288.16 K) Standard temperature
Uhub (m/s) Wind speed at the hub height
Uref (m/s) Wind speed at the reference point
Vnom (V) Nominal voltage of the battery
z (m) Altitude
Z0 (m) Surface roughness length

Greek symbols
αc (A/(Ah)) Battery maximum charge rate
αt (%/◦C) Power temperature coefficient
β (◦) Surface slope
ηmp,STD (%) Maximum power efficiency under standard conditions
ηcbattery (%) Battery charge efficiency
ηdbattery (%) Battery discharge efficiency
ηinv (%) Inverter efficiency
ηrect (%) Rectifier efficiency
ηroundtrip (%) Round-trip battery efficiency
θα,NOCT (20 ◦C) Ambient temperature at NOCT
θc (◦C) Actual temperature
θSTD (25 ◦C) Standard temperature
θz (◦) Zenith angle
ρ (kg/m3) Ambient density
ρg (%) Ground reflection (albedo)
ρ0 (kg/m3) Air density at the standard condition
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HRES could support energy supply in remote areas, but also offers more 
stable energy prices. Further, partly or fully relying on HRES also pro
vides de-risking from a cybersecurity point of view. However, research is 
scarce on the specific role of wind speed and solar irradiation on the cost 
of HRES under challenging weather conditions, such as those in the 
Nordic countries. The price of green technologies has experienced a 
significant decrease over the past few years (35 % in solar panels and 54 
% in lithium iron phosphate in 2024 [27]). It is also supposed to reduce 
up to 11 % in 2025 and its levelized cost of electricity up to almost 50 % 
by 2035 [28], which requires updated research in this field. The energy 
technology prices have reduced dramatically, as well as the feasibility 
and configurations of HRES have changed, which motivates the opti
misation and modelling of new systems.

The present study investigates the role of wind speed and solar 
irradiation on the cost of medium-sized energy systems under weather 
conditions characterised by long winters and summers with extended 
sunlight hours. The study models and optimises off-grid hybrid energy 
systems for 100 persons for conditions of 20 different cities in Nordic 
countries, using hourly input data of solar irradiation, ambient tem
perature, and wind speed (in total, more than 500,000 data points are 
used in the optimisation). To our knowledge, these kinds of results have 
not been demonstrated earlier for such challenging weather conditions. 
In these cities, the average (throughout the year) wind speed varies 
between 4.5 and 9.8 m/s, and the solar irradiation varies from 2.1 to 3.1 
kWh/m2/day. The winters for the investigated cities are long (several 
months), with solar irradiation less than 0.5 kWh/m2/day.

Methodology

Following the previous works to address the earth-air heat exchanger 
[29] and hydrogen integration [30] into the HRES, here, a hybrid 
renewable energy system, comprising wind turbines (WT), solar panels 
or photovoltaics (PV), chemical battery energy storage (BT), inverter, 
and backup biodiesel generator as a supportive supply, is studied in 20 
cities of Northern Europe in the direction of obtaining the most cost- 
effective energy supply configuration based on the techno-economic 
assessment. The analysis is performed based on the hourly data and 
optimisation in HOMER [31], which has been validated and discussed in 
the earlier study [32].

Various simulation software has been used to simulate and optimise 
energy systems such as HYBRID2, HOMER, RETScreen, iHOGA, 
TRNSYS, INSEL, SOLSIM37, and ARES [33,34], among which HOMER 
(Hybrid Optimisation Model for Multiple Energy Resources) is exten
sively used to investigate HRESs with the appropriate database and 
flexibility [35]. This software is appropriate for HRES sizing, which is 
provided by the National Renewable Energy Laboratory (NREL) and 
optimises the NPC based on the hourly assessment. However, various 
tools could be integrated and used together to enhance the capabilities 
and functionalities [36]. HOMER Pro also provides detailed results with 
vigorous simulation and modelling, although modelling details remain 
to be discovered [37].

For each city, the hourly data of solar irradiation, wind speed and 
temperature are used together with hourly electricity consumption data. 
In order to enable a sounder comparison of the different systems, the 
electricity consumption is assumed to be the same as the average con
sumption in Finland in 2023. It should be noted that in every city (even 
in the same country), the average electricity consumption differs.

The cities are located in the five Nordic countries (Finland, Sweden, 
Norway, Denmark, and Iceland). The graphical overview of the 
considered HRES is illustrated in Fig. 1, where wind turbines and a 
biodiesel generator produce an alternating current (AC), and electrical 
demand requires AC, while solar panels and a chemical battery operate 
in direct current (DC).

Wind energy

Wind energy constituted 8.1 % of electricity generation worldwide in 
2024 [38]. The wind turbine output is affected by the wind speed and 
power curve, which is exclusive for each wind turbine, showing the wind 
turbine’s power output at a working range of wind speed. The wind 
turbine usually starts working at a certain wind speed called the cut-in 
speed. Then, its power output reaches the maximum amount called 
rated power at rated speed until it stops working again at cut-out speed 
due to safety. It is worth mentioning that the measured wind speed of 
Uref (m/s) varies at different heights, and it is important to calculate the 
wind speed of Uhub(m/s) at the hub height of hhub(m), which is influenced 
by the surface roughness length of Z0(m) [39]. 

Uhub = Uref *H(hhub) (1) 

H(hhub) =
ln(hhub/Z0)

ln(href/Z0)
(2) 

Although the wind turbine’s power output of PWT,STP(W) in the standard 
condition is obtained through the power curve provided by the manu
facturer, the actual generated power of PWT(W) is scaled in terms of the 
relationship between the standard, ρ0

(
kg/m3), and ambient density, 

ρ
(
kg/m3) [40]. 

PWT =

(
ρ
ρ0

)

PWT,STP (3) 

Assuming the linear temperature relationship, T = T0 − Bz, as well as 
considering the ideal gas formula, ρ = P/(RT), the ratio of air density 
can be obtained and the ratio of densities can be adjusted at the hub 
height based on the standard temperature, T0(288.16K), lapse rate, 
B(0.00650K/m), gas constant, R(287J/kg/K), gravitational accelera
tion, g(9.81m/s2), and altitude, z(m). 

