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A B S T R A C T

Many remote Indigenous communities in the high Arctic rely on diesel or other fossil fuels for their electricity
generation, yet the high cost of the imported fuel limits households’ ability to afford food and adequate
housing and in turn, undercuts living conditions in the Arctic. While roughly 65% of energy generated by the
Greenlandic utility company Nukissiorfiit comes from renewable sources, nearly 70% of public and private
energy consumption for electricity and heat is fossil-fuel based Naalakkersuisut (2018) [1] . A transition to
renewable energy achieved in partnership with the communities could strengthen local energy self-reliance and
build technical capacity in ways that embrace their cultural heritage. This paper examines initial feasibility
of the incorporation of solar energy for the hunting/fishing village of Qaanaaq, Greenland, a challenging
environment where there is little wind or hydropower potential. Unit commitment optimization models are
used to assess the feasibility of possible energy projects that include solar energy and energy storage in
Qaanaaq’s energy system, in hybrid systems with diesel generators. We also consider future energy system
planning via electrified heat. We find that under a variety of economic conditions, solar and battery electric
storage contribute to decreased costs to generate electricity in Qaanaaq. Currently, hydrogen storage is found
to increase costs of energy in Qaanaaq, even considering future decreases in capital costs. However, green
hydrogen may have positive impacts to the energy as a long-term energy planning strategy.

1. Introduction and literature review

Small coastal communities in the Arctic commonly manage energy
through diesel-powered micro-grid systems. In northern Greenland,
these communities often lack flowing rivers for hydropower and have
little wind potential, yet the residents desire affordable, renewable en-
ergy to lessen their dependence on imported fuel and to lower their en-
ergy costs. The United Nations has identified seventeen global goals for
sustainable development. Sustainable Development Goal Seven (SDG
7) is to ensure access to affordable, reliable, sustainable and modern
energy for all. SDG 7 has been identified as one of the high priority
goals for Arctic communities and has been endorsed by the Arctic
Council. This paper is focused on assessing the feasibility of supply side
solutions based on hybrid diesel generator, solar photovoltaic (PV) and
battery storage energy systems. We will be conducting site assessments
for potential solar installations in future field work. Energy efficiency
is also an important step for cost reduction and increased energy
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reliability, and efficiency measures should be implemented if funds are

available for retrofitting or new construction. We are addressing energy

conservation analysis in research that is beyond the scope of this paper.

The hybridization of remote, diesel-only grids in Arctic communities

with renewable resources has become a crucial strategy for abating high

diesel costs and future climate change impacts, and increasing energy

security of Arctic energy infrastructure. Cold Arctic conditions, winter

months without sunlight, and 24 h sunlight in summer months present

challenges and opportunities for renewable energy and a potential for

a sustainable energy transition in northern Greenland.

Diverse energy generation portfolios that make use of regional

renewable resources will enhance resilience in energy systems. Energy

diversification of both production and storage technologies enables

optimal installation sizes and grid operation. For example, in remote-

islanded grids, simple solar–fossil fuel hybridization models tend to

https://doi.org/10.1016/j.seta.2022.102774
Received 29 April 2022; Received in revised form 12 September 2022; Accepted 15 September 2022



A. Pantaleo et al.

oversize solar installations, but by including one or more storage tech-
nologies, installation costs and solar curtailment can be decreased [1].
Previous studies of diesel-hybridization of energy systems in remote,
Arctic communities show that PV or wind can be economically vi-
able because of the high costs of diesel and transportation. Das and
Cañizares found the maximum feasible renewable penetration into
several of Canada’s Arctic, diesel-only communities [2]. Ninad modeled
typical solar–diesel hybrid micro-grids in the Canadian Arctic to find
maximum renewable penetration without the need for curtailment [3].
They found that for PV prices of less than 5 Canadian Dollars/Watt,
it was economical to generate electricity with PV. This is highly de-
pendent on diesel price, which is volatile in the Canadian Arctic and
elsewhere. Chade and others have studied the feasibility of wind–
hydrogen–diesel energy systems on an islanded grid off the coast of
Iceland [4]. A wind–hydrogen–diesel system in this grid was the lowest
operational cost option and had a reasonable initial capital cost. The
technical feasibility of solar, battery, and hydrogen power for the off-
grid energy supply to a Finnish house has also been evaluated [5]. The
authors found that both hydrogen and battery storage were necessary to
meet the off-grid demand year-round. In mid-latitude locations where
direct sunlight is available on a daily basis, hydrogen storage has been
used. For example, on Italian island of Favignana, battery and hydro-
gen in combination were found to be the best method for managing
excess energy when hydrogen was channeled into electric vehicles
or hydrogen fuel cell busses [6]. Isolated, remote communities have
been identified as critical applications of community energy storage
systems for economic and sustainability goals [7,8]. In Iran, a novel
probabilistic model has been developed for the optimal planning of hy-
drogen microgrids, addressing the stochasticity of renewable resources
and their impact on grid reliability-specifically the impacts of electric
and hydrogen vehicles on microgrids [9]. In this work we investigate
potential solar feasibility in Greenland using the village of Qaanaaq,
Greenland as a case study to demonstrate several optimized energy
scenarios.

1.1. Alternative energy in the arctic

Both wind turbines and solar photovoltaic (PV) are mature tech-
nologies. Despite being mature, use of solar PV in Greenland on a
community scale is limited. Dramatic and ongoing reductions in the
cost of solar energy and battery storage combined with copious sunlight
for seven months of the year suggest that solar and storage could play
an important role in reducing costs and dependence on fossil fuels in
Greenland and elsewhere in the far north. Solar and wind resources,
along with other renewable resources must be considered in a local
and seasonal context. Other alternative energy sources, such as tidal
energy or pumped hydro-storage could be considered for a coastal,
Arctic community. Tidal energy is energy that is harnessed from the
movement of water caused by tides, and is still in relatively early stages
of development [10]. Several tidal energy systems have been created
including the tidal barrage and tidal turbine. Tidal barrages operate
on a similar principal to hydroelectric, but with bi-directional flow.
Tidal turbines operate like wind turbines, but on the sea floor where
tidal flow is very strong [11]. Concerns for tidal energy infrastructure
in a coastal Arctic fishing community include potential impacts to
marine life. Building a dam-like barrage may impact tidal flow direction
and water quality. Marine energy sources can displace species, affect
nutrient production, and risk the introduction of invasive species [12].

Pumped hydroelectric energy storage, where electricity is converted
into potential energy by pumping water uphill during off-peak hours for
it to eventually flow downhill through a turbine during peak hours (for
example in Hawaii), is another alternative energy generation source.
Pumped hydro is a highly flexible and commercially mature energy
storage mechanism with potential for coupling with other renewable
resources in the mid-latitudes [13]. However, in the high Arctic, the
benefits of the massive pumping that could be achieved via solar

power in the summer may be offset by the energy required to keep
water above freezing all winter. In addition, Arctic permafrost and
unstable soils create challenges in constructing containment basins
or uphill structures. The feasibility of pumped hydroelectric storage
is thus very site-dependent. Pumped thermal energy storage is ex-
plored for cost-effective, site-independent energy storage via different
working fluids [14]. Currently, pumped hydroelectric energy storage
has not been widely explored in cold climates or Arctic communi-
ties, although it has been explored in isolated energy systems in the
mid-latitudes [15].

