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A B S T R A C T

This study compares three seasonal storage pathways for 44 public buildings with shared rooftop PV in Dram
men, Norway. The buildings face a strong mismatch between summer PV surplus and winter heating demand. 
The three pathways are borehole thermal energy storage (BTES), aquifer thermal energy storage (ATES), and a 
electricity-to‑hydrogen-to-electricity chain. We use measured hourly data from March 2020 to February 2021. 
Each pathway absorbs the summer PV surplus, stores it across the season, and returns it during the heating 
period. BTES and ATES are assessed as thermal storage pathways, while the hydrogen chain is evaluated as an 
electricity-side storage pathway. BTES injects 10,208 MWh of thermal energy into the ground and recovers 5339 
MWh in winter. The seasonal recovery efficiency is close to 52%. ATES at a baseline groundwater velocity of 
0.15 m per day recovers 6229 MWh from the same input and reaches 61%, the highest of the three. The hydrogen 
chain recovers 1452 MWh of electricity from 4455 MWh of summer surplus, giving a round-trip efficiency near 
33%. ATES recovery depends strongly on local hydrogeology. Across a sweep of groundwater velocities from 
0.02 to 0.30 m per day, recovery ranges from 71% down to 50%. At velocities above 0.25 m per day ATES drops 
below BTES. Under high‑carbon grid conditions, annual avoided emissions reach up to about 85 t CO₂ per 
building for BTES and 110 t per building for ATES. The hydrogen chain has the highest annualised cost. Per kWh 
of electricity delivered it is roughly fifteen times that of BTES. BTES remains the robust thermal option when 
aquifer conditions are unfavourable, while ATES is preferable where hydrogeology permits.

1. Introduction

As the building sector moves toward deep decarbonisation and high 
penetration of renewable energy, the seasonal imbalance between sup
ply and demand has become a major obstacle for energy systems in 
northern climates [1]. Winter heating loads in the Nordic region are 
exceptionally high, while summer provides abundant solar and ambient 
heat resources. This temporal mismatch keeps fossil fuels embedded in 
heating systems, even under aggressive renewable expansion strategies 
[2]. Seasonal Thermal Energy Storage (STES) is therefore increasingly 
viewed as an essential pathway for achieving high shares of renewable 
heating and improving building-level self-sufficiency [3]. Established 
STES technologies include Borehole Thermal Energy Storage (BTES), 
Aquifer Thermal Energy Storage (ATES), and Pit Thermal Energy Stor
age (PTES), alongside emerging concepts such as phase-change and 
thermochemical storage [4].

Recent advances in BTES research focus on borehole field configu
rations, subsurface thermal conduction, and long-term cycling perfor
mance. Case studies and reviews demonstrate that BTES can store large 
volumes of low-grade heat across seasons, making it one of the most 
effective options for increasing renewable heat utilisation [5]. Well- 
known demonstration projects, such as the Drake Landing Solar Com
munity in Okotoks, Alberta (Canada) and the high-temperature BTES 
system in Mol, Belgium, have confirmed the feasibility and stability of 
BTES in cold regions [6,7]. BTES performance is strongly governed by 
soil and bedrock conductivity, borehole spacing, groundwater flow 
conditions, and storage size, with systems generally reaching stable ef
ficiency only after a thermal acclimation phase [8,9]. In particular, 
regional groundwater throughflow can drive thermal-plume drift away 
from the borehole field, reducing recoverable heat in winter; this effect 
is most pronounced in permeable sedimentary settings and is suppressed 
in low-permeability crystalline rock such as the Fennoscandian Shield 
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[9,10].
As an open-loop storage option, ATES has reached large-scale 

deployment in the Netherlands, Sweden, and other countries, particu
larly in commercial buildings and district energy networks [11]. It offers 
high recovery efficiency and favourable costs, yet its performance is 
highly sensitive to local hydrogeological conditions. Groundwater flow 
velocity, aquifer thickness, and heterogeneity can drive thermal plume 
drift, reducing system performance when geological conditions are 
suboptimal [12,13]. High-temperature ATES may also induce subsur
face geochemical alterations, necessitating long-term monitoring and 
regulation [14]. Despite these constraints, ATES remains highly relevant 
for buildings requiring both heating and cooling, and recent work con
tinues to explore its potential for cross-season high-temperature storage.

Hydrogen has also emerged as a candidate for seasonal energy 
storage due to its high energy density and ability to bridge long-duration 
supply gaps [15–17]. Converting surplus summer photovoltaic elec
tricity into hydrogen and using hydrogen fuel cells (typically proton- 
exchange-membrane fuel cells, PEMFC) for winter electricity genera
tion is considered a promising option for addressing the seasonal 
mismatch between renewable electricity supply and heating-driven 
electricity demand [18–20]. This mismatch is particularly pronounced 
in high-latitude regions, where summer PV output and winter heating 
loads are strongly anti-correlated; in temperate climates the seasonal 
contrast is much weaker, and short-duration storage may suffice 
[21,22]. Studies in remote microgrids, rail infrastructure, and regional 
energy systems show that hydrogen storage can enhance self- 
sufficiency, reduce renewable curtailment, and increase the flexibility 
of integrated electricity–gas–heat networks [23–25]. However, 
hydrogen storage typically achieves only 30–40% round-trip efficiency 
(defined here as the ratio of recovered electrical energy at the fuel cell to 
the electrical energy initially consumed for electrolysis, after accounting 
for storage retention losses), and high capital costs and conversion losses 
continue to limit its competitiveness in most building applications [26].

Despite substantial progress, several knowledge gaps remain. First, 
cross-technology comparisons of BTES, ATES, and hydrogen storage 
within the same building cluster remain limited [27,28]. Most existing 
studies focus on the modelling, optimisation, or techno-economic 
assessment of individual storage technologies, which restricts their 
applicability to real-world technology selection. Second, relatively few 
studies combine hourly building-load profiles, meteorological records, 
and time-varying electricity prices within a unified seasonal-storage 
assessment, although intra-day load variability and price fluctuations 
can substantially influence storage operation and economic perfor
mance [29,30]. Third, policy- and future-oriented scenarios, including 
grid decarbonisation, carbon pricing, and dynamic electricity tariffs, 
remain insufficiently integrated into seasonal-storage evaluation, 
creating uncertainty regarding long-term cost and emission outcomes 
[1]. Fourth, the interaction between building type, demand character
istics, and storage-technology suitability has not been systematically 
examined, making it difficult to identify which seasonal storage 
pathway best aligns with specific building-load profiles [31].

This study develops a unified hourly energy-balance and annualised- 
cost framework to compare BTES, ATES, and a power-to‑hydrogen-to- 
power pathway for 44 public buildings in Drammen, Norway. The 
framework combines measured energy use, meteorological data, PV 
generation estimates, electricity prices, storage-pathway models, and 
carbon-intensity scenarios to evaluate energy recovery, winter import 
reduction, cost, and emissions. The objective is to provide decision- 
relevant evidence for seasonal-storage planning in cold-climate public- 
building clusters.

Section 2 presents the case study, data, framework, models, and in
dicators; Section 3 reports energy, cost, emission, and sensitivity results; 
Section 4 discusses technology-selection implications and limitations; 
and Section 5 concludes the study.

2. Materials and methods

2.1. Case-study buildings and input data

This study focuses on Drammen in southeastern Norway, a high- 
latitude cold-climate city with strong winter heating demand and sub
stantial electrification of building heat. The analysis uses the 
COFACTOR Drammen dataset published in Scientific Data [32]. One 
building is excluded because of missing data, leaving 44 public build
ings: 20 kindergartens, 16 schools, 7 nursing homes, and 1 office 
building. Floor areas range from 188 to 8513 m2, construction years 
from 1800 to 2015, and users from 16 to 600 per building. A complete 
one-year period from March 2020 to February 2021 is selected, covering 
hourly electricity imports, space heating, domestic hot water, and 
ventilation loads. Because the buildings share a common urban area and 
broadly similar geological context, they are treated as a candidate 
public-building cluster for community-scale seasonal storage.

The dataset also provides hourly meteorological observations and 
building attributes for model parameterisation and load-pattern anal
ysis. Hourly day-ahead electricity prices from Nord Pool [33] are used to 
represent Nordic market price signals. The COFACTOR data underwent 
quality-control procedures, including correction of erroneous values, 
removal of missing segments, elimination of repeated zeros, and unit 
harmonisation. Electricity data originate mainly from AMS smart me
ters. Fig. 1 presents the study region; individual building locations are 
not shown because of the anonymisation protocol.