ρ
ρ0

=
P
P0

T0

T
(4) 

P = P0

(

1 −
Bz
T0

)
(

g
RB

)

(5) 

ρ
ρ0

=

(

1 −
Bz
T0

) g
RB
(

T0

T0 − Bz

)

(6) 

Various wind turbines have been tried to select the one that delivers 
electricity at a low price. EO10 is a small wind turbine made by Eocycle 
that can be used in residential buildings and small communities, and 
reaches the rated power at a wind speed of 6.5 m/s (Table 1).

Fig. 1. Components of the investigated energy system (HRES).
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Solar photovoltaics (PV)

Solar energy is responsible for 6.9 % of the global electricity gener
ation mix in 2024 [38]. Taking advantage of solar PV, temperature 
inversely affects a solar panel’s efficiency and the produced energy, 
Ppv(W), which is a function of a derating factor, fd(%), standard tem
perature, θSTD (25 ◦C), power temperature coefficient, αt (%/◦C), inci
dent radiation at the standard condition, GT,STD(1000W/m2), actual 
global solar radiation incident, GT(W/m2), actual temperature, θc (◦C), 
and PV output at the standard condition, Prt(W) [41,42]. 

Ppv = Prtfd

(
GT

GT,STD

)

(1+αt(θc − θSTD) ) (7) 

The cell temperature in Kelvin is calculated at each time step as: 

θc =

θa +
(
θc,NOCT − θa,NOCT

)
(

GT
GT,Noct

)(

1 −
ηmp,STD(1− αt θSTC)

τα

)

1 +
(
θc,NOCT − θa,NOCT

)
(

GT
GT,NOCT

)(
αt ηmp,STD

τα

) (8) 

where, ηmp,STD(%) is the maximum efficiency point of power at the 
standard condition, τ(%) is solar transmittance, α(%) is the PV solar 
absorptance, θc,NOCT (◦C) is the nominal operating cell temperature 
(NOCT), GT,NOCT(0.8kW/m2) is the solar radiation at NOCT, and θa,NOCT 

(20 ◦C) is the ambient temperature at NOCT. The value of τα is proposed 
to be 0.9 by Duffie and Beckman [43].

The global horizontal irradiance (GHI), which is the total amount of 
radiation from the sun on the horizontal plate on the earth, is used at 
each time step to compute the PV power output. However, the PV sur
face is usually tilted, and the solar irradiation should be recalculated as 
below. 

GT =(Gb +GdAi)Rb +Gd(1 − Ai)

(
1 + cos(β)

2

)(

1+ fsin3
(

β
2

))

+Gρg

(
1 − cos(β)

2

) (9) 

Here, the surface slope is β( ◦

), albedo or reflection from the ground is 
ρg(%), the beam radiation is Gb(kW/m2), the diffuse radiation is 
Gd(kW/m2), the time-step average of GHI is G(kW/m2), the anisotropy 
index or the atmospheric beam radiation transmittance is Ai(= Gb/G0), 
and the beam ratio on the tilted and horizontal surface is Rb(=

cosθ/cosθz), where the zenith angle is θz(
◦

) and the time-step average of 
extra-terrestrial horizontal radiation G0(kW/m2).

Table 2 demonstrates the technical and economic properties of solar 
panels in the energy system. As can be seen, the temperature has an 
inverse effect on the PV efficiency. Moreover, it experiences less 
degradation in Nordic countries due to the colder weather conditions 
compared to the lower latitudes.

Biodiesel generator and converter

The converter consists of an inverter and rectifier, which can convert 
current between AC and DC. The output power scales with the efficiency 
of the inverter, ηinv(%), and rectifier, ηrect(%), and with more detail in 
Table 3.

Regarding a biodiesel generator and due to the intermittency of re
newables, the generator should be able to cover the whole demand 
independently. Therefore, a diesel generator, also functioning for bio
diesel, of 150 kW (Table 4) is selected in order to meet a 10 % higher 
load as safety than the peak demand, which is equal to 136.07 kW. 
Table 5 demonstrates the effect of generator size on the energy deficit in 
Trondheim, with the highest amount of biodiesel requirement. The 10 % 
larger generator could solely meet the electrical demand without any 
energy shortage, which is an important parameter for the stand-alone 
system. A 10 % higher capacity constraint is considered to overcome 
the fluctuation in energy demand.

Energy storage

A storage unit has been shown with various applications and benefits 
in the literature. Appropriate battery storage contributes to generating 
less emissions, lowering the electricity price and oscillations, facilitating 
grid connection, shifting loads, and improving energy security. 
Renewable energy is inherently intermittent and is essential to be inte
grated with other sources of energy or storage systems to constantly 
balance supply and demand. Covering the peak demand could be 
significantly expensive, and batteries are possible to be used to shave the 
peak demand and avoid costly oversized systems. Dispatch strategy 
identifies the energy stream, here, the electricity movement between 
various components in the energy system. Here, the study considers two 
dispatch methods for battery charging, namely load following, where 
only a primary load is met by a biodiesel generator, and cycle charging, 
where all demands and batteries are supplied by a biodiesel generator 
[44]. At each step, the available energy, as well as demand and loss, are 
calculated to decide whether to charge or discharge the storage units if 
any surplus electricity is available (Echarge,discharge ≥ 0). 

Eavailable = Epv + Ewind + Enet (10) 

Table 1 
Wind turbine technical and economic details.

Wind turbine

Type Horizontal
Nominal capacity 10 kW
Rated wind speed 6.5 m/s
Hub height 16 m
Number of blades 3
Rotor diameter 15.81 m
Cut-in wind speed 2.75 m/s
Cut-out wind speed 20 m/s
Survival wind speed 52.5 m/s
Lifetime 20 years
Capital cost 2000 $/kW
Replacement cost 1800 $/kW
O&M cost 30 $/unit/year

Table 2 
PV techno-economic properties.

Solar panel

Type Flat plate
Model CS6X-325P
Manufacturer Canadian Solar
Technology Polycrystalline
Rated capacity 0.325 kW
Derating factor 88 %
Efficiency 16.94 %
Nominal operation cell temperature 45 ◦C
Temperature coefficient − 0.41 %/◦C
Lifetime 25 years
Capital cost 950 $/kW
Replacement cost 900 $/kW
O&M cost 10 $/kW/year

Table 3 
Converter data of HRES.

