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Performance study and life-cycle cost analysis of a ground-
source heat-pump system in a commercial building in Norway

VETLE KJÆR RISINGGÅRD1� , OVE SIVERTSEN2, ULRIK THISTED1 and KIRSTI MIDTTØMME1

1Energy & Technology, NORCE Norwegian Research Centre AS, Bergen, Norway
2B. Fondenes AS, Bergen, Norway

High-performance systems are a prerequisite for profitable borehole thermal-energy storage. This paper presents performance
measures for a system operating at a seasonal performance factor of 4.5 and evaluates the life-cycle costs of the actual and alternative
system configurations. Compared to systems using dry cooling and electric or district heating the as-built system represents a
profitable investment with internal rates of return of respectively 4.9% and 5.9% over a 50-year life cycle. Consequently, ambient-
temperature borehole thermal-energy storage is economically competitive in North-European climates at current prices.

Introduction

Buildings consume more than 55% of global electricity produc-
tion, thus indirectly contributing 20% of global CO2 emissions
(W€orsd€orfer et al. 2019). The International Energy Agency indi-
cates that in order to limit the rise in global temperatures to
1.5 �C as outlined by the United Nations Intergovernmental
Panel on Climate Change (Masson-Delmotte et al. 2019), all
new buildings have to be zero-carbon ready in advanced econo-
mies by 2025, and 50% of existing buildings have to be retrofit-
ted to zero-carbon-ready levels by 2040 (Cozzi et al. 2021).

Zero-carbon-ready buildings can be heated and cooled by
a range of energy sources, including electricity generated by
renewables. However, the extensive electrification required
to decarbonize the energy system will strain renewable elec-
tricity generation as well as the transmission grid (Cozzi
et al. 2021). Even in Norway, which today derives 99% of
its electricity production from wind and hydropower
(Statistics Norway 2021a), an extensive electrification
requires more than a 30% increase in the renewable energy
production (Holmefjord and Kringstad 2019). Meeting build-
ing heating and cooling needs with on-site utilization of

lower-exergy sources such as geothermal heat will ease the
load placed on the energy system by electrification.

About 800 ground-source heat pump (GSHP) installations
with more than eight borehole heat exchangers (BHE) have
been installed in Norway the last three decades (Midttømme
et al. 2021). Traditionally, these systems have been designed
for heating. Many large GSHP systems for multi-family
houses are still designed only for heating purposes, but the
share of borehole thermal-energy storages (BTES) used for
both heating and cooling is increasing. Several of the new
installations are integrated systems combining solar energy
and BTES (Midttømme et al. 2008, 2021). Performance data
for these energy systems are lacking and rarely reported.

The profitability of GSHPs in a life-cycle perspective has
been considered previously by several authors. Rad, Fung, and
Leong (2013), Hakkaki-Fard et al. (2015), Paiho, Pulakka, and
Knuuti (2017), and Biglarian, Saidi, and Abbaspour (2019) have
compared GSHPs and hybrid systems for detached single-family
houses with other heating solutions using life-cycle costs.
Compared to air-source heat pumps (ASHP), the profitability of
a GSHPs is predicated on having a higher seasonal performance
factor. Hakkaki-Fard et al. (2015) finds that the payback period
of a GSHP is in excess of 15years compared to an ASHP in
Quebecois climate, while Paiho, Pulakka, and Knuuti (2017) and
Biglarian, Saidi, and Abbaspour (2019) both find that a GSHP is
cheaper than an ASHP over a period of 20years in Finnish and
Iranian climates, respectively. Contrary to the findings of Paiho,
Pulakka, and Knuuti (2017) (Finnish climate), both Rad, Fung,
and Leong (2013) (Canadian climate) and Biglarian, Saidi, and
Abbaspour (2019) (Iranian climate) find that additional solar-
thermal energy reduces the life-cycle costs of a GSHP system.

Similar life-cycle-cost studies have been used to optimize
a solar-assisted GSHP system configuration (Weeratunge
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et al. 2018) as well as demand–response actions
(Alimohammadisagvand et al. 2016).

Studies considering the life-cycle costs of GSHPs for larger
buildings are less common. Paiho, Pulakka, and Knuuti (2017)
considers a near zero-energy apartment building in addition to a
detached house and finds that a conventional GSHP without
solar assistance is cheaper in a life-cycle perspective than both
an ASHP and district heating. Similar results are obtained by
Marszal and Heiselberg (2011) in a Danish climate for a net
zero-energy apartment building. Finally, Ristim€aki et al. (2013)
considers an entire district-heating system and finds that a sys-
tem that derives its energy from GSHPs is more cost-efficient
than one that derives its energy from excess heat from a thermal
power station.