2.2. PV baseline and study framework

The assessment framework is designed to compare the three 
seasonal-storage pathways under the same building-load, PV-surplus, 
price, and emission assumptions. It proceeds in four steps: constructing 
the PV baseline, quantifying seasonal mismatch, applying pathway- 
specific storage models, and evaluating energy, cost, and emission in
dicators. This sequence keeps the case-study data and comparison logic 
explicit before the physical storage equations are introduced.

First, hourly PV generation is estimated from each building's avail
able rooftop area and local meteorological data. New PV output is 
combined with existing PV generation, building electricity demand, and 
solar-thermal output where available. Solar-thermal production is 
translated into an equivalent electricity-demand offset using either a 
heat-pump COP or electric-boiler efficiency. The resulting hourly PV 
baseline distinguishes direct self-consumption, grid imports, and grid 
exports.

Second, hourly results are aggregated to daily, monthly, and annual 
scales to calculate the self-sufficiency ratio (SSR) and self-consumption 
ratio (SCR) for individual buildings and for the full cluster. Nord Pool 
day-ahead prices are then applied to imports and exports to construct a 
price-based economic baseline. Seasonal storage is coupled on top of this 
PV baseline so that each pathway uses the same summer surplus and is 
assessed against the same winter demand.

For the BTES pathway, we represent a vertical-borehole field by 
discretising the one-dimensional heat-conduction equation in cylindri
cal coordinates over a symmetric unit cell, with the outer boundary 
placed at the borehole half-spacing as an adiabatic plane [34]. The unit 
cell is run over six annual cycles to reach a quasi-steady seasonal state. 
Geometric parameters (borehole radius 0.075 m, spacing 3.8 m, depth 
50 m) and ground thermal properties follow the Kvalsvik et al. (2024) 
[9] Drammen Fjell HT-BTES field. The borehole-wall heat flux is inte
grated over summer charging, intermediate storage, and winter recov
ery to obtain the seasonal recovery efficiency.

For the ATES pathway, a lumped thermal-cylinder model is used. 
Summer-injected heat forms an approximately cylindrical warm volume 
around the well; seasonal recovery is reduced by conduction across the 
cylinder boundary, ambient groundwater-flow displacement of the 
warm volume, and vertical conduction to the confining aquitards 

L. Cong et al.                                                                                                                                                                                                                                    Energy & Buildings 369 (2026) 117925 

2 



[35,36]. Given aquifer thickness, injection temperature rise, volumetric 
heat capacity, thermal diffusivity, and groundwater flow velocity, we 
estimate the seasonal recovery efficiency and the corresponding 

monthly electricity offset. Similar to BTES, a time-decreasing discharge 
COP is applied to capture seasonal variation in monthly electricity offset 
and cost.

Fig. 1. Urban structure of the study area. Individual building locations are not displayed due to anonymisation requirements.

Fig. 2. Framework of the three seasonal storage pathways: A for BTES, B for ATES, and C for hydrogen storage.
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For the hydrogen pathway, the model follows an elec
tricity–hydrogen–electricity chain consisting of electrolysis, high- 
pressure storage, and fuel-cell conversion [16,17,26]. Electrolyser effi
ciency, storage retention, and fuel-cell efficiency are explicitly included 
to define the basic round-trip efficiency. Monthly surplus PV electricity 
in summer determines annual hydrogen production and the rated elec
trolyser capacity. Winter hydrogen recovery follows a linear monthly 
decay profile, constrained so that annual discharge does not exceed 
annual production. After accounting for storage losses, the final recov
ered electricity and monthly output are obtained and integrated into the 
electricity balance. The rated fuel-cell capacity and hydrogen storage 
size are then inferred. Fig. 2 illustrates the framework for the three 
storage pathways.

Finally, all pathways are evaluated with a unified annualised-cost 
method. CAPEX and OPEX for PV, BTES, ATES, and hydrogen compo
nents are annualised using technology-specific lifetimes and a common 
discount rate. The annualised costs are compared with baseline elec
tricity costs and storage-driven savings, and the same carbon-intensity 
scenarios are applied to all three pathways. This produces a consistent 
basis for technology selection rather than three independent case 
studies.

2.3. Models and evaluation indicators

2.3.1. Photovoltaic modelling
Because the buildings in the dataset are anonymised, rooftop areas 

are estimated from heated floor area and occupancy information. The 
procedure is as follows. 

(1) Rooftop-area estimation. Assuming similar floor area on each level, 
rooftop area is estimated as

Aroof =
Aheated

Nfloors
⋅(1+ δr) (1) 

where Aheated is the heated floor area (m2), Nfloors the number of floors (a 
per-building attribute), and δr a dimensionless correction factor ac
counting for the roof footprint exceeding the per-storey heated floor 
area. A value of δr = 0.10 is adopted — the roof outline is taken as 10% 
larger than the simple heated-floor-area / floors quotient. This modest 
allowance reflects three effects: (i) external-wall structure and unheated 
ancillary spaces, which lie within the roof outline but are not counted in 
the heated floor area; (ii) eaves and roof overhangs extending beyond 
the wall line; and (iii) single-storey ancillary volumes common in public 
buildings. 

(2) PV-installable area. Only part of the roof can carry modules, because 
of ventilation units, skylights, parapets and maintenance access:

APV = Aroof ⋅ηusable (2) 

The usable fraction ηusable is assigned by building type based on 
typical rooftop-utilisation ranges reported in PV-potential studies 
[37,38] and typical Nordic public-building roof configurations: kinder
gartens 0.60, schools 0.50, nursing homes 0.55, offices 0.50. 

(3) Installed capacity. Potential capacity uses an area–power density Pd 
= 0.20 kWp/m2 [39]:

PPV = APV⋅Pd (3) 

(4) Hourly generation of retrofitted PV. Hourly output of the new PV 
area APV,new is

PVnew(t) = GHI(t)⋅APV,new⋅ηsys (4) 

where GHI(t) is global horizontal irradiation (kWh/m2) and ηsys = 0.17 
is the overall system efficiency (module, inverter and wiring losses) 
[40]. Total generation combines existing and new systems: 

PVtotal(t) = PVexist(t)+PVnew(t) (5) 

The photovoltaic-modelling parameters are summarized in Table 1.

2.3.2. Electricity-load construction and solar-thermal offset
Hourly electricity load Lelec(t) is taken from sub-metered end-use 

data where available, otherwise from total metered imports. Solar- 
thermal output Qsolar,th(t) is converted into an equivalent electricity 
offset, depending on whether it serves a heat pump or an electric boiler: 

STel,offset(t) =
Qsolar,th(t)

COPHP
(heat − pump route) (6) 

STel,offset(t) =
Qsolar,th(t)

ηboiler
(electric − boiler route) (7) 

with COPHP = 3.0 [41] and ηboiler = 0.95 [42]. The headline simulation 
uses the heat-pump route. The effective electrical load Leff(t) is the 
building electricity demand remaining after this offset, floored at zero: 

Leff(t) = max
[
0, Lelec(t) − STel,offset(t)

]
(8) 

The baseline hourly energy balance is then 

SelfUse(t) = min
[
PVtotal(t) , Leff(t)

]
(9) 

Export(t) = max
[
0, PVtotal(t) − Leff(t)

]
(10) 

Import(t) = max
[
0, Leff(t) − PVtotal(t)

]
(11) 

with hourly cost and revenue 

Cimp(t) = Import(t)⋅pimp(t) (12) 

Rexp(t) = Export(t)⋅pexp(t) (13) 

where pimp and pexp are hourly Nord Pool import and export prices (EUR/ 
kWh). The annual baseline net cost is 

Cbase =
∑

t
Cimp(t) −

∑

t
Rexp(t) (14) 

The load-construction and solar-thermal-offset parameters are sum
marized in Table 2.

2.3.3. Daily and annual indicators
The match between PV generation and demand is characterised by 

the self-sufficiency ratio (SSR) and self-consumption ratio (SCR), 
computed at daily, monthly and annual resolution: 

SSRd = 1 −
Importd
Lelec,d

(15) 

Table 1 
Photovoltaic-modelling parameters.

Symbol Parameter Value Source

δr Rooftop correction 
factor (Eq. 1)

0.10 Verified against building data 
(reproduces installable PV 
areas)

ηusable Usable roof fraction 
by type (Eq. 2)

0.50–0.60 Assumed by building category

Pd Area–power density 
(Eq. 3)

0.20 kWp/m2 [39]

ηsys PV system efficiency 
(Eq. 4)

0.17 [40]
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SCRd =
SelfUsed

PVtotal,d
(16) 

Annual SSR and SCR are obtained the same way from annual sums. 
SSR is reported against Lelec (the gross electrical load) so that the indi
cator is comparable across buildings regardless of solar-thermal 
contribution.