In this preliminary feasibility study we also consider hydrogen
storage, which has been identified as a pathway towards expanding
energy access in off-grid areas while promoting decarbonization [16].
Hydrogen storage balances electricity demand, making energy systems
more flexible and able to take advantage of overproduction of re-
newable resources. Hydrogen has potential for increasing renewable
penetration into a micro-grid by reducing the uncertainty associated
with non-dispatchable resources such as solar. Hydrogen technologies
are well suited for long-term (seasonal) storage because of no self-
discharge [5,17]. Additionally, unlike batteries, hydrogen systems are
not constrained by cycle lifetimes [18]. However, hydrogen has a lower
round-trip efficiency than batteries due to energy conversion losses
in the fuel cell and electrolyser, making hydrogen less favorable for
short cycle times [5,19]. Flow batteries have a high potential for long
duration energy storage, but are not currently affordable or industrially
established [20]. A diverse remote grid could utilize both battery
electric storage for short and mid-term balancing and hydrogen storage
for seasonal balancing [21]. There also exists potential to turn hydrogen
storage systems into combined heat and power systems that could
increase the efficiency of the hydrogen system and simultaneously meet
other community needs [17,22]. One analysis suggests that the most
pressing need for Greenland is to convert heating demands to electric,
after the electric supply systems become renewable-based [23]. Hydro-
gen could encourage green electrified heating by supporting greater
renewable capacity additions. Alternatively, hydrogen could support
the existing district heat operation or be used as a fuel for generating
heat, eliminating the need for conversion into electricity. Hydrogen
has high energy density but very low volumetric density at ambient
temperature. The low volumetric density necessitates large storage
volumes and thus high capital costs. Therefore, regarding engineering
considerations, the biggest barriers to feasible hydrogen energy storage
on a community scale are storage density and capital costs.

In 2018, the Greenlandic national utility company, Nukissiorfiit,
explored hydrogen feasibility in Ilulissat, Greenland, where there is a
significant over-production of hydropower energy [24]. The high cost
of the electrolysis process, coupled with the existing energy storage
system associated with the hydropower plant, made hydrogen storage
economically unfavorable and unnecessary for energy balancing. The
analysis concludes that in Ilulissat, it would be more economically
advantageous to use the surplus energy generation for the electri-
fication of heat via air–air or water–air heat pumps. Electrolysers
are projected to decrease in costs and increase in efficiency [16].
Therefore, exploring hydrogen in a Greenlandic context as a long-
term energy resiliency strategy could prove to be economically feasible
for communities without existing hydropower or storage/balancing
capacity.

Hydrogen can be compressed, liquefied, or bound chemically in or-
der to increase storage density. Compressed hydrogen is a commercially
mature method but is still requires high storage volumes. Compressed
hydrogen is stored in vessels pressurized up to 35–70 MPa, where
hydrogen density is around 40 kg/m3. Liquified hydrogen has a higher
volumetric density, but requires special insulation systems to prevent
boiling at low temperatures [25]. Solid state materials, such as metal
hydrides, for hydrogen storage are a promising option, but are neither
widely available nor currently cost-effective [26]. A community-scale
hydrogen storage system has been demonstrated using metal hydride
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storage tanks in Nottingham, UK, for mid-to-long term storage [27]. Up
to 4 kg of hydrogen can be stored with magnesium powder, pressurized
to 12 bar, increasing the storage density of hydrogen. The feasibility of
using this hydrogen system, however, is dependent on demand load
shifting, which requires taking advantage of periods of valley and peak
pricing, which does not occur in Greenland, due to constant, subsidized
electricity rates [27]. Hydrogen can also be stored underground for
greater volumes. This method, however, was not considered for this
initial analysis due to the permafrost and soil instability in Qaanaaq.
This preliminary analysis will assume a compressed hydrogen storage
system.

1.2. Case study: Qaanaaq, Greenland

Qaanaaq, Greenland is a settlement of approximately 600 people
in northwest Greenland. Qaanaaq’s electric power consumption is ap-
proximately 4800 kilowatt-hour (kWh)/capita, which is similar to other
communities in Greenland, which are generally less than in Denmark,
with 5500 kWh/capita. This lower electric demand is due in part to
24-hour sunlight during summer months, but also reflects the fact
that fossil fuels are more widely used for heating demands. Heat-
ing demand exists year-round in the high-Arctic village of Qaanaaq,
which has approximately 17,500 Heating Degree Days for a 18 degree
Centigrade base temperature; this is more than 25% greater than the
more southerly Greenlandic capital, Nuuk. Nukissiorfiit is responsible
for producing and supplying electricity (and water) to Qaanaaq, and
all other communities in Greenland. While 65% of energy generated
by Nukissiorfiit comes from renewable sources,the benefits of renew-
able energy are not equally distributed across Greenlandic localities
[28].Nukissiorfiit provides subsidized electricity rates to all of Green-
land to account for the disparity in electricity generation costs between
larger settlements with access to inexpensive hydropower, and small
settlements like Qaanaaq, that rely on expensive imported fuels for
all heat and electricity generation. While this measure is meant to
provide equality across Greenland, energy costs are still burdensome for
small, remote communities, especially when considering heat demands
and comparatively smaller household incomes resulting from a largely
subsistence lifestyle. Nukissiorfiit needs cost-saving measures to reduce
energy prices in order to shift away from fossil fuel based electricity
and heat generation. Our hypothesis is that renewable hybridization of
Qaanaaq’s energy infrastructure would lessen the community’s depen-
dence on imported fuel, saving money for Nukissiorfiit, and in doing
so, ease the future inclusion of electrified heat sources.

Qaanaaq has several potential sites for utility-scale solar instal-
lations. The town faces an open, South-West facing fjord, with hills
to the North-East. There are no trees, and few buildings on the out-
skirts of town. Therefore excessive shading can be avoided when the
sun is above the horizon. Future field work will assess site-specific
considerations for solar arrays.

This preliminary study considers solar, battery-electric, and hydro-
gen power in the analysis. In Qaanaaq, the solar resource is only
available during periods of polar daylight (from mid-April to the end
of August) and the sun is below the horizon for the rest of the year.
However, during these summer months, the solar resource is abundant.
While a small amount of wind, measured at the local airport, occurs
year-round, the average speeds rarely exceed the cut-in speeds of many
commercial turbines. Additional meteorological data is needed to fully
assess the potential localized wind resource.

2. Methods

We created several mixed integer linear programming models of
Qaanaaq’s energy system. Economic minimization is used to determine
the new energy sources and their sizes in order to minimize the total
cost of electricity generation over a project lifespan by modeling a
representative day of demand and solar insolation for each month of

Table 1

Important parameters of new proposed capacity additions.

Component parameter Value

Diesel O&M 0.02 USD/kWh
Diesel Lifespan 45,000 hr
Diesel Maintenance Downtime 10%
Electrolyser CapEx 165,000 USD (1,100 USD/kW)
Electrolyser O&M 5%CapEx
Electrolyser Lifespan 40,000 hr
Electrolyser Efficiency 70%
Fuel Cell CapEx 75,000 USD (500 USD/kW)
Fuel Cell O&M 5%CapEx
Fuel Cell Lifespan 20,000 hr
Fuel Cell Efficiency 50%
Compressed Storage CapEx 31 USD/kWh
Compressed Storage O&M 1%CapEx
Compressed Storage energy discount 85%
Storage Tank Lifespan 25 years
Photovoltaic CapEx 2,560-3,760 USD/kW
Photovoltaic O&M 0.012 USD/kWh
Photovoltaic Lifespan 25 years
Li-Ion CapEx 760 USD/kWh
Li-Ion Lifespan 3,000–10,000 cycles

the year in Qaanaaq. This minimization is constrained by numerous
linear relationships that govern the operation of diesel, solar, batteries,
and hydrogen power generation, as well as binary constraints governing
the on/off status of generators over time.