This study differs from previous studies in that it consid-
ers a commercial building rather than a residential building.
Furthermore, the life-cycle cost is calculated using the meas-
ured energy performance of the case in question, rather than
simulated values, as used by Marszal and Heiselberg (2011)
and Paiho, Pulakka, and Knuuti (2017). The use of simu-
lated values is a significant omission in the earlier literature,
given that differences in energy performance are frequently
reported between simulated and measured data (Kouhia,
Nieminen, and Holopainen 2013; Pesola et al. 2016). With
access to measured energy data, a detailed system descrip-
tion and performance study is also possible. To the best of
our knowledge, this is the first published performance study
of a GSHP system in Norway.

Reference case

The reference case considered in this paper is the Scandic
Flesland Airport hotel, which is located at Flesland Airport
outside Bergen, Norway (60.39�N, 5.32�E). The Bergen area
has a mild coastal climate compared to the average Nordic
climate. Normal monthly temperatures range between 1.7 �C
(February) and 14.5 �C (July–August) and normal monthly
precipitation ranges between 88.3mm (May) and 240.7mm
(November), see Figure 1. The hotel was constructed in
2014–2017 and has a net floor area of 23,650m2 distributed
over six floors (including the basement). It is intended to

serve as a conference venue and has two conference halls
with capacities of respectively 900 and 400 persons, in add-
ition to 25 meeting rooms and 300 guest rooms. Figure 2
shows the hotel usage throughout the year. The number of
guests is largest during the summer months (June–August).

The hotel’s energy demand is dominated by heating due
to the comparatively low outdoor temperatures (see Section
“Performance study”). However, the power demand is domi-
nated by cooling, with large cooling loads required over
short periods to cool the conference halls. Space heating,
domestic hot water, and cooling is provided by a BTES
equipped with GSHPs. Additional domestic hot water is pro-
vided by solar thermal collectors. District heating is used to
boost the water temperatures for space heating and domestic
hot water and serves as a back-up. An adiabatic cooler
serves as a back-up for peaks in the cooling loads. A simpli-
fied system schematic is provided in Figure 3.

The borehole thermal-energy storage (BTES) consists of
a total of 50 vertical boreholes, each 200m deep, drilled in
granite and monzonite. The boreholes are connected in paral-
lel in three sections of 17, 17, and 16 boreholes, respect-
ively. The three sections are subsequently connected in
parallel to each other. Double U-type (4� 32mm) turbo col-
lectors are used. Turbo collectors have ribs in the inside,
enabling turbulent flow at lower flow rates. Key features of
the BTES are summarized in Table 1 and Figure 4.

The BTES is connected to four GSHPs with a total nom-
inal capacity of 320 kW. Each heat pump has two scroll
compressors, giving two steps per heat pump and a total of
eight steps for the system.

Hot water for space heating and domestic hot water is heated
to 50 �C by the heat pumps and accumulated in twelve 400-L
accumulator tanks. These tanks also receive hot water from
60m2 of vacuum solar collectors, although the latter contribute
less than 6% of the total energy for domestic hot water. The
hot-water temperature is subsequently boosted to 70 �C using
district heating in four separate 400-L tanks. Key features of the
solar-thermal collectors are summarized in Table 2.

Cooling is distributed using the ventilation system. Heat
is extracted from the ventilation air using heat exchangers
and transferred to the BTES circulating fluid. The cold air is
returned to the building, whereas the heated circulating fluid

Fig. 1. Normal monthly temperatures and precipitation for Flesland Airport. (a) Normal monthly temperature. (b) Normal monthly pre-
cipitation. Climate data are reproduced from the Norwegian Meteorological Institute (2017) and are based on the most recent climate
normal (1991–2020) (World Meteorological Organization 2017).
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is returned to the boreholes. While in transit through the
borehole heat exchangers, the circulating fluid is returned to
its original temperature by transferring the heat to the bed-
rock. This is referred to as free cooling below. A maximum
of 380 kW of cooling power can be delivered using two
7.5 kW circulation pumps. An additional 220 kW of cooling
can be delivered using an adiabatic cooler.

Performance study

The system performance data have been collected for the
period January 2017–December 2020. Energy has been
measured using Multical 602 energy meters from Kamstrup
(Kamstrup A/S 2019) equipped with Ultraflow 54 DN15-125

flow meters (Kamstrup A/S 2022) and Pt500 EN 60 751
temperature sensors (Kamstrup A/S 2021). The energy
meters are certified according to EN 1434 class C, and have
a measurement uncertainty of <6%.