2.3.4. Heat-pump COP
Two COP treatments are implemented. The headline results use a 

constant-COP setting: a charging-side COP of 3.0 for summer heat in
jection and a base discharging-side COP of 2.5 for winter heat recovery. 
A temperature-dependent Carnot form is retained as an alternative used 
only in the COP sensitivity tests: 

COPbase = ηHP,sys⋅
Th

Th − Tc
(17) 

where Th and Tc are sink and source temperatures (K), and ηHP,sys = 0.45 
is the overall system-efficiency factor relative to the Carnot limit [43]. A 
heat-exchanger temperature difference HEXDT = 3◦C and network-loss 
factor PIPEEFF = 0.97 are applied [44].

During winter discharge, reservoir temperatures fall as heat is 
withdrawn; the discharge-side COP is therefore reduced month by 
month: 

COPdis(m) = COPbase⋅(1 − δc)
m− 1 (18) 

where δC is the monthly COP-degradation rate, set to 0.06 for BTES and 
0.04 for ATES, with a COP floor of 1.6 (BTES) and 1.7 (ATES) to avoid 
unphysical values. The winter (discharge) months are November, 
December, January and February; May–September are the summer 
charging months and October is treated as an inter-seasonal transition.

The heat-pump COP parameters used in the headline and sensitivity 
cases are summarized in Table 3.

2.3.5. Seasonal-storage pathways and physical models
Three storage pathways are compared under the same PV-surplus 

and winter-demand boundary conditions (Table 4). BTES and ATES 
are thermal pathways: summer surplus electricity is converted to heat 
for seasonal storage and recovered heat offsets winter electricity de
mand through the discharge-side COP. The hydrogen pathway is an 
electrical route in which surplus electricity is converted to hydrogen and 
later reconverted to electricity. The reduced-order model for each 

pathway is described below, followed by its parameter table. 

(1) Pathway A - BTES

Heat is stored by radial conduction in the ground around a vertical 
borehole. The temperature field is governed by the 1-D heat-conduction 
equation in cylindrical coordinates: 

∂T
∂t

= α
(

∂2T
∂r2 +

1
r

∂T
∂r

)

(19) 

where r is radial distance (m), α the ground thermal diffusivity (m2/s) 
and T temperature. The boundary conditions are: 

• Inner boundary at the borehole wall: T(rb, t) = Tin during charging — 
i.e. the condition is imposed at the borehole-wall radius rb, not at r =
0;

• •Outer boundary: a zero-flux (adiabatic) condition at r = Rfield, the 
borehole half-spacing. This represents the symmetry plane mid-way 
between neighbouring boreholes in a densely packed field, so that 
the single-borehole cell approximates the mutual thermal screening 
of the full field.

The equation is solved with an explicit finite-difference scheme over 
multiple annual cycles until a quasi-steady seasonal cycle is reached, 
subject to the stability condition 

Δt ≤
Δr2

4α (20) 

Borehole-wall heat flux q(t) is obtained from the near-wall temper
ature gradient and the ground thermal conductivity. Seasonal charging 
energy integrates the wall flux over the borehole length L: 

Ein =

∫

q(t)⋅2πrbLdt (21) 

with L = 50 m (the borehole depth at the Fjell Primary School field used 
for parameterisation). The recovery efficiency is 

ηA =
Eout

Ein
⋅TopLossFactor (22) 

with TopLossFactor = 0.90, representing conductive losses through the 
top and bottom of the storage volume. Because L cancels in the efficiency 
ratio Eout/Ein, the recovery efficiency is independent of the assumed 
borehole depth in this reduced-order representation. Geological and 

Table 2 
Load and solar-thermal-offset parameters.

Symbol Parameter Value Source

COPHP Heat-pump COP for 
solar-thermal offset 
(Eq. 6)

3.0 Nordic ground- 
source HP [41]

ηboiler Electric-boiler 
efficiency (Eq. 7)

0.95 [42]

Offset 
route

Solar-thermal use in 
headline run

Heat-pump route (Eq. 6) Model setting

Table 3 
Heat-pump COP parameters.

Symbol Parameter Value Source

Charging COP Summer heat-injection COP (headline run) 3.0 Constant-COP setting; Nordic GSHP
Discharge COP (base) Winter heat-recovery base COP (headline run) 2.5 Constant-COP setting
ηHP,sys Carnot system-efficiency factor (Eq. 17) 0.45 [43]; used in sensitivity mode only
HEXΔT Heat-exchanger ΔT (Eq. 17) 3◦C [44]
PIPEEFF Network-loss factor 0.97 [44]
δC Monthly COP-degradation rate (Eq. 18) 0.06 (BTES); 0.04 (ATES) Reservoir-cooling representation
COP floor Minimum discharge COP 1.6 (BTES); 1.7 (ATES) Numerical bound
Winter months Discharge season Nov, Dec, Jan, Feb Heating-demand peak

Table 4 
Seasonal-storage pathways used in this study.

Pathway System 
type

Dominant mechanism

A BTES Radial heat conduction in the ground around a borehole
B H₂ Electrochemical conversion and storage
C ATES Heat storage in a saturated aquifer with conduction and 

ambient-groundwater-flow displacement losses
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geometric parameters follow the Fjell Primary School HT-BTES field in 
Drammen [9], which is used as a field-scale analogue with comparable 
geology and borehole layout. The headline calculation sets ηA= 0.523 
from the field-informed parameterisation [9], and Eqs. (19)–(22) are 
retained for the sensitivity analysis in Section 3.7. The per-building 
borehole count is sized from each building's summer surplus and sea
sonal heat demand. This model represents the main radial-conduction 
storage process and should not be interpreted as a full design model 
for all three-dimensional borefield effects.

Heat-to-electricity equivalence on the demand side is 

Eheat = Eexport,el⋅COPcharge⋅ηA⋅PIPEEFF (23) 

Eoffset,el =
Eheat

COPdischarge
(24) 

The 1-D radial-conduction approach for BTES follows established 
analytical and numerical single-borehole formulations [45].

The BTES physical and numerical parameters are listed in Table 5. 

(2) Pathway B - Electricity–Hydrogen–Electricity chain

Summer PV surplus is converted to hydrogen by electrolysis, stored 
under pressure, and reconverted to electricity by a fuel cell in winter. 
This pathway is therefore evaluated as a power-to‑hydrogen-to-power 
chain rather than as a direct heat-storage technology. The base seasonal 
round-trip efficiency is defined as recovered fuel-cell electricity divided 
by electricity consumed for electrolysis, after storage retention losses: 

ηB = ηelec→H2
⋅ηstore⋅ηH2→elec (25) 

with ηelec→H2 
= 0.80 (PEM electrolyser, LHV basis), ηstore = 0.85 

(compression, transfer and leakage retention) and ηH2→elec = 0.60 (PEM 
fuel-cell system). This gives a base round-trip efficiency of ηB ≈ 0.408, 
within the 30–40% range reported for PEM-based power-to-power sys
tems [46].

In addition, recovered hydrogen is subject to a linear monthly decay 
across the winter discharge season: the recoverable amount in discharge 
month m is scaled by (1 − r ⋅ (m − 1)), where the per-building decay rate 
r is drawn once from the range [0.05, 0.10] using a fixed random seed 
for reproducibility. Annual recovery is capped so that it cannot exceed 

annual production. Winter recoverable electricity is 

Eelec,B = Eexport,el⋅ηB (before monthly decay) (26) 

Component sizing. A design margin covers load fluctuation, uneven 
utilisation and maintenance: electrolyser power = summer-average 
electrolyser load × 1.2; fuel-cell power = winter-average discharge 
power × 1.5. Hydrogen-storage capacity is 

EH2 ,store = Eexport,el⋅ηelec→H2
⋅ηstore (27) 

and the corresponding hydrogen mass is 

mH2 =
EH2 ,store

LHVH2

(28) 

with LHVH2 = 33.33 kWh/kg (lower heating value of hydrogen, 120 MJ/ 
kg). The representation is a simplified seasonal-chain model intended 
for comparative assessment; it does not resolve part-load electrolyser 
operation, fuel-cell degradation, or detailed compression balance-of- 
plant electricity beyond the lumped storage-retention factor. Elec
tricity‑hydrogen-electricity chains for seasonal storage are well docu
mented in microgrid, building, and regional-energy studies [16,26].