Converter

Rectifier efficiency 95 %
Inverter efficiency 95 %
Rectifier capacity 100 %
Lifetime 15 years
Capital cost 171 $/kW
Replacement cost 171 $/kW
O&M cost 4 $/kW/year
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Econsumption = Eload + Eloss,converter + Eloss,battery (11) 

Echarge,discharge = Eavailable − Econsumption (12) 

Finally, the maximum charging power is limited by three criteria, 
namely maximum charging current (Pcmax,MCC), maximum charging rate 
(Pcmax,MCR), and maximum capacity based on the kinetic battery model 
(Pcmax,KiBaM) as the storage unit cannot collect all the available energy in 
the system [45,46]. 

Pcmax,MCC =
NbatImaxVnom

1000
(13) 

Pcmax,KiBaM =
− kcQmax + kQ1e− kΔt + Qkc

(
1 − e− kΔt

)

1 − e− kΔt + c(kΔt − 1 + e− kΔt)
(14) 

Pcmax,MCR =
(1 − e− acΔt)(Qmax − Q)

Δt
(15) 

Pcmax =
Min

(
Pcmax,KiBaM, Pcmax,MCR,Pcmax,MCC

)

ηcbattery
(16) 

The kinetic battery model is also used to compute the maximum 
discharge power (Pdmax,KiBaM), indicating the ultimate amount that en
ergy could be delivered on an hourly basis considering the discharge 
energy loss of ηd [47]. 

Pdmax,KiBaM =
kQ1e− kΔt + Qkc

(
1 − e− kΔt

)

1 − e− kΔt + c(kΔt − 1 + e− kΔt)
ηdbattery (17) 

Then, the state of charge (SOC) can be calculated after each 
discharge or charge cycle as: 

SOC =
Ebattery,after

NbatteryVnomQmax
(18) 

SOC(t) at each time step is constrained between the maximum and 
minimum amount, with the latter one being computable through the 
percentage of depth of discharge (DOD) [48]. 

SOCmin ≤ SOC(t)≤ SOC max (19) 

SOCmin = 1 − DOD (20) 

Here, the battery energy before charge or discharge, the minimum 
available energy, and the net available energy in the batteries are ob
tained based on: 

Ebattery = NbatteryVnomQmax (21) 

Emin = EbatterySOCmin (22) 

ηbattery =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ηroundtrip

√
(23) 

Enet =
(
Ebattery − Emin

)
ηbattery (24) 

where, Qmax(kWh) is the maximum battery capacity, k
(

h− 1
)

is the 

storage rate constant, Δt(h) is the time step length, c is the storage ca
pacity ratio, Q1(kWh) is the available battery energy at the start of the 
time step, Q(kWh) is the total battery energy at the start of the time step, 
ηroundtrip is the round-trip efficiency of the battery, ac(A/(Ah)) is the 
maximum charge rate of the battery, Nbattery is the number of batteries, 
Vnom(V) is the nominal voltage of the battery, Imax(A) is the maximum 
charge current of the battery, ηcbattery and ηdbattery are the charge and 
discharge efficiency of the battery, respectively. The techno-economic 
specifications of the considered chemical batteries are mentioned in 
Table 6.

Rationale behind technology selection

The Canadian Solar CS6X-325P panel has a power tolerance of 
almost 5 W, which has durability in corrosive surroundings. It is suitable 
for not only residential but also industrial installations on the rooftop or 
as a ground-mounted system with a 25-year performance warranty for 
linear energy generation. Furthermore, it is appropriate in Nordics due 
to its acceptable functionality at a low amount of irradiance, with more 
than 95 % performance and could bear a high amount of load, such as 
snow [49]. Considering wind energy, various wind turbines have been 
tested to see which one leads to the highest power generation under the 
considered climatic conditions. Eocycle EO10 also has a large operating 
range with the cut-in and cut-out wind speeds of 2.75 and 20 m/s 
respectively, which is suitable for the Nordic regions, where wind speed 
varies significantly. Furthermore, the small wind turbine could be used 
in more local and residential places with the scalability possibilities.

Lithium-ion storage battery, where the cathode is made of lithium 
metal oxide, has a fast response time, low maintenance, environmental 
advantage, durability to heat, high energy density and round-trip effi
ciency, with a consistent power output and without a memory effect 
[50,51]. Li-ion battery has a long cycle life, reliability and calendar life 
but lower storage depletion, self-discharge rate, and loss compared to a 
lead-acid battery [52,53]. A biodiesel generator, as mentioned earlier, is 
selected to be able to deliver 10 % more energy than the peak demand 
without any energy shortage, considering also 10 % reserved capacity 

Table 4 
Biodiesel generator details in the study.

Diesel generator

Capacity 150 kW
Consumption 0.25 l/h/kW
Biodiesel price 2 $/l
Lifetime 90,000 h
Capital cost 175 $/kW
Replacement cost 175 $/kW
O&M cost 0.1 $/h

Table 5 
Biodiesel generator study and effect on the optimal system in Trondheim, 
Norway.

DG (kW) LCOE ($/kWh) Diesel (L) Capacity shortage (kWh/year)

137 0.478462 41,756 52.8
143 0.481538 51,951 13.3
150 0.484615 42,823 0
157 0.489231 42,781 0
165 0.489231 47,505 0

Table 6 
Battery techno-economic specification.

Storage battery

Manufacturer Saft
Technology Lithium-ion
Nominal capacity 55 kWh
Nominal voltage 720 V
Round-trip efficiency 97 %
Max charge current 82 A
Max discharge current 200 A
Initial charge 100 %
Capacity ration 0.927
Lifetime throughput 240 MWh
Lifetime 20 years
Maximum charge rate 1 A/Ah
Optimal depth of discharge 90 %
Cycle life (80 % DOD at 25 ◦C) 5250 cycles
Capital cost 180 $/kWh
Replacement cost 180 $/kWh
O&M cost 150 $/year
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for unpredictable fluctuations in energy demand. It is important to have 
a backup due to the intermittency of renewables and to increase the 
safety of HRES. It also helps to avoid oversizing and reduce the cost of 
the system in some cases, while it could pose an environmental burden 
in other cases, such as Norway, where more than 40 % of total energy 
and almost 90 % of electricity generation comes from hydropower [54].