Figure 5 shows the delivered energy throughout this
period, as well as the heating seasonal performance factor
(SPF) for the first two years. The SPF is calculated as

SPF ¼ QSH þ QDHW

W
, (1)

where QSH is the energy delivered as space heating, QDHW

is the energy delivered as domestic hot water, and W is the
electricity supplied to the GSHP and the circulation pumps.
The energy extracted from and injected into the BTES is
shown in Figure 6 together with the thermal balance ratio
(ratio of extracted to injected heat).

The hotel was opened April 4, 2017, but the heat pumps
started running in November 2016. Still, Figures 5 and 6 show
clear differences between 2017 and the subsequent years. More
heat was extracted from the BTES in 2017, and less heat
injected. Consequently, the thermal balance ratio for 2017 is
24.4, in contrast with 8.3 in 2018. The SPF is also lower in
2017 (4.2) than in 2018 (4.5). 2018 and 2019 were both normal
years of operation, and the datasets for the two years are similar.
Due to Covid-19 travel restrictions, the hotel closed in February
2020, and was only partly reopened later that year. As a result,
the heating loads in particular were considerably smaller in 2020
than in the preceding years.

Figures 5 and 6 demonstrate that the energy demand of
the building is dominated by heating. The data for 2018
through 2020 broken down into monthly values is shown in

Fig. 2. Percentage of rooms occupied in 2018.
Monthly averages.

Fig. 3. Simplified schematic of the energy system of the Scandic Flesland Airport hotel. Heat is extracted from the BTES by a heat
pump for space heating and domestic hot water and injected into the boreholes for cooling. District heating boosts the hot-water tem-
perature and serves as a back-up. Additional hot water is provided by solar thermal collectors.
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Figure 7. Space heating dominates during the winters,
whereas the cooling loads reach values comparable to the
heating loads during the summer months. The reduction in
the heating loads during the summer is entirely due to a
reduction of space heating—domestic hot-water loads

actually show a small increase. This is consistent with the
larger number of guests at the hotel in this period (Figure
2). The absence in Figure 7 of significant hot-water loads in
2019 is due to gaps in the dataset. However, the unusually
small loads in March and April in 2020 are due to the hotel
being closed because of Covid-19 travel restrictions.

Monthly loads for 2018 are shown in Figure 8 together with
the heating monthly performance factor. The 2018 SPF is 4.5,
however monthly performance factors reach 5.0 in May and
July. This is due to the high temperatures of the circulating fluid
extracted from the boreholes and the high outdoor temperatures
in these months. Monthly average entering and exiting tempera-
tures from the BTES as well as the outdoor monthly average
temperature for 2018 are plotted in Figure 9a.

Because heat is predominantly being extracted in the win-
ter and injected during the summer, the borehole tempera-
tures in Figure 9a go through a seasonal cycle that is similar
to the outdoor temperatures. The yearly average tempera-
tures of the extracted circulating fluid have fallen in the

Table 1. Summary of borehole thermal-energy storage key features.

feature value

ground source vertical boreholes
ground composition granite, monzonite
ground temperature (undisturbed) 8.8 �C
ground thermal conductivity 5.0 W/m�K (estimated from thermal response test)
ground heat capacity 850 J/kg�K
groundwater level 3 m below borehole cap
number of boreholes 50
borehole length 200 m
borehole diameter 115mm
borehole filling material only groundwater
borehole heat exchanger double U-tube (d ¼ 32mm)
borehole thermal resistance 0.105 m�K/W (heating)

0.085 m�K/W (cooling)
loop type closed loop
circulating fluid 75% water and 25% Dowcal 200 (propylene glycol)

Fig. 4. (a) Borehole distribution relative to the Scandic Flesland Airport hotel. (b) Borehole and borehole heat exchanger design.

Table 2. Summary of solar-thermal collector
key features.

feature value

collector type vacuum
orientation South
angle with vertical 45�

number of panels 25
panel area 2.4 m2

net area 60 m2

loop type closed loop
circulating fluid water
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Fig. 5. Energy delivered by the GSHPs and free cooling using the BTESs in 2017–2020, and the SPF. The abbreviations in the legends
translate to, respectively, space heating (SH), domestic hot water (DHW), free cooling (FC), and heating seasonal performance fac-
tor (SPF).

Fig. 6. Energy extracted from and injected into the BTES in 2017–2020. The abbreviations in the legends translate to, respectively,
space heating (SH), domestic hot water (DHW), and free cooling (FC). Ratio is short for thermal balance ratio (ratio of extracted to
injected heat).