By modeling different storage strategies, we created several sce-
narios for maximizing the benefit of renewable energy resources and
reliable grid operation, while prioritizing minimal costs. The model
simulates 288 h of electricity generation as one model year. This
method was also in the Canadian Arctic [2]. Recurring costs are ana-
lyzed in terms of net present costs over the project lifespan of 25 years
(inverters, fuel costs, operation and maintenance, etc.). Re-occurring
costs and hydrogen storage capacities are converted to annual param-
eters by multiplying by 30. Commercial software Generic Algebraic
Modeling Software (GAMS) was used to solve the optimization prob-
lems and MATLAB was used to visualize and pass data. Appendix A
contains detailed information on model inputs, sources of information,
and justifications for diesel, solar, and storage model constraints.

Table 1 shows important parameters used for modeling the new
capacity additions in the energy infrastructure in Qaanaaq.

2.1. Mathematical model for optimization:

This optimization is subject to several sets of constraints: those
regarding diesel generators (x), new solar (s), battery (b), and/or
hydrogen capacity (h2). All sets are a function of time (t), and costs
are summed and minimized over the project horizon from year (y) 1 to
the project horizon (p).

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑥𝑛 ∶ 𝑀𝐼𝑁𝑧 = 𝛴1∶𝑝𝐷𝑖𝑒𝑠𝑒𝑙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡(𝑥, 𝑡) +

𝛴1∶𝑝𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡(𝑠, 𝑏, ℎ2, 𝑡) (1)

Diesel Generator Constraints:
Diesel generators are constrained by a minimum loading capacity,

which is 40% of the nameplate capacity. The set ‘i’ indexes though the
number of generators. The binary variables vU and vDown govern the
on/off status of each generator per time step.

Generator Constraint ∶ 𝐶𝑎𝑝𝐺𝑒𝑛𝑀𝑖𝑛 ∗ 𝑣𝑈 (𝑖, 𝑡) < 𝑥(𝑖, 𝑡)

< 𝐶𝑎𝑝𝐺𝑒𝑛𝑀𝑎𝑥(𝑖) ∗ 𝑣𝑈 (𝑖, 𝑡) (2)

Start Up Cost ∶ 𝛴1∶𝑝𝛴𝑖,𝑡𝑣𝑈𝑝𝑖,𝑡 ∗
𝑆𝑡𝑎𝑟𝑡𝑈𝑝𝐶𝑜𝑠𝑡(𝑖)
1 + 𝑑𝑟𝑦(𝑝)−1

(3)

Shut Down Cost ∶ 𝛴1∶𝑝𝛴𝑖,𝑡𝑣𝐷𝑜𝑤𝑛𝑖,𝑡 ∗
𝑆ℎ𝑢𝑡𝐷𝑜𝑤𝑛𝐶𝑜𝑠𝑡(𝑖)

1 + 𝑑𝑟𝑦(𝑝)−1
(4)
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Generator On/Off ∶ 𝑣𝑈 (𝑖, 𝑡 − 1) + 𝑣𝑈𝑝(𝑖, 𝑡) − 𝑣𝐷𝑜𝑤𝑛(𝑖, 𝑡) (5)

Maintenance Down Time ∶ 𝛴(𝑡, 𝑣𝑈 (𝑖, 𝑡)) ∗ 30

< 8760 ∗ (1 − 𝑇𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒) (6)

Fixed Costs ∶ 𝛴1∶𝑝

30 ∗ 𝛴𝑡𝑣𝑈 (𝑖,𝑡)
𝐺𝑒𝑛𝐿𝑖𝑓𝑒

∗ 𝐶𝑁𝑒𝑤𝑔𝑒𝑛 ∗ 𝐶𝑎𝑝𝐺𝑒𝑛𝑀𝑎𝑥(𝑖)

(1 + 𝑑𝑟)(𝑦(𝑝)−1)
(7)

O&M Costs ∶ 𝛴1∶𝑝(
30 ∗ 𝛴𝑡, 𝑥(𝑖, 𝑡) ∗ 0.02

(1 + 𝑑𝑟)(𝑦(𝑝)−1)
) (8)

Fuel Costs ∶ 𝛴1∶𝑝
30 ∗ 𝐹𝑢𝑒𝑙𝐶𝑜𝑠𝑡𝑙𝑖𝑡𝑒𝑟 ∗ 𝐹𝑢𝑒𝑙𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

(1 + 𝑑𝑟)(𝑦(𝑝)−1)
(9)

Diesel Generation Costs ∶ 𝛴𝑖𝑂&𝑀(𝑖) + FuelCost +

StartUpCost + ShutDownCost + 𝛴𝑖FixedCost(𝑖) (10)

𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 is the percentage of hours in a year a generator can run
before requiring maintenance, 𝐶𝑁𝑒𝑤𝑔𝑒𝑛 is the cost of new generation
capacity per kilowatt, GenLife refers to the number of hours a gen-
erator can run in its useable life, Fuel consumption is the sum of
each generator over all hours and is calculated based off linearized
fuel consumption curves for diesel generators of the varying capacities
already installed in Qaanaaq.

Solar Power:

Solar Generation ∶ 𝑆𝑔(𝑡) = 𝑅𝑎𝑑(𝑡) ∗ 𝜂𝑠𝑜𝑙𝑎𝑟 ∗
𝐶𝑎𝑝𝑠𝑜𝑙𝑎𝑟

𝐶𝑎𝑝𝑝𝑎𝑛𝑒𝑙
∗ 𝐴𝑝𝑎𝑛𝑒𝑙 (11)

Solar O&M ∶
30 ∗ 𝛴𝑡𝑆𝑔(𝑡) ∗ 0.0120

(1 + 𝑑𝑟𝑟)𝑦(𝑝)−1
(12)

New Solar Capital ∶ 𝐶𝑘𝑊 ∗ 𝐶𝑎𝑝𝑠𝑜𝑙𝑎𝑟 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑁𝑃𝐶 (13)

Total Solar Costs ∶ NewSolarCapital + Solar O&M (14)

Sg(t), Rad(t), are the solar power generated, and incoming solar radi-
ation at time t, respectively, and 𝐶𝑎𝑝𝑠𝑜𝑙𝑎𝑟, 𝐶𝑎𝑝𝑝𝑎𝑛𝑒𝑙 are the total chosen
capacity of the new solar installation and the capacity of the individual
panel, respectively. Lastly, 𝐴𝑝𝑎𝑛𝑒𝑙 is the area of the individual panel in
square meters.