Climatic condition

The hourly solar irradiation, wind speed, and ambient temperature 
for the investigated cities are obtained, and their annual average is 
summarised in Table 7. The highest average annual solar radiation, wind 
speed, and temperature are those of Copenhagen, Tórshavn, and Aarhus. 
On the other hand, the lowest amounts are those of Tórshavn, Trond
heim, and Nuuk, respectively. The climatic data at high resolution in 
2023 are extracted from the Finnish Meteorological Institute [55], 
Danish Meteorological Institute [56], Norwegian Centre for Climate 
Services [57], Photovoltaic Geographical Information System [58], 
Icelandic Meteorological Office [59], and NASA POWER [60].

Electrical load

Taking the electricity consumption data in Finland provided by 
Fingrid (Finland’s transmission system operator) [61] into account, the 
average hourly electricity consumption for 100 Finnish individuals is 
calculated based on the total electricity consumption, where the in
dustrial electricity is subtracted. Fig. 2 demonstrates the average hourly 
electricity consumption of 100 Finnish individuals in 2022. The annual 
electricity consumption is 782 MWh as an alternating current. The 
minimum electricity demand occurs in July, while the highest amount 
takes place in January.

Economic parameters

The most optimum system is ranked on the basis of the objective 
function, which is equal to the net present cost (NPC) [62]. Then, NPC is 
used to compute the levelized component cost of energy (LCOE), which 
is the electricity price per unit of consumed or served electricity. Here, 
LCOE ($/kWh) gives the cost of energy, considering the price of all the 
annualised components, which excludes other costs such as 

commissioning, tax, engineering, etc. The inflation (3 %) and nominal 
discount (4 %) with a project lifetime of 15 years are used to compute 
the annualised system cost and consequent LCOE. The annualised cost is 
obtained based on the net present cost and capital recovery factor 
[63,64]. It should be noted that the initial investment or CAPEX, as well 
as the operation and maintenance costs or OPEX, are calculated for all 
the components multiplied by the number of each (N). 

CAPEX = CAPEXWTNWT +CAPEXPVNPV +CAPEXBATNBAT +CAPEXInv.NInv.

(25) 

OPEX = OPEXWTNWT +OPEXPVNPV +OPEXBATNBAT +OPEXInv.NInv. (26) 

NPC =
∑n

i=1
r(CAPEX + OPEX + REPLACEMENT − SALVAGE) (27) 

Cannualised =
r(1 + r)n

(1 + r)n
− 1

NPC (28) 

Here, n(year) is the lifetime of a project, and r(%) is the real discount 
rate. The annual served energy of Eserved(kWh/year) is only the AC pri
mary load which is supplied by HRES. Therefore, the LCOE ($/kWh) is 
calculated as follows [65]. 

LCOE =
Cannualised

Eserved
(29) 

As can be noticed here, the costs of various components are consid
ered to compute LCOE despite the fact that a huge share of the energy 
price can be allocated to extra and soft costs in addition to hardware or 
component costs. These include engineering, permitting, infrastructure, 
regulatory, administrative, construction, services, losses, and installing 
or commissioning activities. This value varies for different sizes of 
microgrid, technology, and location [66]. Here, the share of soft costs is 
assumed to be 35 % of LCOE on average, which is considered in the 
energy price calculation [67–69].

Nordic countries are part of Nord Pool, where the electricity price is 
determined hourly in the day-ahead market. The electricity price is the 
same for the whole of Finland (FI), while it is divided into four price 
areas in Sweden (SE1: Luleå in the north, SE2: Sundsvall, SE3: Stock
holm, and SE4: Malmö in the south), two in Denmark (DK1: Western 
Denmark and DK2: Eastern Denmark), and five bidding zones in Norway 
(NO1: Eastern Norway, NO2: Southern Norway, NO3: Central Norway, 
NO4: Northern Norway, and NO5: Western Norway). Considering all 

Table 7 
The annual average of solar irradiation, wind speed, and temperature for 20 
cities in 2023.

Region Cities Irradiation (kWh/ 
m2/day)

Wind 
speed (m/ 
s)

Temperature 
(◦C)

Finland Turku 2.98 3.29 6.09
Helsinki 2.90 4.25 6.95
Oulu 2.63 4.88 3.56
Tampere 2.30 3.26 5.29

Åland 
Islands

Mariehamn 3.04 3.98 6.78

Denmark Aalborg 2.69 4.80 9.17
Aarhus 2.78 3.57 9.85
Copenhagen 3.61 4.40 9.21
Esbjerg 2.95 5.06 9.58

Faroe 
Islands

Tórshavn 1.94 7.23 7.33

Greenland Nuuk 2.34 5.00 − 0.84
Iceland Reykjavík 2.12 4.00 5.00
Norway Bergen 2.24 3.29 8.36

Oslo 2.67 2.66 6.95
Stavanger 2.68 4.84 8.56
Trondheim 2.31 2.32 5.33

Sweden Gothenburg 2.76 4.23 9.47
Luleå 2.56 3.21 2.73
Stockholm 2.85 3.11 7.34
Umeå 2.68 2.87 3.78

Fig. 2. The hourly electricity demand for 100 persons in Finland.
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these countries and bidding zones, the average electricity market price 
over the last four years, from January 2021 to June 2025, is 0.08 $/kWh, 
which is later considered for selling back the surplus electricity in the 
HRES. However, the electricity price experienced significant variation 
during this period, reaching as high as three times the current average in 
2022 [70].

Although grid connection affects the size of HRES and energy price, 
two criteria are of great importance, which should be considered, 
namely the renewable energy tariff and generation at each time step in 
the studied city [71]. In addition to the spot price and value-added tax, 
transmission system operators charge consumers for transmitting elec
tricity through the grid, services, infrastructure, etc., which can be 
diminished in a stand-alone microgrid. The annual average of electricity 
price in various Nordic bidding zones is summarised in Fig. 3. Only the 
first half of the year is considered for the average electricity value in 
2025. The Unit Transmission Tariff in Europe, which includes TSO 
expenditure, was about 0.02 $/kWh in 2023 [72].