Fig. 7. Monthly energy delivered by the GSHPs and free cooling using the BTES in 2018–2020. The abbreviations in the legends
translate to, respectively, space heating (SH), domestic hot water (DHW), and free cooling (FC).

Volume 0, Number 0, Month 2022 5



period 2018–2021, but may be stabilizing as shown in
Figure 9b. A possible explanation might be that the BTES is
reaching a steady state in which the temperature difference
between the BTES and the surrounding rock matches the
heat flux necessary for supplying the net amount of heat
extracted yearly. A significant groundwater flux observed in
some of the boreholes might also be a contributing factor.
However, the limited amount of time since operations began
prevents firm conclusions from being drawn yet.

The daily average circulating fluid temperatures are plotted
against the outdoor daily average temperature in Figure 10. The
crossing point in Figure 10 at approximately 15 �C indicate that
at this temperature the building’s energy demand changes from
heating-dominated to cooling-dominated. A similar crossing
point is seen in the building’s energy signature in Figure 11. It
is the fact that the yearly normal temperature is less than 15 �C

(Figure 1) that gives rise to the overall heating-dominated energy
demand. The comparatively small number of days with outdoor
daily average temperatures above 15 �C is reflected in the com-
paratively small number of scatter points above 15 �C in Figures
10 and 11. The overall heating-dominated energy demand is
more clearly shown in the heating- and cooling-load duration
curves for 2018 shown in Figure 12. In 2018, the energy
demand for cooling was only 9% of the energy demand
for heating.

The highest measured heating power of 2018 was
approximately 350 kW, a value that agrees well with the
heating duration-curve maximum of 7.5MWh/day. Similarly,
the highest measured free-cooling power of 2018 of approxi-
mately 380 kW, agrees well with the cooling duration-curve
maximum of 8MWh/day. However, the maximum total
cooling power was approximately 600 kW, fully utilizing

Fig. 8. Monthly energy delivered by the ground-source heat pumps and free cooling using the borehole heat exchangers in 2018 and
the monthly performance factor. The abbreviations in the legends translate to, respectively, space heating (SH), domestic hot water
(DHW), free cooling (FC), and heating monthly performance factor (MPF).

Fig. 9. (a) Monthly average entering and exiting temperatures from the BTES for 2018. The monthly average outdoor temperature is
also plotted. (b) Yearly average exiting temperatures from the BTES for 2018–2021.
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Fig. 10. Daily average entering and exiting temperatures from the BTES for 2018 versus the outdoor daily average temperature.

Fig. 11. Daily space-heating and free-cooling loads for 2018 versus the outdoor daily average temperature.

Fig. 12. Duration curve for 2018 based on daily values for space heating and free cooling.

Volume 0, Number 0, Month 2022 7



both the free cooling and the adiabatic cooling. Comparing
peak heating (350 kW) and cooling (600 kW) power, it is
clear that although the energy demand of the building is
dominated by heating, its power demand is dominated by
cooling by a factor of 1.7.

Prior to construction, the desired number of boreholes
was determined based on the cooling power that was
required to be met by free cooling (380 kW). The relative
size of the heat pumps and the BTES is a result of the heat-
pump capacity being determined independently based on the
required heating power to be met by the system. The solar
thermal collectors cover only 6% of the domestic hot-water
heating loads.

A histogram of the measured heating power in 2019 is
shown in Figure 13. The eight steps of the GSHP are clearly
recognizable. Summing the recorded counts for all eight
steps and comparing with the number of counts in the off
state shows that the GSHP was in operation 85% of the time
in 2019. The GSHP on and off times and step selection is
chosen automatically based on a hot-water temperature set-
point that depends on the outdoor temperature, as well as
the indoor temperature throughout the building. A similar
operation strategy is used for the circulation pumps that
deliver circulating fluid to the air–fluid heat exchanger that
cools the ventilation air.

Alternative cases

To assess the economic advantages and disadvantages of the
chosen heating and cooling solutions, two alternative cases
were defined. In the following, the reference case will be
referred to as Alternative 1, and the two alternative cases as
Alternatives 2 and 3.

Alternative 2 represents a “default” energy system for
similar buildings in areas where district heating is available.
It employs a standard heating solution based on district heat-
ing. Compared to Alternative 1, this eliminates the need for
the BTES, the GSHPs, and the associated equipment. In the
absence of the GSHP system, free cooling and the adiabatic
cooler are substituted with a dry-cooler system of equivalent

capacity. A revised schematic of the energy system is shown
in Figure 14.