The electricity‑hydrogen-electricity chain parameters are listed in 
Table 6. 

(3) Pathway C - ATES

The ATES system is modelled as a single warm-well store in a 
confined aquifer. The cold well is assumed hydraulically and thermally 
separate and is not represented; multi-well and branched layouts are 
outside the scope of this reduced-order comparison. To avoid confusion, 
the ambient groundwater-flow velocity is denoted as vgw throughout this 
study. It represents the prescribed regional groundwater-flow velocity 
used to estimate displacement of the warm storage volume during the 
storage period, rather than a separately derived thermal-front velocity.

Summer injection of seasonal thermal energy Einj into a confined 
aquifer of thickness H forms an approximately cylindrical warm volume 
around the well. Its thermal volume and radius are 

Vth =
Einj

Caq⋅ΔTinj
(29) 

Rth =

̅̅̅̅̅̅̅
Vth

πH

√

(30) 

where Caq is the volumetric heat capacity of the saturated aquifer and 
ΔTinj the injection temperature rise above ambient. During the storage 
period three loss mechanisms reduce the recoverable fraction. 

• Conduction loss across the cylinder boundary, scaling with the 
conductive penetration length ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅αaq tstore

√ relative to Rth:

ηcond =
Rth

Rth + βcond
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅αaq tstore

√ (31) 

Ambient-flow displacement loss: regional groundwater flow dis
places the warm cylinder by Ldrift = vgw⋅tstore. Recovery from the original 
well location captures only the geometric overlap of the displaced and 
original cylinders, represented as the exact area-overlap fraction of two 
equal circles of radius Rth whose centres are Ldrift apart. 

ηdrift =
2
π

[
arccos(x) − x

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − x2

√ ]
, x =

Ldrift

2Rth
(32) 

• Vertical conduction loss to the confining aquitards (clay caps), applied 
as a constant factor ηvert = 0.85.

The seasonal recovery efficiency of ATES is the product of the three 

Table 5 
BTES physical and numerical parameters (Pathway A).

Symbol Parameter Value Source

ρg Ground density 2580 kg/ 
m3

[9]

cp,g Ground specific heat 900 J/ 
(kg⋅K)

[9]

λg Ground thermal 
conductivity

3.7 W/ 
(m⋅K)

[9], from TRT

α Ground thermal 
diffusivity

1.59 ×
10− 6 m2/s

Derived: λ / (ρ⋅cp)

rb Borehole radius 0.075 m Standard borehole
Spacing Borehole spacing 3.8 m [9]
Rfield Symmetric-cell outer 

radius (= half-spacing)
1.9 m Dense-field symmetry 

boundary
L Borehole length 

(depth)
50 m Fjell field; cancels in η 

ratio
Δr Radial grid spacing 0.05 m Numerical
Δt Time step 300 s Numerical; satisfies Eq. 

(20)
ncycles Annual cycles to quasi- 

steady state
6 Numerical

TopLossFactor Top/bottom 
conduction-loss factor 
(Eq. 22)

0.90 Storage-geometry 
estimate

ηA round-trip efficiency 0.523 Calculated from Kvalsvik 
et al. (2024) [9] field 
data
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terms: 

ηC = ηcond⋅ηdrift⋅ηvert (33) 

Recoverable heat is then converted to a demand-side electricity 
offset using the discharge-side COP, exactly as in Eqs. (23)–(24) for 
BTES: 

Eoffset,el =
Eheat

COPdischarge
, Eheat = Einj⋅ηC (34) 

This lumped formulation follows the analytical loss framework for 
ATES recovery efficiency, including conduction, dispersion, and 
displacement by ambient groundwater flow, set out by Bloemendal and 
Hartog (2018) [36] and Doughty et al. (1982) [35]. The site is assumed 
to be underlain by a confined sand-gravel aquifer. We adopt vgw = 0.15 
m/day as a baseline ambient groundwater-flow velocity for this setting 
and sweep vgw over 0.02–0.30 m/day to characterise the sensitivity of 
ATES performance to hydrogeology.

The ATES physical parameters are listed in Table 7.
ATES round-trip efficiency: for ATES, as for BTES, the recovery ef

ficiency ηC is the seasonal round-trip efficiency on the thermal side.

2.3.6. Techno-economic and emission evaluation
All pathways are evaluated with a unified annualised-cost method. 

The capital-recovery factor for discount rate r and technology lifetime n 
is 

CRF =
r(1 + r)n

(1 + r)n
− 1

(35) 

and the annualised cost of a component is 

Annualised = CAPEX⋅CRF+CAPEX⋅OPEXfrac (36) 

A common discount rate r = 0.07 is used for all technologies. The 
component CAPEX, OPEX fraction and lifetime values are listed in 
Table 8. Storage CAPEX is applied on a delivered-energy basis (the 
inventory-based unit cost is converted using the route efficiency).

Net cost and savings. For each pathway the annual net cost is 

NetCostA,B,C = Cbase +CPV,ann +Croute,ann − Savings (37) 

where: CPV,ann is the annualised cost of the retrofitted PV system (new 

PV CAPEX and OPEX, annualised by Eqs. 35–36 with the PV lifetime); 
and Croute,ann is the annualised cost of all storage-route components — 
for BTES/ATES the storage CAPEX and OPEX, and for H₂ the sum of 
electrolyser, fuel-cell and hydrogen-storage CAPEX and OPEX. Savings is 
the reduction in net electricity purchases achieved by seasonal shifting. 
Cbase is the baseline net cost of Eq. (14).

Key indicators. Levelised cost of stored energy: 

LCOEB =
CB,ann

Eelec,B
(38) 

LCOHA/C =
CA/C,ann

Eheat
(39) 

and the net benefit of each pathway relative to the baseline, 

ΔA/B/C = Cbase − NetCostA/B/C (40) 

Operational strategy. A “local-first” dispatch is adopted: summer PV 
electricity first serves building loads; the remainder drives BTES/ATES 
charging or hydrogen production; only the final surplus is exported. In 
winter, storage output serves building demand first and the grid supplies 
the residual.

3. Results

3.1. PV baseline performance

This subsection establishes the seasonal mismatch that motivates the 
storage comparison. Fig. 3 shows electricity use across the 44 buildings 
from March 2020 to February 2021, using representative days to avoid 
excessive hourly-plot density. The building group shows a clear low- 
summer/high-winter profile: per-building monthly mean consumption 
is about 6–15 MWh in spring and summer, then rises to about 25–45 
MWh in winter, with the highest-consumption buildings exceeding 100 
MWh. The December–January peaks define the main winter compen
sation target. Fig. 4 presents the maximum, minimum, and average 
electricity consumption across the group.

Using hourly climate data from March 2020 to February 2021, two 
baseline scenarios are constructed: a no-PV scenario and a scenario with 
additional rooftop PV. Seasonal storage is then coupled to the PV 
baseline, because the central question is how summer PV surplus can be 

Table 6 
Electricity–hydrogen–electricity chain parameters (Pathway B).

Symbol Parameter Value Source

ηelec→H2 PEM electrolyser efficiency (LHV) 0.80 [46,47]
ηstore Storage retention (compression, leakage) 0.85 [48]
ηH2→elec PEM fuel-cell system efficiency 0.60 [46]
ηB Base round-trip efficiency 0.408 –
r Per-building monthly decay rate of recovered H₂ 0.05–0.10 Drawn per building, fixed seed
LHVH2 Lower heating value of hydrogen 33.33 kWh/kg Standard (120 MJ/kg)
EL margin Electrolyser power design margin × 1.2 [47]
FC margin Fuel-cell power design margin × 1.5 [47]

Table 7 
ATES physical parameters (Pathway C).