At the end, uncertainty analysis was done by carrying out a Monte 
Carlo simulation, which has been used in recent studies in energy sys
tems and uncertainty modelling [73]. Error margins for the LCOE values 
were estimated, for each case, based on 100,000 Monte Carlo simula
tions, varying the total optimised capacity for each case by ± 10 %, and 
by varying the prices of the solar panels, wind energy and batteries, 
assuming standard deviations of 15 %, 15 % and 25 % respectively. In 
the Monte Carlo simulations, normal distributions were assumed for 
each variable.

Results and discussion

PV-WT-DG configuration

In the first exploration, the complete HRES system contains solar 
(PV) and wind energy (WT), chemical battery storage (BT), a 150-kW 
biodiesel generator (DG), which covers 10 % more than the peak de
mand, and a converter to make a connection between AC and DC elec
trical hubs. The LCOE is demonstrated against wind speed in Fig. 4 for 
20 Nordic cities. Tórshavn in the Faroe Islands enjoys the minimum 
electricity price, storage units, and a converter with an LCOE of 0.16 
$/kWh, a cumulative battery capacity of 1.38 MWh, a converter of 133 
kW, and a total wind turbine capacity of 210 kW, together with 313 kW 
of solar panels in the optimal system. These results indicate that wind 
energy plays a pivotal role in Nordic regions and could reduce energy 

prices significantly, and also strongly influence the need for energy 
storage.

Furthermore, results show that LCOE is at its highest in Trondheim 
among the investigated cities, with a LCOE, battery, PV, and wind tur
bine capacity of 0.48 $/kWh, 2.81 MWh, 1031 kW, and 320 kW 
respectively. Generally, the energy price and battery capacity decline 
with the increase in wind speed, which could cut the LCOE down by 67 
% from the highest in Trondheim to the lowest values in Tórshavn 
among the considered cities. The error margin based on the 100,000 
Monte Carlo simulation is demonstrated on the Fig. 4. Cities with higher 
amounts of wind speed show smaller variability due to the requirement 
for lower capacity of PV and wind turbines.

To compare results, in a study by Altin [47], HRES, comprising WT/ 
PV/BT, has been investigated, leading to the energy price of 0.16 $/kWh, 
emphasising the significance of correct calculation and usage of wind 
distribution to achieve realistic wind turbine energy output. Otherwise, 
the energy price could increase or decrease to 0.23 and 0.14 $/kWh in 
the worst and best scenarios, respectively. Taking 10-kW wind turbines, 
PV, and battery energy storage into account in Busan, South Korea, the 
HRES delivered energy at the cost of 0.34 $/kWh [74]. This system costs 
0.17 $/kWh based on wind energy and energy storage, while the cost 
increased to 0.3 $/kWh with WT/DG, excluding the battery units in 
Gökceada, Turkey [75]. The LCOE of 0.09 $/kWh was obtainable in sub- 
Saharan Africa when PV/DG/BT and a 10-kW wind turbine are inte
grated into the HRES [76].

As mentioned earlier, 35 % of the final energy price is considered as 
the soft costs, although it should be noted that taxes, commissioning, 
engineering, transmission, and regulations vary among those countries, 
which can significantly affect the final electricity price. Also, if this 
system were connected to the grid, there would be other installation and 
grid extension costs, but also other potential revenues, such as selling 
back the surplus electricity. The surplus electricity could be stored as 
thermal energy to enhance the system’s flexibility and provide heating 
or cooling capabilities [77].

Generally, less than 1 MW of solar energy capacity is required in the 
optimum systems with wind energy. With the reduced price of solar 
panels (and installation costs), the results may differ. The component 
details of the optimum energy system for each city can be seen in 
Table 8. Twelve cities encompass only less than 500 kW of PV, and one 
city necessitates just more than 1 MW of solar panels. Trondheim has the 
lowest wind speed, leading to the highest energy price. Tampere Fig. 3. The average annual Nord Pool electricity price in various Nordic bid

ding zones [70].

Fig. 4. Levelized component cost of energy ($/kWh) as a function of wind 
speed (m/s) in medium-sized energy systems consisting of WT/PV/DG/ 
BT/Converter.
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necessitates the highest amount of energy storage of 3.36 MWH while 
Stockholm encompasses the highest wind turbine capacity of 480 kW. 
Although biodiesel generators are an integrated part of the optimal 
systems in all cities, the renewable fraction is above 81 %. Interestingly, 
it could be seen that Tórshavn enjoys the lowest amount of LCOE, bat
tery capacity, and biodiesel consumption, which are located in the Faroe 
Islands, thanks to the high annual wind speed of 7.23 m/s, although it 
has the lowest solar radiation of 1.94 kW/m2/day among the investi
gated cities. This also accentuates again the position of wind energy and 
this country in wind energy and good capabilities of expanding on– and 
off-shore wind turbines.

PV-DG configuration, without wind energy

As it is often unfeasible to install wind turbines in small off-grid 
systems or residential areas, wind turbines are excluded in the second 
step of the analysis to appraise the HRES consisting of solar energy and a 
biodiesel generator, together with a storage unit and converter. The 
optimal LCOE for the investigated cities is illustrated in Fig. 5. Naturally, 

the price increases in the absence of wind energy, ranging from 0.44 $/
kWh in Esbjerg to 0.63 $/kWh in Tórshavn, while it varies between 0.16 
$/kWh in Tórshavn and 0.48 $/kWh in Trondheim in the optimal HRES 
consisting of wind energy. Furthermore, the energy systems here 
necessitate a higher amount of storage capacity due to the lack of solar 
energy during the night and cloudy days. However, the LCOE reduces as 
the solar irradiation intensity increases, which normally occurs at lower 
latitudes like in Denmark among the Nordic countries. The variation in 
solar irradiation leads to 31 % reduction in LCOE among the investi
gated cities when wind energy is excluded.

However, these calculations demonstrate that there is a potential for 
HRES in Nordic countries, even without wind energy. To our knowledge, 
these kinds of results have not been demonstrated earlier for such 
challenging weather conditions. These systems would not function 
without biodiesel, but only for a short period of the year. It should be 
noted that instead of fossil diesel, biodiesel is also currently available in 
Nordic countries.