Alternative 3 represents a default energy system for simi-
lar buildings outside district-heating licensing areas. It
employs a standard heating solution based on electricity.
Compared to Alternative 1, this removes the need for the
BTES, the GSHPs and the associated equipment, and the
district-heating installations. Similarly to Alternative 2, the
free cooling and the adiabatic cooler are substituted with a
dry-cooler system of equivalent capacity. A revised sche-
matic of the energy system is shown in Figure 15.

Alternatives 1–3 all include 60m2 of solar thermal collec-
tors that provide domestic hot water. In 2018, the solar col-
lectors covered only 6% of the total domestic hot-water
energy consumption for the reference case (Alternative 1).
For each of Alternatives 1 through 3, life-cycle cost analyses
have therefore been carried out both including and excluding
solar collectors.

Life-cycle cost analysis: Framework

The present life-cycle cost analysis is limited to the heating
and cooling system of the building. Cost items that are com-
mon to all alternatives, such as radiators for space heating
and ventilation ducts for cooling, have been neglected.

The heating and cooling system takes up physical space
in the building and contributes a fraction of its electricity
consumption. Costs related to the structural components of
the building have therefore been assigned to each alternative
based on the area they occupy. Similarly, each alternative
has been assigned a fraction of the costs of the electricity-
supply infrastructure based on the fraction of the total elec-
tricity consumption it contributes.

Cost data was collected from the original building plans, as
well as from publicly available material in the published litera-
ture and government reports. By cross-checking costs from the
original plans against published national averages and making
adjustments where necessary, a cost level representative of a
generic building similar to the original hotel was ensured.
References for published costs are presented in Table 3.

All costs are reported in 2020 Norwegian kroner (NOK).
Costs from the original building plans and older published val-
ues have been converted to 2020 values using the consumer
price index of Statistics Norway (Statistics Norway 2021b),

c t0ð Þ ¼ c t0ð Þ � I t0ð Þ
I t0ð Þ : (2)

Here, t0 denotes year 2020, t0 denotes the date of the cost
data, c tð Þ is the cost at time t, and I tð Þ is the consumer price
index at time t: Values in 2020 Norwegian kroner can be
converted to values in 2020US dollars (USD) using the
average 2020 exchange rate of 9.34 NOK/USD. Future
maintenance and replacement costs, energy costs, and
decommissioning costs have been discounted to the present
using an interest rate of 4% for the first 39 years of oper-
ation, and 3% for subsequent years as recommended by the
Norwegian Ministry of Finance (2021). Given a future value

Fig. 13. Histogram of measured heating power in 2019 based
on values recorded every 10minutes.
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cn at n years into the future and an interest rate r, the pre-
sent value c0 is calculated as (Wijst 2013)

c0 ¼ cn
1þ rð Þn : (3)

The building lifetime has been set to 50 years.
Uncertainties have been estimated for all cost elements.

The method of estimation depends on the cost element in
question, but falls broadly into one of four categories:
1. Negligible uncertainty. Example: Floorspace costs for

Alternative 1.

2. Uncertainty determined by measurement uncertainty.
Example: Temperature, flow, and power measured using
Kamstrup energy meters.

3. Reported uncertainty for published data. Example: Future
electricity costs taken from (Birkelund et al. 2021).

4. Uncertainty estimated by competent professionals.
Example: Cost of the dry-cooling solutions for
Alternatives 2 and 3.
The net uncertainty for the total cost has been calculated

from the individual uncertainties using the Gaussian law of
error propagation (Taylor 1997),

Fig. 14. Simplified schematic of a “default” energy system for buildings in areas where district heating is available (Alternative 2).
District heating provides space heating and domestic hot water. Additional hot water is provided by solar thermal collectors. Cooling is
provided by dry cooling.

Fig. 15. Simplified schematic of a “default” energy system for buildings outside district-heating licensing areas (Alternative 3). Space
heating and domestic hot water is provided using electricity. Additional hot water is provided by solar thermal collectors. Cooling is
provided by dry cooling.

Table 3. References for published costs.