Symbol Parameter Value Source

H Confined aquifer thickness 20 m Deep sand–gravel layer; typical LT-ATES screen
ΔTinj Injection temperature rise above ambient 15 K Low-temperature ATES; [36]
Caq Volumetric heat capacity, saturated aquifer 2.8 × 106 J/(m3⋅K) Saturated sand–gravel
αaq Aquifer thermal diffusivity 0.10 m2/day Saturated sand–gravel

βcond Conduction-loss scaling constant (Eq. 31) 2.0 Analytical loss model
ηvert Vertical conduction-loss factor (aquitards) 0.85 Confining clay caps
vgw Ambient groundwater-flow velocity — baseline 0.15 m/day Neutral mid-range value
vgw Ambient groundwater-flow velocity — sweep range 0.02, 0.05, 0.10, 0.15, 0.20, 0.30 m/day Reported as a core result

INJ months Summer charging season May–Sep PV surplus period
EXT months Winter discharge season Nov, Dec, Jan, Feb Heating-demand peak
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shifted into the winter heating period.
Monthly self-sufficiency (SSR-m) and self-consumption (SCR-m) 

under the PV baseline show the expected seasonal contrast (Fig. 5). In 
summer, SSR-m reaches 0.57–0.68, while SCR-m is low because demand 
is much lower than PV output. In winter, nearly all PV is self-consumed 
but absolute generation is small, and SSR-m falls to about 0.02 in 
December. This confirms that PV alone cannot address the winter de
mand peak.

Fig. 6 presents the monthly energy balance under the PV baseline. 
Electricity demand is lowest in summer (280–360 MWh/month for the 
building group) and peaks in December and January (around 
1270–1850 MWh/month). PV generation exhibits strong seasonal vari
ation, reaching 915–1190 MWh/month in summer and nearly zero in 
winter. PV self-consumption remains roughly 200–250 MWh/month 
through the summer (because summer demand is far below summer PV), 
but drops in winter. PV export is highest in summer (700–850 MWh/ 
month) and zero in winter, while electricity imports follow the opposite 
trend.

3.2. Storage performance: import reduction and energy recovery

The storage comparison first considers how effectively each pathway 
shifts summer surplus into the winter demand period. Fig. 7 compares 
monthly electricity imports under the three seasonal-storage pathways 
with the PV and no-PV baselines. Seasonal storage has little effect on 
summer imports, which are already low under the PV baseline, but it 
substantially reduces winter imports.

Under the PV baseline (Import-PV), summer electricity imports drop 
to 115–270 MWh/month, while winter imports rise sharply above 1250 
MWh in December and January. In contrast, the no-PV scenario (Import- 
NoPV) shows even higher imports year-round, with winter peaks close 

to 1850 MWh, confirming PV's strong role in reducing summer grid 
demand.

BTES provides the strongest winter compensation in November, 
when its import reduction reaches approx. 590 MWh. Across the rest of 
winter, BTES reductions decrease to approx. 300–440 MWh/month 
(Dec–Feb). ATES is consistently competitive: it slightly trails BTES in 
November (around 480 MWh) but outperforms BTES in December 
(around 590 MWh) and matches it in January and February (300–500 
MWh). The hydrogen pathway provides the smallest reduction across all 
winter months (260–315 MWh) due to its lower round-trip efficiency.

All three pathways behave identically in summer, confirming that 
summer operations are dominated by PV surplus rather than storage 
performance. Overall, the thermal pathways deliver the largest winter 
reductions in grid dependence. Heating-season grid imports (Novem
ber–March) fall by 31% under ATES, 28% under BTES and 19% under 
H₂. ATES leads in every mid-winter month with reductions of 47%, 28% 
and 25% in December, January and February, while H₂ remains 
noticeably lower throughout.

Fig. 8 presents the monthly self-sufficiency ratio (SSR-m) under the 
three pathways. All technologies show similar performance in summer, 
with SSR-m reaching 0.59–0.68 in May–July, comparable to the PV-only 
scenario. The pathways begin to diverge in winter.

BTES raises SSR-m to about 0.64 in November and remains above the 
PV baseline through winter, although compensation decreases as the 
store cools. Hydrogen provides smaller but smoother improvements 
because of its imposed monthly discharge schedule. ATES gives the 
smoothest winter profile and remains comparable to or above BTES 
across most mid-winter months under the baseline groundwater-flow 
assumption.

Fig. 9 and Fig. 10 show why the three pathways produce different 
winter outcomes. In the BTES pathway, surplus summer PV electricity is 

Table 8 
Techno-economic parameters: discount rate, CAPEX, OPEX fraction and lifetime for each component.

Component CAPEX OPEX 
fraction

Lifetime Source / basis

Discount rate 
r

0.07 (all technologies) – – Standard rate for public-sector energy projects, consistent with NREL ATB (6.14–7%) and IRENA cost 
benchmarks [46,49]

PV (retrofit) 200 €/m2 0.015 25 yr Rooftop PV system cost from Fraunhofer ISE Photovoltaics Report [50]
BTES 1.90 €/kWhth 

(inventory)
0.01 30 yr Borehole-field investment range (0.4–4 €/kWhth) per [11,51]

ATES 3.00 €/kWhth 

(inventory)
0.01 30 yr Well + heat-exchanger LT-ATES techno-economic data [28]

H₂ 
electrolyser

1800 €/kW 0.03 15 yr PEM electrolyser installed cost [46,52]

H₂ fuel cell 1300 €/kW 0.03 12 yr PEM fuel-cell system cost [53]
H₂ storage 12 €/kWhH2 0.02 20 yr Pressurised H₂ storage (200–700 bar) [48]

Fig. 3. Building energy demand. (a) Monthly representative-day demand; (b) Weekly demand, starting from week 9 of 2020, with week numbering continuing 
into 2021.
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Fig. 4. Maximum, minimum, and average electricity consumption across the building group.

Fig. 5. Monthly self-sufficiency and self-consumption under PV and no-PV baselines.
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converted into heat through heat pumps, delivering approximately 
10,208 MWh of thermal energy into the ground. Seasonal radial con
duction losses reduce the recoverable winter heat to 5339 MWh, cor
responding to a seasonal round-trip efficiency of about 52%. This 
pattern can be characterised as high charging, moderate loss, and sub
stantial recovery. It provides strong winter heat compensation, partic
ularly where ATES is not feasible because suitable aquifer conditions are 
absent.

The H₂ pathway shows a moderate input scale. About 4455 MWh of 
electricity is used for hydrogen production. Due to conversion losses in 
electrolysis, compression and storage, and fuel-cell generation, only 
about 1452 MWh is recovered as electricity, reflecting a round-trip ef
ficiency of roughly 33%. The Sankey diagram shows that losses are 
distributed across multiple stages of the energy chain.

The ATES pathway absorbs the same 10,208 MWh of summer PV 
heat as BTES. Under the baseline ambient groundwater-flow velocity vgw 
= 0.15 m/day, conduction losses across the thermal-cylinder boundary 
and partial drift of the warm volume away from the well reduce 
recoverable heat to approximately 6229 MWh, corresponding to a sea
sonal recovery efficiency of approximately 61%, the highest of the three 
pathways at this velocity. Across the vgw = 0.02–0.30 m/day sweep, 

recovery efficiency ranges from approximately 71% at very low 
groundwater flow to approximately 50% at the high end, with recovered 
heat decreasing from approximately 7200 to 5140 MWh.

Overall, the three pathways display distinct annual energy-flow 
signatures. At the baseline groundwater velocity, ATES provides the 
largest recoverable energy, closely followed by BTES; both deliver high- 
quality seasonal heat compensation. The H₂ pathway offers high flexi
bility on the electrical side but suffers from substantially larger con
version losses across the electrolysis–storage–fuel-cell chain. ATES 
performance is, however, highly dependent on the assumed ground
water velocity: at higher flow rates (≥ 0.25 m/day) ATES recovery drops 
below BTES, making BTES the more robust choice in hydrogeologically 
unfavourable settings.

3.3. Cost and emission outcomes

Cost and emission outcomes are evaluated after the energy results 
because the economic and carbon rankings depend on both annualised 
investment and useful winter energy recovery. Fig. 11 shows monthly 
net costs of each pathway under the PV baseline. The no-PV baseline 
exhibits a stable cost profile, while the PV baseline maintains near-zero 

Fig. 6. Monthly electricity demand, PV generation, self-consumption, imports, and exports under the PV baseline.

Fig. 7. Monthly electricity imports under the three seasonal storage pathways.
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net cost for much of the year and rises slightly in winter.
During summer charging, all three pathways have monthly net costs 

close to the PV baseline because charging is driven by surplus PV. The 
pathways diverge during winter recovery. Hydrogen has by far the 
largest net cost, close to 390 k€/month in the discharge period, because 
its savings do not offset high annualised CAPEX and conversion losses. 
BTES has the lowest net-cost range, about 12–29 k€/month, while ATES 
remains moderate, about 62–73 k€/month.