The lifetime costs of the different components, including the CAPEX 
and OPEX of the optimal system, are illustrated in Fig. 6 for Esbjerg 
(0.44 $/kWh) and Tórshavn (0.63 $/kWh) with the lowest and highest 
LCOE, respectively. The high price of energy in Tórshavn is due to its 
lowest annual solar radiation among 20 cities which is 1.94 kW/m2/day. 
Biodiesel generators play a major role in the energy price in Tórshavn 
due to the more than two times higher amount of fuel consumption than 
that of Esbjerg. The energy storage is the main contributor to the LCOE 
in Bergen, with the highest storage capacity of 4.13 MWh. The lowest 
renewable fraction here is 57 % in Reykjavík, with the highest amount of 
biodiesel consumption among the studied cases. Further hybridisation 
and taking advantage of alternative renewable resources, such as 
hydrogen and electrolysers, is clearly motivated in Tórshavn, Reykjavík, 
and other cities with a high share of biodiesel to achieve higher energy 
security, sustainability, and reliability.

In these systems, Fig. 7 and Fig. A. 1 represent the average monthly 
electricity generation by the biodiesel generator in red and solar panels 
in green, together with the amount of battery and PV capacity. The 
energy demand is demonstrated in the dotted line to distinguish be
tween the load and surplus energy, which is underneath and above the 
dotted line, respectively. As a typical phenomenon in renewable energy 
systems, all cases produce significant surplus electricity during long days 
of sunshine almost from March to October, which could be harnessed to 
improve the system efficiency and reduce emissions and energy costs by 
utilizing in other applications such as generating hydrogen as a prom
ising way of storing energy, heating and cooling system, selling to the 

Table 8 
The details of optimal medium-sized energy systems for 20 cities.

Cities PV WT DG BT Converter Dispatch Renewable fraction
kW kW kW MWh kW LF/CC %

Turku 498 350 150 2.42 153 LF 88.1
Helsinki 322 270 150 2.75 154 LF 93.1
Oulu 242 320 150 2.37 139 LF 95.7
Tampere 508 400 150 3.36 201 LF 89.5
Mariehamn 450 240 150 2.31 140 LF 92.3
Aalborg 513 220 150 2.42 157 LF 94.1
Aarhus 764 230 150 2.75 161 LF 92.5
Copenhagen 715 210 150 2.59 141 LF 94.0
Esbjerg 328 200 150 2.64 139 LF 96.0
Tórshavn 313 210 150 1.38 133 LF 97.2
Nuuk 423 200 150 2.53 138 LF 95.7
Reykjavík 408 270 150 2.86 187 LF 90.5
Bergen 648 260 150 2.81 197 LF 90.7
Oslo 726 310 150 2.42 226 LF 84.1
Stavanger 424 200 150 2.48 140 LF 93.3
Trondheim 1031 320 150 2.81 209 LF 81.9
Gothenburg 313 270 150 2.75 197 LF 96.1
Luleå 473 330 150 3.08 162 LF 88.0
Stockholm 421 480 150 3.03 241 LF 92.0
Umeå 614 360 150 2.97 276 LF 89.0

Fig. 5. Levelized component cost of energy ($/kWh) as a function of average 
annual solar irradiation in medium-sized energy systems consisting of PV/DG/ 
BT/Converter.
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electricity grid, to name but a few. The average Nord Pool electricity 
price in various zones based on the Fig. 3 could be used to estimate the 
revenue from the surplus electricity if grid connection and feed-in tariff 
is possible.

The results show that the maximum amount of energy, which is 2095 
MWh, is generated annually in Aarhus (Fig. 7) and peaks at 307 MWh by 
solar panels in May, while the electricity demand is 60 MWh in the same 
month. This outcome affirms the crucial role of solar energy, especially 
during the summertime, in Nordic countries despite having dark, 
cloudy, freezing climatic conditions during long-lasting winters. The PV 
generation can become as low as 0.4 MWh in December, from its highest 
value of 124.5 MWh in May in Reykjavík. More surprisingly, solar en
ergy alone is enough to meet the electricity demand between May and 
August in 9 cities and with the trivial help of a biodiesel generator in the 
rest of the cities. In a study by Lau et al. in Malaysia [78], PV/DG/BT- 
based HRES achieved the lowest energy price of 0.57 $, /kWh consid
ering the annual real interest rate of 6 %. In Gökceada, Turkey [75], PV/ 
DG/BT and PV/DG HRESs delivered energy at 0.63 and 0.75 $/kWh, 
respectively. The energy rate for this combination of PV/DG/BT was 
shown to be around 0.35 $/kWh while changing a little with interest 
rates [79]. The PV/DG/BT, excluding WT, demonstrates its superiority 

in energy prices for areas that enjoy an acceptable amount of solar ra
diation in Mukalla, Yemen, but less wind energy compared to the Nor
dics, with the LCOE of 0.13 $/kWh [80].

PV configuration, without biodiesel and wind energy

In the last step, a diesel generator is also eliminated from the studied 
HRES to highlight the role of solar energy as one of the accessible and 
socially accepted renewable sources of energy, which could be easily 
installed on the rooftop. In this case, cities located in Denmark enjoy the 
lowest amount of storage capacity and LCOE, even without wind and 
biodiesel energy. This is because Denmark is located at a lower latitude 
and generally receives a higher amount of solar irradiation than other 
explored cities. This will highlight Denmark’s position not only in wind 
energy in the world but also in solar energy among Nordic countries.

Although the electricity demand could be met by only solar energy, it 
should be noted that the optimum system includes a significantly huge 
amount of PV and battery energy storage, which pushes the LCOE, PV 
size, and battery capacity to be as high as 3.35 $/kWh in Nuuk, 14.82 
MW in Umeå, and 109.23 MWh in Reykjavík respectively. The LCOE can 
reduce 76.1 % from its highest value of 3.35 $/kWh in Nuuk to its lowest 
value of 0.80 $/kWh in Aarhus. This is while the maximum required 
solar panel capacity was 1.98 MW in Copenhagen in PV/DG/BT and 
1.03 MW in Trondheim in the optimum WT/PV/DG/BT HRES. The price 
of PV-based systems generally reduces in countries with stronger solar 
irradiation and lower latitudes, such as 0.11 $/kWh in Palestine [81].