Topic References

borehole thermal-energy storage Traaen (2018)
ground-source heat pumps Sidelnikova et al. (2015)
solar thermal collectors Sidelnikova et al. (2015) and Rindal and Salvesen (2008)
district heating Sidelnikova et al. (2015)
electricity supply infrastructure Uthus, Samdal, and Trengereid (1998)
projected electricity costs Birkelund et al. (2021)
adiabatic cooler Strand-Hansen and Bugge (2020)
building construction, maint., and holding costs Norconsult Informasjonssystemer AS and Bygganalyse AS (2021)
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df ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x
dx

� �2

þ @f

@y
dy

� �2

þ � � �
s

, (4)

where f is the derived quantity (life-cycle cost), x and y are
quantities of known uncertainty (cost elements), and dx, dy
and df are the uncertainties. For sums, this formula simpli-
fies to

df ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dxð Þ2 þ dyð Þ2 þ � � �

q
(5)

as @f =@x ¼ @f =@y ¼ � � � ¼ 1:
The most important contribution to the net uncertainty

arises from year-to-year variations in the weather and the
number of guests, and enters the life-cycle-cost calculation
through the energy data. The energy data are based on 2018
values. As pointed out in Section “Performance study”, 2018
was a normal year of operation for the hotel.

Meteorological data indicate that the yearly average tem-
perature of 2018 was 1.2 �C above the yearly normal value
and the yearly precipitation was 1.03 times larger than the
normal value (Grinde et al. 2019). However, the winter
months February and March were colder than normal
(Grinde et al. 2019), and the summer of 2018 was unusually
dry and warm (Skaland et al. 2019). This contributed to the
larger heating as well as cooling loads of 2018 compared to
2019 (Figure 5). As a result, using energy data for 2018 in
the life-cycle cost analysis might overestimate the energy
costs of the reference case. However, the 2018 energy data
are still representative for a mild coastal climate in the
Nordic region and comparable locations worldwide.

The yearly average temperature at Flesland has a standard
deviation of 0.7 �C calculated over the period of the most
recent climate normal (1991–2020). Combined with the
building’s energy signature in Figure 11, this gives an
expected yearly variation of about 8% in the energy con-
sumption. Taking into account the variation in the number
of guests as well, the overall uncertainty of the energy con-
sumption is estimated to 20%.

Life-cycle cost analysis: Results

Figure 16 summarizes the life-cycle costs of Alternatives 1
through 3 with solar collectors broken down by cost catego-
ries and cost drivers. These costs are also given in Table 4
The same costs—except the energy costs—are shown in sep-
arate charts in Figure 17, including uncertainty estimates.
The stacked bars in Figure 16 facilitate comparison of costs
across cost categories, whereas Figure 17 facilitates compar-
isons of costs as well as uncertainties within cost categories.

The investment of the BTES and GSHPs dominates the
initial costs incurred by Alternative 1 (Figure 17a). The
second-largest cost driver is the floorspace, or the portion of
the cost of the structural components of the building
assigned to the heating and cooling system. As seen in
Figure 16, the initial floorspace cost is larger for Alternative
1 than for Alternative 2 because of the area occupied by the
heat pumps, the circulation pumps, and the other equipment
associated with the ground-source system. The floorspace
cost is in turn larger for Alternative 3 than for Alternatives 1
and 2 because the all-electric Alternative 3 has to carry a
larger fraction of the floorspace cost of the electricity infra-
structure. Figure 17 also shows that for Alternatives 2 and 3,
the initial cost of the dry coolers and refrigeration machines
roughly equals the floorspace cost.

Recurring costs have been divided into energy costs and
other recurring costs, namely maintenance and replacement
of equipment that reaches end-of-life. The other recurring
costs are dominated by the floorspace costs. When compar-
ing the floorspace costs to the other recurring-cost drivers in
Figure 17, it is important to take into account that only 34%
of the recurring floorspace costs are due to maintenance—
the remaining floorspace costs account for building taxes,
insurance, administration, and periodic upgrade costs. The
relative size of the floorspace costs is the same for the initial
investment and the recurring costs. Conversely, Figure 16
shows that the ratios of maintenance costs of the energy sys-
tem itself change significantly going from the initial to the

Fig. 16. Summary of life-cycle costs for Alternatives 1–3 with solar collectors broken down by cost category and cost drivers. Costs
for each alternative within each cost category are represented as stacked bars. Recurring costs have been divided into energy costs and
other recurring costs. All costs are given in millions of NOK (MNOK). 1 MNOK equals 0.11 million USD.
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recurring costs. This can be seen most clearly when compar-
ing the total initial and recurring costs of Alternatives 1 and
3: Due to the low maintenance costs of the ground-source
system, the recurring costs of Alternatives 1 and 3 are
approximately equal, whereas the initial investment is sig-
nificantly larger for Alternative 1.