In contrast, BTES and ATES exhibit far smaller net costs. BTES net 
cost ranges from about 12 to 29 k€/month, while ATES ranges from 62 to 
73 k€/month. The BTES range is the closest to break-even of the three 
pathways, since its monthly savings (28 k€ in November falling to 11 k€ 
in February) almost cover its monthly amortisation. ATES net cost is 
moderate and stable, reflecting larger savings paired with a higher 
CAPEX. The rank order between BTES and ATES varies by month 
depending on monthly recovery.

Fig. 12 compares winter cost savings and annualised costs. BTES and 
ATES both reduce winter electricity purchases, with portfolio-level 
monthly savings of about 11–29 k€/month for BTES and 15–26 k€/ 
month for ATES. Hydrogen savings are smaller, about 10–13 k€/month, 
and remain far below its annualised cost. The winter decline in savings 
mainly reflects the monthly reduction in discharge-side COP defined in 
Eq. (18).

All three pathways show decreasing savings from November to 
February, driven mainly by the monthly degradation of the discharge- 
side COP defined in Eq. (18). As the storage cools through winter the 
COP falls toward its floor (1.6 for BTES, 1.7 for ATES), each kWh of 
recovered heat displaces fewer kWh of grid electricity. Reduced PV self- 
consumption in deep winter contributes a smaller share to this trend. 
This aligns with the observed winter decline in Import-m and SSR-m.

BTES achieves the most favourable energy-cost balance in this case, 
combining substantial winter recovery with moderate annualised costs. 

Fig. 8. Monthly self-sufficiency ratios under the three pathways.

Fig. 9. Input and output energy or electricity for the three technologies (native units: MWh-thermal for BTES/ATES, MWh-electrical for H₂).
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ATES provides high recovery under the baseline hydrogeological 
assumption, but its net cost remains higher than BTES because of the 
assumed component costs and its dependence on aquifer conditions. The 
hydrogen pathway has the lowest recovered energy and the highest 
annualised cost, producing the largest winter net cost. The ranking 

should therefore be interpreted within the selected cost assumptions and 
the heating-dominated load profile rather than as a universal technology 
ranking.

The same framework is then used to assess decarbonisation outcomes 
under three carbon-intensity scenarios: high (0.50 tCO₂/MWh), medium 
(0.25 tCO₂/MWh), and low (0.05 tCO₂/MWh). Fig. 13 shows the rela
tionship between annual emission reductions and annualised system 
cost for the 44 buildings. Higher carbon-intensity values yield greater 
emission-reduction benefits per unit of energy shifted, while decreasing 
carbon intensity rapidly reduces the direct carbon benefit.

In the high‑carbon scenario, BTES and ATES achieve up to 85 (BTES) 
and 110 (ATES) tCO₂/year of reductions for the largest-consumption 
buildings, with most buildings clustered below 50 tCO₂/year. The 
hydrogen pathway reaches up to ≈ 57 tCO₂/year and is associated with 
the highest annualised cost, with some buildings exceeding 350 k€/year. 
This highlights the strong cost sensitivity of the hydrogen system 
compared with the two thermal-storage options. BTES and ATES show 
much more compact distributions, with most buildings achieving non- 
trivial reductions at annualised costs below 50 k€/year. Bubble size 
correlates positively with emission-reduction potential, indicating that 
high-consumption buildings gain the greatest benefits when carbon in
tensity is high.

Under the medium‑carbon scenario, overall emission reductions 
decrease to 11–55 tCO₂/year. BTES and ATES remain tightly clustered, 
showing stable performance, while hydrogen continues to occupy the 
high-cost region. BTES displays a slightly better cost–reduction balance, 
and ATES shows the most stable behaviour among medium- 
consumption buildings. These patterns suggest that aquifer heat stor
age retains meaningful decarbonisation value even as electricity be
comes cleaner.

In the low-carbon scenario, all technologies show substantial de
clines in emission reductions, with most buildings falling in the 0–11 
tCO₂/year range. This indicates that in low-carbon power systems, the 
primary value of seasonal storage shifts away from emission reduction 
toward peak shaving, self-sufficiency, and energy-system resilience. 
Hydrogen storage provides almost no meaningful emission reduction in 
this scenario. BTES and ATES retain small but visible reductions, but 
their bubble clusters lie close to the horizontal axis, showing that carbon 
savings are no longer the main driver for deployment.

Overall, the emission results show that carbon intensity is the 
dominant external driver of decarbonisation value. BTES and ATES 
provide the most favourable cost-benefit trade-off in high-carbon con
texts, while hydrogen loses most of its mitigation advantage as elec
tricity decarbonises. High-load buildings deliver the largest absolute 
savings and are therefore more suitable priority targets for seasonal- 
storage deployment.

3.4. Building suitability and sensitivity-based selection boundary

Building-type suitability and sensitivity results identify where sea
sonal storage is most relevant. Principal component analysis (PCA) was 
applied to seven variables describing physical scale, age, energy quality, 
cost, CO₂ reduction, and grid-import reduction (Fig. 14). Features were 
standardised before decomposition, and building function was used only 
as a label. The first two components explain 65.8% of total variance. PC1 
mainly separates large high-load institutional buildings from small ones, 
while PC2 reflects construction year and energy-performance label. 
Bubble area represents heated floor area, and background shading in
dicates the best CO₂-reduction rate across the three pathways.

Kindergartens cluster in the low-PC1 region, with small floor areas, 
lower consumption, and limited storage-retrofit benefit. Schools and 
nursing homes are more dispersed and extend into higher-PC1 regions, 
reflecting larger loads, more variable demand, and greater technical 
potential. Office buildings are few and show intermediate behaviour.

The PCA shading highlights a clear deployment hierarchy. High-load 
buildings in the upper-right region achieve the largest reductions, 

Fig. 10. Sankey diagrams of energy flows for the three seasonal storage tech
nologies (all flows in MWh-electrical equivalent; for BTES/ATES the heat-pump 
COPs map between thermal storage and electrical input/output).
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including more than 80 tCO₂/year for the best pathway, whereas small 
low-load buildings show near-zero potential. This supports prioritising 

high-consumption, high-occupancy public buildings rather than 
distributing storage investments evenly across the full building stock.

Fig. 11. Monthly net cost of seasonal storage pathways during charging and discharging periods.

Fig. 12. Winter (November to February) monthly savings (a) and monthly net cost (b) for the three storage pathways. Net cost is defined as the monthly storage 
CAPEX amortisation (annual cost / 12) minus the monthly savings. Values are portfolio-level totals across the 44 buildings.

Fig. 13. Retrofitting potential under three electricity carbon-intensity scenarios.
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Fig. 15 extends the suitability analysis by showing unit delivered- 
energy cost sensitivity for BTES, hydrogen, and ATES. Baseline costs 
are 0.226, 3.349, and 0.359 EUR/kWh-el delivered, respectively. The 
±10% and ±20% perturbations cover realistic site-to-site variability 
reported for hard-rock BTES and shallow LT-ATES recovery [9,15,54].

BTES shows the smallest absolute variation, with ±20% perturba
tions producing cost shifts of − 0.038 to +0.056 EUR/kWh-el. Its cost is 
most sensitive to round-trip efficiency, then CAPEX, with very small 
price sensitivity. Round-trip efficiency exhibits the strongest sensitivity. 

A 20% increase reduces cost by ≈ 0.038 EUR/kWh-el, while a 20% 
decrease increases cost by about 0.030. Electricity-price responsiveness 
is minimal (±0.003), reflecting BTES's dependence on heat-pump 
operation and subsurface thermal storage, with a high share of dis
counted CAPEX and low price elasticity.

Hydrogen shows the strongest sensitivity. Unit cost varies by − 0.56 
to +0.84 EUR/kWh-el under a ±20% efficiency perturbation and by 
about ±0.66 EUR/kWh-el under a ±20% CAPEX perturbation. 
Electricity-price sensitivity is small under the low Nord Pool 2020–2021 

Fig. 14. PCA-based building clustering, with contour shading showing the maximum achievable CO₂-reduction potential across pathways.

Fig. 15. Sensitivity analysis results.
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export prices used here. These results indicate that the hydrogen 
pathway is dominated by device efficiency and capital cost.

ATES sensitivity lies between BTES and hydrogen, with overall 
variation within approximately − 0.06 to +0.09 EUR/kWh-el under 
±20% perturbations. It shows modest linear responses to electricity 
price, storage CAPEX, and PV CAPEX. Round-trip efficiency again is the 
strongest driver. A 20% increase reduces cost by about 0.060 EUR/kWh- 
th, while a 20% decline increases it by about 0.090 EUR/kWh-el. Im
pacts from electricity price and CAPEX changes are much smaller than 
those for hydrogen. Despite hydrodynamic losses in the aquifer, ATES 
maintains a balanced cost structure with no single parameter domi
nating its behaviour.