The variation of LCOE against the average annual solar irradiation 
and battery capacity is illustrated in Fig. 8 and Fig. 9, respectively. As 
can be seen, the LCOE increases for the systems requiring a higher 
amount of storage capacity, leading also to the higher variation in error 
margins based on the Monte Carlo calculation. These cities typically are 
located at higher latitudes with a lower amount of solar irradiation 
compared to cities located in Denmark at lower latitudes with a higher 
amount of sunshine, when wind energy is excluded. Typically, LCOE 
decreases as the solar intensity surges while demanding less storage 
capacity. Although the adoption of a fully PV/BBT-based system is 
possible, the optimal energy cost is achieved not only by the appropriate 
level of PV capacity but also by the trade-off between solar energy and 
energy storage capacity [82]. Studying PV-based energy systems in 
Turkey [75], the energy cost was 1.2 $/kWh. This price was even higher 
for the PV/BT energy system in the north of Algeria, with the energy cost 
of 6.9 $/kWh [83].

Fig. 6. The total cost comparison of various components (CAPEX and OPEX) of the optimal system in a) Esbjerg with the lowest LCOE and b) Tórshavn with the 
highest LCOE in the HRES without wind energy.

Fig. 7. The electricity generation by various components in optimum HRES in 
Aarhus, including PV/BT/DG/Converter. The dotted line displays the average 
monthly electricity load.
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Battery degradation

The battery capacity, power, and voltage deteriorate over the life
time of the project. The storage capacity degrades over time due to the 
cycle and calendar ageing, which are assumed to be the main elements 
of the Li-ion battery degradation mechanism [84]. The battery decay 
process exacerbates not only at high working temperatures but also at 

low and high states of the charge [85]. Here, HRESs with the largest 
storage capacity are considered to examine the effect of battery degra
dation on the energy price. Two degradation rates of 1 % and 2 % are 
considered, which lead to the overall capacity reduction of 16 % and 35 
% over the project lifetime of 15 years. To simplify the calculation, the 
energy system is modelled with the higher capacity of storage units 
equal to the capacity decrease over 15 years, while other parameters 
remain constant. According to the results in Table 9, HRESs with and 
without wind energy deliver electricity at around 5 % higher electricity 
price in the worst case, with the highest storage capacity and degrada
tion of 2 %. This is while 13.7 % and 30.2 % higher LCOE is observable 
in PV-based systems with 1 % and 2 % battery degradation, respectively. 
These differences in Reykjavík are due to the high amount of battery 
storage, which is 147.89 MWh. Therefore, battery degradation plays a 
significant role in HRES, and more specifically in systems with a high 
capacity for energy storage.

Sensitivity analysis

The technology is regularly and rapidly improving, which signifi
cantly affects component prices and efficiency. Here, the effect of the 
price decline in batteries, wind turbines, and photovoltaics sheds light 
on the possible variation in the LCOE in the foreseeable future. To 
perform this sensitivity analysis, the systems with the highest energy 
price are considered to investigate the effect of component costs on 
LCOE. The sensitivity analysis is done for Trondheim, with the LCOE of 
0.48 $/kWh, Tórshavn with LCOE of 0.63 $/kWh, and Nuuk with LCOE 
of 3.35 $/kWh in an optimal energy system of WT/DG/PV/BT, DG/PV/ 
BT, and PV/BT, respectively. In this analysis, all prices are kept constant 
except the targeted parameter in each case, namely, wind turbine, solar 
panel, and battery capital and replacement costs. The WT, PV, and BT 
prices are assumed to be reduced by 25 %, 50 %, 75 %, and 90 % cor
responding to the price multiplier of 0.75, 0.50, 0.25, and 0.90.

The LCOE alternation with the costs of battery and PV is illustrated in 
Fig. 10 for Trondheim and Tórshavn, and in Fig. 11 for Nuuk. The energy 
price in Trondheim and Tórshavn is more dependent on PV prices than 
battery prices, while the opposite is true in Nuuk. In Trondheim with 
wind energy, the results show a higher dependency of LCOE on wind 
turbine price than that of battery. The LCOE reduction is generally the 
same in regards to PV price decline in these three cities, where the dif
ferences are marginal. Almost a 10 % decrease in LCOE is possible with a 
50 % decrease in PV price in three cases. However, the largest effect of 
PV price occurs in Tórshavn in a PV/DG/BT configuration. The highest 
impact is seen in battery price variation in Nuuk with PV-based HRES, 
where the optimal systems require a significant amount of energy stor
age units. Energy price falls about 5 % in Trondheim and Tórshavn if the 
battery price declines by 50 %. This is while 31 % less LCOE is possible 
by a 50 % battery price reduction. More than 7 % energy price variation 
could be expected by a 50 % change in the cost of the wind turbine in 
Trondheim. The more comprehensive results of the sensitivity analysis 
are observable in Table A. 1.

As was mentioned earlier, the LCOE of Nuuk has a higher correlation 
with battery price (Fig. 11) than that of PV, as LCOE reduces by 56 % and 
16 % when the battery costs 90 % and 25 % less than the current one. 
This is since there is a higher amount of storage units in the optimum 

Fig. 8. Levelized component cost of energy ($/kWh) as a function of average 
annual solar irradiation in medium-sized energy systems consisting of PV/ 
BT/Converter.

Fig. 9. Levelized component cost of energy ($/kWh) as a function of battery 
capacity in medium-sized energy systems consisting of PV/BT/Converter.

Table 9 
The battery degradation results for cities with the highest amount of battery capacity in each HRES configuration.

Tampere (with wind energy) 0 % degradation 1 % degradation 2 % degradation

Base battery capacity 
(MWh)

LCOE 
($/kWh)

16 % higher storage (MWh) LCOE 
($/kWh)

35 % higher storage (MWh) LCOE 
($/kWh)

Tampere (with wind energy) 3.36 0.37 3.9 0.37 4.54 0.38
Bergen (without wind 

energy)
4.13 0.57 4.80 0.58 5.59 0.6

Reykjavík (only PV) 109.23 3.26 127 3.71 147.89 4.25
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PV/BT energy system than in other cases, with 104.34 MWh energy 
storage capacity in Nuuk compared to 3.36 MWh in Tórshavn or 2.81 
MWh in Trondheim.