As seen in Figure 16, the energy costs are the largest cost
category and is the decisive factor when comparing the total
life-cycle costs of Alternative 1 with those of Alternatives 2
and 3. Overall, Alternative 1 is significantly cheaper than
Alternatives 2 and 3 due to the large amount of free energy
that can be extracted from the ground. Still, the electricity
costs of Alternative 1 are larger than those of Alternative 2
because the amount of electric energy required for running
the GSHPs is larger than the one required for running the
dry coolers and refrigeration machines. At the same time,
the overall energy cost of Alternative 3 is smaller than that
of Alternative 2, despite the district-heating energy price
being identical to the electricity price, because the electricity
grid tariff is smaller than the equivalent tariff for dis-
trict heating.

The results in Figures 16 and 17 include solar thermal
collectors for all three alternatives. As seen in Figure 17, the
initial investment of the solar thermal collectors is 800
kNOK. Adding recurring costs of 43 kNOK and decommis-
sioning costs of 11 kNOK, the total life-cycle cost of the
solar thermal collectors is 854 kNOK. Based on 2018 values
the solar thermal collectors are assumed to deliver
24.3MWh of energy to domestic hot water yearly. In the

absence of solar thermal collectors, this energy would be
covered using district heating for Alternatives 1 and 2, or
electricity for Alternative 3, costing respectively 420 kNOK
and 390 kNOK. Comparing these numbers with the life-
cycle cost of the solar thermal collectors, it is evident that
the solar thermal collectors operate at a loss over the build-
ing lifetime for all three alternatives. However, the contribu-
tion from the solar thermal collectors to the total life-cycle
cost is relatively small, and Alternative 1 is still significantly
less costly than Alternatives 2 and 3, even if the solar ther-
mal collectors are removed for the latter cases.

Figures 18 and 19 show the sensitivity of the life-cycle
costs on the energy price and the space-heat consumption.
Considering first the energy price, the same energy price has
been used for both electricity and district heating, following
a common policy among Norwegian district-heating pro-
viders (Norwegian Ministry of Petroleum and Energy 1990).
Norwegian energy prices are expected to stay in the range
350–650 NOK/MWh over the next 20 years (Birkelund et al.
2021) and not exceed European prices (shaded area in
Figure 18). Interestingly, Figure 18 shows that Alternative 1
will remain cheaper than Alternatives 2 and 3 even if energy
prices approach zero, provided that usage-dependent grid tar-
iffs and taxes remain at current levels. As expected,
Alternative 1 becomes more profitable with respect to
Alternatives 2 and 3 as the energy price increases, implying
that GSHPs are an even better investment for a building of
this type in locations with higher energy prices.

Considering the sensitivity of the results to space-heat
consumption enables an assessment of the validity of these
results in locations with climates that are different from that
of the reference location. Figure 19 shows the total life-cycle
cost as a function of space-heat consumption spanning a
range of 0.5–1.5 times the consumption of the reference
case. A crossing point is expected at about zero space heat-
ing, assuming constant domestic hot-water demand. The
profitability of Alternative 1 with respect to Alternatives 2
and 3 over this entire range indicates that GSHPs represent a
profitable investment not only in the Nordics, but throughout
much of Europe. The European Union average space-heat
consumption (kWh/m2) is in fact larger than the space-heat
consumption of both Sweden and Denmark (Bertelsen and
Vad Mathiesen 2020)—both of which are locations with cli-
mates and building standards comparable to the refer-
ence case.

The above discussion neglects the dependence of cooling
costs on climatic conditions. Increased cooling loads are
expected to have a twofold effect: First, for the borehole
temperatures considered in the reference case, the cost of
cooling is larger for Alternatives 2 and 3 than for
Alternative 1. Second, borehole temperatures will rise as the
thermal balance ratio decreases with increasing cooling
loads, thus improving the SPF. Thus, increased cooling loads
favor Alternative 1 over Alternatives 2 and 3. On the other
hand, decreased cooling loads are expected to have a limited
effect as the energy demand for cooling is currently only 9%
of the energy demand for heating.

Table 4. Summary of life-cycle costs for Alternatives 1–3 with
solar collectors broken down by cost category and cost drivers.
Recurring costs have been divided into energy costs and other
recurring costs. All costs are given in thousands of NOK
(kNOK). 1 kNOK equals 110 USD.

description investment recurring energy decom.