Battery Energy Storage:

State of Charge ∶ 𝑆𝑂𝐶𝑏𝑎𝑡(𝑡) = 𝑆𝑂𝐶𝑏𝑎𝑡(𝑡 − 1)

+ 𝜂𝐶 ∗ 𝑃𝑐ℎ𝑏𝑎𝑡(𝑡) −
𝑃𝑑𝑖𝑠𝑏𝑎𝑡(𝑡)

𝜂𝐷
∗∗ (15)

State of Charge Constraints ∶ 𝑆𝑂𝐶𝑏𝑎𝑡,𝑀𝑎𝑥 ∗ 𝐷𝑜𝐷𝑏𝑎𝑡

< 𝑆𝑂𝐶𝑏𝑎𝑡(𝑡) < 𝑆𝑂𝐶𝑏𝑎𝑡,𝑀𝑎𝑥 (16)

Maximum Rate of Charge/Discharge ∶ 𝑃𝑐ℎ𝑏𝑎𝑡(𝑡)&𝑃𝑑𝑖𝑠𝑏𝑎𝑡(𝑡) ≤
1 −𝐷𝑜𝐷𝑏𝑎𝑡

𝑇𝐷
∗ 𝑆𝑂𝐶𝑏𝑎𝑡,𝑀𝑎𝑥 ∗∗∗ (17)

Minimum Rate of Charge ∶ 𝑃𝑐ℎ𝑏𝑎𝑡(𝑡) ≥ 𝐼𝑐ℎ𝑏𝑎𝑡(𝑡) (18)

Minimum Rate of Discharge ∶ 𝑃𝑑𝑖𝑠𝑏𝑎𝑡(𝑡) ≥ 𝐼𝑑𝑖𝑠𝑏𝑎𝑡(𝑡) (19)

Charging/Discharging Status ∶ 𝐼𝑑𝑖𝑠𝑏𝑎𝑡(𝑡) + 𝐼𝑐ℎ𝑏𝑎𝑡(𝑡) = 1 (20)

Additional Capacity Requirements ∶ 𝐶𝐴𝑏𝑎𝑡

= 𝛴1∶𝑝
𝛴𝑡(𝑃𝑐ℎ𝑏𝑎𝑡(𝑡) + 𝑃𝑑𝑖𝑠𝑏𝑎𝑡(𝑡))

𝑀𝑎𝑥𝐶𝑦𝑐𝑙𝑒𝑠
(21)

Battery Costs ∶ 𝐶𝑏𝑎𝑡 ∗ 𝑆𝑂𝐶𝑏𝑎𝑡,𝑀𝑎𝑥 + 𝛴1∶𝑝
𝐶𝐴𝑏𝑎𝑡 ∗ 𝐶𝑏𝑎𝑡

(1 + 𝑑𝑟)𝑦(𝑝)−1
(22)

** [29]
**** [2]

𝐷𝑜𝐷𝑏𝑎𝑡 is the depth of discharge of the batteries, and TD is the time
the battery can continuously discharge (4 h). 𝜂𝑐 , 𝜂𝐷 are the efficiencies
of charging and discharging. 𝑃𝑐ℎ𝑏𝑎𝑡, 𝑃𝑑𝑖𝑠𝑏𝑎𝑡 are power directed to
charge the batteries and power being discharged from the batteries at
time t. 𝐼𝑑𝑖𝑠𝑏𝑎𝑡, and 𝐼𝑐ℎ𝑏𝑎𝑡, are the binary operators governing the status
of the battery. 𝑆𝑂𝐶𝑏𝑎𝑡, and 𝑆𝑂𝐶𝑏𝑎𝑡,𝑀𝑎𝑥 are the state of charge of the
battery and its maximum nominal state of charge.

Table 2

Sensitive parameters.

Sensitive parameter Values

Diesel Price 0.71, 1.02,1.87 USD/liter
Installed solar panel cost 2560,3760 USD/kW

Hydrogen Energy Storage:

Electrolyser Operating Limits ∶ 𝑃𝑒𝑙,𝑚𝑖𝑛 ∗ 𝐼𝑐ℎ < 𝑃 𝑐ℎ𝐻2

< 𝑃𝑒𝑙,𝑚𝑎𝑥 ∗ 𝐼𝐻2,𝑐ℎ ∗ 𝜂𝑒𝑙 (23)

Fuel Cell Operating Limits ∶ 𝑃𝑓𝑐,𝑚𝑖𝑛 ∗ 𝐼𝑑𝑖𝑠 < 𝑃𝑑𝑖𝑠𝐻2

< 𝑃𝑓𝑐,𝑚𝑎𝑥 ∗ 𝐼𝐻2,𝑑𝑖𝑠 ∗ 𝜂𝑓𝑐 (24)

On/Off Constraint ∶ 𝐼𝐻2,ℎ + 𝐼𝐻2,𝑑𝑖𝑠 = 1 (25)

H2 SOC ∶ 𝑆𝑂𝐶𝐻2(𝑡)

= (𝑃𝑑𝑖𝑠𝐻2(𝑡 − 1) + 𝑃𝑐ℎ𝐻2(𝑡 − 1)) ∗ 30 + (𝑃𝑐ℎ𝐻2(𝑡) − 𝑃𝑑𝑖𝑠𝐻2(𝑡)) ∗ 30 (26)

H2 SOC Upper limit ∶ 𝑆𝑂𝐶𝐻2(𝑡) < 𝐶𝐴𝑃𝐻2,𝑁𝑜𝑚𝑖𝑛𝑎𝑙 (27)

H2 Supply and Demand Balance ∶ 𝛴𝑡𝑃 𝑐ℎ𝐻2(𝑡) = 𝑑𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝛴𝑡𝑃𝑑𝑖𝑠𝐻2(𝑡)
(28)

The state of charge is the level of energy stored relative to the nominal
capacity, normally expressed as a percentage [18]. To maintain a linear
system of equations, here, the state of charge is expressed in kilowatt-
hours and is constrained by the maximum nominal capacity in another
constraint.

The hydrogen supply and demand balance shows a discount to the
energy that charges the system, as some of it is used to compress the
hydrogen. This discount depends on the pressure the hydrogen is com-
pressed to. Here, 𝑑𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠 is 85%, meaning a discount of 15% is applied
in order to compress the hydrogen. 𝑃𝑒𝑙,𝑚𝑖𝑛, 𝑃 ,𝑒𝑙,𝑚𝑎𝑥, 𝐼𝑐ℎ, 𝑃𝑓𝑐,𝑚𝑖𝑛, 𝑃𝑓𝑐,𝑚𝑎𝑥,
𝐼𝑑𝑖𝑠, 𝜂 are the electrolyser power constraints and binary operator, and
the fuel cell power constraints, binary operator, and efficiencies and,
𝑆𝑂𝐶𝐻2(𝑡), is the state of charge of the hydrogen storage system at time
‘t’.