Overall, the sensitivity analysis defines the main technology- 
selection boundary. BTES is the most stable and least sensitive to 
parameter fluctuations; hydrogen is the most elastic because efficiency 
and CAPEX dominate its cost; and ATES occupies a middle ground. The 
key boundary is hydrogeological: ATES can outperform BTES under low- 
flow aquifer conditions, but at higher groundwater-flow velocities its 
recovery falls below BTES, making BTES the more robust thermal option 
when subsurface conditions are uncertain or unfavourable.

4. Discussion

4.1. Comparative interpretation and technology-selection boundary

4.1.1. BTES as the robust thermal-storage option
BTES achieves about 52% seasonal recovery, the second-highest 

value under the baseline ATES groundwater-flow assumption. Existing 
cold-climate BTES demonstrations, including Drake Landing, provide 
useful context for feasibility [7,9,55], but they are not direct perfor
mance benchmarks because recovery depends on scale, charging source, 
borehole configuration, ground properties, operating history, climate, 
and control strategy. Within the present unified framework, BTES de
livers more useful seasonal energy than hydrogen and remains 
competitive with ATES when aquifer conditions are less favourable. 
Sensitivity analysis indicates that the unit cost of heat from BTES is the 
least responsive to parameter changes, far lower than the strong vari
ability observed for hydrogen. This is partly because BTES operation 
relies mainly on heat pumps and subsurface storage, with a short con
version chain and relatively low losses. It is also due to the cost structure 
being dominated by upfront drilling and borehole installation rather 
than operating costs, making BTES less sensitive to energy prices and 
efficiency variations. Previous work has also reported that in two real 
building-heating projects, BTES solutions achieved significantly better 
economics than conventional water-tank storage, with heat costs around 
one third of the latter [56]. BTES is also adaptable across carbon- 
intensity scenarios and building types. High-consumption buildings 
with pronounced winter peaks, especially nursing homes and schools in 
this dataset, gain the greatest import reductions and emission benefits. 
These findings support BTES as a robust thermal-storage option for cold- 
climate public-building clusters, while still requiring local design opti
misation of borehole spacing, field size, drilling costs, and heat-pump 
operation.

4.1.2. Hydrogen as a flexible but costly electricity-side pathway
The hydrogen pathway reaches an annual round-trip efficiency of 

about 33%, lower than both thermal-storage options in this heating- 
dominated case. Its main advantage is the recovered energy form: sur
plus summer renewable electricity is converted to hydrogen and later 
reconverted to electricity, which can support winter electrical loads 
directly [15,57]. The results confirm that hydrogen provides winter 
import reductions with a smoother monthly profile than the thermal 
pathways because of the imposed discharge schedule. These benefits 
come at high cost. Hydrogen annualised costs far exceed those of BTES 
and ATES because of high capital investment and conversion losses 
across electrolysis, storage, and fuel-cell generation. This is consistent 

with studies showing that low round-trip efficiency keeps the levelised 
cost of hydrogen-based electricity high even when component costs 
decline [25]. Sensitivity analysis confirms that hydrogen economics 
remain highly dependent on efficiency and CAPEX. The viability of 
hydrogen storage therefore depends on external conditions that are not 
guaranteed in the present case, including very low-cost surplus elec
tricity, lower electrolyser and fuel-cell costs, higher carbon prices, or 
system needs for long-duration electrical flexibility. Under high-carbon 
electricity, hydrogen still provides noticeable emission reductions, but 
under low-carbon conditions its mitigation value is small. The results 
support a cautious interpretation: hydrogen can be a strategic comple
ment for electrical-side seasonal balancing, but it is not cost-competitive 
with BTES or ATES for the heating-dominated public-building cluster 
under the assumed efficiencies and costs.

4.1.3. ATES as a high-potential option
Under the baseline ambient groundwater-flow velocity used in this 

study (vgw = 0.15 m/day), ATES achieves a seasonal recovery efficiency 
of about 61%, the highest of the three pathways. This value lies within 
the 40–85% range reported for shallow low-temperature ATES systems 
[58]. Across the vgw sweep from 0.02 to 0.30 m/day, recovery varies 
from approximately 71% to 50%, illustrating that ATES performance is 
controlled strongly by local hydrogeology. At groundwater-flow veloc
ities above approximately 0.25 m/day, ATES recovery falls below BTES, 
making BTES the more robust choice under unfavourable flow condi
tions. ATES can therefore be the preferred pathway where a suitable 
confined, low-flow aquifer is available, but it requires stronger site 
verification than BTES. ATES shows additional advantages in our results. 
Its winter recovery curve is smoother than that of BTES, with relatively 
strong contributions across the whole discharge season, and it competes 
with or exceeds BTES recovery in December–February under baseline 
groundwater conditions. ATES winter net-cost increase is comparable to 
BTES and well below H₂. Sensitivity analysis shows moderate unit-cost 
variability within − 0.06 to +0.09 €/kWh-el under ±20% perturba
tions, slightly higher than BTES but far lower than hydrogen. This in
dicates that despite hydrodynamic heat losses, ATES is not dominated by 
a single cost driver and exhibits good economic robustness. ATES falls 
between BTES and hydrogen in scenario dependence. It can provide 
large emission reductions where load is high and aquifer conditions are 
suitable, but its feasibility is limited by hydrogeology and regulation. Its 
established deployment in offices, commercial buildings, and large 
building clusters supports its relevance for low- to medium-temperature 
applications [11,59].

4.1.4. Cost sensitivity and Nordic geological boundary conditions
The preceding analysis highlights a clear stratification in cost 

sensitivity across the three pathways. BTES is the most robust, hydrogen 
the most sensitive, and ATES lies in between. BTES relies on mature 
borehole and heat-pump technology. Its cost structure is dominated by 
upfront capital expenditure, while operating costs are relatively low. As 
a result, annualised costs are driven mainly by discounted CAPEX. When 
electricity prices, efficiencies, or discount rates change, BTES costs shift 
only slightly. Across multiple perturbation scenarios, unit heat cost 
changes by less than ±0.06 €/kWh-el under ±20% perturbations.

The hydrogen chain differs because several capital- and efficiency- 
critical components act in series. Electrolysers, storage tanks, and fuel 
cells can each become cost bottlenecks, and small changes in stage ef
ficiency affect the overall round-trip efficiency. Literature therefore 
emphasises advanced electrolysis and fuel-cell improvements when 
discussing hydrogen economics [25,60]. In the present case, economic 
feasibility would require much lower-cost surplus electricity, lower 
component costs, or additional value from long-duration electrical 
flexibility.

ATES shows moderate cost sensitivity. Drilling and surface-plant 
investments are relatively modest, and there are no electricity–hy
drogen conversion losses. Unit heat-storage cost is mainly affected by 
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subsurface heat losses and heat-pump COP. Previous studies note that 
site thermal conductivity and groundwater velocity influence storage 
efficiency, but that optimising borefield layout and increasing storage 
size can mitigate low initial performance [27]. Our results show that 
improving ATES round-trip efficiency by 20% reduces unit cost by about 
0.06 €/kWh-el, while efficiency losses increase costs but remain far 
below the shifts observed for hydrogen.

In summary, the economic interpretation reinforces the physical one. 
BTES is the most robust option under uncertain subsurface and cost 
conditions, hydrogen is the most volatile and condition-dependent, and 
ATES can be highly attractive when hydrogeology supports stable re
covery. The technology-selection boundary is therefore not defined by 
recovery efficiency alone, but by the combined effect of local subsurface 
conditions, delivered-energy cost, and the form of energy needed in 
winter.

The strong performance of BTES in Nordic contexts is closely tied to 
regional geological conditions. The Fennoscandian Shield is dominated 
by crystalline rocks such as granite and gneiss with high thermal con
ductivity, typically 2.6–4.0 W/m⋅K, whereas common sedimentary rocks 
such as sandstone and mudstone in central Europe generally range from 
1.3 to 2.0 W/m⋅K [61–63]. High conductivity facilitates summer heat 
diffusion away from boreholes, increasing the effective storage volume. 
It also supports higher heat fluxes at the borehole wall during discharge, 
improving round-trip efficiency.