Alternative 1
GSHP and BTES 6,071 1,227 58
solar collectors 800 43 11
district heating 511 40 4,657 62
electricity 68 1 4,947 2
cooling 989 183 34
floorspace 3,048 3,258 104
Alternative 2
GSHP and BTES 0 0 0
solar collectors 800 43 11
district heating 691 160 28,792 62
electricity 20 0 1,096 1
cooling 3,910 530 148
floorspace 2,906 3,106 107
Alternative 3
GSHP and BTES 0 0 0
solar collectors 800 43 11
district heating 0 0 0 0
electricity 531 165 27,796 7
cooling 3,910 530 148
floorspace 4,006 4,282 107
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Comparing the present values of different options—
represented here by the life-cycle costs of the three alterna-
tives—is a powerful tool to guide investments. However,

other key numbers are also often used to measure investment
performance. In particular, the internal rate of return of a
project is often used as guide because of the ease with which

Fig. 17. Summary of life-cycle costs for (a) Alternative 1, (b) Alternative 2, and (c) Alternative 3. All alternatives are broken down by
cost category and cost drivers and include solar collectors. All costs are given in millions of NOK (MNOK); 1 MNOK equals 0.11 mil-
lion USD.
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this number can be compared to other investments. The
internal rate of return is the interest rate r for which the pro-
ject has a net present value of zero (Wijst 2013),Xm

n¼0

cn
1þ rð Þn ¼ 0: (6)

Here, cn is the is the cost of or return on the project in
year n, and m is the project lifetime in years.

Although all of the three alternatives represent a net cost,
an internal rate of return can still be calculated for choosing
Alternative 1 over Alternative 2 or 3—with positive cash
flows coming from the yearly energy-bill savings due to
extraction of free energy from the ground. To obtain annual
discounted cash flows, present values of the recurring costs
have been converted to equivalent annual costs by dividing
by appropriate annuity factors (Wijst 2013),

ce ¼ rc0
1� 1þ rð Þ�m , (7)

where ce is the equivalent annual cost, c0 is the present
value of the recurring costs, r is the interest rate, and m is
the project lifetime in years. Table 5 shows the yearly cash
flows for two scenarios: choosing Alternative 1 over
Alternative 2 and choosing Alternative 1 over Alternative 3.
The negative cash flows in year 1 and 50 represent invest-
ments and decommissioning costs incurred by Alternative 1.
The positive cash flows in years 2–49 represent the alterna-
tive energy costs saved by choosing Alternative 1 over
Alternative 2 or 3, minus the maintenance costs of
Alternative 1. The internal rate of return of the net cash
flows in the first line of Table 5 (choosing Alternative 1
over Alternative 2) is 5.9%. The internal rate of return of

Fig. 18. Sensitivity of total life-cycle cost for Alternatives 1–3 with solar collectors to the energy price (excluding usage-dependent
grid tariffs and taxes). The shaded area indicates the expected range of Norwegian energy prices over the next 20 years, and the dashed
white line indicates the energy price used for Figures 16 and 17 and Table 4. Costs are given in millions of NOK (MNOK). 1 MNOK
equals 0.11 million USD.

Fig. 19. Sensitivity of total life-cycle cost for Alternatives 1–3 with solar collectors to the space-heat consumption. The dashed line
indicates the space-heat consumption of the hotel that would be expected given an EU-average space-heat consumption of 113 kWh/m2.
Costs are given in millions of NOK (MNOK). 1 MNOK equals 0.11 million USD.
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the net cash flows in the second line of Table 5 (choosing
Alternative 1 over Alternative 3) is 4.9%. GSHPs thus repre-
sent a more profitable investment in district-heating licensing
areas (mandatory use of district heating), because the electri-
city grid tariff—and thus the energy bill—is smaller than the
equivalent tariff for district heating.

Conclusion

To conclude, a performance study has been carried out for
the ground-source heating and cooling system of the hotel
Scandic Flesland Airport located in Bergen, Norway. The
building has a heating-dominated energy demand, cooling
only being necessary for outdoor daily average temperatures
in excess of 15 �C. However, the building’s power demand
is cooling dominated on account of brief surges in cooling
power during daytime hours in the summer. This was
accounted for in the construction phase, and explains the
relative size of the GSHPs and the BTES. The heating sys-
tem operates at a SPF of 4.5 in normal years, with monthly
performance factors reaching 5.0.

A life-cycle cost analysis has been carried out for the as-
build reference case and two alternative cases representing
default systems respectively inside and outside district-heat-
ing licensing areas. The life-cycle costs for the as-built sys-
tem are considerably less than the alternatives due to the
free energy that can be extracted from the ground. Yet, the
solar thermal collectors are not a profitable addition to the
energy system due to their high cost and low production of
hot water.

Sensitivity analyses with respect to energy prices and
space-heat consumption demonstrate that the results are
robust and have an area of validity extending over much of
Europe and comparable locations worldwide. The internal
rate of return on choosing the as-built solution over district
heating and electric heating is 5.9% and 4.9%, respectively.
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