Total Hydrogen Cost ∶ 𝐶𝑒𝑙 + 𝐶𝑓𝑐 + 𝐶𝐻2,𝑠𝑡𝑜𝑟𝑒 + 𝑂𝑀𝑒𝑙

+𝑂𝑀𝑓𝑐 + 𝑂𝑀𝐻2,𝑠𝑡𝑜𝑟𝑒 + 𝐶𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 (29)

Fuel Cell O&M Costs ∶𝛴1∶𝑝
0.05 ∗ 𝐶𝑓𝑐

(1 + 𝑑𝑟)𝑦(𝑝)−1
(30)

Electrolyser O&M Costs ∶𝛴1∶𝑝
0.05 ∗ 𝐶𝑒𝑙

(1 + 𝑑𝑟)𝑦(𝑝)−1
(31)

Storage Tank O&M Costs ∶𝛴1∶𝑝
0.01 ∗ 𝐶𝐻2,𝑠𝑡𝑜𝑟𝑒

(1 + 𝑑𝑟)𝑦(𝑝)−1
(32)

Renewable Generation Costs ∶Solar Cost + Battery Cost

+ Hydrogen Costs (33)

Total Demand Balance ∶ 𝐷𝑒𝑚𝑎𝑛𝑑(𝑡) = 𝛴𝑖, 𝑥(𝑖, 𝑡) + 𝑆𝑔(𝑡) + 𝑃𝑑𝑖𝑠𝑏𝑎𝑡(𝑡)

−𝑃𝑐ℎ𝑏𝑎𝑡(𝑡) + 𝑃𝑑𝑖𝑠𝐻2(𝑡) − 𝑃𝑐ℎ𝐻2(𝑡) (34)

2.1.1. Sensitive parameters:

Table 2 shows important sensitive parameters for analysis. Installed
solar panel costs refers to the total cost of the installed panel in
Qaanaaq, including shipping, and excluding the inverter which is an-
alyzed separately as a net present cost, as it is a re-occurring cost.
Appendix A details the ranges of values chosen for analysis. The diesel
price of 0.71 USD/liter reflects the actual, subsidized fuel price in
Greenland for 2020–2021. Solar prices are estimated from Nukissiorfiit.
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3. Scenarios and results

This analysis considers scenarios of renewable energy capacity ad-
ditions that vary from near-to-long-term implementation, because the
price of renewable technology will continue to decrease over time,
especially considering the rapid developments currently evolving hy-
drogen storage. Three types of hybrid energy systems were chosen as
models for analysis: solar–diesel, solar–battery energy storage(BES)-
diesel, and solar–BES–hydrogen–diesel. These three models represent
increasing capital and complexity being brought into the energy system
to show how scaling energy projects will impact the system, both eco-
nomically and in terms of grid operation and reliability. In every case,
the diesel part of the energy system represents the current installed ca-
pacity in Qaanaaq plus future required capacity to be purchased during
the project lifespan. The evaluation of these scenarios is on an Levelized
Cost of Energy basis (LCOE). The LCOE of an individual energy genera-
tion sources for example diesel, solar, or batteries represents its lifetime
net present costs divided by its total lifetime energy production. The
combined LCOE is the weighted average LCOE of all energy generation
sources included in the scenario. This combined LCOE represents the
cost at which electricity could be sold at a break-even point.

3.1. Solar–diesel

The objective of the solar–diesel model is to provide an achievable
and scaleable energy project that could be implemented immediately.
Additional energy resources, for example batteries, additional solar,
or hydrogen storage can be added later for a long-term sustainable
energy transition. This model also provides important insights on how
the incorporation of a non-dispatchable resource impacts an islanded,
dispatchable, single-sourced grid.

Generally, high fuel prices allow for greater solar installations and
thus fuel savings under an economic minimization model. The low costs
of fuels in Greenland make it challenging for renewables to become
cost-competitive in the analysis. However, as seen in Fig. 1, solar
installations of 300 kWs can still result in cost savings despite a low fuel
price. Solar capacity additions of these sizes would enable 18%–25%
of Qaanaaq’s electricity generation to come from renewable resources.
Fig. 1 considers a reasonable economic case where solar panels are
3160 USD/kW, with a 4% discount rate, with the current, low fuel cost
of 0.71 USD/liter. For several sized solar installations, the levelized cost
of electricity (LCOE) of the hybrid energy system is presented. It is clear
that solar power can lower the LCOE relative to the base-case (diesel-
only) for every installation size considered. None of these installations
result in LCOEs lower than the subsidized electricity price of 0.24
USD/kWh (1.65 DKK/kWh), but a 300 kW installation minimizes the
LCOE. The optimal capacity additions and their resulting LCOE’s are
presented in Table 3, which shows the capacity additions and LCOE’s
for the different fuel and installed solar costs.

Additionally, the LCOE of each energy generation source can be
analyzed. Table 4 shows that solar does reach parity with diesel and
is the lower cost energy generation source compared to diesel, even
when diesel is at the lowest, subsidized price.

The solar–diesel hybrid energy system does not assume any storage
or balancing mechanisms. Therefore, overproduced solar could not
be stored or used. The solar–diesel optimal solar capacity additions
might be considered oversized for this reason. Summer-time demand
in Qaanaaq rarely exceeds 275–300 kWs. Any solar installation larger
than the peak summer demand is sized to generate the most solar
power possible during transitional seasons where solar radiation is not
strong and the sun is at a very low angle. While solar power from
transitional seasons for several weeks each spring and fall would be
beneficial, it would still need to be supplemented with diesel power.
Considering diesel engines that are on and serving load should not
be run less than 40% of their rated capacity, there is a limit to how
beneficial transitional season solar power can be. If solar radiation is

Fig. 1. Levelized cost of electricity for the hybrid combinations of various solar
installations with diesel for a constant installed solar cost of 3160 USD/kW and fuel
cost of 0.71 USD/kW with a 4% discount rate.

strong, but cannot cover the entire demand, then diesel generation of at
least 75 kW is required (assuming only 1 300 kW generator is on). For
example, if demand is 300 kW, and solar power could generate 275 of
those kilowatts, 50 kW of solar power would still need to be curtailed.
Curtailment on days when a generator is needed could be minimized by
replacing the smallest generator with one or more smaller generators
(of 60–100 kW in capacity) at the end of its useful life. This would
allow these ‘peaker’ generators to operate very efficiently and for the
maximization of renewable penetration during transitional periods or
during periods of solar unavailability in low-demand summer hours.
This solar only scenario does not include any dispatchable baseload.
This could be an issue for reliability if reserve capacity is not already
included in the dispatch order. A backup generator should be ready
to connect to the grid in case of periods of solar unavailability. This
model assumes two generators are always off and in reserve. The next
generator in the dispatch order should be turned on when the current
generator’s capacity utilization is near its maximum.

3.2. Solar–diesel–BES

The addition of battery energy storage (BES) to solar installations
enables the grid to be more resilient by providing short-term balancing
of the non-dispatchable energy resource. The objective of battery stor-
age in Qaanaaq’s energy system would be to supplement solar power for
a ’diesel-off’ mode in the summer by providing back-up power for when
the solar resource decreases on a short (hourly) timescale, for example
for hours when there is heavy cloud cover. For hours when solar power
is slightly too low to meet the full demand, battery storage can make
up the difference with previously stored energy from periods of solar
overproduction without requiring diesel support. Accurate diurnal load
information is necessary for predicting battery dispatch. The present
analysis does not contain historical hourly demand data for Qaanaaq
because the data has been unavailable to us; in this analysis, hourly
demand data is predicted using a smaller data set from Nukissiorfiit,
which is discussed further in Appendix A. This analysis aims to pre-
dict how large a BES system should be in order to minimize energy
costs, based on battery prices, lifetimes, and availability of excess
solar generation. Table 5 presents the cost to generate electricity in
Qaanaaq with the proposed capacity additions, as well as the levelized
cost of electricity for the renewable combination. The cost to generate
electricity is not predicted to increase due to renewable installations,
and in many cases, the cost to generate electricity can be lowered
relative to a diesel-only base case. Additionally, Table 4 shows that the
levelized cost of solar and batteries is very similar to solar by itself.
Both the solar LCOE and the solar + BES LCOE are lower than the diesel
LCOE for each fuel price.



A. Pantaleo et al.

Table 3

Solar–Diesel Hybrid Solar Installations and Combined LCOE (C-LCOE) for all fuel prices considered at a 4% discount rate, LCOE is in USD/kWh,
and capacity additions are in kW.