In addition, Nordic bedrock tends to have very low permeability 
(10− 18–10− 20 m2) and low porosity (<1–3%), leading to weak hori
zontal groundwater flow [64]. This low-flow environment significantly 
reduces thermal-front migration, keeping seasonal heat losses much 
lower than in permeable sedimentary aquifers. For example, monitoring 
at the Arlanda BTES system in Sweden has shown that BTES in crys
talline rock can achieve seasonal recovery efficiencies of about 45–60%, 
while comparable systems in high-permeability sandstone often fall to 
30–35% [54,65].

Finnish case studies similarly identify low permeability and low 
groundwater velocities as key enablers of efficient BTES operation [66]. 
In Nordic hard-rock settings, BTES benefits from favourable rock prop
erties and mature drilling practice. ATES can still be attractive where 
confined sand-gravel aquifers are available, but if such aquifers are 
absent or groundwater flow is high, BTES remains the more robust 
default [66].

For typical Nordic hard-rock cities, BTES therefore emerges as the 
more robust option for seasonal summer-surplus-to-winter-heating cy
cles. ATES becomes preferable only where a suitable confined low-flow 
aquifer is available and regulatory constraints allow operation. 
Hydrogen is best interpreted as a complementary electrical-flexibility 
option rather than a direct competitor to thermal storage for heating- 
dominated buildings. This conditional interpretation is central to 
applying the results beyond the Drammen case study.

4.2. Scenario and deployment implications

As power systems decarbonise, the emission-reduction value of sea
sonal storage becomes highly scenario-dependent. The three carbon- 
intensity scenarios in this study (high, medium, low) make this depen
dence explicit. When grid carbon intensity is high (for example, 0.50 
tCO₂/MWh), seasonal storage can substantially reduce grid electricity 
imports, leading to significant emission reductions. Once electricity 
supply becomes much cleaner (for example, 0.05 tCO₂/MWh), seasonal 
storage still reduces purchases from the grid, but the associated CO₂ 
savings become marginal.

In the high-carbon scenario, BTES and ATES achieve annual CO₂ 
reductions of about 40–120 t/year for most buildings, while the 
hydrogen pathway reaches up to roughly 57 t/year in some high- 
consumption cases. However, these high hydrogen-related reductions 
are accompanied by the highest annualised costs. Under medium-carbon 
conditions, reductions for all technologies drop to about 20–60 t/year. 

BTES and ATES still maintain compact and stable cost–benefit distri
butions, whereas the high-cost disadvantage of hydrogen becomes more 
pronounced. Under low-carbon conditions, most buildings achieve less 
than 10 t/year of reductions, hydrogen loses almost all emission- 
reduction relevance, and BTES and ATES clusters shift close to the 
zero axis.

This trend confirms the decisive role of policy context and power- 
system structure in shaping the mitigation value of storage. When fos
sil generation still represents a substantial share of electricity supply, 
seasonal storage can deliver important emission reductions by displac
ing carbon-intensive peak power. Once the grid becomes near-carbon- 
neutral, the main value of storage shifts away from direct mitigation 
toward peak shaving, self-sufficiency, and system reliability. Strategic 
energy models have reached similar conclusions, arguing that in highly 
renewable systems, the primary role of long-duration storage is to bal
ance seasonal supply–demand mismatches and avoid curtailment of 
surplus renewables.

For deeply decarbonised regions such as the Nordic countries, eval
uating seasonal storage will therefore require a broader set of metrics, 
including peak-load reduction, local renewable utilisation, and supply 
security. From a policy perspective, our results suggest that support 
schemes should be adaptive. At higher carbon intensities, incentives 
should prioritise immediately effective thermal-storage options such as 
BTES and ATES. As grid carbon intensity declines, policy priorities may 
shift toward valuing the flexibility and resilience contributions of stor
age rather than its direct CO₂ savings.

Different types of public buildings exhibit distinct load characteris
tics and levels of compatibility with seasonal storage. Our PCA-based 
analysis shows that small, low-load buildings such as kindergartens 
have low energy intensity and modest seasonal variability in heat de
mand. For these buildings, seasonal storage delivers limited improve
ments in energy self-sufficiency and modest emission reductions.

In contrast, nursing homes and schools have much higher annual 
consumption and pronounced winter peaks. Seasonal storage offers 
significantly higher returns in these cases, reflected in stronger peak- 
load reduction and larger CO₂ savings. BTES and ATES systems are 
often deployed first in large buildings or building clusters to exploit 
economies of scale. Larger buildings provide more opportunities for 
waste-heat recovery and local utilisation, which helps to spread fixed 
storage costs more effectively [56].

Temperature requirements also influence suitability. ATES is well 
suited to low-temperature heating and cooling where a suitable aquifer 
exists, while BTES can be more appropriate for buildings with stricter 
heating requirements. The clustering results indicate that high- 
consumption, high-usage-intensity buildings should be prioritised for 
demonstration, whereas small low-load buildings may benefit more 
from envelope retrofits and other efficiency measures.

4.3. Limitations

All three pathways are represented with reduced-order models. The 
BTES unit-cell model omits three-dimensional end effects and field-edge 
boundary conditions. The ATES lumped thermal-cylinder model treats 
groundwater flow parametrically and omits well-to-well interference, 
aquifer heterogeneity, thermal retardation, and density-driven mixing. 
The hydrogen chain uses fixed component efficiencies and does not 
model part-load operation, degradation, or detailed compression elec
tricity. Fully resolved hydrogeological and device-level simulations are 
left to future work.

Capital cost and lifetime values are drawn from international techno- 
economic benchmarks (IRENA, IEA, Fraunhofer ISE) and have not been 
corrected for Norwegian-specific drilling, well-completion, or grid- 
connection premiums, which can raise installed BTES and ATES costs 
by 20–50% relative to central European values. A common 7% discount 
rate is applied to all three technologies for comparability, and storage 
CAPEX is assumed to scale linearly with inventory. Cluster-scale 
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economies of scale, shared infrastructure, and learning-curve effects on 
hydrogen components are therefore not explicitly represented. The cost 
comparison should be read as a relative ranking under unified as
sumptions rather than an absolute procurement estimate.

The simulation covers one climatic year, March 2020 to February 
2021, so inter-annual variability is not assessed. Loads are held identical 
across storage scenarios, and demand-response interactions are not 
modelled. Electricity prices follow Nord Pool 2020–2021 quotations, 
and carbon-intensity scenarios are static rather than dynamic decar
bonisation pathways. Storage components are sized per building 
without modelling physical distance, shared infrastructure, or 
distribution-network cost. These issues should be included before 
extending the per-building results to full cluster-scale investment 
decisions.

5. Conclusions

This study compared BTES, ATES, and a power-to‑hydrogen-to- 
power pathway for the same 44-building public-building cluster in 
Drammen using a unified hourly energy-balance, cost, and emission 
framework. The main conclusions are as follows. 

(1) The case shows a clear seasonal mismatch: summer PV surplus is 
available when building demand is low, while the largest elec
tricity and heating-related loads occur in winter. Under the model 
assumptions, BTES recovers about 5339 MWh from 10,208 MWh 
of seasonal heat charging (about 52%), ATES recovers about 
6229 MWh from the same thermal input at vgw = 0.15 m/day 
(about 61%), and the hydrogen pathway recovers about 1452 
MWh of electricity from 4455 MWh used for electrolysis (about 
33%).

(2) The economic comparison favours thermal storage for this 
heating-dominated case. BTES has the most stable cost perfor
mance under parameter perturbations, while ATES can provide 
higher recovery where aquifer conditions are favourable. 
Hydrogen remains the most expensive pathway under the 
assumed efficiencies and component costs, although it retains 
value as an electrical-flexibility option.

(3) Emission benefits depend strongly on grid carbon intensity. 
Under high-carbon electricity, the largest buildings achieve the 
highest reductions, reaching up to about 85 tCO2/year for BTES 
and 110 tCO2/year for ATES. Under low-carbon electricity, direct 
CO2 reductions become small, so the value of seasonal storage 
shifts toward peak reduction, renewable self-consumption, and 
resilience.

(4) Building type affects deployment priority. Nursing homes and 
schools, with higher loads and stronger winter peaks, are better 
candidates for seasonal storage than small low-load buildings 
such as kindergartens. This supports a tiered deployment strategy 
rather than uniform retrofitting across all public buildings.

(5) Technology selection should remain conditional. BTES is the 
more robust default where subsurface conditions are uncertain or 
hard-rock conditions dominate. ATES is preferable where a 
confined low-flow aquifer is available and permitted. Hydrogen is 
best treated as a complementary route for long-duration electrical 
balancing. Future work should add site-calibrated hydrogeology, 
inter-annual climate variability, and shared-infrastructure costs.
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