Limitations and constraints

Although hourly climatic data is used, the weather conditions are 
generally different in various not only times but also locations or the 
location of meteorological institutes. Therefore, it is of great importance 
to measure the specific location data at a reliable time to reduce un
certainties. It is of pivotal significance to employ the reliable and 
appropriate models to complete the data when data is missing or 
incomplete. It could be useful to average data from different measure
ment spots to have more reliable figures.

Due to technological development and advancement, the price of 
components varies rapidly over the years, which affects the energy price. 
These price variations also occur as a result of natural disasters, strikes, 
war, conflict between countries, etc. Moreover, the fixed amount of 
discount rate, bio-fuels, and inflation are examined, which is not the 
case in real life. Therefore, it is necessary to update such studies over 
time to achieve more realistic results, especially for investment and 
policymaking purposes. The average soft and extra costs are considered 
here based on the reports and literature, which vary significantly for 
different kinds of projects, depending on the location, size of the project, 
and technologies. Therefore, it is of pivotal importance to take project- 
specific data into account to achieve a precise price.

It should be noted that some assumptions and simplifications have 
been used for calculation and optimisation, which may not fully model 
the real situation, and further study should be performed to validate the 
results or correctly adjust the model parameters. National or regional 
regulations, environmental issues, social impacts and acceptance, po
litical situation, permitting, land use, incentives, and so on should be 
considered for better evaluation of the project as well.

The reliable result of an optimisation in a real project is essential for 
further study and power system integration (grid-connected HRES), as 
energy losses, voltage deterioration, and power fluctuation in the grid 
impose serious damage to the power network and the quality of the 
energy. Therefore, the optimisation algorithm and reliable data play a 
significant role when it comes to voltage stability and an on-grid 
microgrid requiring continuous improvement in optimisation and inte
gration models [86]. This is even more important in distributed energy 
systems coupled with renewable energy sources due to the inherent 
intermittency of renewables.

Conclusion

The present study investigated the role of wind and solar irradiation 
on the cost of medium-sized energy systems (for 100 persons) in 20 cities 
in Nordic countries. In these cities, the average (throughout the year) 
wind speed varies between 2.32 and 7.23 m/s, and the solar irradiation 
varies from 1.94 to 3.61 kWh/m2/day. The optimised systems consist of 
small-scale wind energy, solar energy, batteries, and biodiesel genera
tors (as backup energy). More than 500,000 data points were used in the 
optimisation.

The results show that the costs of the optimised systems decrease as 
functions of increased average wind speed and increased solar irradia
tion. For the optimised systems with wind energy, the results show that 
the levelized costs (for a 15-year period) range between 0.16 and 0.48 
$/kWh. The results exhibit a high correlation with wind speed under the 
investigated conditions, with the lowest energy prices occurring at the 
highest wind speed. For the optimised systems without wind energy, the 
cost ranges from 0.44 to 0.63 $/kWh. Relying solely on solar energy and 
energy storage leads to an energy price of between 0.80 and 3.35 
$/kWh.

These results clarified how wind energy and solar irradiation influ
ence the configuration and cost of medium-sized energy systems under 
challenging weather conditions. Further, the study indicates that 
medium-sized off-grid hybrid energy systems (HRES) have strong po
tential even in countries with long winters but satisfactory daylight 
during summer times.
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Fig. 10. The effect of PV price multiplier in black, battery price multiplier in 
red, and WT price multiplier in blue on LCOE in Reykjavík without WT and Oslo 
with WT. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 11. The effect of PV price multiplier in black and battery price multiplier 
in red on LCOE in Nuuk (PV-based HRES). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Appendix A

Fig. A1. The average monthly electricity generation by PV and DG in optimum HRES, including PV/BT/DG/Converter. The dotted line displays the average monthly 
electricity demand.
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Table A1 
Sensitivity analysis for Trondheim with wind energy, Tórshavn without wind energy, and Nuuk in a PV-based HRES. The optimum cases with the highest LCOE are 
selected in each configuration of HRES for sensitivity analysis.

WT PV BT LCOE

Multiplier $/kW Multiplier $/kW Multiplier $/kWh $/kWh

Trondheim WT/PV/BT/DG/Converter
1 200 1 950 1 180 0.49
0.75 150 1 950 1 180 0.47
0.5 100 1 950 1 180 0.45
0.25 50 1 950 1 180 0.43
0.1 20 1 950 1 180 0.42
1 200 0.75 712.5 1 180 0.46
1 200 0.5 475 1 180 0.44
1 200 0.25 237.5 1 180 0.42
1 200 0.1 95 1 180 0.40
1 200 1 950 0.75 135 0.47
1 200 1 950 0.5 90 0.46
1 200 1 950 0.25 45 0.44
1 200 1 950 0.1 18 0.44
​ ​ ​ ​ ​ ​ ​

Tórshavn PV/BT/DG/Converter
​ ​ 1 950 1 180 0.63
​ ​ 0.75 712.5 1 180 0.60
​ ​ 0.5 475 1 180 0.57
​ ​ 0.25 237.5 1 180 0.54
​ ​ 0.1 95 1 180 0.52
​ ​ 1 950 0.75 135 0.62
​ ​ 1 950 0.5 90 0.60
​ ​ 1 950 0.25 45 0.59
​ ​ 1 950 0.1 18 0.57
​ ​ ​ ​ ​ ​ ​

Nuuk PV/BT/Converter
​ ​ 1 950 1 180 3.35
​ ​ 0.75 712.5 1 180 3.20
​ ​ 0.5 475 1 180 3.06
​ ​ 0.25 237.5 1 180 2.92
​ ​ 0.1 95 1 180 2.83
​ ​ 1 950 0.75 135 2.83
​ ​ 1 950 0.5 90 2.31
​ ​ 1 950 0.25 45 1.79
​ ​ 1 950 0.1 18 1.47

Data availability

Data will be made available on request.
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