Diesel price 0.71 1.02 1.87
parameter C-LCOE Capacity

addition
C-LCOE Capacity

addition
C-LCOE Capacity

addition

2560 USD/kW 0.251 335 0.337 381 0.535 747
3760 USD/kW 0.253 265 0.344 335 0.569 516
Base Case 0.27 0 0.37 0 0.64 0

Table 4

Solar LCOE vs. Diesel LCOE for an installed panel price of 3160 USD/kW for each diesel price, where LCOE
is presented in [USD/kWh].

Diesel price Solar LCOE Solar+BES LCOE Diesel LCOE

0.71 USD/liter 0.11 0.11 0.17
1.02 USD/liter 0.11 0.11 0.24
1.87 USD/liter 0.14 0.15 0.45

Fig. 2. Levelized cost of electricity for the hybrid combinations of various solar
installations with diesel, each considering a variable BES capacity addition, shown in
the orange bars.

Fig. 2 shows the relationship between solar and BES capacity for the
economic scenario in which fuel cost is 0.71 USD/liter, solar is 3160
USD/kW, and the discount rate is 4%. For 6 scenarios with increasing
solar capacity, the optimal BES size is determined. The combined
LCOE for each scenario is presented on the right-hand 𝑦-axis. Minimum
combined-LCOE’s can be achieved with approximately 400 kW of solar
with a small battery capacity (scenario 5). At solar capacities lower
than peak summer demand (300–350 kW), high BES is chosen to pick
up the slack to enable a ’diesel-off’ or low diesel mode. As solar instal-
lations increase, smaller BES capacities become optimal, as the larger
solar installation can comfortably cover the summer demand, leaving
batteries for balancing smaller, intermittent changes in demand. Ta-
ble 5 shows the optimized solar and battery capacity additions for
both ranges of solar prices considered for each fuel cost. In agreement
with Fig. 2, the optimized solar capacity additions are near 400 kW.
Although the optimal capacity of solar–BES–diesel hybrid systems are
larger than solar–diesel, the solar installation sizes chosen under solar–
BES–diesel hybrid scenarios can be considered more reasonably sized
than under solar–diesel hybrid scenarios. Batteries can recover some
over-generated energy to reduce curtailment. Curtailment reduction is
limited to the capacity of the batteries and cycle times. More batteries
would allow for more charging and less curtailment, but lack of supply
and demand variations on an hourly timescale could make this extra
stored energy unnecessary, especially considering the lack of variability
in lightness and darkness during periods of 24-hour sunlight and dark-
ness in the high Arctic. However, battery installations at or exceeding
average hourly consumption are important for reliability. If energy
sources were to suddenly stop operating, batteries could meet the load
for 1 h or more while repairs or maintenance occurred. Long-term

(days-months) storage would allow this energy to be used when the
solar resource and demands in Qaanaaq change dramatically. Battery
lifespans are expected to drastically increase. A sensitivity analysis on
battery cycling is presented in Appendix B to analyze the impacts of
increased lifespans on possible capacity additions in Qaanaaq.

3.3. Solar–diesel–BES–hydrogen

The objective of incorporating hydrogen storage in combination
with solar and battery energy storage is to balance out the large
seasonal variation in demand and solar resource. Hydrogen storage
enables opportunities for future coupling with other community needs,
for example district heating or desalination. The model forces the
inclusion hydrogen storage by the enforcing at least 500 kWh per year
of hydrogen dispatch.

For this preliminary analysis, the hydrogen is assumed to be com-
pressed to 35–70 MPa, which takes approximately 15% of the total
energy from the stored hydrogen, with expected hydrogen densities
of 23–38 kg/m3. Table 6 shows the combined LCOE’s and capacity
additions chosen for each fuel price scenario. High fuel savings are
offset by high capital costs, of storage space specifically, resulting in
higher combined LCOE’s than solar–diesel and solar–BES–diesel scenar-
ios. Additionally, solar capacities are larger in order to over-produce
energy to store.

Only high fuel costs results in a hydrogen hybrid energy system
being almost cost-competitive with the base case. Storage tank costs
are the primary bottleneck, and storage tank costs are not expected
to drastically decrease. Fig. 3 and the corresponding Table 7, show
seven different capital cost scenarios for hydrogen components with
constant solar, BES, and fuel prices of 3160 USD/kW, 760 USD/kW, and
0.71 USD/liter respectively. The right axis shows the combined LCOE.
The two lines overlapping the bar chart show, for each scenario, the
combined LCOE of the scenario in comparison with the base case cost
of energy. Decreasing capital costs do not result in an LCOE that meets
the base case cost of energy. Reaching parity with the diesel-only base
case would require unrealistic cost reductions in storage, electrolyser,
and fuel cells components.

Although this preliminary analysis of hydrogen energy storage
in Qaanaaq presents currently unfavorable economic parameters, it
should still be considered as a long-term energy planning tool if the
idea of hydrogen storage is favorable within the community, because
the technology for hydrogen storage is rapidly improving. Hydrogen
storage makes the best use of the solar power generated in the summer
by reducing fall, winter, and spring diesel use. Future hydrogen feasibil-
ity studies for Arctic communities should also consider using hydrogen
as a fuel for producing heat in a boiler or oil-space heater. This would
negate some capital costs, such as the fuel cell required to convert
the hydrogen into electricity. Furthermore, this may reduce the need
of large storage capacities. Due to the year round heat demand, the
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Table 5

Solar–Diesel–BES Hybrid Solar Installations and Combined LCOE (C-LCOE) for all fuel prices considered at a 4% discount rate, LCOE is in
USD/kWh, and capacity additions are in kW for solar and kWh for BES.

Diesel price 0.71 1.02 1.87
parameter C-LCOE Solar

capacity
BES
capacity

C-LCOE Solar
capacity

BES
capacity

C-LCOE Solar
capacity

BES
Capacity

2560USD/kW 0.26 380 455 0.34 383 73 0.56 688 112
3760USD/kW 0.26 370 36 0.35 377 80 0.62 473 111
Base Case 0.27 0 0 0.37 0 0 0.64 0 0

Table 6

Solar–BES–H2–Diesel Hybrid Solar Installations and combined LCOE (C-LCOE) for all fuel prices considered at a 4% discount rate, LCOE is in USD/kWh, solar capacity additions
are in kW, and BES and H2 capacities are in kWh.

Diesel price 0.71 1.02 1.87
parameter C-LCOE Solar

capacity
BES
capacity

H2
capacity

C- LCOE Solar
capacity

BES
capacity

H2
capacity

C- LCOE Solar
capacity

BES
capacity

H2
capacity

2560USD/kW 0.38 472 45 5095 0.46 520 16 5910 0.68 941 240 5593
3760USD/kW 0.39 404 81 3650 0.48 488 238 5480 0.70 622 190 6090
Base Case 0.27 0 0 0 0.37 0 0 0 0.64 0 0 0

Fig. 3. LCOE vs. capital costs of hydrogen storage components, considering a constant solar price of 3160 USD/kW, and fuel price of 0.71 USD/liter.

Table 7

Capital costs for hydrogen storage components corresponding to Fig. 3, for a constant
solar price of 3160 USD/kW, and fuel price of 0.71 USD/liter.

Scenario Storage price Electrolyser price Fuel cell price

1 31 USD/kWh 1100 USD/kW 700 USD/kW
2 31 USD/kWh 800 USD/kW 500 USD/kW
3 25 USD/kWh 800 USD/kW 400 USD/kW
4 25 USD/kWh 700 USD/kW 400 USD/kW
5 20 USD/kWh 700 USD/kW 350 USD/kW
6 20 USD/kWh 500 USD/kW 300 USD/kW
7 15 USD/kWh 500 USD/kW 300 USD/kW

hydrogen can displace in-home fossil fuel burning during the summer
and transitional months, rather than provide electricity in the mid-
winter, decreasing the excessive storage costs. Economic scenarios in
which externalities of fossil fuel are included and the true cost to supply
diesel fuel to the community are used may see hydrogen storage as a
more favorable option. The dispatch of hydrogen and impact of storage
size are discussed in Appendix C.

4. Conclusions and potential policy benefits

Our calculations in this initial feasibility study show that inclusion
of solar energy and battery energy storage may increase resilience and
save money associated with electricity generation small communities

in remote areas of northwest Greenland. Solar installations of 300–
400 kW with optional battery storage capacities of 80–100 kWhs
decrease the cost to generate electricity with payback periods of less
than 12 years, in almost every economic scenario chosen for analysis.
A summary of the annual cost savings in USD per year projected for
the solar–BES–diesel scenarios is shown in Table 8.

These potential cost savings can be achieved by Nukissiorfiit, as
the cost to generate electricity for Qaanaaq decreases with new solar
and battery energy storage installations. Although these cost savings
per kilowatt-hour [summarized in Table 5] are not large enough to
overcome the subsidized price of electricity that consumers pay (1.65
DKK, or 0.24 USD per kWh), investing in solar power would contribute
to lower operating costs for Nukissiorfiit. Therefore, consumers would
not see decreases in electricity rates unless there is reform to the one-
price model, enacted in 2018. Since 2018, Nukissiorfiit has published
large cost deficits (153 million DKK in 2020), citing the cause as the
ongoing, loss-making investments that must be made to supply the
whole country with water and energy (largely via fossil fuels). Even
without a change in the one-price model, government investment in so-
lar energy for communities around Greenland will lower Nukissiorfiit’s
dependence on fossil fuel which would help to reduce the associated
large ongoing deficits incurred by Nukissiorfiit [30].

Looking ahead, energy independence initiatives can help safeguard
communities against future energy price increases or decreases in
utility-supplied energy due to lack of secure supply. Investment in
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Table 8

Annual cost savings in USD/ Year for Solar–BES–diesel hybrid scenarios.

Installed
panel price

0.71
USD/liter 4%
Discount rate

1.02
USD/liter 4%
Discount rate

1.87
USD/liter 4%
Discount rate

3760
USD/kW

10,600 52,300 83,200

2560
USD/kW

38,500 81,700 205,800

renewables in small, islanded communities in Greenland is an im-
portant strategy to consider in decreasing energy system operating
costs and reducing deficits in Nukissiorfiit; Greenland government’s
investment in renewable energy that is appropriate to local conditions
for communities around Greenland is an important long-term strategy
for Nukissiorfiit.

In ongoing research, we will examine energy issues in a whole-
systems approach by assessing energy demand as well as the potential
impact of investments for improving energy conservation in homes.
Heating demand in Qaanaaq will be investigated in order to estimate
additional capacity required for electrified heating. This feasibility of
electrified heat will be assessed in conjunction with investigations
into building energy-efficiency and the indoor air quality of homes
using oil heaters. Additional capacity requirements to convert homes
to electrified heating will be minimized when homes are properly
insulated and well-sealed.

Because of the large spatial extent of Greenland and the varying
conditions of solar, wind, and hydropower across the nation, consid-
eration of specific energy targets and approaches would help guide
place-based decision-making between local and national government,
and could serve both to sustain local communities and to foster a
sustainable national energy system. This is true for not only the local
source of renewable energy, but also for possibilities for energy storage.
For example, the cost of hydrogen storage is declining globally, and
in the long term if members of remote communities see safety and
value in that new technology, the future addition of hydrogen storage
in the energy system might be useful for remote villages. In addition
to technical considerations, energy policy focused on promoting local
expertise in decentralized/renewable energy production, along with
the training that will be needed, could make renewable energy more
accessible to remote communities [31]. This preliminary assessment
investigated the technical aspects of implementing renewables in the
village of Qaanaaq. In ongoing research, we will continue to conduct
research with the citizens of Qaanaaq and other nearby settlements and
with Nukissiorfiit to assess preferences and possibilities for a refined
plan that will enable these communities to reach their short-term and
long-term energy and sustainability goals, which includes the preserva-
tion of aspects of their cultural heritage via decreased energy burdens
and greater self-reliance as a community. Meeting these community
energy goals will also benefit the nation of Greenland as a whole.
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Appendix A. Model inputs and sources of data

The following sections describe the sources of data, assumptions,
and various constraints used to model diesel, solar, battery, and hydro-
gen energy generation and storage.

A.1. Diesel generator constraints

The community currently has five diesel generators of capacities
ranging from 300–616 kilowatts(kW). For the models, three of these
generators are designated as available capacity, and two are reserved
for ancillary services. Each generator is constrained to run between
40%–100% of its rated capacity. Additionally, generators have fixed
costs relating to their run-hours in order to pay for new capacity when
generators reach their lifespan (45,000 run hours).

A.2. Load data

Qaanaaq’s demand information was provided by Nukissiorfiit. For
this preliminary study, load profiles for a representative day for each
month were created based on available trend curves from Nukissiorfiit’s
SCADA system with added randomly generated fluctuations; the total
fabricated demand falls within 0.5% of the known total generation
for the 2019–2020 year. Hourly demand data over the course of a
year are currently inaccessible by Nukissiorfiit. Nukissiorfiit requires
special and expensive servers to access data logged by the metering
system. The implications of the unknown diurnal cycling are discussed
in Section 3.2, but the level of diurnal load variation is not expected to
significantly change the estimate of the chosen battery capacity.

A.3. Fuel cost calculations

Fuel costs in Greenland are determined by an agreement between a
fuel wholesaler, PolarOil, and the Government. Fuel is bought in bulk
on a yearly basis and stored in local deposits to ensure price stability.
The fuel price is fixed for all localities to ensure equity. Therefore the
consumer diesel price in Qaanaaq is the same as in the much farther
south Nuuk. The only tax imposed on fuel is a small environmental tax,
unlike Denmark and other European countries that apply energy, CO2,
NOx, and value added taxes. The consumer price of fuel in Greenland
is therefore very low compared to Europe. However, this consumer
price likely does not reflect the full embedded costs of transportation,
port fees, or taxes that would be applicable if Greenland were more
independent economically from Denmark. Several methods were used
to calculate fuel costs based on a build-up method (calculating the cost
of diesel per liter based on barrel price, freight (bunker, fixed hire,
insurance), and port costs). A sensitivity analysis of fuel price on models



A. Pantaleo et al.

Fig. 4. Predicted Capacity Factor for Solar Installations vs. solar panel tilt from
horizontal.

is included using 2021 prices from 0.71 US-Dollar (USD)/liter - 1.87
USD/liter, where the lower end represents a realistic cost of fuel com-
ing from Amsterdam, Rotterdam, or Anterwerp (ARA) to Nuuk using
projected futures for ultra-low sulfur diesel fuel contracts, translating
to spot prices around 2.50 USD/Gallon. This final price per liter is
very close to the consumer price for diesel in Greenland of roughly
0.68 USD/liter(4.55 DKK) depending on exchange rate for the 2020–
2021 oil prices. A mid-range price, 1.02 USD/liter assumes more costs
are incurred by PolarOil (owned by the Government of Greenland) in
order to ship the oil more North. The highest fuel price represents the
price of diesel fuel in Denmark at the time of analysis (Fall 2021),
which embodies the taxes Greenland would pay for diesel fuel with
greater economic independence from Denmark. Nukissiorfiit purchases
diesel fuel for community power plants at the subsidized price directly
from PolarOil. However, being a government-run entity, an analysis of
community energy systems with higher prices and potential long-term
savings from increased use of renewables would be of interest to the
Greenlandic Government as global fossil fuel prices increase.

A.4. Solar resource and cost prediction

Solar resource data was collected from NASA’s Prediction of World-
wide Energy Resources GIS data and RenewablesNinja, which uses the
Surface Solar Radiation Data Set - Heliosat (SARAH) [32]. Solar power
was then calculated by converting GIS data to power generated on a
tilted panel suited for Qaanaaq’s latitude. A brief analysis, shown in
Fig. 4 using RenewablesNinja shows that a tilt of 50–55 degrees opti-
mizes the capacity factor for fixed-axis panels facing South (azimuth
180) [32,33]. Fig. 5 shows the insolation Qaanaaq receives over the
course of one year according to GIS data. Qaanaaq experiences 24-
hour, low-angle sunlight from about April until November, but from
November until mid-February, the sun does not rise above the horizon
for any portion of the day. For a 1000 kilowatt-peak installation, the
yearly average specific yield in kWh/kWp is 567 (or 1.57 per day),
which can be compared to Suldal, Rogaland, Norway, (the location
closest in latitude to Qaanaaq that global solar data is analyzed) which
has 970 kWh/kWp per year at 59 North latitude, according to the
Global Solar Atlas. Since site-assessments for solar arrays in Qaanaaq
are forth-coming, and there are no trees or buildings near potential
solar sites, any minimal losses due to shading are included in the
estimation of total losses. The total losses are assumed to be 17%,
including losses from inverter efficiency, age, wiring, light-induced
degradation, soiling, snow and shading. Losses due to snow and soiling
from dust are likely to be the main sources of solar power loss in
Qaanaaq due to windbourne dust from the glacial till and small bouts
of precipitation.

Solar power is not widely used in the far north of Greenland.
Therefore, there is little comparison for costs of panels, transportation,
and installation. In Sarfannguit, Greenland, PV prices were estimated

at 2800 USD/kW in 2014 [34]. In the Canadian Arctic, panel price
estimates have exceeded 5000 USD/kW in 2019 and 2020 [2,3]. A
range of installed panel prices (excluding inverters and cabling) were
suggested by Nukissiorfiit based on two potential categories: fixed PV
installed on solid bedrock and fixed PV installed on terrain that re-
quires additional foundations both of which are considering WINAICO
monofacial 375 kWp/panel panels. The range of prices considered is
2560 USD/kW–3760 USD/kW, with additional costs of inverters and
accessories. Bifacial panels have the potential to increase the output
significantly in Greenland, considering the highly reflective surfaces of
the nearby water and land, however, it is estimated that bifacial panels
could cost up to 33% more in Greenland than monofacial, according
to Nukissiorfiit. Qaanaaq sits on permafrost and glacial till, which
will require additional foundation materials. The price range of for
PV installed on this terrain is likely 3160 USD/kW–3760 USD/kW.
Therefore, 2560 USD/kW is used as a low, optimistic value, and 3760
USD/kW is used as a conservative high.

A.5. Energy storage constraints

The battery capacity is chosen by the model optimization. The state
of charge is constrained by this capacity, and by the depth of discharge,
which is assumed to be 80%. The round-trip efficiency of the battery is
fixed and assumed to be 80%. New battery capital costs are added when
the chosen capacity exceeds 3000 charging cycles, although longer
battery lifespans are explored [2].

The hydrogen storage system assumes an 150 kW fuel cell and
electrolyser, and a variable storage tank size (kWh). To be efficient
for long-term storage, a large tank is needed at the expense of higher
capital. The fuel cell and electrolyser operate at fixed efficiencies of
50% and 80% respectively. Because this model assumes compressed
hydrogen, $100,000 is added into hydrogen capital costs for the com-
pressor [4]. Operations and maintenance costs for the electrolyser, fuel
cell, and storage are expressed as percentages of the capital costs of
each component.

Appendix B. BES cycling sensitivity analysis

It is projected that future battery lifespans will increase dramati-
cally, due to ongoing innovations in battery technology. Therefore, a
short sensitivity analysis on battery cycle has been pursued, using the
0.71 USD/liter fuel price. In the above analysis, a lifespan of 3000
cycles was used. The following analysis assumes the commercially
available batteries for these energy projects can survive 10,000 cycles,
or that the price of batteries that can be achieved in Greenland de-
creases by half. Table 9 shows that optimal capacities for batteries will
be sensitive to cycle lifetimes and price. However, the impact on LCOE
is small. Waiting for lower prices or increased capacities, however, will
not greatly improve the economic feasibility of incorporating BES into
Qaanaaq’s energy system. Including battery energy storage at the time
of solar array installation will increase system resilience and provide
the greatest benefit.

Appendix C. Hydrogen dispatch discussion

Figs. 6 and 7 show how the hydrogen storage system would opti-
mally be dispatched in Qaanaaq’s energy system to minimize energy
generation costs considering two different storage capacities. These
plots illustrate how the combination of solar and diesel generators
contribute to hydrogen generation, and when hydrogen is used for elec-
tricity. Ideally, solar over-generation in the summer would contribute
to hydrogen dispatch during the fall and beginning of winter to reduce
diesel generator use. Fig. 7, which includes 6000 kWh of hydrogen
storage capacity shows greater hydrogen dispatch during the spring
and winter (hours 50–100), however, there is still a dependence on the
largest generator (Gen2) for overproduction for hydrogen. Given that
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Fig. 5. Solar insolation over the course of a year in Qaanaaq, Greenland.

Fig. 6. Dispatch of generating sources under solar–diesel–bes–hydrogen hybridization with 3500 kWh of hydrogen storage available.

Table 9

Solar and BES capacities, and LCOE for BES lifetimes of 3000 cycles and 10,000 cycles.

Parameters 3000
Cycles,760
USD/kWh

10,000
Cycles,760
USD/kWh

3000 Cycles,
380
USD/kWh

10,000
Cycles,380
USD/kWh

Solar
Capacity
[kW]

380 370 376 362

BES Capacity
[kWh]

45 84 78 98

LCOE
[USD/kWh]

0.25 0.25 0.256 0.25

fall and winter hydrogen dispatch can still be achieved with smaller
storage capacities (Fig. 6), albeit not entirely via renewables, smaller

storage capacities may still contribute positively to Qaanaaq’s energy
system. Stored solar is used during periods of low solar availability and
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Fig. 7. Dispatch of generating sources under solar–diesel–bes–hydrogen hybridization with 6000 kWh of hydrogen storage available.

as solar resource decreases seasonally. Generators that would typically
have to run at a low load due to low demand can run more efficiently
at higher load to create hydrogen.
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